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Abstract

In addition to heaing tokamak plasmas, neutral beam injedion can aso be exploited
as a quantitative diagnostic to investigate the @ncentration d impurities in the
plasmas via charge exchange spedroscopy. For this use, a detailed knowledge of the
beam attenuation a alternatively the neutral beam density in the plasmais required.
There ae two methods which may be employed to determine the neutral beam
density. The first approach involves modelling the rate & which the bean neutrals
are ionised as they traverse the plasma. The seand and in principle more acerate
method, invalves the dired measurement of the intensity of the spedral lines
emitted from the excited beam neutrals. Then with the use of atomic modelli ng the
neutral beam density can be rewmvered. This is the basis of bean emisson
spectroscopy.

The work in this thesis, which addresses the isaie of modelling and
measuring the neutral beam density, can be separated into two dstinct parts. The first
concens the deduction d the neutral deuterium beam density at JET Joint
Undertaking using bath the theoreticd and experimental approadh. The second fart
of this thesis invalves developing a Bunded-nlSL colli sional-radiative model to
predict the atenuation and emisgon associated with afast neutral helium beam. The
model is then used to explore the dtenuation and the behaviour of the excited state
population structure of the beam atoms as a function of typical plasma parameters.

Experimenta aspeds associated with beam emisson spedroscopy at JET are
summarised and a detailed description d the aomic modelling required to suppat
the diagnostic exploitation d fast neutral deuterium and helium beans is given. The
modelling codes used and developed duing the course of this work form part of the
Atomic Data and Analysis Structure, ADAS.
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1.0 Introduction

The spedroscopic measurement and monitoring of impurity radiation in tokamak
plasmas has not only led to key advances in the diagnaosis of fusion gdasmas, bu has
also contributed to ou understanding of the behaviour of atomic processes and
populations in a wide range of novel environments.

A typicd tokamak plasma mnsists mainly of eledrons and deuterons
together with a small concentration d impuritie[1,2]. The presence of such
impurities gives cause for concern. As tokamak plasmas are heded to high
temperatures and confined for times required to med the Lawson criterig[3], the
plasma impurities radiate energy through the emisson d spedrum lines and
bremsdrahlung radiation, modifying the plasma resistivity as well as their own
sources from the vessl wall s and the divertor target plates. Thus they produce many
effeds, often urwanted, which require a detaled knowledge of impurity
concentration for their evaluation.

The aurrent method d attempting to control plasma impurities is by
employing divertor configurations to channel the scrape off layer plasma to remote
target plates. The divertor esentially ads as an exhaust system to assgst with the
removal of impurities from the bulk plasma4] as well as inhibiting removed
impuriti es returning to the ®nfined plasma These environments add to the demand
for the development of advanced spedroscopic methods which can measure impurity

lons with greater accuracy.

1.1 Active and passive spectroscopy

The gplicaion d spedroscopy to monitor plasma impurities can be cdegorised as
either pasdgve or adive. Pasgve spedroscopy invoves exploiting the naturd
emisgon from impurity ions or atoms in the therma plasma, where & adive
spedroscopy invalves perturbing by external means the ions or atoms contained in
the plasma so as to enhance or dter their emisgon. The latter is potentially the more
acarate diagnostic procedure. Spedroscopy is nat only confined to the study of

impurity concentrations in fusion gasmas, bu important quantities such as the



plasma temperature and the dedron censity are dso o interest. In the following

sections we show examples of both active and passive spectroscopic methods

1.1.1 Passive spectroscopy
Typicd quantities which may be measured using passve spedroscopy include the
eledron censity and eledron temperature from spedral line ratios, the dfedive ion
charge of the plasma & well as the impurity concentration and impurity fluxes from
absolute intensities and ion temperatures from line widths.

If wefirst consider the use of spedral line ratios, a mmon methodinvolves
exploiting the emisson dwe to dieledronic satellite lines associated with plasma

impurity ions[1,5], see figure 1.1.
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Figure 1.1  Spedra emisdon due to dieledronic satellite lines of Helike Cl XVI from the
COMPASS experiment. The dedron temperature is obtained from the ratio of the lines w and k. The

diagram was taken from [5] where a detailed discussion can be found.

The satellit e lines arise due to radiative stabili sation foll owing resonance cature in
the process of dieledronic recombination. As discussed by Coffey et. a.[5], the
eledron temperature can be obtained from the ratio of the lines denoted by the labels

w and k. Also from the width o the w line the asciated ion temperature can be



inferred. The widths of passve anisson lines can also be used to measure the
eledron density via Stark broadening. A recent example reported by Terry et.al.[6]

and later byMeigs[7], involves utilising the high-Balmer series, see figure 1.2.
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Figure 1.2 Spedrum of the high nBalmer series for deuterium, courtesy of Dr A. G. Meigq7]. The
Stark widths of the high-n Balmer lines can be used to infer the dedron density. The average dedron
density for low recmbination ( 56.95 s ) is approximately 2.3 x 10" m® and 35 x 10*° m* at high
recombination ( 60.75 s).

The high-n Balmer series arises due to the dominant role of recombination in low
temperature and high electron density environments.

Focusing on the passve measurements asociated with impurity ions. The
excitation and ionisation state of emitting impurities is aimost entirely eledron
impad driven. Also the interpretation is complicated by the nonlocdised reture of
the emisson. Figure 1.3 shows a Bell feaure typifying the experimental data used
for analysis of influx. More complicaed inferences guch as the regycling of neutral
hydrogen dffusing into the elge of the plasma has adso been attempted. This is
adhieved by exploiting the eamisson from impurity ions themselves following the

capture of an electron via thermal charge exchange[1,8],
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Therma charge exchange usualy occurs at the alge of the plasma where the
condtions are such that hydrogen isotopes can ad as donas to partially ionised
impurity iong[8]. The thermal charge exchange anisson from CVI and ClIl impurity

ions is also shown in figure 1.3.
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Figure 1.3 Therma charge exchange spedrum showing the emisson from CVI(n=8-7) and
ClI(n=7-5) impurity ions. Also shown is the mntribution to the spedrum due to a) impad excitation,

and c) active charge exchange emission. The diagram was taken from [8].

Finaly, the dfedive ion charge of the plasma, which is a measure of the tota
impurity content of the plasma, can be obtained from passve measurements of the

bremsstrahlung radiation[9].

1.1.2 Active spectroscopy

Active spedroscopy as mentioned ealier, is not only more acarate but can be
employed to measure arange of parameters which are not realily accessble using
passve spedroscopy. Tedniques such as pellet injedion, gas puffing and Laser
ablation[10] can al be used to study the impurity transport of the plasma. The adive

introduction d traceimpurities into the plasma is not only confined to the study of



transport parameters, quantities sich as the dedron dcensity and temperature can be
measured using line ratio techniques during gas puffing experiments[11]. However
the most fruitful adive diagnostic method arises from the injedion d neutral atomic
beams into the plasma.

Neutral bean injedion can be enployed to investigate the edge a well asthe
core of the plasma. As an edge diagnostic, slow neutral helium[12,13 and lithium
beams]14] are often employed to measure the edge dedron density and temperature,
while fast neutral helium and deuterium beamns, which penetrate into the wre of the
plasma, can be used to measure awide range of parameterg[15,16,17. Confining
ourselves to fast beams, neutral deuterium beams can be exploited as diagnaostic
probes to measure the mncentration and temperature for a wide range of impurity
ions using adive darge exchange spedroscopy[18]. Active darge exchange
involves measuring the amisson from impurity ions following the cature of an

electron from the beam atoms,
X*?° +D(s), - XY +p; 1.2

The impurity ion density can then be recvered from the recorded charge exchange

emission using the relation,

_4n[ P, (A)oA

nZO qcxI nbdS

1.3

where ®¢cx is the diarge exchange emisson flux, g is the dfedive anisson
coefficient[19] and [npdsis the line integrated bean density. The ion temperature can
be obtained from the width of the Dopper broadened emisson line in the usual
manner. We show in figure 1.4 an example of a deuterium bean adive darge

exchange spectrum.



CVI spactrum, horizontal view { R =3.05m)
rrrJyryyrrrrrrqrrrrrrrrTrTy

CVi L #20983 t=10.2s
|

| active CX, plasma
core (T =19.3 keV)

[
T

N
T

passive CX, plasma
adge (T=3.6keV)

-
T

continuum

intensity (10" photons/sec/arfAlom?)

l

.

5280 5290 5300
wavalength (4)

A
5270

5310
Figure 1.4 Deuterium beam adive charge exchange spedrum for CVI at 52904 ( T=19.3 keV ), dso
shown is the pasgve emisson spedrum. This diagram was taken from [16] where afull description of

the spedrum is given. The CVI concentration is obtained from measuring the total charge exchange

flux. The temperature is obtained from the width of the Doppler broadened line.

Active darge echange spedroscopy provides an acarate and locdised
measurement of the plasma impurity densities. However the acaracy at which the
impurity concentration can be measured is governed by the acarracy at which the
neutral beam density is known.

The most common approach to determine the neutral beam density is to
employ a smple atenuation cdculation which takes into consideration the a@omic
processes which contribute to ionising the beam atomsg[16]. However it is now
posshble, in principle anyway, to acarrately measure the neutral beam density using
Balmer-a pha beam emisson spedroscopy[20]. As the neutral deuterium beam atoms
penetrate into the plasma, before they are ionise they become temporarily excited and
as they relax their emisson contains information regarding the popuation d the n=3
shell of the beam atoms. The neutral bean density can then be recmvered from the

beam emission spectrum using the relation,

_ 1,
n, = — 329
ne DqD—C(

1.4

[ [



where ®p_q is the total flux of the bean emisson spedrum, ne isthe dedron density
and Qo is the theoreticd Balmer-apha dfedive anisson coefficient. In working
plasmas the situation is complicated. The bean atoms experience an eledric field
within their own frame of reference a a result of moving with a velocity through the
confining magnetic field of the tokamak. The influence of the dedric field is to
remove the degeneracy associated with the energy levels of the beam atoms. This
gives rise to a Stark resolved energy level structure and the beam emisson spedrum

is observed as a series of Stark components, see figure 1.5.
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Figure 1.5 Bean emisson spedrum for a high power double bean bank pulse from the JET
experiment. The beam emisson spedrum is a complicaed array of Stark components which overlap
ead other. Also shown are the adive and passve charge exchange signals which are in the spedral

vicinity of the beam emission spectrum.

Turning our attentionto the use of fast helium beams. A neutral helium beam
can be used to measure the impurity concentrations and their associated temperatures
in the same manner as with a fast neutral deuterium beam. We show in figure 1.6 an

example of a helium beam active charge exchange spectrum.
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Figure 1.6 Helium bean adive tharge exchange spedrum. The figure on the left gives a general over
view of the feaures contained within the observed spedral region. The figure on the right is an

expanded figure showing thermal and non-thermal components. These figures were taken from [16]
where more information can be found.

There ae however significant benefits of using a neutral helium beam rather than a
fast deuterium bean as a diagnaostic probe. The most pradicad benefit involves
reducing the generation d neutrons during plasma operation. A fast neutral
deuterium bean contributes to producing neutrons via the beam-beam and beam-
plasma interadion[21]. These unwanted neutrons contribute to adivating the
experimental vessl as well as complicating the analysis of the neutron flux signals
from the bulk plasma. Using a neutral helium beam (*He) removes this problem since
the cntribution to the neutron production due to the beam-beam and beam-plasma
interaction is very small.

There ae dso dagnastic benefits, the most obvious concerns the detedion o
alpha particles via the resonant process of doulde darge exchange[22]. More
interestingly though, is the new diagnaostic caabiliti es which may arise due to the
presence of metastable levels in the bean atoms. If the He(2 °S) metastable is
significantly popuated it may ad as a tharge exchange dona. Preferentia charge
exchange between the groundstate and the He(2 3S) with different plasma impurity

ions may be passble. Thiswould lead to amore flexible dharge exchange diagnostic.



It shoud be noted though that the use of afast neutral helium beam is very much still
in itsinfancy. There ae many isaues which require some investigation. For example,
what happens to the metastable popuation as the bean traverses the plasma?, what is
the behaviour of the excited state popuation structure?, and dothe metastables levels
contribute significantly to the beam attenuation?. The gplicaion d beam emisson
spedroscopy with a neutral helium beam aso requires some atention. It is expeded
that the lines associated with the n=3 to 2 shell for bath spin systems can be of
immediate diagnaostic use[23]. A more interesting asped concerns the excited levels
of the bean atoms where the Lorentz eledric field results in the formation d
forbidden lines. These lines may be of use to infer the internal magnetic field of the
plasma[24]. However extensive spedroscopic observations are still required to

explore the diagnostic potential of the helium beam emission spectrum.

1.2 Aim of thiswork

There ae two main topics which we aldress in this work. The first involves
measuring the neutral deuterium beam density at JET Joint Undertaking[25] via
beam emisson spedroscopy. The primary aim isto be @le deduce the neutral beam
density for high power doulde beam bank puses on areliable basis. Continuing along
this theme we dso consider the evaluation d the neutral beam density using a
numericd attenuation cdculation. To achieve the former and latter we aemploy a
bunded-nS colli sional-radiative model to evaluate dfedive stoppng and Bamer-
apha anisson coefficients. We dso am to show the parameter dependencies of
these wefficients and the underlying role of the aomic processes which contribute to
the dtenuation and popuiation redistribution d the neutral deuterium beam atoms. A
comparison is then made between the numerica attenuation cdculation and the
results obtained from the spectroscopic measurements.

The second topic which is of concern involves modelli ng the dtenuation and
the excited state popuation structure of afast neutral helium beam. To address ®me
of the uncertainties with regards to afast helium bean we have developed a bunded-
nISL collisional-radiative model. This model is employed to investigate the
behaviour of the excited state popuation structure, the evolution d the metastable



popuations and the beam attenuation. Effedive aosscouging coefficients are dso
calculated and their parameter dependencies are explored.

During the curse of this work, computational todls designed to archive and
study the global behaviour of the derived atomic data for both neutral deuterium and
helium beams have dso been developed. These programs, together with the bunded-
nISL model, have been written for general use within the Atomic Data and Anaysis

Structure package, ADAS.

1.3 Atomic Data and Analysis Structure

The Atomic Data and Analysis Structure padkage[26] is a @lledion d programs and
databases which have been designed to asdst with the modelling and analysis of
spedral observations from fusion and astrophysicd plasmas. There ae three main
comporents of the ADAS system. These include asuite of interadive programs, a
colledion d fundamental and derived atomic databases and a library of FORTRAN
routines. If we first consider the interadive programs. The ADA S padkage mnsists of
seven dfferent series of modelling codes, ead of which addresses different areas of
atomic physics. In any given series there ae anumber of individual programs. Each
of the programs are driven by an IDL interfacewhile the main cdculation is dore
using a FORTRAN routine which is ‘spawned’ from the IDL. The main interfaceof
ADAS can be seen in figure 1.7.

r‘ﬂ ADAS SYSTEM MENU

Figure1.7 Snap shot of the main IDL interface of the Atomic Data Analysis Structure Package.
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The processng screen contains an array of toggle buttons which correspondto eath
of the series of modeling codes. If the user adivates a button, the menu
correspondng to the list of programs for that particular series will appea. As an

example we show in figure 1.8 the menu for the series three programs.

r‘ﬂ ADAS SYSTEM MENU

Fat
P
P
P
P
Fat
P
P
P
P
Fat
P

q

Figure1.8 Snap shot of the series three menu system.

If the user then adivates any of the togge buttons a series of interadive panels will
guide the user through the calculation of interest.

Focusing on the derived and fundamental atomic databases of ADAS. There
are atotal of twenty six databases, eat of which are achived acording to an ADAS
data format prescription[26]. To distinguish ead database they are individualy
assgned an ADA S data format number e.g. adf21. The fundamental atomic databases
are based on extensive @mpilations of the best available eperimenta and
theoreticd data, while the derived atomic databases contain the output from the
modelli ng codes of ADA S and are cmnwveniently stored in a format to be of dired use
to experiment.

The last comporent of the ADAS system is the library of FORTRAN
routines[27]. These routines are designed to al ow the user to accessthe fundamental
and derived atomic databases for their own application. Also there ae routines which

evaluate quantities which may also be of interest for individual applications.
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1.4 Format of thesis

We begin in chapter 2.0 by describing the physicd condtions of tokamak plasmas
and the @omic processes which contribute to the atenuation and the excited state
popuation structure of neutral deuterium and helium beam atoms. We dso discussin
detail the colli sional-radiative goproach of modelli ng beam attenuation and emisson,
which is the method adopted in this work. A brief literature review of previous work
is also given.

Chapter 3.0 oulines the gplicaion d colli sional-radiative theory in the form
of the bunded-nS deuterium bean model and the more daborate bunded-nlSL
helium beam modd. The mmputation implementation d ead o these models are
discused within the antext of ADAS and an acournt of their operation and
validation is also given.

A detail ed study of the parameters dependencies of the dfedive stoppng and
Balmer-alpha enisson coefficients for a deuterium bean is the subjed of Chapter
4.0. In this chapter we dso discuss the achiving and the rapid asembly of the
effedive wefficients for experimenta analysis. This chapter serves as a preamble to
chapter 5.0 which detail s the gplication d the bunded-nS model in an attempt to
exploit the bean emisson signature & JET Joint Undertaking. The spedroscopic
deduction d the neutral beam density using the beam emisson flux and the Balmer-
alpha emisson coefficients is the topic of interest here. The evaluation d the neutra
beam density using the theoretical beam stopping coefficients is also of concern.

In chapter 6.0, wing the bunded-nISL model we investigate the parameter
dependencies of the collisional-radiative cefficients and the equili brium excited
state popuations. We dso investigate the implicaions of negleding the metastable
nature of the He(2 *S) and He(2 3S) levels while evaluating their popuation. A study
of the dtenuation d afast neutral helium beam, while dtering the initial metastable
content on entry to the plasma, is also undertaken. A summary and dscusson

regarding the contents of the thesis is then given in Chapter 7.0.
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2.0 Atomic modelling relevant to neutral beam driven diagnostic

2.1 Introduction

To fully exploit the diagnostic potential of injeding neutral atomic beans into
tokamak plasmas, a detailed knowledge of the atenuation and the excited state
popuation structure of the neutral beam atoms is required. To oltain such
information requires quite daborate statisticd models which include detailed
descriptions of the @omic processes which contribute to exciting and ionising the
penetrating beams. The pathways through the cmmplexity depends on the condtions
of the plasma, the ranking of atomic and dasma lifetimes and the ad¢ua beam atoms
themselves.

In this chapter we discuss the broad assumptions which are employed to
enable us to model the dtenuation and excited state popuation structure of neutral
deuterium and helium bean atoms. We then summarise the particular primary and
sendary atomic processes which are involved for ead beam spedes. We ill ustrate
in detail the behaviour of eat processas afunction d energy since this allows one
to quantitatively assss the varying and relative influence of ead atomic process
Finally, we explain the dhoice of statisticd models which we enploy and give a

historical review of previous modelling approaches by others.

2.2 Physical conditions and separation of time scales

2.2.1 Thermodynamic equilibrium

For a plasma which has readed thermodynamic equili brium, the distribution o the
plasma particles on an atomic level can be described using equili brium statistica
medchanics. The radiation field in such a plasma is free of any spedral lines and is

that of a blackbody. The radiation fieldRtankian with an energy density,

_ 8rhvidv/c®
exp(hv / kT, ) -1

u(v)

2.1
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where kg is bdtzmann's constant, v is the frequency of the phaons and T, is the
temperature of the radiation field which is equal to bah the dedron and ion
temperature.

The velocity distribution and the excited state popuation structure of the
plasma constituents can be described by Maxwell -Boltzmann statistics. For a particle

of mass m and temperature T the speed distributibtaigvellian,

O mv? O
f(v)=4m’ %g PO~ o 2.2
D kg TO

where v is the particle velocity.

The excited state popuation dstribution d a single @om or ion contained in
the plasma is given by Boltzmann's equation which relates the popdation d two

levels,N; andN;, their statistical weights and their excitation energies as,

N, w H(E-E)F
W:W@(pﬁ_ keT [ *

When the popuation dstribution d more than ore ionisation stage of a particular
spedes are compared, we can extend Boltzmann's equation to describe the excited
state popuation d one ionisation stage relative to the ground state of the next

ionisation stage. This is called tBaha-Boltzmann equation which is given as,

2
N, =n.n, 83—

Bk IHD e exp@/ Q 2.4
0 KT, O KT

where N; and w; are respedively the popuation and statisticd weight of the leve .
The quantity n. is the popdation d the groundstate of the next ionisation stage, w.
is the corresponding statistical weight amds the free electron number density.
There is yet another useful property associated with plasmas which are in
thermodynamic equilibrium. That is the principle of detailed balance The
distribution o energy amongst the dedrons and ions has readed equili brium at a

particular temperature, therefore the rate & which atomic processes contribute to
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popuating or depopuating excited levels of ions or atoms contained in the plasma
will be balanced by the rate of the @rrespondng reverse processs. In such
circumstances we describe the forward atomic processes to be in detailled balance
with the reverse processes. For example, sportaneous and stimulated emisson
would be in detailed balance with phdo-excitation. This principle can be used to
arrive a relationships which conred the wefficients used to describe the rate &
which the forward and reverse readion d a particular atomic processoccaurs. If we
consider eledron impad excitation for which the crrespondng reverse readion is
eledron impad de-excitation, it can be shown using equation 2.3 that the rate
coefficients for the forward (gi.;) and the reverse (g .;) readion sdtisfies the

relationship,

2.5

where T, is the dedron temperature. Therefore the rate efficient for eledron
impad de-excitation can be obtained from the rate efficient for eledron impad

excitation and vice versa.

2.2.2 Local thermodynamic equilibrium

Tokamak plasmas however are far from thermodynamic equilibrium. This is
primarily due to the fad that radiation cen easily escape from the plasma. Under
normal operating condtions tokamak plasmas are opticdly thin to their own
radiation. Due to the magneticdly confined particles though the plasma does
approadh condtions which are nea to thermodynamic equili brium. Elastic colli sions
between eledrons and between protons and between eledrons and protons are
efficient to establish Maxwellian velocity distributions. Excited levels of atoms and
ions in the plasma which are popuated and depopuated by eledron and proton
collisions approach values that would have been oltained as if the plasma was in
thermodynamic equilibrium. This condtion is cdled locd thermodynamic
equilibrium, LTE. For excited levels which are in LTE, Maxwell-Boltzmann

statistics are valid.
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The formation d LTE condtionsin aplasmais governed by the rate & which
the plasma ondtituents take up Maxwellian dstributions. For free particle
distributions as discussed by Spitzer[28], this is charaderised by so-cdled slowing
down times. The slowing down time describes the rate & which the kinetic energy
distribution between two elastic oollision partners approades that of a Maxwelli an.
In the tokamak plasma we ae @ncerned with eledron-eledron, poton-proton and
eledron-proton relaxation. The dedron-proton slowing down timeis usualy referred
to as the equili bration time. The slowing down time asciated with eledron-eledron

collisions (.o is given bySpitzer ( see page 133),
T.% %

o =0266——— 2.6
n,InA

where Te and n, are respedively in urits of °K and cm. The quantity In A is the
Coulomb logarithm for which tabulated values are dso given by Spitzer. Similar
formulae give the slowing down time for proton-proton collisions (tp.,) and the

equilibration time between electrons and protagg &nd these are related by,

2

m,
T, =00 T, T, =43, 2.7
0m, O
~ mP ~
Ty = Ere_e T, =183, 2.8

In the mntext of the present work it is instructive to compare the slowing down and
equili bration times to the energy confinement time of the JET tokamak plasma. This
will enable us to assessif the free particle Maxwelli ans are atieved in a tokamak
plasma and the degree to which Maxwell-Boltzmann statistics can be gplied to
highly excited ion popuations. In table 2.1 we show the slowing down and
equili bration times for a plasma with a temperature of 2.0 x 10° eV as a function o

electron density.
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Ne(cm™) | 10x10® 30x108 50x10% 70x10° 1.0x10%
Tee(s) | ~2.1x10* ~7.0x10° ~4.2x10° ~3.0x10°> ~2.1x10°
Top(s | ~9.0x10° ~3.0x10° -~1.8x10° ~1.2x10° ~9.0x 10"
Tep(S) ~0.3 ~0.1 ~0.07 ~0.05 ~0.03

Table 21  Slowing down and equili bration times. The temperature was 2.0 x 10° eV and the

Coulomb logarithm was taken to be approximately 14.

The wnfinement time of the JET tokamak plasma is approximately 1.0 second,
therefore from table 2.1 it can be seen that the formation o freeparticle Maxwelli ans
can ealy be adieved. It shodd be noted though that excited levels of ions and
atoms which are primarily popuated and depopuated by radiative processes do nd
satisfy the aiteriafor LTE. This occurs for low lying excited levels where colli sional
redistribution is less effedive. This condtion is described as non locd
thermodynamic  eguili brium, nonLTE.

Boltzmann statistics can na be used to describe the excited state popuation structure

In nonLTE environments Maxwell-

of plasma ions and atoms and an alternative method is sought.

2.2.3 Statistical balance equations

A general approadh used to oltain the popuation o nonLTE and LTE levels is by
solution d the statisticd balance auations. The dstatisticd balance euations
represent the rate & which the excited levels of an atom or an ion are popuated and
depopdated. In the present work, where we ae interested in modelli ng the excited

population structure of neutral beam atoms, the statistical balance equations are,
dNi dNi

?+va:(Populating - Ni )—(Depopulating - Ni) 2.9

fori=1, 2, 3...
where vy is the beam velocity and dx is aong the beam path. The terms in the

bradets on the right hand side represent the rate & which the @omic processes
contribute to popuating and depopdating ead o the eccited levels of the bean
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atoms, whil st the terms on the left hand side include aspatia and time dependent
derivative. The spatial derivative represents the rate & which the popuations change
due to dterations in the locd environment as the beam atoms continue into the
plasma. The time derivative acourts for a cange in the popdation dwe to a
variationin the source of the beam atoms. The neutral beams which are of interest in
this thesis however are mnsidered to be stealy state sources and the time derivative
of equation 2.9can be set to zeroi.e. dNi/dt = 0. The solution d the &ove ejuations
yield the popdation density of ead level, N;, and as discussd later, further
manipulation d the equations enables one to describe the atenuation d the bean

atoms.

2.2.4 Ranking of atomic lifetimes
The method d solving the statisticd balance euations is now the point of interest.
To determine the most convenient method d solution ore has to compare the time
scdes on which the locd plasma @ndtions change relative to the lifetimes
asociated with the eccited levels of the neutral bean atoms. The locd plasma
condtions include the dedron and ion density as well as their assciated
temperatures. If the @omic lifetimes are short in comparison to the time scdes on
which the locd condtions change, the excited states of the beam neutrals can relax
and adhieve a steady-state eguili brium popuation. In such circumstances we can
reduce the statisticd balance euations to a smple system of linea equations i.e.
vpdNi/dx = 0 . We cadl this the quasi-static equili brium solution. If however the locd
conditi ons change more rapidly which prevents the excited states to relax, a spatialy
dependent solution of the statistical balance equations is necessary.

The @omic lifetimes associated with the excited levels of an atom can vary
enormously. However it is possble to separate the excited levels into three distinct
caegories acording to their lifetime[29]. These ae autoionising, ordinary and

metastable levels. The lifetime of these levels respectively satisfy the inequality,

T, <<T,<<T, 2.10
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where 1, is ~10%% s, 1, is equal to the redprocd of the asociated transition
probability and T, ~ 10/z,". To quantitatively assess the time scdes on which the
locd condtions of the plasma dhange invaolves evaluating scded lengths for both the
eledron and ion density and their respedive temperature30]. The scded lengths
represent the spatial distance over which the beam atoms can travel before the former
and latter parameters begin to change substantially. As an example the scded length

for the electron density is defined as,

01 dn, 0

T H

It is more @nvenient though to convert the scded length into an apparent lifetime

2.11

using the relation,

T, = 2.12

The lifetime gives the time scde on which the dedron density changes and can be
used to compare with the gomic lifetime of the bean atoms. The time scdes on
which the remaining plasma parameters change ae dso oltained in a similar manner.
In the present work though, to a good approximation, the time scdes on which the
locd plasma @ndtions ater ( 14 ) is comparable to the lifetime of the metastable

levels. Therefore we can then extend the ranking of the lifetimes,
T, <<T, <<T, =T, 2.13

In the cae of modelling the excited popuation structure of neutral deuterium
beam atoms, from the ranking of atomic lifetimes the excited states will read an
equili brium popuation. To oltain the excited state popuation structure the statisticd
balance euations, excluding the ground state, can be reduced to a system of linea
equations i.ey vpdNi/dx = 0, see section 3.2.

Modelling the excited state popuation structure of a neutral helium bean is
some what different. The presence of two excited metastable levels ( He(2s 'S) |
He(2s ®S) ) complicaes the modelling. In any case the excited states, excluding the
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two metastable levels, will approach an equilibrium popuation. The statisticd
balance ejuations can be reduced to a system of linea equations with the exception
of the groundand the two metastable levelsi.e. Y vpdNi/dx = 0, seesedion 3.3. It
shoud be noted that it is aso important to be &le to cdculate the popuation d the
nonequili brium metastable levels. This can be adieved via aspatially dependent

solution of the statistical balance equations, see chapter 6.0.

