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ABSTRACT

The thesis addresses the prediction and simulation of population
distribution and speciral emission of light impurity ions in fusion
plasmas. This is of special relevance to edge and divertor zones of
tokamak devices, such as the Joint European Torus (JET). .

There are three major developments. Firstly, the. problem of highly
populated metastable states of impurity ions in dynamic plasma is examined
and integrated in full collisional radiative modelling for the first time.
This includes a full density dependent picture cncompassmg both low
finely resolved populations relevant to high -resolution spectroscopy as
well as those of all higher excited states,, _

Secondly, review:. and . development of fundamental reaction Cross
section data are described. These include pew ~methods for incorporating
such data in metastable resolved pictures as well as generation of
original results on the dlelectronlc process. - Also qxtensive critical
discussion is given of basw electron impact excitation data, = .

The last sections. of the thesis explore  the. 1mphcat10ns of these
developments  in . lo,msatlon,_ radiated  power . and , dynamic population
evolution of beryllium, carbon and oxygen in representative tokamak
environments. |
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1.1: INTRODUCTION

There is a great deal of interest in the modelling of spectral
‘emission from thermal plasmas. Much of this stems from the controlled
thermonuclear fusion programme and from investigations into the nature of
astrophysical bodies such as the sun.

In fusion plasmas, spectral emission is predominantly from impurities
which are unavoidably released when the plasma is in contact with limiting
surfaces. Beryllium, carbon and oxygen are the most important light
_impurities in fusion plasmas “The impurities are harmful because they
dilute the plasma fuel and ‘radiate a substantial part of the plasma
energy. This radiation loss can disturb the stability of the plasma and
plays an important role in the physics and design of present experiments
and future reactors. The largest fusmn experiment in the world is the
Joint European Torus (JET) which utilises magnetic fields to confine a
high temperature hydrogen plasma in a toroidal device of ’tokamak’ type. A
new phase in JET commences in 1993 with the operation of a pumped divertor
configuration designed to control the influx of impurities. Compared to
the bulk plasma in which electron temperatures and densities are typically
several KeV and ~ 2-5x10“cm™ respectively, the divertor will be a low
‘temperature (10-20eV), high density (10 cm™) region of plasma which is
intended to retain impurities away from the main plasma. The key to
understanding and optimising divertor performance lies in knowledge of
impurity transport in the region of the divertor. Spectroscopic techniques
offer a unique method for investigating impurity production and transport.

Carbon and oxygen are also two of the most important elements in
astrophysical plasmas. In 1995, the SOHO (Solar and Heliospheric
Observatory) Satellite will be launched to study the atmosphere of the sun
and solar wind. Amongst the instruments on board will be two spectrometers
- CDS and SUMER. These are intended to exploit spectral emission to
provide  temperature and  density  diagnostics through the  solar
chromosphere, transition region and corona.

Fundamental to interpretation of spectral emission from both fusion
and astrophysical plasmas is theoretical modelling of the ionisation state
and emission of the radiating ions. This thesis addresses the calculation
of ijonisation, recombination and emission coefficients for the ions of
beryllium, carbon and oxygen and pays special attention to three physical
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features, namely, the presence of highly populated metastable states, the
influence of finite plasma density on excited state populations and
ionisation in dynamic plasmas.

It is well known that metastable states of certain ions can have
populations comparable with ground state ions. For example, consider the
energy level diagram of a C* which is illustrated in Fig. 1. 1.1 and is
typical of boron-like ions. The ground state is the 1s 2s22p P term. On
the left hand side of the diagram are excited terms within the doublet
spin system. These converge to an ionisation threshold which leaves the
beryllium-like ion in the 15’25 'S state. This is known as a parent ion.
On the right hand “side of the diagram are doubly excited states within the
quartet spin system. The lowest energy state in the quartet system is the
2s2p2 “P state. The direct ionisation threshold for these states is the
1s 2s2p 3P parent -but note that bound states' converging to this parent
have an energy greater than the lowest (singlet) ionisation threshold.

The 2s2p 4P state ‘i metastable because in LS coupling, the spin
selection rule is - AS—O which forbids radiative transitions between spin
systems. As a result, this state evolves in a dynarnlc plasma on-a much
longer timescale ~than the excited states and can accumulate large
populations. Similarly, the 2s2p 3 state -in. beryllium-like lODS _is also
metastable. These highly populated . metastable states can have several

. influences. A simple ’ground to ground’ ionisation model 1nvolves direct

ionisation and recombination between .ground - state oonflguratlons only.
However, the 2s2p 4P and 2s2p °p metastables .can have populatlons large
enough to act " as  a significant  initial . state for 1on1sat10n and
recombination processes. ‘

. Electrons recombining with 1s 232p 3P w111 form doublet and quartet
states in  the boron likeion, populating the 1s 2s 2p P and 1s Zssz 4P
states respect1ve1y .Those electrons ,reeombmrngj into - the quartet spin
system thus do not contribute to the growth of the 1822822p ’p ground
state immediately. Similarly, the ionisation of inner shell 2s electrons
from 1s22s22p %P will form 1s22sZp P and 1s22s2p p states, which
contribute to the growth of the ground and metastable states respectively.

The fundamental rate . coefficients. between metastable states can
differ substantially from that between the respective ground states. In
ionisation, changes in threshold can be quite important. For example,
the 1s2s S state in helium like ions is ‘metastable with an ionisation
potential ~ 1/4 of that of the ground. The ionisation rate from this level




24

- J\)-'
o o

- Energy (xt0'em?) -

-

- Doublet system

L

' 28203d 3e3nad 252p3d |

+282p3s”

.  | '4S 4P 4D<=s 4F

Z /:

A

.. 252p3p, 252P3pP 5335he . .
LE5P%P 25203

- JGe2663

" Figure'l.1.1: Term diagram for C*'.




—_—

is thus much greater than that of the ,ls? s ground state.. -An additional
feature. is autoionisation: of . excited states in the metastable system which
lic above . the lowest ionisation threshold.. This can be a major alternative
path - to . direct . ionisation. Similarly, contributions to - net  recombination

from .an excited = parent are. dramatically. reduced - following - secondary
. autoionisation of electrons captured .into such states.. . -~ . . -

: Also, with  a single ground state model, it is normally assumed that
the dominant . contributions - to . line radiation . will come . from levels

- directly excited from . the .ground state.- In_a ’metastable resolved’ model
-(i.e in which the metastable populations are distinguished and. modelled),

a. significant proportion . of -radiated power and spectral emission can arise
following excitation from metastable levels. - e

Thus in a metastable resolved model, ionisation - and recombination
occur through a more complex variety of pathways, linking parents and
metastables. The result is that the composite rates of ionisation and
recombination for a given ionisation stage depend on the initial
populations of the ground and metastable states of that stage.
Calculations of ionisation balance should be extended to include the
influence of metastable states. In a tokamak plasma matters are
complicated further because local temperatures are higher than the
ionisation potentials of light ions so that metastable populations do not
have time to relax to their equilibrium values before ionisation. It is
thus necessary to seek a solution which maintains distinction between
metastable and ground state ions in a dynamic plasma model. These issues
have not been consistently explored before and are the subject of this
thesis.

For the light ions of beryllium, carbon and oxygen, which at present
are the principal impurities in laboratory fusion -plasmas, a complete
solution of the equations of statistical balance is &eveloped. Derived
quantities include metastable resolved. collisional radiative
recombination, ionisation and Cross coupling coefficients,
recombination/bremsstrahlung  power, total low level line power and
emission  coefficients for arbitrary spectral lines. Transient and
equilibrium ijonisation balance calculations are then undertaken in which
metastable populations are fully distinguished. The generality of the
treatment is supported by detailed methods to allow the calculations to
include the best available fundamental atomic data from the general
literature. Metastable populations are fully distinguished and generalised




collisional-radiative theory is used throughout.
This -thesis is’ structured - as “follows. Chapter 1 -describes: the tokamak
‘and fusion plasma environment. Chapter 2 reviews the ' fundamental physics.

It -describes the -relevant atomic processes, * the = population = structure

equations “and * the ‘scope of ‘the present work.  The new work  contained in
this thesis is presented in Chapters 3, 4, ‘and 5. Chapter -3 examines the
“'sources of fundamental atomic ' data . for “the  primary reaction processes.
‘Chapter 4, presents: the  population:: model “development.  In Chapter 5 the
‘integrated - ionisation ‘balance “and spectral ‘emission ‘models ‘are -constructed
and- the influence of metastable. populations “in - time dependent and
equilibrium jonisation ~balance sitvations is examined. ‘Finally, in Chapter
6 a review of the whole work is given along with suggestions for future

" development,




' 1.2:. LABORATORY FUSION PLASMAS

S0 Thermonuclear . Fusion .
12.2: The Joint European Torus
1.2.3: Impurity Behaviour

1.2.1: Thermonuclear Fusion

., Nuclear fusmn is the prxmary energy. producmg process of the sun and

mést stars. At temperatures of 10 - 15 million degrees Celsms _hydrogen

isotopes can fuse together via a series of nuclear reacuons, ‘releasing

 energy in the form of radiation and in the kinetic energy of the reaction

products. For such a process to supply enmergy on earth, via a controllable

. »thermonuclear fusion reactor, -:the - most: relevant reaction is between the
“ nuclei of the hydrogen -isotopes deuterium -and: tritium :

Det T — ‘4Hc 4oon 40176 MeV. - E(1.2.1)

This - is preferred -to. other reactions because of .its: low - energy threshold
and high cross section. - Some - related: fusion  reactions of relevance to

laboratory fusion are ::..

D +D_E Me + n '+ 3.3 MeV. - b
T + p + 40MeV |
D +°He — ‘He + p + 183 MeV . ©UB(123)

At temperatures -sufficient for the particle  energies to exceed nuclear
reaction - thresholds, ‘the fuel gas and most impurities are fully ionised
forming ~a hot -plasma. There will ‘be. a continuous loss of power from a
thermonuclear - reactor “via radiation .and particles losses.. It is a
requirement that the thermonuclear power of the reactor be sufficiently
large to replace these losses (Lawson 1957). In the case of D-T fusion,
this must be achieved by confining the charged alpha particles within the




plasma.

If the- temperature of ' a’ D-T plasma were continually increased by
external heating, a point would be reached where the alpha particle
heating of the plasma balanced the power losses. The plasma would then
’ignite’ and the external heating could be discontinued. The minimum
requirements of tomperature, density . -and --energy  confinement time for
ignition are o V

1. Fuel temperature ‘T, is in the range 10 - 20 keV
2. Fuel density, . .. 2N, is in the range 2 -3 x 10®°m>
3. Energy Confmemcnt Tlme T, isin the range 1-2s

Theso Cond““’“s are “S“a“Y eXPI"»‘"*Sf’d m ‘terms of the triple fusion
product ' ' T R

NtT > 6x10% m skeV T e s

- The ‘most. promising ‘rector design is' one in-which the. plasma is heated
in a toroidal wvacuurm:: systém~:' ‘and - magnetic” fields- ‘are used -to. confine the
charged particles within the plasma, and to isolate the plasma from the
vessel walls. Of the many different confinement arrangements, the most
successful is the tokamak ( sec Wesson 1985 and referencies therein).

~ A schematic of a tokamak is' shown in Fig. 1.2.1. A large current is
passed through “the ~fuel gas “in ' thetoroidal vacuum vessel. This creates
and heats the plasma. The two basic components: of- a: tokamak’s magnetic
field system are (i) the toroidal ' field which is produced by coils
surrounding the vacuum «vessel and (ii) the poloidal- field which is
produced by the plasma current itself. The resultant helical magnetic
field configuration forms a set of closed toroidal surfaces on which the
magnetic flux is constant. Charged partlcles splral along field lines but
diffuse only very slowly ‘across them.

The JET Joint Undertaking was set up in 1978, as part of the European
Community Fusion Research Program, to construct and :operate a large
tokamak * device ~to : investigate ' the ‘ viability - of thermonuclear fusion as a
power source. A stepwise” approach to~ra commercial’ reactor is foreseen
including;” after JET a’ next step device (NEXTSTEP) and ~a demonstration
- reactor (DEMO) ' , :
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1.2.2: The Joint European Torus

The Joint European Torus (JET) remains the largest tokamak in the
world (Wesson 1985). Operations began in 1983 and are scheduled to
continue until 1996. The objectives of the project are:

(1) to study and maintain a plasma at conditions approaching that of
thermonuclear fusmn

(2) to study: the mteractlon of the plasma with the walls of the
vessel, the control -of impurities and plasma transport

3 to study a-particle’ productlon and oonsequent plasma heating

JET has a toro1dal ma_]or radlus of 3.0m and a plasma minor radius of

1.2m, g1v1ng a. total plasma volume of ~ 20. m>. The toroidal magnetic
inductive actlon and the ]
discharge to ~ 20 -3 k i “ plasma current sustainable at
) ’ ' ent achieved has been 7
ven by directly accelerating
plasma electrons A prototype system feeding
4 MW at 37 Gszl i
to up to 60 s. 5 ,

The plasma current ! t1ng, but because the plasma
resistivity decreases, with | it was- found that this alone was
not sufficient. -_hea the _ plasma to nuclear reaction  threshold
temperatures. . JET has two main supplementary heatlng methods: neutral beam
injection and radio frequency\ hea,t_mg, ,
| In neutral beam injectio_n ‘,(NBI), hydrogen, deuterium, tritium or
helium ions are accelerated to <140 KeV and then neutralised so that the
atoms penetrate ‘the ‘magnetic fields. These energies are chosen so the
atoms are subsequently ionised primarily within the plasma core where they
redistribute  their translational energy through collisions. Two neutral
beam injector assemblies - are - available ‘which -can ‘deliver - a “maximum of
22 MWw.

In radio frequency heating, 8 antennas couple a maximum of 24 MW of
radio frequency waves into the plasma. The operating frequency (27-57 MHz)

is chosen to resonate with the cyclotron frequency at which minority ions

-10-




(e.g. *He, H) orbit the magnetic field lines.

These methods have resulted in the three conditions for fusion being
achieved individually in separate experiments, but not simultaneously
during ioine; discharge. The highest value of the fusion product so far
attained is ~ 10° m’ skeV which is a factor of 5 - 8 less than that
required - m a reactor. S

One of the main problems is the control of 1mpur1t1es which are
released ' into the plasma where it is' in  comtact with physical limiting
surfaces. The lmpurltles cause core plasma parameter degradation by
radiation loss and fuel d11ut1on These effects are seriously limiting
progress in plasma performance and the control of impurities is a major
aim of future JET experlmental campalgns In particular, it is noted that
magnetic geometry is a major “influence in impurity control. Until the
operatlonal period ending February 1992, JET had two normal modes of
operation, which are 1llustrated in F1g 1.2.2.

In lzmzter ‘operation, ' the magnetlc surfaces are nested inside each
other and the edge of the plasma is defrned by the Last Closed Flux
Surface (LCFS) which Just‘ touches a materlal hmrter or the inner wall. In
JET there are two belt limiters. The area outwrth the LCFS is known as the
scrape-off- layer (SOL). The SOL medlates ‘the interaction between the
plasma and the vessel walls, B |

In X- pomt or magnetic' limiter operation ..the magnetic field
confrguratron is altered -so that one or both nulls of the poloidal
magnetic field are within the torus 80 deflnlng an internal magnetic
separatrix. This - confrguratlon enables the partlcles in the SOL to be
diverted . along -a channel towards target plates In' this configuration, and
with additional heating, the plasma can ‘enter " the so called H-mode of
operation’: which produces -better plasma confrnement It is this regime that
has produced some of the best’ performanee at JET. 7

In future operations, heginning late 1993, there will be a major
alteration to the machine with the construction of a pumped divertor
configuration (Keen et al 1992). :;This is illustrated in Fig. 1.2.3. Key
concepts of the pumped divertor are the minimising of sputtering of

~ impurities. - at. . the target plate of .a . divertor and .-the retention of

impurities in the vicinity of the target plate.. The latter it is believed
can be achieved by creating a directed flow of particles along the
divertor channel so that frictional forces retain impurities in the region
of the target plate. |

-11-
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To reduce sputtering and induce the flow it is necessary to form a
radiatively cooled, cold, dense target plasma in front of the target
plates. This will radiate a significant fraction of the target plasma
power, reducing the heat load on the target plates and so impurity
production levels. In the vicinity of the outer target plate, a cryogenic
_pumping chamber may be used. Detalled d1vertor des1gn is under review  at
this time. oo

123 Impurity Behav10“1'

Fusion plasmas consrst prlmanly of hydrogen and then small
quantltres of other elements such as carbon and nrckel The variations in
temperature of all relevant regions of the' plasma is such that all or many
ionisation stages of a giyen element may be: :present Usually" the

’ _‘concentratlon of the, 1mpur1ty species” is~ less: than .a few percent of that

of hydrogen Desplte this, the atomic radiation - emrtted by - impurities
dommates that from hydrogen ThlS radlatlon takes three forms

@) Bremsstrahlung from free electrons 1n the fleld of a posrtrve
ion. This is continuum radiation. o

(ii) Recomblnatlon radratlon from the capture' of free electrons into
a bound level of an atom or:. 1on This agaln is contrnuum radiation but
with ’edges’. i A

(iiiy Line radlatlon *the spontaneous radiative decay of an

excited bound-bound atomic: syste I, This - glves rlse to discrete spectral

lines which are characteristic of the‘p rtlcular atom or ion.

\

In most crrcumstances, bound-bound emrssmn is the dominant contribution.
This is concentrated “in 2 few transmons the resonance transitions -which
are directly excited from ground states. However, for fully stripped ions
bremsstrahlung only is important and for an intermediate range
recombination radiation is dominant. Heavier jons are more effective
radiators than low charged 1ons “because they retarn more optically active
electrons ‘at the hlgh plasma temperatures and their radiation is at
shorter wavelengths. For example, a 10% concentration of carbon is
sufficient to quench a thermonuclear reactor, but only 0.01% of iron.

A useful measure of the overall impurity content of the plasma is
given by the quantity Zeff which is defined as the average charge carried

-14-




by nuclei’in the -plasma

where N** is the density of X', the summation i is' over all ionisation

- ' stages -of all “impurity species andn - is the electron density: In a pure

hydrogen * plasma Zeé ="10. In JET, Z_ is typically in the range 1.2 -
' "The main- impurities of interést to JET are summarised ‘in Table 1.2.1.
These are subdivided into the classes of ’intrinsic’ ‘and ’extrinsic’; © =

:-,I~rhf~pur=ity : ‘Nuclear Charge Class ... .. Source
“l‘)é'ry’lvliumk B 4 v | . : iuﬁriusic f plasxua facmgmaterlal
c'ar'bon" N ' 1ntr1n51c plasma facmg materxal
;».,,.oxyg@ | 8 mtrm51c | Vvacuum leaks Water vapour
- chlorine”"* <+ 17- " " “intrinsic’” unknown "7
3 rmckel chromlum ,:_:28% 24,'  intfiusic | ;uéonel vacuum v‘évss‘elr
‘f iron | "‘726 o o '_N1(72%) Cr(lS 5%) Fe(8%) '
eg mckel neon, - ﬂv28 10, - B exil;rir;s‘i‘c} . laser: ablatxon gas puff
argon 18 .

Table 1.2.1: Main impurities in' JET.

Intrinsic impurities “are those * which ‘come from ' thé ‘vessel interior.

“To limit 'the metallic ‘influxes from the ' inconel vacuum ‘vessel, the
interior “of the  vessel is tiled with light miaterial such- as beryllium or

carbon. There is much’ debate as to which of these species is more

‘desirable “as a first wall material (Thomas 1991). Both materials have

similar - physical sputtering yields but beryllium radiates less energy than
carbon.” With carbon tiles, the dominant plasma impurities are ‘carbon and
oxygen. Beryllium acts as a getter of oxygen. ‘Cbnﬁequcﬂtly; " beryllium
limited  discharges ‘aré' : dﬁ'aracterised' by “less’ oxygen content, lower Z

- ‘and radiated powers Howcver, berylhum ‘has a lower melting pomt than
“carbon and is prone . to -a meltmg mstablhty At the * higher hcatmg powers

the beryllium plates were vulnerable to meltmg, “which resulted  in rapid
deterioration of “the ‘discharge due to large beryllium influxes.* Carbon

-15-




tiles also suffer from this effect but they can operate ‘at higher bheating
powers.

Some smaller tokamaks have successfully experimented with boron films
as a plasma facing material (Winter 1991) Boron has superior resistance
10 physical. sputtering and also appears to getter. oxygen. L

During - pre-divertor. . operations, JET -had beryllium: . upper . belt limiter
and: lower X-point target tiles and; carbon: lower limiter. and.-upper - X-point
target tiles. Glow diSchmées coated the entire interior with a .layer of
beryllium... For .pumped. divertor -.operations, . it .is. planned -that JET will
experiment. with  both beryllium and carbon target plates, and possibly also
‘use boronisation.

Extrinsic 1mpunt1es are - those whlch -are added to the plasma for
’dlagnostlc purposes. Solid species can be 1n_]ected by laser ablatlon and
‘gaseous’ spec1es can be injected by gas puffs. '
values of a few keV and values at the LCFS of the order of a few tens of
eV. 'The distribution of ionisation stages of an impurity is determined by
the interconnection: of atomic reactions and: plasma transport ' processes.
Light 1mpur1t1es (e g Be, C) are fully stripped m the edge plasma
,whereas mckel jonisation stages are d1str1buted over the entlre plasma
The ma_]or links in the chain of impurity processes are (a) productron )
edge transport and (c) central transport. : SRR '

- Impurities- ‘are - produced by plasma surface- interactiohs» at localised
sources such as limiters - or X-point. target strike; zones. Physical
sputtering, chemical release, sublimation and evaporation are all relevant
-..mechanisms - (Stangeby.-and McCrackep‘» 1990). Once .in the . plasma, electron
- collisions . are. the dominant exciting and. ionising mechanisms and, as edge
plasma electron temperatures (10-50 €V) are comparable with o greater
than_ ionisation: potentials, ions . are rapidly . ionised. .The diffusion of
charged. irhg,urities is mediated by the magnetic. -fields. Particle.  transport
.parallel . to _the ‘“,ﬂ_magneti,c,; field - lines is much faster than cross-field
- diffusion and this K._‘.,,tenrd‘sf 0. “rd_istrib‘ute bfi‘mp'urities homogenepusly over
magnetlc surfaces o . .

o The . edge transport reglon can be defmed as the _zone, from the solid
.surface. to. where - the impurity density is poloidally . symmetric. . Typically
this, oeeurs ; wrthlh a few. cm of the :LCFS. ‘While this zone is relatively
small it is profoundly important because the impurity_ sources and sinks
- are_in close proximity. Jons within the SOL flow along open field lines to
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connection points with the limiter, where they are deposited. Impurities
‘released ‘from limiters and walls which ' are ionised’ in the SOL are
therefore prevented from entering the main plasma. This ‘is known as
screening. To model trace impurity behaviour in the inherently 3-D
complexity of this region, Monte Carlo techniques are employed (Stangeby
1991). Typically in such ‘a code, a .description of the the plasma
background is assembled from experrmental measurements, or from large
hydrodynamic predictive codes. The precise - limiter and magnetic geometry
is specified. The impurity production distribution is calculated. Trace
impurities are released into the plasma and movement between collisions in
the random walk motxon is followed by the Monte Carlo method.

In the central region, within the LCFS the transport is essentially
radlal and ‘the ﬂux is represented by cross f1e1d drffusrve and convectlve
veloc1ty terms as: C ' B o

I‘(N+z) DaN +: N+z s L . EQ26)

| , In practlce, the values of D and v_ are anomalously large when ‘compared
with the predrctrons of neoclassrcal theory (Pas1n1 et al 1992) The
contmurty equation 1n cylmdncal coord1nates yrelds |

5 N*‘é

18, o L 1) .
g itz () = -NTn 8 + N7 n.S
@ trat) - e BQ.27)
,-N”n'a 4+ NV g o
FEE - A el z#l
. where N* is the number. density of X+ 2 fz is the 1on1satron coefﬁcrent

~ from_ X+z to, X*‘”l) and (x s the recomblnatlon coefficient from X* to
' X*(z 1) Transport codes have been. developed to solve _these equatlons and
- calculate the d1str1butron of 1omsatlon stages throughout the central
'reglon The code in use at JET is known as SANCO Stand Alone Non-Coronal
transport code (Pas1n1 1992). Transport coeffrcrents D and v, are found
‘ lemplrrcally from expenmental comparisons. The SANCO code requlres as
input many dlagnostlc measurements 1nclud1ng electron dens1ty and
temperature . proflles and magnetlc geometry detalls _Note that if the
fluxes, I‘, are very. small then E(l 2.7) reduces to equ111br1um ionisation
balance. - Conversely, partrcle diffusion tends to broaden 1on1satron shells
_and convectlon moves  their maxrma to hlgher temperatures
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" 13: PLASMA DIAGNOSTICS AND THE ROLE OF SPECTROSCOPY

13.1: --Diagnostic” Overview -7 .
132: . The Role of Specgroscopy
. o ® Passive Spectroscopy
¢ (b)'¢ Active Beam Related Methods: - 7

,i-3l1;'  Diagnostic Ovemew N

o Fuston research requlres that plasma parameters be expenmentally
measured as completely and accurately as possrble On JET, there are
approximately 50 diagnostic systems which explort a wide varlety of
: physrcal processes. A prerequisite - was that the most important plasma
parameters, such as temperature and dens1ty, be measured by several
: mdependent techmques General mformat1on on plasma dlagnostlcs can be
1"‘obtamed in Hutchmson (1987) ‘and Stott et al (1991) wrth more detailed
information on - the spe01f1c techmques “and 'instrumentation explorted at
JET being found in Orlinskij and Magyar (1988) and Stott (1992).

To interpret spectral emission it is eSsential ‘to have. knowledge of
electron temperature. and density In the followrng a brief summary of the
diagnostics- which measure these parameters is given. Further information
~ can be found in the above references
" Inthe bulk plasma " which 1s the hottest and densest part the
Etechmques in us¢ are LIDAR Thomson scattermg, electron “cyclotron
’emlss1on and infra-réd 1nterferometry ' ' -

o LIDAR (LIght Detectlon And Rangmg) is the opt1cal analogue ‘of RADAR,
‘and’ 1s used to measure electron temperature and dens1ty profrles A high
~ power ruby laser (SJ) of wavelength 6943 nm emits a very “short pulse of

'ﬁllght (300ps) mto the plasma “The backscattered hght is collected and is

analysed o glve electron temperature from doppler w1dths and electron
Vdens1ty ' from absolute 1ntens1t1es The time of arrival of the

backscattered hght glves the radtal posmon and pl‘OfllCS% can be

';computed The spat1a1 and temporal resolutions are :~ 5 cm ‘and 1 ms
respectively. The repetltlon ‘rate of the measurement is very poor at > 1 s
and is limited by laser technology.

18-
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The . electron. cyclotron -emission (ECE)  from:the free electrons in the

-plasma is used to measure electron temperature profiles.: The: electrons

radiate at the characteristic cyclotron frequency at which they gyrate
around the field lines. Typically this is in the range 50Ghz - 500Ghz. The
radiation is from .an optically thick plasma and is detected by microwave
amplifiers. The eléctron temperature is derived from the absolute
intensity: -and, as- knowledge of ‘the . magnetic field: ‘profile is available,

-~ -the position . of the measurement: is inferred from the frequency. These
-measurements.: have -a :spatial ‘resolution of typlcally a few ‘centimeters and

a temporal resolution-of :typically. 10ms.. - & it
» Electron - .density - profiles : can:_ also bé ':measured: by far infra-red

‘interferometry.: :A - Deute‘num-,cyamdc;-.qlascr beam  (0.195.. mm) ~is passed
~1:-through the' plasma and then -compared with a laser beam which"has traversed
~@n identical 'path length. ‘Theplasma . refractive “index is measured by the
‘phase:_ change - between: the: beams. This is  ‘related ‘to the lin¢. averaged

electron density; ~yndl -Six-. lines -of  sight -are -used ' and “the electron

ce density - proflle in mferred by Abel inversion, with  a temporal: ‘resolution

of 10ps. 5 e T T AER T A Ve
The edge plasma is much more dlfflcult to diagnose. Spatial
resolution of the order of a few mm s required 'to resolve the steep

- temperature- and density . gradients, . and - strong toroidal' "and  poloidal
- +asymmetries -are-present. - Several s specialist - systems, ‘of for: example ECE
- .-and' LIDAR, ‘have:.been" developed to .work' closer 1o the plasma edge but none

‘as yet give. information:on the region of ‘the LCFS or the SOL. There is

thus: a:large gap. in information about this-important area. 'The two methods
which are most frequently applied to edge measurements ‘on JET are Langmuir
probes and Infra-red cameras.

Langmuir probes are mechanical ‘devices which are bolted onto the
vessel face. When the probe p(')sitively) bias with respect to the plasma, it
collects electrons. - The- “saturation : current’ - is * proportional - to the' electron

. density. As’ the"'bias potential is reduced below: the plasma potential, the
‘probe current “has an exponential behaviour - on -electron temperature. From

these two characteristics, electron = temperature ‘and - ‘density can be
measured with good spatial and temporal resolution.

CCD (Charge Coupled Device) cameras with infra-red filters give a two
dimensional heat image of the surfaces on which power is loaded. This
gives - -data ..on-the “tile :surface  temperatures ‘and - power ' loading.

- Additionally, - impurity - influxes -can:be measured by using narrow band

-19-




Ailters -~ which -are sensitive to"  spectral. -emission from  the particular
impurity. '

- 1.3.2: The Role of Spectroscopy

- Spectroscopy is' -a' -valuable- diagnostic © which  can :-give diverse
information ‘on the physical nature of the plasma and primary information
.-on the radiating -species. It is ‘most. readily appliedv -to :'the - study of
impurities and their relation “to - plasma . performance. Indeed, it is the
only diagnostic which can - give comprehensive - information. on impurity
behaviour. .’ Additionally, it can -also supply: information on ' general plasma

- parameters: such :as ' ion': temperatures,: -Totation ‘velocities ~and ' magnetic

fields. A range - of spectroscopic - instruments : are available on JET, which
~cover X-ray: to visible -wavelengths.. These are -summarised in «Table 1.3.1.
- Note -that:.-they - are . divided into :two'" types; - (a)  passive survey

.. vspectrometers and- (b) active beam related - spectrometers. - Suitable reviews

on spectroscoplc techmqucs are Peacock (1984) and Engelhardt (1985)

(a) Passiveé Spectroscopy T s
-+ Traditional .passive " plasma - spectroscopy. of -~ fusion: - plasmas is
concerned: with “the. study of: impurity - ions ‘in- transport’ ‘equilibrium. The
radiation shells: of ' the impurity ~:charge 'states -are considéred to ‘be a set
*. of “concentric: shells with :the: higher “'charge- states . residing ‘in -the hotter
. central: plasma. : ‘The - local - spectral 1ntens1ty of a- transition- between two
bound: atomic states -is:given by . - '

AN = Al NT o Lo Easd)

where . N'* is ..the number : density of ~the upper - state, A'(isj) is the

- :spontaneeus - transition probability:- and. A is ~the wavelength- of the

-radlatlon Spcctremeters have. a line -of . sight through ‘the - plasma and
-observe: line integrated intensities - '

L I(l—)] 7\,) JA(l-)_]) N+z dab o E(13.2)

The - basic - ,quantltles “to--be - derived - from . this ~measurement are the
identification of plasma : impurities, - localisation - of - sources, source rates
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Impurity Survey Spectrometers

| Spectrometer |

Type

" Line of Sight

'Applicatjon

K81

-7 Xray spectroscopy ! horizontal = - " To observe Balmer
» series of impurities
KS2 scanning X-ray . vertical channel to _dcter,ryn‘i‘_he shape of
B " “monochrometer ' ’ o radiation ‘shells of high
ok Z impurites in bulk
‘ _ plasma ’
K831 - [» Optical miultichannel arbitrary directed at ' | To observe near neutral
analyser and narrow surface recieving popwer | impurity fluxes from
S *+ band filters ' ' loading " | plasma’facing materials.
KTI . _"VUV scanning: | upper x-piont region and |.-.To monitor impurity
monochrometer inner wall production and
v B SRR RN EE -tran$port iny target area
JKT2 Broad band VUV. .| horizontal . To.monitor impurity
: o spectroscopy B C behaviour in bulk
: AT S SR o -7 jplasma
KT4/1/2 | High resolution XUV ; horizontal . To monitor impurity
o " - spectioscopy b behaviour in bulk
L e ] e .plasma
KX1 “high resolution X-ray ~ horizontal To measure He-like
spectroscopy * i nickel-spectra from
7 ) main plasma , Ni, Ti
~ Active CX Spectrometers =~
SPectrom_etcr \ Type . Line of Sight. i ;Application

" Ks4 @)

Visible spectroscopy

* vertical at 3.1m.

To observe active cx

'CCD detectors)

wvertical e (Czerny-Turnér with ~intersecting with beams | -lines. Ni, Ti profiles
.CCD detectors) ) e ‘

" KS4 (b) Visible spectroscopy array of 12 horizontal | To observe active cx

. horizontal (Czerny-Turner with: channels . lines. Ni, Ti profiles.

KS5 Visible spectroscopy | array of 12 horizontal To observe active
(Czerny-Turner with_ channels _balmer alpha spectra
CCD detectors) * ' ‘ T

- Table 1.3.1: List of some
divertor operation).
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and concentrations.

Source rates can be determined by observing spectral emission from
neutral and few times ionised atoms. The latter remain close to their
sources and observed emission is characteristic of the flux of impurities
being released by plasma surface interactions. A spectrometer directed at
a limiter or X-point tile- is thus. able to measure impurity influxes
(Behringer et al 1989). These measurements are normally in the visible or
VUV. For example, Fig. 1.3.1 illustrates spectra from the O.M.A. (Optical

Multichannel Analyser) | survey spectrometer. Three operational : phases are

‘compared; namely the all carbon phase, Be evaporation with carbon limiter,

~and Be' belt limiters. “The reduction of carbon and oxygen in the Be limiter

phase is clearly seen.

JImpurity .. concentrations are obtained by - comparing measured absolute

_intensities from one or two charge states. with the results of a transport

code s1mulatron for all ionisation stages of ‘the given element: The code

derives the total lmpunty concentratlon by relatmg the measurements to

the fraction of impurities which are present in those charge states. This

| ~“method requires prior knowledge of transport cocfficients and plasma

~ parameters. Due to the necessity of using ions which are located in the

© bulk plasma the XUV and X-ray mstruments are most -suited to this type of

. measurement

o Z is experimentally determined by measuring the enhancement of the
contmuum radiation over what would be expected in a pure hydrogen plasma
(Morgan et al 1984). It is important to use a wavelength region in which
the contmuum is composed of purely bremsstrahlung with -no . contribution

 from recombmauon or -line radlatton At JET the measurement is performed

in visible regions. 7 o )

At present ‘there is a great deal of interest, in the mechanisms of
impurity * transport .and screening in  the ed.ge plasma. One method of
inves‘tigation, is to compare experimentally - measured spectral intensities

'with the results of Monte-Carlo transport models. For example, consider

Figures 1.3.2a and b which illustrate a Monte-Carlo simulation of carbon
transport and measured emission profiles of C II (90.4nm) in the vicinity

‘of the upper -target plates during an X-point : discharge (reproduced from

Matthew et al 1992). To model this emission, the authors considered carbon
being produced by sputtering at the target plates and also by neutral
bombardment of the wvessel walls. It can be seen that the best fit is
obtained when such a latter wall source is included. The wall source was
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Figure 1.3.2(a) Monte-Carlo simulation of divertor impurities.
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- Figure 1.3.2(b):. VUV poloidal .profiles of :C II obtained with the
KT1 vertical system. T .
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~calculated to be ~ 25% of the target source. However, the target source is
“better screened -than the wall source so: that 40%  of the fimpurities

crossing the LCFS and entering the main plasma originate at the wall.
“Bulk - plasma - transport ‘is -‘most easily ‘investigated - using transient

- -events. A laser’ blow-off system 'is. operational which can release small

quantities of trace impurities into the’ plasma at a precise time. The time
and - spatial - evolution - of both spectral emission” and soft X-ray radiation
can -be used :to “derive confinement ' times and - transport coeff1c1ents (Pasini

et al 1992)

A further application of -spectral = observations, = although “it does not

tely  on . quantitative - intensity  .analysis, -is ‘“the - utilisation of spectral

line widths and shifts to measure ion temperatures. and rotation
velocities. Central ion temperatures are often inferred from the X-ray

- spectra of H-like and He-like ions (Danielsson et al' 1991). A valuable
. insight into - impurity. production processes ‘is obtained by -‘measuring the

temperature - of .the neutrals" and ' ions cntermg the plasma (Stamp and

‘Summers 1990).

(b) Active ‘Beam Related -Methods -
In recent years, a number of novel diagriostics -have emerged which

utilise’. the - neutral . heating - beams. In ‘the core plasma,” fully stripped
. light - impurities which- do" not 'normally radiaté  are populated by charge

transfer reaction with the neutral heating beams:

X*+ D S X**Ym)y + D* E(133)
and promptly radiate by spontaneously emitting a photon

X D(m) 5> XDm) + hv E(13.4)

Observation and analysis of this radiation is known as Charge Exchange
Recombination Spectroscopy (CXRS). The measurement is localised because of
the small intersection volume between the line of sight and the heating
beam. Impurity concentrations are derived from the spectral intensities.
Ion temperatures and rotation velocities are derived from line widths and
shifts. At JET, visible transitions between high n-shells are exploited
(e.g. Be IV n=8+6 at 485.6nm) and multiple Gaussian fit techniques have
been developed to distinguish the active signals from the background
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plasma emission. An array of twelve spectrometers provides measurements of
,. ion. temperature, ion. density- and rotation -velocity profiles (von -Hellerman
etal 1990). . . R S .

: ',Furthc,rmofe,, the deuterium atoms in the Neutral Beams ‘have an energy
.of 140. KeV.and are crossing-a magnetic f,icld.:r The atoms ’see’.a Lorentz
- induced . electric. field . of the. order of 10°. Vem™, which' .causes Stark
splitting “of atomic -levels. Observation:: of - the Balmer a :Stark. multiplet
-.gives: information - on . the. magnetic . field strength f(froni the - amount of
splitting) and orientation (froin the polarisation of: . the light). The
.-absolute - intensity: of the beam emission is'.an important measure of beam
attenuation. This technique is- known: as- Beam Emission Spectroscopy (Mandl
et al 1993).. e : '

In . -conclusion, - spectroscopy has' shown: itself ' to be -a . valuable
diagnostic technique which. can  be applied to a wvariety of . measurements.
Note ; .that- the traditional . spectroscopic - method - of .deriving . electron
temperature and density from measurements of spectral line ratios “has been
largely superseded in tokamaks by powerful nbn-spectroscopic techniques.
Such measurements by spectroscopy ~are normally - limited- to consistency
tests or .in . specific studies o - verify atomic data and modelling
p,focedures.\ ~There . is . however, ..potential for :spectral ' line ' ratios to
.provide data on areas of geometric difficulty 'such as: the plasma edge and
divertor regions. ' :
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14: PHYSICAL CONDITIONS

Hot plasmas contain electrons, ions and . atoms which interact via
partlcle collisions and radiative transitions which ~redistribute energy,
momentum and radiation. . If the. plasma. is. confined in a closed ‘system from
.which no particles .or radiation -can escape then  the . electrons, ions and

. -atoms  would take up equilibrium energy distributions which define a value

of . temperature: and the system- would be in Complete Thermodynamic
Equilibrium .. (CTE)... In. such circumstances, the - distribution of energy
__amongst. free - particles, photons and internal energy - states .of .atoms and
ions can be found by statistical mechanics. .

‘The free partlcle speed distribution is given by the Maxwell equation

_A.f(v.) = . 4n (Z—ET) v exp( Z'ET) Lo E(140)

_“where m is the mass of an 1nd1v1dual partlcle v 1s its speed k is
| Boltzmann s constant and T is the plasma kmetlc temperature v ,
The d1str1butlon of radratlon is glven by Planck’s functlon For the
photon energy distribution U(v) at frequency v this takes the form ,

U(v) = ~ 8mhv® /C ; : - ‘»ﬁ(1.4.2)

' exp(hv/kT ) -1

where h is Planck’s constant and c 1s the speed of lrght T is the
radratlon temperature Wthh in CTE w1th particles and radlatlon enclosed
is equal to T, ; :

The dlStl'lbuthﬂ of populatlons amongst dlscrete 1nternal. energy
levels of ions and atoms is given by the Saha-Boltzmann equatlon

N* o w(i) ¢+ b
. = ‘ exp( I /T E(1.4.3)
Nyt n o eGLy)  2Qmm kD)% e

- where N‘;z ‘and  w(z,i) “represent the number density and statistical weight
“of state X+z N+21 and (zl,y) represent the number ' density and

+z1

statistical welght of the parent state XY , with z1 = z+l, nie‘ is the mass
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of an electron, and I is the ionisation ~potential energy of state X+z with

+zl

respect to X Comparrng two excrted state” populat1ons within one charge

state gives the Boltzmann equatron

N .
N e@d) oorman
N - a@p SPCEAT 0 mae

" where '~Eij*is the energy difference between states i and j.

- Furthermore, ‘in' complete: thermodynamic equilibrium the rate at which

* particles * make - transitions - from one “state to ‘another is exactly balanced
* by the inverse rate. This is known as the principle of detailed balance.

Fusion plasmas- are far:from CTE ‘in general. This is mainly due to two

‘physical reasons. “Firstly, the ¢ plasma parameters' - (especially * temperature

and density) are changing faster: than- the “equilibration  time for atomic

‘processes . which .establish  jonisation ‘- balance, and = secondly, radiation

emitted from the ions and electrons escapes from. the plasma before it can

- ‘be reabsorbed. A main point, is' that the plasma density is -low (typically
v1012 . 10* cm?). The rate of reactron for colhsronal processes is

drrectly proportlonal to the plasma densrty and so in hrgher density

_plasmas the atomlc system ' reaches coll1s1onal equllrbrlum more quickly,
‘and radlat1ve processes are suppressed by more frequent collisional

processes.
However, some of the concepts of CTE are still valid and may be
applied in certain circumstances. The , time taken for . free charged

~ particles to reach thermal equilibrium has .been consrdered by Spitzer

(1956). Collisions between particles of the same mass are most effective
at redrstrrbutmg momentum  and energy. Therefore, the kinetic energy
redrstrrbutron time scale for a partrcular specres is prlmanly ‘determined
by collisions between partlcles of that ‘'species.. Expressrons are given by
Spitzer (1956) It is shown that the self colhsron thermalxsauon time
for electrons is grven by . ) '

167" [ kT ]?’2 |

"(e'}e)ﬁ = Em®m (T,

(s) L E(14.5)

where n_ is the electron density in cm® and ln(A) :is the Coulomb
logarlthm ‘which typically _has ~values. between 5 and 20. Furthermore,

..because  of - mass . factors, the redlstrlbutron time for protons, T(p-p) and
~the equipartition time for electrons and protons. T(e-p) are given by the

expressions
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T(p-p) (m / m;)lfz t(e-e)i' Do 43,t(e.,e),,.,;,. ) 'VE(1-4~6)

| t(cb-p) : | (m p/me)" t(e-lc)( ~ .- 1836 ‘c(e-e) : 1‘=_:(v1.4.7)

In a plasma with an electron temperature of 1 keV and an electron density
of 102 cm?® <(c-¢) =~ -10%. 'The . particle -confinement- time. in JET is of

- - the order:of 1 s and 50 it can be. considered that the electron and proton

distributions are Maxwell-Boltzmann. However, the timescales indicate that

the - equipartition: of energy .may ' occur separately ~ for electrons and
- protons, but. without = equipartition between . them,; In; these  circumstances,
‘electron and proton. temperatures -are not necessarily. equal.

~Now ":consider- the populations of. discrete . energy states.. of ions and
atoms. : For - these' .to- be in’ CTE, .it is :necessary.. that fthc _plasma is

.-optically thick to photons  emitted by . transitions - between atomic levels.

In fusion plasmas, the impurity density is too. low. for . this condition to

. besatisfied. - A lesser- condition - is  Local Thermodynamic :Equilibrium (LTE)
¢in-which: oolljisionaln-r, processes  balance. For. an ion or atom to be excited
to a state of higher energy a collision with a sufficiently energetic

particle - is i Tequired. - In - contrast, an excited - state - can ke’it:l'ier ‘de-excite

collisionally or by spontaneously - emitting -a . photon. When . the -collisional

;de-excitation. - rate . exceeds . the . radiative:- transition . probability, the
:system ‘will +be in -LTE. .This . condition is- most easily satisfied for high

levels- of - atoms or ions. Such:levels are nearly degenerate and collisional

“transitions- between -them.:have . very large: cross.. sections. . Above. a limit
termed ‘the. collision - limit, the populations. ; are . in.. LTE and . can be
- described - by . the Saha-Boltzmann .and Boltzmann equations, This limit

depends - on: ion" .charge and the electron . and - proton . densities.: As the
density is increased, collisions.become more frequent and more levels tend
to LTE. An approxxmate scahng is: glvcn by Griem: (1963 1964)

Do o= Z14/17 ; [ o ]6/17 =y [ kT ] exp[ 42 IH ]
e g L) e 212 L) 1711 kT

o »,§(1.4.7)

~-where n_. denotes - the principal - quantum . shell of . the. lowest. level . which is

in LTE. Griem comments that the exponential term -is not usually . important.
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Otherwise n_ can be found by iteration.

For low lying levels, LTE is not approached except at the very
highest densities. The populations of these levels, N’i'z, are given by a
‘statistical balance “of all the individual atomic processes which populate
and depopulate that level '

d/dt(N‘:z) = " (sum of all' populating processes) -
- (sum’of ‘all depopulating processes) < i < E1.48)

In fusion plasmas,” the atomic processes: of relevance are those of
“spontaneous  radiative decay, non-radiative - Auger  -decay (autoionisation),
collisional ~ excitation * *and - de-excitation, : ‘electron = impact: - ionisation,
: Chafge exchangé recombination, and- radiative, . dielectronic <and three-body
‘electron recombination.  These are described more fully in Chapter 2. -

- 'The telaxation: ‘times of the wvarious state populatlons of an -atom or
’1on can: vary cnormously ‘ e :

< Doubly excited ‘states which ‘lic above the normal ionisation - threshold
' can aut01on1se - The lifetimes .are wvery -short::and - are’ approximately given
by v =10 25 ‘ B :
 "For éxcited states, the relaxation lifetime is determined. by the sum
"of radiative and ' collisional " transition probabilities - from - that state.
This* sum is ‘normally = dominated by ~large radiative terms, and with
considerable approximation, the lifetime scales as t_ ~ 107/z1* seconds.

- For' ground ' stateions, the- lifetimes are entirely ' determined: by the
collisional ~ “processes -of " ionisation, - excitation :and recombination. The
" time constants associated ‘with ‘these processes -ar¢ typically -many orders
- of magnitude longer than ‘the radiative lifetimes of - excited levels. The
lifetimes * of ground - states can be - approx’iniately expresscd‘ 88 T~
10%21 /n seconds, where n is the electron dens1ty in cm? :

Metastables ‘are - an 1ntermed1ate ‘class of ‘states between ground and
excited states. These states do not de-excite rapidly by spontaneous
radlatlve emission processes because the only available radiative decay
paths are’ via quantum mechamcally forbldden transitions (a detailed
descrlptlon of the wvarious types of transition ‘and selection rules is
‘given in Section 2.1). For example, returning to Figure 1.1.1, the 2s2p2
% state is forbidden to decay because in LS coupling; the spin selection
‘rule is AS- = ‘0. Transition ‘probabilities for several: radiative transitions
“in boron like ions are given in Table 1.4.1.
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2s2p° ‘P 5 2§ 2p P 2s2p” %P 2322p %p co2p>*S 5 2s2p° P

ct 441 - 412° 3.42°
o® 536 e Tesst
‘Table 1.4.1: “Radiative ¢ ‘transition @ - probabilities - - Y for

some excited states in' Boron-like ions. ‘Data from the sources listed
in" Chapter 3.

Excited states in the doublet spin system readily decay to the 2s*2p °P
" ground state and those ‘in ‘the - quartet ‘system readily decay to- 2s2p” P,
‘Because this state is metastable, “it tends to accumulate: a relatively high
population and to evolve on timescales similar to that of ‘the ground. -

" The relaxation times thus satisfy the relationship -

T T_K<T LT L ,. o E(149)
v , o , e e B

m

where no drstrnctlon has been ‘made between ground ‘and metastable states

In any plasma, atomic states can be naturally classified by comparing
atomic relaxatron tlmescales w1th t1mescales “for changes ‘in plasma
, ‘cond1tlons (especrally temperature and densrty) Quasi-static populatlons
Hri_are those Wthh relax almost 1nstantaneously compared to plasma “timescales
4 :and dynamlc populatrons are those whrch relax on comparable ‘or slower
| tlmescales Forr low densuy laboratory fusmn o plasmas ‘and many
astrophysrcal plasmas, excrted state populatrons “are in a qua81-stat1c
situation, whereas ground and metastable state populatlons are in a
,dynamlc s1tuat10n It is ]ustlflable then to separate the establishment of
excrted state v populatlons ~ from that of 1onlsatlon charge state
populatrons | | S ‘ '

Ground and metastable populatlons are dynamrc populatlons which
~ evolve with plasma condltlons These populatlons are coupled by a set of
) effectlve 1on1satlon and recombmatron coefflclents whrch are evaluated at
'local condrtlons These coefﬁcrents can “be used as the source terms to
‘,dCSCl‘le the time and spatlal development of charge states in plasma
models (£ B27).

7' Excrted state populatlons relax raprdly w1th changes in the plasma
environment and so they are in equ111br1um with the ground and metastable
state populatlons at local conditions of temperature and  density.
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Statistical balance population models can provide solutions for these
populations as - functions of instantaneous ground and metastable
bpopulatlons at local plasma conditions. Spectral intensities can then be
synthesised from the excited state populations.

In the limit of low electron density, ‘the exc1ted ‘state populations
are' very small due to low excitation rates.. Atomic populations accumulate
in ground and ' metastable states. Excited states are populated directiy by
electron impact excitation from ground or metastable  states and then
promptly decay by spontaneously emitting a photon before further ionising
or exciting collisions occur. This is often known as the coronal
approximation because this . approximates :the situation . found in the solar
- corona.. In. these circumstances, ionisation only takes  place . from the
~ground and metastable: states, while "electrons can recombine with the
parent - ion" to: form . the  ion in .any . excited  state. . Indeed, very many
principal quantum : shells (~n=500) may need - to. be considered in
recombination. All those captured into high principal quantum shells
" cascade down and eventually reach the ground or metastable states. The
_effective ionisation and _recombination coeft‘1c1ents are essentlally those
of fundamental rate coeffrcrents for the 1nd1v1dua1 atomlc _processes, or
simple sums over them! ‘

As the .electron dens1ty 1ncreases, colhs1ons become more frequent
_ ,and this s1tuat10n changes Excrted state populatlons may be disturbed by
further _exciting or redlstrlbutmg colhsrons ‘before they radiatively
decay Recombination coeff1c1ents are reduced through ionisation  of
_ captured electrons before they can cascade to ground or metastable states.
Also, 1onlsatlon takes place dlrectly from ground states and mdrrectly
via stepw1se excrtatlon and lomsatlon \ '
| The basic theory whlch accounts for ‘these effects was first fully
established by Bates et al (1962), and later expanded by, amongst others,
_Burgess and Summers (1969, 1976), Summers (1977), Jacobs and Davis (1978)
and Kastner (1981) Level populatlons are derlved from a set of
colhs1ona1—rad1at1ve couphngs between the bound states and the ground
and parent states. Ef:fectlve 1on1satlon and recomblnatlon coeﬁrcrents in
a plasma of finite electron densrty are derived from the level populatlons
of the g1ven ion. When metastable  states are identified, these
coefficients ~ are  referred to as generahsed collisional-dielectronic
_coeﬁ‘iczents These coeffrclents are denoted by S*T “and a‘ﬂ, and are
dependent on both temperature ‘and density. In the hmiting casc of low
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electron density,

Lim(n > 0) s“'ff(x;% x;”) S(x;% x;zl) E(1.4.10a)

Lim(n - 0) aeff(x;“» x“;’) a(X;ZI—> X;z) | E(14.10b)

where S and a are the fundamental rate coefficients which are only a
function of temperature, X' denotes the relevant parent configuration
and X'* denotes the relevant ground configuration. More completely,
collisional-radiative theory can be used to define effective contributions
to excited state populations, effective emission  coefficients  for
arbitrary spectral lines,. and - effective radiated power coefficients. As
the electron density is continually increased, collisional processes will
dominate over radiative decay and the equations will correspond to those
of LTE. Collisional-radiative theory thus encompasses both the low density
coronal approximation “and the  high density limit when  the populations

approach those of LTE.
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CHAPTER 2
. RELEVANT PHYSICS -
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2.1: ATOMIC PROCESSES IN PLASMAS

In theory, all possible atomic processes which can populate and
depopulate atomic levels of an impurity ion X™ should be considered when
attempting to describe level populations. In practice, many can be

‘neglected due to the particular plasma environment.

Fusion plasmas  are -optically - thin. to. radiation ‘emitted by impurities
(see Peacock 1984). It is ‘ then correct to neglect radiation induced
processes such as photo-ionisation and -excitation and stimulated
emission.: - o : o ;

It is also possible - to. make a distinction between majority and
minority species. The majority ' constituents are protons electrons  and
neutral hydrogen. Typlcal impurity densities are = 107 n_ for metals (e.g.
nickel) and = 10 n for light impurities:. Collisions bctwecn impurities,
which are a mmonty species  can be neglected without loss of accuracy.
The collisional processes of importance to impurity atomic populations are
those between impurity ions and electrons, protons and -atomic hydrogen. In
fusion plasmaS, hydrogen ~can be. present in either of- its” isotopic forms.
There is no distinction between protons, deuterons and tritons except in
their speed. From this point on, without loss: of:: generahty, each are

simply referred to as protons..

The subset of' atomic processes whlch are cons1dered relevant are
listed in Table 2.1.1 and are now discussed individually. Ground and -
excited states of the recombined ion, X' are represented by X'*(y,nl) or
by X™(i) where i denotes the configuration y,nl. - bt
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Spontaneous Radiative Decay -~ - - -
XG0 o s X))+ hv o

‘Radiationless Auger Decay (orautoionisation) . -

De-excitation and excitation by electron and proton collision:

XM o+ e X)) e
SXEG) e pt = X + P

‘Eleciron Impact Ionisation .
Y X*z(l) Gl Sy X+(z..+1)(y) + € 4 €

Radiative (or free:electron) Recombination
Xy e s X+ kv

‘Dielectronic Recombination - -0 o :
Xy + ¢ & XDy ) . . Resonaice Capture
EER R g X*(z+1)(y”,i)vv:=+ hv . Radiative

Stal;ili,salion

Three-body Recombination’- . - e
Xy + € + € s X)) + €

Charge Transfer with Neutral Hydrogen

XYy + H 5 X%0) + H

Table 2.1.1: Relevant Atomic Processes
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Spontaneous radiative decay occurs between two bound atomic states
- X70) > XTG) + v BR.11)

and gives rise to a dissrété spectral line of Wavelengfh A= /v, where v
is .the frequency and c is the speed of light. The coefficient describing

the rate of -this reaction is the spontaneous transmon probability or

Einstein coefficient which is denoted by A'(i»j) or A and has units of
1

8". The values of these coefflclents depend on detalls of atomic
- structure . and on the particular type of transmon The three main types

of transition .are electric . - dipole, non-_d;pole_ and - spin ,cha_nge . (Cowan
1981). | ' o
‘The . strongest. transitions are - the electric dlpolc (or El)

_ __trans1t10ns, which are termed -allowed. These. give .rise to the most

intense spectral lines. The quantum mechamcal selection rules for these
transitions in Russell-Saunders notation are

+ 1 i : , -
0 TR U ERLY)
0, = 1 with J=0-J=0 forbidden

AL
AS
Al

* In -addition, 'E1 transitions only - occur between states of opposite parity.

This forbids transitions within a configuration. o P
Excited levels ‘in ‘peutral atoms ‘which can decay by emission of El

*radiation have lifetimes of the order of 107-10? s, -whereas-‘much shorter
" values ' are found ' ‘in- ‘highly *“stripped ‘ions.. The - probabilities for E1
“ transitions * scale approxunately as z+1 for An=0 and: (z+1) for An=1

transitions. : : R
'Non-dipole “or forbtdden transitions - have very - low- probabllltles in
neutral and few ' times ionised  atoms, but the  transition rates : increase

“ strongly “with 'z1- (scaling ‘as ~ (z+1) (z+1)10) The ' various  types of
* transition follow specific selection rules

Magnetic dipole transitions ,
= 0 s L E(2.13)
Al = 0, =1 '

Electrlc quadrupole transitions Lo e
L.= 0,2  with L—O > L=0 forbldden - E(2.1.4)

In particular, these interactions ‘give rise to transitions  within

configurations.
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In pure LS coupling, ‘the spin selection rule ‘is 'AS ‘=0, which forbids
transitions between different spm systems. However, this selection rule
is  not rigid in relativistic theory. Intersystem or intercombination
transitions take place via spin-orbit interactions which mix levels in
 different spm systems. Agam these ' transitions are very weak in neutral
'atoms but "~ scale very strdngly‘ " %vithrr ionic charge, ‘being approximately
'proportlonal o (z+1) or (z+1) for An = 0 or ‘An' = % 1 transitions
‘”respectlvely s e

Spectral ‘lines from ndn’-dipiile and spin changing - transitions are
'i‘normally very weak’ for ‘neutral “atoms but ¢an  become more prominent for
hlghly charged ions; and may ‘even dominate ‘the “allowed transmons ‘

Bound bound transmons can also be induced ‘by collisions with free
partlcles The collisions of relcvance arc electron ‘and proton ‘collisional

EERE

:exc1tat10n and de-excitation '

X)) + € = X)) + € | | E(2.1.55)
X + pt S X + pt - o EeLSy

The:, cross -sections ' for: electron ~ and - proton impact. excitation are
approximately equal when their® velocities . are .equal. - Electrons. are much
lighter than protons - (m c/m}p, = 1/1826),  and in :conditions of equipartition
will .be travelling much faster. The cross sectionsare a maximum when the
- electron. e€nergy is around 10 - times . the. -transition . energy. (i.e. when the
~proton ; energy. is -around: 20,000.-times) - Proton - collisions . are thus only
important for transitions with a very small energy difference. For low
- levels of -ions and atoms,. where the states are well separated in energy,
electron collisions are the dominant collisional mechanism. -

«Collisional cross - sections and - rate coefficients - are ' represented in
various forms. The dimensionless collision strength Q(ij) is related to
the excitation cross section o(i»j) (measured in units of naZ) by

Q(34,)) = w. (ki/IH)2 . o(iej)/naz | ' E(2.1.6)

where ki is - the energy (in Rydbergs) -of - the ..incident - electron relative to
‘the lower statc i, and W is the statistical weight of the lower state.
The energy averaged colhsmn strength over a Maxwellian electron
distribution is referred to as gamma (y) or ups1lon (Y) The re]atlonshlps
between the collision strength, de-excitation rate ; coeff1c1ent q@-i),
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 and gamma parameter are

qiT) =  BE3IOCY(AT) / @ T em’st
| EQ.17)
5 sy E ’ [0 o]
YGHT) = J 9(1,1) exp(-AEU/kT b} d(AEU/kT )
- B(218)
Where‘“VAE =" (E-E) 1s the trans1t10n energy, kT 1s the equ1valent
electron temperature and' U = k /AE. Excitation and de-excitation rate
. coefficients satisfy the detalled balanee relatlonshlp
qG>)/qG5) = o J/(x)l exp( -AE/kTe) TR :, e ’E‘(i19)

The collision strength and gamma parameters are useful because their
definitions exclude the exponentral ‘transition energy dependence of the
excitation cross sectlons and rate coefficients respectlvely Th1s makes
these quantities much more suited 0 1nterpolat10n ‘

‘Collisional * transitions’ can again' be " “classified  as " dipole (d),
non-dipole (n-d) and spin changing (s-c). Each has a characteristic
behaviour which is identified in Gordon et al (1984). In particular spin
changing cross sections fall away ‘with energy much more quickly than
dlpole transitions. At high energy, the collision strengths have the
asymptotlc behavrour (see Gordon et al 1984 Henry 1981)

) Qd‘(iéj) o~ d 111(4U) : o E(2.1.10a)
Q _d(i->]) L constnnt . E(2.1.10b)
) Qs{(l—z]) e U2 : i o _ o B2.L106)

where d is  related to the . oﬁticél oscillator strength. Spin changing
transitions are possible by either (1) the¢ breakdown of LS coupling so
that apparent spin change trans1t10ns have a d1pole contribution, or (11)
by exchange of incident and bound electrons. Contributions from type (ii)
are generally larger for ions of low charge

The largest collision cross sections are those between levels within
a principal quantum shell i.e. An = 0, Al = = 1. For high n-shells where
the separate [I-subshells are nearly degenerate, such collisions have the
effect of statistically populating  the I-subshells. Because *of the small
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energy differences, proton collisions are more effective than “electrons at
causing such = transitions. Proton collisions are also more effective than
electrons  at inducing electric quadrupole | transitions between close fine
structure levels belonging to the same LS term e.g. 2522p (2P P )
This process can be  particularly 1mportant in mﬂuencmg the relatlve
populatlons of fine structure split ground configurations.

- In subscript notation, the rate coefficients for electron and proton
impact excitation from X to X‘f’ are denoted by q and q respectively.
‘ The rates of reactron are then n 0.9 N"an n qu+z i o

The corresponding' boundéfree eollision'al' ‘process is  collisional
.. lonisation by electron - impact, and its _Inverse reaction three body (two
electron and ion) recombination | '

X”(y,nl) + € £—7X+21(y) + € + ¢ ; | 3>q2.1.11)

The forward reactlon is. that of 1on1satron ThlS occurs: when the mcxdent
particle _transfers ,Mgnough energy to  excite. the bound electron to the

23218' o
| y -
2s2p'P m //
» i\ / 2s2p%F
e _____A_Lrtiblonlsatxon
threshhold

25°2p°P

Figure 2.1.1: Ionisation channels from 2s%2p °P.
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continuum. The total direct ionisation cross section, o, from a given

-configuration is usually given: as the sum over all sub-shells from which

an electron can be removed, that is
o(E) = ZC, o(j,E)' “ : l R B@L1)

where C is the ‘number of equivalent electrons in subshell: j,and E is the
energy of the incident electron. For ‘example, consider : the ‘ionisation of a

‘Boron-liké ion ‘with 2s 2p configuration. * This is illustrated -in Figure
'2.1.1. The ‘outer 2p electron” ionises directly to the- 26 s con'figuration

in the ‘Be-like ion, The inner 2s electrons ionise toleave either 2s2p 'P

- or C 252p p fragments.

" The innér shell 2s ‘electrons which areé’ exclted in:the - series (2s2p

"'IP) ol or “(2s2p 3P)‘ nl/ may also’ ‘contribute’ to the overall : ionisation rate
'by the process “of Auger breakup “(or - autoionisation). This  process is
" also illustrated in " Fig. 2.1.1. ‘Bound states - with energy greater than the

normal jonisation threshold ~may ‘interact :'with- the continuum and a

" radiationless ‘Auger transition takes place in which one of the - electrons

relaxes to a lower energy level ~and ' the other is released ‘into the
Oontinuum. In this example, the reactions are

x*’( 282p P) nl i s x*”( 2s2 1S) + e BRI

X e 3P) nl 2L 5 X*”( x 1S) +U€ T R

- This reactlon can be written generally as a transition between core

conﬁgurauons
XMy SL.nlSL) Xy Ly + ¢ B2115)

The transition -probability for -~ autoionisation is denoted as A® (s7). If
autoionisation takes ‘place - via an’ allowed Coulomb - interaction the spin
selectlon Tule (1n LS couplmg) is ' ‘ '

1 (23+1) (2s +1) | = S . rews

For example ‘both. reactlons E(2 1.13) and E(2 1 14) are allowed However,

: the reactlon

X*( 2s2p °P) nl L 5 X2 S) + e Eem
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is forbiddéen wunder LS coupling selection rules and can proceed only
through relativistic interactions. :

) As for radiative transitions, the values of autoionisation transition
brobabilities depend  strongly on atomic structure.  Transition
probabilities for - allowed transitions . are very large, ~ . 1013 - :1015 s,
and - are ~ thus. much faster - than radiative decay. . The transition
probabilities _for.- forbidden transitions are typically a factor "'o:f 102 of
- allowed transitions. . Scaling - laws reported by Hahn (1985) for allowed
 transitions show  that A® varies as n> for high n states and that the !

dependence is approximately Gaussian in form for low I and then drops

-exponentially. This reflects - the- fact that electrons in high n-shells and
~in ~non " penetrating . high I orbitals have less interaction with the core
. configuration. - and . have the .  smallest ;prbbabi,lity .of making an autpionising
transition. Hahn (1985) - suggests, that subshells with I < 6 oon;t@bute for
for low Z ions and up to ! =< 15 for high z ions. Griffin et al (1985)
present Auger transition probabilities for C*?> C'. These values suggest
. that A® is only significant for I < 6. -

The total ionisation cross section from a given configuration is thus
composed of - direct - outer shell ionisation, ' direct ,_ipnqr\ shell ionisation
and inner-shell ~ excitation autoionisation. Ionisation rate coefficients
are denoted by S(y,nl » y) or in subscript. notation as. SYi where - i
represents y,nl. The corresponding rate of reaction is neS YiN:z'

Three body recombination, with rate coefficient o, is fhe inverse
process to collisional ionisation, and the reverse reaction in E(2.1.11).
The rate coefficients for collisional  ionisation, and . three body
recombination will thus saﬁsfy a detailed balance relationship. Due the
-small cross - sections for three . body interactions, .the rate coefficients
for .this process . are -generally very small.. But note, the rate of reaction
is n: N;ZI a'(ysy,n)) which is directly proportional to the square of the
electron density. This process is wusually the dominant recombination
 'mechanism in high density plasmas. '

A general feature of recombination is that the free electron and
parent configuration couple together so that the spin quéﬂtum numbers of
‘the parent ccj)nfiguraftion,r Sp, and the re‘comb_ined system, S, satisfy the
relationship ’ '
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'S = Sp * 1/2 E(2.1.18)

‘With the ‘exception of singlet parents  which can only recombine to form

doublets each parent state can thus recombine into two spin systems.
" The two other " electron-ion recombination processes of relevance are
radiative and dielectronic recombination.” o -

Radiative (or free electron) recombination is a bound-free ‘radiative

transition
X LpSp) + € 5 XTGLSMLS) + by B2.119)

This involves a free electron being captured to a bound state with the

‘excess energy being emitted as a photon. This is the inverse process to
_ photoionisation. The rate of this reaction is proportional to the product
" of:"f”the electron and ‘p:ziren"t" ion densities and the radiative recombination
“rate  coefficient oy - y,nl) The rate  coefficient ' is *'‘éxpressed in
lsubscrlpt notatlon as’ , where i represents "yl Radiative

Yl

recombmatlon rate coefﬁc1ents are requlred for all level"s ‘nl of the
recombmed jon. ' B B

" Dielecironic recombination (Burgess 1964; ' see Hahn 1985 for an
overview) ‘can be the dominant’ recombination process in' low density
plasmas. This is a two stage process. Firstly, in resonance capture, a

.. free clectron excites a core electron in the parent ion and smultaneously

loses enough energy so that it enters a bound orbit

' X*ZI(Y) e s X*Z(Y ,nl) “ 7 Resonance Capiure
R, SR ‘, P - et -1 -B(2.1.20)

This stage is known as resonance capture and-is the inverse to Auger
breakup (or autoionisation). ' The . doubly excited.- state lies - above the

* normal ionisation threshold ' for . the -initial - parent -configuration, and can

either break ‘up by autoionisation: or- stabilise by -radiatively relaxing to
a lower configuration. Because the core .excitation involves low lying

‘levels;  the * most likely - stabilisation - involves- ‘spontaneous: radiative decay

of the core excited electron. This completes the recombination process

-43-




X*(y’,nl) > X*y’nl) + hv Radiative Stabilisation
B(2121)

where y. and y’ are not necessarily the same confrguratron The
dielectronic recombrnatron rate coefficient, ad/, ,:fdr . a partlcular core
-excited  ftransition ysy’, can thus be expressed in terms of a branching

ratio between Auger breakup. and radlatlve stabrhsatlon

oy - yv.al) =

A'(y’,nl » y’,nl)

A(y)nl 5 y’nl) + ZY'HIAa(Y’,nl >vY7) |

., n(z.r.zz)

s }where A and A - are the transrtlon probab111t1es , for oore electron

{radlatrve stabrhsatlon and . Auger breakup and Ac"’pl 1s the probabllrty of

. .dielectronic .. capture into nl. This is the formulatron developed by

.;Burgess (1964,1965). The probablhty of capture, A“’P, is du'ectly related

to the Auger transition probabllrty for the reverse process by a detailed
radratrve and Auger transmon probablhtles
The captured electron bmdmg energy

where AE is the core transition energy and Eflee is the energy of the
initial free - electron. The lowest -level available to . the captured electron
‘thus corresponds to I(nl) = AE. Conversely, a particular feature of
dielectronic recombination is that very high levels can be populated by
electrons with energy approaching E. = AE. .. In practice, it; may be
- necessary to-include levels . up10 n » 500 : ,
-Schematics ‘of ' ‘dielectronic  recombination:: for.. ground and metastable
-states. - of  beryllium-like . -ions - are illustrated in Figures - = 2.1.2a and b
“respectively. noi.v indicates the lowest: level . available -for = capture.
Dielectronic - recombination - based-: on the.-metastable - 2s2p ’p parent. leads to
stabilisation + ‘to levels -which | may - be above - the 2s* +'S  autoionisation
threshold. These states in turn can autoionise again, a process known as
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secondary autoionisation, so that effectively only electrons captured
below the _2s2 s autoionisation threshold contribute to the recombination
process. This is a general feature for recombination based on excited
parents and affects radiative and three body recombination as well.

A more- complete view -of dielectronic recombmatlon should include
processes which can affect the doubly excited state. Resonance capture is
mainly into low [ states. It 'is- for these states that the probability of
Auger break up is largest Any ‘process which" redistributes the captured
electron to hlgher I subshells before the doubly excited state stabilises
or breaks up Will enhance the dlelectronlc recombmatlon rate coefficient.
Two processes which can cause this are colhsrona] redistribution and
electric field mixing. - S

Electron and proton collisions would have the effect of
redistributing  the captured electron  statistically - amongst the /
subshells. This requires a high electron density so that the collisional
rates are comparable with the relatively efficient processes of core
radiative stabilisation and Auger breakup. |

An induced electric field can increase dielectronic recombination by
Stark mixing of the nearly degenerate ! states of a given n shell. This is
because the - electric field breaks parity conservation allowing 511
mixing, so that the high [/ states now contribute to the capture process.
This problern has undergone extensive treatment in the general literature
(e.g Griffin et al 1986) in. association with dielectronic recombination
measurements in heavy ‘ion storage rrngs Field enhanced dielectronic rate
coefficients. can- be - several tlmes larger than those . at zero field.
However, only hlgh n shells are fully mixed. The effect on the total
recombination coefficient. is not as large - due to the mﬂuence of electron
collisions on the excited recomblned ion. ' '

A further process that can lead to recombination of impurity ions is
that of charge transfer. The reactions of relevance are between impurities
and atomic hydrogen :

Xy + H > | X*wy,n) + H' ' (E2.1.24)

The charge exchange rate coefficients, a®, can be comparable with or
exceed those of _€lectron-ion. recombmatton The rate of reaction is n,
N'% o™ When neutral atoms are present the addition of charge transfer
processes leads to a revised 1on1satron balance. The effect is to decrease
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the average charge of the ions in the plasma, which leads to increased
radiated power. These effects have been studied by Hulse et al (1980). For
small tokamaks, neutral hydrogen can penetrate to central regions and have

- considerable influence. However, for large high temperature ‘tokamaks like

JET, neutral hydrogen is only present in -appreciable quantities at the
plasma edge and in the vicinity of the X-point. Also, in the pumped
divertor phase, neutral hydrogen will be actively pumped into the divertor
region to enhance recombination and radiative cooling.-

When neutral heating beams are 'pr'asént,' charge exchange between the
neutral beams and impurity ions -is an ixnportant - process determining the
beam penetration. Thg,gxplb’ita}tfion of this” process’ as a plasma diagnostic
has already been discussed - in Section: 1.3. - « '

The magnitude of charge transfer cross sections is sensitive to the
relative velocity, v, of the donor and recciver species in comparison to
the hydrogen ground state. electron orbital velocity (v, = 2.188 x 10°
cms”’, which is equivalent to a relative collision energy of ~ 25

.- keV/amu). The . dynamics in the three-body  interaction. involves different
phys1cal processes as -the velocrty changes. At low velocrtres, there is a
) quasr-nrol@cular mtermedlate .State _requiring  a _full mglggular . quantal

pictnre - On the .other .hand, classical . trajectory models are ., applicable

oowhen v > V. At sufficiently hlgh lmpactmg veloc1t1es _ion impact

s 1on1sat10n always becomes the domlnant process. A survey of thc various

theoretxcal models is given by Janev and Presnyakov (1981) "
- A particular feature of charge transfer is thc resonant nature of the

,capture at low-and moderate . encrgrcs Ryufuku and Watanabe (1978) estimate
,that::capft_urc .into separate quantum levels maximises at.a prrncrpal _quantum

shell of |

n_. L= (z+1)°',7.7f1. ST | | E(2.1.25)

max

For exanlpie, the preférential shclt for capture is n=3 for O** and n=2 for
Be'?. Above this level the cross sections to separate shells fall “rapidly
as

() = (n/nm ax)'f’(V,‘) .ch(nmax) PR R E(2.1.26)

Experimental evidence suggests that § is ~ 3 at high vr and increases at

Jow v (Hoekstra 1990). Thus at low. energy, almost all of the electron

capture is into the dominant n-shell.
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22: POPULATIONSTRUCTURE AND SPECTRAL EMISSION THEORY

22.1: " Discussion "
222 Model- of . Statistical: Balance
@ . Basic equations N
®  Level populanons and " Effective Contrlbul:lons o
(c) | :Metastable Populations i - I
G Speclml messnvrty Coefﬂctems )
"M'(e) " Effective Collisional-Radiative’ Coefﬁcienls )
223: A Generalised. View “of Projection and . Condensation’ . .-~
224: Radiative Power Loss Coefficients

221 “Discussion

“of statlstlcal " balance *~ “uséd "o determine - level “-populations,
colllslonal-radlatlve coeff1c1ents spectral ‘émission coefficients  and
" radiated ° power coefflclents “The initial algebralc d’e’Scription“ follows

closely that developed by Burgess and ‘Suminers’ (1976), Suminers ‘(1977) and

! Spence and Summers (1985) However “the” theory 1s extended to maintain

resolutlon between parent and metastable states
It s necessary to” clarlfy the' notation ‘that” will“be used for the

- metastable ‘resolved ' model. ° The 'z"fimés " “ionised’ “state” of element X is
" denoted by X™. No distinction is made ‘between the m ‘ground and metastable

configurations. These are denoted by the subscripts p and e. “The parent

+z1

ion X™, with charge z1 = z + 1, has ml parent metastable levels denoted

‘By the subscripts y and o. At this stage,' in a strictly formal sense, no

identification of which particular levels are metastable is required.

2.2.2: Model of Statistical Balance

(a) Basic Equations
Consider a complete set of levels of X+z indexed by 1, 2, 3, ...

i 1rrespect1ve of whether metastables;’ normal excited states’ ‘or doubly

max
excited states. When all the “relevant processes ‘are - considered, - the rate
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In gagldi?ti(fm:r a‘composite recombination. coefficient is defined as

of chénge of an arbitréry level, i,“'is"g‘iven by

a +Z
neSi + X Yi)Ni

+Z . _ _( I e _ P
GENT = (A 4 Fngd Zng+ 2y nSy 3

Y
T e P +Z
+ Zj (Aij + neqij + npqij ) Nj

_ n
. : d . o T : t ., . H _ex - Nzl
+ ZY ( aw + - aiy + neociY + ne— ai.Y ) n NY

1 s i,j = imx - E(22.1)

- Keeping - with - the notation of .Summers ,agd,;_qo-workgr_s‘, «collisionglfradiative

matrix elements are defined

ay : .

_ - T - e P p : :
Cij R ( Aij DG, + Py ) fori= J_ 222

with the element C, representing the total losses from level i

y OSy * 3, AL)

) ] ] K R ey.ﬂ oy Sh P G
G - ( zj Aii * zj B zj By ¥ - Y Y i

n

E(22.3)

Sr. = al # af not 41 oo
Ty = ay + G + ;nea,iy g o E@.2.4)

€

' This enables E(2.2.1) to be rewritten more conveniently as

T+z1 W
v T n N, < | E(22.5)

dt o - +§y:$‘ e
d/aNT G NE + Ty n N

- -which is the standard representation. . -

- () "Level Populations and Effective Contributions.. .
- The: complete: set of levels . is _ partitioned, . without loss of

-~ generality, into .the . subsets. fof_‘met_as)t;able and éxqil;’ed _states. Suppose

that .- the  first . m levels _are . metastable. From the quasi-static

- approximation, .only. -the - cxcith,,y.,,.:statcs .are . assumed to be in st@édy state

equilibrium. i.e.

d/dt N;;Z = 0 forlsp sm “ s ;,:;%3(2.2.6)

d/@tN* = 0 fori>m | BR27)
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If the subset of metastable populations is cxclusively partitioned out of
E(2.2.5) this reduces to ' ol

d/dt N '-zj C, NF - Z CN¥+ N

pTip P YWY e

0 - . : ' E(2.2.8)

«wherc from now on, the subscripts i and j just. index normal excited

states
m+l s 1,) < i ' E(2.2.9)
The  equilibrium ' ‘populations “of “'the ~ excited  stites = ‘are* obtained by

rearranging E(2.2.8)

‘z P l;_ : : +Z : +z1 K
Zj Cij Nj | = p C pr + 'Y Y NY n‘== E(2.2.10)

and then multlplymg by the mverse matrix, C

DA 8 c C N2 33 c:_lwr- N2 p

N+szf‘ faprniEn L
P GRS L S
= 2 F +Z , +21
.\{p ip NP e + EY RY NY X
BQ211)
where R
S .y ¢! o |
Fjp C -'zi'cii 'Cip,/ Te L ERa212)
RjY = A Cji Ty E(22.13)

are the effective ~ contributions” to 'the population  of "N:z ‘from  excitation
" ‘and recombination from metastables p and parents y respectively. This
" expresses the excited state  populations ~ in * ‘terms of the - dynamic
* populations and identifies the’ -prim‘var‘y?‘ populating mcéhaniSms. More
" détailed “information of *'the separate ' contributions - from * the - different

recombination processes can be obtained by substituting “E(2.2.13) for Ty
In particular, the charge exchange contribution is often expressed

" independently.
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“(¢) ‘Metastable Populations St ,..

If it' is assumed = that -metastable populatlons ‘have. reached steady
state equilibrium, then their populations . can be derived by  setting their
time derivatives, d/dt(N;z), equal to zero and obtaining the equilibrium
- populations of - the ' entire “level set. This- is equivalent 'to- considering
that the metastables are in quasi-static equ1hbr1um with the ground state
populations.

(i) Spectral Emissivity Coefficnents
The intensity of spectral cm1ss1on due to spontaneous radlatlve decay
‘between bound atomic states is given by

I-,\) = Al N” E(2.2.14)

o

From the expression for excited state populations given above it is
- possible to express spectral intensities in terms of effective emission

coefficients,
. . _ eff N+ Z L , eff Nl
IG-5A) = Zp e_(Mp) Np no+ EY em(k,p) 'NY“ o
EQ22.15)
R eff _ I . IS . :
where € Ap) = Aji Fi’ o and so'on o B216)

" These emission - coefficients provide © the - theoretical - link '~ between
- experimentally observed ' spectral - intensities and dominant (i.e ‘metastable)
~impurity densities in the plasma. Note -again that this ~formulation. enables
the " intensities to- be expressed in" terms of the dynamic ‘populations and
- enables "-thc”’individual ‘contributions from - excxtatlon and - ‘recombination
' processes to be denved '

(e) Effective Collisional-Radiative Coefficients R

Several different methods for calculating  effective collisional
radiative ‘coefficients - have ~appeared  in° the general - literature (see
Kastner (1981) and references therein). The present work follows the
procedures of Summers and co-workers. This method is based on the explicit
solution of the statistical * balance - equations and ‘is' entirely = equivalent
to other random-walk solutions. R
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For simplicity, it is more convenient .to consider first the case of

-~ an ion with single ground (p).and . parent (y) levels. The rate of change of

‘the ground state population is given by

oA +z _ _,  SN - Nt | , N -
‘d/df Np ; ;j ij N;' v Cpp Np + Lo m, NY - BQ217)

Substituting for N;z from E(2.2.11) gives

+z K ; +z}1:’ . ‘ +zk‘
d/dt Np = Zj ij ( RJ'Y n N'Y C* Fjp‘ n_e,va),
C N" 4+ r_aNT ,
op Np + rpy n I y E(2.2.18)
+zZ _ i +z
d/at NG = “( Cpp * % CuFon ) Ny
+ Loy ™ Z‘.j C’Pi‘Rin) n NY . | EQ22.19)

From which the effective collisional-radiative  recombination and
ionisation coefficients are defined as

eff
= > .
S¥o (Cop + CyFpn)/n, | E2220)
eff _ . ; o N
“py = Toy 7 LGy Ry L E@22y
< Physically, - the effective. ionisation rate coefficient S;:)f is .the growth

+z1

rate coefficient- of X™ due to ionisation from metastable p together with

multiple -steps through -excited = states .of X7, .and the . effective

- recombination. - rate. «a°'f, . describes the rate at which electrons are

+z1

. captured from: X v
of X In the case of multiple parents and. .metastables, the .method is

but including only  those which cascade to the state p

readily generalised. Consider the rate of change of an arbitrary
metastable denoted by € : :

» 1
n N+z )

HZ N N tz T .
d/dt No° o= zj Cﬁj Nj— 2, Ceo Np zyrey e Y

p Ep TP
: L E(22.22)

Again  eliminate the excited state populations by back substitutihg from
E(2.2.11)
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+z1 +z
- 2 F
% C,(Z, Ryn N +ppnN)

+z° +z1 ot
Zp Cep Np ZY ey n N'Y B(2.2.23)

+Z
d/dt N?

2o (Cyp + F Cy Fpn, ) Ny
z1 :
OB (e 5 G Ry ) n Ny R

which gives the collisional radiative coefficients as

eff - z
a ey sy - 2 CJ RY E(2.2.25)
qeff o i R s
See = ( Cee. Zj C8j Fjs n )./ n E(2.2.26)
eff _ i = o
QGep = ( Cep Zj C8j Fjp )./ n_ E(22.27)
where o' is the effective recombination ~coefficient from ‘parent y to

&Y

metastable €, S¢ff

is the effective total loss coefficient from metastable
¢ and includes ,cffective _excitation . to other metastables p -as well as the
effective ionisation coefficients to all parents y. The coefficient q'=ff
is a measure of C6uPling “of metastable populations via collisions and
radiative transitions within the excited states. This coefficient is

defined .as the .effective  metastable cross  coupling coefficient, from

metastable p to metastable €.

Note that the loss coefficient gives the total loss rate from the
partlcular ground or metastable state. For a single metastable this is the
effective ~ ionisation coefflclent ~summed  over several parents. No
resolution is obtained on the final configuration of the parent ion. This
is because the algebraic description of Summers and co-workers only
considered the rate of change of the dynamic populations in X™ To obtain
detailed information on the final states following ionisation it is
necessary to consider the rates of change of the dynamic populations of
the parent ion, X, .

The various parents can be populated either by direct ionisation from

ground and excited states or by autoionisation of doubly - excited states

which lie above the direct ionisation threshold to that particular parent.
If a loss vector, L, is constructed
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LYi | = neS Yi + A‘Yi E(2.2.28)

then the rate of change of an arbitrary parent configuration, o, is given

+zl _ : : — SN el
d/dt N° ™ = . ( Zj Lo + zp-;rpo ) n Ng
: . ) i Z +Z .
+ E-j LGj N;' + Zp Lop Np E(2.2.29)

Again back substitute for:the excited state populations

+zl _ . ' 2zl
d/dtNo‘“ (erj0+ po)nN
+z +z1
+ ZL (2‘. anNp +zyneR N )
+ zp ch N;z L | B2.230)

- which after rearranging gives ..

+ 2 T .-,sZ, L(,jj_Rjo)‘ne Ng

d/dt N2 = . ‘(.zj o+ %p Tpo

BT ) L R n N*’1 o

Y#=O v Y
- o +Z
+v2p(Lp+2LFn)N S
EQ.2.31)
o  _} k‘effx‘ L eff Codl . e et +z
= el D NY 4 Zy#o'ﬁoy n NY’ + ,Zp Sop,nerNp
o is(z.z.sz)
where

a = 2r_ + X2 r Zj L oi Rj - _ E(2:2.33)

oo i jo p po

eff o . . ., . o ' .
. .8 = oo Lﬂp‘ +- zj'Loj'Fjp n ) /o . . B3

op

Beff | = 2 Lv R , | R | E(2.3.35)

oY i O iy e : » .
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‘ 1on1satlon processes ‘and a

—

are the parent ' resolved colliSional-radiatiVe coefficients. ~ Physically,
Se ff

op. is the parent resolved 1on1satlon coefficient due to direct and auto-

eff
oo
. The relatlonshlps between these coefficients 'and those

is the total recombination rate coefficient _
+z1

frorn parent X

» derlved by con51der1ng the rates of change of the metastable populations

of X" are clear The sum of ‘the parent resolved ionisation coefficients
(E(2 2.33)) will be equal to the total loss rate from a glven ‘metastable,
as given by E(2 2. 26) excludmg the effective ~excitations to other

metastables of X+z and the total recomblnatlon rate from a glven parent,
’E(2 2.34), _w1ll‘ be equal the sum of the metastable " resolved

reoomblnatlon rate coefﬁcrents (E2. 2 25) A formal 'proof “of these
relationships is given in Appendix A21.

The nature of the coefficient ﬁ;;f needs’ further discuSSion. This -
coefficient is . driven by recombination processes and couples together
parent ' populations of X", It is a measure of the rate at ‘which electrons

‘recombine into levels above the autoionisation threshold and subsequently

Auger to an alternative parent. Beff is thus a form of cross coupling
coefficient. No reference to this type of coeff1c1ent “has prevnously been

"made in the general llterature For the present work, it ‘shall be defined

as the parent cross couplmg coefﬁcrent as " distinct from the metastable
cross coupling cocﬁ'iczent‘deflned by E(2.2.27).

In conclusion, to maintain resolution between parent and metastable

opulations of X%® and X", four types of generalised
pop g

collisional-radiative coefﬁcrents are required - ionisation,

| ,recombmatlon metastable cross coupllng and parent cross couplmg These
coeff1c1ents can all be calculated by cons1der1ng the recombined
4‘populatlon . structure  of X' The collls1onal-rad1at1ve ~ coefficients
'kicontain ‘not only‘ direct processes between metastable and  parent
| populatlons but all 1nd1rect ‘processes via excited states and provrde the
_source terms. for determmmg the time and spatlal evolutlon of dynamic
’ populatlons in plasma models. o

2.2.3; A General ;View ofrProjectionand' Condensation'

The collisional-radiative  coefficients derived in  Section 2.2.2
contain the direct processes between the dynamic populations and also all
the indirect processes via the excited ~states. This is equivalent to
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. projecting the influence of the excited state populatlons onto the dynamic

“populatrons Th1s technlque is also known as a condensatlon of the whole
set of equatlons onto the set descrlbmg the dynamlc populatlons (Summers
and Hooper 1983). , However the technrques of pro_|ectron and condensatron
are entlrely general and can be applred to any populatlon groups The
partrcular application of th1s technique envrsaged for the work of this
m.:thes1s ) ‘is the pl‘O]CCthll of a calculatlon of bundled hlgh level
bpopulatrons onto a low level calculatlon of resolved populatrons

.. To lllustrate thrs again consrder equatron EQ2.2. 5), wh1ch descnbes
the rates of change of the entu‘e populatlon set before belng partrtloned
into . dynamlc and quasr-statlc groups. The levels can  be partitioned
instead into a low level set 1ndexed by IJ .;, h and a hlgh level set
indexed by 1,_], we 5 8O that )

»d/,dt NF = - ZC N;z+ I G NT o+ 2 Ty ! N

. B(2.2.36)

The hrgh level populatron set can then be elrmrnated from the equatrons by
expressmg them in terms of the low level set leavmg a set of equations

. whrch are expressed entrrely in terrns of the low level set -

d/dt N* = - % (c""+c“‘“) N*z' v 2 (r"" ) N+zl
E(2.2.37)

where Cdlr rd’f are the dlrect coupllngs between the low level set and
'C',“d, r?’\’d are the 1nd1rect couphngs 1nvolv1ng pathways through the high
) level group. In thls ‘way, the equatlons for the low level set contain all
excrtatlon and 1on1sat10n pathways via the hlgh level group and all
‘_cascade contrlbutrons General algebralc expressrons for prolectxon and
indirect couplrngs are denved in Appendlx A2 2. It will be shown that
these are 1mportant procedures for refrned calculatlons of low level
emission. o

The process may be continued by condensing the low level set onto the
metastable group. The level populatlons effective ~ contributions and
- collisional-radiative coeffrcnents can then be derived as before
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2.2.4: Radiative Power Loss Coefficients

The radiative loss rate is the rate at which radiant energy is lost
per unit volume. For the present work, metastable. resolved radiated power
coefficients - are sought which - have - contrrbutlons from . .various atomic
processes. The description of radiated power considered here is of the net
loss summed over all emitting frequencies, and is therefore mot concerned
with the frequency distribution of the radiated energy. Consider the
configuration X'*%." The mdlvrdual components of the radiated power are
given by the coefficients =~ '

P (v,z1) spontaneous - radiative:  decay ‘of X' arising from
, excitation from ‘metastable y
PRR(y->p,z1) continuum radiation arising from radiative

_ recombination of X'

towards X;z.

PRs(y—>p,z1) --radiation from - ‘dielectronic stabilisation arising from
recombination of X}*' towards X%

P (y>p:zl) . radiation, from, cascade of captured electrons.

P(rz1) Bremsstrahlung.