2.3 Atomic processes associated with a neutral deuterium beam

The penetration d a neutral deuterium bean into a plasma is governed by the
behaviour of the primary and semndary atomic processes which contribute to
stripping the dedrons from the neutral beam atoms. The primary atomic processes
we onsider first are for a pure D™ plasma and are those which dredly deplete the
ground state, namely dired charge exchange & well as eledron and ion impad

ionisation. In figure 2.1 we show the fundamental cross sections for each process.
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Figure2.1 Cross sections for the direct atomic process associated with deuterium beam atoms.

As can be observed the @ntribution from ead atomic processis determined by the
relative allision energy. Charge exchange dominates urtil around 20keV where the
influence of ion impad ionisation becmes important. We emphasise that figure 2.1

shows the fundamental cross ®dions and nd the rate wefficients, therefore the
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contribution die to eledrons appeas to be very small. It shodd be noted that the
eledrons are moving with a velocity which is approximately 60 times faster than the
D" ions and the resultant rate efficient will be significant. Nevertheless charge
exchange marginally remains the dominant process at the low energies.

The sewmndary atomic processes, which influence the ionisation d a
penetrating deuterium bean, can be subdvided into two caegories. The first
caegory concerns boundbound pocesses which excite the bean atoms and then
contribute to the collisional and radiative redistribution amongst their excited states.
The seoond caegory are the boundfree collisional proceses which deplete the
excited state popdations. In the present context however we restrict ourselves to
discussng the behaviour of the boundboundand bounefree collisional processes,
since under opticdly thin plasma cndtions the only significant radiative processis
that of spontaneous emission.

Collisional excitation and redistribution amongst the excited states are driven
by eledron and ion impad from the groundand reighbouing excited states. In the
plasma, these proceses are dso acmmpanied by their correspondng reverse
readions, that is eledron and ion impad de-excitation. In figure 2.2 we @ntrast the
behaviour of the ecitation cross ®dions for colli sions with ions (D) and eledrors.
As can be observed, eledron impad excitation is dominant at the lower energies. As
the energy is increased, the contribution due to eledron impad excitation becmes
negligible as ion impact excitation becomes important.

The dominant boundfree processes resporsible for ionising the excited state
popdations include ion impad ionisation and charge exchange. In figure 2.3 we
contrast the behaviour of ead processas a function o energy for different principal
quantum shells. Also shown is the behaviour of eledron impad ionisation from the

n=2 and n=3 shell.
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Figure 2.3 Impad ionisation and charge exchange aoss dions asciated with the n=2, 3 and n=4

shell.

As down in figure 2.3, the @mntribution die to eledron impad ionisation appeas to

be small due to the presence of charge exchange which is dominant up to 3.0keV,
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see edier. We note the magnitude of the dharge exchange and ion impad ionisation
cross sections which increase with the principal quantum number ( c.f. figure 2.1).
In tokamak plasmas the @omic processes asciated with impurity ions
shoud aso be given some cnsideration, die to their unavoidable presence they can
also contribute to stripping the dedron from the neutral beam atoms. In figure 2.4 we
show the aoss ®dions for dired charge exchange and ion impad ionisation d the
beam atoms due to collisions with a seled range of fully stripped ions which are

common plasma impurities.
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Figure 24 Cross ®dions for dired charge exchange and ion impad ionisation of the deuterium
beam atoms for a seleded range of fully stripped plasma impurity ions. The figure to the left exhibits
the charge exchange aoss dions while the figure to the right shows the behaviour of ion impad

ionisation cross sections.

It can be observed from bath figures, that the magnitude of the aoss dions which
describe eab processincrease with nuclea charge. Similar observations can be made
for the remaining atomic processes asociated with ead of the impurity ions. These
include ion impad excitation as well as charge exchange and ion impad ionisation

from the excited states of the bean neutrals. The cmncentration o ead impurity ion

23



in atokamak plasmais snal (<5 % ), hovever dueto their large aoss dions their

influence on stripping the dedrons from the beam atoms is comparable to that of the

D" ions which is the main constituents of the plasma (> 90 % ).

2.4  Atomic processes associated with a neutral helium beam

The penetration d a neutral helium bean into a tokamak plasma can similarly be

charaderised by the primary and secondary atomic processes which contribute to

stripping the dedrons from the neutral beam atoms. Due to the presence of two

boundeledrons associated with the bean atoms, bah of which may be adive, the

variety and complexity of the primary and semndary processes increases

substantially over that for a deuterium beam. The main processes are as follows,

(i)

(ii)

(iii)

(iv)

v)

(vi)

Single and double electron impact ionisation
e+He(18'S) - e+He +e
e+He(18'S) - e+Hé +e+e

Single and double ion impact ionisation
X0+ He(18'S) - X' +He" +e
X+ He(1s2'S) - X**®+H +e+e

Single and double charge exchange
X +He(181S) - X' @D+ He'

X0 +He(1¢1S) - X" ®2 4+ H&*

lon and electron impact excitation / de-excitation
X0 +Heql !S) » X'+ Heql 'S)

e + Hefl L) & e+ Hefil ')

Transfer double ionisation
X +He(181S) - XD+ HE + e

Spontaneous emission
Hetl L) - Henl **L) + hv

The primary atomic processes which are resporsible for diredly stripping the

eledrons from the neutral helium bean atoms include single and doule impaa
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ionisation, single and doulbe dharge exchange a well as sngle transfer ionisation. In

figure 2.5 we show the aoss gdions which describe the behaviour of ead o these

processes.
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Figure 25 Cross ®dions for the primary atomic processes which contribute to stripping the
eledrons from the He(1s? 'S) ground state of the beam atoms. O : Single dedron impad ionisation,
O : Double dedron impad ionisation, + : Single charge exchange, x : Singleion impad ionisation, A :

Transfer double ionisation, : Double ion impact ionisation .

As can be observed the role of single dedron impad ionisation daninates at the
lower energies. At (0750 eV single carge exchange bewmmes important and a
competition between single ion impad ionisation commences. The @mpetition
continues urtil around [117.5 keV where single ion impad ionisation kecomes
substantial.

In the same manner as discussed in sedion 2.3for a deuterium beam, the
seondary atomic processes which contribute to exciting and ionising a penetrating
helium beam can be cdegorised into two sedions. Thefirst category concerns bound
bound pocesses whil st the secondincludes boundfree We cnfine ourselves here to
describing only the behaviour of bound-bound and bound:zbitisional processes.

Collisional redistribution amongst the excited states of the bean atoms is

primarily due to eledron and ion impad excitation from the He(1s? *S) ground and
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neighbouing excited states. In the plasma, these processes are dso acaompanied by
their correspondng reverse readions. That is eledron and ion impad de-excitation.
Eledrons can popuate bath the singlet and triplet excited states whil st ions can only
popuate the excited singlet states. This is due to the faad that for a spin changing
transitionto ocaur an exchange readion between like particles is required. We show
in figure 2.6 the behaviour of eledron andion (D*) impad excitation from the He(1s?

1S) ground state to various excitgidglet levels.
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Figure 2.6 Cross ®dions for eledron and ion impad excitation from the He(1s? *S) ground state to

various excitedginglet levels O : Electron impact excitation] : lon ( D+) impact excitation .

Eledronimpad excitation, as mentioned before, can also contribute to popuating the
triplet excited levels. This can occur through dred excitation from the ground state
of the beam atoms or via excited state transitions from the singlet to triplet spin
system. In figure 2.7 we show the behaviour of eledron impad excitation from the
groundto various excited triplet states. Also shown is the dedron impad excitation

cross sections from the He( %) metastable level to neighbouring excited levels.
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Figure 2.7 Cross ®dions for eledron impad excitation. The figure to the left illustrates the
behaviour of excitation from He(1s® 'S) to excited triplet levels. The figure to the right contains

excitation cross sections for transitions from the H&§}setastable to neighbouring excited levels.

Due to the presence of metastable levels in helium i.e. He(2s *S) and He(2s
33), we shoud also focus our attention onthe @omic processes asciated with these
levels. The motivation being that the metastable popuation may beame significant
as the beam penetrates into the plasma. Therefore the assciated atomic processes
will contribute substantialy to stripping the dedrons from the beam atoms. In figure
2.8 we show the behaviour of the primary atomic processes which contribute to

stripping the electrons from the He(®) metastable level.
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Figure 2.8 Cross ®dions for the gomic processes which contribute to stripping the dedrons from
the He(25'S) metastable level.

As can be seen, eledron impad ionisation daminates until 200 eV where the
contribution die to charge exchange becomes substantial. In the usual manner ion
impad ionisation competes with charge exchange. It is of interest to compare the
behaviour of the aomic proceses own in figure 2.8 with the @rrespondng
processes asciated with the He(1s* 'S) ground state, see figure 2.5. The @oss
sedions invaving the He(2s 3S) level are larger than that associated with the ground
state. It can also be observed that the dharge exchange aoss dion asociated with
the triplet metastable begins to daninate & (200 eV and continues to do so urtil
[6.0 keV. In the cae of the ground state the dominant behaviour of the darge
exchange process occurs fraifb0 eV to[1l7.5keV.

The influence of impurities contained in the plasma shoud also be taken into
consideration since they will contribute to stripping the dedrons from the helium
beam atoms. In figure 2.9 we ill ustrate the behaviour of single and doulbe dharge
exchange asciated with the groundstate of the beam atoms for a seleded range of

fully stripped ions which are common plasma impurities.
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Figure2.9 Singe and dauble dharge exchange aoss edions aswciated with the He(1s” *S) ground
state. The figure to the left ill ustrates the aoss gdions for single charge exchange for a seleded range
of fully stripped ions which are cmmon plasma impurities. The figure to the right shows the aoss

sections for double charge exchange.

As illustrated in the figure &owe, single dharge exchange exceals doulde darge
exchange for all theionswith the exception d fully stripped helium. Below [110 keV
amu™ doube charge exchange dominates sngle dharge exchange for helium. Double
charge exchange between fully stripped helium and reutral helium atoms is a
symmetricd resonant processand as a awnsequence has a large aoss £dion31]. In
figure 2.10,we ill ustrate the behaviour of single and doulbe ionimpad ionisation for

a similar variety of fully stripped plasma impurity ions.
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Figure 2.10 Cross ®dions for singe and dauble ion impad ionisation from the He(1s* *S) ground
state of the bean atoms. The figure to the left shows the aoss gdions for singe ion impad ionisation
for avariety of fully stripped ions which are common plasma impurities. Also shown in the figure for
comparison is the @oss fdion describing single ion impad ionisation due to H*. The figure to the
right illustrate the aoss ®dions for double ion impad ionisation for a similar range of plasma

impurities.

We must also take into consideration the wntribution dwe to the plasma
impurity ions at stripping eledrons from the metastable levels of the beam atoms. In
figure 2.11we show the aoss ®dions for charge exchange and ionimpad ionisation
from the He(2s 3S) metastable for a seleded range of fully stripped plasma

impurities.
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Figure2.11 Charge exchange and ion impad ionisation from He(2s *S) metastable level. The figure
to the left illustrates the aoss edions for singe dharge exchange for various fully stripped gasma

impurity ions. The figure to the right exhibits the cross sections for ion impact ionisation .

It is of interest to compare the tharge exchange aoss ®dions own above with the
cross ®dions asociated with the ground state of the beam atoms, seefigure 2.9. It
can be observed that the @oss ®dions asociated with the He(2s °S) level are

substantially larger than the cross sections associated with the ground state.

2.5 Approachesto modelling

When fast neutral beam atoms are injeded into a tokamak plasma, the impurity ion
impad atomic processes which excite ad ionise the beam neutrals are the most
important and so the popuation structure is primarily governed by the ion density.
There ae three different ‘pictures of the popuation structure which apply to the

particular regimes of the ion density. These are schematically shown in figure 2.12
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CORONAL PICTURE COLLISIONAL-RADIATIVE HIGH DENSITY PICTURE
PICTURE

Figure 2.12 Schematic energy level structure of an arbitrary bean atom. The dashed and solid lines
represent the radiative and collisional processes respedively. Working from left to right. Firstly the
coronal picture, the beam atoms can only be ionised by dired collisional ionisation from the ground
state. Next is the collisional-radiative picture where the beam atoms can be ionised by dired and
stepwise d@omic processs. Finaly, the high density picture which describes the regime where the
collisiona processes completely dominate the radiative processes. lonisation is due to dred and

stepwisecollisional processes, excitation also contributes to ionisation.

The first ‘picture’ applies to alow density plasma ( < 1.0x10" cm™ for pure
D" plasma) where the conditions are such that the beam atoms can only be ionised by
collisional ionisation ( which may include darge transfer ) from their ground state.
There is no significant contribution to ionisation from the excited states. Thisis due
to the fad that in this regime the excited popuations are low relative to the ground
popuation. The excited levels are popuated by eledron and ion impad excitation
from the ground bu rapidly depopuate by radiative decay before any further
excitation or ionisation can occur. This is described asdhenal picture.

As the ion density of the plasma increases (~1.0 x10'® cm™ for a pure D*
plasma), the influence of the collisional processs incresses 9 that a competition
with the radiative processes commences. The bean atom popuation structure is now
determined by a wide range of collisional and radiative processes asociated with
their groundand excited states. The beam neutrals can now be ionised by dired and
stepwise atomic processes. This is callecctiésional-radiative picture.

The last ‘picture which is of interest occurs when the ion censity of the

plasma is increased substantially (~1.0 x 10'® cm™ for a pure D* plasma), so that
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collisiona processes completely dominate the radiative processes. The wntribution
to the ionisation d the bean atoms is due to dired and stepwise collisional atomic
processes asociated with the groundand excited states. The excited state popuations
diminish. This is cdled the high density picture. In such a regime the @mndtion o

local thermodynamic equilibrium is achieved both for high and low lying levels.

2.5.1 Coronal equilibrium model

The coronal picture gives the simplest approach to oltain the excited state popuation
structure of the beam atoms, as well as the rate & which they are being ionised. In
this case, for the ionisation lossfrom the groundstate there is no need to consider the
contribution from the excited states. If we @nsider a simple cae where the bean
atoms have no metastables and the plasmalis freeof impurities, the statisticd balance

equations for the excited levelsX 1) are of the form,

dN, O e p 5 n
ng = ENlneqlai + Nlnpqlﬁi * ; Nj Ajﬁi E_ i<i Ni Aﬁj% e
fori=2,3, ...

where N; corresponds to the popuation d the ground state, of1_; and of;_; are the
collisional excitation rates to level i due to eledrons and protons respedively. The
quantity A;_; is the transition probability from the level i to level j. The popuation
structure can be obtained by assuming the excited levels have relaxed and readed
equili brium relative to the instantaneous ground poptetion. Therefore vpdN;/dx =0.0
and equation 2.14reduces to a set of linea equations which yield the excited
popuations relative to the ground state popuation N; by downward reaursion. The

corresponding statistical balance equation for the ground state is given as,

dN, NAD ( e 4 p)N+( e 4 oo CX)ND215
Vy dx - j jalg_ D>1 ng,. ; +n,q, ; )N, +{n.q,_, *N, 4, , NG, ", l% .
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where 0% .« 01 and ;... arethe respedive wntributions due to dred eledron
and proton impad ionisation as well as charge exchange. If we then substitute
equation 2.14, uner the asumption that the excited states have reated equili brium,

into equation 2.15 we arrive at,

dN,
dX = _(neqfﬂoo + npqlpﬂoo + npqlcfoo)Nl 2.16

Vb
Asaiming that the mgjority of the beam atoms are initialy in their groundstate, this
equation can then be used to model the dtenuation d the beam. It is more convenient
though to describe the atenuation d the beam in terms of an effedive stopping cross

section which is defined as,

o, = .. +&(q1" . +cqfxw)D 2.17
S |:| — n - -

e

O
o =

where os isthe df edive bean stoppng coefficient. The dfedive stoppng coefficient
can then be used to evaluate the beam attenuation at any given pant along the bean

using the following relation,
n, =n, exp(—J’neasdl) 2.18

where ng is the initial beam density on entry to the plasma and d is along the path
taken by the neutral beam. It shoud be noted haovever that equetion 2.18isonly valid
provided the beam atoms of interest does not contain any long lived metastable

levels.

2.5.2 Collisonal-radiative model

The simple coronal picture however is only applicable for low density plasmas where
the radiative processes occur on time scaes faster than the collisional processes. In

tokamak plasmas the ion densities are sufficiently high and encourage the colli sional
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processes to compete with the radiative processes. The excited states of the beam
atoms are popuated and depopuated by bath collisional and radiative processes.
Thisisthe so cdled colli sional-radiative picture. The statistica balance ejuations for

an arbitrary beam atom are,

dN,
]

A A +ng’ +npqu%i)Ni. +Z(neq_‘? +ng’ )Ni.. +

- (| (|

i>i i <i

[ R DR no CX (3) [ _ e p
%7. +Q. +n—eai +Q neEmne Z(AH..+neq_i..+npq_i”)Ni 2.19

i<

e

- (neq + npqi’ii')Ni _(neqieaoo + ani‘loo +aniCj<oo)Ni

1 -1

fori=1,2,3, ...

where i"” <i <i' and g;_; is the ecitation rate from state i to i’ by eledrons and
protons acrding to the superscript. The @rrespondng de-excitation rate is given as
g:_i and A;_; is the sportaneous emisson coefficient for the radiative transition
from level i’ to i. Impad ionisation is represented by g . where the superscript
indicates whether it is by eledrons or protons and the rate cefficient for charge
exchange from state i is given as g™ i .., . The quantities a®F , o and o® are
respedively the ontributions due to radiative, dieledronic and threebody
recombination. The quantity a“* is the mntribution die to charge exchange where
the beam atoms themselves are the donas. It shoud be noted though that since the
beam atoms are in a strictly ionising environment the latter and former recombining
processes only becwme of interest when the neutral bean atoms are moving with
such a slow velocity that they can be cnsidered stationary. In which case the
statisticd balance ejuations describe the cnditions of athermal plasma rather than a
point in the plasma which is traversed by a neutral beam.

The statisticd balance euations in equation 2.19form the basis of what is
formally known as colli sional-radiative modelli ng and is the method adopted in this
work. Colli siona-radiative modelling, as originaly developed by Bates et. a.[32],
invalves lving the statisticd balance ejuations whil e taking into consideration the

influence of stepwise @omic processes. Quantities guch as the excited popuation
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structure and collisional-radiative mefficients are of interest. The collisional-
radiative mefficientsinclude dfedive aosscouging, ionisation and recombination
coefficients.

To recast the statisticd balance equations into the framework of generalised
colli sional-radiative theory a @mmon starting point is to write equation 2.19 @ing

matrix notation,

N.
v, d_xl =nn,r, = N, 2.20

fori=1,2,3, ...

where C;j ( Cj = Cj_; ) is the collisional-radiative matrix for which the matrix

elements are defined as follows.

e p e
_%Ajﬂi +neqjai +nquﬂi J>|

c, =0 . ; C
@eqjgi +Nn,q;.; J <1

! 2.21

and,

Cii = _z (A‘,ﬁj' + neqieﬁ i + npqi’i i ) - z (neqieﬁj" + npqiri i’ ) -
i< e 2.22

e _ p _ CX
neqi_,oo npqiﬁoo npqi_,oo

The variable; is the composite recombination coefficient and is defined as,

n
Rag®+2a% +an, 2.23
n

e

r=a

a.

Following the work of Spencg19], if we generalise and assume that the beam atoms
of interest have m ‘nonequili brium’ levels ( that is levels whaose popdations are nat
locdly relaxed ), we can separate the ordinary excited levels which have reated
locd equilibrium from the nonequilibrium levels. Letting N;* denote the

equilibrium excited level populations then,
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dN,

Vo —- =NN,T, —ZC N, 1<ps<m 2.24

dN,
Vo gy =0 NN, -D GNi>m 2.25
J

where equation 2.24 @scribes the popuation d the non-equili brium levels which are
denoted by the Greek subscript p. The ground state is of course such a non
equili brium level. Generally the ground state and metastable states are the non
equilibrium levels for beans in fusion pdasmas. Equation 2.25 ascribes the
behaviour of the excited levels which have readed equili brium. Separating the non

equilibrium and equilibrium populations in 2.24 and 2.25 gives,

dN m
—r - - e _
Vo gy = M.l JZmeij UZ_-lCPUNU 2.26
0=n.n,r, - ZC N7 - ZC N, 2.27

j>m

Therefore the eyuili brium popuation can be obtained by multi plying equation 2.27
by the inverse o€,

= =n,n, Z C;' - z C,;C,N, j>m 2.28

>m I>mo=

If we now substitute this equation back into equation 2.26 we arrive at,

m

dN, [
vb—x—nn DT —Z ijcj'ilrig_

d ;>mi>m

I:I%I:I

.0
_ C,C'C,N, 229
m O

o= >mi>

Which is more commonly written in terms of the time derivative as,

aN, n.n 2.30
=nn,a 2 .
dt ¢ P & ad No

where S, is the aoss couping coefficient for the non-diagonal elements whil e the

diagonal elements include the effective ionisation coefficient,
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U
S :%C - c.cilc O— 2.31

anda, is thecollisional-radiative recombination coefficient,

a,=r, - Z Z C,C'r 2.32

i i
B

The rate & which eledrons recmmbine from the continuum onto a non-equili brium
level p is given by the recombination coefficient a,. The aosscouping coefficients
describe the rate & which the non-equili brium levels, including the ground state, are
popuated and depopdated within a collisional-radiative frame work. The aoss
couping coefficients can aso be used to oltained the colli sional-radiative ionisation
coefficients. These efficients represent the rate a which the non-equili brium levels

of the beam atoms are ionised and are obtained using the following expression,

S,=S,- ,ZSW - i S» 2.33

o=p+l

In the cae of a deuterium bean, the only non-equili brium level is the ground
state. The 2s S level is not a non-equili brium level sincethereis grong 2s2S -, 2p
%p collisional and field mixing. There ae no cross couging coefficients, orly the
single colli sional-radiative ionisation coefficient. On the awumption that only the
groundstate of the bean atomsis sgnificantly popuated, this coefficient can be used
to describe the rate & which the beam atoms are ionised and is commonly referred to
as the dfedive beam stopping coefficient. It is converted into an effedive bean
stopping cross ®dion by dividing through with the beam velocity. Using equation
2.18the atenuation d a neutral deuterium beam can be cdculated. The eguili brium
popuations of the excited states are simply evaluated relative to the groundstate ae
eguation 2.28.

For aneutra helium beam, there ae threenon-equili brium levels. The ground
state and the two metastable levels ( He(2 'S) and He(2 3S) ). Thereisatotal of nine
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cross cougding coefficients and three dfedive ionisation coefficients. The Greek
subscripts of equation 2.31lindicae the initial and final states associated with eat
coefficient. The diagona elements represent the total popuation lossrate from the
spedfied nonequilibrium level. This total loss rate includes the loss rate to the
continuum as well as to the other remaining nonequili brium levels, whilst the
effedive ionisation coefficients describe the rate & which eledrons are lost from
eat o the non-equili brium levels to the continuum. To model the dtenuation d the
beam we can nolonger employ the simple expresson d equation 2.18,a spatialy

dependent solution of the following set of equations is required.

lels —ns N < \ < .
Vb dX - ne g ' Vqig - n‘_:l big_1ts ' Yolg - n‘_:l 3g . 1ig | Vo3g

szls : s N < N < .
vV, dx =-Nng s 2ls' Vilg +n, g Np1g n, PP PEIN 2.34
Vb dX - ne 11s.2%s 1's ne 215, 235 2lg ne 3 g 23g

where N 2511 is the popdation d the level spedfied by the quantum numbers n, S
n

and L. The ontribution to the equili brium popuation d ead excited state from eat

non-equilibrium level is calculated using equation 2.28.

2.6 Previoustheoretical studies

2.6.1 Modelling neutral deuterium beam

The first attempt at modelling the &tenuation d a neutral deuterium beam, as it
entered into a tokamak plasma, was reported by Riviere[33] in 1971. Riviere
employed a simple coronal type model to investigate the penetration depth of a bean
as afunction d typicd plasma parameters. The gproach of using a simple coronal
type model was continued by many otherg[21, 34, even after the work of Boley et.
al.[35]. Boley et. a. demonstrated that a collisiona-radiative description was

necessry to include dl the @omic processes which contribute to ionising the beam
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neutrals. A series of coupded dfferential equations, which spanned from the ground
state to the Lorentz ionisation limit associated with the bean atoms, was employed to
model the effective ionisation of the beam neutrals and hence the beam attenuation.

Although a lot of information regarding the beam attenuation was now
available, little was known abou the behaviour of the excited state popuation
structure until the work of Summerg[36] and the later efforts of Spence19] at JET
Joint Undertaking. Using a @de which was originally based onthe ealier work of
Burgessand Summerg[37], a detailed description d the excited popudation structure
of the beam atoms was now reaily available. Interest in the excited popuation
structure of the bean atoms grew and was later modell ed by Korotkov[38]. Using the
method described by Boley et. a., Korotkov investigated bah the excited popuation
structure and the dtenuation o neutral deuterium beam atoms. The excited state
popuations were cdculated in what we describe & the bunded-n approximation. In
which the population of each principal quantum shell are evaluated.

Due to the increased avail ability of high quality atomic data, the dtenuation
cdculations of Korotkov were later revised by Janev et. a[39]. Janev et. 4d.
condwcted a more daborate study of the bean attenuation and presented analyticd
fits to the effective beam stopping cross sections.

The present work develops from the original JET colli sional-radiative model
where we assmble a series of dtatisticd balance euations in the bunded-nS
approximation. The method d solution is complete and enables one to conduct a
detailed study of the dfedive stoppng coefficients as well as the excited state
popuation structure. The cde systematicdly accesses the most recent fundamental
atomic data and employs a wide variety of formulaeto generate the aoss dions
for transitions where there is no fundamental data available. We do nd present our
data in terms of analyticd fits. ADAS as a matter of pdlicy archives exad numericd
data. The anayticd fits of Janev et. al. are unsoundin the low and high density
asymptotic limits of the dfedive beam stoppng cross ®dions. As an example we
show in figure 2.13,a cmparison ketween the results obtained in this work and the

analytical fits ofJanev et. al. as a function of beam energy
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Figure 2.13 Bean stopping cross ®dions Vs energy for a pure H* plasma. Comparison between the
analyticd fits of Janev et. a.[39] and the results obtained from this work. The densities where seleded
to ill ustrate the difference a the coronal limit ( 1.0 x 10° cm™®) and nea the high density regime ( 1.0
x 10" cmi®).

2.6.2 Modelling a neutral helium beam

The gplication d a neutral helium beam as an edge or as a re diagnaostic neals
dightly different modelling approaches. As an edge diagnostic, a slow bean is
employed to penetrate into the periphery of the plasma where the condtions are
usually such that a spatially dependent solution d the statisticd balance euationsis
required[12, 13. For a fast neutral helium bean as a wre diagnostic, the excited
levels, with the exception d the metastables, have readed locd equili brium. There
had been various attempts to model the atenuation and excited popudation structure
of fast neutral helium beang[38,4(. However, the most significant contribution was
due to the later work of Korotkov[41]. Using a series of couped equations, Korotkov
investigated the behaviour of the excited popuation structure and the beam
attenuation uncr the assumption that the metastable levels had relaxed and readed
equilibrium. The excited popuations were cdculated in what we describe & the

bunded-nISL approximation. The bunded-nISL approximation involves evaluating
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the popdation for eat o the angular sub-states for the low lying levels, while the
population of the higher levels are calculated in a bund&dpproximation.

An attempt to include the influence of the non-equili brium metastable levels
on the popuation structure and attenuation was undertaken by a wmbined effort of
Korotkov and Janev[42]. In addition to using improved fundamenta data, Korotkov
et. al., introduced an approximate method to describe the influence of the non
equilibrium levels.

In this work we model the atenuation and popuiation structure of a neutra
helium bean by assmbling the complete set of couded equations in the bunded-
niSL approximation. The method d solution here however is more general and
complete sincewe do nd assume that the metastable level popuations have relaxed.
In these drcumstances, the atenuation d the beam is no longer charaderised by a
single stopping coefficient. Rather it is described by a wuped set of three guations
linked by collisional-radiative aoss couding coefficients. These aoss couding
coefficients are dso cdculated in the full bunded-nISL model. We give mnsiderable
attention to using the most recent fundamental data and as for deuterium employ a
variety of approximate methods to generate a@oss dions for transitions where there

is no fundamental data available.

42



3.0 Collisional-radiative models for beam attenuation and emission

3.1 Introduction

In this chapter we discussthe formulation and computational implementation d the
bunded-nS deuterium bean model within the context of ADAS. The bunded-nISL
helium bean model is aso presented in a similar manner. It shoud be noted that the
bunded-nS model was originaly written in FORTRAN by Burgess and
Summerg[37] and was later modified by Spence19]. In this work our main
contribution to the bunded-nS model has been the optimising and vaidation d the
program. Then we deployed it to model the atenuation and emisson associated with
the neutral deuterium beams at JET, see dapter 5.0. The bunded-nISL model was
extensively developed duing the ourse of this work for applicaion to helium
beams, athough the ade had its origin in an existing program designed to model the
excited popuation structure of atoms in an astrophysicd plasma[43]. The bunded-
niSL is also written in FORTRAN. We have dso developed interadive programs
which interrogate and archive the output from ead of these ollisiona-radiative

models. The details of these programs are also discussed in this chapter.

3.2 Thebundled-nSmodel for a deuterium beam
The bunded-nS model evaluates the excited popuation structure of neutral

deuterium. The model is avery many n-shell treament, in which the popuations of a
representative set of principal quantum shells are cdculated since matrix
condensation techniques are used to render the problem tradable[37]. Due to the nea
energy degeneracy of the |-substates of deuterium, the bunded-nS approximation, in
even low density tokamak plasmas, suffices. Even in circumstances, where the
degeneragy is partialy removed ( for example by the motional Stark perturbation), to
a good approximation the popuation d the sub-states for a given n are statisticd at
tokamak densities. Our model is general in that the deuterium atoms can either be in
thermal plasma, which may possbly be traversed by a neutral beam, or be the main
congtituents of a beam. In the cae of deuterium atoms in a thermal plasma, the
excited popudation structure and colli sional-radiative recombination and ionisation

coefficients are evaluated. In the present work we ae a@ncerned with deuterium
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atoms in a bean, therefore the quantities of interest include only the excited
popuation structure and the llisiona-radiative ionisation coefficients. The
eff edive ionisation coefficient, as mentioned ealier, represents the rate & which the
beam atoms are ionised as the beam traverses the plasma and is commonly referred to
as the effective beam stopping coefficient.

The statisticd balance ejuations of the bunded-nS model include dl the
processes which contribute to popudating and depopuating ead principal quantum

shell. These take the form shown below.

[

Z(U( )Bi”ﬁi +neqi?'_>i +npq'? i +n(imp)q('i'”p))Ni" +

dN; imp) i
Vbd_)(I= z(Alﬂ +U(V)Bi'ﬂi +neqi?ﬂi +npqipﬂi +n(|mp)q-('lmP))Ni‘ *
%

[ n U
o™ + 20 +IU (v)B,_ dk + ai(3) n.Lhen, -
r . 0 3.1

Z(Alai” +U(V)Biﬂi” +neqieai" +npqiiii" +n(imp)qi(iﬁi?‘))Ni -

Z (U (V)Biﬁi' + neqieﬁi, +n,q

(n.e.. +n,0°.. + 0,07 +nl™gl™ + [U(V)B_,dk)N,

P4 n(inv)q.(ifﬁﬁ’))Ni -

fori=1,2, 3, ...

Note the presence of a radiation field. This is viewed here & a possble externa
radiation field penetrating the plasma. Although the externa radiation field onthe
popuation structure is treded corredly in atomic terms it is adualy for the present
bean studies an artificial device for popdation modificaion. This is discussed in
sedion 3.2.5.There is no adual externa radiation field present in ou JET studies.
U(V)Bi_; corresponds to the contribution dwe to phdo-excitation (i’ > 1 ) and
stimulated emisson (i’ <i ). The quantity JU(v)Bk_idK is the contribution dwe to
stimulated remmbination and [U(V)Bi_«dk is the phao ionisation rate. The
influence of plasma impurities are dso included in the statisticd balance ejuations.

The protons' contained in the plasma ae treated as geda plasma spedes while the

! We use the term ‘protons’ to refer to any of the isotopes of fully stripped hydrogen.
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remaining ions are treated as ‘impurities. The symbd n‘™ represents the total
effedive impurity density. In genera several impurity spedes may be involved in
collisionaly inducing transitions. If we let the set of impurity charges and fradions
be { 2™y, fMP): i=1,.1 }. Then the total effedive impurity density and the dfedive

chargeZqg, as evaluated by the bundled-nS model is,

|
me) = (ne _ np)/ﬁz Z(19) fi(imp)ﬁ 3.9
1=1
Zeff - ﬁqp + n(imp) lz (Z(():'TP))Z fi(i'TD) ﬁ/ne 3.3
1=1

and the number density of each individual impurity ion is simply,

ni(imp) - n(imp) fi(imp) 3.4

In the cae of asingleimpurity, which is frequently used as an effedive impurity, it is
convenient to ater the definition. The dfedive diarge for a single impurity and its

number density is now evaluated as,

Zi™ = (Zeff n, - np)/(ne - np) 35

ntm = (ne - np)/zgmm 3.6

The bunded-nS model employs a wide range of approximate methods to
evaluate the rate wefficients associated with the a@omic processes which are
included in the statisticd balance ejuations. For convenience it is assumed that he
eledron and ion temperature ae identicd. We shoud pant out that the beam atoms
are in a purely ionising regime, therefore it is unrecessary to include recombining
process sich as radiative recombination ( aR" ) and charge exchange ( 0.“%) . These
proceses have only been included dwe to the general nature of the model. The
program also accessa mlledion d databases which contain more refined atomic data

which is used to substitute the approximate methods where ever possible.
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In the foll owing sub-sedions we briefly summarise the goproximate methods
and indicate the extent to which fundamental atomic datais used. A detail ed acount
of the former isgiven by Spence19]. We dso ouline the methodwhich is adoped to

solve the statistical balance equations.

3.2.1 Radiative atomic processes
We begin by first considering the sportaneous emisson coefficient, which describes
the rate & which an eledron raturally decas from the upper level n to the lower

level n’, this is calculated using the expression,

0 0 4g| .
A D16a o Zo '
" By3m, On’n'(n? -n?)

3.7

where g, isthe boundboundGaurt factor[37], o is the fine structure mnstant, & is
the first Bohr orbit radius and z, is the nuclea charge of the bean atom. The
sportaneous emisson coefficient is then used to oltain expressons for the stimulated
emisgon and phdo-excitation coefficient. The Einstein B-values can be obtained

using the following relations,

8mr hv? n?
B =A /T By w=—5 By . 3.8

Therefore the stimulated emission coefficient is,

ovie, L A g e

and the photo-excitation coefficient,

DlGorcD \NZf)‘gr'm
u(v)B. _EB@mODnn i g»(p%"/d—% 10 3.10
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where U(v) isthe energy density, T, is the temperature of the radiation field and W is
a dilution fador. The radiative recombination coefficient is evaluated using the

following equation,

| 020 8q*c Oz 9" exp(-x)
a’ = g2l el D—exp%AT I nn—dx 3.11

where d',v is the boundfree Gaunt factor[37] and x =hv/kT,. The @omic processof
phao-ionisation is now of interest . This coefficient is evaluated using the foll owing

expression,

1]

8a*c Uwz ~ 9”,*

g

JuB,._, = Sz H '%T x[expz;)—l]dx 3.12

and finally, the stimulatedchdiative recombination is given as,

_ 2° Or?ala* dH On OP(—T X/ T, )0
JUV)B,_dk = N . T B e(p A—,—%J’ o)1 3.13

3.2.2 Collisional atomic processes

There ae three methods which the bunded-nS model can use to evaluate dedron
impad excitation rates. These include the method d Van Regemorter[44], the impad
parameter approximation[37] and the prescription by Percival and Richardg[45]. The
method d Van Regemorter invaves describing the dedron excitation rate

coefficients with effective P-factors. The electron impact excitation is then given as,

28 %2\/_aca n°n’ g,:,n- O, 7> O AE, .0 DAE O
qn'—»n 3|:| 3 D(nZ_n'2)4 Zg %(TQE eXpE*_ KT %P% KT %

e
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where P(AE, »/kTe ) is the Van Regemorter P-fador and AE,, is the transition
energy between the levels n and ri. The mrrespondng de-excitation rate is then give

as,

=
>

3
2° maca?d n°n® g, Ol o g
q ,:—EP\/_ %o ~ o0 PO—"0 3.15
n-n 30 3 D(nZ_nZ) zZ OKT.O OKT O

e

The basic expressonto oltain the dedronimpad excitation crosssedions using the

impact parameter method is,
Ou .= 27TJ' P._,bdb 3.16
0

where b is the impad parameter and Py _,, is the probability of the target eledron
being excited from the level n’, to the upper level n. As discussed in detail by
Burgess and Summers[37], the probability Py, _, can be evauated using time
dependent perturbation theory. However perturbation theory is only valid for we&k
couding i.e. a large impad parameters. Therefore Burgess and Summers have
derived expresson acmrding to whether the impad parameter is large enowgh to be
considered for wed& couging or smal enough for strong cougding. To avoid
digressng we smply quate their results. In the cae of wea couping the excitation

Cross section is,
D y 0 U
o, =2 mO " f Ov(£q)0m’ 3.17
n O =
and for strong coupling the excitation cross section described,

U
o, :l—HBE—H fnﬂn-éf(fﬁl)*ai'?f +0.5knkn.(Rf)2g1a§ 3.18
n' 0
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A detalled description d ead equation can be found in the [37]. Finaly, the
prescription d Percival and Richardg[45], which is based ona cmbination d semi-

classical methods and experimental data, yields the following expression,

n*l, m;
.n=———(ADL + FGH) 3.19

zE

the detail s of which can be foundin [45]. The correspondng colli sional de-excitation
cross ®dions for both the impad parameter and the latter method are cdculated
using the principle of detailed balance.

If we now consider eledronimpad ionisation. There is only one gproximate
method which is available for use in the bunded-nS model. This is the Exchange
Classcd Impad Parameter ( ECIP ) method d Burges446]. The dedron impad

ionisation rate from the level denoted by the principal quantum number n is given as,

Ul Dyz 2 I
qnm=(8x/7_mca§)%% 2—§expE+— kT”eaGexp(—E)dE 3.20

where¢= (W, -I,)/ kT and G is defined as,

| -10 W /1 U
G= n/ n |:|_ n/ n 2|n|§|./i|]+
(/1 +10 (W]/|n+1) a1, 0

IIP

1 IP D
2! (V\L)E 3.21

W, is the initial energy of the incident eledron and I is the cntribution die to
impad parameter[37]. This expresson is then used to oltain the three body

recombination rate coefficient,

4 ©
al® =2° nz(acag)%i%g n—ZJ’G exp(- £)dé 3.22
e 0



We now consider the methods which are enmployed to evaluate the ion impad
excitation crosssedions. There ae threedifferent methods which are available for
use. These include the impad parameter method 37], the semi-empiricd formula of
Lodge €. a.[47], and the two state goproximation d Vainshtein et. al.[48]. The
impad parameter method involves smilar expressons to equations 3.17and 3.18.A
detailed description is given by Burgess and Summerg[37]. The semi-empiricd
formula of Lodge d. a is based ona combination d semi-classcd methods and
experimental data. The resultant formula, for which the detail s can be foundin [47]
IS,

4

n‘m’
o, . = (ADL + FGH) 3.23

n-n E

The two state goproximation d Vainshtein et. a.[48] describes the behaviour of ion

impact excitation with the following equation,

g, . = ZH%QGXp(— Zﬁ)l (8) 3.24

where I(B) is cdculated from a definite integral and A is related to the oscill ator
strength[48]. The mrrespondng de-excitation cross gdions for ead methodare dso
obtained uwsing the principle of detailed balance The last approximate method
concerns ion impad ionisation. The bunded-nS model employs the binary encourter

formula of Percival andRichards[49].

3.2.3 Beam thermal rate coefficients

The gproximate methods employed by the bunded-nS model, with the exception d

the method d Van Regemorter, evaluates the aoss dions which described the

behaviour of the collisional processes. However to assemble the statisticd balance

eguations we must convert the cross sections into beam-thermal rate coefficients.
The ollison between two particles in a thermal plasma is charaderised by

their relative velocity. The associated rate coefficient is defined as,
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0

<vra(vr)> = J' J'vrf(vp)f (vt)a(vr)dvpdvt 3.25
where v, is the relative velocity between the target and the projedil e. The quantities
f(v) and f(v,) are the correspondng velocity distributions for ead particle. In the
present work the projedil es are the bean atoms, which have aknown velocity, and
the target particles are the thermal ions contained in the plasma. Therefore the rate

coefficient for the collision between the beam neutrals and target ions is,

(v,0)= Vj:vr a(v, )f (v, )av, 3.26

min

The relative velocity is defined a&s= | v, - v¢|, which is expressed as,

— — 2 2
V, =V, =V, = V2 +V +2v,v, cosd 3.27

where 9 is defined as the angle between the projedile and the target. The bean-

thermal rate coefficient as evaluated in the bundled-nS model is then defined as,

<vrc7(vr )> :%j: }vra(vr)f (vt)sinﬁdvtdﬁ 3.28

0 Viin

It is of interest to pant out that eledrons in the plasma ae moving with velocities
much greaer than that of the beam atoms. Therefore the rate efficients associated

with electron collisions are effectively independent of the beam velocity.

3.2.4 Fundamental atomic data

The suppementary data which is utilised by the bunded-nS mode is now
considered. There ae threemain databases which contain eledron impad excitation,
eledron impad ionisation and ion-atom collision cdbta respedively. If we first
concern ouselves with eledron impad excitation detabase. This database @ntains

eledron impad excitation coefficients which are stored in the form of effedive
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collision strengthg[29]. The dfedive mlli sion strengths are tabulated for transitions
up to the n=5 shell. This data is periodicdly updated and is a combination d both
theoretica and experimental data. During the curse of this work the @ntents of the
database was based onthe cdculations of Sampson and co-workers [50,51,52 and
the data of Callaway[53]. This database dso contains a cmpilation d sportaneous
emisgon coefficients, the detail s of which can be foundin [54]. Turning our attention
to the dedron impad ionisation catabase. This database mntains Maxwell averaged
rate wefficients which are periodicdly updated. The cntents of the database during
this work was based on the data reported by Bell et. al.[55]. The last database of
concern, which is the largest by far, contains a wide range of ion-atom colli sion cata.
The database @ntains cross ®dions for charge exchange and ion impad ionisation
from the groundand excited states up to the n=5 shell. lon impad excitation data up
to the n=5 shell isaso included. The dataiis gored in the format of raw cross dions
and encompasses the readions mentioned for al the impurity spedes up to the first

period. A detailed review of this database can be found in appendix A.

3.2.5 Method of solution

Due to the generali sed nature of the bunded-nS modd, rather than simply solving for
the excited popuations, an dternative gproach is adopted. There ae three basic
driving medhanisms which are resporsible for popuating the excited levels of
deuterium. These include dharge exchange recombination, excitation from the ground
state and recombination d free éedrons. The model solves the statistica balance
equations for eat o the individual contributions associated with every principal
guantum shell of interest. To olktain the individual contributions we start from the
statistical balance equation written in matrix notation,

dN,
Vo g nnr—ZCN 3.29

If we now re-write this expression in the form,
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dN,
v, d_xl =nn,0, +nn.a -5 C/N, 3.30
J

wherelJ; is defined as,
0, =a +na® +J'U(V)BKﬁidK 3.31

We can now re-write expresson 3.30in terms of the quasi-static and norequili brium

levels using the notation of chapter 2.0,

dN, o
v, —=nn,0, +nna®™ -SY CN* -y C,N, 3.32

b
dx =

The expression for the equilibrium populations is,

N =nn,R, +n,n,G, +02E"NU 3.33
which distinguishes the different driving mechanisms,

R, = ;cj‘ilmi 3.34

G, = Z Cila™ 3.35

E”=-% C/'C, 3.36

>m

R;, Gj, and E° are respedively the cntributions which popuate the excited levels of
the beam atoms due to recombination, charge exchange and excitation from the non
equili brium levels. For deuterium the number of non-equilibrium levels is one,

therefore equation 3.33 now reads as,
N =nn,R, +nn,G, + E'N, 3.37

Rather than solving this equation dredly it is more cnwvenient to solve for the ‘by-

factors’ which are defined using the modifisdha-Boltzmann equation,
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N, =nn, SMD n exp%%—r 3.38

The b, fadors describe the deviation from thermodynamic equili brium at which they
shoud be equal to a value of one. If we substitute the modified Saha-Boltzmann

eguation into equation 3.37 we arrive at,

1 |:|Nl U 2 3 |:hb ]
b, = F4, =0+ F} +F5 B0 3.39
On, O n, O

where F'(), F¥) and F3(; are respedively the mntributions which popuate the level
n dwe to excitation from the ground, recmmbination and charge exchange. The
quantity ny is the beam density and N, is the popdation d the ground state of the
beam neutrals. In the present context our interest is with the Fl(n) guantity, since this
gives the contribution which popuates the excited levels of the bean atoms from
their ground state.

We have a omputational algorithm for distinguishing these contributions, we
first fix the bean density to zero, this sts the wntribution die to charge exchange to
zero. We then apply a synthetic radiation field which depopuates the ground state
dueto theinclusion d phao-ionisationin the statistica balance euations. The F,
recombination contribution can be caculated in isolation. If we then switch of the
radiation field and keep the bean density as zero we can then evaluate the F',
contribution. Finaly, if the radiation field is st to zero and the bean density is nat
equally to zero the contribution can be calculated.

The quantities which are tabulated as output from the model include the by,
F o), Fny and F,y comporents. The solution d the Saha-Boltzmann equation in the
form the Ny/byxn, is aso tabulated along with the dfedive beam stoppng
coefficients. Therefore the excited state popuation relative to the groundstate can be

obtained from the output since,

O

N“—F'DN“D 3.40
N, @ Ean '
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which allows us to define the dfedive beam emisson coefficient for the transition n

-~ n’as,

Ah
q =—" Eb 0 3.41

where A, is the transition probability. The dfedive bean emisgon coefficient is
the number of phaons emitted per unit volume per second. The bean emisson
coefficient is employed to recver the neutral bean density from the D, emisson

from the excited beam atoms in experimental analysis, see chapter 5.0.

3.3 Thebundled-nISL model for a helium beam

The bunded-nlSL model has been designed to operate in a similar manner to the
bunded-nS model. The bunded-nISL models cdculates the excited popuation
structure of helium atoms either in a opticdly thin thermal plasma or in a mono-
energetic beam penetrating into a plasma. It is an nl-spin resolved mode which
cdculates the popuations of the I-substates from the ground state up to an arbitrary
principal quantum number, above which a bunded-nS treament is then adopted, see

figure 3.1.
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Figure 3.1 Schematic ill ustration of the bundled-nISL model. The low levels are cdculated in an nl-
resolved picture up to an arbitrary principal quantum shell, above which a bundled-nS treament is

adopted.
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The switching of principal quantum numbers is guch that for it and higher principal
guantum shell s |-redistribution is eff edively complete. The groundstate and the He(2
!S) and He(2 3S) metastables are treaed as non-equili brium levels. Therefore the
equili brium popuations of the excited states are cdculated relative to ead non
equilibrium level. The statisticd balance ejuations are similar to thase of the
bunded-nS model but contain additional processes which were not applicable in the
nS-resolved picture. These include spin changing eedron colli sions and colli sional
trangitions between degenerate levels. The statisticd balance ajuations written in

maitrix notation are as before,

Vo

N,
W—nemﬂi —Z@”Nj 3.42

fori=1,2,3....

However [J; now includes remmbining terms to bah the singlet and the triplet

excited levels and the collisional-radiative matrix is of the form,

3.43

I
I
I
I
I
I
I
I
!
I

1
I
I
I
I
I
I
I
I
!
I

N I R

0 l
0 s.T | Triplets
O I
] |

where the top left hand partition concerns the aomic rates asociated with the pure
singlet spin system. The top right hand partition includes the a@omic rates which
describe the calli sionally induced transitions from the triplet to singlet spin system (
eledron exchange ollisions ). The bottom right hand partition includes the @omic
rates for a pure triplet spin system and the asciated left hand partition contains the
spin changing contribution from the singlet to the triplet spin system. The diagonal
elements of the ollisional-radiative matrix describes the total loss rate from ead
level as previously.

The gproximate methods used to evaluate the aosssedions and rate

coefficients in the bunded-nS model are relevant for hydrogenic and norhydrogenic
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ions in the bunded-nISL model but require aspedficaion d how they are to be
fradionated ower |-substates. In the following sub-sedions we summarise the
differences in the way they have been implemented. We dso dscussthe gpproximate
methods employed for the aomic processes which were not appliceble to the
bunded-nS model. The bunded-nISL model also accesses vera databases in the
same manner as the bunded-nS model, and we detail which fundamental atomic data
is used. Finaly, we outline the method d solving the statisticd balance ejuations

when there are three non-equilibrium levels.

3.3.1 Radiative processes

As mentioned ealier, the gproximate methods employed in the bunded-nS model
can be used for hydrogenic and norhydrogenic ions in the bunded-nISL modd.
Where gopropriate however exad energy levels and statisticd weights for helium are
adopted. Exad energy levels for the low levels in the bunded-nISL model are
expanded ower the complete manifold of levels using the quantum defed method for

each spin system. That is the quantum defect is calculated using a series expansion.
u=a, +a,E, +a,E’ +a,E} 3.44

where the energy levels E;, E; and E3 are the exad values which are entered as inpu.
Thisis repeded for the s, p, and dl-series and for both spin systems with the energy

levels then calculated from,

|
E = H 3.45

Higher |-series have negligible quantum defeds. The statistica weights depend on
whether we ae @ncerned with levels which are part of the low level nlSL-resolved
treament or the high level bunded-nS picture. If we define n, as the abitrary
principal quantum shell which separates the nISL and 1S resolved treament. The

statistical weights are defined as,

n<n, i=nlSL w =(2L+1)(2S+1) 3.46

n>n, i=nS w =n*2L, +1)(2S, +J) 3.47
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where L, and S, are the total angular and spin quantum numbers associated with the
parent ion. We dso require nl-resolved boundboundand boundfree Gaunt fadors
to evaluate quantities suich as the sporntaneous emisson and the radiative
recombination coefficient. The expressons used to evaluated these fadors are of
considerable complexity and a detailed acount can be found in the work of

Summers[43].

3.3.2 Coallisional processes

The expressons which were used for the bunded-nS model form a starting point for
the bunded-nISL model. However there ae several additional processes which have
to be taken into acount which were not applicable in the nS-resolved picture. These
processs include ion and eledron colli sions between degenerate levels and eledron
driven spin changing collisions. The gproximate methods to evaluate the rate
coefficients for ead of these processes is discussed in detail by Summerg43]. We
simply quate the results here. For degenerate alli sions due to eledrons and ions, the

rate coefficient is given as,

1 1
O, POm® 1 [Z2Tm, [ =
2 H 2
q =Amaca; 3—0 O—0 — D o 2657+ logt——[+IogR
Onis ~nivs ODkTeD B, 212 nl&anIS_% gD Dm0 g E

where m and T are respedively the mass and temperature of the lli ding particle.
The quantity R? is described as a aut-off to ensure the @llision cross ®dions have
finite values. The expresgon for spin changing transitions between ead spin system
IS,
5 (2L +1)(2S +1)
Ous ~nistr =75
12 (2L, +1(2S, +1)

|l7,?.',.|2q(el - &) S#S 3.48

where r]”'n,l, is an owerlap fradiona function.A detailed acourt of eat expresson

can also be found in the work $pence[19].
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3.3.3 Fundamental atomic data

The supdementary datais gored in asimilar format to the data used for the bunded-
nS model. There ae three databases which contain eledron impad excitation,
eledron impad ionisation and ionatom collision data respedively. If we first
consider the dedron impad excitation database. This database contains excitation
rates which have been stored in the form of effedive llision strengths for dipoe
and nondipade transitions between al the resolved levels up to the n=4 shell. The
contents of the database is primarily from the compilation d de Hea[56] but
includes the work of many otherg[54]. Also included in this database is a
compilation o sportaneous emisson coefficients, the details of which can aso be
foundin [54]. Focusing on the dedron impad ionisation database. This database
contains Maxwell averaged eledron impad ionisation rates associated with the
ground state and the He(2 'S) and He(2 3S) metastables. This data is based onthe
work of Bell et. al.[55 and Fujimoto[57]. The ion-atom database, which is the
largest database, contains crosssedions for charge exchange, ion impad excitation
and ionisation from the ground and excited states of the singlet and triplet spin

system. For this work the data used was based on a compilation by Summers[54].

3.3.4 Method of solution

In the same manner as the bunded-nS model, the bunded-nlSL model solves for the
effedive contributions. As shown ealier in sedion 3.2.5the quasi-static popuations

can be obtained using the expression,

m

eq — a
N =nnn,R +n,n,G;+> E°N 3.49

o
o=1

where in this case the number of non-equili brium levels isthree Using the modified

Saha-Boltzmann equation which is now written as,

3
N —nn8Em§IHE/2 W ex / %) 3.50
i e' '+ |:| kTe |:| 2W+ p kTe i .

where w is the statistical weight of the parent ion,
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w, =(2L, +D(2S, +1) 3.51

Equation 3.49 can be re-written in terms of thlablL factors,
n

ON,. O [N, O N, O,
b oo, = Fl gy B——0+ Fll (y G220+ Flll (g B220+ F2s) 352
L on, O On, O On, 0O

+

The quentities Flnsg , Fllmg and Flll s separate the dfedive ecitation

contributions which popuate the excited levels by driving from the groundstate and

the He(2 'S) and He(2 3S) metastables respedively . The ntribution to popuating

the excited levels due to recombination from the continuum is Fug). It shoud be

noted that the dharge exchange F3(nls) contribution hed been omitted from equation

3.52, since we have naot incorporated charge exchange data for the therma plasma

atom case. The solution d equation 3.52is achieved by a combination d switching

on and off a synthetic radiation field in a similar manner as in the bundled-nS model.
The tabulated ouput from the model contains the ecitation contributions (

FI, FII, FlIl ) and the solution d the Saha-Boltzmann equation in the form

N |zs+1L/b |zs+1L><n+. Also included are the dfedive aosscougding coefficients which
n n

are calculated using the expression discussed in chapter 2.0,

S, =C,, - l;;@pj@j‘il@m 353

The equili brium popuations relative to the groundstate and ead metastable ae then

obtained from the tabulated output using the following relations.

Nn|28+1|_ D N |ZS+1

=FI %" L P 3.54
N - (nlS) n % '
1s ni2s+ "+

N e
— = % 3.55
(nIS)
Nzls nlzs+1|_n+ %

" Fill D%N” =
= 3.56
(nIS)
N23s nlzs+1|_n+ %
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The dfedive bean emisson coefficients relative to eath metastable can then be

defined in a similar manner as in section 3.2.5 .

3.4 Computational implementation and validation

3.4.1 Implementation of the modelswithin ADAS

The bunded-nS model has been implemented into the ADAS system as ADA S310.
We summarise the main feaures of ADAS310 tere and further detail s can be found
in [26]. As with al ADAS programs, there ae threemain IDL compoundwidgets
which serve & the user interface The inpu, the main processng and the output
screen. We focus our attention here on the main processng screen of ADAS310, see

figure 3.2.

rﬂ ADAS310 PROCESSING OPTIONS

Figure3.2 Snapshot of the main processing screen of ADAS310.
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The processng screen consists of several panels which allow the user to seled and
enter the required inpu parameters. The bottom left hand panel concens the
seledion d plasmaimpurity ions and the range of principa quantum shells for which
the excited state popuationisto be evaluated. The panel on the bottom right all ows
the user to enter the required temperature, density and reutral beam energy range.
The panel at the top is of most interest, since it is in this areawhere the user can
seled the different approximate methods to evaluate the rate efficients for the
atomic processes included in the statisticad balance ajuations. As can be seen in the
top panel of figure 3.2, there ae aseries of togge buttons. If the user adivates the

button which is labelled ‘Switch I', an additional panel will appear, see figure 3.3.

Figure3.3 Snap shot of the panel which appears when the button labelled ‘Switch I' is activated.

This panel alows the user to selea the method for evaluating the dedron impad
excitation cross gdions and hence the rate wefficients. The panel also contains the
switch which alows the user to access the wlledion d fundamental atomic
databases. If this svitch is adivated the data contained in ead database is extraded
and is used to replace the values obtained from the gproximate methods. In the
context of ADAS, ead o the databases are stored in their own spedfic ADAS data
file format ( adf ). The database wntaining eledron impad excitation rates is
archived in the file format known as adfO4. The dedron impad ionisation ckta is

archived acmrding to the prescription d the file format adfO7, while the ion-atom
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database is dored in the file format of adf02. A detail description d eat o thefile
formats can also be found in [26].
If the user now adivates the button labelled ‘switch 1I’, a second panel will

appear, see figure 3.4.

Figure3.4 Snapshot of the panel which appears when the button labelled ‘Switch II' is activated.

This panedl alows the user to choose between the different approximate methods
which are enployed to evaluate ion impad excitation crosssedions. The panel also
contains switches which allow the user to turn off the ion collisions as well as to
form the ion-atom rate wefficients withou taking into acount the beam velocity.
The latter being equivalent to switching the beam off and modelli ng the excited state
population structure of deuterium in a thermal plasma.