'P P ’ and P are all forms of 11ne radratron whereas P and P

contlnuum radlatron Note that radratlon from P and P appears as part

,_'of the spectrum of X* but arises from the recombmatron of X+Zl. The
total radlated power densrty arlsmg from XY ‘ is glven by B

n N;ZI P (y,zl) = n, N+zl (P(y,zl) + Pyyzl) + o

z (P (op2]) + P_(popzl) + PRC(v»p,zl)) )
E(22.38)

It is convenient to define a composite re’combination/bremsstrahlung
coefficient so that the radiated power density is expressed as

NG < NG+ Ryan) e

'These deflnltlons are  as 1n Summers and Hooper (1983) but with the
Vaddltlon of metastable resolutlon " The electron and ion densrtles are

usually expressed in umts of cm ‘and the total ' radiated’ power P, is
"expressed in units of Wcm so that the radlated pOWer coefflclents - P,

PB, PRR, PRS and PR are in units of Wem®,
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.23 LITERATURE REVIEW AND SCOPE OF PRESENT WORK

231 Literature Review
: : (@) Solitions to . the: Population : Structure - Equations
®) Ionisation Balance Calculations and Metastable Effects ‘
23.2: Scope of Present Work
@ Discussion
®) Level Bundling and' Choice of “Metastable States
© Population Models

' -2.3;1: Literature Review

(@) Sohitions to the Population ‘Structure Equations

The solution of the sets’ of equations for level populations,
effective contrrbutrons and effective collisional radiative coefficients,
represents a cons1derable computatlonal dlfﬁculty because of the number
of states whlch need to be mcluded m the populatlon calculatron
Examlnatlon of metastable states requlres a resolved level classrfrcatlon
- (such as LS or LSJ) Also 1mportant line radlatlon tends to come from
transitions between a highly - populated group of low levels, which only
span a few quantum shells. Thus a: resolved level classification and
‘population  subdivision is ~essential for spectral modelling. The resolution
required for these states can be described as

@ LS p) n il XL

where y is the parent conflguratlon w1th quantum numbers L and S This
assumes an LS or intermediate. coupling scheme. D

Conversely, to  address the' problem of 'bollisional-radiative
_ cocfficients, very many prmc1pa1 quantum shells need to be considered,
particularly 1when dlelectromc recombmatlon , is' actlve Fortunately,
highly excned state. populatlons do not need to be treated w1th the same
degree of precrsron as low lying state populatlons as the separate l
levels of the same n become nearly degenerate It is poss1ble then to
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introduce ~a grosser ‘level of resolution for -high levels in ‘which levels
are combined or bundled into groups. Various degrees of bundling are

- possible:

(v LS ;) ‘bundle-n I S .
(y,-‘LP-,SP)% bundle-n S = S
(#:'L;;S.) bundle-n

-The successive approximations involve summing and averaging over. resolved
- rate coefficierits, © ‘and assuming that the resolved- levels . within the
"bundled ‘'group -are . populated according. . to their. statistical -weights.
. 'Whether the " chosen -bundling approximation is reasonable - depends: on the
" physical ‘- conditions: “and the objectives of the calculation.: For. example, in
‘the “bundle-n miodel, “levels ‘are - bundled into principal - quantum shell and it

is assumed that the populations of the separate- - orbitals are given by -
N@J) = N@) 22+1)/2n S 5 nean

This  condition _ will only be sausflcd it thq’, iplasma  density s

sufficiently high to ensure. COlllSlOIlal redlstnbutlon

. The .complete set of level populatlons for a glven 1on can thus be
partltloned into four sets..

) Dynamic (or ground and mc}tast/alile)n poliylafians, described in a
resolved coupling scheme suCh as LSJor LS o

(ii) Low level excited state populations in a resolved coupling
scheme T

(iii) ~ High level excited state populatibns in a grosser bundling
approximation N

(iv)  Doubly excited populations formed by dielectronic capture.

Due to the complexity of this problem, simplifications are generally made
of which four types of solution have been widely explored ‘in the general

literature.

Firstly,‘ for‘ low . lcvel populatlons _.‘t!hé standard practlce (e.g
Dufton . 1977, Kato et. al 1989, and many others ) is to, cons1dcr a closed

~set - of resolved. levels which span the lowest few quantum shells. The
_justification . this approximation . is;, that the excnatlon rates from
- -ground .and metastablc states to_ higher levels decreases rapldly w1th n and

so the higher levels will have very small populatlons This approach will
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not ‘allow accurate evaluation of. collisional-radiative coefficients.

Secondly, if interest is directed at highly excited states and the
evaluation of collisional-radiative - coefficients, = a  grosser  bundling

approximation can be used for all levels. The work of Burgess and Summers

(1976) and Summers (1974) adopted the bundle-n- approach. This work will be
expanded as’ part of the present work and so w111 be described in some
detail. “A' computer code was written - to- solve .the equations, of . statistical
" -balance and calculate excited state populations. The system considered was
‘that” of “a series of n shells - built. upon ‘a single . .parent, which was the
- ground state  of the recombining: ion. The -single. ground state -of the
recombined system was the lowest occupied n-shell' of the s’,jrecombiacd ion.
The' energy of excited states - was defined by .. .-

_ 2 2
E = Zi1 / (n-0)° . L ] ) o, Ee3?

- where 8 is a quantum defect chosen to correctly reproduce the actual shell
| averaged term energies. Thls was only non zero for the first few shells.

| The collisional ~ radiative = coefficients = calculated’ - were  the
" expressions E(2.2.20) and E(2.2.21), relevant ‘to a’ single ground/ single
parent model and based on the rates of change of the dynamic’ populations
~of X", These coefficients were most convemently obtalned by defining a
" complete colhsmnal radlatlve matnx as S

[c] = PP P ' S : 5
J ' cC._ C. .
o ip ij
*so that R
eff . g -1- Lo : R :
Spp = 1/ n [c ]11 v E(2.3.4)
eff- : eff w4z +z1 : : i :
= S° N | ‘ ' -3
Yoy T SppNp Ny o

At a later stage, these coefficients were corrected by normalising the
internally - generated  zero  density jonisation and  recombination
coeff1c1ents with an external source of preferred data. )

_ Up 'to’ 500 n-shells needed to be considered to account fully for the
c‘plhsmnal-radlatlve influence ‘on  recombination.” To  reduce  the
“calculation to a tractable size, ‘matrix ~condensation ’ ‘techniques were

‘developed. The calculation was performed for a series of representative

-60-

—_— —

e




e

n-shells, typically

n(i)=' 1,2, 3,4,5,6,7,8, 9, 10, 12, 15, 20, 30,
40, 50 70, 100, 150, 200, 250, 300, 400, 500 -

:'I'he above set of 24 representatrve levels was found to produce

satisfactory precrs1on :The populations . of the complete set of levels are
related to that of the representative set by‘ 3 pornt Lagrangian

 interpolation. The equations  of = statistical balance wrltten in terms of

the representative level set are identical in form with those obtained

. from the full set of equatrons (see Appendrx A2 2). The solution of the

- ,_populatlon equatrons could now be obtalned by 1nvert1ng matrloes of order
24x24, ,instead of 500x500 These procedures were used 1n the 1on1satlon
‘balance calculatlons of Summers (1974a,b)

Thirdly," several calculatlons have been | performed whrch link
populatlon sets  of . dlfferent resolutrons Some of the most precise

“ icalculatrons have been done for hydrogen atoms and hydrogen-llke ions.

Ljepojevic et al (1985) took account of the separate nl (zs+1)L sublevels
up to and including n = 4, with levels above that, up fo a maximum value
of n 100 being represented by a bundle-n resolutlon The ‘two population

.sets were coupled. by stat1st1cal welght factors Tl]lS type of approach

allows  the calculat1on of both spectral mtensrtles and
colhsronal-radlatrve coeffrcrents with a hlgh degree of accuracy.
Summers (1977) developed a bundle-n I model in which low n-shells

were characterised by nll (ZS”)L up to a set value (typically n = 30),

with levels above represented by bundle-n resolution. This work was
originally applied to the population structures of hydrogen and helium
like ioms. . This was later explorted as part of a ‘study of charge transfer
processes in fusion. plasmas (Spence and Summers 1986). It would be very
difficult to apply this model to more complex many electron ions which may
have several parent configurations.

Fourthly, a few authors (Jacobs and Davis: 1978, Summers et al 1987)
have investigated the effects of collisional redistribution of the
resonant state formed by dielectronic - capture. Th1s is known as a doubly

excited populatlon structure ealculatlon The  zero densrty dielectronic

reoomblnatlon rate for capture 1nto level X* (y,nl) following “the " resonant

o capture process

-61-




X”l('y) + € » X"y, | E(is.s)

is obtained by considering the branching ratio between: Auger breakup and
radiative stabilisation of the doubly excited state X(y al).  The
recombmatlon coefflclent at finite electron densrty is given by mcludmg
the effects of red1str1but1ng colhsxons of the form o " '

X*z(y’,nl) + e';p;+ s X"z'(y’,nl’) + ’e',p*_ e E B@37)

before Auger breakup Summers et al (1987) examined this effect for the
Na-, Ne- and F- like ions of iron, nlckel and chromium. It was found that
at typlcal ‘tokamak  electron - densrtles (21(1013 cm3) that * the rate
coefficients a(y - y,n) for capture’ ‘into a particular ~n-shell were
increased by a factor of up to ~ 5 for n > 20. However, the effective
’recombmatlon coefﬁcrent was not affected because at  those “high  densities
electrons captured into n=20 were reionised before cascadmg to the ground
’state Slmllar results were found: by Jacobs and Dav1s (1978) who exammed
th1s effect for the 1ons of Fe -Fe+13 " S

As a general pomt “it is often ”nunlericalrly advantageous to express
populatlons of atomlc levels 1n ‘the 'so called Saha-Boltzmann b or ¢ factor
representatlons (Menzel and Peckeris 1934, Burgess and Summers 1976).
These are the ratlos of the actual populatrons to those at LTE :

rbig = N:z/ -N:z(S'B) S T He3s)
NT*® 2% m kT 3’% b2m(z1,y) - ‘I_V
= 117 v { 2 ] exp[ ] E(23.9)

c. . b -1 o R : . E(23.10)

For very hlgh levels the c. representatlon is more accurate smce detailed
balance relations can be imposed exactly. At low temperatures ‘and for low
n-shell - populations,  the exp(I/kTe) b representatlon is numerlcally

-62-




N

eonvement since overflows ‘and underflows can be avoided. The equations of
statrstlcal balance can  be easrly - transformed  between  these

| representatrons and the exact population ‘representation, without loss of

form. A further advantage of the b or ¢ representation is that the

~ deviation of populations from LTE is an important point for study.

(b) Modelhng of Ionisation Balance and Metastable Effects

Whilst the problem of metastable effects has réceived much attention
from a varlety of authors ‘there has still not been a complete 'treatment.
The broad theoretlcal basrs of the subject was discussed by Summers and
Hooper (1983), but no complete practrcal calculations “were performed.

' Specrahst calculatlons of fundamental ‘ionisation  and recombination cross
' sectrons normally only consrder the srtuatlon of the 1n1t1a1 1on in the

ground state only
'In\ ionisation * balance ~ calculations, the standard practice is to

' consrder couplmg between ground state ions only. The earlrest works were
by Jordan (1969 1970) and ‘Summers (1974a,b). That of Summers is
| partlcularly notable because a “full -~ collisional-radiative model was used
" to evaluate' ‘effective 1on1satron and reeomblnat‘lonv cocfficients as a

functlon of electron densrty “and temperature 'These works “have been

" superseded as the ‘fundamental atomrc data has been gradually updated and

modlfled More reeent calculatlons include those of Jaeobs et al (1977),
Shull and Van Steenberg (1981) ‘and Arnaud " and Rothenflug (1985). The
latter present data for the ions of H, He, C, N, O, Ne, Na, Mg, Al, Si, S,
Ar, Ca, Fe and N1 and is the current benchmark for astrophysical studies.
All these later “works, however determme jonisation balance including
only the fundamental direct rate eoefﬁcrents mvolvrng ground states and
neglect collls1onal-rad1at1ve> effects. Therr ‘justification is  that they
are dlrected at solar coronal * studies where “electron densities are low
(10 cma) and so collls1onal rad1at1ve effects are neghglble This is
not eorreet espec1ally for recombination. = ‘ ' '

Some partral calculatlons have been done which include the influence

of metastable states. Most of 'these 1nvolve ‘the formation “of ‘a “composite

coeffrcrent in which metastable resolved rate coefficients are weighted

by the fractional populatlon of the metastable. Such a coeff1c1ent does
" pot correct metastable populatlons for changes due to ionisation and

recombination processes and does not follow all lonxsatlon/recombmatlon

pathways.
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For - example, Roszman (1989) considered both collisional-radiative and

metastable effects on the recombmatlon coeﬂrcrent .of oxygen-like Fe''s,

‘The treatment was restricted in several _ways. In calculating  the

recombination = rate coeffrcrent _from metastable ‘ states the so-called
frozen core. approximation was used Thrs excludes the parent changrng
Auger transitions which can cons1derab1y reduce the recombination
coefficient.  Collisional-radiative effects were - accounted for by an
approximate .density correction factor, based on scaled hydrogemc results.
Nussbaumer and . Storey (1975) presented an 1on1sat10n balance for

. ‘carbon ions which attempted to account for the mﬂuence of metastable
. states. Th1s work was contrnued by Vemazza and Raymond (1979) They found
. that the relative abundance of the Li-, Be- and B- llke ~stages was density

dependant. ThlS was ., _]omtly attrrbuted 1o the densrty sensrtrvrty of the

- recombination - coefflcrent and to the dens1ty dependence of metastable

state populatrons in the lower charge states. These authors went on to
discuss the consequences of this on spectral lme em1ss1v1t1es coronal

: abundances and spectral lrne ratlo dlagnostrcs Th1s work was restricted
_.by.its use of atomrc data and by its formatlon of a composrte coefficient.

Slmllarly, . Kato et al (1990) consrdered the mﬂuence of varying

metastable populatlons on the spectral hne em1ss1v1t1es and dlagnostrc

line ratios of O.V. At electron densrtles of greater than 10 ‘it was

,calculated that the. relatlve populatlons of the 2s2p 3P metastable ‘and 2s%

's ground state were ~0.8. Ionlsatlon reduced the populatlon of the

-metastable state and changed llne ratros by 10 - 60 % However no account
‘was taken of the 1nﬂuence of recomblnatron processes on the metastable

populatlon » :
Behrrnger et al (1989) consrdered the stepwrse 1on1satron from stage

1o stage of neutral carbon and oxygen atoms released 1nto the 10 - 150 eV
_temperature environment of a tokamak plasma edge The mot1vat10n for this

work was in the study. of 1mpur1ty fluxes from plasma hmrtmg material
surfaces Metastable populatlons were resolved but the model was used in
association ~ with observatrons to . mfer experlmentally ".the metastable

. fluxes. - The model was not developed to calculate exphcrt metastable
o populat1ons or to 1nclude electron recomblnatlon and charge ~exchange
. processes. . Srmllarly, Welton et al_ (1991) consrdered vth_e_ stepwise
~ jonisation of carbon nltrogen and oxygen 1ons to determrne relative
metastable fractrons in, atomic beams used m colhs1on experrments This
work is hmlted by 1ts use of fundamental data and by 1ts neglect of

coupling between metastable populatrons
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Over the years, radiated power coefficients have been evaluated with
varying degrees of complexity. Post et al (1977) used an average ion model
with semi empirical rate coefficients. ‘More refined - calculations have used
detailed atomic physics models and recommended atomic ‘data (Summers and

-McWhirter 1979, “Keane and ‘Skinner 1986, Lee 1987). None of these
~calculations considered metastable’ resolution. Summers -and Hooper (1983)

reviewed the theoretical calculation of “these coefficients and ‘proposed a
generalisation to accommodate metastable levels consistently. The most
recent” calculations' have been by Bonnin et al (1992) who calculated
radiative power loss coefficients. for carbon and oxygen ions in a ‘modified
¢oronal approx1mat10n “This ~assumed - that metastable " populations were in
quasi-stati¢’ Vequlhbrlum with * the ~ ground '‘state ‘populations’ and that
excitation from metastables could contribute to the radiated ‘power.

2.3.2:" Scope of Present Work

(a) Discussion ‘

It .is necessary that the atomic models developed for the present work
allow calculation both of low level populations and collisional radiative
coefficients with hlgh accuracy. To overcome the practical difficulties

-associated with the number of states which must be included in the

calculations, and merging population groups of different resolutions, a
two stage strategy is adopted. ‘ o

Firstly, a separation is made between the calculation of (@))
collisional radiative coefficients using a many principal qﬁz‘nntuin shell
approach and (2) low level populations in a resolved coupling  scheme.
Degrees of resolution and bundling are. chosen for each ; calculation
scparately which ~achieve the necessary degree of accuracy while

" maintaining resolution  between’ parents and - metastables and allowing

tractable calculations: .

-« Secondly, the two calculatlons are merged by projecting the -influence
of the high level bundled populatlons onto the resolved low level group.
This step greatly improves the accuracy of the level populations and
collisional radiative coefficients and is the final objective of the
theoretical population modelling. | -

The ' remainder - of this section discusses the levels .of ‘resolution and
bundling which are ‘appropriate to a metastable resolved -calculation, and

" identifies ‘the relevant ~metastables and parents. ~This leads onto -a more
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o O-like 4 1282p0 3P 18258294 D 1828200 1S

detailed discussion on the various population models,

() Level Bundling and Choice of Metastable States -
To model metastable states and low .level excited  state populations

- for spectroscopic studies it is. necessary to address - the actual energy

‘level structure and coupling scheme of the ion. Either LS or LSJ
-resolution is required. For, the light ions of Be,r C and O, the separate J
levels are . nearly .degenerate : and atomic processes maintain . .statistical

.. relative. populations of these .levels to. a. good:/ _approximation. . It is
- therefore .acceptable to . limit the low  level population modelling. to LS

terms only.. This term resolution .can be described as bundle-n/ SL, and
does not vim‘ply -neglect of transitions forbidden by.LS coupling.:

Examination - of . 'the term  structure of = the .H-like. to O-like
isoelectronic sequences, identifies terms tabulated in Table 2.3.1 as
metastable. States indexed by 1 denote the lowest energy, or ground state.
The criterion for. selection.of a metastable is that the state be unable to
decay to the ground state “or lower lying metastable by an allowed
transition, and that the state can act as a significantly populated

- recombining -parent, -

SequenCe I\met B Parent/MetastableIndex ;
H:like . 1+ 151§
He-like 2 152 1S 1s2s5 3§ -
ek 1 ases
Bq;ﬁkg L2 1s?2§2 1S kl's?zsrzp::p .
‘B-like " 2 1sR2sR2p P 1 $2252p% 4P
Clike 4 1262 P 19260 D 15292505 1:2p ss

N-like 3 1522522p% 4S  1522522p® 2D 15s22522p® 2P

1522s2p%3s 35S

<., Table 2.4.1: Relevant Parents andf’ Metastables

Note that the main criteria for selection:: of metastable states ‘is the

'-spin . selection rule .(e.g. 1s2232p P is forbidden to decay to the 1s°2s

s ground state because of -the spin selection rule). However, due. to the
parity - selection. rule, states which- are in the same spin system as an
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energetically lower lying level but in the same mnhguration are also
classed as metastable. Namely the 2s°2p> 'S state in the C-like system,
the 2s Zp3 %S 'state in the N-like system and the 2s 2p4 s state. in the
O- 11ke system. The inclusion of these states is prellmlnary Although it
is clear that the direct couphng between say 2s22p* D and S is very
small Ads 5 b = 1. 2x10 st for O 2) there may be considerable
indirect m1x1ng of these metastahles via collisional  excitation  to

| normally excrted states 1n the s1nglet spm system followed by radiative

- :cascade Thls would be a relatrvely fast process “and would provide a

bmechamsm to de-excrte the 2s22p2 s state The magmtude of this effect

" is assumed unknown at th1s pomt and wrll “be obtarned as part of the
: calculat1ons of this thes1s - i e e

A s1m11ar s1tuatlon occurs 1n the hydrogen and helium sequences with

,dthe 2s 2S and 182s 'S terms’ respectlvely “These  are also forbidden to

decay to the ground terms by the parlty selection rule. Hydrogen ‘like ions

| have been cons1dered by L]epOJewc et al (1984) ‘It was shown ‘that there

is sufficient colhsronal transfer between the 2 S term and the 2p P
term (which can’ freely decay) to ensuré a raprd ‘relaxation’ of the 2s °S

term. ThlS 1s because these states are energetlcally very close together

helium-like ions. Because of this, it was decided not o include these
levels.. in - the  list. of . metastable states.  Furthermore, , these states are
separated from the respective ground states by a complete principal
quantum - shell. “They will not: act as significant initial: :parents for
tecombination- because all ‘of the captured electrons-will ‘autoionise. v

- For more highly - charged ions, LS :coupling breaks:down and fine
structure ?fsplittin’g' becomes “large. An LSJ: energy . level. resolution is
required. This* gives fine" structure  split ground  configurations. For
example, Boron liké ‘ions have 2s°2p P with J = 0.5 and J=1.5. .

In contrast, the .calculatlon of colhsronal-radlatlve coefficients

1nvolves many pr1nc1pa1 quantum shells A grosser bundhng scheme is

requrred to  make this calculatron tractable | A »useful ~ bundling
approximation for a parent/metastable resolved ‘model “is one which still

_ _dlstlngulshes between the spm of the recombmed ion states. This arises
‘ from the ) couplrng of the recombrnrng free electron “and parent

conflguratlon For example, ‘consider the case  of 'a’ recombining
beryllium-like ion. The states in the Be-like ion "which can act as
significant recombining parents have been identified as 1s%2s* 'S and
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,182282, 3p. The recombination pathways are
: p. X paliways

Recombrmng pathway ., , | l’arent Index Spin System
XTS5 xTest's) n,zL B 2
X“22p® 5 X*@pPML 2 2
X ZsZP?Pf > X"epPHutt. 2 4

: kIt can bc seen that the lowest levels of the recombmed spin systems are
, the 2s 2p. 2P “and 2s2p 4P states in the boron-hke ion. These states  are

metastable because of the spin, selectron rule A separatron of levels into
parent and spin thus allows connectron o _be retalned ‘between
rccombmmg parents and recombined metastables ; o T

_This js known as the bundle-n S approx1mat10n 1e excrted states are

¥ grouped 1nto prmc1pa1 quantum shells ‘and d1st1ngulshed by parent and
spin. The breakdown of parentage as an effective quantum number is

accounted for by mcludlng autoromsatlon transrtron probabllltles in the

- equations of , stat1st1cal balance Because of thls llfetrmes of levels

with the sarne 1 but .dr/fferent 1p_ﬁarcnt can vary strongly”

I conclus1on Cthe present work treats three sets of  population
groups for the recomblned ion : ' .

’ (i) Metastable levels 1ndexed by p and representlng LS terms.

~:_(ii)'- Low levels, 1ndexed by ijjens. repr,esent_rng LS . terms. This
population  group: includes - relevant - metastables and.- spans transitions which

~ substantially contribute  to radiated power. This - includes all terms within
“the "lowest - few quantum shells. For. example, in Be'’, the 20 LS resolved
- terms -within 2 ='n =< 4 constitute the low level set. ‘A complete list of

all the low 1levels included: for the ions of Be, C and O is. given in
Appendix A.3.

(111) Bundle-n S Jlevels, classrfred accordlng to the. parent metastable

: upon wh1ch they are burlt and also by spin . system These levels are

denoted by the notatron X (y) (ZS”)n)
ngh precision energres and atomic data matters only for the populatrons

of groups (i) and (ii), and in the quasr-statlc approxrmatron, time
dependence matters only for the populatlons of (1)
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© Types of calculation
'The above classification allows three separate types of  calculation
to ,be developed in which the levels of bundlmg are varled or merged

(1)  Parent resolved bundle-n S - lowest spin system n' shell.
This is a calculatlon of bundle n populations which are built upon a

| partlcular parent and d1st1ngu1shed by spin system. The ground state of
this calculatlon i ass1gned an effective quantum number  which is
’ consrstent Wlth the approprrate metastable. This calculation spans up to
500 n-shells and will  enable derivation "of ‘metastable  resolved
' :colli’sion;l‘-radi‘atwe 1omsat10n and’ recombmatron coeff1c1ents This work
;involved a s1gn1fxcant development of ‘the smgle parent/ground state
' bundle-n model of Burgess and Summers (1976) i

@ 'Lo’w’ LS resolved mi:tastablé states.
Thrs is a convent10na1 populatlon calculation” for resolved low levels

 within a ﬁxed range “of "'n-shells (typlcally 2 or 3) “This will enable

derivation of low level populations (1nclud1ng effective contrrbutlons)

and colhs1ona1 cross couplmg coefﬁclents between each metastable

| (3) Prolectron of influence of high n-shells ‘onto low level set.
The h1gh level bundle-n S calculatlon is merged w1th the low-level

resolved calculatlon

" The initial ‘work of this thesis was ~ concerned * ‘with * developing
models (1) and (2) mdependently ‘Both models “function - separately as
self-contained calculatrons The development of the pl'OJCCthll model was a

- main ob]ect1ve of th1s work. This procedure 1mproves the accuracy of both

the bundlen S and low level calculatlons “Low  level populatlons are
corrected for excrtatron to hlgh levels and stepwrse ionisation, and for

: recombmatron and cascade from hlgh ‘n-shells. ‘The colhs1onal radiative
coeffrcrents from the bundle-n S calculation’ are 1mproved by inclusion of

accurate energles and coll1s1onal data for resolved levels -~ within the

) lowest n-shells

It s appropr1ate at thls stage to ‘mention a few features and

:llmltatlons of the present work.’
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A distinction is made between doubly excited states formed by
excitation from an excited parent. and doubly excited .states formed by

. TESonance . capture For example, the conflguratlon 2s2p2 4P is metastable

to decay but it is singly excited with Tespect to the 2s 2p P ground
term. States of the form (2s2p 3P) nl ‘L are doubly excited w1th respect
to the ground state but singly excited with respect  to the metastable.
These states are_thus considered as singly excrted

~The population models do not  consider any eollrsronal redistribution

of doubly excited states formed by resonance capture. Followmg Jacobs and

Davis (1978) and Summers. et al (1987), it is consrdered that at electron
densrtles sufficient for collrsronal redlstrrbutlon of the doubly excited
state to be. efficient, that any enhancement of dlelectromc recombmatlon

- will be. offset by colhs1onal ionisation of the excrted state

An investigation is undertaken however of the 1nfluence of field
enhanced dielectronic recombmatlon in a colhs1onal rad1at1ve model. This
was motivated by the recent study of Reisenfeld (1992). The results of

.th1s work 1nd1cated that f1eld enhanced dlelectronlc recomblnatlon rate

coeffrcrents for C .C and C+3 are up, t a factor of 10 _greater than

.those at . zero _field. ~When these . were used as input to a

collls1onal-rad1at1ve model only C ,was found to exh1b1t an lncrease in

the effective recomblnatlon coeff1c1ent with an . enhancement of ~3 at a 7
plasma. density of n = 10 cm . However, Reisenfeld calculated the field —
. enhanced. drelectromc recombmatron rate , coeﬁrcrents , usmg very

approx1mate procedures Badnell et al (1993) argue that this leads to an
overestimation of the rate coefficients, based upon the results of their
more _refined calculations. To mvest1gate this process, = the quantal

. calculations . of  field enhanced drelectromc recombination  rate
coefflc1ents for C+3 of Badnell et al (1993) were made avallable for

inclusion in the colhsronal radlatlve studles of the present work
The . calculation - of radlated _power _ coefficients naturally falls into

. two parts, reflecting the origins of the rad1atlon Normally the dominant
. contribution is_-from. line radiation from w1th1n the low level _group. This

is calculated from the low level populatrons in e1ther the low level

,_calcul_atron or . the pro_]ectlon calculatlon Radiation from Vradlatlve

recombination,  dielectronic stabilisation and cascade v arlses from
recombination to a large number of n-shells. The contrlbutlons from these

,_,processes are derrved from the bundie-n S model. It is also convenient to

calculate the bremsstrahlung radlatlon at this pomt The radlatlon from
these processes is most important - for hydrogen- and helium-like ions for
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whrch the bundle-n s model should be an adequate representatlon ,

" The bundlen S model exp11c1tly mcludes autoromsatron transition
probabrlltres 'in the” equatlons ~of statlstrcal balance. This model
consrders populatron structures of the form X+z(y (zs+1)n) where X*(y)

is a s1gn1f1cant recombmrng parent Thrs enables autoronlsatlon reactions
_ to be followed. Th1s is relevant to | ' o o

(1) o Secondary aut01on1sat10n followrng recombination from excited
i Parents For examPle R e
x+z1 22p 3P +e > x*z(zszp ) ‘n o
- | 5 XM 'S+e e
Effectrvely only electrons captured below the secondary autoromsatlon
threshold contrrbute to the | recomblnat1on process Thrs process. is
responsrble for the parent cross oouplrng coeffrctent | -

(11) Inner—shell exc1tatron/autoron1satlon (E-A) For example, o
| x+z 15 2p S + € 5 X+z(1s2s 33) ‘n + € |
' > X ZlS+e+ef"

XZ22pP+e > X"22pP)n + €
> X" 2" 'S+
fThlS can be a substantlal alternatlve path to drrect 1on1sat10n '
(111) Autoromsatlon of outer electrons smgly excrted from excited
metastables For example , " o
x”(mp "P) e 5 X+z(2s2p 3P) n + €
o 5 X+212s S+e+e

- ‘The consequences of (1) are eas11y evaluated and present no drfﬁculty To
evaluate the parent cross couplmg coeffrcrents accurately 1t 1s necessary

to | 1nclude ‘the recomblnatlon rate coefﬂcrents into levels above the
autoionisation ‘threshold in the equatlons of statlstrcal balance ' '

 The evaluatlon of the ionisation contrlbutlons is more ‘complicated.
The bundle-n S model only consrders populatron structures built upon

s1gn1f1cant recomblnrng parents ‘For example in the B-Be like' calculation,
recombmatron from 2s IS and 2s2p 3p only are cons1dered ‘The excitation

pathways to 2s2p P are thus not evaluated Also, the ‘bundle n-S model is

not a very good representatlon of the term structures and energles of the

-71-




low lying autoionising levels. Moores and Reid (1989) and Reid et al
(1991) have cons1dered the E-A processes for Ne- and Na- hke ions. It was
‘shown that E-A enhancement results largely from excrtatron to a few
mtermedlate states whlch have large excitation cross sectlons ~and also
large probablhtles for Auger decay It was also shown that it is
necessary to carry out detailed calculatrons of excrtatlon cross sections
and branching ratios for each intermediate state since the contributions
of these few levels could be missed if averaging techmques are used.

For these reasons the bundle-n S model is not used to calculate rate .

coefficients for inner  shell E-A processes.. For H-hke He-like and
Be-like ions there are. no srgmﬁcant E-A channels. For Li-like ions,
,several authors have provrded accurate estimates of the E-A cross sections
for 1s inner shell electrons These are treated as a correction to the
direct ionisation cross VTTSectlon ‘The ]ustlflcatlon for this is that the
autoionisation process is so fast that it is not disturbed by electron
collisions for plasmas with typlcal tokamak densities. For the more
complex B-, C-, N-. and O hke sequences the strategy adopted was to adjust
the direct 1on1satlon cross ‘'sections to account for EA. This is done by
adopting the method of Burgess et al (1977) and Burgess and Chidichimo

(1983).

A systematlc and complete study of the mﬂuence of charge transfer
reactions is mot presented This s marnly ‘due to the lack of
comprehensrve data for low energy state selective charge transfer Cross
sections  to partlally ionised specres Although it would have been
feasible to study some specific cases, it 1s not yet poss1ble to treat
this process in sufflclent detail to match the completeness of the
metastable resolved treatment of free electron recombination. However,
most of the models have been developed so that charge transfer can be
_included in a fully consistent way and a future study of this process will
proceed when data becomes avallable A limited study is presented of the

'trnﬂuence of charge transfer on the transrent “and equlllbrlum 1omsatlon,

‘balance of berylhum The data sources for thls study are descrlbed in
7 Sectlon 3.2.

There is also a lack of hlgh qualrty colhsron Cross sections for
electron 1mpact exc1tat10n of some neutral atoms For neutral beryllium
‘comprehensrve 12 and 20 state R matrix calculatlons were recently
_completed (Fon et al 1992) For neutral carbon however, there appears to
| be no satlsfactory data ava11ab1e and for neutral oxygen there is only a
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limited amount (Laher and Gilmore 1990, Itikawa and Ichimura 1990). To
obtain complete data sets for these atoms, cross sections were calculated
in the Born approximation. This data is only of intermediatc quality and
will provide at least a tentative estimation of radiated power and
resonance line intensities. However, spin changing transitions due to
exchange are not considered and this seriously limits the study of
metastable effects in neutral carbon and oxygen. Again, high quality data
can easily be incorporated into the models when available and work is in

progress on filling this gap.
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3.1: INTRODUCTION

This chapter examines the fundamental ‘atomic data which was required
as input to the populatlon ‘models. A prmclple of this thesis was to make
use of and be guided by the ‘best available fundamental data from the
general literature. Such data exists for zero density dielectronic
recombination  rate  coefficients, direct ionisation  cross  sections,
autoionisation trabsition probabilities and excitation cross sections and
radiative transition probabilities for transitions between resolved low
levels. However, for many ions there is no precise data, yet completeness
is necessary for the models. In these cases data was generated from either
our own ab initio calculations or from semi-empirical formulae. The
former ‘’data fill-in’> operation was possible at JET because of the
availability of several major atomic physics computational packages. These
include the atomic structure code Superstructure, developed by Eissner et
al (1974) at University College, London, its extension Autostructure
(Badnell 1986) and the suite of codes developed by Cowan (1981).

Superstructure is a general purpose multi configuration atomic
structure. code which can be used for calculation of term energies,
intermediate  coupling energy levels, term-coupling coefficients and
allowed and forbidden radiative transition probabilities. The one electron
radial functions are calculated in scaled Thomas-Fermi-Dirac potential.
Wave functions are generated - from multi-configuration type expansions.
Relativistic corrections are in the Breit-Pauli approximation. The scaling
factors of the potentials are l-dependent and can be optimised so that
chosen sums of the energies of terms included in the calculation are
mimimised.

The Autostructure code (Badnell 1986) is an extension of
Superstructure.  which  includes  continuum orbitals. Autoionisation
transition  probabilities ~are calculated in first order  perturbation
theory. This allows derivation of dielectronic recombination rate
coefficients. Also, there is an option to use a model potential based on
Slater-type orbitals.

The Cowan codes are based upon a multi-configuration Hartrce-Fock
atomic structure code with a statistical exchange term. The radial Slater
integrals can be adjusted to account empirically for omitted
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electron-correlation effects with outer shells. The wave functions can be
used to calculate cross  sections  and - collision strengths for electron
collisions but only in plane-wavc Born approx1matlon

Superstructure and Autostructure were used to supplement the
available - specialist ~ calculations . of radlatlve and  autoionisation
transition probabilities. The Cowan code was used to gencrate Born
-collision strengths, to. supplement the avallable COlllSlOIl data ' '
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 32: TRANSITIONS BETWEEN BOUND STATES

3.2.1: The Low Level Resolved Model
3.2.2: Tl}t: Bundle-n S Model '

7.3.2.1: 'The Low-Level Resolved Model

- A complete “list of all “the relevant low levels: is ‘given in Appendix

“A3. ~‘Radiative transition = ‘probabilities : and collisional rate - : coefficients
“for® transitions between ‘thése levels’ were  taken from - critically assessed

data” sets - which ‘ form -part: of  the Atomic Data and: Analysis " Structure

“implemented “at JET '(Summers 1993) This data has been compiled and

processed by a variety of ‘workers for use in many atomic' physics studies.

/The primary source of data was results from  fundamental * calculations

available  in-  the' ‘general literature. “For electron - collision cross
" 'sections; -there¢ “are many computational methods; as ‘reviewed by Henry
(1981). The methods ‘used ‘in “the - prescnt work are brlcﬂy summanscd in

mcreasmg order of accuracy below: -

Iiﬂpact 'Paramétér:‘ “'This 'is a semi-classical < approximation which

*treats ©‘th¢ -~ motion ' of ~'the - incident - electron  classically and the
~ electron-ion interaction quantum mechanically - (Burgess ‘1964, Burgess and

Summers’ 1975). It allows calculation of “dipole ‘transitions only but makes
allowance for - strong coupling.” Impact parameter - cross sections have
correct high energy behaviour and glve properly f1n1te cross section at

T thrcshold for posmvc ions.

" Born-approximation: The influence of the atomic field on the incident

“electron ‘is neglected’ in ‘evaluating its = approximate ‘wave  function. The

incident ‘electron’ wave -function is therefore” simply “a plane- wave. This
assumes that the ‘incident electron' does not penetrate the target and is
only valid for distant encounters -and high energies. Errors - are - typically

““a factor  of "two or more "at 16w energy, but smaller “at -high ‘energy. It

treats non-dipole transitions but excludes spin change transitions.:
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Coulomb-Born: The incident electron wave function is evaluated in
the Coulomb potential of ' the target- ion. ~This approximation has been
widely used by many authors. Errors are still large, =50%, but are smaller
at high energy. Electron exchange can be incorporated.

Distorted Wave: This is a comprchcrisivé method for cdmplex ions. A
substantial data base of collision strengths has been established. This
takes. into : account: distortion of . the Coulomb  field experienced by the
incident electron. Electron exchange can be incorporated.

Close Coupling Approximations: - With the exception of the impact
~parameter approximation, - all of the :abeve. appr'oximations-assumc that  the
~coupling ~between the - initial and final states is weak and that coupling to
“other . states-is -weak. These approximations = effectively reduce to the

- solution. of a  single integro-differential . equation. In a close . coupling

- approximation, it is assumed . that .there .is. strong.  coupling between a

~-...closed. group of low levels. The. N+1 electron wave function: is expanded in

terms - of N-electron target -wave functions. . Several computer. codes have
.. ‘been ,developédv to - solve the -resultant set. of coupled .integro-differential
~.‘equations  (see Henry -1981).. The IMPACT code developed by: .Seaton and
colleagues (Eissner and Seaton 1972):at University.. College. London uses a
linear algebraic method. A non-iterative i’ntegral equation method (NIEM)
has been .developed by Henry and colleagues (Smith and. Henry 1973). The
. R-Matrix code of -Burke. and coworkers (1973) has. been devélbped{ at: Queen’s
. University - Belfast ~and is based . upon- the R-matrix. method  of nuclear
physics. All.of  these. codes. incorporate a proper treatment of . resonances
and-are good for-non-dipole and spin changing transitions. -

It is important to consider two points ..when compiling. data. Firstly,
to determine the coupling between metastable states it is essential to
“include spin changing  transitions.. The most - important transitions are
those directly excited from the  ground -or metastable states. The effective
- cross - .coupling . coefficients .will = have . contributions - from direct
- transitions bétwcen the .ground and : metastables and ,th,cnk‘ indirect
- contributions  arising - from spin changing excitation . to -normal excited
-states. followed by radiative. decay. Spin  changing. collisional transitions
directly between excited states is not normally a very important process.
Secondly, visible spectroscopy of near neutrals is -important in edge
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plasma interpretation N H'It is" ‘thus necessary to include = data for -
excitations to n=3 or 4 and An=0, An=:1redistributing collisions within
the excited states. Dipole transitions are not necessarily dominant for
Anz1 excitations and so non-dipole excitations must also be included. Spin

changing rediStributing “collisions can be  neglected without loss of

' accuracy

In almost all cases, ~ high quahty ‘data ‘was avallable ‘for the most
important transitions (e.g. spin changing transitions and  resonance
excitations within the ground complex, and for An=1 excitations) but not
for a complete set of transitions ( e.g. excitations " to higher quantum
shells and for redlstrlbutrng COlllSlODS within the excrted states) In
these mstances '1ntermedrate quahty data was generated “The " adopted
method was o use the atomic structure ‘code and plane-wave Born collision
strengths of Cowan (1981) This procedure is ‘set up “for semi-automatic

: executron " at JET S0 that ‘collision strengths can  be calculated for

arbrtrary ions.” Cowan consrders that the  collision strengths will "be most
accurate for neutral or weakly ionised atoms and for large values of
incident energy and claims that they typrcally agree” wrth dlstorted wave

_ " and close-couplmg values o w1th1n 25 ‘or 50% even for threshold parameter
“'Values as small as 3 or 4 Exchange ‘effects are not’ mcluded so that spin

changlng transmons are not calculable The colhsron strengths for the

"“redrstrlbutlng, ‘ 0 " oollisions  calculated” in ~this way should be
"reasonably accurate because of the low transition energ'iés *“Collision

strengths for Anzl excrtatlons wrll be less reliable at’ typrcal incident

electron energles

The collision cross sections are used to prepare Maxwell averaged

rate coet‘flcrents Th1s was done by mappmg the the ratio of the source

Cross sectlon 'to an approxrmate form as a functron of energy A scaled

'energy varlable is used SO that the entrre energy range is mapped onto the

interval [O, 1] ‘The various types of transition drpole non-drpole and
spin change - each have well defined behaviour at threshold and’ at hlgh

A'energy The approxrmate forms for each trans1tlon are as described by

Gordon et al (1982) The advantages of thrs ‘method are that (i) 'the ratio
remalns close 10 umty and is easrer to mterpolate or extrapolate than

" the cross’ sectron data 1tself so that rate coefﬁcrents can be formed for
k':extended temperature regrmes, " and (11) it is easy to spot errors in the
B orlglnal data and to assess the behaviour of cross sectlons e

‘A brief 'review of the various® data sources is now given. Due
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acknowledgement is given to the workers who compiled and processed this
data by listing their initials after each ion. Namely | '

-HPS . Prof H. P Summers

JL. . Dr 1 Lang, Rutherford Appleton Laboratory

PMcW Dr. R.W.P. McWhirter, formerly Rutherford Appleton Laboratory
-MoM . Martin o’ Mullane, Cork Umvers1ty/Culham Laboratory

WID  Self

| ) H-hke ions
Radiative _ transition probabllltles were taken from Wlese et al
: (1966) The _ collision data is taken from Z-scaled hydrogemc collision
_ strengths of Clark et al (1982) These were calculated usmg the
.. Coulomb- Born-Oppenhelmer approx1matlon 1n the llmrt of mftmte “Z. This
. data. is for all transitions of the type nl > nl wtth nn’ = 5 and An =1.
. The. authors con31der the data to be suttable for Z23 (HPS WJD MOM)

(b) He-hke tons ,
w ,Be*,?., Energy levels are . taken from Bashkln and Stoner (1978).
‘,Trans1t10n probab111t1es for .levels w1th1n the n-l 2 complex are from Lin
et . (1982). . other trans1t1on probablhtles ‘were calculated by
‘Superstructure calculations ~ Electron 1mpact exc1tat10n rate coefficients
for levels w1th1n n=1,2 and for transrtlons between n—1 2 and n—-3 4,5 are
. taken from Sampson et al (1983). Rate coefftclents for dlpole allowed
transitions  within n-3 4,5 were calculated in the Impact _Parameter
~approximation. (HPS) |

cH kEnergy levels are taken from Kelly (1985).  Transition
'_.probabilities and excitation rate c0efficients are taken from the 11-state
R-matrlx calculatlons of Tayal (1986). Transition probab111t1es for the
v'tforbldden trans1t1ons (2 -1,3-1,4- 1) are taken from Gabr1e1 and Jordan
(1972). (JLHPS) ,
. Ofﬁz Energy Clevels are taken from Kelly (1985) Transrtton
probablhtles are taken from ngston and Tayal (1983) and Gabnel and
Jordan . (1972). The colltsnon data  for transrttons from levels 1,2 to
‘,levels 1-11 are taken from the 11 state R-matrlx calculatlon of Tayal and
Kingston (1984). The data  for other transrtlons is taken ﬁom the
calculations of dtstorted wave calculatrons of Pradhan et al (1981) and
the Coulomb Born Exchange calculattons of Sampson et al (1983) and
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Sampson and Parks (1974). (JL, HPS)

(¢) Li-like ions - v

Be'l. Energy levels are taken from Bashkin and Stoner (1978) and
transition probabilities from Wiese et al (1966). The - collision data was
calculated in the distorted wave approximation by Summers et al (1992)
using the codes developed at Unj\;éfsity College London (Eissner
and Seaton 1972) In Figure 3.2.1 a oompanson is made between gamma
parameters derived from the distorted wave collision strengths and those
derived from plane wave Born collision strengths calculated with Cowan’s
code. It can be seen that the Born results are unreliable at low
temperature (diffefring from between 10% - 100%) but are in reasonable
agreement ~for all transitions at high femperature. ‘For the An=0 4f-4d
transition the Born and distorted wave results. are in"good agreement over
the entire tempcratures range. The small systematic difference (~10 - 20%)
is attributed to differences in atomic structure between Superstructure
and Cowan’scode. (HPS, WID) , S

~C*% ‘The ‘data for n=2,3 is taken -from ‘the review  of! Cochrane and
“~McWhirter - (1983).. This: presented va -critical ‘compilation :of . close -coupling
~and - distorted wave calculations. Data for transitions -involving. n=4 were
calculated in the plane wave Born approximation using Cowan’s codes. (HPS,

WID, MOM) ‘
0™ The collision data and radiative transition probabilities for
transitions within = n=2 and from n=2 - n=3,4,5 were taken from the

relativistic ~ distorted  wave - calculations of Zhang et al (1990).
Transitions within n=3,4,5 were calcﬁjl,qfed in the plane wave Born
approximation using Cowan’s codes. (HPS,WJID,MOM)

(d) Be-like ions

Be*: Energy levels are taken: from .- Bashkin and Stoner (1978) and
transition probabilities from a number of sources mcludmg Wiese et al
(1966), Weiss (1972), Fawcett (1984) and Cohen and McEachran (1979). The
collision data for: trans1t10ns within n=2 and from n=2 to n=3,4 is taken
from the 12 and 20 state R-matrix calculations of Fon et al (1991). Data
for transitions within n=3,4 is taken from effective potential Born
calculations of Summers et al (1992). (HPS, WID)

C*% - Energy levels are - taken from - Kelly (1985). Transition
probablhtlcs for - allowed : - transitions . are - from - Fawcett (1984), ‘and
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Figure 3.2.1:
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forbidden transitions are from Nussbaumer ‘and Storey (1978). The electron
~ impact excitation rate = coefficients are from the 12 state R-matrix
calculatxons of Berrmgton (1985) and Berrington et al (1989) (L, HPS)

o™ Energy levels are taken from Kelly ~ (1985). Transition
probabrlltles were ‘taken from Hibbert (1980) and Nussbaumer and Storey
(1979). The collision data for collisions within n=2 is from the R-matrix
calculations of Berrington et "al (1979, 1985). For n=2-3 transitions the
close coupling data of Widing et al (1982) and Tayal et al (1982) are
used. For collisions within n=3, collision strengths were calculated
in the 1mpact parameter approxlmatlon (JL HPS WJD) ‘

© B-like jons

ct 1Ener'gy levels are taken from Moore (1970). Transition
probabilities are from Nussbaumer and Storey (1981), Lennon et al (1985)
‘and Weise et’ al (1966). These were ‘supplemented by Superstructure
‘calculatlons ‘The eollxsmnal data fot ' transitions within n=2 are from
close couplmg calculations of Hayes and Nussbaumer (1984) and Robb (Magee
et al 1977). Data for n=2-3 and n=3-3 transitions are calculated in an
effective potential Born approximation (Behringer et al 1989). (JL,HPS)

0% Energy levels are taken from Edlen (1983). Transition
probabllltres are from Saraph (1980) Data for “collisions from terms 2s°2p
"ZP and 2s2p2 P 1o all other terms in the confrguratlons 252p %and 2p are
from the close couplmg calculat1ons "of Hayes (1983). Flgure 3.2.2
'1llustrates ‘some excitation rate coefficients ~ for  ‘this ‘ion.  The spin
'changmg transmons decrease “with energy more strongly ‘than allowed
‘transmons (see Sectlon 2.1, Atomic Processes) Data ‘for transitions
 within 2s2p” '°P, 2D and %S are from Merts et al (1980). Collision
'strengths for all tramsition involving the conf1gurat1ons 25?31 and 2s2p3l
were calculated in the plane wave Born approximation using Cowan’s codes.

(JL, HPS, WID, MOM)

@® C-like 1ons ‘

c*; Energy levels were taken from Moore (1970) and transition
probabilities f_rom Wiese et al (1966). “There “have been no specific high
quality calculations of collision data for this jon. Data ‘was taken from
the plane wave Born collision strengths generated by the Cowan code. WID,

O*% Energy levels are taken from Edlen (1985). ~Transition
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probabilities - are - taken from Fischer and Saha (1985) and Bhatia et al

: (1979) The collision data for, transrtlons between the oonflgurauons

2s° 2p ) 2s2p ‘and 2p is taken from the 12 state close couphng R-matrix

, ,calculatrons of Aggarwal (1983, 1985, 1986) and the calculattons of Bhatia
.+ et (1979).... Collision  data for all transitions 1nvolv1ng the 2s 22p3l

confrguratrons were calculated in the plane wave . Bom approx1matlon using

 Cowan’s codes. (JL, HPS, WJD MOM)

(g) N-llke ions ‘

o™ Energy levels .are taken from Moore (1970) Transition
probabilities are from Ho and Henry (1983) Westhaus and Slnanoglu (1969),
Luken and Sinanoglu (1976) and Weise et al (1966). These were supplemented

by some = Superstructure calculations. Collision data for transitions 1-4

and.. 1-8 are from , the  close. couplmg calculatlons of Ho and Henry (as
above) For transrtlons w1th1n the. 2s 2p confrguratlon _the collision
data is from the close coupling calculatlons of Phadhan (1976) All other
allowed transitions are .calculated in the Born approxrmatlon (Behnnger et

al 1989). (L, HPS.)

(h) ,,O-llke ions , y .
O+° Energy levels and transrtlon probabllmes were taken from Wiese

oet al (1966).: There is . a 11m1ted amount of colhsmn data ava;lable for
this. 1on - This was rev1ewed by . Laher and Gllmore (1990) and Itlkawa and
.,._Ichlmura (1990). The recommendatrons of Laher and Grlmore are preferred,

which are based upon compllatlons of expenmentally _measured Cross

... sections. Th1s consrsts of data_for exc1tat10ns from the 2s 2p 3P ground
state, . including excitations to the 2s 2p4 1D 2s 2p4 1S and 2s2p 3s S

metastables. Colhsron data for other transrtlons were were calculated in
the plane wave Born. approx1matron using the Cowan s codes (WJD MOM)

3.2.2: The Bundle-n S model

Radiative trans1t10n probab1lltles for spontaneous emission and rate
coefficients  for. electron impact _ excrtatlon and de-excttatlon were

~ calculated . by the procedures described by Burgess and Summers (1976) and

Spence and Summers (1986). For completeness the methods are summarlsed
here. . -
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() Radiative Transition Probabilities
Radiative transition probabilities between principal quantum shells

are due to dipole transitions and are evaluated from

4 L PR
A = 16a ¢ zl BB2.1)

i 3/3 ma, o(z)) YOOI - VO]

where AJ is the trans1t10n probabxhty for a transrtlon jol

'V(l) is’ the effective quantum number of level i

g' is the bound-bound Gaunt factor
and the other symbols have their usual meaning. An express1on for the
hydrogemc bound-bound Gaunt factor can” be found in Burgess and Summers

(1976).

O Electron TImpact Excrtatlon and De-excitation

Followmg Spence and 'Summers (1986), ‘bundled cross sections and rate
coefflaents are taken from the combined treatment of Percival and
chhards (1978) This is based “upon * the classical  and semi-classical
theorles of Perc1val and Rlchards (1975) and Perclval (1973) The rate

coefﬁcrents are provrded as an exphclt functlonal f1t in~ terms of
“1n1t1al shell n, final ~ shell 'n", (z+1) and energy "E. 'Note that the
‘Perclval Rlchards formulae break down for n<5 " displaying  incorrect
| functlonal form it o ‘Si ‘large. Sp‘en'ce and Summers traced this to an
approx1mat10n ‘made for the first ‘Bethe coefficient' ~and” "'proposed
'adJustments whlch yreld the correct functlonal form for all n,n’. This

formulatlon is adopted
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3.3: IONISATION AND AUTOIONISATION PROCESSES

33.1: Direct lonisation and Excitation-Autoionisation from ground
and Metastable Configurations
332 Direct Ionisation from Excited Staies

33.3: -~ Autoionisation From Bxcited States

3 3.1: Direct romsatron ‘and Excrtatron-Autoromsatmn
From Ground and Metastable Configuratlons

. In recent years, electron 1mpact 1on1sat10n has reoelved considerable
,' 'attentlon in .the general llterature Burgess et al (1977) rev1ewed various
theoretlcal techniques for the calculation of ionisation cross sectlons by
comparison with available experlmental measurements. It was clear that
there is much better agreement between expenment and theory when
_autoionisation contrlbutlons -are 1ncluded Bell et .al (1983) published a
» ,recommended llst of Cross sectlons for all ions of the elements ‘hydrogen
- through oxygen. These recommendatlons are based upon a crltlcal review of
- experimental measurements and theoretxcal calculatlons and served as an
. excellent  source of preferred data Slmllarly, in their " evaluatlon of
_1on1satlon balance Arnaud and Rothenﬂug (1985) also rev1ewed the
. 11on1sat10n Cross sectlons of these ions. The recommendatlons of Bell et al
-and Arnaud and _Rothenflug were. compared by Kato et al (1991) and were
_found to. be very 81m11ar Unfortunately these works only considered

~_composite . jonisation  cross sectlons for ground state 1ons w1th no

resolution of final state. The present work requlres resolutlon of the
normal stage 1o stage jonisation cross section into initial metastable and
final parent states. Account must be taken of both direct ionisation and
excitation-autoionisation processes.

The total cross section for a given configuration, p, is written as a
sum over subshells as

_ eff
olp) = Zj Cj o, (Ij) E@33.1)

where I,- is the ionisation potential of shell j, of is the effective

ionisation cross section (comprising direct and excitation- autoionisation
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contributions) and C is the number of electrons in subshell’j ‘E(3.3.1)
~ assumes that the autoxomsatlon contribution can be added onto the direct -
jonisation cross sections as a zero density correction. This is reasonable
because the autoionisation  transition probabilities are large (~ 10° 7
so that autoionisation processes will not be ‘disturbed by electron
collisions at tokamak dens1t1es This * assumption - “will be tested by the
" bundle-n S population model * which has the capability to " resolve
" exc1tat10n- autoionisation contributions. R

Two types of mner-shell ‘excitation- ’autoiohisat‘ion‘ were  identified

by Burgess -et al (1977): (i) the lowest aut010n1s1ng conflguratlon

‘aceess1ble by inner shell excitation lies ~ well above ‘the outer shell
jonisation threshold (eg C+3 1s22s Y 1s2s2) “and” (11) those in which it
is well below (e g c 2s Zp —> 282p2) Case (1) leads to a series of large
distinct Jumps in the total  cross section well above ‘threshold. In case
_ v(11) jons there are many aut01on1s1ng states near the outer electron
E"lomsatlon threshold. These k " quasi-bound “states effectlvely “form  a
"eontlnuum R o
© It was suggested by Burgess et al (1977) “that direct ionisation cross
sections could be adJusted to account for excitation-  aufoionisation by
"lowermg the “jonisation potentlal ‘of the ‘inner  shell electron to that of
the - first aut01on1smg level. “For case (1) lOIlS “this glves “a " reduced
" "'i'oiiisation threshold. For ﬁc‘ééé% (i) jons, the = effective ionisation
lthreshold is that of thé outer electron. Chidichimo (1982) confirmed this
‘:ﬂprocedure by performmg exp11c1t 'calculatlons for NZ usmg the
Coulomb Born' and distorted wave approx1matlons This" method ° gives an
. 'effectlye total cross sectlon whlch accounts for direct “and autoionisation
processes. The magnitude ‘of the ' autoionisation’ ptocess alone " can be
obtained from the difference between the effectlve total - cross section and
the ‘direct ionisation cross sections. o

For the present work, information on the partial oontrlbutlons from
outer - and " inner shell' direct ionisation ~from  ground and.'metastable
configurations - were  inferred = from  theoretical .  caleulations . ..of  direct
jonisation cross sections which: were ‘in :good agreement with -experimental
- measurements. - The ' effects of - inner shell  :excitation - autoionisation could
“then "be: deduced -as above. :If “no precise_ calculations -were .available, data
was " inferred from trends in scaled cross sections or - from semi-empirical
formulae. - An improvement was sought in - our ~semi-empirical formula by
‘Systematically - correcting it to .achieve as good a match -as possible with




the available experimental data. ; ’ o
The scaled 1on1sat10n cross section is_‘ often referred to in the
‘general literature. This is defrned as

'o’w’le = d‘U I? o R R B(332)

~where U is the threshold parameter U E/I ThlS deflmtlon removes much
of . the energy and  charge state dependence of the Cross section.
‘ Classrcally, the scaled cross section for a grven threshold parameter is
-constant along isoelectronic sequences. This assumptlon is also supported
by the dlstorted wave calculations of Younger (1981a,b. 1982) For lithium
like ions, the 1s scaled cross section is constant for many 1on charges
For beryllium like ions, -the 2s scaled cross. sectlon for the channels
1528 'S .+ € —> 1s22szs + € + €.

1s2s2p3P + € :-_>:"1s2p2P+e "'e,.:. L
are approxrmately equal for a given threshold - parameter and are both
slowly = varying along the rsoelectromc sequence Thrs, _calculation
considered ions from C* - Ar' Also for 1on1satlon ﬁom the
‘:conflguratlons 1s22s 2p", Osn=6_for the ions Fe'? - Fe‘%_ the scaled 2s
cross _ sections  are constant and the total scaled 2p Cross sectlons varied
linearly , with the number of 2p electrons Such scalmg laws .are not
expected to be as precise. for ions of low Charge state ) '

Several general 1on1satlon formulae ‘are avarlable. These mclude the
‘seml-emplrlcal formula (SEF) of Seaton (1964), the Exchange Classical
Impact - Parameter approx1matlon (Burgess 1964), the Lotz formula (1967) and
that of Burgess and Chidichimo (1983). The last named is preferred in this
. worlgr because it is more readily optlmlsed ThlS represents ionisation
_cross sections. by the ,semr-empl,rlcal,;formula‘ _ '

oe’m:k(j ’E)/ =

2
a
°

- c. g (IH/IjS 2 (1/ E). ,11_:1_(E/IJ.‘)- :Wi(E/‘IJ.) 5(3-3§3)

“where Ij is the effective ionisation potential of subshell j. and.I is the
ionisation - potential .of hydrogen. The . parameter- C is an optimisation
parameter which is - chosen to get best -agreement with. experimental data.
After detailed comparison with a. wide range of cross. beam . experimental
~data for ions of charge z = 2, Burgeéss and - Chidichimo ‘recommended two

-~ values of C, depending - on whether -on -not adjustment is made for

autoionisation. - Firstly, with no adjustment, -the recommended  value is C =
2.7. Secondly, if - autoionisation - is  accounted for by  reducing the
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ionisation threshold of the inner shell electrons to that of the first
autoionising ‘level, the value of C = 2.3 was recommended. In the latter
case, a much better fit was obtained between ‘experimental data and
empirical formula. -The function W(E/I) is - designed to correct behaviour
near threshold .and is given as

0 C Eal |
EL { 1n(E/1)PY/" E>I; e
with
B = 1/4 {[(1002 + O1y/(4z + 3)] " s } ' Beas)

For_ specific cases, the accuracy of this formula can be improved by
spec1fy1ng more accurate values for the optimisation parameter C. In
particular, some allowance for energy dependence of C would be an
improvement. ,

The empirical  formula was. uvsed in the . following manner to obtain
partial metastable to metastable ionisation cross seetions.,; - ,

The final state proportions following the ionisation process can be
determined by assigning statistical weights to the fragments. The
parameter t_,e& is defined as the effective number of: electrons . in: subshell
j-which - will ionise and leave the parent ion in. configuration y. This is
given by | |

e = Cw(P-ﬂ) L ) S Ee9

where @ is an estimate’ of fractlonal parentage. For example, consider the
direct ionisation of a“ C-like ground state  ion, 15225 2p 3P as
 illustrated in Flgure 3.3.1.

' The outer 2p electrons ionise to - 2s Zp P w1th an ionisation
- potential of I The 1nner-she11 2s electrons are exc1ted in the series
(2sip2 2D) nl °L and (2s2p “P) nl L. The lowest autoronlsmg states have
excitation potentials of I’ and I respectlvely The dtrect ionisation
potentials of the 2s2p° ’D ‘and 2s2p 4P parents are denoted by I and I
respectively. There is no ambiguity concerning the final state followmg
2p ionisation. The 2s 2p %P parent is formed with a welght of 1.00. For 2s
ionisation, it is assumed that the 2s2p2 D and 282p2 ‘p parents are
formed in relative fractlons of 0. 33 and 0. 67 Th1s 1s based on parent
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Figure 3.3.1:  lonisation channels from 2s* 2p 3P showmg ionisation
thresholds and open ‘Auger Pathways = ‘

' spin system weights. :
Following * the prescription of Burgess - et al (1977)," the total
ionisation cross sections from the ground state is then '

o'2p* P) = 2x10x 0@
+ 2x033x O(I:)
4+ 2x067%x o)

The first term represents 2p direct 1omsatlon the second term represents
2s 1omsat10n and exc1tatron autommsatlon towards - 2s2p2 D, and the
thll‘d term represents 1omsat10n and exmta«tron autoionisation towards

22" P
The cross sectron to the 252p ‘p parent is
o(2s72p” °P 5 2sz{>? ) = 2x067x0()
which enly has a direct ionisation cbntribution.

The cross section to the 2s2p 2P parent is
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o@s2p” P 5282 %) = 2 x 1.0x0()
+  2x025x o))
+ 2x075x (o) - o) )

The first term is the direct 2p loss. The second terms is the 2s loss to
the doublet spin system. All bound states excited above Ia autoionise to
form 2s 2p *P and the 2s2p* D state is assumed to radlate to form 2s?2p
P, The third term represents ~the autoionisation contrlbutron following
excitation towards the triplet parent.

_ For all ground and metastable _ions of - Be ‘C and O a list of all
relevant direct and auto- ijonisation channels  (indexed as (d) and (a)
respectively), along with the parameters T, ® and the ionisation
potentials are given in Table 3.3.1(a)-(d). Autoionisation channels are
indexed as type (i) or (ii), as described above. :
The rules for determining the value of w were as follows: .

1. The relative fractions ijonising into each parent spin system was
~ entirely determmed by spin system weights - .
w(Si) = (ZSi+1)/2i(ZSI+1) - EE3)
2. When there is further "resolution ~'within ~a 'spin system,
is determined by the statlstlcal welght of the angular momentum
quantum-’ number R R
oo(L S) & (2L +1)/2 (2L +1) u)(S) . B(338)

- For ions with a partially filled 2p shell, inner shell ionisation of
2s electrons only is accounted for The contrlbutron from ionisation of 1s
electrons was found to be small due to their hlgh 1on1sat10n potentlal

Ionisation potentlals between the ground state ions were obtained

'from Kelly (1987).. Ionisation potentlals for 1nner-shell and metastable

states were~ calculated by addmg and subtracting term energres from the
ground state ionisation potentlal. For example,

Ip(2s2p2 P 5252 %P) = 1(2s 22p %P - 2 is)
N AE(2s* 'S » 252p °P)
- AE(2s22p.2Pv - 2s2p2. 4P) E(3.3.9)

Term energies were . again }tvvaken,, from ,Kellzyv (1987). The energies were
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Sequence Met. Configuration Channel Type Final Fract. Izeta Ionisation Potentials (¢V)
Index Parent  Prtage Be C O
H-like 1 s 3§ sod 1 1.000 1 217.720 489.987 871417
He-like 1 152 1§ Is 2S. - d 1 -1.000 2 153.896 392.090.:  739.338
. 2 1525 38 ls 2§~ d 1 1.000 I 35.303 92.863 . 177.865
= 25 28 d 1 1.000 I 198.660 460.198.. ~830.905
Li-like 1 15225t 28 Is? 28 —d L 1.000 1 18.211 64:494 ~138.12
L 1525 1S d 1 0.250 - -2 139.86 368.88 707.01 -
Toa 1 117.3(1) 295.5(1) 555.4(1)
1s2s 38 - d 2 0.750 2 136.80 363.45 699.10
. " a 1 117.3(1) 295.5(1)  ~:555.4(1)
Be-like 1 152262 1S 1522528 d 1 :1.000 2 9.323 47.888 113.90
2 1s22s2p 3P Is25:28 . d l "-1.000 1 6.597 41.389 *103.70
1522p 2P d 1 1.000 1 10.556 49.393 115.70 -
. o l 7.88(i) 41.39(ii) 103.70(ii)
B-like 1 1522522p 2P 152252 1S d i 1.000 Y - '24.384 - 77414
C 152252p P d 1 0.250 2 - -37.071 " 97:103:
R a 1 - 24.384(11)  77.414(i)
1522s2p 3P d- 2 0.750 2 - -30.880 87:609
. , a 1 , - 24.384(i1) ~ -77.414(i1)
2 152252p? 4P 152252p 3P d 2 1.000 2 - 25:544 - 78.727
S e oa 1 - 19.05(1)°  -68.53(ii)
15s22p 3P . d 2 1.000 1 - 36.090 295,033
o 1 B i

S

68.53(ii)

—_— e e

Jonisation channels from ground and metastable

Table 3.3.1(a)

excitation-

denotes

7a’

and

ionisation

,d’
autoionisation according to Burgess and Chidichimo Type (i) or (ii).

states.

d_cnotcs direct
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Sequence Met. Configuration Channcl Type Final I'ract.  Jzcta lonisation Potentials (eV)
Index Yarent  Prtage C 18] ,
C-like 1 1522s22p2 3P 1522s2p 2P d 1 1.000 2 11.260 54.936
: : 152252p% 2D d. I 0.333 2 -20.551 70.675.
a 1 13.12(1) §5.00(11)
152252p* 4P d 2 0.667 2 16.596 " 63.818
v a 1 13.12(1) 55.00(i)
2 1s22522p% 1D }1s%2s22p- 2P d 1 1.000 - 9.997 '52.448
1s2252p% 2D d | 1.000 2 19.287 68.187
T a 1 . 10.83(1) . 52.500(ii)
3 1522522p2 1S 1s2s2p 2P - d 1 1.000 8.576 49.608
1s2s2p* 2D d 1 1,000 2 17.867 1 65:346
a 1 9.54(1) 49.70(1)
4 15%252p3 58S 152252p2 4P d 2 1.000 3 12414 :56.365
a 1 8.66(1) 46.00(1)
15s22p3 4§ d 2 1.000 I 24.687 76189
R a | 21.00(1) 56.90(i)

Table 3.3.1(b): |

Tonisation channels from grbuhd and metastable

states.
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; ° |
Sequence Met. Configuration Channel Type = Final Fract. lzcta lonisation Potentials (¢V) mm
Index Parent  Prtage 0 m
[]
N-like 1 152572p° ¢S 1s2s32p2 3P d 1 1000 3 35.118 B
1s2252p 3D d 1 0375 2 50.021 g
a 1 44.00(1) g
1522520 5§ d 4 0.625 = 2 42.571 :
a 1 36.60(i) =
2 1s2s2p D 1s252p2 P d 1 0750 3 31.793 3
152252p2 'D d 2 0.208 3 34.280 By
a 1 31.79(ii)
1522s2p2 1S d 3 0042 3 37.121 g
a 1 31.79(ii) S |
1922520 'D d 2 0.156 2 54.966 + |
a 1 49.00() "
152s2p% ' d 2 0.082 2 57.886 S |
a I 51.90() g . |
1s252p° \P d 3 0012 2 57.886 g §
a 1 _ 51.90() Q- d
15252p% 3D d 1 0750 2 46.696 a
. o a R ( 40.70(@) - S |
30 1sR2pP P 1222 P d 1 0.750 3 31.100° S |
1222 D d 2 0208 3 32.587 - q |
. a i 31.10Gi) = |
1522s2p2 'S d 3 0042 3 35.428 |
o a ! 31.10(i5) "
15220 D d- 2 0.156 2 53.273" . |
a I . 47.30i) o 8 |
1522293 'P  d 2 0082 2 56.194 O |
M a 1 50.20(i) - 3 |
1s252p% 1P d 3 0012 2 56.194 -
a 1 50.20(i) °
15252p% 3D d 1 0.750 2 45,003 - =
a 1 39.00(i) =



Sequence Met. Configuration Channel Type Iinal Fract. lzceta Tonisation Potentials (eV)
Index Parent  Prtage @)
O-like 15 1522s2pf 3P 1s22522p% S d I 0667 4 13.618
1s22522p% 2D d 2 .0.208 4 16.943
. a “ 1 w. T 14.06(1)
1522s2p3 2P d ‘3 0.125 4 18.635 -
, a 1 . 14.11(1)
152252p* 4P d 1 0.667 2 28.488
: a 1 15.65(1) -
152252p% 2D d 20 0.300 2 34.198
o a 1 , 23.00¢1)
Is252p* 2D d 3 0030 2 34.198
: . S a 1 , 23.003i)
2 15s22522p% D 1522s2p3 2D d 2 0.625 4 14966
. : a w1 12.10(1).-
1s22s22p% 2P d "3 0.375 4 16.658
: a 1. R 12.15@) -
152252p* 2D d 2 0910 . 2 32211 -~
, a 1 R , 21.004)
152252p% 2D d 3 . 0.090 2 3221
: a 1 L , 21.00G)
"3 1522522p% 'S 15225s2p% 2D d 2 0625 4 12.743 -
o g a | , 5 9.88(1)
1s2s2p% 2P d 3 0.375 4 14.436
a 1 N 9.93(1)
152252p* 2D d 2 0.910 © 2 29.999 :
a o , 19.00(1) . .
152252p*2D d 3 0.090 2 29.999
a 1 I 19.00(1)
~ 4 1522522p%3s 35S 1522523 48 d 1 1.000 I 4.472
o 1522522p235 45 d o1 1.600 4 27.451
d 1 1.000 - 1

152252p33s 4S

36.086

Table 3.3.1(d):

Ionisation channels from ground ~ and ‘metastable

states.
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weighted over .sublevels belonging to the same term,

E . = (2@+D) TS (A+DE, E(33.10)

~ Energies of the lowest autoionising levels were obtained from external
. sources (e.g. Moore 1971, or Kelly 1987), or calculated by the atomic

structure code Superstructure.

- The ionisation cross section data for ions of Be, C and O are now
considered by isoelectronic sequence.

(a) hydrogen-hke - bare nucleus
“Cross sections were taken from Bell et al (1983) These values are

based on theoretical calculations.

(b) helium-like - Hydrogen-Like :
Cross sections from both ground and metastable states of c* and 0*

~have been recently exphcltly calculated by Attaourti et al (1991) and so
this data is adopted. The ground state cross sections differ by at most

10% from the recommended ‘data of_ Bell et al (1983), fwhi’ch are based on

'.experiment. Cross sections for the ground state of Be*? were taken from

Bell et al (1983). Cross sections for -metastable ionisation of Be** were

‘estimated from Fig. 3.3.2. This plots scaled cross sections for c* and
‘0™ calculated from the data of Attaourti et al (1991). It can be seen
‘that there is very little variation.

-(¢) - Lithium-like - Helium-Like
The d1storted wave exchange calculatlons of Younger (1981a) are used.

jThls paper tabulates scaled cross sections for 1s and 2s ijonisation. It is
assumed that the scaled cross section for 1s ionisation is independent of

pathway. This assumption is suggested by Younger’s data, which indicates
that the 1s scaled cross section is constant for many ion charges. The
cross sections for the direct and autoionisation pathways were obtained
from the scaled ionisation cross sections using the ionisation potentials
from Table 3.3.1. The total ionisation cross section from the ground state
is in good agreement. with the reoommended data of Bell et al (1983),
dlﬁermg by 10% at most.
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Figure 3.3.2:  Scaled cross ‘sections for “1s2s S ionisation in
" 'He-like ions. The values for Be™ were determined by extrapolatmg from
the values of Attaourti et al (1992) for C* and 0%
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(d) Beryllium-like - Lithium-Like

For the ions of C** and O*%, the recommended data of Bell et al
(1983) is again in very good " agreement with the theoretical calculations
of Younger (1981b). For 1.25 < U s 5.00 the maximum difference is less
than 10%. Younger tabulated cross sections for both 2s and 2p losses from
ground and metastable states. This data was adopted.

For neutral beryllium, only ground state cross sections are
available. These are given by Bell et al (1983), and are based on trends
in cross sections. Due to the particular behaviour of neutrals, the cross

sections for metastable ionisation cannot be derived from other ions in

the Be-like isoelectronic sequence. Instead, cross sections for metastable
Be* were derived from the Burgess and Chidichimo semiéempirical formula
using an energy dependent correction factor. The correctie'n factor  was
taken as that for c? (see following section) as they ha've the same ratio
of 2s to 2p \elfect‘rons. R

© Boron-lik'e - Oxygen-Like ;

These. ions are considered together because of several similarities.
Firstly, with the exceptlon of the 282p 335 5S state in neutral oxygen, all
configurations are of the form 25"2p™. Secondly the only available data
are the crossed -beam expenmental measurements recommended by Bell et al

(1983). These are ‘composite cross sections for ground state ionisation.

There have been no explicit theoretlrcalr calculations performed which can
be used to derive the partial contributions. To obtain the separate
contributions from 2s and 2p, and to éﬁlculate metastable paftial cross
sections, the semi empirical formula of Burgess and ChidiChimo was firstly

ylmproved so that it matched the ground state totals. For these .ons it is

clear that 2s exc1tat10n-aut01on1sat10n is a major contribution  to
jonisation cross sections below for inner shell ionisation threshold. To
optimise the formula, - the ground  state total ionisation cross sections
were compared with the recommended cross sections of Bell et al (1983).
This served to define a value for the optimisation parameter C for each
ion. This is illustrated in Figufe 3.3.3. Two comparisons are given - (a)
neglecting autoionisation channels, and (b) accounting for autoionisation

~ channels. The behaviour of the neutrals is markedly different from that of

the ionms, An average value of C. was defined for the ions, and is
summarlsed in Table 3.3. 2.
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c

18 ‘With Autoionisation Without Autoionisation
1.25 1.8 204 | 35 =13
2.0 1.9 = 0.3 2.5 = 0.4
50 23 £03 2.70 + 0.25
10.0 240 = 025 28 =02

Table 3.3.2: Optimisation factors for the Burgess and Chidichimo
semi-empirical formula, averaged over the ions C*, 0, 0" and O*'. The
error given is the standard deviation in tlje data.

With autoionisation, the empirical formula is a ‘much better fit to the
cross sections in the threshold region. This supports the inclusion of
autoionisation .PI9§¢S§¢S-»:;-sLW_ith0ut - autojonisation, the empirical formula is
a slightly better fit at high ene‘rgy' The most important part of the cross
section fof lonlsatlon balance . is..-the threshold region, so the
optimisation factors obtained mcludlng autoionisation contributions were
~ used. The average value of C for ions represents the cross sections for
c", 0¥, 0* and O+1 to within 20% at threshold and ~10% at higher
energies. For hlgh energles, the values of ¢ are very close to the energy
averaged values of C=2.3 and C-2 7 recommended by Burgess and Chidichimo.

The total ionisation cross sections for all -the :pathways in Table
3.3.1 can now be derived from the optlmlsed semi emplncal formula. An
individual energy dependent correction factor was used:-for each ion and
neutral atom. This ‘assumes that the eorrectlon factor. for a metastable
configuration is the same as that for the ground conflguratlon of the
particular ion. ,

As an example of this data, the total and resolved ionisation cross
sections for 02 2s 2p P are illustrated in Fig. 3.34. It can be seen
that the autoionisation = contribution. to the 2s22p2; b N 2s2p %P cross
section is significant. Cross sections are used to prepare Maxwell
averaged ionisation rate veeeffi;cients.r In Figure 3.3.5 the total
jonisation rate coefficients for ground and metastable states of C*, C*?
and C* are .illustrated. These are summed -over - final states. The rate
coefficients  from. -metastable - states are greater -than -those - for ground
states = reflecting changes in threshold. In particular, there -is an very
large difference for the helium like ion, C™. This is due to the active
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electron for the 1s> 'S ground state being in the n=1 shell and that for
the 1s2s °S metastable being in the n=2 shell.

3.3.2: Dlrect Tonisation from Excited States

There are two methods available to \calculate‘ﬁ ionisation cross
sections =~ and  rate  coefficients  from excited states - (i) the
semi-eméirical formula  of Burgess and Chidichimo, and (ii) the exchange
classical 'impact parameter method- (ECIP) as ‘developed" by Burgess (1964).

The ECIP method was used m the populatron structure calculations of
Burgess “and -Summers (1976) and in the ionisation: balance calculations of
Summers: (1974). Subsequently, several authors have made studies of the
reliability of ionisation formulae." ‘Burgess et al (1977) stated that the

- +ECIP tends- to be in quite good agreement with ‘experimental data for ground

state  ionisation of jons - of low. charge. state. . For - .other ions,
ECIP/experiment ~ 0.6. A similar conclusion was made by Arnaud and
Rothenflug (1985). The lomsatron rate coefficients recommended by these
authors exceeded the ECIP results by between 1.5 ‘and 2.0. However, the
impact parameter formulation has some advantages. It has the correct high
energy behaviour. Additionally, as noted by Burgess and- Chidichimo, the
ECIP expressron was not originally intended - to give the most accurate
ground state ionisation cross. sectxons "The reliability . of the ECIP
approach is expected to be better with hlghly excited states Conversely,
the empirical formula of Burgess and Chrdlchlmo has been derived by
comparison with - ground state ionisation: cross sections. only There is no
evidence for its accuracy in apphcatron_ to cxcrted state ionisation.

For these reasons, it was decided to use the ECIP method to calculate
excited :state ionisation  cross sections and rate coefficients. The
formulation of the theory is as described by Burgess and Summers (1976).
In the low level resolved model parent resolved ionisation cross sections
from excited sates were synthesised as for ground and metastable
configurations by . assigning values of T, fractional parentage and

~ionisation: potentials... In the :bundle-n S model, effective. principal

quantum  numbers were used- to - prescribe the energies of the. lowest few
quantum shells.
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3.3.3: Autoionisation From Excited States

The bundle-n S  calculation explicitly follows autoionisation
processes of the form '

1

X™w) ZS+ 'n > X+(Z+l)(Yj) + (k) e ,v E(33.11)

where the initial parent X*(”l)(yi) is sufficiently populated to act as a
significant recombining parent. Autoionisation is relevant for electrons
excited from inner shell configurations and electrons recombining onto

“excited parents. The threshold value of n is denoted" by n such that

electrons with n 2 n_ can autoionise. All relevant Auger pathways are

listed - in" Table. 3.3.3 along with the values of n Those indexed by ’a’

and ’f’ are allowed and forb1dden by LS couphng ‘
Auger  transition probablhtles Sfor allowed  transitions  were

_explicitly calculated - in- ‘LS couphng as- . part of- the: main dielectronic
- recombination ealculatlons (see | Section 34 Electron Ion Recombination
_Processes). There is a simplification. It is assuflned that resolved

transitions
_X.ﬂ('Y,nl),v_ s X+(z+1)v("¥)‘ + ki1 S E(33.12)

with [=0,1,2 only contribute. A (2l+1)/n® average over the n-shell is
taken. This data was for a representative range of_n-shell's;' from n_ up to
n ~ 1000. These could be interpolated and drawn  directly into the
population calculation. It was found that the LS - resolved.  Auger
transition probabilities obeyed the expected n’ scahng When the n-shell
average was taken the scaling changed to n” so that

A"(yi,n > Yj) = Aa('yi,(nth) > Yj) . (llm/ll)5 | E(3.3.13)

To obtain data  for  forbidden - transitions, configuration
interaction intermediate coupling calculations were undertaken with the
Autostructure code, which is available on the JET IBM 'mainframe computer.
This multi- configuration, multi- electron code is described by Badnell
(1986,1988). ‘The following configurations were used. in the structure
calculations (the 1s® core is implicit): |
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Recombining Initial FFinal Threshold Value of n
Ion Sequence Parént Reaction Parent  Type (Be,C, Q)
:n-ES, 2 (1525 38)%n —» 152'S + e 1 a 2, 2,2
..bn-ES.,v 2 Q.mN,.Nh..,:.var l _.H,.mw.m‘, IS +. e i a’ - 4,5

(152252p 2Py%n = 152252 'S + e- 1 f -5 6

B-like 2 (152522 “Pyn — 1s225%2p P 4 e | a L, 4
: ‘ (15?252p2 P)n — “1s%25%2p 2P + e 1 f 5 5,5
C-like .2 Cmumnmhm 1D) uz,.,,“,.l 152252p? 3P 4 e o a. - 6
3 (1525202 1S)n - A28 P 4 e 1 - a’ - 4

(1522s2p* 1S)2n — 1s2s2p2 'D + e 2 a - S

4 _A,.u,.nNMm,,.mhu.,,mu%vx: o %.mwaﬁn P+ e _ Coa oo 4

(1s252p35S)4n — 1s222p* D+ e . 2 r Y 4

(152252p>38)*n — 1s72522p* 'S + e- 23 f 5 5 4

‘N-like 2 (1229202 D)n — 12520 5 + e -1 2 A
(1522522p% 2D) 'n - 152s2p* %S + e B f - 4

3 (1s22522p° n\wwu:. - ,;_iw.mm.au S + e Pl a . - 4

(1522522p 2P) ' — 212223 4§ + e~ 1 f 5 53

(1522522p® 2P)3n - 1522522p° 2D + e~ .02 a 5 - 4

(1s22522p* 2P)'n o~ As22s2p% 2D + e .2 a S £

* a few levels in the shell lower than this autoionise but theseare

" omitted because they are not representative in the bundlé n-S model

‘Table 3.3.3

S,

Autoionisation éhannels; a - allowed, f - ‘forbidden.
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B-like 2s*2p, 2s2p? 2s2p nl, 2s® kI’ Is3, I's5,
C-like 2s%2p° 2s2p°, 2s2p” nl, 282p kI’ I3, I'sS
N-like 2s°2p° 2s2p, 2s2p® nl, 2s%2p® kI’  Is3, I'sS
O-like 2s%2p®, 2s2p°, 2s2p nl, 2s%2p° kI’  Is3, I's5

where kI denotes a continuum orbital. The spectroscopic orbitals for the
structure calculations were determined in an optimised central potential
based on Slater type screening. Allowed and forbidden Auger transition
probabilities were calculated in first order perturbation ' theory using the
“multi- electron intermediate coupling eigenfunctions from the structure
;’ calculation. The required Auger transition probabilities were isolated
from the very 'larg‘é' complete set of Auger data in a p()st processing step
‘on the output files where constraints were placed on the .'spin of -the bound
configuration and on the energy range of the free states. The average over
levels, terms and l-shells for each n was then formed as

AGnon) = 1/ 3,3, @) Agal Sy

- E(33.14)

It was found -that the behaviour of the forbidden Auger transition
_probabilities was not ‘as regular as that of the allowed transition
probabilities, For example, the allowed and forbidden transition
probabilities for O are illustrated in_ Fig. '3.3.6. It can be seen that
at the threshold n, the allowed transition probabilities ,;;ife‘ ~ 10* greater
»';than the forbidden transition probabilities. As n is increased, the
allowed -transition probabilities follow closely the »expeéted? n” behaviour
but the forbidden transition probabilities change irfégularly at first
before the asymptotic scaling becomes established. This is principally due
to an increase in spin orbit mixing as n is increased and related to the
quantum defects of the series. The irregularitics can occur at n-shells
significantly above n, and can be substantial. This is a new phenomenon
which has not previously been reported.
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transition probabilities for 0O** (2s2p *P) *'n 5 0™ 26 'S + ¢
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| 3.4: ELECTRON-ION RECOMBINATION PROCESSES

34.1: Three Body Recombination
3.4.2: Radiative Recombindtion |
34.3; Dielectronic Recombination

For the bundle-n S calculation, parent and spin system resolved
recombination rate coefficients -are required into all principal quantum
shells of the recombined system For the low level resolved model, parent
resolved rate coeff1c1ents are requlred for each LS term.

'3.4.1: Three Body Recombination

Three body ‘tecombination is the ‘inverse process from jonisation and
so  the rate coefficients for these two processes satlsfy a detailed
balance relat10nsh1p In complete thermodynamlc equ111br1um |

o'y » ynb) o’ N*"“’(v) =  S(al>y)n N7@qn) . Beap

- .where N+(z+1)(y) and N”(y,n) are - related by the - Saha-Boltzmann equatlon
This gives : . e

,S(Y,Dlﬁ -Y) o w(Y) (anekT) e .= I : , ;‘>:342
"5y = e . Pl e

from whlch three-body recombmatlon rate coeff1c1cnts can be calculated

342 Radleﬂve 'vl"liecembiﬁlzmt}iqn :

Radiative recombination rate coefficients are generally exp:essed in
terms of bound-free Gaunt factors. This gives“ the radiative recombination
rate coefficient from - parent - configuration X*(m)(y) "to recombined state
X"(y.nl) as |
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J gII —x— X . E(34.3)

~ where o8, = . Bohr radius
ozl =zl o
= fine structure constant

a
X = (a1 I)/(vZkT)

v = effective quantum number of fmal bound state
T = statistical weight factor
gl = ~_bound free Gaunt factor

For the bundle-n S calculation, the present work follows almost exactly

the procedures of Burgess and Summers (1976) The - Gaunt factors are

calculated in the hydrogenic approxrmatlon The pararneter ™ was taken
to be the relative spin system weight of the recombining parent.

T = "*(ZS;,+1)/2(ZSY+1)" Y heae

- For:example, - a ‘doublet- parent can: recombine into singlet -and triplet spin
systems with T = 0.25 and 0.75 respectively.

For capture into the lowest n-shell two refinements are made. The
~ effective quantum number is obtalned by a statistically weighted average
of all recombined term energles ‘(in LS coupling) belonging to
configurations associated with the recomblmng parent and spin system.
Following Griem - (1964) and Van Goelér et al (1976), a phase factor,
PHFRAC, is introduced to account for partial occupancy of the ground state
shell. This is a ratio of available states to the whole shell weight such
that 0.0 < PHFRAC s 1. 0 ThlS parameter is calculated from analysis of the
recombined  structure. The modlfled rate  coefficient for lowest level
" ‘capture is thus glven by ' L

: a(y Syn) = :PHFRAC xo(y>vn) S BE4S)

For the resolved low level model a more complete calculation of the
Gaunt factor was undertaken. This was based on the algorithms and

-108-




numerical methods for radiative Gaunt factors developed by Burgess and
Summers (1986). These algorithms are available on the JET IBM mainframe.
The Gaunt factors are expressed in terms of bound-free radial integrals,
which are in turn evaluated using one electron wave functions in a Slater
Potential adjusted to match the binding energy “of the recombined electron.

For levels within ‘the . low level group, the parameter T was
determined for each relevant paremt by multiplying the number of electrons
in the subshell, T, by the fractional parentage of the recombining ion. As
an example, the parémet’ers used to calculate f_:,eﬁ for recombined states in
boron-like ions are given in Table 3.4.1. |

Term Parent  Subshell ¢  Fract. Prtage il
262p %P . 1 2p - 1 1.00 1.00
2s%2p *p 2 2 2 075 1.50
2s2p° D 1 - - - -

22p°°D 2 - 2p 2075 . 1.50
2202 P 2 2 2+ 1.00 - 2,00
2p3 4g ) ) 3 ) )

Table 3.4.1: Parameters used to calculate Ceﬁ for some recombined
states in Boron-like . ions.. The  relevant parents in the Be-like jon are 2s
'S and 2s2p ’p. | | "

- Some states Within the low. level. group . (e.rg.;,—,2p3) do -not connect with
a parent in -a one. electron . transition and- are. excluded for recombination.
Term energies were taken from ‘standard sources, principally Kelly (1985)

-and Moore (1970). .

Radiative . recombination. rate coefflclents from the . O+4 2s2p 3P parent
are illustrated in Fig. 3.4.1. :Recomblna,tlon into -low [ states. is more
important at high temperature (c.f. Spence and Summers 1987). The bundle-n

~-S! coefficient for ‘recombination ‘into (282p 3P) “n with 'n=2 is in

reasonable agreement with the sum of the ‘LS resolved coefficients at low
temperature but fails to match the temperature dependence of the rate

© coefficient “at higher temperature mainly due to the special “behaviour of

the capture into 2s.

-109-




107"

~ T, (252p°P) nl %L (n=2)
—12

1071 252p?%D
2s2p2%P-

“pg?2p 2P

107°[ 2s2p?38

(n=2) .
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Figure 3.4.1: Radiative recombination rate coefficients for the
“reaction O™ + ¢ 5 0™ + hv. All curves are for 2s2p 3P parent.

"+ 3.4.3: Dielectronic Recombination

For all ions of Be, C and O detailed calculations of high temperature
dielectronic recombination rate coefficients were undertaken by Badnell
(1992) (using the methods described in earlier papers 1989a,b, 1990)
conjunction “with 'lthe*‘f'w"'ork of this thesis. The data were calculated by the

- Autostructure - code - in ‘configuration interaction LS coupling. The rate

- coefficients ~for * capture into LS - resolved low levels and for a

representative set of spin resolved n-shells were stored' in formatted data

- sets “and drawn " directly into the population: calculations. Several factors
need to be considered 'in assessmg thls data : :

(@) Any 'diffel_'ence betwecn_ LS coupled and Intermediate coupling
_ (IC) calculations | |
(i) . .. Relevant core.transitions - - : :
. (@i) - The importance ~ of . low  temperature dielectronic
recombination
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PN,

@iv) . Recombination from excited parents v
(v) .+ . The influence of field enhanced dielectronic recombination

- The LS couplmg results for oxygen ions agree very well with more
complete calculatlons which have been performed in lntermedlate coupling
(Badnell 1989a). For O%, 0% and O+4, ‘the IC total rate coefficients
(summed over all ‘D) are no more than 5% larger than the LS coupled

Tesults, whereas for O" and O* the increase is about 25% in the worst

case. Th1s is due to. the neglect of Auger transitions Wthh are forbldden

in LS couphng Unfortunately, the results of the IC calculatlons are not

avallable at present in a parent/spm system resolved orgamsatlon but are
expected to be 1ncorporated at a future date

The data spans the core pr1nc1pa1 quantum shell transrtlons listed in
Table 3.4.2. For 0" - 0™ and C* - C? the An=] transitions could be

;neglected w1thout loss of accuracy .For recombmmg 11th1um like ions,

Be*l, c? 'and O*s, the 1s->2p inner shell core transrtlons become important

at hlgh temperature

Recomhlnlng lon Seduencej: Parent‘ I'ndex' , Core Trans1 t lon 'Iypes
. Hlike 1 . An=l
 Helike 1 An=l
2 An=1
 Liclike 1 An=0, An=1, An=1())
 Be-like 1,2 An=0, An=1
‘B-like 1,2 An=0, An=l
Clike 1234 w0, At
N-like 1,23 An:o o

Table 3. 4. 2 Dlelectromc core exc1ted transmons (I) denotes the
mner shell transition 1s %25 + e b (1s2s2p) nl

At low temperatures, dlelectromc recombmatlon via a few low lying
aut010n1s1ng states becomes 1mportant (Storey 1981) Such ‘data is very
sens1t1ve to prec1se energy levels of ,the aut01on1s1ng states which
requlre more  elaborate calculatlons or experlmental values. Detalled LS

~ coupling calculatlons for the ions of c? - ct and O - 0" have been
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carried out by Nussbaumer and Storey (1983) for the temperature range 10°
- 6x10* K and in intermediate ‘coupling for C* and O** by Badnell (1988).
In general, although low temperature dielectronic recombrnatron can
consrderably mﬂuence equilibrium:‘ 1on1sat1on balance, it occurs at
” temperatures 00 low to be of 1mportance in fusron plasmas It is thus
‘ neglected in the present work :

Figure  3.4. 27 illustrates  the total drelectromc and radiative
recombmatlon rate coeffrcrents from C* 1s22s2 's. Th1s compares the high

" and low temperature ‘IC results of Badnell (1989 1988) with the high

temperature LS couphng results of Badnell (1989) Wthh are ‘the basis of
the present work, and the low' temperature LS couphng results of
Nussbaumer and: Storey (1983) In’ both cases there is good agreement
" between the IC and LS ‘coupled results.