After the user has finalised their seledion, ADA S310 then loops aroundthe
spedfied range of temperatures, densities and reutral bean energies. In eat case
asembling the statisticd balance euations and solving for the equili brium
popuations and effedive beam stopping coefficients. The main ouput, which isin
the ADAS adf26 type format, contains tables of the F's, by's and the dfedive bean
stopping coefficients. We show in table 3.1 the typicd output from ADAS310for a

relatively simple case.
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TABLE FOR ION PRINCIPAL QUANTUM SHELL POPULATIONS IN THERMAL PLASMA

Z0 = 1.00E+00 Z1=1.00E+00
TRAD = 1.00E+08 K TE = 2.32E+07 K TP = 2.32E+07 K
W = 0.00E+00 NE = 1.00E+12 CM-3 NP = 1.00E+12 CM-3

EH = 5.00E+03 EV/AMU NH = 1.00E+07 CM-3 NH/NE = 1.00E-05 FLUX =9.78E+14 CM-2 SEC-1

CX OFF : N1/N+ = 1.16108E-09 RECOMB COEFF = 1.42279E-16 CM+3 SEC-1 IONIZ COEFF = 1.22541E-07 CM+3 SEC-{L

CX ON : N1/N+ = 4.76864E-05 RECOMB COEFF = 5.84353E-12 CM+3 SEC-1 IONIZ COEFF = 1.22541E-07 CM+3 SEC-1

I N F1 F2 F3 B(CHECK) B(ACTUAL) NN/(BN*N+)
11 0.00000E+00 3.11171E+05 1.27797E+15 1.27804EK20804E+10 3.73131E-15
2 2 3.60194E+09 3.49143E+00 7.13883E+10 8.85650EB:85650E+05 1.48493E-14
33 1.27748E+09 2.34706E+00 4.34908E+10 4.95829E405829E+05 3.33793E-14
4 4 5.08493E+08 1.60159E+00 5.95132E+09 8.37630EB:67630E+04 5.93213E-14
55 1.36343E+08 1.17348E+00 8.63307E+08 1.51350E164350E+04 9.26753E-14
6 6 3.94663E+07 1.05453E+00 1.63609E+08 3.51915E3:63915E+03 1.33441E-13
77 1.40732E+07 1.01994E+00 4.03570E+07 1.07569E403569E+03 1.81619E-13
8 8 5.82632E+06 1.00836E+00 1.22062E+07 4.00906E40R906E+02 2.37209E-13
9 9 2.80157E+06 1.00404E+00 4.43355E+06 1.78936EKU8936E+02 3.00211E-13
10 10 1.61959E+06 1.00234E+00 1.97951E+06 9.80297EX80297E+01 3.70626E-13
11 11 1.23372E+06 1.00178E+00 1.21778E+06 7.20110EA@0110E+01 4.48452E-13
12 12 8.60349E+05 1.00124E+00 7.15872E+05 4.91869E401869E+01 5.33690E-13
13 15 2.76860E+05 1.00040E+00 1.61784E+05 1.58207H:BR07E+01 8.33876E-13
14 20 5.23029E+04 1.00007E+00 2.37014E+04 3.73122B#{RL22E+00 1.48243E-12
15 30 6.82995E+03 1.00001E+00 2.84341E+03 1.35414B:3BN14E+00 3.33543E-12
16 40 1.54437E+03 1.00000E+00 6.25293E+02 1.07990EANNDIOE+00 5.92963E-12
17 50 4.75304E+02 1.00000E+00 1.89911E+02 1.02457E#IBA57E+00 9.26503E-12
18 60 1.75921E+02 1.00000E+00 6.97467E+01 1.00909EAMBOIE+00 1.33416E-11
19 70 7.10489E+01 1.00000E+00 2.83621E+01 1.00371E4MIB71E+00 1.81594E-11
20 80 2.98631E+01 1.00000E+00 1.16986E+01 1.00154EAMI54E+00 2.37184E-11
21 90 1.07568E+01 1.00000E+00 4.16035E+00 1.00055B/DSSE+00 3.00186E-11
22 100 1.27021E+00 1.00000E+00 4.26867E-01 1.00006E#@IDO6E+00 3.70601E-11

BN = F1*(N1/N+) + F2 + F3*(NH/NE)

N1 = POPULATION OF GROUND STATE OF ION

N+ = POPULATION OF GROUND STATE OF NEXT IONISATION STAGE
NN = POPULATION OF PRINCIPAL QUANTUM SHELL N OF ION

BN = SAHA-BOLTZMANN FACTOR FOR PRINCIPAL QUANTUM SHELL N
EH = NEUTRAL HYDROGEN BEAM ENERGY

W = RADIATION DILUTION FACTOR

70 = NUCLEAR CHARGE

71 = ION CHARGE+1

NIP =0 INTD=3 IPRS=1 ILOW =1 |IONIP=1 NIONIP=2 ILPRS=1 IVDISP= 1
ZEFF =1.0 TS = 1.00D+08 W = 0.00D+00 CION =1.0 CPY=1.0 W1 = 1.00D+08 ZIMP = .0 ( 0.00D+0Q
1

Table 3.1  Typicd output from ADAS310 for a pure D* plasma. The output from ADAS310 is
archived acaording to the file format of adf26. A summary of the input parameters is Pedfied at the

bottom of the tabulated output.

It is common pradice to generate dfedive stopping and emisgon coefficients for a
wide range of plasma parameters. The plasma parameters being the temperature,
density and reutral bean energy. The typicd output from ADAS310 for a single
impurity spedes is approximately 3.5Mb and consists of a series of tables as diown
in table 3.1. We then have to extrad the dfedive stoppng and emisson coefficients
and store them in a suitable format. To automate this process duing the @urse of

this work we have developed an interadive program which is employed to
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interrogate the alf26 type files. The program off ers the user the dhoice of whether to
extrad effedive stoppng or effedive anisson coefficients for an arbitrary transition
from the adf26 type file. This program is known as ADA S312 and we summarise the
main feaures here, a more detailed description can be foundin [58]. We show in

figure 3.5 the main processing screen of ADAS312.

r‘ﬂ ADAS312 PROCESSING OPTIONS

Figure3.5 Snap shot of the main processing screen of ADAS312.

The processng screen consist of several panels. The panel in the midde displays the
parameter range over which the @ntents of the alf26 type fil e has been evaluated. It
is aso within this panel that the user seleds whether effedive stoppng or emisson
coefficients are to be extraded from the aif26 type file. If the user adivates the bean
emisgon buton, the panel at the bottom is sensitised. This panel allows the user to
enter the upper and lower principal quantum number for the transition correspondng
to the dfedive bean emisson coefficient which is required. If the user adivates the
beam stopping button, the baottom panel is de-sensitised which prevents the user
entering any information. Oncethe user has finali sed their seledion and adivated the
button labelled ‘Done’, the user is presented with the output screen. This Sreen

offers sveral choices, the user can choose to save the extraded data to file or to
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view the data & a surfaceplot or even bah. If we consider the scenario where both
of the options have been seleded. The user is then presented with a graphicd screen

which contains a surface plot of the selected data, see figure 3.6.

=) ADAS312

Rotate image about || Rotate inage about || Hagnify Inage Inage Display
wertical axis horizontal axis

Anti Clockuise ||| | Anti Clockwiss

Step In ||| Surface Properties |

Clockuise | Clockvise

Figure 3.6 Snapshot of the graphical screen of ADAS312.

step 0ut_ ||| | xte Properttes |

The graphicd screen all ows the user to interadively insped the data by being able to
zoom in or out or by rotating the surfaceplot through various angles. If the user
adivates the ‘print’ button the mntents of the graphics window will then be written
to an appropriate graphics file. Once the user returns bad to the output screen by
adivating the ‘dore’ button, the seleded data is then written to file. The dfedive
stoppng and emisdon coefficients are respedively archived acwrding to the
spedfications of the ADAS adf21 and adf22 type files. We show in table 3.2 an
example of an adf21 type file which contains effedive stoppng coefficients for a

pure D plasma.
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1 /SCREF=1.081E-07 /SPEC=H /DATE=09/04/98 /CODE=ADAS312

25 25 /TREF=2.000E+03

5.000E+03 1.000E+04 1.500E+04 2.000E+04 2.500E+04 3.000E+04 3.500E+04 4.000H+0
4.500E+04 5.000E+04 5.500E+04 6.000E+04 6.500E+04 7.000E+04 7.500E+04 8.000H+0
8.500E+04 9.000E+04 9.500E+04 1.000E+05 1.050E+05 1.100E+05 1.150E+05 1.2008+0
1.250E+05
1.000E+12 2.000E+12 3.000E+12 5.000E+12 6.000E+12 7.000E+12 8.000E+12 9.0005+1
1.000E+13 2.000E+13 3.000E+13 5.000E+13 6.000E+13 7.000E+13 8.000E+13 9.000H+1
1.000E+14 2.000E+14 3.000E+14 5.000E+14 6.000E+14 7.000E+14 8.000E+14 9.0005+1
1.000E+15

1.225E-07 1.246E-07 1.229E-07 1.198E-07 1.160E-07 1.120E-07 1.079E-07 1.038E-07
9.981E-08 9.607E-08 9.272E-08 8.966E-08 8.704E-08 8.473E-08 8.274E-08 8.104E-08
7.953E-08 7.823E-08 7.706E-08 7.601E-08 7.506E-08 7.418E-08 7.338E-08 7.264E-08
7.195E-08

1.450E-07 1.505E-07 1.523E-07 1.529E-07 1.528E-07 1.523E-07 1.514E-07 1.502E-07
1.488E-07 1.472E-07 1.456E-07 1.439E-07 1.425E-07 1.411E-07 1.399E-07 1.388E-07
1.378E-07 1.369E-07 1.361E-07 1.353E-07 1.345E-07 1.337E-07 1.330E-07 1.323E-07
1.316E-07

20 /EREF=6.500E+04 /NREF=6.000E+13

1.000E+02 2.000E+02 3.000E+02 5.000E+02 6.000E+02 7.000E+02 8.000E+02 8.966H+0
1.000E+03 2.000E+03 3.000E+03 5.000E+03 6.000E+03 7.000E+03 8.000E+03 8.966H+0
1.000E+04 2.000E+04 3.000E+04 5.000E+04

1.302E-07 1.294E-07 1.268E-07 1.222E-07 1.203E-07 1.187E-07 1.173E-07 1.161E-07
1.150E-07 1.081E-07 1.045E-07 1.003E-07 9.883E-08 9.763E-08 9.659E-08 9.570E-08
9.484E-08 8.903E-08 8.517E-08 7.971E-08

ADAS FILE TYPE : ADF21
SOURCE FILE : /packages/adas/adas/adf26/bdn97#h/bdn97#h_h1.dat

USER ID : anderson

0O000000

Table 3.2 Example of an adf21 type file which contains effedive stopping coefficients for a pure D*

plasma.

The format of the aif22 type files are identicd to the structure shown in table 3.2 bu
contain effedive emisson coefficients. In bah o the file formats, the dfedive
coefficients are stored as a one and two dmensiona grids tuned for rapid
experimental analysis, see chapter 4.0.

The bunded-nISL model is intended to be placead into the ADAS system as
ADA S311in the nea future. At the moment it is an dff line program which is driven
by an ASCII file mntaining al the relevant input parameters. The output fil e from the
program, which is also classfied as an ADAS adf26 type file, contains the F's and
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the b-fadors for both the singlet and triplet spin system. The olli sional-radiative
crosscougding coefficients are dso included. We show in table 3.3 the typicd output
from ADAS311.

EFFECTIVE CONTRIBUTION TABLE FOR ION PRINCIPAL QUANTUM SHELL POPULATIONS IN THERMAL PLASMA

HELIUM Z0 = 2.00E+00 Z1=1.00E+00
TRAD = 1.00E+08 K TE = 1.16E+06 K TP = 1.16E+06 K
W = 0.00E+00 NE = 1.00E+05 CM-3 NP = 1.00E+00 CM-3

EH = 1.00E+00 EV/AMU NH = 1.00E+07 CM-3 NH/NE = 1.00E+02 FLUX = 1.38E+13 CM-2 SEC-1
OCOLLISIONAL DIELECTRONIC RATES

IG | ALF  EFFECTIVE IONISATION AND CROSS COUPLING RATES
1 2 31

1 1 2.1711471E-13  2.1383283E-08 -1.8729842E-06 -2.7239829E-09

2 2 7.9081675E-15 -8.5961126E-10 2.0900639E-06 -6.5498303E-10

3 31 6.4304632E-13 -5.0658281E-10 -1.9117015E-08 2.0775860E-07

OLEVELS OF MULTIPLICITY 1

0IR N L LT F1(l) F1(ll) F1(ll) F2 B(CHECK) B(ACTUAL) NL/(B*N+)
9.4362731E+19  0.0000000E-+0D.0000000E+00 0.0000000E+00 1.0737047E+14.0737047E+15 1.0597404E-20

0.0000000E+00  1.1597567E+20  0.0000000E-€00000000E+00 1.0950908E+12.0950908E+12  8.6224984E-21

1.2865979E+07 3.7700009E+09 5.5303704E+06 1.2068034E+02 3.1994923H902921E+02 2.5712114E-20

1.0193884E+08 1.6740420E+10 3.6584276E+07 2.1798098E+03 3.6120702B+28702E+03 8.4259830E-21

0.5648714E+06 4.2821961E+08 4.8132494E+05 1.0442881E+02 2.1880951H86Q951E+02 2.5235828E-20

aswN e
wwn P
roRr QO
ror oo

30 100 00  9.2732992E+03 1.2002970E+05 4.5014386E-05 4.4865574E+00 4.59320685982069E+00  8.2867359E-17

OLEVELS OF MULTIPLICITY 3

0IR N L LT F1(l) F1(l) F1(1ll) F2 B(CHECK) B(ACTUAL) NL/(B*N+)
31 2 00  0.0000000E+000.0000000E+00 3.8351874E+19 0.0000000E+00 1.1980260Ek1@80260E+14 2.6074345E-20

32 2 11 36114582E+07 2.1225959E+09 1.3754551E+11 5.2880585E+04 4.8297268B293269E+05 7.7332539E-20

57 80 00 3.5531061E-05 6.1125850E-04 2.0290738E+05 1.9135280E+01 1.9769117B¥69117E+01 1.5910655E-16
58 90 00 1.1637887E-05 2.1689818E-04 8.9550399E+04 8.9357444E+00 9.2154799R46@797E+00 2.0136833E-16
59 100 0 0 3.2309871E-06 7.0890962E-05 3.9861521E+04 4.4877036E+00 4.6122220B4#@2220E+00 2.4860208E-16

B = FA(Iy*(N1/N+) F1(II)*(N2/N+) +F1(1II)*(N3/N+) +F2

N1 = POPULATION OF THE 1s2 1S METASTABLE

N2 = POPULATION OF THE 2s 1S METASTABLE

N3 = POPULATION OF THE 2s 3S METASTABLE

N+ = POPULATION OF GROUND STATE OF NEXT IONISATION STAGE
NL = POPULATION OF RESOLVED NL QUANTUM SHELL OF ION

B = SAHA-BOLTZMANN FACTOR FOR RESOLVED NL QUANTUM SHELL
EH = NEUTRAL HELIUM BEAM ENERGY

W = RADIATION DILUTION FACTOR

Z0 = NUCLEAR CHARGE

Z1 = ION CHARGE+1

NIP =2 INTD=3 IPRS=1 ILOW =1 IONIP=1 NIONIP=2 ILPRS=1 IVDISP=1
ZEFF =4.0 TS = 1.00D+08 W = 0.00D+00 CION =0.0 CPY=0.0 W1 = 0.00D+00 ZIMP =4.0( 2.50D+04)

Table 3.3 Typicd output from the Bundled-nISL model. The first half concerns the singlet spin system
whil e the remainder deds with the triplet spin system. At the bottom of the tabulated data asummary
of the input parameters is given.

In asimilar manner as with ADA S310, we evaluate the dfedive aosscouging and
emisson coefficients over awide range of plasma parameters. The typicd output for

a single plasma impurity is around 7.0Mb. To asdst in archiving and extrading the
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effedive wefficients from the alf26 type files, we have dso developed an interadive
program spedficdly for this task. The program is cdled ADA S313 and we show in

figure 3.7 the main processing screen.

rl‘ ADAS313 PROCESSING OPTIONS

Figure3.7 Snapshot of the main processing screen of ADAS313.

A series of panels alows the user to interadively seled and enter their choices. The
panel in the middl e displays the parameter range over which the antents of the alf26
type fil e has been evaluated. This panel also houses two toggle buttons which all ows
the user to seled between extrading effedive aosscougding or emisson coefficients
from the alf26 type file. If the user adivates the aoss couging button, the bottom
left hand panel is ensitised which alows the user to spedfy what cross couging
coefficient is required. The couping coefficients are spedfied acwrding to the index
notation d equation 3.53. If the user adivates the beam emisson buton, the panel
on the bottom right hand side is now sensitised. This panel all ows the user to speadfy
the quantum numbers acwrding to the transition d interest. Also since the
equili brium popuations are cdculated relative to the ground state and the two

metastables. The user also has to enter the non-equili brium reference. Once the user
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has completed their seledion and adivated the ‘Done’ button, a similar output screen
asin ADA S312appeas. The user isthen presented with the choice of either writing
the dfedive wefficientsto afile or to view the datavia asurfaceplot or in fad both.
The surface plot is generated using the same graphicd windonv as shown for
ADAS312.The dfedive couping coefficients are achived as adf21 type fil es, while

the effective emission coefficients are stored as adf22 type files.

3.4.2 Validation of ADAS310, the bundled-nS model

As discussd ealier the llisiona-radiative ionisation coefficients, which are
cdculated by ADA S310, represents the rate & which the bean neutrals areionised as
the bean penetrates into the plasma. This rate of ionisation is determined by the
outcome of the a@mpeting collisional and radiative processes which in turn are
governed by the plasma density. In the cae of alow density plasma where colli sional
excitation is balanced by sportaneous emisson. The only processes which contribute
to the ionisation d the beam neutrals are dired process from the ground state via
charge exchange and impad ionisation. Therefore the low density ionisation rate is
simply the sum of these dired rate wefficients. This low density ionisation rate was
compared with the ionisation coefficient caculated by ADAS310in the low density
regime. A similar approach was applied to a high density plasma. In a high density
plasma the rate & which the beam neutrals are ionised is smply the sum of the
collisiona excitation and ionisation coefficients from the ground state of the
neutrals. A variety of composite target plasmas were @mnsidered. As an example we
show in figure 3.8 the results for both a pufead C* plasma.

If we confine ourselves with the aymptotic limits of the stopping coefficient
for a pure D* plasma. It can be observed that in the low density regime the results
from ADAS310 and the theoreticdly predicted values agree eadly. In the high
density limit a maximum difference of 1.92% can be seen. If we now consider the
plot on the right in figure 3.8 which ill ustrates the asymptotic limits for a pure C**
plasma. In the low density limit the results between ADAS310 and theory agree
exadly and in the high density regime a maximum difference of 4.13 % can be
observed. This difference aise due to the fad that the theoreticd values have been

evaluated using the rate efficients for the @aomic processes only up to the n=4 shell.
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If we were to include more @omic processes while evaluating the theoreticd limits

the difference would tend to zero.
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Figure 3.8 Comparison between the results of ADAS310 and the theoreticd predictions of the
asymptotic limits of the stoppng coefficient. The plot on the left shows the results in the low and high
density limit for a pure D* plasma. Similar results are shown for a pure C®* plasma in the plot on the
right. The low and high density limit respedively correspond to an eledron density of 1.0 x 10" and
1.0 x 10" cm® At 1.0 x 10’ cm® the low density limit and ADAS310 for a D* plasma ae

superimposed. The plasma temperature was 1.6 e\.0

We then went on to ensure that the excited state popuation were being
evauated corredly. To acdhieve this we mpared the eccited state popuation
structure of ADAS310 with an independent low level popdation code
ADAS20526]. ADAS205 cdculates the excited popuation structure of neutral
deuterium, ignoring higher levels, in a thermal plasma. It was necessary to define a
set of low levels in ADAS310 to simulate the same ndtions as in ADAS205. It
shoud also be noted that ADA S205 only includes eledron colli sions, therefore it was
necessary to suppressany ion collisionsin ADA S310.We foundthat the excited state

populations were in agreement.
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3.4.3 Validation of ADAS311, the bundled-nISL model
To validate ADA S311a similar approach was adopted. However whil e investigating

the asymptotic limits of the dfedive cougding coefficient we ran the program with
only the groundstate spedfied as the non-equili brium level. This enable usto be ale
to focus on ore dfedive wefficient. We foundthat it agreed with the value predicted
by summing the gpropriate rate wefficients. We then compared the popuations
obtained from ADA S20g 26] to that of ADAS311. ADA S208 cdculates the excited
popuation structure of an arbitrary ion in an nl-resolved picture and is a more
advanceversion d ADA S205.To ensure the comparison was equivalent a similar set
of representative levels were seleded. For a wide range of plasma parameters we
foundthat there was excdlent agreement. As an example we show the equili brium
popuations for the first few levels cdculated by ADAS311and ADA S208for a pure

D" plasma.
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Figure 3.9 Comparison between the excited population structure cdculated using ADAS208 and
ADAS311 Working downwards, the population of ead levels are cdculated relative to the He(1 'S)
ground state and the two metastables, He(2 'S) and He(2 3S). The dedron density and the plasma
temperature was respectively 1.0 3@ and 2.0 x 1deV.
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3.5 Summary

We have described the formulation and implementation o the bunded-nS and
bunded-nISL model. The bunded-nS model is employed to cdculate the dtenuation
and excited popuation structure of neutra deuterium bean atoms, while the
bunded-nISL model is employed to cdculate the dtenuation and excited popuation
structure of neutral helium beam atoms.

The bunded-nS model in the mntext of ADAS is known as ADAS310.
During the murse of this work we have developed an interadive program which
interrogates the output from ADA S310. This program is cdled ADAS312 and its
role is to extrad and archive dfedive bean stopping and emisson coefficients in
their respective formats of adf21 and adf22.

The Bunded-nISL model, which has also been developed duing the murse
of thiswork, isintended to be placed into the ADAS padkaged as ADAS311.At the
moment it is an df line program which is driven by an ASCII file containing the
appropriate input parameters. The output of ADAS311is aso interrogated by a new
post processng program which is cdled ADAS313. ADAS313 extrads cross
coupding and effedive emisson coefficients which are respedively stored in their
ADAS data formats of adf21 and adf22.
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4.0 Parameter dependencies and application of the derived
atomic data relevant to neutral deuterium beam attenuation and
emission

4.1 Introduction

There ae two methods which can be employed to determine the neutral deuterium
beam density as a function d penetration depth into a tokamak plasmas, see hapter
1.0. The first is a numericd attenuation cdculation, which requires theoretica
effedive stoppng coefficients. The second and more acarrate method, invalves the
use of Bamer-alpha beam emisson spedroscopy and requires theoreticd effedive
emisgon coefficients. In this chapter we explore the parameter dependencies of the
effedive stoppng and Bamer-alpha emisson coefficients. Particular emphasis is
placed onidentifying the underlying atomic processes which contribute to bah of
these wefficients. We then consider the pradicad method d archiving such data and
asembling effedive wefficients for a cmmposite plasma. The dfedive wefficients
presented in this chapter have been cdculated in a bunded-nS picture up to =110
using ADAS310.

4.2 Effective collisional-radiative ionisation coefficients

In the following sub-sedions we show the primary parameter dependencies of the
collisional-radiative ionisation coefficients. The collisional-radiative ionisation
coefficient is usually referred to as the dfedive beam stoppng coefficient in fusion
beam studies, where it describes the rate & which the beam neutrals areionised as the
beam traverses the plasma. Figure 4.1 shows the general behaviour of the dfedive
stopping coefficient as a function d eledron density and reutral beam energy for a
deuterium beam penetrating into a pure D* plasma. The parameters to which the
eff edive bean stoppng coefficient is most sensitive include the dedron density, the
neutral beam energy, plasma temperature and the nuclea charge of fully stripped
plasma impurity ions. It shodd be noted that the colli sional-radiative ionisation
coefficient is also strongly dependent ontheion density, in the present work however
the wefficients are cdculated in terms of the dedron density with charge neutrality

imposed.
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We dso wish to achieve two further objedives. Firstly we want to show the
importance of including the influence of al the impurities contained in a composite
plasma while evaluating effedive stoppng coefficients. To achieve this we evaluate
the dfedive wefficients using ADAS310 for a range of compasite plasmas and
identify the individual contributions due to ead impurity ion. We emphasise
however that it is common pradise to assemble mmpaosite wefficients using the
rapid look uptables as discus=d in sedion 4.4.Semndy we want to ill ustrate the
sengitivity of the dfedive bean stoppng coefficient following small changes in the

fundamental atomic data which enters into the modelling as input.
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Figure4.1 A surfaceplot of the dfedive stoppng coefficient for a pure deuterium plasma with a
temperature of 2 x 10° eV. Nea the coronal limit at 1 x 10° cm®, the behaviour of the stopping
coefficient refleds the rate efficients for dired ionisation from the ground state of the beam neutrals
via charge exchange and ion impad ionisation. As the density is increased the colli sional losses from
the excited states increases until a high density limit is reached.

4.2.1 Density dependence
The dedron and ion density both control the dfediveness at which the aomic

processes contribute to the beam stopping coefficient. Due to the dficiency of ion

collisions the ion density is more influential. In figure 4.2 the influence of the
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eledron censity onthe dfedive stoppng coefficient can be observed as afunction o

beam energy.
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Figure 4.2 Effedive bean stopping coefficient Vs neutral beam energy for a pure D* plasma. The
ion temperatureis 2 x 10° eV. The density dependence of the dfedive mefficient isclealy ill ustrated

with the assistance of the low and high density limit.

Ascan be seen in figure 4.2, the departure from the low density corond limit appeas
around~10' cm, whil e the formation o the high density limit i s approached at ~1
x 10" cm®. The dharaderistic density dependence of the stopping coefficient is not
only confined to a pure D* plasma. We have undertaken similar behavioural studies
for awide range of plasmas with a diff erent impurity content. As an extreme example
we show in figure 4.3 the density dependence of the dfedive stopping coefficient for
a deuterium beam penetrating into a hypotheticd plasma of pure C*. We shoud
emphasise that it is the ion density which governs the behaviour of the dfedive
stopping coefficient even though we show the behaviour of the dfedive wefficient

in terms of the electron density.
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Figure 4.3 Beam stoppng coefficient Vs the neutral beam energy for a hypaotheticd plasma of pure
C® . The ion temperature is 2 x 10° eV. Also shown in the figure, with the dashed lines, is the

contribution to the effective coefficient due to electron collision for a range of electron densities.

The low density coronal limit can be observed to form around (1.0 x 10 cm™®,
which corresponds to an ion density of [11.6 x 10" cm™, while the high density
picture occurs at an eledron density of [11.0x 10*" cm. Also shown in the figure,
with the dashed lines, is the @ntribution to the dfedive stopping coefficient due to
eledrons callisions. The dedrons are moving at such gred speeds that their small
contribution is independent of the beam energy. It is of interest to pant out the
differencein the magnitude of the stoppng coefficient for a pure D* and C** plasma.
The latter is substantial larger and is due to the greaer efficiency of the C®* plasma
lons at stripping the dedrons from the beam atoms. The influence of the nuclea

charge of the plasma impurity ions is discussed in 4.2.4.

4.2.2 Neutral beam energy dependence

The neutral bean energy governs the relative dficiency of eledrons andions causing
the dtenuation and popdiation redistribution o the neutral bean atoms. However
the extent of the energy dependence of the dfedive stoppng coefficient is aso
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couped to the ion density. In figure 4.4 we ill ustrate the influence of the neutra
beam energy on the stoppng coefficient as a function o eledron density for a pure

D" plasma.
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Figure4.4 A plot of the dfedive stopping coefficient Vs eledron density for a pure D* plasma. The
influence of the neutral bean energy on the dfedive stopping coefficient for a fixed ion temperature
of 2 x 10° eV is sown. Also shown, with the dashed ling, is the small contribution to the dfedive

stopping coefficient due to electron collisions.

It can be seen that for afixed beam energy the dfedive stoppng coefficient increases
as the dedron dengsity is increased. This is due to the role of stepwise @omic
proceses which become important as the dedron and hence the ion density is
increased. Also shown, with the dashed line, is the small contribution to the dfedive
stopping coefficient due to eledron colli sions. The cntribution die to eledrons also
increases as the dedron censity is incressed. However the rate of increase is
substantially smaller since collisiona redistribution due to eledron collision is less
efficient. It can also be observed in figure 4.4, that for a fixed eledron density the
effedive stoppng coefficient incresses and then deaeases as the bean energy is
increased from 3.0to 100keV amu™. This smply refleds the energy dependence of
the underlying atomic processs, see tapter 2.0. The net effed of all the mmpeting
processes is that the dfedive stoppng coefficient can be observed to increase and

then slowly decrease as a function of beam energy.
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4.2.3 Temperature dependence

The plasma temperature dependence of the stoppng coefficient arises from the
relative allision velocities between the beam atoms and the fully stripped thermal
plasma ions. The relative allision weocities govern the behaviour of the allision
cross ®dions which in turn influence the rate efficients which enter into the
statisticd balance euations. In the simplest form, the e&presson for the rate

coefficient for an arbitrary process is given as,

0

(0= [

V,

v, | f (vt )a(|vr |)dvt 4.1

min

where f(vy) is the velocity distribution o the thermal plasma ions, o(jv]) is the
collision cross ®dion and v, is the relative mllision wvelocity between the beam
atoms and the thermal ions, i.&3|w-Vi|.

In the cae where the beam velocity, vy, is substantially greder than the
thermal velocity of the plasma ions, it can be shown that the rate cefficients and
hence the dfedive bean stoppng coefficients are independent of the plasma
temperature. The temperature dependence of the stoppng coefficients can ony be
observed when the bean velocity is nat vastly different from the thermal velocity of
the plasma ions. In such circumstances, an increase or deaease in the plasma
temperature dters the relative wllision velocity as well as the shape and paition d
the velocity distribution. Depending on the behaviour of the underlying collision
cross ®dions this may result in either increasing or deaeasing the dfedive stoppng
coefficient. When the beam velocity is dightly greder than the thermal velocity of
the plasma ions, an increase in the plasma temperature contributes to deaeasing the
relative ollision velocity. In figure 4.5 we show the temperature dependence of the

stopping coefficient as a function of beam energy for such a scenario.
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Figure4.5 A plot of the dfedive stopping coefficient V's neutral beam energy for a pure D* plasma
with a density of 3.0 x #8cm?.