In all cases dielectronic recombmatlon from metastable parents was
found to be consrderably smaller than that from ground state parents This
reflects  the - hrgh n-shell  nature of' dlelectromc recombrnatlon
Effectively, only electrons captured below the secondary ‘autoionisation
- threshold contribute to the recombination process. The peak DR rate

‘coefﬁclent from metastable parents is no more than a few percent of the

" rate ‘coefficient from ground terms although ‘the peak may be at a lower
temperature For 0% parents, the data is 111ustrated in Fig. 3.4.3. For
comparison the radiative recombination rate coefficients for a few
reactions are also plotted. Because radiative recombmatlon is mainly into
low quantum ‘shells, secondary autoionisation has less influence on this
process. Other radiative recombination rate coefﬁc1ents not shown in this
figu’reﬁ: are of similar magnitude. The dlelectromc recombination rate
coefflcrents from excited parents are comparable wrth or less than those
for radiative recombination. '

As discussed }in; Chapter 2.1, electric fields “can considerably
increase  dieléctronic recomblnatlon because of Stark mlxmg' of high n/
states. A recent study by “Reisenfeld (1992) in " which field enhanced
dielectronic recombination rate coefficients were used in conjunction with
a collisional radiative model has indicated that C* (a lithium- like ion)
is’ partlcularly sensmve to this effect. At a partlcle dens1ty of n =
10 ‘em?, Relsenfeld’s calculations suggest that the plasma mlcrofleld
mcreases the effective dlelectromc recombination rate by nearly a factor

~of three. ‘In order to 1nvest1gate this problem further Badnell et al -

(1993) calculated zero field and field enhanced dielectronic recombination
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Figure 3.4.2: Total (summed over all n) dielectronic and radiative
(RR) recombination rate coefficients for C** 5 C". (1s%2s* 'S) %n. LT -
low temperature, HT - high temperature.
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Figure 3.4.3: Total (summed over all n) parent and spin system
resolved  dielectronic (DR) and radiative (RR) recombination rate
coefficients for various parent and spin systems of O*2
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rate coefficients for C™. The calculations were fully quantal and
involved, for each n,. the diagonalisation of a Hamiltonian that included
the Stark matrix  element (see Bottcher et-al 1986). In this way ! mixing
is accounted for but not n mixing. These n-shell ‘selective data have been
merged in the collisional -radiative models 6f this thesis. They are
illustrated in Figures 3.4.4a and b. The potential for a .large increase in
the effective recbmbination coefficient is ‘g_:learly seen; However, the role
of further collisions is crucial in détcrminingi the final effective
recombination céefficient and it will. be s’ho‘wn' vt‘hat Reisenfeld’s
calculations are an overestimate. ‘ ' :
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3.5: CHARGE TRANSFER RECOMBINATION

The present work does not' involve an extended study of charge
transfer proccsses. However, the influence ;ofA _,,c::'harge transfer on the
transient and equilibrium ionisé_tion of Be ions is investigated. The data
for this investigation was obtained from the unresolved state to stage
data of Greenland (1988). This presented total cross section for the
reactions ' ' '

Be” + H(ls) 5>  Be™V 4+ p

for H impa'ct: energies in the range 1QsEH§1000 eV and for 1sz=4. This data
is thus applicable for equilibrium ionisation balance calculations and for
the study of influx ions in fusion plasmas. The cross sections were
calculated using a. semiclassical -molecul@r’ebasis method  (that is,

classical ion trajectory and = molecular electron orbital basis - see.

Greenland 1982) '

It was assumed that the cross section for a deuterium donor is equal
to the cross section for a hydrogen donor at equal - -velocity. Because both
donor and receiver are of fau‘ly similar mass (M =2 amu, M = 9 amu)
they may be travcllmg at comparable velocmcs and a statlonary target
approximation ' is  incorrect. Rate coefficients need to be ‘calculated from
the full Maf:wcll average over both distribution functions:

<ov>= J’v f(v) £(v,) |v -V | 0(|v v |) dv dv_
E(3.5.1)

A computer code was written to evaluate the above double integral from the
cross section data and then tabulate rate coefficients. The rate
_coefficients - for Be* are illustrated in Fig. 3.5.1. Tt can. be seen that
the rate coefficients ’for chag_ge transfer -are considcrably larger than
those for, ionisation of Be - SR . _

In the absence of precise data on the n-shell d1str1but10n of the
. captured electron, these coefficients were used _wvlth‘out, entering them into
full  collisional _radiative . population models. . The . justification for this
is that preferred n-shells for éapture for ions of low charge are n=2 and
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3. Populations of these levels will be only slightly affected by stepwise

ionisation at  tokamak ":dcnSi‘t'i‘es - Thus the effective (collisional

radlatlve) charge transfer recombination rate coefficient is just the sum
- of the captures into separate n-shells. | '
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-Charge exchange - -
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Ionnsa’non )
3 ) Be+2+e -—»Be +é4'-@-é_ ;§_’
25 [ o IS L B
1. .10 . . .100 1000
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Fig. 3.5.1: ' Thermal charge’ transfer rate coefficients * for the
" reaction DT T e T e
Be? +' D 5  Be' 4+ D'
“as a function of donor and recelver tcmperature The 1on1sat10n rate
' coeff1c1cnt for ‘ | B
| ‘Be? + € 5 ’Bé+3'-l-:‘ie':+'é'k"
" a$ a function of electron temperature is a_lfsb"illus'tra't‘éd.‘ :
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36 SUMMARY

In general, our low level data base is. comprehensive and accurate
~except for a few cases where no high quality data is available. It is
poorest for the neutral atoms of carbon and oxygen. For neutral carbon
there is no high quality collision data available at present. Data were
obtained from plane wave- Born calculations which can be in error by about
a factor of 2 at low temperature and ‘which neglect exchange contributions
to spin changing transitions entirely..-Our data here is sufficient to make
broad estimates of collisional radiative coefficients and radiated power
functions but cannot be used for more detailed studies of the metastable
populations. However, the' Queen’s University, Belfast group are currently
undertaking an R-Matrix calculation of electron collision data for neutral
carbon up to the n=4 shell. 'I'h1s data - w111 shortly be available and will
be included in the models in the future. For' neutral ‘oxygen a limited
amount of collision data was available (Laher and . Gilmore 1990) This is
based - upon experxmental measurements of cross Sections and. thus only
includes excitations from the 2s 2p ’s ground  state, - including
excitations . to the 2s22p4 'p, 2822p4 IS and 2szZp33s 5S ‘metastables. This
agaln allows only limited investigation of metastable populatlons No
excitation cross. sections from metastable states or redistributive  cross
sections are avallable Plane wave Born calculations were again used for
our ’data fill-in” but a full calculatlon is des1rab1e
, In several other - cases, the Born collision strengths were used to
‘extend the low level data sets to higher quantum shells (e.g C*). The
" Born collision strengths will not be sufficiently reliable to allow the
high n-shell transitions to ‘be - used : for detailed spectroscopy. None the
less, the main objective in including the higher terms is to ensure a
smooth merging of the low level data sets with the high bundle-n S shells
during the projection calculation. The bundled principal quantum shells
are not a good representation of the low levels and so it is advantageous
to extend the low level data sets as far as possible. |

For the jons of the H-, He-  Li- and Be- sequences ‘high  quality
ionisation cross sections were used Wthh are in exeellent agreement with
the recommendations of Bell - et al (1983).  For oonflguratlons in the B-,
C-, N- and O- hke sequences no resolved ionisation cross sections were
available in the general llterature These were derived in the present
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work by using the semi-empirical formula of Burgess and Chidichimo (1983)
to derive partial cross sections for the various channels and then by
applying a systematic correction to match the total cross sections onto
experimental data. This appears to result in total cross sections which
are accurate to within 20%. For excited state ionisation the ECIP method

'was used in preference to the empirical formula of Burgess and Chidichimo

(1983)

The rate coefficients wused for dielectronic and  radiative
recombination are comprehensive and comparable with any other data in the
general literature. To extend modelling to low temperatures (< 5 eV) it
will be necessary to improve the low temperature dielectronic
recombination rate coefficients.
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CHAPTER 4

THEORETICAL POPULATION MODELLING
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4.1: THE BUNDLE-N S MODEL

4.1.1: i The Multiple Parent/Metastable Model

4.1.2: Numerical Bvaluation of lonisation Coefficient
4.1.3: Calculation Methodology

4.14: Ilustration of Results B

4.1.5: Resolution Within -Spin Systems

4.1.6: ; Concluding  Remarks :

: - . A }
4.1.1: The multiple parent/metastable model

The model is an extension of the bundle-n model of 'BUr:geSS and
Summers (1976) which treated a“ single ‘parent/ground system, and ‘was
described in Section 2.3, Literature Review and Scope of Present Work. To
obtain resolutlon between ~parents and = metastables, the n-shells  are now
dlstlngulshed by recombined parent and by recombined spin system The
assumption is that the populations of principal quantum shells of the same
value of n' but with different spins are separable. A separate calculation
is performed for each excited state system formed by such a recombmatxon
pathway.: A complete list of all the calculation of relevance is given in
Table 4.1.1. These were decided upon by first defmmg the important

_parents (from Table 2.3.1) and then by 1dent1fy1ng which spin systems are

active in recombmatlon The metastables in the recombined jon which
correspond to these spm systems can then be 1dentified

The metastable and parent 1ndlces in Table 4.1.1 are as Table 2.3.1.
The parameter Nsys- specifies how many spm systems in the recombined ion
that are . accessible by recombination of . the particular parent. The spin

‘system weight of a spin system is the fractional statistical weight of the

spin resolved n-shells relative to the whole n shell for the  parent. In

' the bundle-n model, the statistical weight of an n-shell is given by

o(X*(n) = 20 X®Vy) , B(4.1.1)

. where . w(X+(z+l) ) is the - statistical . weight of . the - parent. For the

present case, when the n-shells are distinguished by spin.. the . statistical
weight is given by |
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Recombining Prt. Excited State Recombined Spin Sys. Met.
Ion Sequence Index . Structure Nsys - Spin System Weight Index Npin No

—
—

H-like 1 (Is3§)n 2 1 020 1
T ey g1 2 2 2
He-like 1 (1s2 'S) n - T2 1.000 1 2 2
2 (1s2s 3S)n Lo o2 . 1000 - 1 1. 2
Li-like 1 (1225 25) 2 1 0.250 12 2
LT T T 3 010 2 2 2
CBelike 1 (&2 12 100 1 2 2

2 (s22pP)me 2 20 0333 1 2
' 4 0667 2 2

N o

oo 1
0250 . 2(3)

NN
NS R 5

PBdike™ U1 sy A 2

0375 1

LR (1s22s2pF P)n 2 ,
. , : , 0.625 4

N
[\ 8]

0.667 1
033320

10000 '2,3)
1000 2(3)
1000 1

' Chke "   1 ' :::(1‘;22“'_,22;02‘;‘3‘1?)n;‘ 2

2 (1s225%2p? ‘D)n 1
3 ’(1522522;;2 ‘S)n‘ 1
4 (1s*252p} ’57’.' ol

R N S RN SN S XN
SRS S SN
WO NN

0375 1

N-hke o 1"7 "\(‘15242.;'22p3u;‘5)’;n : “2' | ‘
Culeins e SO TR i 0625 - 4

(T RV
NN

050 1

2 s 2 ,
E SRS S LS S Mo s 0250 W 2,(3)

2

0.750 1
20250 . 203)

[ (S (NS o8

LS 3 8] N NN

3 - (182203 ) 2

Table 4.1.1:  Bundle-n S calculation pathways. The parameters Nsys,
- N “and N “are - as descnbcd in the ‘text:' Pafent and metastable indices as
glven in Table 2.3.1. ’ e AL B
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o( X @) ®Pn) = SSYSWT. 20 of X'y ) 0 412

. where SSYSWT. is: .the ,ﬁactiénal “Spin. system ,wc;its of .the recombined spin
-..8ystem. For example, the \,:‘.282[,_.",*31" _parent _.':can?rr'ecognbipe _ingb the .doublet and
~quartet. spin. systems, with. SSYSWT = 0,333 and. 0.667 respectively. It is
--essential . to. .include ; this- factor. ‘when . converting- “between. .. populations in

the . bn ‘and:: population ;rcp;esqntaﬁgn; -and . when ;,.;c,alculgting detailed “balance

. relationships:

- The. parameters :.n. . and 0 in . Table. 4.1.1 v.rgfer: :.t,o the lowest n-shell

- of ; the calculation. and the lowest .. n-shell - accessible by.: recombination
-respectively. - Except: for the :case of . the inner-shell:~excitation. of lithium
.. like - ions, -these -parameters  are.. equgl,, - Care was ~taken ;. to .. represent the
- energies . of  the . lowest . few quantum -shells by effective quantum - numbers.

This was done by . taking statistically . weighted . averages ,of ‘the energies of

LS ..terms - associated: with each parent -and spin system group. The term
. energies. were taken from . the reliable -sources given: in  Chapter 3. In
gehcra»l, . the - .quantum . defect . corrections. -wer§ only . necessary. > for the
. ground .and first. excited quantum shells. There. is. some uncertainty as to
-the . best ,reprcsentatioil' of . the -ground quantum. shell as - there :is ,;often a

- substantial difference . between. ;the, quantum defect -of the - ground state
- itself and -the mean .quantum defect arising. from_  a weighted average of the

ground shell terms. For example, in Be', the 2s S ground term has a
quantum defect of 8=0.271 whereas the averaged quantum defect of 2s %S and
2p °P is 6=0.102. The n=3 and n=4 shells have averaged quantum defects of
0.05 and 0.03 respectively. The problem concerns which ground state energy
will best represent excitation between n=2 and n=3 in general calculation.

.- At, low. electron; -densities; the ground state “is. the only significant

population. so that the ground state energy is more appropriate. However at
high electron densities, . the - 2p state will be significantly populated 'and
will . contribute to the excitation to n=3. In these circumstances the
averaged energy will be more appropriate. The choice of this parameter is

‘important as it influences the stepwise part of the collisional-radiative

ionisation coefficient. It is one of the limitations of a bundle-n
population structure . (a. situation corrected - by the: ‘projection model of
section 4.3). In this Section, the quantum defect of the ground state

.- n-shell: was. chosen o be that of the ground  state . configuration. The
- influence  of . An=0: ground . shell . excitations . +on: the . collisional-radiative

ionisation . coefficient. will . be re-examined -in - detail ~in Section' 4.3 when
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the projection calculation is discussed and the low level structure is
explicitly included in the model. ~ CE T
A second limitation of the parent/spin system model is that it does

““not " distinguish - recombined ‘metastables - Within “the s same 'spin -system. For
" example, “the "2s%2p ' ®P parent” in" the ~'B-like ~system ‘is considered as
~ recombining ‘into’ the singlet system of the ' C-like ion.. This" system ' ‘has two
" metastables - 25%2p? "D -and ~2s?2p®'S." Inthis" calculation] the - effective
- ground’ state’'is'‘taken ~ as “the lowest" energy- metastable’ (the'2s’2p*> 'D state

in  this example). In Table 4.1.1, these states are urbracketed. As a
~ prescription * for *'completeness;  statistically weighted  populations are used

o ~“obtain doefficients '~ which : - tentatively ' fesolve’ between ‘' recombined

" metastables:* This  “is - described in'* Section* 4.1:5. Howevér, ‘the true
+ solution’*is “given by the * projection " model - ‘which disfingui‘shes“’explicitly
" between' ‘the 'S “tettms 'in the”lowest few quantum  shells’ from ‘the begmmng

#*This will accurately- determine ‘cascade andexcitation ‘chatnels. :

‘Thé " calculation for “-a ‘given pathway” involves ~the" ‘excited state
population - structire * conneécting the recombining ‘parent 'y and ‘‘ground p.

«-'However, * alternative parents, **which::do "not “act:as’ a*:i~rewmbination~‘starting
point, “ aré also* considered. ‘These ‘can’ -be ‘populated by “Auger *transitions
* “from "-excited states'' above the * “autoionisation” " thréshold. : ‘For example,
“consider  Figure ‘4.1.1. The' patent and* ground states of the “pathway are
© indexed by y and" p- respectively’ and” the ‘alternative patent”is indexed by

o.

U . e el . . s
O e+ e @u toiONiSation threshold to'parent o

L. v (9 SL)S’n

Figure. 4.1.1: “schematic of model for calculation.

“The‘excited ° state *populations - “are calculated by first  establishing the
- complete * collisional-radiative  matrix* ‘as done: by Burgess * and - Summers

(1976), but ‘with “the ‘ inclusion ~of - autoionisation ' processes. Initially, the
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maximum n-shell of the calculation was set at n__ = 520. This upper limit
is necessary for an accurate calculation of the, collisional-radiative
recombination' coefficient. The matrix : oondensation techniques  were
exploited ' with ' the ..main inversion for the - calculation finally performed
for a set of 24 representative levels (as given in “Section 2.3, Literature
Review and Scope of Present Work) The populatrons were evaluated in the
b and ' ¢ representations.- “and  then converted to the population
representation. '

The ongmal colhsronal-radlatrve 1on1sat10n _ and recombination
ooefﬁclents of . Burgess and Summers (1976), E(2.3.20) and E(2.3.21), are
still relevant and - give the recombination rate from .Y to p and the total
loss rate from p Zi’.e. ~with no resolution of final parent after
ionisation).  The  recombination.  coefficient 1s ' already correctly
parent/metastable . resolved _and needs no further ad]ustment The parent
resolved  ionisation coeff1c1ents ~and parent -cross;. . coupling coefficients
are derrved by constructing the loss ‘'vector from each level. Because the
model = considers the excited. state populatlons X%y) *Dn,  direct

. 1on1satron , only populates X+(z+1) ('Y) t ; alternatrve - parents  are
populated by autotomsatron The parent resolved loss vectors .are thus
grven by '

o LYi = SYi ' o B(4.1.3)
LOI e Lol SR SRS CR s R e e LD .

‘Parent i resolved 1on1satron coeffrcrents and parent cross‘ coupling

....

For example, Flgure 4 1 2 1llustrates the loss vector for exc1ted

_states O+3(2s2p 3P) n ThlS excrted state structure 1s “ burlt upon an
excited parent so that the exc1ted states can decay by erther dlrect or
J,auto- 1on1sat10n Above the autoromsatron threshold and at low electron
_'dens1t1es aut01on1sat1on 1s the dommant loss mechamsm However, the
" autoronlsatlon transrtlon probablhtres scale as 'n _' and are mdependent

of electron dens1ty, whereas d1rect 1omsat10n loss rates scale as n and
vary drrectly wrth electron densrty For hlgh n-shells dlrect 1on1satron
is, the domlnant loss process As the electron dens1ty 1ncreases, direct
1on1satron becomes ‘the dommant loss | process for call n-shells and

autoromsatlon 1s quenched
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Figuré ‘4.1. 2 Loss vector for the' excned state structure O+3(252p
”3P) “n. n = 1.0° represents an electron dens1ty of 1.0x10® cm® The solid
line is the total. The dotted lines represent (i) direct ionisation to o*
2s2p °P and (ii) autoionisation to O** 2s* 'S. T = 4x10* K.

The inclusion of autoionisation transition :prob'abilities - in  the
statistical balance equatxons leads to dramatic changes in the populatlon
k'structure For example Flgure 4 1. 3 1llustrates the populatlons of C"
(25 S) ’n, Wthh ‘are bullt upon ‘a ground state parent so that no

7 ’;autoxomsauon pathways are access1ble from the exc1ted states. The

! populatlons are expressed in terms of the Saha-Boltzmann b factors The
' :overpopulatlon of the hlgh n-shells ‘at low electron dens1ty is due to
* dielectronic recombmatlon As the electron densxty is mcreased the
‘:;dlelectromc recomblnatron mﬂuence becomes less due o 1on1sat10n of the

: " hlgh n-shell populatlons Note that as the electron dens1ty mcreases all

"the b factors tend to 1 correctly ‘as the system tends to LTE This

o '"1llustratlon is typlcal for ground state parent conﬁguratlons

R ‘I contrast, Flgure 4.1. 4. 1llustrates the populatlons of C+1(2s2p ’P)
"zn These are built upon an excited parent S0 that there 1s a powerful
depopulation above the autoionisation threshold. However, as the electron
density is increased the collisions start to compete more strongly and the
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" Figure 4.1.3: b factors for the excited staté populations
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Figure 4.14: b factors for the excited state populations
C™ (2s2p °P) 'n. T, = 4.0x10°K. 1.0° represents n = 1.0x10* cm®.
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b-factors tend to 1. 4

The presence = of autoionisation transition probabilities in the
population structure equations also means that - the particular -excited
state structure for which the population calculation is performed is only
specifying an intermediate parent or ground state. Electrons excited from

p toward y may autoionise so that the final state is o©. Similarly,

electrons - recombining from parent y towards p may autoionise to the final
state ©. In both these cases, p or y are acting as ‘intermediate states.
The calculated collisional radiative coefficients for a given pathway must
therefore be indexed by ~ initial, intermediate - and final state -
$*(p-130), a*(y>p;0) and B*(¥op;0). "

For example, the excited state structures and “ionisation coefficients
which are derived in the Be-like - -B-like ealcﬁlation are recorded in
Table 4.1.2. The ionisation rate coefficient: from p = 1 (2s*2p %P) to o =
1 (2s2 +18) “has contributions from the direct ionisation of the outer
electron -excited towards y = 1 and from the excitation autoionisation of
2s electrons exc1ted towards.y = 2 (2s2p 3P) As discussed. in . Section 2.3,
Literature Rew,ew, qnd;:Sgope of -Present - Work, . th_e excitation-autoionisation
contributions calculated in this way are not very accurate. This is due to
the rather coarse nature of the bundle-n S population structure for the
lowest n-shells. The strategy for the present work was to adjust the
direct ionisation cross sections to account for excitation- autoionisation

Parent Excited State Structure ‘Met.- Derived Ionis. Coef. Type

1T @ 1 S(11;1) d
2 s2p P 1 S*H(152;1) e-a
| o ; S*(152;2) o d
(2s2p °P) ‘n 2 $*(2:2;1) e-a

$*(2+2;2) d

 Table 4.1.2: Excited .state structures and ~ jonisation coefficients

vcalculated for the Be-B series Ionisation coefficients are indexed by
S(p-y;0) where P and Y mdex the metastable and parent states of the
calculatlon and o 1ndexes the final parent ’d’. denotes direct - ionisation
and ’e-a’ denotes inner shell excitation-ionisation contrlbutlons
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effects (see Section * 3.3.1, ' Direct’” Ionisation’ 'and ' Excitation-
Autoionisation  from Ground " ahd ‘Metastable " Configirations). 'The zero

~density ionisation coefficients which are used as preferred data thus

contain  autoionisation coirections. * ‘Because of ‘this, = the  excitation-
autojonisation  contributions  explicitly = derived by the bundle-n S
population structure *“calculation' ‘are. . not’ used as adjustments to the
ionisation rate coefficient. However, these coefficients are of interest

" because they “allow 'the  collisional-' radiative bchav1our of the --excitation-
~ autoionisation contrlbutlons ‘t0 be"investigated. b

After the calculations for all relévant pathiways ‘for a given ‘ion, it
is necessary to obtain the final composite parent cross coupling
coefficient by summing over intermediate states o

B(‘;‘;f =. Zpﬁeﬁ(y-ap,o) . _ o E(4.1.5)

~ For “example, ‘the parent cross coupling " coefficient from 2s2p *P 5 25° 'S
" includes " contributions * from ‘recombination from 2s2p 3P towards- 2s%2p P

and 2s2p72 *P. There is no ambiguity ‘over" the final state of ' the “ionisation
and recombination coefficient. 'Ijhesc; are simply

e ff - eff :
S op = S (p->‘Y,'Y ) I E(4.1.6)
a;;;f = ";aef-f(Y*P;P)“ e S

¢ If the . autoionisation contrlbutlons derlved by the bundle-n S populatlon

structure = calculation coefflcwnt were bemg used - as adjustments . to the
composite . ionisation = coefficient, it would -have ,..b@en, -necessary 10 sum over
intermediate -states- so- that

'.Sd-,-p . 2 S" (P—>Y,0) O T EUE . - (R E)

The model is also-used to calculate parent and spin system  resolved

-recombination power coefficients. These were again derived for each parent

and spin system excited ‘state structure. The separate components arising
from - dielectronic stabilisation, cascade and recombination radiation (see
Section - 2.4, Radiative Power . Loss.. Coefficients). were - calculated as
described in Appendix Ad4. For convenience an effective spin system
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resolved. - Bremsstrahlung coefficient was defined so that the . parent/spin
system resolved composite radiated power coefficient is given as .

- Pogpszl) = SSYSWT(¥-p).P (v,21) + 3RC(Y‘>P’21)
o+ P (pzl) + P (opzl). Wem | EaL9)
. where SSYSWT . is .the spin .system weight of :the. »rcoombin;’,d . spin_ system.

As for the effective recombination  coefficients, the radiated . power
coefficients do not need to be summed over. intermediate states.

4.1.2: Numeﬁéal Ev'aluatli(')n‘ of IoniSaﬁbn Coefficients

Consider  again  the definitions of the collisional-radiative

. ionisation coefficient as. given by Summers, and co-workers. This gives the

... ~total - . effective ionisation  loss. . coefficient . from  the metastable .state p

. ...through the excited state structure.as - .

Sef'f = C -ECF -
pp las PP i PP

) Lpp ¥ zj ij i 2:J' ij Fjp T E(4.L10)
where L is the total ionisation loss from the ‘ground state, zj ij i

the total excitation loss from the ground state and C oi 'Fj represents the
proportion of electrons excited to level j which make it back to the
- .ground state.  ‘The térms Cj ,+C_ “and 'FjV

, p Pi Y
- that the ‘above expression converges rapidly.

“all -decrease rapidly with n so
~Summers - (1969) ~undertook: extensive tests - of - various ‘interpolation
schemes ‘and concluded that the evaluation of ‘these ‘expressions was stable
as long as n  was sufficiently | high and a sufficient range of
"' representative ~ n-shells was included ~ in the  calculation.  The
representative set in use here was considered suitable. ‘
However, the parent resolved coefficients derived in the present work

are not so well conditioned. The coefficient can be re-written as-

i

L. o+ fz»jdLoj F

s 3

‘)'|PW' ‘ Lop ©E@.111)

“The - sum in this  expression is weighted to high: n-shells: due to the
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n-scaling of ionisation coefficient. To evaluate this expression reliably,
it is thus essential to evaluate the excitation contributions to the
highest n-shells accurately. This proved to be a problem for the following
reasons. B AR

Consider the populations . of C*(2s* 'S). %n, and for illustrative
purposes the total level set reduced from n=520 to n=30. This enables the
calculation to. be performed with and without condensation interpolations.
The populations, in . b-factor . form, and excitation; contributions  are
tabulated in Table 4.1.3. Case . (1). has nov:_interf)olation whereas (2) and
(3 wuse a representative set of ~levels. The total populations  are
evaluated with good accuracy both with and without interpolation. However
the . excitation contributions decrease with n  and there is considerable
vanatlon m these coeff1c1ents for hlgh n-shells. '
' The influence of this variation on the jonisation coefficients is

o-given in Table "4.1.4, This is a single parent calculation, so the
_:;expressions. S;:)flas -and '%S:eﬁ(‘?ﬁy;o)lpw should - be- -equal. With no
. 7-interpolation, the level set was increased from n=10,20,30 and 40. It can
‘be seen: that the two forms ‘of - ionisation . coefficient. are. equal' and both
‘slowly -converge to a constant value as the level set is. increased. However

when the ;interpolation scheme is. introduced ::for the n '= 30 calculation,

‘the parent resolved: :coefficient -becomes inaccurate. ThlS is - attributed to
_inaccuracies introduced by - the interpolation scheme in the hlghest n-shell

excitation . contribution.. There - is little - improvement  when the

. representative level set was -adjusted to.:include the = highest 6 shells
.. explicitly. For the  calculation . involving :the ; full- :520 n-shell set with
: ‘condensatlon the - coefficient is stil - in error. This presents
~ considerable difficulties. ' It is. essential to include n shells up to ~ 500
to quantify properly colllslonal - radiative influences on recombination. On
- the other hand, it is impractical to invert -matrices -of such size and so
- matrix condensation techniques are indispensable. In an attempt to solve
. this problem, the parent resolved C-R coefficient was, rewritten so that
-~ the ‘sum ~over excited states is better. - conditioned. = After algebraic

manipulation the following expression was considered

SOy, = Ly +ECy - T (c +>: L)E,

op " %5 ip V=0
E(4.1.12)

where the sum of loss vectors excluded the parents for which the
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Excited state structure ~ C2 (25 2§) 'n

o = 1.0x10" em® T =9x10°K

Casei"(l) ' ﬂmax =30, no interpolation
7 Case (2) n ' = 30; 14 representative levels
"“Case (3) ‘n__ =30, 18 representative levels

11,4931 S 142t 1491
4.697° 7590  4.668°  7.585 4.696° 7582
© 16007 6.058 - 1.588°% 6.053 @ 1.599°  6.051
91197° 6498 - 8923%" 6.492  9.100° 6489
15425 6322 53229 6322 . 5395% 6318
13.0727% 4934 0 2473% 49200 3.031° © 4914
1.7317% 3.430 0 1.619% 03413 0 7 1.681°% 3.406
“1.0017% 2,664 - 9.0267 ©2.664- - 94367 2.636
© 60007 2,174 5.0267 21527 .. 53277 2144
24187 1621 1.6857 - 1600 18477 1.591
©7.963% 0 1.280 ' 4.963% 1273 5,517 1.264

2.186% 11100 1.425% 1115 1.528% " 1.105
©1.078% - 1.064 0 7.738°  1.072 0 77367 1.062
- 9,872%: “1,0589 e s s 70877 1,058
“9,170% " 1.056 om0 65857 1.054
86217 1,053 ¢ b A 061917 1051
81897 1.050° - - = S 58827 1,049
7:.8507¢ 1.048 '  6.070%" 1.058 - 5.639° 1.047

O ® I A WD

w‘NlQNl\leN~,H‘HH
SV ® ISR O

Table 4.1.3:  Effects of interpolation on populations. b is the
SahgéBol,tz_nIagﬁ factor ‘for quantum shell n. F_ is the contribution to
bn from excitation from the n=2 ground state.

-132-




_Ex‘cited”.,,stt_x_te structurc , C+2(ZS S) 'n o
- loa0Yen® T - om0 K
= 2" 1s y=s’

o
@ =,
A3 n_ =30, no 1nterpolat10n i}

@ =40, no mterpolatlon

n
(O 520 24 representatlve levels

. 10, no 1nterpolat10n

= 20, no interpolation

BB

' :(6x)' n o= 30 14 representatlve levels
(7) n = 30 18 representatlve levels '

S‘P W Splle
| "'case (1)‘ - 55569 S e 55569
case (2) - 5730° foi 57309
aase @) Usms9% 0 shsgY
case (4) st T s0?
case (5) Uos3330 57890
case © 0 5330° 7 U563
case (7) 5586-9 5763_9

Table 4.1.4: Influence  of intefpolation scheme on “the effective
ionisation  coefficient (Cm?s“l): 1on1sat10n ” coefflclent at  zero

"electron dens1ty 1s 5.29° c{n 5T, 'The value n bold prmt 1s denved from

the or1g1na1 express1on of Burgess and Summers (1976) W1th n ax = 520 and
usmg a representatlve level set In th1s case 1s the best estlmate of
the effective coefficient.
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coefficient is required. This coefficient is now similar in structure to
that of Burgess and Summers (1976). The terms L op and 2 C P give the loss
from the ground term by 1omsatlon and excitation. The term (C + 3

) FJP
elther return to the.. ground state - or ionise - to0_ another parent. Indeed for

Y=o
gives the fraction- of electrons that are ‘excited t0 level j that

a single parent calculatron, ‘this coefficient is identical to that of
Burgess and Summers. This. coefficient proved to be more accurate than the
previous parent resolved coefficient but inaccuracies in the calculated
parent resolved coefficients were stlll obtalned This is due to the
presence of the loss vector in. the summatlon whrch agaln welghts the
summation to higher n-shells. .

However, it is apparent from Table 4 1. 4 that a reasonable estimate
of the colhsronal-radratwe 1omsat10n coeff1clent Ncan be' obtained from a
calculation spanning 30 or 40 n—shells It was thus de01ded to perform two
separate calculations. The . recombmatron coeffrcrent is” obtamed from a
calculation with n ax# 520 ‘and with 24 representatlve levels. This
calculation is- also used for completeness 10 give the total ionisation
rate using the expressron of Summers and co workers. The parent resolved

ionisation. c¢oefficients and the" parent CToss couplrng coefficients are

therefore obtained from a smaller calculatlon with .0 a’(440 and no
interpolation. . Thrs proved to be an. acceptable solution. In all cases the
sum of the. parent resolved ionisation, coefflclents derived. from the 40x40
calculation were wrthm a few percent of the total 1on1satlon coefficient
from the 520x520 calculation in the worst case, and generally w1th1n 0.5%.

4.1.'3; Calculatio‘n‘ v- Methodology '

The methodology of the bundle-n S calculation is summarised in the
flow chart, - Figure 4.1.5. After selection. of a particular ion, ‘a bundle-n
S calculation is performed for each ionisation/recombination pathway. At
the end of the -calculation, the parent cross coupling coefficients are
.summed over intermediate states.

Preferred atomrc data was_ drawn as 1nput from external sources at the -

start of each calculatlon Th1s mcluded (zero densrty) 1on1satron rate
coeffrcrents d1electron1c } recombmatlon k rate coefflclents and
‘aut01onisatlon transrtlon probablhtles Other ‘ mternally calculated data
used in the proccdures are described in detail in Chapter 3
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['Select Ion of Choice - X

S

1 Examme term structure of

X+and X+ 7

‘fiDecrde on No:of pathways ,

.| Work through each pathway . _
vm turn ,

| ‘Set lIldICCS P y

Input zero den51ty exact
atomic data '

| with matrix condensation,

Perform 520 x 520 calculation

Perforru 40 x 40 calculation |
Without condensation

Repeat foreach T, n; pair:

[Repeat for each pathway -

| Sum coefficients over
| intermediate states .

, ;Wnte coefﬁcxents to

Figure 4.1.5;

data sets : _

Flow chart of bundle-n S calculation
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Two calculation procedures are performed for each pathway. Firstly,
the calculation is performed for an extended range of n-shells (n S = 500)
and uses the matrix condensation techmques to obtain the effective
recombination rate coefficient from the original expression of Burgess and
Summers (1976) and “the composne recombmatlon/bremsstrahlung radiated
power ' coefficient. - Secondly, a “smaller calculatlon is performed with n_ =
40 without matrix  condensation. - “Parent: ‘resolved ionisation  and cross
coupling coefficients are derlved from this  calculation using the
expressions E(2.2.34) and E(2.3.35).

Each calculation. was performed for ‘a set of electron temperature and
density values. These were at a- standard set of z-scaled values as follows

T lez 5.0% 1.0°, 2.0°, 503 104 2.0“, 5.04,
K 10 2.0°, 5.0%,1.0% zo

n e/z17

-3
cm

03 1.0°, io 10 10 1012 1015, 1.0

where z1 = z+l. Thls gives ~a‘ total 96 T e/n palrs Use of - z-scaled
temperatures and - densities are convenlent for comparlson of derived
coefficients along 1so-electromc sequences (Bates et al 1963, McWhirter
and Summers 1983). o ' :

It should be noted that the numerlcal calculatlon is quite large. On
the JET IBM 3090 mainframe, a calculation for one pathway, involving 96
T /o pairs, requires about 8 minutes cpu time.

41.4: Tiustration of Results

Parent and 'spin system resolved collisional-radiative ionisation,
recombination . and parent Cross couplmg _coefficients were calculated for
all ions of berylhurn, carbon ~ and: - oxygen.- The general features of
population  structure  and collisional-radiative  coefficients have been
discussed previously by a number of authors ( Burgess ‘and Summers 1976,
Jacobs and Davis 1978). The new coefficients for the parent/metastable
resolved model display the same general features as well as some new
aspects which are unique to a resolved model.
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(a) Ionisation Coefficients _

The ionisation coefficients calculated - with _the excited  state
structures C"1(2s2 'S) *n and C"(2s2p 3P) %n are illustrated in Figure
4.1.6. "The ' density «dependent collisional- . radiative increase in  the
jonisation coefficient is only visible for Seﬁ(lel;I).

Figure 4.1.7 examines the variation with. - density of the collisional
radiative 1omsat10n coefficients denved for the C+1, > C* calculation.
This is plotted ‘at an electron temperature of 4. 0x10 K, which is the
temperature of maxrmum abundance of C' in equ111br1um ionisation balance
(Arnaud and Rothenﬂug 1985). - At electron dens1t1es greater than ~ 10"
cm®, ' the ’direct’ ionisation \coeﬁ'_rcren__ts for a spin system to its
natural . parent . start to increase. 'dire' to ‘stepwl'se ionisation. The
coefficients continue to '‘rise until ' ‘the excited state populations reach
LTE, at which ‘point ‘a constant value is attained. The contributions from
excitation-autoionisation ~show a  different behaviour with electron

Hdensrty As the electron densrty is mcreased the rate of collisional

stablllsatlon becomes greater than that for autoromsatlon and so these

; ' coefficients decrease w1th electron densrty Due to the magmtude of the
';'aut01on1satron transrtlon probabxhtres,k the dens1ty onset for colhs1onal

radiative effects is much hlgher for excited state’ structure mvolvmg
autoionisation from ‘excited states. Autoionisation transition
probabrlltres for the forbidden pathway from the quartet spin system,

S*(252;1) are -much smaller than for the allowed ‘pathway S°(152;1), so

that the . forbrdden contrrbutron starts  to decrease :at a much lower
densrty However ‘the threshold for collrsronal-radratlve effects on the
indirect’ ionisation rate coeffrcrents mvolvmg autoiomsmg pathways is
at an electron density greater than those attained in the JET experiment
(~10"* cm 3) Also illustrated in Flgure‘ 4.1.7 - is the ionisation
coefficient calculated by Summers (1974) with the bundle-n model. This
should be compared with the sum of losses from 2s 2p ’P. The absolute
value . of , the coefficient . .at zero ,densrty ,dlffers substantially and
reflects. the ~difference “in mput data. Summers (1974) used the. ECIP
approximation for f’thev ‘ground; : state ionisation rate whereas the present
work is based upon a separation of experimental data. However the main

‘reason’ for’ plotting - the " coefficient of Summers (1974) was fo compare the

densrty “dependence of - the collrsronal-, ‘radiative coefficient. It can be
seen’ that the bundle n-S model tétains the ‘behaviour ‘of the" original
bundle-n ‘model. The above * examples serve to “illustrate the main features
of the ionisation coefficients calculated by the bundle n-S model.
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‘ Flgure 4.1 7 Behav1our of eﬂ'ectlve 1on1sat10n coeff1c1ents for all
\pathways between C+1 and C? as a functlon of electron dens1ty The
. coefficients are indexed. by Seﬁ(p—w,o), where p. and y are the ground and
. -parent states of the population calculation and o is the final parent
state.
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(b) Recombination and Parent Cross Coupling Coefficients

These /two coefficients are considered together because they are both
driven - by recombination "proce'éses and display ‘similar behaviour. A typical
recombination coefficient for - a g,rvound' state parent is illustrated in
Figure 4.1.8. This is for 0" 2%2p P 5 0% 25%2p*> %P, which was
calculated from the excited state struCturé ‘ ;0*2(2s22p '2P) n. The
influence of = electron density 'vis_ much greater 'than for ionisation
coefficients because ~of the hlgh “n-shell capturcs occurring  in
dielectronic . recombmatlon The initial dccrease in: the coefficient as the
electron dens1ty is' increased is due to thc 1omsat10n of electrons
captured mto hlgh n-shells. As the electron dens1ty is increased, the
populations tend" to LTE and three body rccomblnatlon ‘becomes the dominant
recombmatlon process. As - the three body coefficient is included in the
composite two ‘body coefficient this ultimately causes a linear increase in
the effective coefficient with density.

In contrast, - Figure .4.1.9 1llustratcs the recombination coefficient
from a metastable, parent. This is for, Q> 2s2p® *P. » 0% 25%2p® *P. This
is much smaller because of autoionisation of .electrons. captured above the

. secondary .Auger threshold.. Also, these coefflcwnts .do_not show the usual

strong: . colhs1onal-rad1at1ve dcpendence on . density until a- much- hlgher
value of electron density. This is because the electron dens1ty has to be
sufficiently ~~high * so that collisional - redistribution of the captured
electrons exceeds autoionisation. ‘ _

The parent  cross coupling cocff1c1cnt dué to autoionisation of
recombining electrons  is 111ustrated in Figure 4.1.10. This is for O*

: 2s2p2 ‘P 5 0% 25*2p ?P and arises from recombmatlon from O* 2s2p2 ‘P

towards the fripet and quintet spin systems. ,Thls coefficient increases
with density at the onset of three body fecoiﬁbination into the high
-shells It is mterestmg to compare - the scahng of the total loss rate
from O 2s2p “P. due “to recombination and parent cross coupling
coefficients, These are given 'in Table 4.1. 5. It can be seen that the
recomblnatlpn coeﬂlcmnts do not vary llnea:ly ‘with electron density at
the higheét densities as expected.” In" Somé cases, the coefficient is
increasing = faster than the electron dens1ty, at the same time as the
parent Cross couplmg coeff1c1ent is decreasmg These features are due to
collisional de-exc1tat10n of the rccombmcd clectrons becoming more
efficient than autmomsaﬁon The total loss rate for the O* 2s2p2 p

- state_follows .the . expected lmear behav1our _with electron. dens1ty at the

hlghest valucs of electron density..
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Figure 4.1.9: Total recombination rate coefficient calculated  from
the excited state structure O*%(2s2p> “P) ®n. Annotation as Fig. 4.1.8.
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derlved from . the O+2(282p P) °n and O"2(2s2p2 P) Sn excited state

structures Annotatlon as Flgure 4.1.9.

Electron Density (em®)  2.19(12)  2.19(15)  2.19(18)  2.19(21)

Coefficient (cm’™)

a®(2s2p” *P 5 252p* °P) " 1.09(-12)  3.95(-12) 2;34(-8_)' 4.05(-3)

aeﬁ(2§2p2 P 5 252p° fS) 3.18(-12)  224(-10)  6.90(-6)  7.12(-3)
BT(2s2p” P > 25°2p °P) 3029 692(8)  533(6)  2.24(-4)
Total 3029  694(-8)  146(-5)  114(2)

_ Table 4.1.5: recombination rate coefficients and . parent
coupllng coefficwnts from O* 2s2p . T = 4. 5x103K.
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(c) Recombination Bremsstrahlung Radiated Power Coefficients

Figure 4.1.11 illustrates ~ the composite recombination/ " bremsstrahlung
radiated power coefficients calculated from the O*2 (2s2p 2P) °n and
O"2(2s2p2 “P) ’n population - structures. These coefﬁcmnts have  similar
features to the recombination coefficients. At low electron  density
dielectronic stabilisation and" cascade are the. dominant doxjtributions. As
the electron  density - ipcreases, ‘the  cascade _cc‘)ntrjbutions from
dielectronic recombination decrease as the ex_cited Sfates are ionised
before cascade. However, the contribution from dielectronic - stabilisation
is independent of electron density. As the electron deinsity increases,
cascade following three ‘body recombination dominates the quer loss at low
electron temperature These results are similar in charj_ecter to those
calculated by Summers and McWhirter (1979), b;ut: differ in absolute
magnitude due to the resolution in  final - state and “differences in the

Recom/Brems Power

FUTETY AT U TP B ST |
4t  — #

-30

~Radiated Power Coefficient (W cm®
= “

10 10°  10®° 10
“Electron Temperature (K)

" Figure 4.1.11: Compos1te recombmatlon and’ bremsstrahlung radiated
power coefficients derived from the O+2(2szZp ZP) n and 0*%(2s2p® “P) °n
excited state structures. Annotation as Figure 4.1.%. -
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. dielectronic.. reoombmatlon data. The radiated power function for the

.+, metastable . parent: 0 282p2 P s two_ - orders of ;magnitude - smaller than

. -that « from. the. ground state - parent.. This  is because  the dielectronic

- . -stabilisation contribution and - cascade ,coil_tributjons ~are . reduced by
autoionisation.