As the plasma temperature increases, it can be observed from figure 4.5 that the
effedive stopping coefficient deaeases. This is attributed to the fad that as the
relative allision velocity deaeases the alli sion cross ®dions also deaease. It is of
interest to pdnt out that when the thermal velocity of the plasma ions is dightly
greder than the beam velocity the oppasite occurs. As the plasma temperature
increases the relative wlli sion velocity and the @lli sion cross ®dions also increase,

see figure 4.6.
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Figure 4.6 Bean stopping coefficient Vs neutral beam energy for D* plasma with a density of 3.0 x
10" cm. Inthe low energy regime an increase in the plasma temperature results in an increase in the

effective stopping coefficient.
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In the low energy regime of figure 4.6, as the plasma temperature increases the
effedive stopping coefficients also increase. It shoud be noted that an increase or
deaease in the relative allision wvelocity does not necessry result in a similar
increase or deaease in the dfedive stoppng coefficient. The influence of the relative
collision \elocity depends on the behaviour of the allision cross ®dions.
Nevertheless the temperature dependence of the stoppng coefficient is week and is
amost independent of the beam energy and the dedron density. As ill ustrated in
figure 4.5 and 4.6,increasing the temperature by a fador of 5 ony results in an

average change of 12 % in the effective stopping coefficient.

4.2.4 Nuclear charge dependence

The nuclea charge of afully stripped plasmaion charaderises how effedive the ion
will be & ionising the neutral bean atoms. As the nuclea charge increases, the
asociated cross dions which describe the behaviour of charge exchange and ion
impad ionisation also increase, see hiapter 2.0. In this edion we briefly ill ustrate
the influence of fully stripped plasma ions on the dfedive stoppng coefficient. We
show in figure 4.7,the dfedive stopping coefficient as afunction d beam energy for

a variety of pure impurity plasmas.
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Figure 4.7 Beam stopping coefficient Vs neutral beam energy for a pure impurity plasma. Note the

asymptotic behaviour of the beam stopping coefficient for ead impurity. The dedron density was 3.0

x 10" cm® and the plasma temperature was 2.0%10
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In the low energy regime we can olserve a targe dependence of the dfedive
stopping coefficient. This is smply due to the behaviour of the underlying charge
exchange aoss ®dions. The darge exchange aoss ®dions sade gproximately
with the nuclea charge of the recaver ion. As the bean energy is increassed a nea
coincidence of curves in the relevant beam range of current tokamaks can be
observed. Finaly in the high energy regime, the charge dependence of the dfedive
stopping coefficient can again be observed. On this occasion havever it is due to the
charge dependence of the ion impad ionisation cross ®dions. The ion impad
ionisation cross ®dions aso scde gproximately with the nuclea charge of the
impurity ion. From the results shown in figure 4.7, it would appea that the dfedive
stopping coefficient also scaes approximately with the nuclea charge. However the
eledron censity was fixed at a value of 3.0 x 10" cm™® and charge neutrality had
been impaosed. Therefore a the nuclea charge of the plasma ion increased, the
correspondng number density deaeased. Therefore the behaviour of the dfedive
stoppng coefficient in fad scdes with a value which is dightly larger than the

nuclear charge .

4.2.5 Theimportance of impurities
So far we have presented data showing the primary parameter dependencies of the
effedive stoppng coefficients for pure plasmas. Working fusion dasmas consist of
eledrons and cdeuterons together with uravoidable small concentrations of various
fully stripped impurity spedes. The different comporents which make up the
compasition d the plasma dl contribute to exciting and ionising a penetrating beam.
In this ub-sedion we dtempt to ill ustrate the influence of such mixed impurities
while evaluating effedive stopping coefficients. This allows one to guantitatively
asessthe importance of considering the mixed impurity content of the plasma. The
approach taken was to evauate dfedive stopping coefficients for a range of
composite plasma and in ead case highlight the individual contribution from ead
impurity contained in the plasma.

We begin by considering a simple plasmawhich consists of 98 % D" and 2%

He?*. In figure 4.8 we show the energy and density dependence of the dfedive
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stopping coefficient, also shown in bah figures are the individual contributions due

to each ion.
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Figure 4.8 A plot of the dfedive bean stopping coefficient for a composite plasma wnsisting of
98% D* and 2 % He?*. The plot on the left exhibits the energy dependence of the dfedive stoppng
coefficient whil e the plot on the right ill ustrates the density dependence. The ion temperature was 2.0 X
10° eV and the dedron density for the plot on the left was 3.0 x 10" cm™. The beam energy

corresponding to the plot on the right was & amu’.

If we first consider the energy dependence of the compasite stopping coefficient
which is diown in the plot on the left of figure 4.8. It can be observed that the
contribution to the total stopping coefficient due to the 2% concentration d He*,
increases from 2.5 % at 5.0 keV amu™ to 5.3 % a 120.0 keV amu™. The
contribution die to the He?* ionsisin fad greaer than their total concentrationin the
plasma. This smply refleds the larger cross ®dions asociated with He** ions and
hence their greaer efficiency at stripping €ledrons from the bean atoms in
comparison with the D* ions. This effed can aso be observed in the plot on the right
in figure 4.8, which ill ustrates the dedron density dependence of the composite
stopping coefficient. At a density of 1.0 x10' cm™ the @ntribution dwe to He** is

5.69 %, which decreases to a value of 4.81 % as the electron density is increased.
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We now consider a dlightly different plasma which consists of 96 % D*, 2%
He?* and 2% Be**. The energy and censity dependence of the mmpasite stopping

coefficient can be seen in figure 4.9.
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Figure 4.9 A plot of the dfedive bean stopping coefficient for a composite plasma wnsisting of
96% D*, 2% He*" and 2% Be™ . The plot on the left shows the energy dependence of the cmmposite
coefficient while the plot on the right exhibits the density dependence The ion temperature was 2.0 X
10° eV and the dedron density for the plot on the left was 3.0 x 10 cm™. The beam energy for the
plot on the right was 5.KeV amu’.

As down in the plot on the left of figure 4.9, the contribution to the total stoppng
coefficient due to the He* ions increases from 2.41to 4.66% at the respedive bean
energies of 5.0 and 120.0keV amu™. The mrrespondng contributions due to the
Be™ ionsis 6.31and 12.78%. The larger contribution de to the Be** ionsis due to
the incresse in the aciated charge exchange and ion impad ionisation cross
sedions. Theincrease in the aoss ®dionsis D grea that the deaease in the number

€™ ions in comparison to the He?" ions, since darge neutrality is

density of B
imposed, hes little dfed. If we now consider the dedron density dependence of the
compasite stoppng coefficient which is hown in the plot ontheright in figure 4.9. 1t
can be seen that at a density of 1.0x 10" cm™, the mntributions to the total stopping

coefficient due to the He?* and Be*" ions are respedively 5.1 and 11.67%. The
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contribution dwe to ead ion ceaeases as the dedron density is incressed. This
refleds the increased contribution die to the D* ions as a result of stepwise @omic
processes. At adensity of 1.0x 10™ cm®, the mrtribution dwe to He** and Be*™* ions
are now respectively 4.45 and 9.32%.

The fina plasmawhich is under scrutiny consists of 93 % D*, 2% He?*, 2%
Be™ and % C®. The energy and censity dependence of the mmposite stopping

coefficient and the associated contributions from each ion is shown in figure 4.10.
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Figure4.10 A plot of the dfedive bean stoppng coefficient for a compaosite plasma @nsisting of
93% D*, 2% He**, 2% Be™ and 3% C°". The plot on the left shows the energy dependence while
the plot on the right exhibits the dedron density dependence. The plasma temperature was 2.0 x 10°
eV and the dedron density for the plot on the left was 3.0 x 10 cm-3. The neutral beam energy for
the plot on the right was 5@V amu' .

The energy dependence of the composite stoppng coefficient and the ntributions
from ead ion are shown in the plot on the left of figure 4.10.1t can be seen that at
5.0 keV amu, the mntributions to the total stoppng coefficients due to the He?" |
Be®™ and C® ions are respedively 2.18, 5.67 and 11.74%. These mntributions can
be observed to increase and readr amaximum of 3.44%, 9.53% and 27.26% at 125
keV amu™. It is me what surprising that a mere 3 % concentration d C® can

contribute @& much as 27.26 % to the total stoppng coefficient. This is due to the
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large aoss ®dions asociated with the C** ions. Similar results can be seen in the
plot on the right in figure 4.10, which ill ustrates the dedron density dependence of

the composite stopping coefficient.

4.2.6 Influence of fundamental low level data

In this sub-sedion we probe the influence of the fundamental atomic data on the
effedive stoppng coefficients. The gproad taken here was to modify the aoss
sedions for ead of the @omic processes individualy, and then investigate what
effed it had on the stoppng coefficient. Since ion-atom collisions dominate the
popuation redistribution and attenuation, we have restricted ouselves to modifying
only the ion-atom colli sion chtabase. For convenience we only consider a pure D*
plasma.

We begin by first assessng the implications of increasing the aoss dions
which describe the behaviour of dired charge exchange and ionimpad ionisation by
10 %. The results can be seen in figure 4.11, where we show the dfedive stoppng
coefficient as a function d beam energy for three different eledron densities. The
eledron censities were seleded to correspondto the coronal, colli sional-radiative and
high density picture. Also shown in the figure ae the results obtained from the
unmodified ion-atom collision database.

In the low density coronal picture, it can be observed from figure 4.11that a
10 % change in the doss gdions resultsin an increase in the stoppng coefficient by
8.54% at 3.0keV amu, which then increases dightly and then deaeases to 7.29%
a 120.0keV amu™. Due to processes which courter diredt charge exchange and ion
impad ionisation a change of 10 % in the fundamental data does nat giveriseto a10
% change in the dfedive stoppng coefficient. An example of such a processwould
be collisional excitation, which contributes to depopuating the ground state without
ionising the beam atoms and hence reducing the influence of such dred processes.
The evidenceto suggest this can be seen when the dedron density isincreased. At an
eledron density of 3.0 x 10" cm®, the influence of the modified data results in a
change of 8.06 % at 3.0 keV amu™, which then deaeases to 5.85% at 120.0keV

amu™. Theincrease in the density has enhanced the influence of colli sional excitation
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and stepwise d@omic processes, which in turn reduces the influence of the
fundamental data for dired charge exchange and impad ionisation. At an eledron
density of 1.0x 10" cm™ the result of modifying the doss ®dionsis now only 7.14
% at 3.0keV amu” and 3.78 % at 120KV amu'.
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Figure 4.11 Effedive stopping coefficient Vs the neutral bean energy for a range of eledron
densities. The dedron densities were seleded to correspond to the coronal, colli sional-radiative and
high density picture. The dashed lines represent the results obtained from the unmodified database.
The solid lines represent the results obtained by increasing the dired charge exchange and ion impad

ionisation cross-sections by 10 %. The ion temperature was 20e¥/10

It is of interest to identify which of the @omic processes asociated with the
groundstate has the most significant effed on the stoppng coefficient. In figure 4.12
we show the results of individually modifying the dired charge exchange and ion

impact ionisation cross sections by 10 %.
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Figure 4.12 Effedive stoppng coefficient Vs the neutral beam energy for a pure D* plasma. The
dashed lines are the results from the unmodified database. The solid lines are the results obtained from
the modified database. The plot on the left shows the results of increasing the dired charge exchange
cross edion by 10%. The plot to the right shows the dfed of increasing the dired ion impad

ionisation cross section by 10 %.

If we first consider the plot on the left in figure 4.12. In this plot the results of
changing the dired charge exchange aoss dion can be observed as a function o
beam energy for threedifferent eledron densities. At an eledron censity of 1.0 x10°
cm, it can be observed that the modified data has resulted in the dfedive stopping
coefficient differing substantialy in the low energy regime. However as the bean
energy is increased the diff erence beaomes less sgnificant and eventually the results
from the modified and urmodified data agree An increese in the dfedive stoppng
coefficient by 7.69% can be seen at 3.0keV amu, however at 60.0keV amu™ it is
only 2.47% and at 120keV amu it is now just 0.43%. If we increase the dedron
density the difference between the modified and urmodified data deaease in the
same manner as ow in figure 4.11. The influence of the tharge exchange data is as
expeded. It isinteresting to pant out that in figure 4.11 a difference of 8.54 % was
observed at a density of 1.0x 10° cm™ , therefore we can infer that the @ntribution
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due to atering the ion impad ionisation cross gdion by 10 % isonly 0.85% at 3.0
keV amu. If we now focus on the plot on the right in figure 4.12. This plot contains
the results of modifying the dired ionimpad ionisation cross dion by 10%. Ascan
be observed for an eledron density of 1.0 x 10° cm™, as the bean energy increases
the influence of the modified data dso increases. At an energy of 3.0 keV amu™” the
influence is negligible, hovever at an energy of 60.0keV amu™ an increase in the
effedive wefficient by 5.41% can be seen, which increases further to read a value
of 7.0% at 120.0keV amu™. As before, an increase in the dedron density enhances
stepwise @omic processes, which reduces the influence of modifying the dired cross
sections.

We now consider the implications of modifying the ion impad excitation
cross edions. The ion-atom collision database @ntain ion impad excitation cross
sedions from the ground state to the n=2,3,4and r=5 shell. In figure 4.13 we show

the results of modifying all of the ion impact excitation cross sections by 20%.
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Figure 4.13 Effedive stopping coefficient Vs the neutra bean energy for a range of eledron
densities. The ion temperature was 2.0 x 10° eV. The dashed lines represent the results from the
unmodified database. The solid lines are the results obtained by modifying the ion impad excitation

cross sections by 20 %.
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In the low density regime, the influence of modifying the fundamental data is
negligible. As the dedron density is increased the influence of the modified data
becmes more significant, even though it is gill small. At an eledron density of 3.0x
10" cm, the difference between the dfedive stoppng coefficient caculated with
and withou the modified data, increases as the beam energy aso increases. At a
beam energy of 20.0keV amu™, the differenceis only 0.77% which increases to 2.75
% at 120.0keV amu™. Even at 1.0x 10" cm™ , the largest diff erence which can be
observed is 6.81 % at 120.0 keV amu™. In figure 4.14 we show the results of
individually changing the ion impad excitation cross ®dions, we have refrained
from showing the results for the excitation cross ®dion from the groundstate to the

n=5 shell, since the effect was insignificant.
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Figure 4.14 Effedive stoppng coefficient Vs the neutral beam energy for a pure D* plasma
Working from left to right the plots ill ustrate the results of changing the ion impad excitation cross
sedions from the ground state to the n=2, 3 and n=4 shell. The dashed li nes represents the results from
the unmodified database. The ion temperature was 2.0 x 10° eV and the excitation cross dions were

increased by 20%.
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Working from left to right, the results of modifying the ion impad excitation cross
sedions from the groundstate to the n=2,3 and r=4 shell can be seen in figure 4.14.
The influence of the modified data only beaomes important when the dedron density
isincreased. Modifying the excitation cross ®dion for the n=1- 2 transition hes the
most significant effed. A maximum increase in the dfedive stoppng coefficient by
0.96% at 3.0 x 10"%m™ can be observed, which then increases to 4.54% at 1.0 x
10" cm’. Thisis due to the large ion impad ionisation cross £dion asociated with
the n=2 shell, as the n=2 popuation is enhanced by increasing the n=1 -, 2 excitation
cross section, the rate at which electrons are stripped from the beam atoms increases.
The influence of changing the aoss dions for charge exchange and ion
Impad ionisation associated with excited states is now of interest. The ion-atom
database mntains such data for the n=2,3,4and n=5 shell. In figure 4.15the results of
increasing al of the aoss dions by 30 % can be seen as afunction d beam energy

for three different electron densities.
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Figure 4.15 Effedive stoppng coefficient Vs the neutral beam energy for a pure D* plasma. The
eledron densities were seleded to correspond to the coronal, colli siona-radiative and the high density
picture. The ion temperature was 2.0 x 10° eV. The dharge exchange and ion impact ionisation cross

sections associated with the n=2,3,4 and 5 shell were increased by 30 %.
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As can be observed, a change in the aoss ®dion by 30 % at an eledron density of
1.0x10° cm™ has no effed. Even as the density is increased the dfed is minimum.
Thisis due to the fad that the excited state popuations are very small. A maximum
difference of 1.26% at 1.0 x 10 cm™ can be observed. In figure 4.16 we show the
results of separately modifying the dnarge exchange and ion impad ionisation cross

section by 30%.
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Figure 4.16 Effedive stoppng coefficient Vs the neutral beam energy for a pure D* plasma. The
figure on the left illustrates the results of increasing the dharge exchange aoss ®dions aswciated
with the excited states ( n=2,3,4 and 5shell ) by 30 %. The plot on the right shows the behaviour of
dtering the ion impad ionisation cross ®dions also asociated with the excited states ( n=2,3,4 and 5
shell) by 30 %.

4.2.7 Conclusion
A collisiona-radiative tregament is necessary to evaluate the dfedive stoppng
coefficients. The coronal picture leads to errors at the operating densities of current
tokamaks (B.0 x133cm®), see figure 4.2.
The neutra beam energy governs which atomic process are primarily
responsible for the attenuation of the neutral beam atoms, see chapter 2.0.
The plasmatemperature influences the relative alli sion velocity between the

bean atoms and the thermal plasma ions. This contributes to either increasing or
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deaeasing the dfedive stoppng coefficient. The influence of the temperature on the
eff edive stoppng coefficient is considerably weaker than the dedron density and the
neutral bean energy, see figure 4.5. A difference of approximately 12% can be
observed when the temperature is changed by a factor of 5.

The nuclea charge of fully stripped plasma ion charaderises how effedive
the ion will be & stripping the dedrons from the bean atoms. We have shown that
as the nuclea charge of a plasma impurity ion increases, the more dfedive the ion
becomes at ionising the beam atoms.

The role of impurities contained in the plasma has aso been shown to be of
gred importance while evaluating eff edive stoppng coefficients. From the examples
that we @nsidered, the cntribution to the total stoppng coefficients due to ead o
the impurity ions can be substantial. For abasic plasma consisting of 98% D™ and 26
He*, the mntribution to the total stopping coefficient due to the He?* ions ranged
from 2.5t0 5.69%. In the cae of amore detailed plasma wnsisting of 93% D*, 2%
He*, 2% Be* and 3 C**, the C* ions alone mntributed upto 27.73% to the total
stopping coefficient.

The influence of the fundamental atomic data on the dfedive stoppng
coefficients was investigated. A 10 % increase in the aoss fdions for dired charge
exchange and ion impad ionisation resulted in an increase of approximately 8 % in
the stoppng coefficient. Stepwise @omic processes cournter the influence of direa
charge exchange and ion impad ionisation. Increasing the dedron censity, which
enhances gepwise aomic processes, results in reducing the influence of modifying
the fundamental data for the direct processes.

Individudly incressing the aoss ®dions for ead o the dired processes
ill ustrated the energy dependence of their contribution to the stopping coefficient.
The oontribution die to charge exchange was dominant at the lower energies whil st
ion impact ionisation was more significant at the higher energies.

Modifying the ionimpad excitation cross dions by 20% had little dfed at
densities around 1.0x 10° cm-3. Thisis due to the fadt that at this density the excited
states are barely popuated. As the density was increased the influence of modifying

the excitation cross ®dion was evident. At a density of 3.0x 10" cm™ a dhange in
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the excitation cross dions by 20 % resulted in a change in the stoppng coefficient
by 2.75%. Even at 1.0 x 10" cm™ a maximum change of 6.81 % could orly be
observed. Modifying the excitation cross &dion for the n=1- 2 transition hed the
most significant effect.

The influence of modifying the charge exchange and ion impad ionisation
cross edions asociated with excited states was negligible. Altering the aoss
sedions by 30 % only resulted in a maximum change of 1.26 % in the stoppng
coefficient. This again is attributed to the fad that the excited states popuations are

very small.

4.3 Effective Balmer-alpha emission coefficients

In asimilar manner as in sedion 4.2,we ill ustrate the main parameter dependencies
of the Bamer-alpha dfedive anisson coefficient. The Bamer-dpha dfedive
emisgon coefficient diredly refleds the popdation d the n=3 shell of the excited
beam neutrals. Figure 4.17ill ustrates the global behaviour of the anisgon coefficient
for a neutral deuterium beam penetrating into a plgd3ma.

The main parameter dependencies of the Balmer-alpha dfedive anisson
coefficient which are considered include the dedron cdensity, the neutral bean
energy, plasma temperature and the nuclea charge of the impurity ions contained in
the plasma. The ion density is also an important parameter but in the present work
the dfedive anisgon coefficients are dso cdculated in terms of the dedron density
with the condition of charge neutrality imposed.

We dso concern ouselves here with two additional physics isaues. Firstly,
we illustrate the influence of the fundamental atomic data, foll owing small changes,
on the behaviour of the Balmer-alpha dfedive amisgon coefficient. Secondy we
show the importance of taking into ac@urt the impurity content of the plasma while

evaluating effective emission coefficients.
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Figure 4.17 A surfaceplot of the Bamer-alpha emisson coefficient for a pure deuterium plasma
with a temperature of 2 x 10° eV. The behaviour of the emisson coefficient in the corona limit
diredly refleds the rate mefficients contributingto populating and depopulating the n = 3 shell. Asthe
density is increased the n = 3 shell becmes considerably depopulated which results in a deaease in

the emission coefficient.

4.3.1 Density dependence

The dedron and ion censity are both resporsible for promoting colli sional
redistribution amongst the excited states of the neutral bean atoms. The latter being
of greaer influence We show in figure 4.18 the behaviour of the Bamer-alpha

emission coefficient as a function of energy for a range of electron densities.
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Figure 4.18 Bamer-apha dfedive emisson coefficient Vs the neutral beam energy for a pure D*
plasma. The dedron density dependence of the dfedive emisgon coefficient is clealy ill ustrated.

The plasma temperature was 2.0 X4\

The departure from the low density corona limit can be observed to occur around
~10'° cm® ( cf. figure 4.2 ). As the dedron density is increased, the collisional
proceses begin to compete with the radiative processes. This results in the n=3 shell
aso being collisonally depopuated and a deaease in the dfedive emisson
coefficient can be observed.

A similar behaviour can be observed when considering plasmas with a
different impurity compasition. As an example we show in figure 4.19 the density
dependence of the dfedive anisgon coefficient for a deuterium bean penetrating
into a hypotheticd C®" plasma. We enphasise, orce ajain, that it is the ion density
which is primarily resporsible for the colli sional redistribution. As mentioned before,
the dfedive amisson coefficientsin this work are cdculated in terms of the dedron

density.
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Figure 4.19 Effedive enisson coefficients Vs the neutral beam energy for a pure C** plasma. The
plasma temperature was 2.0 x 10° eV. The wmefficient has been cdculated in terms of the dedron

density with the condition of charge neutrality imposed.

It is of interest to pant out that in the low energy regime of figures 4.18and 4.19 the
magnitude of the dfedive anisson coefficients are mmparable. This is due to the
fad that in this regime, eledron collisions are primarily resporsible for popuating
the n=3 shell. However as the beam energy increases, the role of the ion colli sions
become important and the results in ead figure begin to dffer due to the influence of
the nuclea charge as<ciated with ead ion. The nuclea charge of the plasma
impurity ion determines how effedive the ion will be & depopuating the n=3 shell

and is discussed in section 4.3.4.

4.3.2 Neutral beam energy dependence

The neutral beam energy controls the dficiency of the fundamental atomic processes
which contribute to popuating and depopuating the n=3 shell. We show in figure
4.20the behaviour of the Bamer-alpha dfedive anisson coefficient asafunction d

electron density for a range of beam energies.
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Figure 420 The Bamer-alpha dfedive amisson coefficients Vs the dedron density for a pure D*
plasma with a temperature of 2.0 x 10° eV. The eergy dependence of the Balmer-alpha enisson
coefficient is clealy ill ustrated. Also shown, with the dashed lines, is the contribution to the dfedive

stopping coefficient due to electron collisions.

At a density of 1.0x 10" cm™, an increase in the beam energy results in an increase
in the dfedive emisgon coefficient. This smply refleds the energy dependence of
the underlying atomic processes which contribute to popudating the n=3 shell. In the
low energy regime, colli sional excitation by eledrons is the dominant process Asthe
neutral beam energy is increased, ion impad excitation, which is more dficient,
becwmes substantial, see diapter 2.0. It can adso be observed that as the dedron
density is increased the dfedive amisgon coefficient deaeases. This can be
atributed to the influence of stepwise a@omic processes, particularly charge
exchange and ion impad ionisation from the n=3 shell. Also shown in the figure,
with the dashed line, is the contribution to the Balmer-alpha emisson coefficient due
to eledron collisions. This aso exhibits a deaesse @ the dedron density is

increased.

4.3.3 Temperature dependence

The plasma temperature dependence of the dfedive emisson coefficient aso

exhibits the same behaviour as sown for the dfedive stoppng coefficients, see
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sedion 4.2.3In summary, when the beam velocity is dightly greder than the thermal
velocity of the plasma ions, an increase in the plasma temperature results in a
deaease the relative mllision velocity. Thisin turn may lead to either an increase or
deaease in the wllision cross dions for the processes which popuate the n=3
shell. Where & when the thermal velocity of theionsis gightly greaer than the beam
velocity, an increease in the temperature results in an increase in the relative @llision
velocity. In figure 4.21 we show the temperature dependence of the Balmer-alpha

emission coefficient as a function of beam energy.
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Figure 4.21 Effedive Balmer-alpha emisson coefficient Vs neutral beam energy for a D" plasma .
The dedron density and plasma temperature was 3.0 x 10" cm® and 20 x 10° eV respedively. A
change in the dfedive mefficient by 6.8 % at a beam energy of 30 keV amu™ can be adieved by
modifying the temperature by a factor of 5, this increases to 12.7 %kav/7amu’.

As down in figure 4.21, in the low energy regime an increase in the plasma
temperature gives rise to an increase in the dfedive anisson coefficient. This is
simply due to an increase in the allision cross dions as a result of increasing the
relative mllision velocity between the bean atoms and the thermal plasmaions. In
the high energy regime the oppdasite can be observed. It can adso be seen that at an

energy of 30 keV amu™, a change in the emisson coefficient of 6.8 % can be

99



achieved by modifying the temperature by a fador of 5. Thisincressesto 12.7% at
70keV amu™. A paint to nate however is that below 10 keV amu™ a change of up to
40 % can be observed. The temperature dependence of the emisson coefficient is
larger than that for the dfedive stoppng coefficient. Thisis due to the increased role
of eledron colli sions which contribute to popuating the n=3 shell, seefigure 4.20,
where & for the dfedive stopping coefficients, the mntribution duwe to the dedrons

is very small, see figure 4.4

4.3.4 Nuclear charge dependence

Asdiscussed in 4.2.4,the nuclea charge of afully stripped plasma ion governs how
effedive the ion will be & stripping the dedrons from the beam atoms. The nuclea
charge dso determines the extent to which the ion will contribute to the colli siond
redistribution d the excited states of the beam atoms. In general, the dficiency of the
ion increases with nwclea charge. If we @nsider the popdation d the n=3 shell, as
the nuclea charge of the plasma ion increases, the aoss £dions for the colli sional
processes which popuate the n=3 shell, such as excitation, also incresse. We would
then exped the n=3 shell popudation and hence the Bamer-alpha wefficient to
increase. However the aoss ®dions for ion impad ionisation and charge exchange
from the n=3 shell also beaome larger. The net effed is that the popuation d the n=3
shell beaomes gnall er as the nuclea charge of the plasmaion increases. We show in
figure 4.22, the behaviour of the Balmer-apha dfedive amisson coefficient as a
function of beam energy for a range of pure impurity plasmas.

In the low energy regime the n=3 shell is popuated primarily by eledron
collisions and the Balmer-alpha anisson coefficient is aimost independent of the
beam energy, seefigure 4.22. There is a small thermal contribution from ead ion,
which gives rise to the nuclea charge dependence of the dfedive amisgon
coefficient. As the beam energy is increased the ion colli sions become important and
as can be observed the larger the nuclea charge the smaller the dfedive emisson
coefficient. We highlight here that the dedron density was fixed at 3.0 x 10" cm™®
and charge neutrality was imposed. Therefore @ the nuclea charge of the impurity

ion increases the corresponding number density decreases.
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Figure 4.22 Effedive emisgon coefficient Vs neutral beam energy for a range of pure impurity
plasmas. The dedron density and the plasma temperature was respedively 3.0 x 10" cm® and 20 x
10° eV. A paint to note is that charge neutrality has been imposed, therefore the number density of

impurity ions decreases as the nuclear charge of the impurity species increases.

4.3.5 Theimportance of impurities
In fusion plasmas, the typical concentration of each impurity ion rarely exceeds 5 %.
To simplify the evaluation d the dfedive anisson coefficient, it may then appea to
be valid to negled the impurity content of the plasma. However this is not the cae.
In this dion we ill ustrate the importance of taking the impurity content of the
plasma into acourt while evaluating effedive anisson coefficients. The gproach
adopted here is smilar to that of sedion 4.2.5, kre we cdculate the dfedive
Balmer-apha emisson coefficient for arange of compaosite plasmas and in ead case
illustrate the ontribution dwe to ead impurity ion. This will allows us to
guantitatively assess the implicaions of negleding the impurity content of the
plasma while evaluating effective emission coefficients.

We first begin with a cmposite plasma which consists of 98 % D* and 2%
He**. The energy and censity dependence of the cmmpasite anisson coefficient is
shown in figure 4.23.Also shown are the individual contributions due to the D* and
He* ions.
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Figure 4.23 A plot of the Bamer-apha dfedive emisson coefficient for a cmpaosite plasma
consisting of 98% D* and 2% He*". The plot on the left illustrates the energy dependence of the
compasite stoppng coefficient, while the plot on the right shows the rresponding density

dependence.

The energy dependence of the dfedive emisson coefficient is shown in the plot on
the left in figure 4.23. 1t can be observed that the contribution to the total emisson
coefficient due to the 2% concentration o He?* ions, increases from 6.6 % at 5.0 keV
amu™ to 6.95% at 125keV amu™. A similar result can be observed in the plot on the
right in figure 4.23,which ill ustrates the dedron density dependence of the anisson
coefficient. As the dedron censity is increased the contribution to the composite
emisson coefficient slowly increases. At a density of 1.0 x 10" cm®, the
contribution die to the He?* ions is 4.14 %, which then increases to a maximum
value of 8.70 % at a density of 1.0 x-16m">.

We now consider a dlightly different plasma which consists of 96 % D*, 2%
He?* and 26 Be**. The energy and density dependence of the mmpasite efficient
can be seen in figure 4.24.
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Figure 4.24 A plot of the Bamer-apha dfedive emisson coefficient for a cmpaosite plasma
consisting of 96 % D*, 2 % He® and 2% Be* . The plot on the |eft exhibits the energy dependence of
the compasite emisson coefficient, whil e the plot on the right ill ustrates the density dependence. Also

shown are the individual contributions due to each ion.

The plot on the left ill ustrates the energy dependence of the anisgon coefficient. The
individual contributions due to the He?* and Be*" ions respedively increase from
5.97 and 13.12% at 5.0 keV amu™ to 6.03and 15.78% a 125 keV amu™. The
cortribution from the Be** ions is greaer since the @wciated cross ®dions are
larger. In figure 4.24we dso show the dedron dcensity dependence of the composite
emisson coefficient. At adensity of 1.0x 10" cm™, the mntribution die to He?* and
Be™ ions are respedively 3.94 and 7.824. These increase to a maximum value of
8.02 and 16.78 % at a density of 1.0 X°kin°,

The last plasma which we mnsider consists of 93% D*, 2 % He*", 2% Be*
and 3% €, see figure 4.25.

10¢



BT T T T T
4 Total emission cocefficient 4 Total emission cocefficient
—o—Contribution dueto D*( 93%) 50 — —o—Contributiondueto D*(93%) —
1.4 - —o—ContributionduetoHe"( 2%) —o—Contribution dueto He?*( 2%)
—a—Contribution dueto Be*"( 2%) —a—Contribution dueto Be**( 2%)
1 —v—Contributiondueto C®* (3%) 1 T —v—ContributionduetoC®* (3%) |
i 12 .
E
S 4
E 10 i
i
§ 0.8 1
e} 4
<
& 06 —
w 4
>
E 04—
m] 4 ]
02
od ‘A‘A\AAMM\V\V\
- —0-0-0-0-0-0 ofo\oooom\g:g\iv O
0.0 = —1 00 L e e i e m n
20 40 60 8 100 120 102 103 1014 10'°
ENERGY (keV amu® ) ELECTRON DENSITY (cm®)

Figure 425 A plot of the Bamer-apha dfedive enisson coefficient for a mmposite plasma
consisting of 93 % D*, 2% He*, 2% Be* and 3% C°. The plot on the left shows the energy
dependence of the eamisson coefficient. The plot on the right ill ustrates the density dependence The

ion temperature was 2.0 x*1€V.

The plot on the left exhibits the energy dependence of the wefficient while the plot
on the right ill ustrate the correspondng density dependence. If we confine ourselves
with the energy dependence of the dfedive emisson coefficient. It can be observed
that the contribution to the total emisson coefficient due to the impurity ions
increases as a function o energy. At 5.0 keV amu™ the mntribution die to He?*,
Be™ and the C® ions are respedively 4.73, 10.43and 25.26%. We now consider the
eledron censity dependence of the @mpaosite emisson coefficient. It can be
observed that at a density of 3.0x 10" cm™, which is typicad the operating density of
present day tokamak devices, the mntribution die to the He?*, Be** and the C** ions
are respedively 4.6, 10.5and 21.07%. A total combined contribution to the dfedive

emission coefficient due to the impurity ion$i86%.
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4.3.6 Influence of fundamental low level data
In this sub-sedion we investigate the influence of the fundamental atomic data on
the dfedive Bamer-apha emisson coefficient. The gproach adopted is smilar to
that of sedion 4.2.6,where we individualy modify the adoss ®dions associated
with each atomic process for a puréasma.

We begin by considering the implications of increasing the aoss gdions for
direda charge exchange and ion impad ionisation by 10 %. The results are shown in

figure 4.26 as a function of beam energy for three different electron densities.
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Figure 426 A plot of the dfedive amisson coefficient for a pure D* plasma. The three densities
have been seleded to correspond to the coronal, colli sional-radiative and the high density picture. The
solid lines dow the results obtained by increasing the dired charge exchange and ion impad

ionisation cross sections by 10 %. The ion temperature was 2e¥/10

As can be observed, increasing the dired charge exchange and ion impad ionisation
cross ®dions has a negligible dfed. Thisis such a mntrast to the behaviour of the
eff edive stopping coefficients. Earlier we saw that such a dhange in the fundamental
data gave rise to an increase of approximately 8 % in the dfedive stoppng
coefficient.

The influence of the ion impad excitation cross gdions is now of interest.

The ion-atom collision catabase @ntains excitation cross £dions from the ground
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state to the n=2,3,4and r=5 shell. In figure 4.27 we show the results of increasing all
of the excitation cross ®dions by 20 %, the dashed lines are the results obtained

from the unmodified database.
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Figure 4.27 A plot of the dfedive amisson coefficient for a pure D* plasma. The solid lines
ill ustrate the results obtained by increasing all of theion impad excitation cross dions by 20%. The
dashed lines correspond to the results obtained from the unmodified database. The plasma temperature
was 2.0 x 1deV.

It can be observed that the influence of the modified data increases as a function o
bean energy and eledron censity. At 1.0 x 16° cm™, the 20 % increase in the
excitation cross ®dions has given rise to an increase in the emisson coefficient by
2.30% at 3.0 keV amu™, which then increases to a maximum value of 13.42% at
120 keV amu™. As the dedron density is increased, the influence of the modified
data is dightly enhanced. At 1.0 x 10™ cm™ the dfedive emisson coefficient
increases from 2.83 % at %6V amu' to 13.55 % at 12ReV amur'.

It is of interest to identify which excitation rate is primarily resporsible for
influencing the dfedive anisson coefficient. In figure 4.28 we show the results of

individually increasing each of the ion impact excitation cross sections by 20 %.
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Figure4.28 A plot of the dfedive emisson coefficient for a pure D* plasma. The solid linesindicae
the results obtained from modifying the fundamental data, whil e the dashed lines $iow the results from
the unmodified database. Working from left to right are the results obtained by increasing the
excitation cross ®dions from the ground state to the n=2,3 and n=4 shell by 20%. The plasma

temperature was 2.0 x 16V.

The results of increasing the excitation cross gdions associated with the ground
state to the n=2,3 and =4 shell can be observed. The dashed lines represent the
results obtained from the unmodified database. Modifying the collisional excitation
cross ®dion for the n=1-, 3 transition hes the greaest influence on the dfedive
emisson coefficient. At adensity of 3.0x 10" cm™, an increase of 20 % in this cross
sedion results in the @nisson coefficient increaing from 2.38% at 3.0 keV amu’*
to 10.66% a 120.0keV amu™. It is worth nding that the influence of the aoss
sedion for the n=1- 3 transition was very small on the behaviour of the stoppng
coefficient, the most influential data was that associated with the Btfansition.
We now investigate the influence of the fundamental data which describes
charge exchange and ion impad ionisation asociated with the excited states. The
ion-atom collision catabase @ntains such data for the n=2,3,4 and r=5 shell. In
figure 4.29, we show the results of increasing al of the dharge exchange and ion

impact ionisation cross sections by 30%.
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Figure 4.29 A plot of the dfedive anisson coefficient for a pure D* plasma. The solid lines sow
the results obtained by increasing the aoss ®dions for charge exchange and ion impad ionisation
asociated with the excited states by 30 %. The dashed lines are the results from the unmodified

database.

At 1.0x 10° cm™, increasing the excited state @oss ®dions has littl e dfed. Thisis
due to the fad that at such low densities the excited states are scarcdy popuated. As
the dedron censity is increased, the excited state popuations begin to increase and
the influence of the excited state aoss ®dions becomes important. Generaly
spedking, an increase in the charge exchange and ionimpad ionisation cross ®dions
asciated with the excited states givesriseto a deaease in the enisson coefficient.
From figure 4.29 ,it can be observed that at an eledron density of 1.0x 10" cm™ ,
the dfedive emisson coefficient deaeases by 21.8 % at 3.0 keV amu™. The
influence of the modified data becomes lessas the beam energy increases, at 120keV
amu™ adifferenceof 13.98% can be observed. Interestingly though, the influence of
such data on the effective stopping coefficients was negligible.

In figure 4.30 we show the results of individualy increasing the darge
exchange and ion impad ionisation cross dions asociated with the excited states
by 30 %.
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Figure 4.30 A plot of the dfedive amisson coefficient for a pure D* plasma. The plot on the left
ill ustrates the results of increasing all of the charge exchange aoss dions asociated with the excited
states by 30 %. The plot on the right shows the influence of increasing the ion impad ionisation cross
sedions asciated with the excited states by 30 %. The solid lines are the results from the modified

database. The dashed lines are the results from the unmodified database.

If we nsider the plot on the left, which shows the results of increasing the dharge
exchange aoss ®dions asciated with the excited states. It can be observed that as
the bean energy increases, the reduction in the dfedive emissgon coefficient
deaeases. This smply refleds the energy dependence of the darge exchange aoss
sedions. A similar type of behaviour can be observed onthe plot on the right, which
ill ustrates the results of changing the ion impad ionisation cross £dions. However
in this case, the deaease in the dfedive emisson coefficient increases as function o

beam energy.

4.3.7 Conclusion

At the operating densities of current tokamaks, a colli sional-radiative treament is

also required to evaluate the effective emission coefficients, see figure 4.18.
The neutral beam energy determines the dficiency of the aomic processes

which contribute to popdating the n=3 shell. Eledron impad excitation is the
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dominant processin the low energy regime, as the energy is increased ion collision
become important, see chapter 2.0.

A change in the plasma temperature dters the relative wllision velocity
between the beam atoms and the plasmaions. This gives rise to either an increease or
decrease in the effective emission coefficient.

The temperature dependence of the dfedive emisson coefficient is greaer
than that for the dfedive stoppng coefficients. This is due to the increased role of
electron collisions which contribute to populating the n=3 shell, see figure 4.20.

The nuclea charge of a fully stripped plasma impurity ion governs the
effedivenessat which the ion contributes to depopuating the n=3 shell. For a fixed
eledron censity, as the nuclea charge of the impurity ionincreases, the Bamer-alpha
effective emission coefficient decreases.

We eplored the implications of negleding the impurity content of a plasma
while evaluating effedive anissgon coefficients. From the composite plasmas that we
considered, we foundthat ead plasma impurity ion contributes substantially to the
effedive amisson coefficient. For a cmmposite plasma onsisting of 96% D*, 2%
He** and 26 Be™, the minimum contribution to the emisson coefficient from eat
impurity ionwas respedively 3.94and 7.82%. Even for a plasma @nsisting of 93 %
D*, 2% He*, 2% Be™ and I C*, the mmbined contribution to the emisson
coefficient due to all of the impurity ions was as much as ~ 36 %.

The influence of the fundamental data on the behaviour of the emisson
coefficient was investigated. Increasing the aoss gdions for dired charge exchange
and ion impad ionisation by 10 % had a negligible dfed. Thisis such a @ntrast to
the behaviour of the effective stopping coefficients, see section 4.2.6.

Modifying the ion impad excitation cross dions gave rise to a maximum
increase in the dfedive anisgon coefficient of 13.55% . The adoss &dion for the
n=1-3 trangtion had the gredest influence on the Bamer-alpha amisson
coefficient. Increasing this cross ®dion by 20% gave rise to an increase in the
effedive emisson which ranged from 2.28 % at 3.0 keV amu™ to 10.66% at 120
keV amu™. It is of interest to pdnt out here that the excitation cross ®dion for the

n=1-, 3 transition had little effect on the stopping coefficient.
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The influence of charge exchange and ion impad ionisation associated with
the excited states was gudied. Incressing the aoss dions for these processes
resulted in deaeasing the dfedive emisson coefficient. This was smply due to the
fad that charge exchange and ionimpad ionisation associated with the excited states

contributes to depopulating the n=3 shell.

4.4  Application to experimental programs
4.4.1 Introduction

Asdiscussd ealier, there ae two methods which may be employed to determine the
neutral beam density at points aong the beam line. A numericd attenuation
cdculation and an experimental spedroscopic method. The latter involves measuring
the intensity of the D-a light emitted from the excited beam neutrals and is formally
known as bean emisson spedroscopy, see dapter 5.0. The dfedive beam stoppng
coefficients are employed in the dtenuation cadculation, whilst the dfedive Balmer-
alpha emisgon coefficients are used to recver the neutral bean density via bean
emisgon spedroscopy. To satisfy the demands of experimental analysis for inter
pulse reduction d data and plysicd parameters, for example & JET, there is a
requirement to compute the neutral beam density on a rapid and automatic basis.
Therefore ab intio cdculations of the dfedive stoppng or emisson coefficients for
eadt changed set of plasma @ndtions in red time ae impradicd and a method d
constructing and storing fast look up tables of the effective coefficients is sought.
In the following sedions we discussthe pradicd production, archiving and
applicaion d such fast look up tables. A linea combination and interpadation
method for multi ple impurity plasmas has been suggested and wsed by Summerg26].
The dfedive wefficients for a plasma ontaining a variety of impurities are
asembled from a @lledion d look uptables. Each separate ook uptable contains
coefficients cdculated for asingle impurity spedes. We examine the acaragy of this

linear combination and interpolation method.
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4.4.2 Production and archiving the derived data

As discussd in detall in chapter 3.0, the cdculation d the dfedive bean stoppng
and emisgon coefficients is dore using a bunded-nS colli sional-radiative model
cdled ADAS310. Using ADAS310, \ery complete cdculations of the excited
popuation structure ae in fad performed. The tabulated popuation structure and the
effedive stoppng coefficients are stored as a function d plasma parameters in the
ADA S data format of adf26. The plasma parameters include the neutral beam energy,
eledron density, the plasma temperature and impurity spedes mix ( multiple or
single ). To assemble fast look up tables an interadive program, ADAS312, is
employed to extrad the dfedive stopping and emisson coefficients, thisis discussed
in chapter 3.0. An owerview of the production and storage of the derived deta is

shown in figure 4.31.

lon atom Specific

xsects. SZD file ion file
adf02 adfo7 adfo4
Y Y
ADAS310 ADAS312

Call;:ulate population Prolcet_ss
D-beam > —> population
population structure for
structure effective
scans adf26 coefficients

Eff. beam

stopping
coefficients

Eff. beam
emission
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adf22

Figure 4.31 Schematic overview of the production of the derived coefficients. Starting with the
fundamental data which is used as input for ADAS310 A detailed cdculation of the excited
population structure and effedive stoppng coefficients are performed. The output is tabulated in the
format of ADAS data type aif26. An interrogation code ADAS312 is then employed to extrad the

effective stopping and emission coefficients from the adf26 type file.



4.4.3 Linear interpolation scheme
The storage of the derived datain bah the alf21 and adf22 type files is designed to
eonamise onthe accsstime of retrieving the stored coefficients. To adiieve this the
coefficients are stored in aformat consisting of atwo dmensional scan in energy and
density and a one dimensional scan in temperature. Since the temperature
dependence of the mefficientsis aimost independent of the beam energy and density,
the one and two dmensiona grid can be used to compute the wefficient for any
parameter value cntained within the tabulated range. The two dmensional scan is
achieved by tabulating the oefficients as a function d neutral bean energy and
eledron censity at a fixed reference temperature, while the one dimensional scan is
asembled as afunction d temperature & fixed reference values for the beam energy
and eledron density. The schematic in figure 4.32shows the relationship between the
one and two dimensional scan.

N(Neet,Erer,T)

(1D SCAN)

n(Nref,Erel,Tref RS A o

n(Ne,Eh,Tref) \>
(2D SCAN) : : . § E

T

E E S UUUURRUSUURNY FROSSRRR U :

Figure 4.32 lllustration of the one ad two dmensional scan employed to crede compad data sets.
The plasma temperature, neutral beam energy and the dedron density are respedively represented
using T, E, and n.. The subscript ‘ref indicates that the parameter is being treded as a reference value

and is held as a constant.
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To evaluate the dfedive wefficient using the one and two dmensional scan the

following relation is then employed,

|:| EREF,nREF,T |:|
I](Eb,ne,T):Dn( b e ) |]](

REF
g’(EbREF ’neREF’TREF)E Eb’ne’T )

4.2

where n represents either effedive bean stoppng or emisson coefficients. The
guantities Ep, ne and T respedively correspondto the bean energy, eledron density
and the plasma temperature. The asciated superscripts sSmply indicéae the value is

employed as a reference.

4.4.4 Linear combination scheme

In designing compad data sets for the storage of the dfedive wefficients, we now
require amethod which would alow one to assemble dfedive wefficients for a
plasma @ntaminated with impurities. The method adopted in this work was first
developed by Summerg[26] and can be described as a linea combination scheme.
The dfedive wefficient data sets for ead fully stripped impurity spedes up to the
first period are cdculated as though the spedes alone is present in the plasma. A
linear combination d the individual data sets is then used to synthesis a composite
coefficient for a plasma which may contain a variety of impurity spedes. The
combination d the pure impurity data sets is based on the aswumption that the
contributions from ead impurity ion in the plasma ae alditive. To oltain the tota
composite mefficient one simply adds the @ntribution from ead impurity spedes
acording to there gpropriate mwncentration foundin the plasma. In the cae of the
effedive beam stopping coefficients which are cdculated in terms of the dedron
density. The total stoppng coefficient for a plasma @nsisting of nimpuritiesis given

as,

SE (E,neT)= 5 21 4 S (B ’T)/ Szf® 43
n=1 n=1
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The quantity n*" is the dfedive dedron density due to the n™ impurity andis given

by the following expression,

ZO_§2612f20 ZzonoHZ 4.4

The dfedive stopping coefficient due to the n impurity spedes is Scg®” and f*°"is
the arrespondng fradion contained in the plasma, which is edfied in terms of the
total eledron density, n.. The beam emisson coefficients are handed in the same
manner.

An interadive program as well as a seledion d FORTRAN routines which
implement the linea interpdation and combination method can be foundin ADAS.
The interadive program, ADAS30426], is designed to allow one to interadively
asemble ather effedive stoppng or emisgon coefficients for a composite plasma
using the pure impurity data sets. The seledion d FORTRAN routines enable one to
diredly implement the linea combination method in an experimental analysis

program.

4.4.5 Accuracy of thelinear combination and inter polation scheme

In this dionwe investigate the acaracgy of the linea interpolation and combination
scheme. This is achieved by simply comparing our results obtained from the true
cdculation d ADAS310 with the linea methods of ADAS304. We first consider
effedive bean stopping coefficients and then extend ou study to include dfedive
bean emisson coefficients. In bah cases we have mnsidered a wide range of

scenarios but only summarise the main features here.

4.4.5.1 Effective beam stopping coefficients

In the following series of examples we show the percentage difference between the
results obtained from the true cdculation and the linea combination and
interpolation method. It is convenient to consider the acaracy of the linea
combination and interpaation method separately. This can be adieved by first

studying the assmbly of the dfedive wefficients using a temperature which
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corresponds to the reference temperature. Therefore the linea interpolation along the
one dimensional temperature grid is suppressed. This alows us to investigate the
acasracy of the linea combination method. We can then study the assembly of the
effedive stoppng coefficients under condtions which requires the linea
interpoation along the one dimensional temperature grid. This enables us to study
the combine accuracy of both linear methods.

The first hypotheticd plasma that we consider consist of 75 % D" and 25%
Be™. The impurity content of the plasma has been exaggerated to ill ustrate the
acaracy of the linea methods under extreme condtions. We show in figure 4.33,as
afunction d beam energy the acairacy of the linea combination methodfor a range
of eledron censities. The plasma temperature has been seleded to correspondto the

reference tem perature

o —@10x10%cm?
13 -3
v——v 1.0x 1012 cm 3
G—81.0x10] cm:3
3r 6——o© 1.0x10" cm

% DIFFERENCE

0 0.2x10° 0.4x10° 0.6x10° 0.8x10° 1.0x10°

NEUTRAL BEAM ENERGY (eV amu™ )

Figure 4.33 A plot of the percentage difference between the output from ADAS304 & ADAS310.
The @ove illustrates that acaracy of the linear asembly performed by ADAS304, a maximum
differenceof 1.79 % can be observed . The reference density and temperature ae respedively 6.78
x 10" cmi® and 2.0 x 1deV.

A maximum difference between the results of ADAS310 and ADAS304 d 1.79%
can be observed. We now consider the evaluation d the dfedive wefficients using

both the linea interpaation and combination method. In figure 4.34 we show the
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results as a function d energy for a range of temperatures. Therefore interpolation

along the temperature grid is required.

A——A50x10°eV
m—m20x10°eV
501 o0 10x10°ev
¥——v 5.0 x 10%eV
E——+& 2.0x 107 eV
6——o0 1.0x10%eV

% DIFFERENCE

-2.5F

0.4x10° 0.8x10°

NEUTRAL BEAM ENERGY (eV amu™)

Figure4.34 A plot of the percentage diff erence between the output of ADAS304 & ADAS310 Using
a reference temperature of 2 x 10° eV , the maximum difference ca be observed to be 1.96 %.
However below 2 x 10° eV amu* the differencerises to 264 % and continues to reac a peak of 20.70
% at 100eV amu™ . The dedron density was =t to avalue of 1 x 10*2 cm™ and the reference density

was 6.78x 10" cnmi®,

Abowve 2.0 keV amu™ a maximum difference of 1.96 % can be observed, hovever
below this energy value the difference rises to a peak of 20.70% at 100 eV amu’™.
We now extend ou investigation by considering a more complicaed plasma. The
plasma which is under scrutiny consists of 70% D*, 20% C® and 10% Be*". The
acasragy of the linea combination method is first considered, see figure 4.35. A
maximum difference of 1.86 % can be observed between the results obtained from
ADAS310 and ADAS304. In figure 4.36 we show the acaragy of bath the linea
interpolation and combination method. Above 2.0 keV amu™ a difference of 2.33%
can be seen. This difference deaeases as the bean energy increases. As mentioned
ealier, we have undertaken a wide study and a similar acairracy obtained by the

linear methods was observed.
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&0 10x10 cm’
w— 1.0x 1012 cm'3
O——& 1.0x 10 cm:3

o—o 1.0x10" cm

% DIFFERENCE

0 0.2x10° 0.4x10° 0.6x10° 0.8x10° 1.0x10°

NEUTRAL BEAM ENERGY (eV amu’l)

Figure 4.35 A plot of the percentage diff erence between the output of ADAS304 & ADAS310 The
maximum difference seen above is 1.86 %, below 2 x 10° eV amu™ this difference rises to 2514 %.

The dedron density was %t to avalue of 1 x 10" cm and the reference density was 6.78 x 10™ cm
3

A——A 50x10] eV
B—M 20x10 eV
o 10x10°eV
¥——% 5.0x10%eV
E—£1 2.0x10° eV
6—o0 1.0x10%eV

% DIFFERENCE

0.2x10° 0.4x10° 0.6x10° 0.8x10° 1.0x10°

NEUTRAL BEAM ENERGY (eV amu™)

Figure 4.36 A plot of the percentage diff erence between ADAS304 & ADAS310. Using a reference
temperature of 2 x 10° eV, the maximum difference that can be observed is 2.33 %, however below
2 x 10° eV amu'™ the differencerises to 5.86 % and continues to read avalue of 23 % at 100eV amu™*
. The dedron density was =t to avalue of 1 x 102 cm® and the reference density was 6.78 x 10%°

cm®,
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4.45.2 Effective beam emission coefficients

We now turn ou attention to the acaracy of the linear combination and interpalation
method when used to assemble dfedive emisson coefficients for a composite
plasma. The gproach adoped here is much the same & with the dfedive stoppng
coefficients. We first consider the acaracy of the linea combination method and
then we study the combined acairacy of both linea methodks. It is expeded here that
the acaragy of the linea methods will be less due to the increased temperature
dependence associated with the effective emission coefficient.

We first consider a plasma nsisting of 75% D* and 2% Be*". The results
can be seen in figure 4.37 as a function d beam energy for a range of densities. The
temperature has been seleded to correspondto the reference temperature, therefore
no interpalation along the temperature grid is required and the results in figure 4.37

simply reflect the accuracy of the linear combination method.

o0 10x 101:cm
v—v 1.0x 1012 cm
B—a 1.0x10%cm

2
3
3
o—o 1.0x10" cm®

101

% DIFFERENCE

-10f

0 0.25x10° 0.50x10° 0.75x10° 1.00x10° 1.25x10°

NEUTRAL BEAM ENERGY (eV amu™)

Figure 437  Percentage difference between the results from ADAS310 and ADAS304 The
temperature was 2.0 x 10° eV and the reference values for the beam energy and eledron density were
respectively 4.0 x eV amu* and 6.78 x 18 cm®.

At a density and bean energy of 1.0x 10" cm™® and 25keV amu™ respedively, a
maximum diff erence of 19.46% can be observed. We now investigate the combine
acarracy of the linea interpdation and combination. In figure 4.38 we show the
diff erence between the results obtained from ADA S310 and ADA S304 as a function
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of beam energy for a range of temperatures. In this case, interpoation wsing the one

dimensional temperature grid is required.
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Figure 4.38 Percentage difference between the results obtained by ADAS310 and ADAS304. The

reference values for the temperature, beam energy and density were respedively 2.0 x 10° eV, 40 keV

amu' and 6.78 x 18 cm?®.

As can be observed, a maximum difference of 25 % occurs at a temperature of 100

eV and a bean energy of 15 keV amu™. However, this difference deaeases as the

neutral beam energy increases.

We now extend ou study by considering a dlightly different plasma. The

plasma which is of interest now consists of 70% D*, 20% C** and 10% Be™. In

figure 4.39 we show the acaracy of the linea combination method where the

temperature has been selected to avoid any interpolation along the temperature grid.
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Figure 4.39 Percentage diff erence between the results obtained from ADAS310 and ADAS304. The
composite plasma nsist of 70% D', 20% C* and 10% Be*. The reference values for the

temperature, beam energy and density were respedively 2.0 x 10° eV, 40 keV amu™ and 6.78 x 10"

cm®.

A maximum differenceof 19.86% at 1.0x 10" cm™ can be seen. We now show in
figure 4.40 the results where the linea interpolation along the one dimensional

temperature grid is required.

o1

-10F

% DIFFERENCE

A——A 5.0x 10
B—® 2.0x10 eV
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ev

3
3
3
2
2
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NEUTRAL BEAM ENERGY (eV amu™)

Figure 4.40 Percentage difference between the results obtained by ADAS310 and ADAS304. The
reference values for the temperature, beam energy and density were respedively 2.0 x 10° eV, 6.67 x
10" cmi® and 40keV amut'.

A difference of 21.75% can be observed at a temperature of 100 eV and similar

results can be observed for different composite plasmas.
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4.4.6 Conclusion

The aedion d compad look uptables enables eff edive stoppng and emisson cata
to be available for routine experimenta anaysis. The linea combination and
interpaation method is succesful at asembling effedive stoppng or emisson
coefficients for typical composite plasma with speed and reasonable accuracy.

In the cae of the dfedive bean stoppng coefficients, the linea combination
and interpdation scheme proved to be caable of rapidly assembling composite
coefficients which were within 5 % of the values obtained from ADAS310. This
level of acawracy however was not retained when we onsidered the dfedive
emisgon coefficients. On average, the linea combination and interpolation method
could orly assemble a omposite anisson coefficient which was within 20% of the
value obtained from the cdculation d ADA S310. However this level of acaragy is

sufficient for the present application.



5.0 Beam emission spectroscopy at JET

5.1 Historical overview

Observations of the D-a emisson feaure emitted by excited beam neutrals was first
recorded at JET Joint Undertaking[59] and then subsequently studied on dher fusion
devices[60,6]. Due to the unique nature of the Stark resolved spedrum, the
diagnostic goplication d the D-a bean emisson fedaure provided a means of
measuring a novel set of important plasma parameters[62]. Information regarding the
internal magnetic field structure [61,63,64,65,66and ion density fluctuations of the
plasma [67,68] were the first quantities studied using beam emission spectroscopy .

However progress in exploiting the beam emisson signa to oltain
information onthe neutra beam density was dow. The neutral beam density is an
important plasma parameter which bean emisson spedroscopy was envisaged to
yield. It is a key pieceof information required to validate the impurity content of the
plasma deduced via charge exchange spectroscopy[69] and modelled beam stopping.

Prior to the discovery of the diagnostic implicaions of the beam emisson
signal, the neutral beam density could orly be obtained from an attenuation
cdculation for the rate & which the neutral bean atoms were being ionised as the
beam traversed the plasma. Asdiscussed by von Hellermann[70] the acaragy of this
methodis limited by error amplification, particularly in high density plasma scenarios
such as the anticipated operating regime of ITER[71]. Therefore the posshility of
utili sing the beam emisson signal to provide alocd acairate measurement of the
neutral beam density was encouraging.