4.1.5: - Resolution Within Spin Systems

.-A. manipulation..is required . for .completeness..in. the . case of a parent
«recombining. into a.spin system which has more than one, metastable. Namely,

-,Recombmmg b Recombmed - Recombmed o
Ion Seguen Spm System - Met Indlces )

" B-like - C singlet™ e g3
Clike "¢ doublet o T23e
' N-like  singlet ¢ o 23000

-The recombination " and  radiated power ~ coefficients ‘calciilated” in the

" previous ' subsections ’ glve ‘a recombination - coefficient from - a partlcular

parent ' to a 'particular ' spin system Let ‘this be denoted’ ‘by o (y—>1sys)
The resolved coefficients ~ are tentatlvely obtained by determmmg the
t'proportlons of this total wh1ch cascade to each metastable ‘

o (y > Isys, p) = w(p) af (y > 1sys) T (R R 1))
| p;;fq,j»,;@b oL oo(p) P;;‘_(v - iSY§), L, En

rSlmllarly, ; the 1on1satlon coefflclent calculated 1n the above subsections
is‘_ the sum of dlrect losses from the effect1ve ground s_tate and
1omsat1on/auger losses from exc1ted states A )

S (1sys -ay) S e 8% (1sys £s y) O 4113

RS

.+The -resolved . coeﬂ:‘1c1ents are. agam obtamed by ass1gmng _proportions of
the excited state losses which arise from each initial metastable -.
S';:)f T Syp + o(p) S¥(isys K ) E(4.1.14)

To a first approximation, the factors w(p) are ,prescribed in proportion to
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“‘the “statistical “weights  of the ' initial-* metastables. The -~ more - complete
“solution’ i$* to - use the "results from the " projection/expansion- calculation
“(se¢ Section 4.3) in" which the' metastables and ‘lowest excited levels are
LS resolved from “the ‘beginning. This - will accurately determme cascade
pathways and excitation contrlbutlons

'4.1.6:"  Concluding ‘Remarks

" "The parent resolved” bundle n-S™ model has ‘enabled “parent and spin
system  resolved  effective - ionisation and' recomibination® coéfficients and
recombination and bremsstrahlung radiative power coefficients to be
calculated. The behaviour of the collisional-radiative coefficients with
temperature, densrty ‘and ion charge agree with - general prevxous work
giving- confidence in the consrstency of the ‘new model.

The inclusion of autoionisation .. transition probabilities in the
equations of statistical  balance leads ~to dramatic .changes in the
population ~ structure. The model . copes with these = stably, with
Saha-Boltzmann populations always - being correctly .recovered at high
. electron . density. - Autoionisation. , contribytions . to . the ionisation rate

... coefficients. can be.. resolved., Although these are not. of  high precision due

to: the bundle-n S population: structure for.. the:. lowest few.. n-shells, it is
.. very... revealing .of . the colhsronal-radlatlve -behaviour :of .the new more
complex coefficients. The ,autoionisation . .contribution. - to * - ionisation  does
not exhibit any strong electron density dependence with electron- density
until a value which' “is larger‘?than’ ‘that “of JET experimental conditions.
This justifies the practloc of addmg on’ - autoionisation _contributions as
"a zero density correction to the direct ionisation raté coeffnclent
The recombination rate coefficients from metastable ‘parents  are
"cons1derably less than those from ground state parents Indeed the parent
cross - oouplmg coefficients "‘"‘a:ré of comparable _magnltude to these
coefficients and both must "be  considered together to ‘give “the total
depopulation rate of metastable parents: due to recombination processes.

In a simplistic way, statistical weight factors can be used to
partition recombined metastables within ‘a spin system. This procedure is
not expected: to be very reliable (see however Section 4.3). =
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4.2: THE LOW LEVEL RESOLVED MODEL

4.2.1: Introduction
4.22: Populations and Spectral Emission
423: . Cross-Coupling: - Coefficients and Relaxation - Timescales

42.4: " Concluding Remarks

42.1: Tntroduction

In conirast .to the bundle-n approach for collisional-radiative
modelling, high precision low level populatrons are derlved “by considering
individual transitions between a dosed set of resolved levels

n 1 &S w1th n L snsn

- where n = 1 or 2 (depending on the partlcular isoelectronic+- sequence)

“vand n = 3- 5 (dependmg on the avallabrhty of resolved data in the

present work) The low level group encompasses all relevant parent and

spin systems groups. For example, Figure 4. 2.1 lllustrates -the main levels

“ - included in the O** low level model, which is typical of carbon-like ions.

~The 2s°2p” °P, 25°2p” 'D, 25°2p° 'S and 2s2p’ S metastables, 2s°2p P and
‘ 2s2p2 p parents and 19 normal excited states within n-2 and . n=3 are
present. Terms belonging to the 2p confxguratlon are imcluded but not
‘shown in the figure to avoid confusion. ¢ :

The present work developed the low level populatlon model ' originally
outlined by Gordon et al (1985) and Summers and Wood (1988) The minimum
© data input “.for this model is a defined set sof low levels, including a
distinction “between  metastable “and normal ~excited ‘states, and then all
radiative transition - probabllmes .and collisional rate coefficients for
transitions between these levels. For the present work the original model
was extended by -

- (D) Allowing several parent states in the X!

ion to be specified.
(ii) Including ionisation  from metastables and excited bound levels
- fo specrflc parents. '
(111) Including radlatlve dlelectromc and three body recombination
rate  coefficients from spemflc parents to specrflc metastables

and. excited -states.
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~(@iv) . Including charge exchange reactions ' between specific' parent
ions and neutral hydrogen ‘to specific metastables and excited

states. |
Although the present work does not include a -systematic study of charge
transfer reactions, the model has been''developed to deal with this process
if required  and for - completeness the charge transfer. contributions are
retained in the equations presented in- this section. Some preliminary work
on the influence of charge transfer on - the ‘spectral emission of carbon in

- fusion plasmashas been undertaken by Maggi: (1992) exploiting the models

developed in  this. thesis. - “Another - limitation of:the ‘low level model is
that explicit - autoionisation transition probabilities are | not - included.
Excited states above the lowest ionisation threshold are assumed to

‘autoionise with unit probability.  This is- not a  simplification as these

levels do not contribute to spectral emission.
#+, The . main - quantities . -calculated by " the model are low level

- populations, - - effective - contributions - to~ ‘the - populations, - effective
“emission “coefficients, total = radiated ~line - power  and: collisional-radiative

coefficients. The collisional- -radiative coefficients in this model - depend
only on processes directly involving the low level group. They do not
include the influence of recombination or excitation to higher levels
outside the “low level  set “followed < by cascade or ionisation. The
ionisation and recombination coefficients are therefore, at this point

“intermediate ' and are 'not - examined “in.<this “section but  reserved for

discussion"-in' the context of results: from :the projection model in the

. following’ - 'section.. ‘However, - the -+ metastable cross. coupling coefficients
are * discussed * fully. * Also; the’ relaxation'' times. of ~metastable ~states are

studied :in this sectionand- compared ‘with the ‘relaxation: times  of the

normal excited states ‘and“ionisation timescales.

“The model- can address ‘an arbitrary number of ‘metastables for each

don. Ifonly 'the ground ‘state is  specified -as: being: metastable . then an

equilibrium -balance of all populations is' calculated. With. this - option,
the effective contributions, emission coefficients and radiated power
coefficients are derived in terms of _the ground state population only.

- This is the actual -situation for hydrogcn- like and lithium- like ions,

which have no additional’ metastables.” For the other isoelectronic
sequences, the excited state pbpulations are first solved for effective

V'contrlbutlons due ‘to excitation . and recombmatlon from each “individual

metastable -and - parent metastable as °
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-where  the symbols are: as defined in. Section 2.2, Population Structure and
.- Spectral Emission - Theory. ‘A final - equilibrium balance ~.can then be
completed to give -the  relative - populations of the - ground and metastable
‘states - as ‘determined - by . excitation, - ionisation ' and radiative processes
. within the 16\%/ .level group ' only. The equilibrium - excited - state. populations
. are then again -expressible in:.-terms of the ground  state - population (which

~has p=1) as
CNE = ( Zp F(i,p) n,_ (N;zeq/N;):l) ) N;:l SR E(4.2.2)

where (N;;zeq/ N;:l) _are ‘the *equilibrium. metastable fractional populations.
- Recombination - contributions: can be :included in the: equilibrium. calculation
only. if .the relative abundances of the X' and X' stage populations are

SORNOWRL o e e e e

-'4.2.3: Populations .and Spectral Emission

~-The . equilibrium . populations.. of some. - levels of: 0% are - 'pl'otted in
Figure : 4.2:2.- The: calculation assumes an equilibrium balance of the entire
“level set and expresses  populations in terms of their ratio to- the ground
state - population.” The - behaviour of the populations . can .be understood by
- considering. a ‘simple. excitation/radiative -cascade -model, -in :which it is
assumed that the excited state - is -only populated by :collisional excitation
from -a ground or: metastable state and is-depopulated by radiative cascade
+or - by . collisional - de-excitation... The ratio of: the excited.  state population
- (i) to that-of the ground (p) is given by

NN = e
A n 2 q. +2Z A
g e o oyr 3 Jn

_E(423)

where q‘: . and . »q; < represent  the rate coefficients - for . collisional
excitation from the ground state - and. collisional - de-excitation from i
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* Figure 4.2.2:  Equilibrium populations " for"some metastable (full

”lines)" and normal excitéd states (dashed lmes) of O+2 Expressed in terms
 ‘of the ground state populatlon ' 8 ‘

'irespectrvely, and’ A are spontaneous émission transrtron probablhtres

“In the hmrt “of “low electron density;” ‘the’ collisional * de-excitation

- rate is very small compared to the radlatrve decay rate and the populatlon

can be expressed as

+Z +z e T .
Ni /Np = n ( Yip / 2:j Aji ) I | Ed29
In  this srtuatlon - ati-a given - temperature, - ex'(:ited‘ state populations

increase lmearly wrth the electron density. This is the familiar ’coronal
approximation’. EUT IR

At higher electron densities, the rate of collisional redistribution
amongst excited States may be comparable to that of radiative decay so that
the populations are more complex functions of: electron density and
electron temperature. As the electron density is increased further,
collisional processes eventually dominate and the populations tend to LTE

and are constant with electron density.

The low and high density limits can be seen in Figure 4.2.2. Since
the metastable levels have small tramsition probabilities for radiative
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decay to: the ground, then the metastable populations establish collisional
equilibrium with the ground population at ‘much lew_er densities than the
normal excited states. As a result the groimd and excited metastable
populations - are much larger. than the normal excited  state populations,
until the electron dens1ty is sufflc_l_cnt for ,the: normal = excited states
also to have reached LTE. For electron densities of relevance to tokamak
plasmas (10" - 1014 cm 3) the normal excited states are approaching but
have not yet reached LTE.. _ B
Figure 4.2.3  illustrates the effective éxc:_ita_tion contributions,
F(, 2s22p2 °P), for some normal excited states of O"z. Note that the
electron density dependence has been factorised out of the effective
contributions so that they 'are constant in the low densxty coronal region
and decrease lmearly w1th den81ty in the LTE regron The transition
region marks the departure from . the simple. coronal model. At tokamak
densities the level populatrons of O+2 have started to depart from . coronal
behaviour but are not yet fully ‘mixed. The electron density threshold for
onset, of collisional , redistribution is -a  function-.of _ion -charge. For
comparison, - Flgurc 4 2.4 plots effectlve contrlbutlons to. populatlons of
some excited states of Be'”. In this case, ‘the,_ effective contributions are
influenced by collisional redrstribution and direct jonisation of excited
states at densities appropriate to fusion plasmas. From both these
diagrams -it. can be seen that the separate, LS terms are not statistically
_populated  until eolhs1o_na1 redrstrrbutron has occurred at hrgh electron
s Spectral intensities for radiative transitions - within the = low level
group are synthesised from the effective emission coefficients |

CIGsN) = A AN

= 3 e ff +Z eff +z1
= Epelleen, Np + 2, € (M)n Nv‘

+ EY 8:3(7\.,7) o, N . pazs)

Y
- where: Sl sre ‘ LTV e g
‘,-az”f‘:()\,,p) = Aji FG,p) .0 . . E@426)
€2 (AY) = ARG S BE2T)
L) = ACELY -« 0 Ee2
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result from excitation, electron recombination . and charge transfer
respectively. If the ion and electron depsities densities are expressed in
umts of ‘cm?, then the spectral mtens1ty is glven in units of (photons
s' cm 3) ;

The effective emission coefficients for C+1 (2s2p zD 2822[) %P) at
133.50m and O (2s2p® 'P - 25°2p* 'S) 4t 59.7 nm’ are illustrated in
Figures 4.2.5 . and, 4.2.6. These illustrate the metastable . resolved emission
coefficients and the ’equilibrium coefficient’ in which the resolved
coefflclents *are combmed using the - equilibfium’ metastable fractions.
These  afe plotted as a - function of ~-electron 'temperature. For the
boron-like ion, the 2s2p? “P metastable can excite the 2s2p” ’D state very
efficiently. This is because of the relatively 'sinall ~energy difference
between these states as compared to the excitation energy from the ground
state. In equlhbnum it can be seen that there are substantial
contributions due to excitation from both ground and metastable states.
For the carbon-like ion, there are similar excitation energies from all
rgthe,aggmegastables,-;to';‘the‘\,'2s2pv3, P state.- In- these circumstances, the spin
changing contribution is:; smaller so “that the 2s%2p®-'S: and 2s%2p* 'D
states are most efficient at exciting the 2s2p3 D state. Again it can be
seen thag in. equilibrium there -are excitation contributions from more than
one metastable. The recombination contributions for C" are also plotted
in Figure 4.2.5. These appear small but note that they do need to be
corrected - to  include h‘igherm cascade - contributions- and “that the relative
importance of excnatlon and recombmatlon contrlbutlons depend on the
relative abundances of the ionisation stages.

The total fédiafed line power from all low level transitions is
derived by - multiplying the effective emission - coefficients by the
transition. enefgy "~ and by summing -over all. radiative transitions (see
Appendix‘ 4 . for details). Both equilibrium ' and metastable resolved
coefficients are derived in the present work. These. are related by

+z +z
PL(z) o Zp PL(p,z) (Np- eq/ Np=1) o E(4.2..9)
where P (p,z) are the metastable resolved coefficients, (N eq/ N;z) are
the . equilibrium . metastable/ground . population fractlons and. P (z) is the

’equilibrium  coefficient’ - which . assumes - that  the. __metas;able qupv_ulatlons
are in quasi- static equilibrium with the ground state population. Figure
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42,7 illustrates the resolved line power coefficients for C™. The
different ' behaviour of the ground and metastable coefficients requires
explanatlon For ground state ions, an excitation - is required before the
ion can radiate. The  low temperature threshold of : : the coefficient is thus
determined by excitation thresholds. - -For metastable‘ .ions, the coefficients
are composed ‘of a sum ‘of -excitation . contributions and the radiative decay
of the metastable itself. When ‘the ‘excitation rate coeﬁrcrents tend to
zero, the coeﬁ'rcrent ‘still: tends: to a lrmltmg value of

(P (2s2p “P)) = (bhc/h) A(2s2p P - 2822p zP)/n E(4.2.10)

From Figure 4 2. 7 it can be seen - ‘that the metastable contrrbutron to the
radiated -line power is potentlally substantlal dependmg on the relative
populatlols of the ground and metastable states.

The equlllbrrum and resolved line - power coefﬂclents for C? are
illustrated in Figure 4.2.8 ‘along with ‘the fractional population of the
2s2p . 3p - metastable. . The ‘metastable fraction ‘reaches a first de-excited
limit (not full: LTE . but - due .tocollisional . transfer , to ~the  singlet side)
“at an electron density .of :~: 10" cm’s,:ala_té which -the -ground - and- metastable
populations are approximately equal. At low electron densities the
equilibrium  coefficient is almost ‘equal to that : of the ground state
coefficient, as the - metastable ‘population is too low for excitations from
it to be important. However, as the metastable populatlon increases, the
equlhbrlum coefficient increases by about a factor of two as excrtatlon
from the metastable becomes s1gn1f1cant At densrtres in: excess of 10'°
cm™ all the low level populatlons reach LTE and the coeffrcrent decreases
linearly ‘with electron dens1ty (cf. the excrtatlon contrlbutrons)

The equlhbnum vline power coefficients for all: ions “of beryllium are
illustrated  in Figure 4.2.9. The dlﬁerent excrtatlon thresholds of the
n=2 and n-1 shells can. clearly be seen. For comparlson, the recombination/
bremsstrahlung power coeﬂ‘lclents which = were derived . by the bundle-n S
model are also plotted Above the excrtatlon threshold for a particular
ion the 11ne power contrlbutlon 1s domlnant |
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4.2.4: Metastable Cross Coupling Coefficients

Metastable populations are coupled - by transitiohs,; within the low
level ‘group. These are the more familiar couplings as “distinct from the
parent cross couphngs described in Section 4. 1, (The Bundle-n S Model)
which occur through an initial - ‘tecombination event. The effective rate of
transfer is, determined by the metastable cross cauplmg coefficient which
contains not only the direct processes between metastable levels but all
the indirect couplmgs via “excited ‘ states of the low level group. These
coefficwnts are ' the relevant ones for determining. the timescales for
excitation - and de-excitation of the dynamlc (metastable) populations. The
excitation and de-excitation ' cross couplmg- coefficients for O are
illustrated in Figures 4.2.10(a) and (b) respectively. The ion has four
“metastables - 2s%2p® 3P, 25%2p* 'D, 2s%2p® !S; and 252p® S - and was
chosen  for illustration - because ‘it gives the : opportunity -to .compare the
relaxation times of ‘metastables - in-. different - spin - systems with the

relaxation times of metastables within a spin system. For comparative .
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(b) de-exc1tat10n cross couplmg coefﬁcnents
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purposes, some rate coefficients for excitation of normal excited states
are included in Figure 4.2.10(a). and the rate coefficient for ground state
jonisation is included in both diagrams.

It can be seen that there is no great dlfference between the rates of
excitation of normal excited states -and - that of excitation of the
metastable. states.  Except for the transition between the singlet and
quintet spin systems, the rate coefficients are all -within' an order of
magnitude. As expected, the spin. forbidden coefficients decrease with
temperature more quickly than the allowed transitions. At the temperature
of maximum abundance of O*? in equrhbnum ionisation balance (T
6x10* K), the excitation coeffrcrents are all much greater than the
ionisation = coefficient for- the ground state. ion. This 1mp11es that many
excitations: will' occur within an 1on1satron time for O Similarly the
de-exc1tatron coefficients - are greater than the ionisation coefficient.
However, the ionisation coefficient increases with temperature whereas the
cross coupling coefficients. - decrease ~with temperature. At temperatures
appropriate to edge plasma ~ conditions - on JET, the cross coupling
coefficients are comparable with. 1on1sat10n coefficients.

The ' effective  timescales for excitation and de-excrtatlon between the
dynamic (metastable) populatrons are given by '

eff(p—>8) = 1/(n qe g - E(4.2.11)

Similarly, - the - effective timescale for relaxation of normal excited states
directly is given by :

< - r o v
(1—)8) /(A +n 9. ) E(4.2.12)

and the ienisation time for the ground state is

T = 1/ 'n’e'S Yy \ E(4.2.13)
»‘In Flgure 4‘2 11 the de-exmtatlon tlmescales between ~-the- dynamic
populations are. plotted in comparlson with the ionisation timescale and
the d_e-exc1tat10n trmescales of a few normal excited states. The
de-excitation tlmescales reﬂect _ the effectlve - timescales  for  the
populations to relax 1o the1r equrhbrrum values Th1s is plotted for an
electron - temperature of 2, 9x10 - K which is relevant to conditions
experienced by ions in the edge reglon of JET. Th1s dragram provides clear
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“the “ionisation’ time ‘for ‘ground state ions. Indxces as Flgure 4 2. 10

illustration ‘of ‘the dlfferent tlmescales for ground metastable and normal

- excited* -states.

At low clectron density, the relaxation timescales’ ‘of ‘ both the
metastables and normal excited states are constant. This is because
de-excitation by radiative decay is the dominant process. The decays of
the normal excited states are orders of magmtude shorter than those of
the - metastables. As the 'electron density  increases,  collisional
de-exc1tatxon of “the metastable populatlons becomes effective and the

““timescalés’ decrease ' " linearly - with " electron” ‘density. ‘The ionisation
~'timescale * is comparable ‘with ‘the relaxation timéscales of ‘the metastable

states, ‘and both are much greater than the relaxatlon tlmescales of the
normal excited states. T S ’
‘ Figures 4.2.10 and 4.2.11 suggest that in relatlvely low temperature

“plasmas metastables ‘populations will ' reach equ111br1um well within the
" jonisation ' time of the" ion. ' In relatlvely “high temperature | plasmas
"however, metastable populations will not have reached equilibrium and will
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evolve with ground state populations (temperatures are considered relative
to the temperature of maximum abundance of the ion). .

Metastable populations can also’ de-excite via recombination to
autoionisixi’g levels  followed vby an parent changing ‘Auger transition. Rate
coefficients for - this ‘["")t»ocess the parent cross coupling coefficient, were
evaluated with the bundle-n S model. In Figure 4.1. 12 the metastable and

parent - cross coupling coefflclents for C+1(2s2p2 4P > 2822p P) and

C*(2s2p 3P 5 28° 2P) are compared. At an electron density of 1. 0x10"
cm?, the' parent cross coupling coefficients have contributions from three
body recombmat;en (see Section 4.1.5 for overall ‘behaviour of the
coefficients). At low temperatures, parent Cross- 'ooupling - appears to be a
substantial ~ process for depopulating excited - metastables. It is thus
necessary to consider both ,p'roeesses' ‘when, determining relative metastable
populations. i

To hlghhght the lmportanoe of 1nd1rect processes, the metastable
cross coupling coefficient for a low-z helium like ion is illustrated in
Fig. 4.2.13. For such ions, the direct coupling between the 1s* 'S ground

... state and 1s2§_;_ss _metastable is ‘very inefficient. For. C™ it is found that

. the excitation .cross -coupling from 182 1S to. 1s2s 7S ‘is ~dominated by
excitation from 1s% s - 1s2p. 3P and then radiative decay.  This accounts
for about 50% of the coefficient. Note that the 1s2p °P state has
branching ratios of 0.97 and 0.03 for radiative decay to 1s2s °S and 1s®
's respectively.  The effective de-excitation coefficient between ° triplet
_to_ singlet states is. almost entirely due to excitation from 1s2s °S - 1s2p
*P followed by radiative decay to 1s®> 'S, which accounts for about 80% of
‘the coefficient.

425 Concluding Remarks \

The . low level model enables detalled evaluat1on of low level
populatlons and . relaxation = timescales. At tokamak densities, the excited

- .state populations of the low charge states are no longer in coronal

equ1hbr1um and are influenced by . colllsmnal red1str1but1on and . direct
ionisation from excited states. The couplmg between spin systems can be

. evaluated by including spin. changing transitions in the model.. In general,

~ level populat1ons [may be dependent on excitation from more than one
N lmetastable level | (melt‘l_dlgg,‘ spin _ehaggmg excitation). . Similarly,
metastable resolved radiated  power ,cpef_fieielil{;s‘ indicate that excitation
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from metastable states can be a considerable contribution to radiated line
power.

Metastable cross' coupling coefficients and - relaxation times of
metastable states were examined in detail using O as an example.
Metastable - states are ‘populated ~on similar timescales to normal excited
states  but relaxation timescales are much slower. In high temperature
plasmas, metastable to _metastable relaxatlon tlmes are = comparable with
those for ionisation. Metastable -states " in - the same spm system  (i.e.
2522p2 'D and 25°2p® 'S) relax on similar timescales. to each other. At low
electron tempctétures the parent cross coupling ; coéfficients can be
comparablé to the metastable cross coupling cpeffiéi_cnts and it is
necessary - to comsider both processes to- evaluate. the effective rate
coefficient: for the metastable. The importance -of ‘" indirect processes on
the metastable cross couplmg coefficient was - illustrated using C* as an
cxample ; . i
Fmally, it is stressed that only a portlon of thc derived data has
been illustrated. This has served to “highlight the operation of the model
_and the behav1our and main features of the data. Emissivity coefficients,
'lme power ooefflclents and. cross couplmg coefflments have been derived
for all ions of berylhum, carbon and oxygen.
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43: THE PROJECTION/EXPANSION CALCULATION

‘ 4:3.1: ' Introduchon ‘

L 432 - Calculation Methodology and Bxpanslon of - Indirect Conplmgs
- 433: Iustration of Results

()] Effective Contributions -and Emission ' Coefficients ™
®) Ionisation - Coefficients
(© " Recombination . Coefficients '
(@ “Radiated Line' Power Coefficients
() Metastable Cross Coiipling - Coefficients
® Patent Cross Coupling Coefficients
43.4: Concluding - Remarks

4.3.1: ;Introduction

ThlS calculation develops a refmement to both the bundle-n S and low
level resolved calculations. It mvolves the pr01ect10n “of bundle-n S
matrices for the high level populations onto the low . level set of LS
couplings. The level set for this calculation is. then LS resolved terms up
to a maximum quantum shell of typically n =34 or 5 and bundle-n S
quantum shells from n_ +1 to n-500 The necessity for this calculation
stems from the deflclencws of the two previous models,, ‘namely the over

simplification of low levels in the bundle-n S model and the limited level

set of the low level model, lacking connection® through ‘ higher levels for

" low level studies. These are hlghhghted in Fig. 43.1 for Be':

The bundle-n S model bundles level and terms into principal quantum

~ shells and extends to a maximum of n_= 500 for recombination
.+ coefficients . and . n_ . =40 for  jonisation = coefficients. The bundling
~approximation is good for for hydrogen- and helium-like jons and for
- highly excited states of more complex ions but is poor at describing the

low level structure of ions with more than 3 electrons. Fig. 4.3.1
illustrates this for a lithium-like ion, which is the simplest such
system. The main deficiency of the bundle-n S model is 1ts inability to

?imclude the An—O excitation ﬁom 2s-2p.. As a result, the ex01tat10n from

complex ions in thelr ground state is not properly modelled . For example

compare the large energy difference between n=2 and n=3 and the smaller

energy differences between 2s-2p and 2p-3s, 2p-3p, 2p-3d etc. For other
isoelectronic sequences with more complex low level structures (i.e. Be-,
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;- C~,+N= and O-like) the - limitations of the bundle-n S model in this
respect ‘are even ‘more pronounced : SRS :
The low: level set for Be*':for which hlgh quahty -atomic 'data exists

 comprises the 9 LS resolved terms with :2<ns4. The low level  calculation
- neglects -levels - with ‘n>4.. As can clearly be .seen in Fig. 4.3.1,  the n=5
" levels ‘are very: close: to''n=4, yet in.the low: level model there will be no

correction for :stepwise excitation to levels with n>4. . ; : : .
© In this - section  of - the ' thesis, the  projection/expansion - calculation

~is: described - in‘-detail. #“Then a: comparison is made: between - the .populations

and - collisional-radiative: coefficients calculated by this: model .and- those

““calculated by the separate bundle:n S-and low level models. = i - .

o 4,32 Caleulation Methodology and Expansion of Indirect Couplings

" The projection “model is based . upon. the algebra ~for - projection

‘described in-‘Appendix - A2.3. - It. entails : preparation of condensations - of the
= bundle-n-S collisional- : radiative ~matrices onto -a- low - set .of n-shells but

with direct coupling between the Jow levels excluded. - The: indirect

- matrices for each’ bundle-n S  pathway are. then. statistically - expanded over

the LS: terms -associated with:the particular parent and spin system

V(a) Calculation Steps
The calculation proceeds[;s-il;ii several steps:”

(a.1) The projected indirect bundle-n S matrices are derived in the
main bundle-n S calculation. - At 'this- stage .it is- assumed that :the targeted

~ low level set extends to a maximum quantum shell of nmax=5;( The indirect

matrices are stored in a formatted data set for subsequent use. They are
denoted by CMW,S), r(.S)," L'(.S) and B c’);d(y,S) ‘where y and S

- index the parent and spin system of the recombined state, o indexes

alternative  parents populated by autoionisation, and LJ index the
bundle-n S quantum shells of - the low level ‘group - and :-are  respectively the
collisional- radiative coupling part, the recombination part, the loss
vector ‘part and the indirect parent cross coupling part. :

(@.2) - Then a resolved low level population calculation is executed and
in the course ‘of this it is - possible to: expand - the .projected -indirect

matrices over: the - low: level: couplings: and add them ‘onto the low level

-165-




“matrices. -To" facilitate this, an . expansion ‘data ' file: is" defined - which
specifies the. statistical weight factors - required  to-.expand the - bundle-n S
matrices - and - identifies the LS  resolved terms: -with. which they are
- associated. At this stage; it ‘'may -be necessary 1o condense - the: indirect
projected bundle-n S matrices “further to . match . the ‘actual ‘maximum n-shell
<of a particular low level data"set. The condénsation. routine  was' tested by
condensing the projected matrices -onto -the lowest . quantum - shell. The
" collisional - radiative. - coefficients . of = the'- original - bundle-n S calculation

.- are - correctly:-recovered: in all rcases. If the low.:level data set does not -

contain :recombination -or: ionisation - data - then: it .is. -also  possible to
statistically expand such more approximate data from the bundle-n -S model.
The bundle-n S indirect projected ~matrices are expanded over the low
level LS resolved collisional radiative matrix using statistical weight
“.factors  only.: The- implicit- assumption :in ‘this is “that ‘the populations of
" the separate 1 subshells within each bundle-n S shell “are statistically

.. populated. - This - is reasonable at moderate. -and. high densities because
- “wcollisional -~ mixing - of the: high n-shell. group is -large. ‘However, this

assumption * ‘does - introduce -an _error - at: low . electron-. densities. This is

.+ examined in Section 4.3.3.

~If - the “L.S: -resolved- levels are’: mdexed by l,J,k ., and it is:. assumed
that level i~ forms:. part :of the level .group -for:.the n-shell indexed by I,
the data can be expanded using the relationships

C, = Cf + Zgol®S s

jj , ij
B(4.3.1)
o s oS) P S)
| er oo+ ZS mj(y,S) I “.S) o
S CLaTE e Do . B@432)
: _dir I 1nd |
Loj" = rng ER Y s @ (y,S) Ag, ( ,S)
SRR ‘ E@433)
- The derivation ‘of the expansion factors is discussed ‘in section (b). =
(@3) - The low level calculation ‘is:.completed in- the resolved coupling

scheme. This involves high quality ~data for all' direct couplings and
“.optionally, - high - :quality  -ionisation - ~and . recombination . data.
Collisional-radiative - ionisation,  recombination - ‘and.. metastable.. cross
coupling  coefficients - and - effective -emission- - coefficients are calculated
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as before. The effective parent cross coupling coefficients "are : calculated
following Appendix A2.3. These parameters now include the influence of the
high n shells.

(b) Expansion Factors : o . -

The expansion factors are determined by assigning statistical welghts
to describe the -parentage, spin system, and normalised n-shell weight of
each LS resolved level. The key to the expansion is to assoéiate LS terms
with particular parent/spin © system pathways. For = example, consider a
hydrogen-like ion. In this case the low level group spans n=1-5 and all
the levels are associated with one parent/spin system calculation (i.e.
X** 'S parent ‘recombining into, X"®*V. °L).. The relative. ‘weight of each

- term within a particular quantum shell is determined by statistical weight

factors. These are denoted by o(Ly,S) and are calculated by summing the
statistical weights, (ZS+1)(2L+1) of all ' the resolved levels: within the
n-shell group and then mnormalising the individual -weights: with the sum.
For example, 3s 2S, 3p %P and 3d D contribute to the statistical weight
of the n=3 doublet shell with w(Ly,S) = 0111, 0.333. and 0.555
respectively. - TR :

For complex ions, the situation is more complicated. Table 4.3.1
illustrates the expansion details for a boron-like ‘recombined - ion - in which
the low ‘level set spans':n = 2,3. Firsﬂy, .:the . levels ' within the LS
resolved group are distinguished by recombined spin system and then
associated with a particular parent/spin system group. Some levels may be

associated with more than one parent. For example, doublet states in boron

like ions can be associated with either the 2s® 'S or 2s2p P parents. A
’fractional parentage’, ws(y) is assigned to each recombined spin system
which is based entirely on the spin system weight of the parents. That is,
the doublet states are associated with 2s° 'S and 2s2p P with o ) =

0.25 and 0.75 respectively. For quartet  states there is no ambiguity and
all are associated with the triplet parent with (¥) = 1.00. States of
the form 2s2p® L were associated with the both the 2s® 'S and 2s2p °p
parents even though their structure suggests that they should properly be
associated only with the population structures of 2s2p 'P and 2s2p ’p
parents. ‘This decision was made because- excitations of the form 2s°2p %P -
2s2p2 L - 26°31 %L are strong and form a major part of the excitation
pathways for the (2s° 'S) nl L ‘population structure. Similarly, radiative
transitions from 25?31 L - 2s2p° L - 2s22p P are strong and so these
levels will be populated by cascade. Next, the relative weight of each

-167-




‘Boron Sequence

Number of parents: 2
Number of resolved n-shells: 2
Total number of resolved levels: 16
" Information on Parent No.: - = 1 C2
Term: 0 e o @as) - - (3P)
- Spin: Sy 1 3
‘No. of recombined spin systems: 1« 2.

Informationon" Recombined Spin Systems for Parent:No. 1: -

- ‘Spin' system: - .. SRR, SRS
Lowest-n-shell R S 2

- No. of resolved n-shells: -~ c 2
‘Fractional ‘Parentage - - co 025

" Information on Recombined Spin Systems for Parent No. 2:

Spin system: 2 ; 4
Lowest n-shell - SR L2 SRR T 1
No. of resolved n-shells:- N A 2

- Fractional Parentage 0.75: 1.00

Table 4.3.1(a): Expansion parameters for Boron-like ions.
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_ Boron Sequence (continued)

‘Term

o]
5
%
»

R I N T N T T BT

-
= O

M e
T )

25%2p P
2s%2p %P
2s2p® ‘p
2s2p° D
2s2p® D
2s2p® %S
2s2p® %8
2s2p® %p
2s2p® ?p

25%3s %S
2s%3p P

2p3 g

© 2s2p3s P

—
%)

f—
-y

- 2s2p3d ‘P

Information on LS Resolved Terms: -

- n-shell normalised weights

2s%3s 28

28%3p P

- 2%3d D

“2s2p3p ‘D

- 2s2p3p ‘s
“2s2p3p ‘P
2s2p3d “F
2s2p3d D

Spin = Parent - Shell
2 1 2

TR A R AR BRRANNANDNDNNNDNNRDNNAN

R NN NNNRONRNER,RDRRONNDRSNDR NN

N W W W W WWW W WWWWNNNNRNDND N

n=2
0.25
0.25
0.786
0.45
0.45
- 0.05
0.05
0.25
0.25

n=3

" Table 43.1(b):  Expansion parameters for Boron:like ions. -
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level within a parent/spin system shell is determined as before. For
example, within the n=2 shell of the doublet system, -the terms _2_322p %p,
2s2p” D, 2s2p® %P and 2s2p® S contribute to the statistical wéight.

The expansion factors are then defined by.

oS = o). odyS) E(434)
‘ for I =17

w;_(y,S) e ms(y) ; Lt E(4.3.5)
’ for I =]

(Df(Y,S) o= wi(i,Y,S) | L E(43.)

w?(Y,S) o= oY) A E(43.7)

which can be derived from the parameters in Table 4.3.1.. .

43.3: Tlustration of Results

- A selection of results are presented to demonstrate ‘_«,_the operation and
main features of .the projection calculation. Since the bundle-n S model is
a reasonable representation of H-like ions, extepsive testing ..of the
procedures ‘were undertaken on C¥. No significant *differences were found
between the bundle-n S and projection calculations. The -application of the
model ‘to non-hydrogenic systems was extensively: tested on Be*, a lithium
like ion. This ion was chosen for several reasons. Firstly, the low level
atomic: structure .is simple enough for the influences -of the projection
calculation to be examined in detail. This- is the simplest example of two
or more terms being present in the ground principal quantum shell.. Also,
the influence of the An=0 2s-2p excitation on the collisional-radiative
jonisation  coefficient can  be explored. Secondly, it was possible to
extend the low level set to a maximum of n=8. The atomic data for the
extended.. low. :level set. was- calculated. in. the Born: approximation using

Cowan’s code. An illustration of the accuracy of these collision -strengths -

was given in Chapter 3. This extension enabled a more in-depth check of
the = influence of stepwise excitation. Finally, Be*! is of special . interest
to JET where spectral lines from n=4-3 transitions are r‘outincly observed.
Illustrations are given from these test cases and from other more complex
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ions. , , .

Unless otherwise stated, all illustrations referring to ’low level
calculations’ have used the standard low level set for each ion. These are
as detailed in Appendix A3.

(a) Effective Contributions and Emission Coefficients

The standard low level set for Be™ combrises the lowest 9 LS terms
with n ax=4 (see Figure 4.3.1). The populations .of these levels were
calculated using the ‘low level model and the prbjectiOn model.
Additionally, the low level set was extended to n = 6, 7 and 8 with 14,
20 and 26 and 32 LS terms respectwely The orbitals 7i, 8 and 8 were

- not  included. Wlth the extended level sets ‘the populatlons were evaluated

in the pure low level model only. "The effective excitation contributions
for the 1s 4p %P and 15°3d *D. populations are illustrated in Figures 4.3.2
and 4.3.3. It can be seen that the inclusion of the high levels
significantly alters the - populations of these: levels. For 4p %P, there is
a sign'ificant cascade contribution .(~50%) at low electron densities. This
is due to 28 °P » ns ,?S‘ excitations which cascade entirely to np levels.

/At high - .electron . densities, = stepwise excitation is = effective at

depopulating  both 3d 2D and 4p %P so. that  the low level model

' significantly - overestimates the populatlons In both - cases, the projection
_calculation is a reasonable but not exact’ match with the 32 term low level

calculation with n _y '=' 8. _The assumptlon in the projection calculation
that the bundle-n S shells are statistically populated results in a slight
underestimate of the cascade contnbutlons for 4p P and an overestimate
for 3d *D. At high electron densities, the projection ‘model appears to
underestimate  the depopulation due to stepwise excitation. "

Figures 4.3.4 ‘and 4.3.5 illustrate the behaviour of the 1s’np 2P
populations of Be"' as a function of density and temperature. The 2p ’p
level is only slightly mﬂuenced by the ‘projection calculation whereas 3p
and 4p ‘have s1gn1flcant cascade and stepwise excitation -corrections at low
and hlgh density . respectively. The projection calculatlon describes well
the cascade contributions to 3p and 4p over the entire temperature range.

The effective - excitation contributions  for the 1s22s3p 'p population
of Be' and C* and the 1s*3p 2P population of Be* are illustrated in
Figure 4.3.6. It can be seen that the projection calculation introduces

low dens1ty cascade correctlons for all these ions. At an electron density

of 10 cm , the. correctlons are 6% for Be , 10% for Be+1 and 25% for
c*? It should be ‘noted that the low level data sets for these 1ons extend
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1078

Be*! p=1s?2s 28
T<2.05)K

Effective excitation contribution (cm®)

\g term -
14term.;{
\' 20 term
oL Low Ievel ) )\ 26 term
S Pro;ecuon “ ‘32term
10‘,20 . ’ N TR | i} 17 ™ E— L.
“ Log (n,(cm®))

Figure 4.3.2: Effective ~excitation -contributions for Be™ 1s’4p °P

“as a function of electron density. Derived by the ‘low level 1‘h16del ‘the low

level model with thc cxtcnded level set and the pro;ectlon modcl

10"®

Be p—1s22s 2S
F(3d 2D p) o

1id"'7

T,=2.0(5)K

Low level
(i) 9 term, n =4
(i) 32 term, N, =8

1018

iR AL ll'll‘l.‘.

-—=——— Projection .

;o;‘?

Effective excitation contribution {cm?)

" I‘llllq

TF2.0(4)K

Log (nyfem®)

Flgure 4.3.3:  Effective excitation contributions for Be*' 1s?3d D

as a function of- clectron dcnsﬂy Derived by the low level modcl thc low
level model with the extended level set and the pro_]cctlon ‘model.
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10-16
- " (i)
Can) 10.17:' (i) -
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pus n
2 L
-'é 108 ’ k
€ = Be*' p=1s"2s 8
o o ne=1.0(8)cm™
L F :
£ 1ML
] 3
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Electron temperature (K)
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... Figure 4.3.4: - Effective - excitation - contributions : for Be™ lsznp ’p
¢ -as a.function of electron temperature. Derived by the. low level model, the
low level model with-the extended level set and the projection ‘model. -

10™
L F2p?P,p) " R
o B e Lowlevel -
16" —— Projection

Fop®Pp)

Efféctive é)‘(citation«‘c:on'fribu’tion4;(‘cmf";)“

10';7? -
r F(4p *P. p)
10" o
£ Be! p=1 s’2s s s
[ T=2.0(4)K o E
T ) S S W ST W | U
L8 10 . 12 14 16 18 20 }

: \ o teglgemy

- Figure 4.3.5:  Effective excitation  contributions = for Be*! 1s2np %p

. as :a_,fun_ctio,n, -of - electron. -density.- Derived by ‘the low level model- and the
projection model. L
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g 107
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W ; _‘vr.,zr;'." SR PR g
; L T4/z1°=5.0(4)K :
R P ! ; ]
7 9 11 13 15 17 19 21
Fig. 4.3.6: = Effective ' excitation - contributions * for' “several 3p

“terms “in' Li-" and Be-like': ions -as ‘a function of ion charge -and ‘electron
density. Derived by the low level model and the projection model. =

up to n__ = 4, 4 and 3 respectively. This contributes to the large cascade
correction to C*2. The 1mportance of the stepwrse excitation losses at
high electron density depends on ion  charge. ‘The populatrons of Be* d
Be*! are influenced at densities representative _of fusion" plasmas (10
10" ‘cm'3) At an electron density of 10" cm® the population of Be*
2s2p 'P calculated by the low level model is approxmately twice that
- obtained by the pro;ectlon ‘model. However, C+2 1s not influenced Dby
stepwrse 1omsat10n losses unt11 densities whlch are greater than those
attained in fusion devices. ‘

Figures 4.3, 7. and 4.3.8 illustrate e’ffective' emission ~ coefficients
for several spectral lines of C" whrch are of interest at JET. The
prOJectlon calculatron causes only a shght change in the excitation
contributions to' C II 657 9nm Somewhat forturtously, the low level and
pro;ectron models are in “almost  exact agreement at 10 cm™ (c.f. Be*
157 3p %P in’ Figure 436) There isa = 15% correction - for' cascade for
- densities ‘less than 10" cm® ‘and a' correction for.: stepwise ‘jonisation at

~clectron  densities  greater than 10" cm®.  The upper level  of this
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transition is 2s°3p P in the n=3 shell. There is no direct excitation
from the metastable level so the contribution from 2s2p2 “Pis very small.
At an electron density of 101 cm? » electrons captured into high bundle-n
levels are almost all re-ionised 50 ‘that the effective  recombination
contributions’ ‘from the 2s° 'S parent calculated by the projection model
are very similar to those calculated by ‘the low ievel model only. The
recombination contributions = from 2s2p P result on~13; from recombination
into n=2 -and 3 and so there is no difference n the low level and
projection calculations. o

- The recombination contributions from 25 'S for C-II 90.4nm are
examined  in more -detail in Figure 4.3.8. D1e1cctro.mc‘ recombination
preferentially = populates  high n-shells  so that - the- recombination
contrlbutlon calculated by 1ncludmg the direct captures in~ the low level
model by themselves is a large underesnmate at low  densities. The
projection- ‘cal'culat_ion corrects  the _low level contribution  for  this
cascade influence.

-(b) Ionisation Coefficients 3 .