The first detailed attempt to exploit the beam emisson signal following the
initial work of Boileau[62] a JET was by Mand[20,73. Mand explored the
feasibility of utili sing the beam emisson spedrum to deducethe neutral beam density
as well as other parameters uch as the magnetic field strength, the divergence and
energy compasition d the beam as well as the locaion d the observation vdume.
His work focused on the bean emisson signal originating from single beam bank
pulses where the observed spedra, even though complicaed, were in their smplest
form. He suggested that it was possbleto deducethe neutral beam density reliably for
single bank puses and that beam emisson spedroscopy certainly had the potential to

replace the numericd attenuation cdculation. However single bank puses only
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constitute aminority of pulses at JET, high paver doulde bean bank puses are more
common. Also Mand’s analysis, though fruitful, was in fad limited to just one pulse.
The am of the present work was to extend the analysis to include doulde bean bank
scenarios.

Since the work of Mand in 1991,the bean emisson dagnostic had been
relocated to a different observation pat. The status of the diagnostic dter the
appropriate modifications were implemented was auch that the neutral beam density
inferred from the beam emisgon spedra differed from the values obtained from the
numerica attenuation cdculation, in many cases by up to a fador of two. This was
such a mntrast to the origina results reported by Mandl that there was an obvous
need to revisit each stage of the analysis to investigate the nature of the discrepancy.

In thiswork we aldressthis issue whil e focusing our attention onthe analysis

of the beam emission spectra originating from single and double beam bank pulses.

5.2 TheJET beam emission spectroscopy diagnostic

5.2.1 Diagnostic apparatus

The bean emisson spedrum at JET is recorded using a bad illuminated CCD
camera. A fan of twelve fibre optics are focused along the trgjedory associated with
injedors 6 and 7 d octant eight from the diagnostic port illustrated in figure 5.1.
Injedors 6 and 7 are members of the normal and tangential bank respedively and
conveniently share asimilar trgjedory as can also be seen in figure 5.1. Each o the
twelve fibre optics are anployed to relay the D-a emisgon fedure badk to a Czerny-
Turner type spedrometer ( KS5b ). On leaving the it dlit of the spedrometer the
emisgon feaure is then focused orto the CCD camera. The signals recorded by the
camera ae then colleded and stored awaiting analysis. A schematic overview of the
diagnostic system is shown in figure 5.2 and a detail ed description can be foundin

[66] and references therein.
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Figure5.1 Plan view and side devation of the tokamak. The figure on the left ill ustrates the locaion
of the observation ports for charge exchange and beam emisson spedroscopy. The figure on the right
shows the typicd trajedories of ead reutral injecor, particular attention should be drawn to the
diagnostic injectors 6 and 7 which are annotated.
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Figure 5.2 Schematic overview of the diagnostic system employed to measure bath the neutral beam
density and the impurity content of the plasma. Situated on octant one, a fan of twelve fibre optics
focused along the trgjecory of the neutral beams are used to relay the D-a emisson feaure bad to a
Czerny-Turner type spedrometer ( KS5b ). On leaving the it dlit of the spedrometer the emisson

feature is recorded via a back illuminated CCD camera.
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5.2.2 Observed beam emission spectrum
The primary beam emisson olservation is of a series of overlapped Dopder shifted
Stark multiplet fedures. The gppeaance of the 6560- 66204 spedral interval for a

single bank pulse is shown in figure 5.3,

[ #35718
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[ P - Multi-Gaussian fit
|l EDGE D-a

| FEATURE

N
o

o(E)

-
o
I

R

Sdaole Meprudad )T0 "dYo PUS W 2SIy *(

T ‘

6540 6560 6580 6600 6620
Wavelength ( A )

Figure 5.3 Observed motional Stark D-a feaure. The eamisson feaure was recorded during the JET
pulse 35718using tradck 4 of the multichord system. The tangential bank was adive with a primary
energy of 140 KeV/amu. The onstrained multi-gaussan fit is also shown. Particular attention should
be brought to the anotation of the full, half and third g, Stark components. Due to the existence of the
three fradional energy components in the bean this gives rise to three Stark multiplets. Each Stark
multiplet is Dopper shifted acerding to the velocity of the relevant beam neutrals and as a result the

overall picture is an overlap of each Stark feature.

where only one diagnostic neutral injedor (‘pini’) is adive. The eistence of three
fradional energy comporents in eat diagnostic injedor gives rise to three Stark
multi plet feaures. Each Stark multiplet is Dopger shifted acarding to the velocity of
the relevant energy comporent and the viewing angle between the neutral injedor and
the line of sight. The fradional energy comporents in ead injedor are due to the
production d D* , D*, and D*3 during ion generation]73]. As the ions are neutrali sed
their different atomic masses contribute to producing three eergy comporents, i.e. a

full energy b, half energy &, and a third energyolz component.
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The salient feaures of the spedrum as we move in the diredion d increasing
wavelength commences with the large D-a edge emisson line situated at 6560A. The
origin o this is the presence of partially ionised spedes between the last closed
magnetic flux surface ad the vessel wall. Next we encourter a duster of Stark
multi plet feaures which are @lledively known as the bean emisson spedrum. Each
Stark multiplet feaure cnsists of nine observable Stark comporents ( up to =14 ).
The higher order comporents of the Stark resolved spedrum are too we& in intensity
to observe reliably.

The bean emisson spedrum is highly determined. The locd magnetic field
orthogonal to the neutral bean particle path together with preasely known velocities
of the energy fradions determines the wavelength separation o the Stark comporents.
The relative intensities of the o and 1t pdarisation comporents are dso determined
since Stark fine structure popuations are fully mixed at the JET core plasma densities
(> 2x 10" cm®) and the geometry is specified.

In the cae of doulde bean bank puses, which are more common, the
recorded beam emisgon spedrum originates from the excited beam neutrals of two
diagnostic injedors o that the spedrum comprises of six overlapping Stark multi plet
fedures. In figure 5.4, the beam emisson spedrum during the single bank period o
the pulse 32969showing the three Stark multi plets increases in complexity suddenly
during the double beam bank period of the pulse.

In bah the single and doulbe bank spedra, additional spedra lines in the
vicinity of the beam emisson spedrum can also be observed, particularly nea the
base of the D-a edge emisson line, seefigure 5.3. Our concern here however is with
the Stark multiplet feaures of the beam emisgon spedrum ( see[20] for a detailed

description of the full spectrum ) .
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Figure 54  Complexity of the beam emisdon signature. Top left hand figure shows the bean
emisson feaure during a single bank period o the pulse 32969 The figure & the bottom left
ill ustrates the increasing complexity of the observed spedrum during the double bean bank period.
The single figure to the right shows the power associated with ead diagnostic injedor and the time

interval when the single or double bank scenario is in operation.

5.2.3 Experimental analysis
5.2.3.1 Method and objectives

The analysis of the bean emisgon feaure involves generating a synthetic model
spedrum based on measured and cdculated parameters. The synthetic spedrum is
then employed to extrad the total flux associated with ead Stark multi plet contained
within the spedrum. The total flux together with knovledge of the dedron density
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and the dfedive bean emisson coefficient enables the neutral bean density to be
recovered from the beam emisgon spedrum. At JET a computer program written in
FORTRAN 77 is employed to automate the spedra analysis. The program was
originally written by Mand[20] and extended by English[74] and Howman[75] to
include the analysis of the spedral originating from the excited reutrals of two adive

injectors. The procedure consists of two stages as illustrated in figure 5.5.

EXPERIMENTAL
OBSERVATIONS

SPECTRAL
ANALYSIS

CHEAP
ANALYSIS

LINE INTEGRATED
NEUTRAL BEAM
DENSITY

Figure 5.5 Overview of the two stage procedure involved in obtaining the line integrated neutral
beam density. The first stage involves running the spedral analysis code to oltain the total flux from
ead Stark multiplet. The second stage of the analysis involves evaluating the neutral beam density

using the flux measurements together with derived atomic data.

The first stage uses the spedral analysis program to extrad the total flux associated
with ead Stark multiplet. The second stage is a post processng step. The post
processng code, which is known as the Charge Exchange Analysis Padage ( CHEAP
), evaluates the neutral bean density using the flux measurements. The CHEAP code
was written in FORTRAN 77 by von Hellermann[59] and serves as the main analysis

tool for the core spectroscopy group at JET ( see section 5.3 ).

5.2.3.2 Motional Stark Effect
The motional Stark effed is the descriptive name for the Stark effed when atoms
move through a magnetic field and experience alLorentz eledric field within ther

own frame of reference The Lorentz eledric field ads as a perturbation onthe gaom’s



Hamiltonian and influences the wavelength and intensities of the emisson. Neutral
deuterium beam atoms, which crossthe cnfining magnetic field of the JET tokamak
with a typicd velocity of around 16 m s?, experience a eledric field of up to 10
Vm™. In this regime the linea Stark effed is dominant and the influence of the
eledric field removes the degeneracy associated with ead hydrogenic energy level.
This gives rises to a Stark resolved energy level structure where the splitting of the
energy levels is diredly propationa to the dedric field. As discussed by

Sobelman([76] the splitting of the energy levels are given by,
3
AE :En(nl—nz)eELaO 5.1

where n; and n, are the so-cdled parabadlic quantum numbers and E, is magnitude of
the Lorentz eledric field. In figure 5.6 we show a schematic for the transition from a
degenerate energy level structure to a Stark resolved picture for neutral hydrogen.

Also shown are the expected emission patterns.

ELorentz = 00 ELoremz > 00
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Figure 5.6 Influence of an external eledric field on the degenerate energy levels of hydrogen. The
eledric field ads as a perturbation and removes the degeneracy asociated with ead energy level and
gives rise to a Stark resolved energy level structure. The schematic ill ustrates the transition from a

degenerate energy level structure to a Stark resolved picture showing the subsequent emission patterns.

5.2.3.3 Spectral analysis

13C



The analysis of the beam emisson spedrum involves identifying the paosition and
amplitude of every feaure mntained within the spedrum region. Eac fedure is then
represented by a Gaussan spedfied by width and amplitude. The aray of Gaussans
which colledively represent all of the individual spedra feaures is then used to
construct a synthetic spedrum which is adjusted to extrad the flux associated with
each Starknultiplet.

The aaysis program first accesses the JET pulse process file database
system[77] to ascertain the d@omic mass and \eocity of the bean spedes. The
program then seaches the spedrum for the D-a edge emisson line. Since this
emisgon aiginates from the alge of the vess it is freeof any Dopger shift from the
bulk motion of the plasma. It is utilised as a wavelength reference.

The spedral analysis code then attempts to locate the position d the Doppder
shifted primary oo, Stark comporents associated with eat Stark multiplet. The
pasition o ead primary Stark comporent is determined by the velocity, vy, of the
relevant energy fradion and the viewing angle, a, between the neutral injedors and

the line of sightMandI[20] expresses the Doppler shifted wavelength as,
Vb
ApoppLer = A ? cos(a) 5.2

wherelis the natural wavelength.
The locdion d the remaining Stark comporents for eadh multiplet are
identified by asauming the Stark splitting is constant over the spedra region. The

Stark splitting is then evaluated using the following expression,

36 5
AA =——AXE 5.3
STARK 2 hC L
where A is the unperturbed wavelength. The analysis program obtains estimates for
the dedric field using the results from magnetic equili brium cdculations] 78] together
with knowledge of the beam velocity and experimental geometry. The position d the
comporents are then speafied relative to the gpropriate Dopder shifted primary

Stark feature, as illustrated in figure 5.7 for a simgtétiplet.
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Figure 5.7 Schematic ill ustration of how the primary Stark component for a singe multi plet fedureis
fixed relative to the D-a edge emisson line and the remaining Stark components are then spedfied

relative to the primary Stark component by the wavelength separation due to the linear Stark effect.

The next step for the analysis program is to oltain amplitudes for the
Guassans used to represent ead spedra feaure. The anplitudes of the Gaussans
for the primary oo Stark comporents in bah single and doulbe bank spedra ae
treded as the seach parameters of the fit, whilst the amplitudes of the Gausdgans for
the remaining Stark fedures are spedfied by a parametric relationship to the oo
comporents. This relationship is based on intensity ratios of individual Stark
components which are entered by the user as input[74].

The resulting parameterised array of Gaussans is optimised by the NAG
routine EO4UPF to oltain a best fit synthetic spedrum to the experimentally
observed spedrum. The degree of acaracgy of the fit is monitored and after ead
spedrum is analysed a diagnostic report is automaticdly written to a file which
includes the NAG error flag for the successof the fitting procedure[79]. It shoud be
noted that the analysis program also addresses the spedra lines which can be

observed near the base of thex@dge emission feature.



5.3 The Charge Exchange Analysis Package

5.3.1 Therole of the charge exchange analysis package

The dharge exchange analysis padkage ( CHEAP ) is a computational too employed
a JET to automate the process of combining spedroscopic observations, derived
atomic data and experimental condtions to infer self consistently various plasma
parameters. The main applicaion d CHEAP is the deduction d absolute impurity
concentrations via carge exchange emisson measurements, which are recorded
using the goparatus shown in figure 5.2 A schematic overview of CHEAP ill ustrating

the flow of derived atomic data and experimental observations is shown in figure 5.8
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Figure 5.8 Schematic overview of the Charge Exchange Analysis Padkage, CHEAP. The deduction
of the impurity content of the plasma within CHEAP involves utili sing charge exchange emisson flux

measurements together with derived atomic data. The assembly of the neutral beam density using the
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flux measurements from the beam emisson signal as well as the dtenuation caculation is carried out
within CHEAP.

5.3.2 lIterative path to absolute impurity concentrations

The dharge exchange spedroscopy diagnostic & JET utili ses the subsequent emisson
by impurity ions following the cature of an eledron to oltain information onthe
impurity content of the plasma. The impurity concentration d a spedes of nuclea

charge g, as discussed in chapter 1.0, is given as

_4nf o, (A)dA
© qcx_[nbds

n 5.4

where @ is the recrded charge exchange flux, g is the dfedive darge exchange
emission coefficient[19] anfih,dsis the line integrated neutral beam density.
Evauation o the line integrated neutral bean density from either the
attenuation cdculation a the beam emisson spedrum requires prior knowledge of
the impurity densities in the plasma to enable the relevant effedive wefficientsto be
evauated. Thisrequires an iterative gproad for the mncentration d the diff erent
impurities in the plasma to be inferred via charge exchange spedroscopy. The
CHEAP padckage implements such an iterative cdculation making use of
bremsdrahlung and charge exchange flux measurements together with derived atomic
data, see figure 5.8. To rewnstruct the radial density profiles for ead impurity
CHEAP begins by estimating the impurity content of the plasma. This estimate is
obtained from the bremsdrahlung observations along the verticd line of sight shown
in figure 5.2. The measurement enables the line integrated eff edive ion charge of the

plasma to be inferred using the following equation[80],

1
ok
Gl ® rems/f

where " is the freefree Gaunt fadtor and @yers iS the intensity of the emisson. It is

L CE, O
) pgggjl 5.5

wIH

(24 )= 5 B

then assumed that the contribution to the bremsdrahlung emisgon is due to the
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presence of only one impurity in the plasma. Thisis the dominant impurity ( normally
known ) such as carbon. The value obtained for < Zg >, is then used as a first

approximation in the following expression for the local ion charge, Z
- _p
Zy _1+ZZ‘(Z‘ 1) . 5.6

This enables the cabon concentration to be estimated. Measurements of the
bremsdrahlung emisgon are repeded. This time the @ntribution to the emisson is
asumed to be due to the presence of carbonand an additional impurity. The impurity
density for eat spedes is thus cdculated uwsing the first estimate for the cabon
concentration as a starting point. This procedure is continued urtil all the main
impurities have been included and a stable solution for the verticd line of sight has
been obtained.

The reconstruction d the radia density profiles can nowv be mnsidered. The
present implementation & CHEAP employs the theoreticd attenuation cdculation to
evauate the neutral bean density during the analysis. Using the vaues for the
impurity content of the plasma obtained from the verticd line of sight as an initial
guess the dfedive stoppng coefficients are evaluated to oltain the neutral beam
density. Together with knowledge of the neutral beam density and the darge
exchange flux measurements a new set of vaues for the impurity content of the
plasma can be cdculated. These ae then used to evaluate new stoppng coefficients
and the process continues until a cnwverged solution for the impurity concentrations

has been achieved.

5.3.3 Evaluation of the neutral beam density

An efficient method to cdculate the neutral beam density is required for the impurity
concentrations to be deduced within a reasonable time scde. This is dore by
aquiring the theoreticd data through the linea interpaation and combination method

with look up tables as discussed in chapter 4.0.
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5.3.3.1 Numerical attenuation calculation

Utili sing the rapid look uptables of type aif21,the CHEAP code assmbles effedive
stopping coefficients for a mmpasite plasma & afunction o temperature, density and
neutral beam energy ( Te, Ne and Ep). In the cae of a single injedor the neutral beam

density as a function d radial pasition, p, can then be obtained using the following

relation,
P nE.,T
n(p), = no exp(=[n, wdl) 5.7
1 b

where dl is aong the path taken by the neutral bean, Scr is the dfedive stoppng
coefficient in terms of theion density, and nyisthe initial beam density on entry to the
plasma.

For charge exchange spedroscopy, we require the line integrated neutral beam
density i.e. [nyds, where ds is aong the line of sight acossthe neutral bean profile.
Test bed measurementg81] show that the neutral bean density distribution at JET
can be described by a Gaussan which has a full width half maxima ( FWHM ) in the

x and y plane of wand w, respectively, see figure 5.9.

DIRECTION OF INJECTION ——

«— INJECTOR SOURCE

A\

X A
o

Figure5.9 Anillustration of a single bean showing the natural beam divergence . Also shown isthe
Gausdan distribution in both the x and y plane which is used to describe the neutral beam density

distribution of the beam.
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Therefore the line integrated neutral beam density evaluated by CHEAP s,

(n(p),) = [r(pds=n, fen(- 2 - Lyep(-fn, BTl yngs 5

The FWHM of the Gausdan in the x and y plane & any radial position is
obtained by assuming that the beam source is a point[81]. The values for the beam
divergence can then be used to oltain the widths, w, and wy. The dedron dcensity is
obtained from Thomson scatering measurements from the LIDAR diagnastic[82].
The initial bean density, ny, is obtained from cdorimetry measurements of the beam

current in the neutral injector[83].

5.3.3.2 Spectroscopic measur ement
The CHEAP code employs the look uptables of type alf22 to assemble dfedive
beam emisgon coefficients for a cmposite plasma. The relationship between the
beam emisgon flux and the line integrated neutral beam density as evaluated by
CHEAP for a single injector is,

X < WEq)

<n(p)b> ) ne(p) ;- q(ne’Te' EOk)D—a >9

where 1(Eqk) is the flux associated with the Stark multiplet correspondng to the
fradiona energy comporent k , q(ne,TeEox) is the dfedive D-a bean emisson
coefficient and x is the window transmisson fador. The latter is used to compensate
for the observation window being opticdly degraded by the deposition d impurities.
It is evaluated by comparing the < Zg > inferred from the bremsdrahlung
measurements recorded from the charge exchange diagnaostic port and the verticd line
of sight as shown in figure 5.2. The observation pat for the verticd line of sight isa
considerable distance avay from the plasma and the window is assumed to be freeof
any opticd degradation. A detail discusson d the aosscdibrationtechniqueis given
by Morsi et. al.[9].



5.4 Examination of the analysis procedure

54.1 Overview

To addressthe nature of the discrepancy between the neutral bean density inferred
from the numericd attenuation cdculation and the beam emisson signature, a
systematic gpproach was adopted which involved investigating ead stage of the
anaysis. There were three aeas of uncetainty, namely the spedral analysis, the
CHEAP analysis and the derived atomic data. Our strategy involved investigating

each area in turn in an attempt to identify the source of the discrepancy.

5.4.2 The spectral analysis

Due to the large quantity of spedral data to be anaysed ona daily basis at JET, the
spedral analysis program operates in a batch mode. In this mode the program
automaticdly analyses every spedrum recorded over the duration d a particular pulse
selected by the user.

To operate the analysis code in this manner involved configuring the inpu
parameters to ensure that the synthetic spedra generated by the mde would give an
acaurate fit to all of the recorded spedra. In pradise this was achieved by considering
afew spedra from different time frames and lines of sight. It was then assumed that
the optimum inpu parameters obtained would then be valid for the analysis of al the
other spectra.

We found that some of the spedra were nat being fitted to the required
acaragy. The accetance aiteria of the goodressof fit from the NAG algorithm was
to loose. The falure rate was snsitive to poa inpu parameter choice such as
ignoring the variability between dfferent lines of sight. Also the tempora variation d
the Cll pasgve amisson lines which pdlute the beam emisson signal, seefigure 1.5,
were not taken into acournt. During observations the intensity of these lines would
unpredictably become stronger or weegker and dredly influence the success of the
fitting procedure. The obvious lutionwould be to chedk ead spedrum individually
but thiswould be impradicd due to the large volume of data. An aternative gproach
was sought.

In al of the spedra assciated with single bank puses, it was observed that

the +113 and +1¥ Stark comporents of the full energy fradion were separated from the
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dense duster of Stark lines, seefigure 5.3 . As suggested by Howman[75], the fit
could be biased in favour of these two comporents ( while negleding the remaining
fedures ) and together with knownledge of the intensity ratios of the remaining Stark
comporents, the total flux assciated with the full energy fradion could be
reconstructed. The total flux for the Stark multiplet feaure due to the full energy
fradion d a single injedor, asauming that the feaure is ymmetricd around the

primary g, component, is given as,
q)Total = 2[(0713 + (prm] + 2[(0712 + (pgl] + (000 5.10

This expresson can bereduced to asmplerelationinvaving the measurement of the

flux associated with only ther8 and 4 Stark components,

Do :K[(pn3 + (pn4] 5.11

wherek is a constant obtained from the intensity ratios of the remaining Stark lines.

The mntribution to the neutral beam density due to the full energy fradion
could berecvered from the spedrum whil e reducing the number of spedral feaures
which are taken into acount. To oltain the cntribution to the neutral bean density
from the remaining fradional energy comporents, Howman[ 75 suggested that one
could use the following relation.

NE (p) = E—E*Z:”tgg NE==(p) 5.12
where N™ ., is the contribution to the total beam density due to the fradiona
energy comporent k, which is obtained from the dtenuation cdculation. NMe®"_ is
the contribution to the total neutral beam density due to the full energy fradion which
is obtained from the#3 and 4 Stark components.

This method could also be extended to include the analysis gedra asciated
with double bean bank puses. In which case the line ratios of the Stark comporents
are aumed to beidenticd for ead bank and the reconstruction d the flux associated
with each full energy component is carried out in the same manner.

As part of a feasihility study we implemented this method in an attempt to
improve the reli ability of the spedral fitting . To oktain a value for K we cnducted a



statisticd survey of the experimental data from which we obtained the line ratios
shown in table 5.1, also shown in the table ae the theoreticd values predicted by
MandI[20].

Ratio | Experimental  Theoretical
01/0¢ 0.430 0.353
T&/Go 0.550 0.421
T&/ 0o 0.195 0.133
Tu/Oo 0.450 0.307

Table 5.1 Experimental and theoreticd line intensity ratios of the Stark components. The
experimental values were obtained from a statistica analysis of the observed spedra. The theoreticd

values were obtained from the workMéandI[20].

Using the values contained in table 5.1, thisgave k avalueof 3.625 We @onducted a
detail ed study of the analysis using the +113 and +1@ comporents to conclude that it
was more reliable than the existing method. The existing method which involved
extrading the flux associated with ead individual Stark comporent is more
appliceble when the analysis of the spedrais dore on an interadive basis rather than
in a batch mode. We dedded to continue the +13 and +1® method ona permanent
basis. Nonetheless by adopting this new approach we have lost important diagnaostic
information concerning the half and third energy comporents. We had ariginally
planned to used the fradional Stark comporents to verify the energy dependence of
the dfedive amisson coefficients and hencethe fundamental cross ®dion data. This

opportunity is no longer available.

54.3 TheCHEAP analysis
The CHEAP padkage utilises a vast amourt of derived atomic data and anxieties
regarding the arred use of the @omic data was of immediate oncen. A careful

study of CHEAP reveded an error in the implementation d the linea combination
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method. This was correded. This error did na have ayy significant impad on the

discrepancy between the measured and calculated beam density.

5.4.4 Review of the fundamental and derived atomic data.

In this dion we summarise the results obtained by reviewing the fundamental
atomic data which is used as inpu to cdculate the dfedive stoppgng and emisson
coefficients. Due to the energy regime of the JET heding beans, the ion-atom
colli sions govern the popuation structure and hence the dtenuation. Therefore we
restricted ourselves to the fundamental atomic data concerning ion-atom collisions.

The aomic database mntaining ion-atom colli sion cross &adions, which is of
the ADAS data format of adf02, was constructed in 1989and periodicdly updated
until 1993.Using the best avail able data we updated this data base, a detail ed acourt
can be foundin appendix A. As an example we @ntrast the new 1997 crosssedion
data for ion impad ionisation from the n=3 shell of the beam neutrals with the 1989
data, see figure 5.10. At the operating densities of the JET tokamak, the role of
ionisation from the excited states of the beam atoms is sgnificant. A paint to ndeis
that the new 1997 ditabase wntains more acarate aosssedions for atomic
proceses asciated with excited states which were not available when the 1989
database was compiled.

Using the new ionratom collision database we then caculated new effedive
stoppng and emisson ceta for al of the fully stripped impurities up to the first
period. In Figure 5.11and 5.12 we ill ustrate the influence of the revised ion-atom
collision dcata on bdh the dfedive Bamer-apha emisson coefficient and the line

integrated neutral beam density deduced from the beam emission spectrum.
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Figure 5.10 lon impad ionisation cross dion Vs energy. The 1997 dta is based on the data
compiled byJanev & SmithJanev R K, Smith J, J.Nucl. Fusion ( Supplement), Vol.4,1993 ].
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Figure 5.11 The Bamer-alpha dfedive enisson coefficient for a pure D* plasma cdculated using
the 1989and 1997ion-atom colli sion database. The dedron temperatureis 1 x 10° eV and the dedron

density is 1 x 1§ cm?®.
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Figure 5.12 Line integrated neutral beam density for threedifferent time periods obtained from the
beam emisdon signal. The plot shows the dired influence of the fundamental data on the dfedive

emission coefficient and hence the line integrated neutral beam density.

As can be observed from figure 5.11, the influence of the fundamental data on the
effedive Bamer-alpha wefficient is substantial. Using the new effedive anisson
coefficients an average dhange of approximately 30 % in the neutral bean density
inferred from the beam emission spectrum can be seen in figure 5.12.

We now ill ustrate the influence of the revised ion-atom collision data on the
effedive stopping coefficient and the line integrated neutral bean density obtained

from the attenuation calculation, see figures 5.13 and 5.14 respectively.
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Figure 5.13 Comparison between the dfedive stopping coefficients cdculated using the 1989 and
1997ion-atom colli sion database. The plasma density was 1.0 x 10" cm™ and the temperature was 1.0
x 10° eV. As can be observed the change with the revised 1997 data is small.
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Figure 5.14 The line integrated neutral beam density for threedifferent time periods evaluated using

the attenuation calculation with the 1989 and 1997 data.
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As can be seen in figure 5.13,the influence of the revised atomic data on the
effedive stopping coefficient and hence the line integrated neutral beam density
obtained from the dtenuation cdculationis snall, seefigure 5.14.The new 1997ion
atom collision dcatabase includes more acaorate @oss ®dions describing the @omic
processes asciated with the excited states. The danges in such cross £dions
contributes very littl e to the dfedive stopping coefficients snce lessthan 1% of the

beam neutrals are in their excited state, see figure 5.15.
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Figure 5.15 Population of the ecited states relative to the ground state of the beam neutrals for a
pure D* plasma. The plasma density and temperature ae respedively 6 x 10*3 cm®and 2keV. Ascan

be observed the population of the excited states is less than 1% of the ground population.

5.4.5 Conclusion
The original approach of analysing the bean emisson spedrum by fitting all the
Stark comporents proved to be unreliable when dore in an ursupervised batch mode.
A more reliable method was implemented which relies on remnstructing the flux
from a fit of only the 3 and #¥4 components.

The review of the fundamental atomic data has led to a more acerate
description d the behaviour of the d@omic processes aswociated with the excited
states. The revised atomic data has a substantial influence on the dfedive anisson

coefficients and hence the neutral beam density obtained from the bean emisson
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spedrum. The revised data had a much smaler effed on the dfedive stoppng

coefficients and hence the attenuation calculation.

55 Reaults

In this dion we show separately the results obtained from the analysis of spedra
recorded duing single and doulbe bean bank puses. In bah cases we compare the
measured beam density with the values obtained from the numericd attenuation
cdculation. In eat case we first ill ustrate the typicd radial and time dependence of
the measured and cdculated neutral beam density. We then show the pulse to puse

variation between the results obtained from both methods.

5.5.1 Single beam bank pulses

In figure 5.16 we ill ustrate & threedifferent time periods the behaviour of the radial

dependence of the measured and calculated neutral beam density for a typical pulse.
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Figure 5.16 Radia dependence of the measured and cdculated neutral beam density for the single
beam bank pulse 40419 Threetime dlices have been seleded to ill ustrate the results. A charaderistic
feaure which can be observed in the mgjority of pulses is the fall off of the measured bean density as

we move towards the edge (~ 3.7 m).
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There is generally good agreament between the measured and caculated values
although the figure shows a sudden deaease of the measured beam density nea the
edge of the plasma ( ~ 3.7 m ). This unexplained fall off was first observed by
Mand[20] and appeas in the radia dependency of the measured beam density for all
single beam bank pulses.