In  Figure . 4.3.9 the 111s1onal-» _radiative. _ionisatio‘n‘ coefficients
for C** » C* calculated by the bundle-n S model, the low level model and
the projection model are illustrated. They are plotted as a function of
electron density to examine. the ~collisional-radiative density dependence.
The graph has kh'.b‘een_';’ extended to ‘the LTE limit for the ionisation
coefficient to show the full behaviour of the coefficient -although it is
stressed that the concept of ’an efectiVe , rate coefficient is not too
meaningful in these circumstances. The low level model does not exhibit
any density dependence 1n the coefficient until a falrly ~high electron
density. This is because of . the - neglect . of stepw1se ‘ exc1tat10n and
ionisation through n>5. When the indirect couplings  are pro_]ected onto the
low level model, the density dependence is nearly the same as in the
bundle-n S calculatlon The shght dlfferences are due to differences in
Such sensmwty has - been noted by Burgess and Summers (1976) and
Ljepojevic et al (1985). - o - :

| Figure =~ 4.3.10  shows . the  density dependence of the
collisional-radiative ionisation coefficient for Be" 2s %P » Be” 1 'S
as calculated :by the bundle-n S, the low level and the prOJectlon models.
...To test the sensitivity of the . bundle-n S. model  to the energy of the
ground state shell, for this case the coeff1c1ent was calculated using

-176-

MF_"_\M




—~ .,

—

e,

—

10°¢ : ——
F 8*(C* 1s%5C™ 'S)
L

10 To1870K

“Rate coeffic‘"ien"(;_‘(cm“s"):,,

1o
T 18(6)K ST ~Bundle-nS
‘ ————Lowlevel -
- BRsieen Pro;echon
10 12 , . , , 7 l. P ‘_
10 .12 14 16 . 18 20 . 4
Log (ne(cm.a))

Figure 4.3.9: Electron density dependence of
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effective quantum numbers for the both ‘the ground state which is 2s 7S,
and 2p P states respectively.  The collisional-radiative behav1our is seen
to be. very sensitive to this choice. For the low level calculation, the 9
and 32 term sets were used “with n <-4 and 8 respectively. As for c*,
the low level calculations do not exhibit any density dependence until a
higher electron density. At low electron 'den'sities,' the projection
calculation is in good agreement with the density dependence of the
bundle-n S model with the 2s ground state. In the LTE limit however,
stepwise excitation through 2p becomes important and ‘the bundle-n S
calculation with the 2p grdund state is a better csthate of the high
density behaviour. This is a c-dnsidcrable overestimate at low density. The
projection solution shows the correct “behaviour at ‘all densities. The
extended low level calculation with 32 terms and n . = 8 compares very
well with the pl’O_]CCthIl calculation at low dens1tlcs as well as in the
high densxty the LTE limit. - - :

Figure 4.3.11 illuStrates 'the ~ ionisation ~coefficients from the the
25%2p® 'D and 2s%2p” 'S states in 0" to 0** 2s%2p *P. The bundle-n S

1';0'”‘

5 —
E Bundle-n S ../ J—
——=—~Projecti A4
N Ffro_‘jectlon / /
"o 1072 S™(0"2s2p*'L-0" 25%2p%F) _///
§ b Tias4k
€ -
2
L T
&=
Q =N
O
® qa1
[+ -
R -
[ 2s%2p®'S
10-14 1 .l . ) “’,l . 1
T 6 8 10 12 16 18 20

-Log (ne(cm )

Figure 4.3.11: Electron density dependence of the "collisional-
radiative ionisation coefficient. for the carbon- like ion O*2.
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model could not resolve between : these coefficients because the recombined
metastables are  both _ within  the  same ~ spin  system.  The
collisional-radiative contribution to the effective ionisation
coeffrcrents was split up using stat1st1ca1 weight factors. It was assumed
that 0.17 of the stepwise exc1tat10n losses was due to excitation from
2s%2p® s and 0.83 was due to 2s *2p° 'D. The low level model explicitly
includes the excitation pathways within n=2 and 3 and so allows a more
precise estimate of the excitation contributions and the ionisation
coefficients. Tt can be seen that the bundle-n 'S model again
underestimates  the dens1ty dependence of the coefficients. Further, the
stepwise excitation losses from 2s 2p2 'S and 2s 2p D ~as calculated by
the pro_]ectlon model ' are of comparable magmtude At an electron density
of 10" cm?, the zero dens1ty ionisation rate coeff1c1ents are enhanced
by 45% and 25% respectively. e

(c) " Recombination Coefficients
. The collisional-radiative’ - recombination coefficient for C*»> C* is

, -plotted in Fig 4.3.12.. As for the. ionisation coefficients, (this graph is

extended = the - LTE = limit to display.  the full . behaviour of the
coeﬁ1c1ents The low level model underestimates both the total
recombmatlon coeff1c1ent at low density and also the densxty dependence
of the coefficient. However the projection model and the bundle-n S model

~are in almost exact agreement. Again, the differences are attributed to

differences in the low level atomic data. :

; Figure 4.3.13 shows : the collisional- radiative recombination rate
coefficient for Be? 1s> 1S » Be'' 2s S ‘as calculated by each of the
models. As for C*° 5 C* the ‘low . level - ‘model underestlmates the rate
coefficient and does not match the cotrect behavrour of the coefficient
with density. The. pTOJCCtlon calculatlon recovers the densrty dependence
of the bundle-n S model almost exactly

The recombination coefficients from O*> 2s 2p 2P to. the 2s 2p2 'D and
2s22p 'S states in O are 1llustrated in Flgures 4.3.14(a) and
4,3.14(b). The differences at 10w temperatures are due to improved
calculatrons of radiative recombination rate coefficients for the resolved
low levels. “Again the bundle-n S model could not dlStlIlgUlSh between these
metastables because they. are‘ in the s,ame spin system. It was assumed that
0.83 of the recombined electrons caseaded to 25°2p” 'D and 0.17 to 2s°2p°

o S From  the illustrations it can be seen that this _approximation is not
N qu1te exact. At s worth descrlbmg in ;detail the resolution of the
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recombination coefficient by the projection calculation. At an electron
temperature of 9.0x 10* K and electron density of 2.2x10° cm?, the . summed
'dlrect recombination coefficient into the resolved low levels is 3. 2x10™
cm’s™ The projection calculatlon calculates Vthat the total indirect
recombination into the singlet system . from the 2522p ’p parent is
7.2x10™"% cm’s?, with 4;3 x 10" cm’s? cascading directly to n=2 and
2.9x10™  cm’s? cascading directly into n=3. The n=2 contribution is
statistidally expanded over the 2s°2p” 'D, 2s%2p> 'S, 2s2p® 'D and 252p’
P terms and the, " n=3 contribution is Statistiéally eXpandcd over the
2s 2p3s P, 2s 2p3p P 28 2p3p 1S 2s 2p3d P, 2s 2p3d 'D and 2822p3d F
terms. The direct and indirect recombination contributions cascade to the
metastables through  the resolved levels to glve the metastable resolved
coefficients. The strategy of statlstlcal expansmn over the LS terms is
defended by the closeness of the.. orlgmal statistical split up of the
bundle-n S coefficient. '

(d) Radiated Line Power Coefficients

In the projection model, the radiated line power is calculated by
considering the populations of the low level group only. No allowance is
made for excitation and -cascade with -the '~high bundle-n S shells. This is
reasonable because the line power loss is dominated by An=1 excitations
for H-like and He-like ions and for An=0 transitions for more complex ions
(see McWhirter and Summers 1979) Excitation to higher shells falls off as

. The line power coefﬁcnent calculated by the low level model only and
by the projection model can- show slight differences at low electron
densities. This is due to~ the cascade correctlons to the low level
populations. The dlffercnce is no more than 10% and generally less than
5%. '

(é) Metastable Cross Coupling Coefficients

The metastable cross oouplmg coefficients are not significantly
affected by the pl‘O]GCthll calculation. This is becausc these coefficients
arise “from f{ransitions directly between the ground ‘and metastable levels
or from excitation from . ground and: metastable levels to normal excited
states followed by cascade. At low electron density, no change was found
in any of the calculated cross ooupllng coefficients. At high density, the
pro_lectlon calculatlon depopulates the no;;pal excued states due to
stepwise excitation -and this tends = to décrease the cross coupling
coefficients slightly (<10%) | ‘
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(D Parent Cross Coupling Coefficients

The low level model does not consider autoionising levels and so the
parent cross coupling coefficients derived by the projection model consist
entirely of the projectéd influence of the high n-shells. These
cocfficients differ from those calculated by the bundle-n S model by at

most a few percent.

43.4: Concluding Remarks

The results illustrated in this section show that merging the high
level bundle-n S and low “level LS resolved populatioh structures via the
projection/expansion calculation leads to a more complete and accurate
calculation of atomic populations and collisional-radiative coefficients.

At low eclectron densities, the projection calculation introduces a
cascade correction to" ithe ‘low ~ leveél ' populations, especially to terms
within the n=3 and 4 principal quantum shells. At high electron densities,
the projection model corrects the low level populations for stepwise
excitation losses. The n=3 and 4 populations are again most sensitive. The
necessity of using the full projection/expansion calculation to derive low

level populations is dependent on ion charge and electron density. From

the work presented in this section, it can be concluded that the full
calculation is necessary for neutral atoms and for resolved terms within
the n=3 and 4 shell of singly charged ions. For higher charged ions, the
projection model does not significantly change the populations until
densities higher than those attained in fusion plasmas, so that the low
level model by itself is an adequate representation of the excited state
populations. , '

The projection calculation appears to be essential in deriving
accurate  collisional-radiative  ionisation and recombination coefficients.
The ionisation coefficients are particularly sensitive to the - precise
structure and energy levels in the ground ‘quantum shell. The bundle-n-S
recombination coefficients are corrected by using more refined radiative
recombination data for the LS resolved terms. The projection calculation
is able to distinguish between metastables within ‘a spin system to give
full parent and metastable resolved coefficients.
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* 51: INTRODUCTION

5.1.1: " Discussion on Population Models ‘and Derived Data ‘

5.1.2: . . Reconstruction of Ionisation" Balance and' Spectral’ Emission"
@ F.qlullbrmm and Tzansxent Tonisation . Balance Models
(b) Spectral Emission ‘and Radiated Power =

5.1.1: Discussion on Pop_ulation Models and Derived Data

In the preceding chapter, detailed population models have been
developed which enable collisional-radiative coefficients and effective

~-emission coefficients to-. be :derived. +From the illustrated: results, two

pomts are  clear. Flrstly, metastable populatlons havc a considerable
influence on the behaviour and radiation from hght 1ons At electron
densities appropnate to fusion plasmas metastable populatlons can be
oomparable with ground state - populations. Speciral mtcnsmes and
radiated power line coefficients are dependent on exc1tat10n from more
than one‘ populated metastable (mcludlng spm changmg excntatlon) in
general. The relaxation timescales of metastable states 1nd1cate that in
relati‘}ély hlgh temperature plasmas, ground and metastablc statcs will
evolve on comparable timescales. Secondly, the best cstlmates of the
collisional radiative coefficients and emission’ coefflcwnts are obtalncd
by using the projection calculatlon to merge calculatlons mvolvmg
resolved low levels with bundled hlgh levels. “The results kfr}om this
composite model will thus be used exclusively in all future work |

The low level and projection ‘'models can descrlbe both metastable
populations in quasi-static equilibrium with the ground state or uncoupled
ground and metastable populations. It is thus possible to examine two

~ integrated - usages in: this <section. The metastable resolved - data usage will

be referred ~to: as. the: ’resolved - model’. - Init,:.‘ground ' and - metastable

- populations: -are fully' distinguished by . resolved - coefficients:. The other

usage in' which quasi-static equilibrium : ‘metastable fractions - are’ forced is
referred to as the ’unresolved -model’. This- data corresponds - to a "stage to
stage ionisation balance picture with no resolution of initial or final
state. Table 5.1.1 summarises the wvarious classes of data which are
derived by the three pbpulation models of Chapter 4 and then associated in
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the two usages. 7

In this section of the -thesis, integrated ionisation state and
radiation models are constructed. The present work will be assessed by
comparing the results of the unresolved model with the current
astrophysical benchmark ionisation balance calculations of Arnaud and
Rothenflug (1985) and- radlated power.calculations- of Bonnin et al (1992).
The influence of metastable populatlons on equlllbnum ionisation balance,

Class. of Data - Levels of Resolution : - Types of Calculation
. ;’,Effectlve Recombmatlon | _' U,R N ” B.NS, LL’PJ
"‘Coefflclent o P et e Mo Bl
H Effectlve Ionlsatlon - e ek ﬁ,R' o BNS:; LL,pJ
Coefflment S e o T
; Effectlve Metastablc o R - ) ”LL,: Pl -
" Cross’ Couphng Coeff B R Cn e
| ‘Effectlve Parent , o R ‘ o | | 'BNS, PJ
Cross Couplmg Cocff S TS ,.
,t -Effectlvc Reoom/Brems , | U,R .A | | ; BNS : o
~ Power Coeff1c1ent ‘ o < R : B
(.Eﬁectlve Llne Power , U,R o ‘LL, PJ
‘Coefﬁcwnt ' ‘ S w ~
~Photon Em1ss1v1ty ~ UR - LL, P
‘Coefflclents ‘ a S i

¢ Table 5.1.1:.- Classes .of data. derived:: from - the = three . population
--models. - The - ’resolution’. column - denotes: whether the data . is relevant to an
(w)nresolved:: ground. state only model: or ‘ to a- metastable/parent - (r)esolved

- model.. BNS '~ bundle-n S calculation, ‘LL - low  level ‘resolved -calculation,

- PJ .- projection of bundle-n. § indirect. couplings onto low level group: -
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time dependent iomisation and overall spectral emission will be
investigated by comparing the results of the unresolved and resolved
models. To summarise, the precise features of these two models are as
follows R S

unresolved: metastables and. normal excited states: in quasi-static
equlllbnum with- ground states. Low level populatlons and radlated powers
calculated from low level collisional - radiative matrix whlch includes
exc1tat10ns from metastable states, excned state 1on1satlon collisional
redlstnbuuon between excited :'states and projection of high level
couplings.  Effective 1on1sat10n and recombination - rate, coefficients are
evaluated  in terms of ground state populatlons These are summed over
final states. Recombination from ground state parents _only. '

resolved: metastable populations fully distinguished by resolved
collisional  radiative: coefficients, emission coefficients and radiated
power coefficients. Recombination from ground and metastable parents.

It can be seen that even the unresolved model in fact considers
metastables with quite a high degree of sophikstieatiOn." Examples of
emissivity = coefficients and radiated’ kpbwer coefficients calculated by
assuming equlhbrlum metastable populations have already. been illustrated
in Sectlon 4.2. Figure 5.1.1 _illustrates the resolved and unresolved
ionisation rate coefficients from C? a a {function_:'_ of electron
temﬁerature and density. The unresolved ionisation rate coefficient is a
weighted sum of the metastable resOlVed" ionisation rate coefficients

f Se&(q+2) = z ( Seff(p) (N+Zeq/ N+Z } E(S.l.l)

where N2 ot is the ground state populatlon N eq/ N”) are the
equilibrium fractlonal populatlons of the metastables relatlve to the
ground state population and: Seff(p) are the ef_fectlve jonisation rate
coefficients for each metastable p. At temperatures appropriate to the
temperature of maximum’ abundance of C+2 (T = 4.5x10°K), the metastable
population is .large and .causes a ,=§1gn1f1cant -increase: in.-the total loss

rate from C** For. comparison, the calculations of Amaud and Rothenflug

only consider “ionisation -and recombination from ground state ions with no
corrections for metastable or excited state ionisation.
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Figure 5.1.1: Resolved and unresolved effective ionisation rate
coefficients for C* » C™ ‘as a function of electron density. Also plotted
is the metastable/ground population - fraction of C* in' quasi- static

equilibrium.
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In equilibrium ionisation balance, there should not be too much

* difference between the resolved ‘and unresolved models The metastable
populatlons derived from the resolved model should be similar to those

derived by the equilibrium  low level populatlon calculation. The main

- difference” between the models ‘will 'be ‘in - transient " ionisation  environments
" when metastables - are not in equlllbnum ratios with * ‘ground state
-~ 'populations. ‘ - ‘ B

"It is convenient in this section to investigate  the influence of
fiéld ‘enhanced dielectronic - recombination on *the effective * recombination
coefficient. This is a reappraisal of the recent’ wotk of Reisenfeld (1992)
and Reisenfeld et al (1992) which used recombmatlon rate  coefficients
which were serious overestimates.’ Co S
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5.1.2: Recdnstru_ction of anisation Balance and Spgcrtral,,EmiS‘Sion

(a) Ionisation Balance Models ISR - .
‘ , LTo, establish .the. _state .of ionigatio,n, of a  plasma (that is, the
distribution. . of dynaniic population densities) far from LTE .it is necessary
to consider all the individual ‘processes between the dynamic - populations,
. and all processes . influencing ionisation and recombination. The complete
~solution should 'inec,ludre ion transport mechanisms = such as diffusion and
convectibn as is given by the srqlu;jont of .

YN+ A TOH = s,
/At Ng" + didx TN NG _
for P = 1m(z) and z = 1,20 E(5.1.2)

the one dimensional continuity equation. m(z) is the number of metastables
in stage X" In the unresolved model, m(z) = 1 for all z. T represents
the flux of particles due to transport and S represents the source terms
due to atomic processes. In tokamak plasmas transport can have a dominant
influence (see Peacock 1984 and references therein), but as the details
depend strongly on particular geometries and initial conditions it is
difficult to incorporate transport in a general overview. Thus attention
in this section is confined to the cases of equilibrium ionisation balance
and the time dependent ionisation of ions in a homogeneous plasma,
representing extremes of the dynamic plasma.

Equilibrium ionisation balance is applicable to plasmas of long
steady duration in which there is time for the state of ionisation to
settle to a constant value. Such conditions are seldom found in laboratory
plasmas but are widely assumed for astrophysical plasmas. Calculations of
equilibrium ionisation balance have been performed for most cosmologically
abundant elements. The current benchmark is the work of Arnaud and
Rothenflug (1985).

For laboratory plasmas, atomic processes are  insufficiently rapid for
the plasma to establish equilibrium in its own lifetime. McWhirter (1981)
estimates that the time required for a plasma to reach its steady state of
ionisation is

_ 12 -
T, = 10 ne(cm 3) sec ‘ E(5.13)
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For JET, with typical electron densities of the order 10 10" cm?
T~ 001 - 1 sec which is comparable with global confinement times. -
Peacock (1985) states that in order for there to be ionisation
equilibrium, the effective confinement time in the local temperature
region must exceed the ionmisation time. In tokamak edge plasmas, strong
transport mechanisms and ~ steep "'tempefétu‘re ‘and density - gradients imply
that “equilibrium 1omsatlon balance cannot be taken for granted -and indeed
is seldom attained. In ~central regions’ of . the plasma, - where the
temperature and dens1ty gradients are flatter and transport mechanisms are
less influential, steady - state conditions can, ‘nearly be attalned following

~the initial transient diffusion of ions from* the wall. In such regions,

temperatures are high (several KeV) so that only heavy 1mpur1t1es remain
partially ionised (e.g. Ni, CI). The light impurities are ionised easily
in the‘edge plasma and their partially strlpped specxes are never domlnant
in ach1ev1ng equilibrium -ionisation balance. ' '

“To illustrate ‘the - nature of the' edge plasma ~environment * and to
indicate the magnitude of the atomic timescales, the time dependent
ionisation model is adopted. This treats a homogeneous plasma of constant

temperature and density into which a smiall sample of impurity is

introduced. The temporal evolution of 1omsatlon stages is followed until
the system reaches equilibrium. AR ‘

Exploration “of these two ‘models ‘will thus énable ‘a companson to be
made between the present ~work and” previous ‘calculations of ionisation
balance and will also enable the influence of metastable »populatlons to be
explored in ionisation equlhbrlum and in an ionising environment which is

- similar to that . expenenced in tokamak edge plasmas. .The composmon of

the source term in equation E(5.1.2) is dependent on whether an unresolved
or metastable resolved model is adopted. For the unresolved model, only
ground state populations - are considered. The populatxons of adjacent
charge states - are .-coupled by ‘effective ionisation and recombination
processes . only. With 1o transport contrlbutlons E(S 1.2) reduces to a set
of equations of the form
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d/dt N+z= - SeffN - effN
/:z,p_ e T “pp e

Seff N+(z 1) ‘+ efﬂf‘N+zl .
' “yv Ny

for 0. =1, Y=1 and-.z = l,z0 . E(5.1.3)
where. S is the total ionisation rate coefficient from X;)z and o, is the
~ total - recombination rate . coefficient. from X

. balance with d/dt N;’ = 0 for all z, this gives

. In equilibrium jionisation

L= — for z =0, . zo-l . Cone e E(5.1.4)

. where S and o. are ,ioniséftiog ~and recombination coefficients for ions of
initial charge +z and +zl1 respectively.. In ‘the models it is assumed that
-the number density - of element X, N(X), remains. constant. The fractional

. - abundances

FA(X’“) = N(X”)/N(X) ‘. L B a ‘\,F<.5~1-5)

of cach 1on1sat10n stage can thus be derlvcd,, . S ‘

In the metastable resolved model, .it is.. necessary to consider the
metastable . and parent  cross. . coupling . cgefflclents . 80 _that the time
dependent equations are | |

CQANT = 38, N* . 5 e N
RN =3 8N B

j 3 S N+(zl) N+z1v'7‘
“"+1=prt v vpvv

+Z +Z

*:2 e=p Ype -Ns N eaep Gep Np

+ ze>p ﬂpta Ng ) :28<p Bsp?va ‘
for € = 1m@) and z = O, .. z0

Y
T

1,m(z1)

1,m(z-1) : E(5.1.6)

-192-




where y and T represent the' metastable states of stages N**' and NV
respectively, and p and € ‘represent- the - metastable " states of N™, SY 0 and
a oY are metastable | resolved ionisation and recombination coefficients, and
g, and § I the metastable and parent cross coupling coefficients.

~Both sets” of equations, E(5.1.3) and- 'E(5.1.6) can be written in

matrix form as
d/dtN = sN | o
or in terms of fractional abundances s

dMtFA = SFA . T msig

“which for constant S ‘i$ ‘an ‘eigenvalue  equation. If' the total . number of
-~ dynamic populations is equal to NP 'then there are’ NP eigenvalues, A, and

eigenvectors, “U. The temporal evolution = of ‘the  fractional abundances is

~expressed as

FA® = = C exp(d, 1) U , E(5.09)

‘where the constants Ci are derived from boundary conditions at t=0. That

is,
FA(=0) = + =N cy

=0 i-~i

E(5.1.10)

where FA(t=0) has been chosen to represent the initial state of ionisation
at time, ‘t=0. ‘The ‘equilibrium solution" of ‘the system corresponds to the
solution with the eigenvalue, )»eq = 0 so that

0
0
C

FAeq(t) o Yeq ,. E‘S.l.ll)
A computational solution to the above set of equations was obtained using
eigenvalue subroutines from the Numerical Algorithm Group (NAG) Libraries.
Equilibrium - and transient ionisation = balance  can be calculated for
arbitrary species at arbitrary values of temperature and density. For the
unresolved ‘model, the equilibrium fractional abundances obtained by

E(5.1.4) and by the eigenvalue/eigenvector solution agree exactly.
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(b) Spectral Intensities and Radiated Power : o
Spectral intensities - are reconstructed from the. fractlonal abundances

Qi) = (z o e"“(hp) FA(X”)+ Z,n, s"ff(x,v) FA(X"‘)) N(X)

-1
photons s cm B(5.1.12)

The theoretical combination of effective . cmlss1v1ty coefficient  with
ionisation = balance fractional abundanoc and elemental abundance is a
.. quantity often used in “solar coronal studies: (Lang. et al- 1990). It is the
so called ’G(Te)’ function which is used to connect line of sight
...integrated spectral . intensities  to . differential emission. measure .through
an integral relation. A- modified function  is  more .useful in the  present
-» work. where the . assumption of solar elemental abundances. is not made and
electron density is incorporated in the definition. . Then, - spectral
intensities are expressible in terms of ion densities as

I)NK) = T Ghp) + >:Y: Gy photons s fon”"

.. The total radiated power is givenr,‘ by summing over. line; and. recombination/
bremsstrahlung contributions as B

‘o P /NX) = Zi;,f_;Ep:,FA(XS?) n ( P (pz) + thPm(pat,z) ) |

W's jon E(5.1.14)

where T indexes the metastables of stége XD,
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5.2: EQUILIBRIUM IONISATION BALANCE AND RADIATED POWER

f L

5.21: Comparison Of Unresolved Model With Previous Work
5.22: Resolved ' Model -
5.23: 'Inﬂuenw .of Field Enhanced Drelectromc Recombmauon

5.2.1: Compaﬁson of _;tlnresr)lved Evrxvnodelwitl_;l previous work

We cons1der frrst the 1on1satron balance calculatlons of Arnaud and
Rothenﬂug (1985) These authors presented a cntlcal review of unresolved
ionisation "and! recombmatlon coeffrcrents and computed equilibrium

ionisation balance for the elements of - H, He C, N, O :Ne, Na, Mg, Al, Si,

S, Ar, Ca and Fe in the limit of zero électron density. The main
difference between * these 'caléulations” and the unresolved calculations of
the present work are (i) the inclusion of density effects in the present

‘work, " (ii)- the :choice of - fundamental : atomic - data.” Point (i)’ presents no
rdifficulty “since ‘a comparison - can: be: made ‘at’ low electron - density where

collisional radiative -éffects ‘i are’ negligible, matching- -their assumption.
Point (ii) is a matter of ‘debate. The ionisation cross sections used in
the present work are based on the same data as Arnaud and Rothenflug. The
present  high temperature dielectronic - recombmatlon data however is
different, and indeed should “be ‘a 'ﬂsigmfrcant improvement.. Also, Arnaud
and Rothenflug include low temperature dielectronic ‘reccmbmanon rate
coefficient ad]ustments in  their o 'calculation. ‘This :[:' will  influence
ionisation balance below ~ 5eV. . o R '

~ Figure 5.2. 1 ‘shows a comparrson between the present work and Arnaud
and Rothenflug (1985) for the equilibrium - jonisation balance of carbon.
The present work was calculated at an. electron density of : 10 cm™ so that
collisional ~radiative effects are small. In general.. there is good
agreement * between - the two calculatlons The largest’ differences are in the
abundances of the C*' and''C*?" stages “The 1on1sat10n and recombination
rate - coefficients . between these ' stages ~ were - examined to. :determine the

_reason for - this . difference. 'This is illustrated. .in - Fig. 5.2.2. For

comparison, . the -low ‘' temperature - dielectronic ' rate - coefficients of
Nussbaumer and Storey (1983) were added ‘onto ‘the present work. It can be
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secen that the ionisation rate coefficients are in exact agreement and that
there is a difference in the recombination rate coefficients which it not
entirely due to the low temperature dielectronic recombination. The high
temperature dielectronic - recombination‘ .data of "Arnaud and Rothenflug is
from the calculations of Jacobs (1977) The more recent work of Badnell
(1990) used in the present work should be a better estimate. The crossing
point of 1on1sat10n and recomb1nat1on rate coefflcrents determines the
point at which the C" and. c? fractional abundances are equal. The
difference in the recomblnatron rate coefflcrents thus causes - this
temperature to shift from 3.6eV to 4 OeV whlch explarns the differences in
ionisation balance For oxygen equrhbnum ionisation - ‘balance at n =
1.0x10* cm® the comparison between Arnaud and Rothenﬂug and the present
work is also very good; Small dlfferences were again traced to differences
in the recombination rate coeffrcrents ;

To illustrate the _influence of electron dens1ty on ionisation balance
(a situation not addressed by Arnaud and Rothenflug), Figures 5.2.3 and
5.2.4 plot equlllbrlum ionisation balance for carbon and oxygen as a
function of electron:: temperature: -and :density. ‘The carbon::.data is plotted
at 10* and 10 cm> which corresponds’. to. . - effectively. - zero electron
density .-and - a - density - relevant to fusion plasmas. . The oxygen data is
plotted at 10* and 108 cm® to compare results at densities - relevant to
the solar corona. It can be seen that there are constderable changes in
the fractional abundances of the low 1on1sat10n stages especially for the
lithium like ions C* and - ©*°. These changes are due to the density
dependence of  the . ionisation. and recOmbi_nation .coefficients. The
ionisation rate - coefficients tend to increase with \jelectron density
whereas the recombmatlon rate coefflclents decrease ~ Both " these effects
shlft fractional abundances to: Iower temperatures Test calculatrons were
performed in - which elther the zero densrty jonisation - or recombination
rate coeff1c1ents were used -i place of the dens1ty dependent
coefficients. The dens1ty sensltlvrty of ~both  the ~ ionisation and
recombination - rate coeff1c1ents contrlbute to the changes in Figures 5.2.3
and 5.2.4. ‘ o B o

Figure 5.2.5 plots radlated power in equllrbrlum ionisation balance
for beryllium, carbon ‘and oxygen The results of the present work are
compared with the recent . calculations, of ; B‘qnnrn et al (1992). It can be
seen . that there are slight differences in -the . two calculations. Bonnin et
al - published details of the calculated  line  power . coefficients for each
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ion, and the total. power in equilibrium ionisation balance. The line- power
coefficients for each ion were compared and found to be in'good agreement,
. with; the . exception of “C*), for which the coefficient . derived : in the

present work - is ~ twice that of Bonnin: et al. This' large coefficient is

. due to excitation . from the -2s2p: 3P metastable which: is - highly “populated at

=-10" cm® It is ‘not. possible . to -compare: -directly  with Bonnin et al
because they do not publish details of the calculated - metastable
fractions. Similarly, .these  authors: do-'not - publish ..any numeérical details

~.of ‘ionisation “balance, although :a description - of ‘the’ method used is given
- in:-the " text. . Their density . dependent - tecombination rate coefficients for
© fonisation- balance calculations. : were : obtained by scaling the zero- density
- dielectronic. . rate - coefficients - of = Badnell (1989) ‘with: the: - hydrogenic

scaling factor of .Roszman (1989). They do:.not use 'a ~density - dependant
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adjustment  for . the  collisional- - radiative . -ionisation .rate coefficients.
- This . .results = in - inaccurate density ~ dependent ionisation  balance
-calculations. - The differences - in- Fig. 5.3.5 can thus be  attributed to
: »change's in. ionisation balance. . The full- density ‘dependent  ionisation
balance ‘in the present work  shifts the peak of radiated power to lower
temperature . (for . C) ‘and - enhances the radiation from the lithium- like stage
 (for O). . - L P ' Ll e 5

- .Figure 5.2.6 :plots: equilibrium" ionisation . balance and radiated = power

- for Beryllium with. and without the presence of neutral/hydrogen. It.can be

-seen ‘that even a:- modest .amount of  hydrogen 'f(nﬁ/ne' = 0.001 “with n =
»1.0x10™ cm?®) ‘has a considerable « effect  on ijonisation - balance. +:Charge
transfer -reactions - enhance the fractional ‘abundances of the ‘low ionisation
- stages. leading to an increase in the total radiated power. - '

1.0 ~— NS a_;_;:’J_G_saAss/
?{>Be+4
7/ \\\
107 \ = 410"
| 8 10-2 —10—12
-8 10 - ~
| | §
'cgg 10—3 _10—13 E
T 10 i &
@ = - )
“ | =
‘ 5
10-5 _;10—15 &U
10_6 —-10—16
1000

Electron temperature (eV)

- Figure 5.2.6: - Equilibrium ionisation ‘balance and radiated power for
beryllium. n = 1.0x10" cm™. S B T R S
: nH/ne = 0.0 CERSE S nﬂjne = 0.001
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5.2.2: Rosolved Model

Metastable resolved equlllbrlum ionisation balance and radiated power
calculations for beryll1um carbon and oxygen are 111ustrated in Figures
5.2.7, 5.2.8 and ' 5.2.9. - ; 1

‘Beryllium - ionisation balance is plotted at electron densmes of 10*
and 10" cm™ It can be seen that the electron dens1ty sensitivity of the
ionisation and 'recombination coefficients has a cons1derab1e influence on

the fractional abundances. . The Be 2s2p. p metastable populatlon is

significant even at electron densmes as low as 1045 cm?, Indeed,
excitations from the metastable dommate radlated power from Be'® at high
electron densities. Even though the Be 1s2s S metastable is not as
highly populated‘ (the ‘metastable fraction is "~ . 2.0x10* at 200eV),
excitations from this metastable stlll contrlbute substantially to the
radiated power from Be'? This reflects the greater efficiency of the An=0
1s2s ’S > 1s2s ¥ excitatlon compared to the An=1 1s® 'S 1s2p 'p
excitation from the ground state. =

For carbon the 2s2p 3P metastable is agam highly populated. The

. other metastables have fraction populatlons‘ of <10% of that of the

corresponding ground state. Considering the radiated pbw‘er contributions,
c* 2s2p P and C* 1s2s 3. both contribute as much to the radiated power
as the C* and C* ground states. C"1 2s2p 4P contrlbutes ~50% of that
of the C*! ground state.

Oxygen is plotted at an electron dens1ty of 10° cm which is
appropriate to the solar corona. At this low dens1ty, the metastable
populations o:f“O+3 O"j" and O* have not yet reached their collisionally
depopulated values and have fractlonal _populations of ~0 001% of that of
the correspondmg ground state- populations. The -contributions to radiated
power from the B- like and Be-like metastables are not as important in low
density plasmas. The radiated power ‘from the 0™ 152s S metastable is the

‘. ,_dommant contnbutlon from the He-hke -and - H-like. stages. This is more
. important , than in hlgh dens1ty ‘plasmas because the 1s2s s ‘population is

depleted by ionisation at h1gh density. (cf, Figure 5.2.7, ‘with, carbon at
n 10)(1013 cma') Cons1der1ng the 0+2 and O+1 stages, the 2’ 2p2 'D and

2s 2p D metastable _ populations _are _the largest with fractional
_ populatlons of ~30- 50% .of that of their_ respectlve ground states. The
radiated  power contrlbutlons from these stages is dommantly from the

ground state ions, even at h1gh electron density.
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Figures 5.2.10 and . 52.11 examine in- . detail - the. metastable

populations of Be®, 0%, 0", 0% 0%, 0" and 0%, _The populations are

plotted _ relative to -the , ground - .state . populations.  From Figure. 5.2.10 it
can be Seen that. ionisation .and recombination - process. contribute: to the

| metastable population of Be* as well as. collisional processes', within the
. low leyel group. At low . electron temperatures, the metastable fraction in

equilibrium jonisation balence s .almost identical to “that obtained in low
level ~quasi-static equilibrium. - At high electron "ftcmperafures,, ionisation
from the metastable becomes important . and significantly depletes the
pepulation _given by the low level model. . Withqu; ionisation, purely
collisional = processes are establishing = the V,me_tasta_"ble population. In

.. equilibrium . _jonisation . balance, . recombination  processes . -counteract  the

depopulatlon due to 1omsat10n and maintain .a relatively high" metastable

10

‘low level equil.
without ionisation

NN
@
4+
o

=

S RN

- 1_
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5 ] : AN
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Figure 52.10: Metastable/ ground populatlon fractions ‘of Be®
calculated in  quasi- . static. low . -level .. equilibrium (w1th and without
ionisation) and in equilibrium ionisation balance, ‘
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~fraction. It should ' be stressed that this - is not 'a LTE balance of
* processes. . ‘The = active recombination processes " at . 10%  em®  are
dielectronic and ‘radiative recombination.  True 'Saha-Boltzmann populations
“will' only " be “achieved’ in “high density ~‘plasmas when three body
freéo‘mbina’tibn ' Balénce‘S‘ the direct ioﬁiSation '1os'ses‘ The metastable
‘balance. * At 1014 “the” miost” important metastables are’ O+1 2522p3 'D,
- 0" 2s%2p* D, 0% 2s2p2 *P and O™ 2s2p %P, R

" In ‘Figure 75.2.12," spectral intensities = of ‘two = spectral ‘lines of
“icarbon - are synthesised “'in" equlhbnum ionisation *“balance.” For C I
1133i5nm; - ~ 70% of ' the 1ntens1ty is due to excuatlon from  the 2s22p ’p
ground’ state ‘and < 30% ‘i~ ‘due to excitation from* the 2sZp " *P' metastable.

“For C IV 31.2nm, the recombination ‘contribution to the “spectral intensity

is plotted. This is small and can be ignored for practical purposes.
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Figure 5.2.11: Metastable/ground populatlon fractlons of 0 O+2,
0* and O* in equilibrium iohisation balance.” 7 DT o
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5.2.3: Influence of Field Enhanced Dielectronic Recombination

In Chapter 3, the influence of electric fields on. the fundamental
n-shell selective dielectronic recombination rate cqefficiénts was shown
to be substantial. The importance of  this effect in pl_ésmas of finite
density depends on the’ oppoSingﬁi éffects» “of field enhanced dielectronic
recombination © via high n-shells and " collisional  redistribution  and
ionisation of thc._high’ ) p—sh_el’lzs‘.‘ dt is thus ‘necessary to -incorporate the
field enhanced dielectronic brec’ombinat’i‘on . rate coefficicnts into a
collisional-radiative model to assess fully the impbftancé of thls effect.

Electric fields in a plasma can originate in many ways. There is the
internal random electric field in a plasma arising from the screening
interaction of "plasma jons with other ions and electrons. This the the ion
microfield or Holtzmark field. An expression is given"" by ‘Griem (1974) who
relates the electric field, F, to the hydfogen ion density as

F = 1.3x10° (Nm)”3 Vem™ E(5.2.3)

where the hydrogen ion ‘density is in units -of cm™, For example, electric
fields of 1, 10 and 100 Vcm™ require hydr‘ogcﬁf;iOn densiti‘és of 6.75x10°
cm®, 2.13x10° cm® and 6.75x10" cm® respectively. Other sources of
electric fields are magnefic fields which give rise to rri_ptional electric
(Lorentz) fields in the ion rest frame, the diffusion of charged particles
across températurp_, and density gradients, neutral current sheets in solar
flares and, in tokamak plasmas, inductive current drive. .

Recently, Reisenfeld (1992) carfied out scmi-empiriéal calculations
for the electric field enhancement of dielectronic recombination rate
coefficients for C*, C‘? ‘and C* (rate coefficients for C* and C¥ are
not field ‘egilanced due to the An=1 core transition and the dominance of
capture into low n-shells). When Refsenfcld et al (1992) incorporated
these results into a collisional radiative model they obtained substantial

_ differences from the zero field results. For example, at a density of n, =

10° cm> the plasma microfield increased the effective dielectronic
recombination rate coefficient for C* by nearly a factor of three. ct

~and- C*? were not influenced, collisions dominating over - any field

enhancement. ;
The size of this ‘effect questions the wvalidity. of using zero field
dielectronic recombination = rate ‘coefficients in -ionisation balance models.
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However, Badnell et al (1993) have performed fully quantal calculations of
field enhanced - dielectronic - recombination rate coefficients. These show
that the semi-empirical approach used by Reisenfeld (1992) grossly
overestimates the field enhancement. This is "illustruted, in" Figure 5.2.13
for an electric field of 1 ch'l. ' '

6.0

v f
QE; 4.0F
S
S 30"
— 2.0f
c -
2 1.0;
° OO: ‘—b-"--r-AT—-‘r""-“b-l’——-"
0 20 40 60 ‘80 100 120

Flgure 5.2.13: Dielectronic recombination rate coefficients for
C®2%+e 5 C?
.as a function of principal quantum shell. V = 1 Vem™.

long dashed line zero . field results of Badnell et al (1993) and
“Reisenfeld (1992)

short dashed line ~ field enhanced ~results 'of Reisenfeld - (1992)
asuming full Stark mixing

full line field enhanced ‘results of Relsenfeld (1992)
oo v asuming partial ‘Stark mixing
.. dot-dash line . field enhanced results of. Badnell et. al (1993)

The ‘more accurate freld enhanced dlelectromc rate coefﬁcrents for

’C”s‘-f c?oof Badnell ét" al  were mcorporated i to  the
collisional-radiative populatlon models of the present work. Effectrve
”recombmatlon recombrnatron rate 'coefﬁclents were then’ computed as a

function ~of plasma mlcrofleld. In Flgure 5. 2 14 the results of Reisenfeld
and the results of the :'preseut' work are compared To facilitate the
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Figtrre §5.2.14: Effective. dielectronic recombmatlon rate coefficients
for C® 25%S + ¢ » C Calculated at the plasma ion microfield.

long dashed line zero field results of Badnell et al (1993) and
Reisenfeld (1992)

full line field enhanced results of Reisenfeld (1992)
asuming partial Stark mixing
dot-dash line ~,  field enhanced results of Badnell et al (1993)

comparison, the  rate coefﬁcrents are matched at zero " electron density.

The overestlmate of ‘the fundamental field enhanced dielectronic rate

-coefficients by Reisenfeld leads ‘in turn to an -overestimate of the
- effective recombmatlon ‘rate’ coefﬁcrent It is found that the effective
'drelectronrc recombmatlon rate coefficient  is only field enhanced by ~40%
at' n H = 10° cm?, . compared to the factor of three enhancement obtained by
Reisenfeld. At n, = 10 cm™ there is no increase in the effective
dielectronic recombination rate coefficient.

In the absence of apphed external ﬂelds in  excess of the ion
mrcrofreld there are not enormous changes 1n the romsatron balance of
_C+3. In the presence of large external ﬁelds however, then it w111 be
necessary to reconsrder the. influence of field enhanced_ ,drelectronrc
recombrnatlon Relsenfeld et al have drscussed _the interpretation of
spectroscoprc mtensrtles from solar ﬂare reglons | |
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In tokamak plasmas, field enhanced dielectronic recombination due to
the ion ' microfield *is - unhkely ‘to be of 1mportance because of the high
electron densities involved. At an electron density of 2x10" cm?® the
ion microfield in ~ 1000 Vem™ and field enhancement is entirely offset by
collisional ionisation. For completeness, it is necessary to consider
other sources - of electric fields. The- ‘magnetic field - strength 1n JET is ~
3T. A C* ion Wlth a temperature of 50eV will experience a "Lorentz field
of ~ 600 Vem™ if it is travelling perpendicular to the magnetic field. In
practice, most of the kinetic energy of the ion will be directed along the
magnetic field - lines - so - that -the Lorentz field will be less. This is

_comparable with or ‘less than the- ion microfield, -and . unlikely to be
. important. Electnc fields also arise in the edge plasma due to . pressure

gradients, . These. are est;ma,‘te‘d;,:to. be ~ 200 - 300 Vem™ (Hawkes et al
1993), This .value is_less than the ion microfield and again of no .
importance for, the recombination.
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~ 53: TIME DEPENDENT IONISATION STUDIES

53.1: Influx -ions -Be+1:-and Be+2' . O o
53.2: Time Dependent Ionisation of C ~ and C

' 5.3.1: Influx ions Be'® and Be'!

' Spectral* emission ‘from < Be*® and Be* is routinely observed at
" JET. These ions only occur near the plasma boundaries and are ‘inflowing in
an  jonising~ environment. Be*® is initially released from the surface with
* physical sputtering ‘being the dominant release mechanism. In the edge
plasma, electron temperatures are in the range 10-50e¢V. This is ‘evidently
not the natural temperature region where Be'™ and Be'' radiate in
equilibrium - ionisation balance (Te~ 2eV being' more vt}ypical). Ionisation
times - are very' short (~ 10us and 100ps for Be** and Be* in a plasma of T
= 30eV, n = 5x10" cm™®). Figure 5.3.1 illustrates the ionisation length
for Be* in a plasma of n = 5.0x10"> cm™ This was calculated by
assuming that the Beryllium is sputtered with an energy of 10eV, which is
suggesfed from doppler measurements of Be*’ temperatures. It can be seen
that using the zero-density ground state ionisation rate coefficient leads
to an overestimate of the ionisatidn length. The ionisation length wvaries
directly with 1/n_ and so Be™ will be localised to within a few cm of the
source. Once ionised the motion of the charged beryllium ions is
controlled by' magpetic fields. Diffusion along field lines is much greater
than cross field diffusion. Because the ionisation time of Be™ is short,
the ion is effectively confined and moves along the field line at which
its neutral predecessor was ijonised. The temperature and density may be
assumed the same for neutrals and jons. This approximation does not hold
for ions with longer ionisation times as they penetrate to higher
temperature zdnes. :

One of “the principal aims of spectroscopic interpretation is
measuring the influx of beryllium atoms entering the plasma. Techniques
for this purpose have been describved_ in detail by Behringer et al (1989).
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It is necessary to measure the: flux in both the - ground (2,92 'S) and
metastable (2s2p *P). systems independently. However, line radiation from
the triplet spin system is almost entirely in the UV spectral range ( 3s
3S - 2p* °P @:332.1nm, 3p %P - 2p° °P @ 265.1nm, 3d °D - 2p? °P @ 249.4nm
). On JET, spectroscopic signals for survey spectrometers ', are transferred
by long (ca 150m) quartz fibers to remote detectors. Attenuation of short
wavelengths restricts measurements to wavelengths > 350nm. 'This means that
there are no suitable spectral lines for observation of . the metastable
influx. B

The high . temperature, highly ionising region in which Be*® finds
itself may. not allow metastable and ground populations to reach
equilibrium before ionisation.- The evolutlon from Be* to Be'' is mediated
by  the effectlve 1on1sat10n “and’ cross coupllng coefficients shown in
Figure 5.3. 2 Above T = 10V, the 1on1satlon rate coefficients are
greater than the CIOSS couphng coefflcrent so that there will be a
tendency for the Be ground and metastable state populations to freeze as
if at birth from the surface.

The ~transieént ionisation model - was -used to study the ‘evolution of the
Be*’ ground and metastable states for a: range -of typical' plasma
conditions. Sputtered metals are thought to be overwhelm-ingly produced as
ground state neutrals (Behnsch 1982) and so the boundary condition at
time of release was that the ground- state fractional abundance was
specified as one ‘and that of . the metastable was zero. The result for a
plasma of 10 eV is.illustrated in Flgure 5.3.3.

The metastable population ‘has' timé- to grow and eventually reaches an
equilibrium fraction ( N(2s2p 3P)/N(Zs2 1S) =1.45 at 10" ’eV) However by
this time, both states are heavily depleted. by 1omsatron The relative
importance of each statc can be seen by evaluatmg their time integrated
populations f N(2s2p 3P)dt and J‘N(Zs2 lS)dt ‘Because the stage populations
are rapidly decreasing, these integrals stop increasing © after ~10us.
Varying electron density does not appreciably change the result but it
scales the time ‘taken to ‘reach  equilibrium. Since survey spectrometers
have, at best, a sampling time of 1 ms, the integrated populations will be
representative - of spectrometer observatlons The variation of the ratio of
‘ metastable/ground integrated - populations," fN(ZsZp 3P»)dt/_l.N(Zs 18)dt with
‘electron température is’ shown - in Frgure 5.3.4." For comparison, the
equilibrium metastable fraction is also plotted. - &
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At temperatures above -~10eV, ground and metastable states are ionised
before 'significant redistribution can occur, and enter the plasma in the
ratios at which they are bom from the surface. Ris it is assumed that all
the berylhurn 1s sputtered in its ground state then above T = 10eV, >70%
of beryllium entering the plasma is in the ground state. At low
temperatures however, metastable populatlons can_have time to grow even if
at birth they are neghglble : L

The transient ionisation model was also used to explore the effects
of charge transfer from thermal hydrogen on stage evolution. Figure 5.2.6
illustrated  the mfluencc of charge transfer reactions on the equilibrium
ionisation balance and radiated power of beryllrum “At T - 10eV, n =
1x1014cm , the ; radrated power in the -absence- of neutral hydrogen is
4.8x10° 16 Wiion. “The addltlonal presence of n H/n ©0.001 and 0.01
increases ~ total radlated power to 1 0x10™ Wifon and 2.0x10™ Wiion
respectively. In the recyclmg: neutral hydrogen cloud that exists around
material belt limiters at JET, n /o, can be as much as a few percent. In a

’det‘a'iled*’s'tuclyi of recycling ‘power losses’ in JET ohimic limiter discharges
" (Loarte ‘ et al ' 1991), this -effect ‘was investigated' for a ‘plasma ‘out of

jonisation balance. Only ' brief details of "our study are presented here.
Several discharges were modelled and results are typlfred by JET pulse
#20943. For central electron temperatures of 1.5 keV and volume averaged
electron densities of 3. 5x10 cm>, the ionisation pornt of Be™ was
calculated as typlcally at T = 30eV and ‘n = 5x10%cm™.; From the particle
flux measured by the Langmulr probes, the neutral hydrogen cloud around
the beryllium belt limiter was estimated to- have a dens1ty of 5x10"%m™
(~1%). The extent of this cloud was determined from CCD images of H, line
radiation to be ~ 30cm on e1ther side of the limiter. The doppler width of
the Hﬁ spectral lme gave the hydrogen temperature to-‘be .~ 40eV. The
transient ionisation of beryllium in plasma’ of these condltlons was
simulated, : as illustrated in Figure 5.3.5. The unresolved model was used
for this 1nvest1gatron

When - charge transfer is included as a recombination process, the
populations . of hoth Be* and Be “are increased on the decay and
equilibrium phases When the : populations are integrated ‘with respect to
time, the increase in, that of ,Be‘f0 ‘is negligible but that of Be™ can be
- significant. « From: Figure 5.3.6;. the: important parameters - are the neutral
concentration and the time : spent. by: the ion ‘in:the' . neutral cloud. For
limiter  plasma conditions under discussion here, particle diffusion along
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field lines takes the Be™ ion out of the hydrogen cloud in ~ 100 ps and
so this effect will be small." There is not . a - significant increase in Be
radiated power due to charge transfer reactions. For X-point and - divertor
type plasmas however, the overlap of 1mpur1ty development ‘and hydrogen
concentration will be greater. These environments are too complex to be
modelled in a simple semi-analytical way and it is necessary to use the
more complete Monte Carlo modelling codes. Substantial - progress has been
made in integrating the present atomic -models with these codes but is not
reported in this thes1s (see however Maggr 1992) '

- 5.3.2: Transient Ionisation of C"' and C*?

The ' transient jonisation of carbon ionisation stages and the
evolution of metastable/groﬁlid populations in a plasma of T = 20eV, n_ =
10® cm™ is illustrated in Figures 5.3.7(a) and (b). It was assumed that
all -of the , population was initially in the: C* ground - state. The
metastable: populations of - c?. have been omitted -from the diagram for
clarity and because they will not be calculated with sufficient accuracy
(because of C* fundamental atomic data incompleteness) to enable precise
comment to be made In these conditions the C'' and C* stages are fully
jonised within 10> seconds. It can be seen that the metastable stages of
C* and C* are not in a constant ratio with the respective ground states.
The evolution of the metastable/ground - :fr,acét‘ional populations ~ are
investigated in more detail in Figure 5.3.7(b). The _metastahle populations
evolve throughout the lifetimes of the ions. To estimate the effective
metastable and ground populations, the scparate populations were
integrated | with respect to time, and th'e’n“" a ratio of ’the integrated
metastable/ integrated ground populations was denved Thls is illustrated
in Figure: 5.3.8 for a range of electron temperatures For comparison, the
metastable fractions from the low level populatlon model (including
1on1sat10n) and in equ111br1um ionisation balance are also plotted

At low electron temperatures, the ionisation time is greater than the
cross coupling timescales between -spin systems. This allows metastable
populatiohs to reach equilibrium well within ‘the ionisation time of the
ion so. the ratio of the transient integrated - metastable and ground
populations - is: almost -~ equal to: -the - ratio-- in - equilibrium ionisation
balance. At high temperatures, the ionisation time is comparable to or
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greater than . cross coupling timescales and the transient metastable
fractions - differ from the values in equilibrium jonisation ‘balance. From
the magmtude of the transiént metastable ‘fractions, it can be seen that
excitation and recombination processes both contribute to the ground and
metastable populations. It is thus impossible to predict the metastable
populations in this transient ‘environment without a “full  metastable
resolved mddel. ’

2.0 —— ' e
1ne=1.0(18)cm® t=0.1s
= 1.6
e
S
o 1.2 L
_in’ | — — tansientionisation . T =
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- Figure 53.8: Metastable fractions of C™ and C* in equilibrium
-ionisation - balance, low level - equilibrium - (with ionisation) * and transient
ionisation. The transient populations are integrated < to  0.1s. n =
1.0x10" cm™, RERINNE &
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5.4: CONCLUDING REMARKS -

The unresolved equiiibrium ionisation balance - derived. .from the
present: work - compares - ‘well with ‘the previous: work: of Arnaud and Rothenflug
(1985) - at- low ~electron -density.’: .However. ‘even -.:plasma - densities
appropriate --to: “the.i: solar -:corona, there::. are: substantial. changes in
equilibrium - .io‘nisation*a» balance . due - to: the finite electron  density

- modification of the:ionisation and recombination: rate coefficients.

It:is clear from the illustrations in this Chapter: “that = metastable
populations have high fraction abundances ‘and ‘radiated power - contributions
and influence  ionisation balance through enhancing ionisation rate
coefficients. A direct comparison between the results of the present
resolved and unresolved models can potentially be misleading. This is
because a metastable population can be a large fraction of the ftotal
population of the ion yet radiated power and spectral intensities are
normally expressed in terms of the ground state population. For example,

consider the equilibrium ijonisation balance of oxygen at n = 10" cm?,

The unresolved model gives the peak radiated power to be 9x10° W/ion at
T = 14eV with O** contributing 6.5x10° W. The unresolved model gives the
peak radlated power to be 5.5x10° W/ion with 0*4(2s2 1S) contributing
1.38x10° W and 0*(2s2p P) contributing 1.36x10° W. The radiated power
in the resolved case is apparently ~ 60% of that in the unresolved model
and this is due to radiation from the O** stage being reduced by ~ 50%.
However, the fractional abundance of 25> 'S in the unresolved model is
0.581, and the fractional abundances of 2s® 'S and 2s2p P in the resolved
models are 0.283 and 0.399 respectively. If the total radiated power from
O™ is normalised onto the 25> 'S fractional abundance we obtain
1.07x10™" W/FA(2s® 'S) in the unresolved model and 9.68x10™ W/FA(2s’
1S) in the resolved model which agree within 10%. This smaller difference
is due to differences in the (2sZp P)/(2s® 'S) relative populations as
calculated by the low level model and in equilibrium ionisation balance.

The temperatures of maximum abundance of each ion do not differ
significantly between the resolved and unresolved models, This is because
the unresolved model already includes ionisation from metastable. states.
Test calculations were performed with the resolved model in which
ionisation and recombination from metastable states were excluded. This
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reduced the density dependent shifts of ionisation balance to lower
temperature which occur - at  ‘high density. The inclusion of metastable
populations in quasi- static equilibrium in the unresolved model appears
to be a reasonable representation of the metastable effects in equilibrium
ionisation -balance. e , . ,

In transiently- ionising ‘environments similar- to - tokamak - edge - plasmas,
ionisation - timescales - are comparable’ with times taken . for metastables to
reach equilibrium populations. The - effective - metastable/ground . population

- ratios -are. not .equal to the ratios in - equilibrium ionisation balance or in

a quasi-static - low level equilibrium. To . accurately model -‘radiated. power
-and  spectral - “intensities it is mecessary : to - use a fully. metastable
. resolved time dependent ‘model. : :
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6.1: Review of Present Work

A solution to the statistical balance population structure equations
for excited level populations of impurity ions in optically thin, thermal
plasmas has been developed which maintains full distinction between
ground, metastable and - parent populations. This has been based upon and
extended the . generalised collisional-radiative theory of Summers and
Hooper (1983). Detailed calculations have been performed for all ions of
the isonuclear .sequences of beryllium, carbon and oxygen. Derived data
includes  collisional-radiative ionisation, recombination, metastable cross
coupling and parent cross coupling coefficients, line and recombination
bremsstrahlung radiated power fz;goeﬁicients ‘and emissivity - coefficients for
arbitrary spectral lines. e '

The main thrust of the new theoretical population modelling was in
the development of LS resolved low level and bundle-n S quantum shell
population mddels‘iangi_s- then:: their- merging via the projection and expansion
of the high level calculation for bundled populations over the LS resolved
low level populations. These techniques allow the  calculation of both
collisional-radiative coefficients and - populations with a ‘new level of
completeness and  precision. The  projection  calculation  introduces
corrections to . the effective excitation contributions and  emission
coefficients obtained by the low level model alone. At low - electron
density there is a cascade correction and at high electron density there
is .a correction for stepwise excitation losses. The necessity of using the
full projection/expansion calculation to derive excited state populations
is dependent on electron density and ion charge. From the work presented
in this thesis, it can be. concluded that the full calculation is necessary
for neutral atoms and for resolved terms within the n=3 and n=4 shell of
singly charged ions. For higher charged ions, the projectioh model does
not significantly alter the populations until densities higher than those
attained in fusion plasmas, so that the low level model is an adequate
representation of the excited state populations. _

The. projection - calculation leads to a more refined calculation of
collisional radiative jonisation and recombination rate coefficients. The
jonisation = coefficients are  particularly  sensitive to the precise
structure. and energies of the ground quantum shell.. The bundle-n S
recombination - coefficients are corrected by using new more refined
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radiative and - dielectronic . data than has hitherto . been possible and by

~ explicitly resolving _.cascade pathways within _the lowest.. few quantum
~ shells,

The results from the populatlon models were mtegrated so as to allow

the first. fully resolved .metastable and parent -model  for - equilibrium

1on1sat10n .balance as well _as. improving .the ..older - unresolved, ’stage to

h stage model The unresolved ~model considers the metastable. populations to

be in quas1-stat1c equlhbrlum with . the .. ground state - ion.. Composite

..........

| unresolved model in Wthh metastable resolved coefflc1entst.,,are werghted by
_the‘__,fractional_ ,kpopulatgions,: of the. metastables. It was demonstrated that in

such . composite - coefficients, . excitation from both ground . and metastable

.. .States. _accounts  for .comparable proportions of . excited : state . populations

and  radiated -power. . Due to ;changes. in threshold, -ionisation  rates from

-metastable  states can. be: considerably greater than . those. from. ground state

and this leads to. ground and - metastable . composite . jonisation rate
coefficients which are substantially ~greater . than . the .ground state
coefficients alone. j _

New equilibrium = ionisation balance and radiated power calculations
were performed with both the, unresolved and improved resolved models. The
density sensitivity of ~both--~the  ionisation and recombination rate

Faeh eoefficients leads to. significant ~changes of, the ionisation balance of low

: ..Charged .jons at  typical eoronal -and ., tokamak electron - densities. The

metastable, resolved, calculatlons 1llustrate ~that . metastable. . fractional
abundanees are comparable with . ground: state abundances and. excitation from

‘metastable states substantially contrlbutes to radiated . power density. A
..comparison - between; . the results of  the wunresolved and .resqlved - models
_ indicate that . the ,inclusion_, of - .metastable. . populations »(a;lheit in- quasi

-static.  equilibrium). . .the ... unresolved.. - model, ¢ @ . reasonable

-Iepresentation of ; metastable effects: in equilibrium 1omsat10n balance

Metastable . relaxation times: ‘were illustrated - using 0" as. an example,

| although ‘this is typical: of all ,other: ions  .considered. ~Metastable

_.po_pulatlons _are _populated. on similar. tiniescales.,.' to... normal. . excited: states

but, relaxation timescales, are much - slower. :In. high . -temperature - plasmas,

- metastable to metastable tlmes are . comparable with. those for -ionisation.

Metastable  states in the same spin system (e.g. 2s°2p” . 1’D and 2s%2p® S)

. relax on similar. timescales to  each other. - Metastable and  parent cross

coupling coeffrcrents have been.  defined whlch allow .the - evolution of
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metastable populations to be ‘followed “in” dynamic plasmas. At low electron
~temperatures and “'high'" electron densities “‘the ~parent cross coupling
coefficients can be comparable with the metastable cross coupling

coeffncrents -and both must’ be cons1dered together to grve the total rate

" conditions *‘in JET, metastable populatlons ‘do not have  time to relax to
“ their quasr-stat1c equ1hbr1um populatlons w1th1n the 1omsat10n tlme of

“in ~such" dynamlc plasmas it 1s necessary “to use the full metastable

- “resolved model.

““The " figures  ‘and d1agrams presented in ‘this “thesis " are representatlve
“and show' ‘only a ‘fraction of ‘the derived datd. The fundamental data,

- processing codes ‘and - derived " data seis developed in this thesis form a

‘core component of the" prrmary “?Atomic’ Data and Analysrs Structure now

» “used. for ' spectroscopic ‘and “radiation” ‘modelling - at JET "No extensive

‘tabulations of ‘data” are’ given in ' thls thesrs these bemg re_served for a
JET Joint Undertaklng Report. R AT R

6.2 Appucaﬁoﬁs"

‘The: data’“derived ' in" this thesis “has many appllcatrons 'in" spectral
1nterpretat1on ~and ‘diagnostic.  modelling of ' ‘fusion “and ‘astrophysrcal
" plasmas.” This ranges from 'routine uses such as  influx and 'concentration
measurements “to more - specific - and :;‘specialised"':"applications;'" The most
“‘active "application ‘at this timé' at  JET' is ‘in the ' understanding and

mterpretatlon of the~ operatlon ‘of "the pumped divertor. This “has  inivolved

the integration * of < the' present ‘atomic * models “with” plasma models which
" predict ‘and simulate divertor performance ‘and expenmental observations
‘Divertor ‘design is' ‘optimised by s1mulat10ns ‘using the 1-D"and 2D
*fluid ‘models EDGE1D* ‘and EDGE2D (Sunonlm et al 1992) ‘In partrcular these
“codes are ‘tised” to ‘model ‘imipurity" control ‘and’ screenmg ‘In both ‘models,
* fluid" equations ‘for' the conservatlon of partlcles ‘momentum and energy are
“solved for" hydrogen and impurity ions to predlct plasma “conditions in the
- -divertor. The d1str1but10n of hght impurity “charge  states  and - radiated
"power is an’ 1mportant factor. in' determining the performance “of the
divertor. “The ' ionisation, “recombination and " radiated ‘power’ coeff1c1ents,
" based on the improved unresolved model, derived in the presént work are
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‘ used in these codes

For more drrect spectroscoplc dragnostrc appllcatrons ‘a DIVertor
IMPurity Monte-Carlo model (DIVIMP) has been developed (Stangeby 1990).
This does not predrct the plasma conditions self consistently but uses
either experimental measurements or the results from EDGE2D to provide a
background plasma Trace sputtered neutrals are ~generated at surfaces and
then followed through the plasma unt11 they are lost The densrtres of the

| vorthogonal oell mesh) Th1s is then used to calculate two d1mens1onal

profrles of specrfrc line emrssron' and total radlated powers for
comparison  with experlmental measurements from spatrally scanning
spectrometers and bolometers These mvestrgatrons glve 1mportant insight
into the locatlon of 1mpur1ty sources and ‘the nature of 1mpur1ty transport

and screenlng m the drvertor regron The 1on1satlon, precomblnatlon and
Jradrated power coeffrcrents derlved m the present work are used _in this
| model Also for s1mulat10n of spectral features, the present _photon
| ll emrss1v1ty coeﬁrcrents are adopted At present th1s code operates with

the unresolved 1on1satron stage prcture but the extensron to the resolved

metastable plcture is in progress Thrs 1s necessary for  realistic
srmulatlon _‘“"a_t ' th1s planmng phase and v w111 later ‘ be ‘ used for

mterpretatlon in the operatronal phase S
A specrfrc applrcatron for astrophysrcal plasmas 1s in. support of

i analysrs of spectra from the CDS (Coronal Dragnostlc Spectrometer) and
4 SUMER (Solar Ultravrolet Measurement of Emltted Radlatlon) Spectrometers

on ‘the SOHO satelhte (Domlngo and Poland 1989) CDS is an EUV mstrument
w1th a wavelength range from 15 5 - 79 nm, v1ew1ng ~ 7 - 12 nm ranges

. s1multaneously SUMER is an UV mstrument wrth a 50 - 160 nm _Tange,
- viewing ~ 3nm s1multaneously These spectrometers are 1ntend1ng to use
line ratlo and em1ss1on measure dragnostrcs to, 1nvest1gate temperature and
densrty structures ln the solar atmosphere This w1ll support the aims of

‘ 'SOHO namely to understand the acceleratron of the solar wrnd and the

| nature and heatlng mechamsms of the solar corona. . The sc1ent1f1c  analysis
is based on theoretrcal predlctlon of spectral features and requ1res the
'couplrng of 1on1sat1on recombmatron and emission data w1th plasma ‘models

" of the solar envrronment Amongst the spectral lrnes to be used for this

' purpose are several lmes from carbon k and oxygen ions 1nclud1ng

temperature sens1t1ve lme ratros from O V O IV and O III The data

- derlved 1n thrs thesrs w1ll be central to th1s work and a large fractlon
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of the data and modellmg structure described in th1s thes1s are at this
_ rtlme belng translated for operatlon on the CDS analys1s workstatlons

63 ﬁevelopment'and Future Work .

" “There are three pnnmpal areas in wh1ch the present modellmg could
“be extended namely, in the choice and range of fundamental atomic data,

in"a refmement of the populatlon models and to 1ons of greater nuclear
’\ charge _ ' ' '

The pr1n01pal requ1rements for 1mproved atomlc data are electron
'1mpact exc1tat10n rate coeff1c1ents for the neutral atoms of carbon and
""oxygen ~and some ad_]ustment of the Jow temperaturev d1electron1c
'recombmatton rate coeff1c1ents ‘for all 1ons The ' mcorporatlon of
intermediate couphng calculatlons “ for dlelectronlc recomblnatlon of
" lithfom -hke 1ons is’ also planned A major extens1on of this work would
blnvolve the mclus10n of charge transfer. Throughout the work of this
’thes1s charge exchange CODtI'lbllthDS have been retalned in’ the populatlon
- structure equatlons w1thout an attemptf to denve ) complete effective
coefficients dié o this process. Thls is due to a lack of fundamental
state selective low energy charge transfer c0111s1on data Some data is
" available, but the rev1ew and compllatlon of thxs was beyond the ~scope of
“this  thesis. Charge exchange can be 1ncorporated 1n a manner sxmllar to
: the treatrnent of “electron recomblnatlon The coefflclents requtred to
complete ‘the - theorettcal model Care effectlve em1ss1on coeff1c1ents
’ effectlve charge exchange recomblnatlon coeff1c1ents and et'fectlve “charge
exchange recombination power coeff1c1ents The methodology for calculatlon
'of these coefflcmnts has been estabhshed within the present work. ‘
| The treatment of direct and excxtat1on-aut01on1satlon from metastable
“states in’ the B-' C-, N- and " O- like 1soelectromc sequences can be
1mproved by both an 1mprovement of the fundamental atomlc data and by a
development of the low level populatlon model to treat aut01on1s1ng levels
‘in the low level populatlon model. Fundamental calculat1ons of metastable
and parent resolved  direct 1on1sat10n cross  sections are necessary, as
well as cross secttons for exc1tatton from ground and metastable
conflguratlons to aut01on1s1ng levels. The 1nc1u810n of parent resolved
Auger transition probabllltles in the equatlons of stattstlcal balance is
in principle stralghtforward and presents no dlfflculty The difficulties
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arise from the number of autoionising states which are required to be
modelled. For the sequences where this process is important (B-, C-, N-
and O-like) many discrete levels contribute to the excitation-

_ autoionisation - process. The mclusron of these levels in the population

codes would considerably lncrease _the s1ze of the calculatlon ~ Further,
the exc1tat1on autmomsatron contrlbutlon s most 1mportant below the
drrect 1on1satlon threshold and dlpole excrtatlon is not always dommant

.>H1gh quahty exc1tatron data is thus requlred 1o accurately model this
_ _process. Born calculatrons are not accurate at low _temperature and for
non-dipole exc1tatlons Th1s is thus a consrderable problem for _which
| there is no 1mmed1ate solutron

_ The other ‘main hmltatlon in the populatlon modelhng is the merglng

,:of Lthe bundle-n populatxons with low level Tesolved data at a. relatlvely

low quantum shell e.g. n—4 or 5. Co]hs1onal redlstrlbutlon of the
bundle-n shell Is not always ensured at these densrtles _and th1s leads to

__’accurate and complete solutron would be to ‘use an mtermedlate level of
.. Tesolution whlch maintains resolutlon between separate I levels This
+..-would be the so-called bundle-n I S model. whxch averages over. the angular

quantum number. e. g. in 0% 2§ 2p3p 1S P and 'D would all be treated as

. -one level - 2s 2p3p L The low levels . would still be treated m LS or LSJ

4 Aresolutlon up the a maximum quantum shell for -which hlgh quahty data is

' ;avarlable The bundle-n [ S resolution could then be used for. the .next few

quantum shells Up to a maximum of n=10 would probably be sufficient.
_ After that Jevels would _again. be ftreated in the bundle-n S model This
'approach would enable a more accurate treatment of recombmatlon and
..cascade contributions.

To extend modelhng to . ions . of greater nuclear charge, 1t ;would be

_‘necessary to. adopt an . 1ntermed1ate coupllng scheme and 1o take account of
. fine ,gpfstructure,_ _rfesolyedr .metastability. An  LSJ. resolved low level
_population, 'structure presents 1', no . particular. drfﬂcultres and . can be

treated in a manner similar to the LS resolved term populatlons in this
present work. s ;

However for the next two years the primary development .will be in the
exploitation of the new calculations and derived data presented in this
thesis in analysing the data stream from the new instrumentation .in the
divertor phase at JET. This is due to commence in January 1994.
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APPENDIX 1: UNITS AND SYMBOLS

SI units have been used whenever possrble but on occasmn these have
been replaced by units which are generally used in the field of atomlc
physics. In particular, number dens1t1es are expressed in  units of cm™
Two body rate coefficients ‘are thus expressed' in’ umts “of cm’s™ and
radiated power coefficients are expressed in umts of J s'’em® or W cem®
Note that 1 W cm® = 107 erg s'cm®. A '

Plasma physrclsts frequently express plasma temperatures in electron
volts, which is a measure of equlvalent energy Addltronally, the Rydberg
(R) ‘and recrprocal cm (cm™) are” frequently used  as unlts ‘of energy in
atomlc physrcs These umts are related by the followmg

"

‘1eV
1R

""1".602x10'19 I = ”1“‘.15021::"1’0"‘ K = 80655 cm™
13.6058 eV = 109737.3 cm’

It is alsfoyvorthnoting" that wavelengths are expressed in units of nm:

1 nm = 10°m = 10A

‘The z times' “ionised ~ state of iﬁ:’ele'ment‘ X 1s “denoted by X' No

distinction s made between the m ground and metastable configurations.
+z1

These are denoted by the subscrlpts p and e The “parent jon X, with

charge 21 = 2 "' 1 has ml parent metastable levels denoted by the
subscrlpts Y and c. v L o -

To avoid. continual definition of frequently used symbols a list of
such symbols is given in the followmg '

z ion charge

zl z+1

z nuclear charge

n principal quantum shell

l orbital quantum number

L total orbital angular momentum quantum number |

-Al-




-~ »n

o

a

ion

R

o

Q @ PT' ':r.uB B > —~

2 O
=
Nt

.o
&

-l

m, > > < *-JEm';rn ot S
g

sat

t(ege) -
JUeP)
we-p)

total spin quantum number
total angular momentum quantum number
electron temperature (K or eV)

“ion temperature’. . . (K or-eV).

electron density (cm3)
neutral hydrogen density (cm ?)

_energy confinement time .

electron self colllslon tlme

proton self coll1s1on tlme o
electron-proton equlpartlon tlme |
ionisation tlme L |
partlcle veloc1ty

) m_._d1str1butlon function (normahsed to 1. 0)
‘ Coulomb loganthm 7
;rest mass of electron

(910953 x 1031 kg)

rest mass of, proton - (L 67265 x 107 kg)

Planck’s constant (6.62618 x 10% Js'l)
‘ Boltzmann constant - - (1 3807 x 102 JK )
-speed of light (2997925 x 10° ms?)
Bohr radius (5.29177 x 10" m)

/(7 29177 X 10 or,

fine structure constant :
' 1/o = 137. 0360)

quantum ‘defect

effective quantum number of principal quantum shell n
threshold pr1nc1pa1 quantum . shell  for autoionisation.
:n is the lowest shell whlch w1ll aut01on1se | -

| leDlsatIOIl energy of hydrogen (13. 6058eV or 1R ) \

. ionisation energy of state with quantum numbers n and l

number of electrons

LS term averaged energy

J resolved level energy
particle flux

Diffusion coefficient
convective velocity

wavelength (nm) 5
satellite line wavelength (nni) .
satellite  line  energy

v lntens1ty of spectral line of wavelength A

(photons s cm3)




(i)
Q1)
k2

o))

statistical weight of level i
collision strength for  transition between i and j
electfon energy a

“cross section for transition between states i and j

transition energy
threshold parameter’ (= k’/U)
ionisation rate coefficient (cm’™?) * -

collisional ~*excitation/de-excitation =~ rate’  coefficient
(cmss_l) o : { St N

‘radiative transition probability ™M

 autoionisation transition probability ')

transition probability “for dielectronic capture )

‘recombination rate - coefficient.” Superséripts r,dt or cx
_denote  radiative, ~dielectronic, three body and charge

exchange recombination respectively (cm’s™)
collisional-radiative matrix element )
loss vector from level j to parent o )

composite recombination rate coefficient from parent y to
level i (cm’s™)

effective population of level i due to excitation from
metastable p (dimensionless)_

effective population of level i due to recombination from
parent y (dimensionless)

effective ~ emission  coefficient =~ for  transition  with

~ wavelength A arising from excitation from metatsable p

(photons s™)

effective ~ emission.  coefficient  for  tramsition  with
wavelength A arising from recombination from parent <y
(photons s'l)

efffective ionisation rate coefficient from metastable p to
parent y (cmss'l)

efffective recombination rate coefficient from parent y to
metastable p (cmss'l)

efffective cross coupling rate coefficient from metastable

p to metastable € (cm3s'1)

effective parent cross coupling coefficient from parent y
to parent O (cm’s™)

bound-bound Gaunt factor

bound-free Gaunt factor

-A3-




g free-free Gaunt factor .

<g™> ... cenergy averaged bound-free Gaunt factor

N(X) °~ number density of element X - (c_mss'l)

FA(X™) fraction abundance of the X'” jonisation stage

F electric field (Vem™ .. .. ey

PRB(y,zl) composite "re_combination/i . bremsstrahlung radiated
power coefficient for X}* = Wem®

PB(Y,zl) - bremsstrahlung radiated. power coefficient for X;ZI Wem?®

PRR(y->p,z1) recombination radiated power coefficient arising from

: radiative recombination. from X* towards X**
PRS(y->p,z1) satellite = radiated power.. coefficient arising from
... dielectronic recombination from _X;ZI towards, X;').z
P (yop,zl) . cascade radiated power : coefficient arising from
o _ recombination from X' towards X**
P (,z1) line power coefficient arising from excitation of X;ZI

-Ad-




APPENDIX 2: EXTENDED COLLISIONAL-RADIATIVE THEORY

A21]: Equivalence of Expré;sxons

A2.2: ' Generalisation of Projection and Induect Couplings
A2.3: Matrix Condensauon

| A2.1:l Ei]uivalence of Expressions

It is neoessary to 7provek formally the equivalence between the
collisional-radiative  coefficients first defined by Bates et al (1962)
which are based upon the rate of change of the ground and metastable
states of X" and those derived in the present work which are based upon
the rates of change of the parent"states of X*. The work of Summers and
~co-workers uses. the formulation of Bates: et al. .

- Firstly,  consider. - the expressions for ionisation rate coefficients.
The ionisation .rate coefficient used by Summers and co-workers is the
total loss rate for the ground state of interest with no resolution of
. final state. This should . be equivalent to the sum of the _ parent  resolved
coefficients derived in the present work.

2 Seft' = Seff

g op IPW PP |S E(A2.1.1)

.where o indexes an arbitrary parent, | denotes the expression derived in
the present work and | denotes. the expression used by Summers. Expandmg
: the expressions of both sides. of the equivalence we require

:Zo,s(i Ld-p.- -Zj LOj ne Fjp) = Cpp" Zj Cij‘" ne.Fj,p Lo UEA212)
where n F = =z Clc ‘ E(A2.1.3)

e jp k jk kP

with Cjk the collisional- radiative matrix. This requires

ap " “pp i ,E(AZ‘IA)

but, from the defmmons of the matrix. elements




C =
PP (20 GP) % CJP STy TR R
ij - (20 Oj) - pj - i#'j Cij E(A2.1.6)

which after substitution and rearrangement gives

Zj ij = ZJ: (2!l Cij) n; FJ p E(A2.1.7a)
=—= Z (2 C) z C Cp E(A2.1.7b)

- ( 2 (2 C) C ) E(A2.17c)

= Ckp, (z, 6,k ) | . E(A2.1.7d)

and so the equivalence is established. ‘A similar argument also proves the
" equivalence between: the recombination - coefficient: of Summers and
- co-workers and that defined in the:present work: That is -

e ff ‘ FE o e ff .

’a(ejo/"lpw‘ Sy . = 2‘,p« a-;)c I_S «‘ | E(A2.1.8)
or

ZoTpo * 5o "G L Re = Zp (po - 5 6 R

T MR THFERE = L EPL A “BAZ19)

In the work-of Summers - and co-workers, there' is no- analogy to the
parent cross coupling coefficient, [3;;‘. Note that the total loss rate
from the recombining parent is given by the sum of recombination rates and
cross coupling coefficients. '

A2.2: Generalisation of i’rojéction and Indirect'Couplings

Consider a level set with one recombining parent, X, and several

alternative _parents, 'X;ﬂ,' ‘which can be populated by ionisation or
autoionisation. The extension of the theory to accommodate several

recombining parents is -straightforward but “not ‘necessary. The total level
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set is partitiongd into the set of low levels, indexed by I, J, ..., and
a set of high levels, indexed by i, j; .. . The rate of change of the
high levels can be written as

ZoL € 7 N s : zr +zl..
| d/dt N? = Z C N: % C N* + n ry Ny |
' R e ; " B(A2.2.1)

with the usual convention for the signs of the: elements of the collisional
radiative matrix. In quasi- static equilibrium this gives ‘the - populations

in terms of effective contributions from the low levels and from
recombination as : : B ‘

42 _ 4z, o +z1" Lo
Ny = 2o F, N+ o R, N" B(A222)

where as before

el .
' = - Ei Cji Cﬂ / n E(A222)
_ -1
RJ'Y = Zi Cji riY E(A2.2.3)
‘Now considé; thé rate of change of the low: level set
+z - + - CATHZ +z1

d/dt NJ, = EK CJK NK Zj Cij Nj + nr W N'Y

o : , E(A22.4)

which upon substitution of E(A2.3.2) for Nj becomes

4N, = -Z.C NF- ZC(f nF N+ nR NF)

e jYY p

+ o1, N,;ZI E(A22.5)

4 ) +z ) ) z1
= - 2?K\(,.,CJK + Ej CJj n ﬁFjK ) N+ ( Ty - ZJ_:.CJJ,,RjY ) ne,N+

T |

direct indirect direct cascade
coupling coupling Tecom contribution

E(A2.2.6)
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= Z ( C‘:I‘(’ + C;;d) N;z‘ + (r‘;“ +,r;“d‘) n N;ZI
E(A2.2.7)
This expresses the. population :equations between the low level set in terms
.of direct and  indirect couplings and direct and indirect (cascade)
recombination.
- In a similar way, indirect contributions to, the loss vector can be
- derived by considering the“equatic»)n

» ‘+zl _
d/dt N,

+Z . - "z A ‘ LV 7
ZK Lc,K NK + Zj LGj N: o B(A228)

. +zZ., +z +z1
T Lo N+ B Ly (B n, B N+ n R N )

. E(A229)

+Z +z1
% (Log * 5 Ly n Fe ) N+ Z LR n.N

ey
E(A2.2.10)
_ . (7 dir RETINS +Z. ind y\gy+zl ‘ ,
= Z. ( Lo * L(IK ) NZ + 'Boy'" N'Y“ . EA22.11)
di:eci indirect : indirect
ionis. ionis. cross coupling

where the quantity Bé"d arises from recombination/autoionisation to levels
in ‘"the‘,,' ‘high "level sét. “The parent cross coupling coefficient ' is then

derived from

B i nd E(A22.12)

e tf o dis ind
- = (LAT+ Li®)n R -

oy k \ “ox KY

~ ‘which adds - the indirect _pai'ent- cross’ coupling coefficient to that due to
the low level populations.
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- A2.3:  Matrix Condensation

It is also necessary to show that the use of  matrix
condensation techniques -and & representative set of ‘n-shells' does not
change the form of the equations. The populations of the complete set of
levels are related to those of the representative set by 3 point
Lagrangian interpolation as

N = = | .
i o % Ne a2

where level indices in brackets are those of the representative set, 'u)i(k)

are the interpolation coefficients and N__ are the populations of the

: ® ;
representative  set. When the above expression is substituted into the
equations of statistical balance, the equations are identical in form to

the original equations:

d/dt = N .
/dt N ® Zj C o N | E(A2.32)
= C :
% Cor 2o % Yo HA233)
= 3 C | .
® Coo Mo B(A234)
where _
C = a
o0 % Cor “uo Ea233)

is the condensed collisional-radiative matrix. The solution to the
population equations can now be obtained by inverting matrices of order
24x24 instead of 500x500. To derive collisional-radiative = coefficients it
is also ncéessary to condense the loss vector. That is

+z1 .
d/dt NY = L P Np + Zj Lyj Nj , E(2.3.6)
= LNt EH Ly 200Ny B3N
= L N +X2 L N E(2.3.8)

Y P 0 YO O

which is the same form as before. In conclusion, the use of a
representative level set and matrix condensation does not alter the form
of the equations. The accuracy of this technique was investigated by
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Summers (1969) and Burgess and Summers (1976). Except for the populations
of the lowest few principal quantum shell, the populations vary smoothly
with n. The representative. set given in Section 2.3 was considered
suitable. -This includes the lowest 10 shells explicitly. -
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APPENDIX 3: INCLUDED LOW LEVELS

(A3.1) Sequence: H-like

* indicates populated metastable (or ground) states

WID92#BE . WJID92#C

Term index .
Term : Beryllium Carbon Oxygen
1s %S 1 1 1
2% 2 2 3
2p %P 3 3 -3
3s %S 4 4 4
3p %P 5 5 5
3d D 6 6 6
4s %S 7 7 T
4p %p 8 8 8
4d *D 9 9 9.
4 %F 10 10 10
55 %S 11 11 11
5p %P 12 12 12
5d *D 13 13 13
5f °F 14 14 14
5g %G 15 15 15
n, 1 1 1
" 5 5 5
No. of terms 15 15 15
Member Name WID92#0

member name is the file name in the fundamental computer database

indicating compilers initials, year and element.

- JL  Dr. J. Lang, Rutherford Appleton Laboratory

HPS Prof. H:P. Summers

WID self

-All-




- (A3.2) Sequence: He-like

- =Al2-

Term index
Term - Beryllium Carbon - Oxygen
1s* ’s 1 1 1
1s2s °S 2 2 2
1s2s 'S 3 3 4
1s2p °p 4 4 3
1s2p 'P 5 5 5
1s3s °S 6 6 6
1s3s1.IS’ ' 7 17 8.
1s3p P 8 8 7
1s3d *D 9 9 9 .
1s3d 'D 10 10 10 -
1s3p 'P 11 11 11
1sds °S 12 - 2
1s4s 'S 13 - -
1sdp P 14 - -
1s4d *D 15 - -
1s4d 'D 16 - -
1s4f 'F 17 - -
1s4f °F 18 - g
1sdp ‘P 19 - -
“1s5s 38 20 - -
1s5s 'S 21 - -
1s5p °p 22 - -
1s5d.°D . 23 - -
1s5d 'D 24 - -
1s5f 'F 25 - -
1s5g 'G 26 - -
1s5f °F 27 - -
1s5g °G 28 - -
1s5p 'P 29 - -
n 1 - 1 -1
n__ 5 3 3
No. of terms 29 11 -1
Member Name HPS89BE -~ JL1989C - J1.19890

——— — —
SN i R




(A3.3) Sequence: Li-like

Term index
Term. - Beryllium= ~ Carbon Oxygen
1s%2s %S 1 1 r
1s%2p %P 2 2 2
1s%3s %S 3 3 -3
1s’3p %P 4 4 4
153d p 5 5 5
1s%4s %S 6 6 6 '
1s%4p P 7 7 7 -
15%d D 8 8 8
1s%af *F 9 9 -9
15%5s %S - - 10
1s%5p %p - - 11
1s*5d 2D - - 12
1s%5f °F - - 13
1s%5g %G - - 14+
n, 2 2 2
n_ 4 4 ‘5
No. of terms 9 9 14
Member Name WID91#BE WID92#C - 'WID92#0
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(A349) Sequence: Be-like

P Term index ,

Term . ' Beg ' llfum - Carbon Oxygen
1s%25* s 1 1 1.
15%2s2p °p 2 2 2
1s%2s2p 'P 3 3 -3
15%2s3s 7S 4 10 7
152535 'S 5 7 .8
1s%2p® 'D 6 5 5
15%2s3p P 7 11 8
15%2p? P 8 4 10
1s*2s3p 'P 9 8 9,
1s%2s3d °D 10 12 11
1s%2s3d 'D 11 9 12 .
1s*2s4s %S 12 - -
1s%2s4s 'S 13 -
1s%2s4p P 14 - -
1s%2s4p P 15 - -
1s%2s4d °D 16 - .
15%2s4f 'F 17 - -
15%2s4f °F 18 - -

< 15%2s4d 'D 19 . -
1s°2p° 'S 20 6 6
n, 2 2 2
nmax 4 7 3 3
No. of terms 20 12 12
Member Name WID91#BE JL1990C WID92#0
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——

(A3.5) Sequence: B-like

-A15-

-t " Term index
Term . Carbon Oxygen
1s%2s%2p %P 1 1
1s%2s2p” *p 2 2
15%2s2p® D 3 - 3
1s%2s2p® %p 4 5
1s%2s2p® %5 5 4
15%25°3s %S 6 9
15%2s%3p P 7 10
1s%2p® *s 8 - 6
15%2s%3d *D 9 11
15%2s2p3s ‘P 10 12
15°2s2p3p “D 11 13
1s2s2p3p ‘s 12 14
1s*2s2p3p ‘P 13 15
15°2s2p3d ‘F 14 16
15%2s2p3d ‘D" 15 17
15°2s2p3d ‘P 16 18
1s2p> D S 7
1s%2p® %p - 8
n, 2 2
n__ 3 3
No. of terms 16 18
Member Name- JL1990C WID92#0




(A3.6) Sequence: C-like

-Al6-

/ T@j’m index
Term Carbon . : Oxygen
1s8%25%2p” 3P 1 1
15%2s%2p* 'D 2 2
1s°2s%2p% 'S 3 3
15%2s2p° °S 4 4
1s*25°2p3s P 5 10
15°2s%2p3s 'P 6 - 11
15%2s2p® *D 7 5
1s*2s°2p3p 'P 8 13
1s%2s%2p3p °D 9 14
15°2s%2p3p °s 10 15
1s*2s%2p3p P 11, 16
1s°2s%2p3p 'D 12 18
1s%2s2p” %p 13 6
15*2s%2p3p 'S 14 19
1s%2s%2p3d 'D 15 20
15°2s*2p3d D 16 - 22
15°2s%2p3d °F 17 21
1s*2s%2p3d 'F 18 24
15%2s%2p3d 'P 19 25
15°2s%2p3d *p 20 23
15%2s2p® 'D 21 7
1s%2s2p> %s 22 8 ..
1s2s2p> P 23 9
1s%2p* P - 12
1s°2p* 'D - 17
1s%2p* s - 26
n 2 2
n_ 3 3
No. of terms 23 26
Member Name WID92#C  WID92#0




S (2s%2p°P)3s P

f . ! ) ! ' i

\

(A3.7) Sequence: N-like (A3.8) Sequence: O-like

- Term index ~ Termindex
Term ' Oxygen Term Oxygen
* 2s22p3‘4S e TS 2322p4 3p o -
* 2s%2p° %D | *2s%2p* D"
* 2822p3 2p " 2s22p4 1g
2s2p* ‘P % (2s2p° *9)3s s
2s2p* D (2s%2p® *S)3s ’s
2s2p* %S (2s*2p® “S)3p °P
2s2p* ?p- (2s*2p® *S)3p P
(2s%2p° *8)3d °D-
o (25%2p* *S)3d D

YO 0 9 AW

2s*2p* %P)3p D
(2s%2p° °P)3p P
(2s%2p* *Py3p *s-
(2s*2p® 3P)3d ‘F
(2s%2p® *P)3d D
(2s%2p® °P)3d ‘P
2s%2p® *p)3s P
(2s%2p® *P)3p %S

- N R NV A N

S U O
NG R BN RO

(2s*2p® *P)3p D
(2s*2p® °p)3d *P
(2s%2p® ?P)3d D
(2s’2p” *P)3d F

[SOR S I
-0 O

max . .
No. of terms -~ 21 - - T e D 8
-~ “*Member ‘Name -JL19900 R - WID92#0
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APPENDIX A4:
CALCULATION OF RADIATED POWER COEFFICIENTS

Metastable and  parent resolved radiated power .. coefficients are
+z1 is

defined so that the total radiated power density arising from- XY

n N;“ P:r;d(y,zl) = on N*’1 (P, (y,zl) + P _(yz1) )

1.
Ws ' ° EA4l)

where P is -the radlated hne power from excitation within the  low level
group and PRB is a ‘con?posue coefficient which sums cascade; recombination
radiation , . dielectronic - stabilisation - and bremsstrahlung - contributions
(consult Section 2.2.4, Radiative Power Loss Coefficients). PL is derived
from the low level populations in either the low level -or the -projection
model. P is derived from the bundle-n S model.

A4.1: Radiated Line Power Coefficients

The line power coefficient is derived by summmg cover all radiative
transitions within the low level group.
h

, _ c eff ,
P@zl) = X . T e _(AY) | : E(A4.2)

where h is Plancks constant, ¢ is the speed of light, A is the wavelength
of radiation for transition i+j and eeff()\.,y) is its effective emission
coefficient following excitation to level i from metastable y.

In the projection model, no line radiation from outwith the low level
group included. The accuracy of this approximation is discussed in Section
4.3, The Projection/Expansion Calculation.
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A4.2: Recombination/Bremsstrahlung Power Coefficients
The composite recombination/bremsstrahlung coefficient is defined as

E(A43)

where PB, PRR o PRs and 'P arc the bremsstrahlung, radiative
recomblnatlon dielectronic satelllte and recombination cascade radiated
power loss  coefficients respectlvely. The calculation of these
coefficients is almost identical to the procedures described by Summers
and McWhirter (1979), with a. few ad]ustments for metastable resolution.
For completeness the procedures are summarlsed below.

The treatment presented here is accurate for hydrogen-llke ions, and
falrly good for hellum-llke ions, but is less reliable for more . complex
ions. However it should be noted that recomblnatlon and . bremsstrahlung
radiation are most 1mportant at hlgh temperature when line radiation is

least effective i.e. i.e. for hydrogen and helium like ions.

(a) Bremsstrahlung Power Loss
: The bremsstrahlung contrlbutlon due to free-free electron trans1t10ns
1n the fleld of the ion X (y) is given as "

P ‘ = ' [ 33&\/; a4 2

w38

] 7 (kTe/I )<g > s

kwhere < g > s the photon 1ntegrated and Maxwell averaged free-free

Gaunt factor The constant 1n round brackets is equal to 5.663" 2 W cm’,

" The Gaunt factor is evaluated followmg Summers and McWhlrter (1979)

(b) Recombination Radiation Power Loss. .
The process of free electron recombination leads to- the emission of a
photon of energy

he/A = E + z1%#° - E(A4.5)

where E is the energy of the free electron and v is the effective quantum
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number of the bound state. For a fixed bound state the expression for the
Maxwell averaged energy emission coefficient is given by Burgess and
Summers (1987) as

w2y 3 4 .4
naolﬂ]i 4 a’c

PP;R'= 8[ T 214 [_\'2_3_] get (kTe) E

W3 na,
2 J g'! exp(-X) dX * kE(A4.‘6)
S S
where a(‘]_ = Bohr radiusr'n |
a = fine structure constant
X = BAT,
v o= ‘eﬂ:‘ectlve quantum number of fmal bound state
et = ‘statlstlcal weight factor
" = 'pound free Gaunt factor

R
]

which 1s similar to the rad1at1ve recombmatlon rate coeﬁ1c1ent given in
'E(3 4.3). The radiative recombination contrlbutlon is evaluated for each
individual n-shell in the bundlen S model. Electrons captured into
autoionising levels may not contribute to the effective recombination
coefficient but they still contribute to the radiated power coefficient.

(0 Dielectronic Stabilisation (or Satellite) Radiation

The number of stabilising photons emitted is given by the zero
'dens1ty dielectronic recombmatlon coeﬁlclent This contrlbutlon to the
power loss coeff1c1ent is thus glven by summmg over all core trans1t10ns
and all captured levels

= 7 L T ."_ SR G : .

Prs . Z(HJ'); 2 -AEsat(l'?J’n) - o (HJJI) - . EA4T)
where

AEsat(i")j ’n) = hC/)"sat o : ' o E(A4.8)

is the satellite line energy and )tsat is the satellite line wavelength.
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The stabilising photons are assumed to have the same energy as the core
transition. The largest deviation from this is for capture into low
n-shells, but the error is small.

(d Recombination Cascade Contributions

Dielectronic and radiative recombination also contribute to power
loss through cascade of the recombined electrons. The bundle-n S model is
used to calculated this contribution. This is appropriate because the
dominant contribution is from dielectronic recombination which primarily
populates high n-shells. In low density plasmas, the electron in its
cascade will liberate close to the ionisation potential energy. At high
electron densitiecs however the energy loss decreases as electrons are
ionised before they cascade. The contribution of each parent/spin system
resolved pathway is given by

= I Zjdzlz.(l/v(j)z - 1M ) A'G+j) o R E(A4.9)

RC iy

where R is the effective recombination contribution to the population of
principal quantum shell i. Cascade power coefficients calculated in this
manner have the full density dependence included explicitly.
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