The time dependency of the measured and cdculated neutral bean density for
a typical pulse is shown in figure 5.17.
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Figure 5.17 Time dependency of the measured and cdculated neutral beam density for the single

beam bank pulse 40419. Three radial positions have been selected to illustrate the results.

There is remarkably good agreement between the measured and cdculated values at
all times for the three different radial positions.

We dso ill ustrate the pulse to puse variation d the results. The aiteriafor the
seledion d pulses was smply that the pulses must have cntinuows neutral beam
injection, see figure 5.18.
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Figure5.18 Variation of the measured and cdculated bean density for a range of single bean bank
pulses. Each data point represents a time averaged value for a fixed radial position. A measure of the
deviation between the measured and cdculated beam density is obtained by comparing the solid

straight line with that of the dashed line which represents perfect agreement.

Each data point represents a time averaged value for a fixed radial position. The
assgned error bar is smply the standard deviation associated with the time averaged
value. A measure of the deviation ketween the measured and cadculated beam density
is obtained by comparing the solid straight line with that of the dashed line which
represents perfed agreement. As shown in figure 5.18, an average difference of ~27

% can be observed between the measured and the calculated neutral beam density.

5.5.2 Double beam bank pulses
The radial dependence of the measure and cdculated reutral bean density for a
typicd doulde beam bank puse is $rown in figure 5.19. Three time periods of the

pulse have been selected to illustrate the results.

14¢€



#40321

T T T T T T T T T T T
400 _
Time:52.3247s

3.00

2.00

NEUTRAL BEAM DENSITY ( 0% m2)

2.00 1

T Measured 1
1004 Calculated ]
T T T T T T T T T T T
30 31 32 33 34 35

RADIUS (m)

Figure 5.19 Radia dependence of the measured and cadculated neutral bean density for three
different time periods of the double beam bank pulse 40321.

The measured and cdculated values show good agreament. However due to
experimental difficulties we have no dita nea the eldge of the plasma (~ 3.7 m ),
therefore we caana confirm the fal off of the measured beam density as observed
from the analysis of single beam bank spectra.

In figure 5.20 we show the time dependence of the measured and cdculated
values for three radia positions. We now consider the pulse to puse variation
between the measured and cadculated neutral bean density. The seledion criteria were
the same as for single beam bank puses. The results can be seen in figure 5.21,where
an average difference of ~20 % can be observed between the measured and the
cdculated reutral beam density. It shoud be noted that ead pant represents a time

averaged value for a fixed radial position.
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Figure 5.20 Time dependence of the measured and cdculated neutral beam density at three radial
positi ons for the double beam bank pulse 40321 Good agreement between the measured and cd cul ated

values as a function of time can clearly be observed.
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Figure 5.21 The variation between the measured and cdculated neutral beam density for a range of
double beam bank pulses. The solid straight line represents a line of best fit through the data points. A
measure of the deviation between the measured and cdculated beam density is obtained by comparing

the solid straight line with that of the dashed line representing perfect agreement.
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56 Conclusion

Refinements in the spedra fitting, consistency in the charge exchange analysis and
the use of improved data which enters into the modelling to evaluate the dfedive
coefficients, have led to the reliable deduction d the neutral beam density from the
single and double beam bank spectra.

For single beam bank spedrawe ae ale to remver a neutra beam density to
within 27 % of the values obtained from the &tenuation cdculation. In the case of
doule bean bank puses, we can recover the neutral beam density to within 20% of
the numerical attenuation calculation.

In bah single and doulbe beam bank scenarios the time dependence between
the measure and cdculated beam density is remarkably good and this adds some
credenceto the aomic modelli ng. It shoud be noted howvever that from the results it
appeas that we can measure the beam density from doulde bean bank puses with a
greder acarracy than that for single beam bank puses. Thisis sme what surprising
since the bean emisson spedrum from a single beam bank puse is much easier to

analyse.
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6.0 Predictive studies of helium beam attenuation and emission

6.1 Introduction

During tokamak experiments it is convenient to keep the neutron flux from the
plasma to a minimum so that accessto the vessel may be unrestricted. To minimise
the beam driven reutron production rate, fast helium bean atoms can be injeded into
the plasma instead of neutral deuterium atoms. The neutral helium beams dill hea
the fusion gdasma but withou the production d unwanted neutrons[84]. There ae
also pdentia diagnostic benefits of injeding neutral helium beam atoms into the
plasma rather than deuterium atoms. Due to the dficiency of the resonant processof
doulde dharge exchange, helium beam atoms in their groundstate can ad as donas
to the fully stripped alpha particles contained in the plasma. The neutralised alpha
particles can be measured and the associated slowing down time can be obtained[22].
Also dwe to the presence of metastable levels in the bean, preferential charge
exchange between the groundstate and the He(2 3S) metastable may be possble. As
suggested by Hoekstra[85], in circumstances where the He(2 3S) metastable
popuationis sgnificant it may be the cae that it will be primary dona for the CVI(
n=8 -7 ) charge exchange line, with a small contribution from the He(1 *S) ground
state. Where & the He(1 'S) ground state would be the primary dona for the
Hell(n=4-3) charge exchange line, with a small contribution from the He(2 3S)
metastable. Ancther important diagnostic benefit is with the gplicaion d beam
emisgon spedroscopy. Due to the degenerate nature of deuterium atoms, the
motional Stark effed resulted in a complicated array of Stark comporents which was
difficult to analyse (see dapter 5.0). In the case of neutral helium, the influence of
the motional Stark effed onthe observed emissonlinesis not as sgnificant and so
the spectrum is simpler to analyse.

In this chapter we show the behaviour and parameter dependencies of the
helium bean colli sional-radiative ionisation and cross couping coefficients required
to model the bean attenuation and the norrequili brium metastable popdations. In
particularly, we highlight the difference in the rate & which eledrons are ionised
from the ground state and the two metastables. We dso explore the parameter

dependencies of the quasi-static excited popuation structure required to predict the
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emisgon from the bean atoms themselves and hence etrad the locd plasma
condtions from measurements. We examine in detail the influence of the non
equili brium metastables on the quasi-static excited popuations of the levels
contained in the n=4 shell. The motivation for this is that if we can identify which
metastable is most effedive & popuating ead o the levels in the n=4 shell, we can
utili se the spedral emisson aiginating from the n=4 shell of the bean atoms to
gauge thenetastable content of the beam.

Focusing our attention onthe metastability associated with the He(2 'S) and
He(2 3S) levels, we investigate the implicaions of assuuming that the metastables
have relaxed and readed equili brium relative to the groundstate. To achieve this we
cdculate the metastable popuations, for JET plasma cndtions, using a spatia
dependent treament and we compare the results with that obtained from the quasi-
static approximation.

Finadly, we onsider the dtenuation d the neutral helium bean. We
investigate the dtenuation d groundstate and metastable popuations and study the
influence of changing the initial metastable fradions of the beam. We dso briefly
consider the influence of sudden changesin the dedron temperature and density. Our
main motivation here is to describe quantitatively what happens to the metastable

populations as the beam progresses through the plasma.

6.2 Review of the collisional-radiative coupling coefficients

It was discussed at length in chapter 2.0 the origin and applicaion o the colli sional-
radiative aosscouging coefficients. It isworth briefly reviewing the main feaures at
this point. To cdculate the bean attenuation and the non-equilibrium level
popuations we @nstruct a set of couded equations using the colli sional-radiative
cross couing coefficients. As mentioned ealier the couping coefficients take into
consideration the influence of stepwise a@omic processes. For example the aoss
couging coefficient which describes the rate & which the He(2 3S) metastable is
popuated by the He(1 'S) ground state will include the influence of al possble
readion pathways rather than just the rate for dired excitation. The couped

equations are of the form,
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where vy and ne are respedively the bean velocity and the dedron density. The
quantity dx is along the beam path and N 2s+ represents the popuation d the non

equili brium level spedfied by the quantum numbers n, L and S. The collisional-

radiative @osscouping coefficients are represented by the symbal Sz 251 , Where

the subscripts gedfy the initial and final nonrequili brium level. The aosscouging
coefficients for which the subscript only spedfies the initial state eg. Sz« , refer to

what can be described as the total loss coefficient from the level n®**!L. The total
losscoefficient includes the colli sional-radiative ionisation rate from the level n*>*!L
as well as the mntribution to popuating the remaining levels. As discussed in
chapter 2.0, the collisional-radiative ionisation coefficients represent the rate &
which the nonequili brium levels of the beam atoms are ionised and are obtained

from the cross coupling coefficients using the following expression,

p-1 m
S =S,- z So -~ z S, 6.2
o=1 o=p+l

where S, and Sy, are respedively the dfedive ionisation and cross couging
coefficients, and the subscripts p and o represent the initial and final states. In figure
6.1 we schematicdly show the physicd significance of the collisional-radiative

lonisation and cross coupling coefficients.
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Figure 6.1 Schematic ill ustration of the energy levels gructure of neutral helium. Highlighted with
the dashed lines are the colli sional-radiative aosscoupling coefficients. Also shown in the figure with
the solid lines are the dfedive ionisation coefficients associated with ead metastable level. Note that

the coefficients which connect tvmetastables include the influence of all indirect paths.

6.3 Collisional-radiative cross coupling coefficients

The aoss couging coefficients describe the rate & which the metastable levels,
including the ground state, are popuated and depopuated within a colli sional-
radiative frame work. They include the influence of stepwise @omic processes and
can be used to define an effedive ionisation coefficient associated with the ground
state and eat metastable. In figure 6.2 we show the behaviour of the aosscougding
and effedive ionisation coefficients as a function o beam energy for a pure D*
plasma.

The parameter dependencies which are of interest are the dedron density,
neutral beam energy and the dedron temperature. We dso wish to separate the
contributions to the cupging coefficients due to eledron and ion collisions and
finally, explore the dependence on the nuclea charge of the impurity ions contained
in the plasma. We have cdegorised the couping coefficients into two groups of
similar parameter dependency. The first group are asociated with spin changing

transiti ons, whil e the second group contains the remaining coefficients and is referred
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to as the non-spin changing group. It shoud be noted that in the present work all of
the wefficients are cdculated in terms of the dedron censity with the condtion d

charge neutrality imposed.

Figure 6.2 Collisional-radiative aoss coupling and effedive ionisation coefficients for a pure D*
plasma. Working down from the top we first consider the mefficients asociated with the He(1 'S)
ground state and then the He(2 *S) and He(2 3S) metastables. Also shown are the dfedive ionisation

coefficients. The electron density was .00 cm® and the electron temperature was &90
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6.3.1 Non spin changing transitions
The aoss couding coefficients which have been categorised into the non-spin

changing group are schematically shown in figure 6.3.
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Figure 6.3 Schematic ill ustration of the five dfedive mupling coefficients which have been placed in

the non-spin changing category.

There ae five couging coefficients in the non-spin changing group. The wefficients
which conred the He(1 'S) and the He(2 'S) levels are the true aoss couging
coefficients while the remaining three oefficients describe the total rate & which
eledrons are lost from ead level. The latter contain the dfedive ionisation
coefficient, as well as the @mugding coefficients which conred to the other two
remaining levels. We use the name ‘cross couding’ coefficient to refer to all these
types of effective coefficients

We shal first consider the density dependence of a non spin changing
couping coefficient for apure D* plasma. In figure 6.4 we ill ustrate the behaviour of
the wuping coefficient, which describes the total lossrate assciated with the He(1
!S) ground state, as a function o beam energy for three different densities. The
eledron densities which have been seleded to represent the coronal, collisional-

radiative and high density regimes ar&, 10" and 16°cm’ respectively.



Figure 6.4 Crosscoupling coefficient describing the total lossrate from the He(1 'S) ground state for
apure D* plasma. The wefficient has been plotted for threediff erent densiti es as a function of neutral
beam energy. Also shown in the figure is the contribution to the mefficient due to eledrons colli sions

only. The electron temperature was E3Q

In the coronal regime only the dired processes contribute to the wefficient. The
comporent of the aosscougding coefficient which represents the dfedive ionisation
coefficient is just the rate for dired ionisation dwe to eledrons and ions, while the
remaining comporent of the aosscouping coefficient, which conreds the He(1 'S)
ground state to the other two metastables levels, is smply the sum of the
correspondng dired excitation rates. When the dedron density is incressed to
around 1x 10" cm® , we ae in the colli sional-radiative regime where the role of
stepwise d@omic processes is important. This results in an oweral increase in the
effedive aoss couging coefficient. The dfedive ionisation comporent of the
couping coefficient now includes a cntribution due to ion and eledron impaa
ionisation from excited levels and the remaining comporent of the mupging
coefficient includes the influence of stepwise aomic processes. At an eledron
density of 1.0 x 10" cm®, we ae in the high density regime, see figure 6.4. The
couping coefficient has readied a maximum value. The mmporent of the couping

coefficient which represents the dfedive ionisation rate includes the influence of ion
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and eledron impad ionisation from the ground and the excited states. Even
excitation contributes to ionisation. The @ntribution d the aosscouging coefficient
which conreds the groundstate with the two metastable levels now includes the full
influence of stepwise processes as well as direct excitation.

It is of interest to contrast the behaviour of the aoss couding coefficient
cdculated with and withou the inclusion d ions. As can be observed in figure 6.4,
the antribution to the dfedive wefficient due to eledrons, regardlessof the dedron
density, is independent of the beam energy. This is due to the fad that the dedrons
are moving in the plasma with such a large velocity that the speed of the beam is
insignificent. If however we introduceions into the plasma the dfedive wefficient
changes. In the low energy regime the contribution to the aosscouging coefficient is
primarily due to eledrons. The ions collisions are only driven by their thermal ion
temperature and the net contributionis snall. Asthe neutral beam energy isincreased
the influence of the ion collision becomes sgnificant and results in an increease in the
effedive muping coefficient, seefigure 6.4. The increase in the couping coefficient
diredly refleds the energy dependence of the aoss ®dions which describe the
behaviour of ion impad excitation and ionisation The latter being of greaer
importance above 1KeV amu'.

The temperature dependence of the coupging coefficient is the next issue we
want to address In figure 6.5 we show for alow density D* plasma( ~ 1.0 x 10° cm™®
), the uging coefficient which described the total ossrate asciated with the He(1
'S) ground state @& a function o the bean energy for a seleded range of
temperatures.

It can be observed that an increase in the dedron temperature results in an
increase in the cugding coefficient. Thisis due to the temperature dependence of the
eledron collisions which contribute to the aoss couding coefficient. At a
temperature of 10 €V the cmporent of the wuding coefficient which represents the
effedive ionisation coefficient is sSmply the crrespondng eledronimpad ionisation
rate. As we incresse the temperature, the behaviour of the dfedive ionisation
comporent refleds the behaviour of eledronimpad ionisation rate. It is of interest to

note that as we increase the temperature from 10 to 100eV there is a substantial
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increase in the wuping coefficient. However as we increase the temperature from
100 to 1keV the changein the mugding coefficient isless Thisisa dea ill ustration
of the temperature dependence of the dedron collisions, particularly the dedron
impad ionisation rate which is also shown in figure 6.5. We dso show in figure 6.5
the @ntribution to the couping coefficient due to eledron colli sions alone. As before
we can observe that the dedron contribution is independent of the beam energy and

is governed by the electron temperature.

.
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Figure 6.5 Temperature dependence of the wupling coefficient describing the total loss rate
asociated with the He(1 'S) ground state for a pure D* plasma. The plot on the left ill ustrate the
coupling coefficient as a function of neutral beam energy for a seleded range of eledron temperatures.
Also shown is the antribution to the cupling coefficient due to eledron collisions. The dedron
density was 1.0 x 10° cm™ .The plot on the right ill ustrates the temperature dependence of the dedron

impact ionisation rate coefficient associated with the H8fground state.

Due to the unavoidable presence of impurities in tokamak plasmas we must also take
into consideration their influence on the aosscouging coefficients. In figure 6.6 we
show the behaviour of the couping coefficient which describes the total loss rate
asociated with He( 1 'S) ground state for pure impurity plasmas. The dedron

density is fixed and the number density for ead impurity spedesis uch that charge
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neutrality is maintained. Therefore & the nuclea charge of the impurity spedes

increases the corresponding impurity number density decreases.

Oo—Do—oo——o—

Figure 6.6 Cross coupling coefficient associated with the He(1 'S) ground state & a function of
neutral beam energy for a range of pure impurity plasmas. The dedron density is fixed at 1.0 x 10"
cm™® and the number density of impurity spedes is ich that charge neutrality is maintained. The

electron temperature was 1649.

In the low energy regime the mntribution to the wupging coefficient is primarily
dominated by eledron collisions. It can be observed howvever that some of the
impurity ions are cgable of effedively contributing to the muging coefficient at
such a low energy. Their influence in this case is due to their thermal ion
temperature. As the bean energy is increased, the influence of ion impaad excitation
bemmesimportant at around 10 eV/amu and as the beam energy isincreased further
ion impad ionisation daminates. The influence of the impurity ions as $own in
figure 6.6, increases with nuwlea charge, even though the number density of the
impurity species decreases.

As mentioned before, all of the efficients grouped into the nonspin
changing caegory exhibit a similar type of parameter dependency and we have
focused onthe @muping coefficient aswociated with the He(1 1S) ground state merely
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as an example. In figure 6.7 we show the behaviour of the couging coefficient which
describes the total lossrate aociated with the He(2 ®S) metastable for a pure D*
plasma.

COUPLING COEFFICIENT ( cm® ™)

Figure 6.7 Behaviour of the aosscoupling coefficient describing the total lossrate assciated with
the He(2 3S) metastable for a pure D* plasma. In the low energy regime the @ntribution to the
coefficient is primarily driven by eledron colli sions. As the beam energy is increased the role of ion
collisions becomes sgnificant and an increase in the @upling coefficient can be observed. If we
incresse the dedron density the role of step wise @omic processes bemmes important and results in

the coupling coefficient increasing to a maximum value which corresponds to the high density limit.

As can be observed, in the low energy region the wntribution to the couging
coefficient is snall, it is driven puely by eledrons. As we increease the beam energy
the influence of the ion colli sions becomes sgnificant and results in an increase in
the couping coefficient. An increase in the dedron density encourages the aomic
proceses asociated with the excited states to contribute to the couging coefficient.
If we ontinue to increase the density the high density limit is readed and the

coupling coefficient tends to a constant value.



6.2.2 Spin changing transitions

We schematicdly show in figure 6.8 the aoss couding coefficients which are

contained in the spin changing group.
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Figure 6.8 Schematic ill ustration of the four colli sional-radiative aoss coupling coefficients which

are contained in the spin changing group.

There ae four crosscouping coefficients in total. Each of the wefficients represent
the rate & which the metastable levels, including the groundstate, are popuated and
depopdated through spin changing processes. It is important to mention that ion
collisions are strictly spin conserving. Only eledron colli sions are involved in spin
changing transitions. Therefore in the present context the ions collisions can only
popuate the singlet spin systems of the beam atoms by promoting eledrons from the
ground state. Eledron collisions however can contribute to popuating both the
singlet and triplet spin systems through a variety of spin and nonspin changing
transitions.

We shall first consider the density dependence of the spin changing cross
couping coefficients for a pure D* plasma. In figure 6.9 we show the behaviour of

the cuping coefficient for the transition He(2 *S) - He(2 3S) as a function o beam
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energy for three different densities. Also shown are the aoss couging coefficients

for a pure electron plasma.

Figure 6.9 Collisional-radiative aosscoupling coefficient for the He(2 *S) — He(2 *S) spin changing
transition for a pure D* plasma. The wupling coefficient has been plotted as a function of neutral

beam energy for three different electron densities. The electron temperature @& 100

As can be observed, in the &owe figure we ae presented with some interesting
results. Since éedron collisions drive the spin changing transitions it would have
been expeded that the aosscouging coefficient would have been independent of the
neutral beam energy. This is in fad the cae when we look at the aoss cougding
coefficient as a function d bean energy in the low density regime a 1 x 10° cm™®,
However as we increase the dedron censity the role of atomic processes associated
with excited states comes into to play. At adensity of around 1x 10" cm™, as hown
in figure 6.9,in the low energy regime the aosscouging coefficient is driven puely
by eledron collisions and is therefore independent of the bean energy. As we
increase the beam energy the influence of the ion colli sions beames important. In
the @owe figure it can be seen that the ion colli sions contribute to reducing the aoss
couping coefficient. This phenomena can be atributed to the fad that in the low
density regime the readion path ways from the He(2 'S) metastable is dominated by
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spin changing eledron collisions, even a high beam energies. As we increase the
density the influence of the ion colli sions contribute to increasing the readion peth
ways asciated with the He(2 'S) metastable level. As the bean energy increases it
becmes more favourable to excite or ionise the mntents of the He(2 'S) level rather
than contributing to popuating the He(2 3S) metastable via a spin changing
transitions, see figure 6.10. The energy dependence of the spin changing cross

coupling coefficients should be consider as a secondary effect .
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Figure 6.10 Schematic ill ustration of the increasing readion pathways associated with the He( 2 'S)
metastable level. In the low density region the mntents of the He(2 'S) metastable ads as a source to
populate the He(2 3S) metastable. As the dedron density is increased the role of ion colli sions result
in the ontent of the He( 2 'S) metastable being preferentially excited or ionised rather than

contributing to populating the He{®) metastable, particularly as high energies.

We now consider the temperature dependence of the spin changing cross
couping coefficient. In figure 6.11 we show the behaviour of the aoss couging

coefficient for the transition He@5)- He(2'S).
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Figure 6.11 Temperature dependence of the @osscoupling coefficient for the transition He(2 3S) -
He(2 1S). The behaviour of the aosscoupling coefficient diredly refleds the temperature dependence

of the fundamental data.

Spin changing transition are driven puely by the dedron collisions and since the
influence of the dedron collision is governed by the temperature we would exped a
strong temperature dependence of the couping coefficient. This indeed can be
observed in the @owve figure. The behaviour of the wuging coefficient diredly
refleds the temperature dependence of the dedron colli sions which are involved in
the spin changing transition. It is of interest to nae how the eugding coefficient
decreases as the temperature increases.

We now consider the dependency of the aoss
couping coefficient on the nuclea charge of typicd impurity spedes. Once again we
emphasise that the dedron density is fixed and the number density of impurity ions
is quch that charge neutrality is maintained. In figure 6.12we show the behaviour of
the @uping coefficient correspondng to the transition He(2 'S) - He(2 3S) for a

selected range of pure impurity plasmas.
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Figure 6.12 Crosscoupling coefficient for the transition He(2 *S) - He(2 ®S) for a seleded range of
pure impurity plasmas. Also shown is the contribution to the wefficient due to eledrons only. The
eledron density and temperature were respedively 1.0 x 10" cm™ and 100eV. The number density of

impurity ions is such that charge neutrality is maintained.

The greder the nuclea charge of the impurity spedes the more dfedive it is at
encouraging collisiona redistribution amongst the excited states and opening up
additi onal reation pathways asociated with the He(2 1S) metastable. Also shown in
the figure is the muping coefficient due to eledrons only. It is of interest to nde that
even at very low bean energies, the @ntribution to the wugding coefficient due to
the some of the impurity ions is of significance The driving mechanism for the
impurity ions in this regime is their thermal ion temperatures.

The parameter dependencies of the remaining cross cougding coefficients
contained in the spin changing group show a similar parameter dependency. As an
example we show in figure 6.13 the behaviour of the wuging coefficient for the

transition He(2S)- He(2'S) for a pure Dplasma.
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Figure 6.13 Behaviour of the He(2 *S) - He(2 *S) crosscoupling coefficient for a pure D* plasma. In
the low density regime the mefficient is independent of the neutral beam energy sinceit driven purely

by eledron colli sions. As we increese the density the influence of the ion colli sions open up additi onal

reaction pathways associated with the H&Rand a decrease in the coefficient can be observed

As can be observed, in the low density regime the aoss couding coefficient is
independent of the neutral bean energy. As the dedron density is increased the role
of the ion coalli sions opens up additional readion pathways associated with the He(2
3S) metastable. It is instructive to compare the aove figure with the surface plot
shown in figure 6.7. In the latter figure, which shows the behaviour of the couping
coefficient describing the lossrate from the He(2 3S) metastable, we can seethat as
the dedron density and reutral beam energy is increased the influence of the ion
collisions result in the dedrons being preferentially ionised. This is consistent with
the @owve figure, which shows that as the dedron density and beam energy is
incressed the readion rate for the transition He(2 3S)— He(2 'S) substantialy

decreases
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6.3.3 Collisional-radiative ionisation coefficients

It of interest to show the behaviour of the dfedive ionisation coefficients associated
with the groundstate and ead metastable. However it is important to nde that even
though we can assgn an eff edive ionisation coefficient to ead nonequili brium level
and hence an effedive stoppng coefficient in principle, to implement a numericd
attenuation cdculation involves lving a set of couped equations which describe
how the metastable and ground state popuations evolve & the bean traverses the
plasma. Due to the presence of metastable levels we can na describe the dtenuation
of the bean with a single wefficient. The helium bean attenuation cdculation,
which isthe subjed of sedion 6.5, is analogous to modelli ng the dtenuation o three
beams which are nat independent of ead ather. In figure 6.14 we show the general
behaviour of the dfedive ionisation coefficients associated with ead level for apure
D* plasma. The dfedive ionisation rates assciated with the He(2 *S) and He(2 °S)
metastable levels are order of magnitudes greaer than the ionisation coefficient
asociated with the ground state. A similar behaviour is $hown by both ionisation
coefficients. In the low density and energy regime eab o the wefficients are purely
driven by eledron collisions. As the neutral beam energy is incressed the
contribution dwe to ion collisions results in a sudden increase in the dfedive
coefficients. As we increase the dedron density the contribution dwe to stepwise

processes results in a further increase until the high density limit is reached.
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Figure6.14 Collisional-radiative dfedive ionisation coefficients for a pure D* plasma. Starting from
the top we show the dfedive mefficients asociated with the ground state and then the He(2 *S) and
He(2 3S) metastables. As can be observed the magnitude of the wefficients asciated with the two
metastable levels are substantially greaer than the ionisation coefficient asociated with the ground

state.The electron temperature was fixed at £80
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6.4 Quas-static excited state population structure

In this sdionwe ill ustrate the dependence of the excited popuation structure on the
neutral beam energy, eledron density and the dedron temperature. We dso show the
influence of the metastable levels on the excited popuation structure, particularly the
n=4 shell. Since the excited states have readed equili brium relative to the ground
state and the two metastables, it is of interest to be ale to identify the extent to
which eat metastable is resporsible for driving the popdation d ead o the
excited levels. For the higher levels above the He(3 ®D) this certainly is not obvious.
Finaly, we illustrate the dependency of the excited popuation structure on the
nuclea charge of the impurity ions. We have restricted ou study of the excited levels
up to the n=4 shell, since this encompasses the important levels for visible
spedroscopy. The quasi-static popuation d these levels have been cdculated in a
resolved n*>*!L picture up to the n=5 shell which then continues into a bunded-nS

picture and terminates at n = 110.

6.4.1 Neutral beam energy dependence

The dficiency of the ion collisions in collisional redistribution and ionisation d the
excited popudation structure is bean energy dependent. Also sinceion collisions are
spin conserving we would exped their influenceto be confined within a spin system.
In figure 6.15we show the excited popuation structure of the singlet and triplet spin
systems relative to the He(1 'S) groundstate @ a function d neutral beam energy for
a D" plasma.

Considering the singlet spin system, in the low energy regime the excited
states are predominantly popuated by eledron colli sions and are independent of the
neutral beam energy. There is an insignificant contribution by ion collisions, due to
their thermal temperature. As the bean energy is increased the influence of the ion
collisions beames sgnificant. This results in  a deaease in the excited state
popuations which can be dtributed to ionimpaad ionisation depopuating ead o the
levels. If we continue to increase the bean energy the depleted popuations begin to
recver and incresse @ a function d beam energy. This is due to the fad that it

becwmes more energeticaly favourable to popuate most of the levels by ion impad
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excitation than to depopuate eab of them by ion impad ionisation. The extent to
which ead level is popuated depends on their associated ionisation energy and the
excitation energy required to popudate the level from the neaest neighbou. For
example, if we mnsider the He(3 'P) level, the ionisation energy is~1.499eV while
the excitation energy to popuate this level from the He(3 'S) is only ~0.166eV. We
would therefore exped the popuation o He(3 'P) level to increae @ ion impad
excitation strongly competes with ion impad ionisation. However if we @nsider a
higher lying level, for example He(4 *S), in this case ionimpad ionisation will have
alarger influence than the contribution dwe ion impad excitation from neighbouing
levels and we would exped the increase in the He(4 'S) popuation to be of less

significance as shown in figure 6.15.
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Figure 6.15 Quasi-static excited state populations of the singlet and triplet spin system relative to the
He(1 'S) ground state for aD* plasma. The plot to the left shows the population structure of the singlet
spin system whil e the figure to the right ill ustrate population structure of the triplet spin system. The

electron density was 1:010" cm* and the temperature was 1€0.



If we now consider the popuation structure of the triplet spin system driven
by the He(1 'S) ground state, as mentioned before, orly eledron collisions are
resporsible for popuating the triplet spin system. This can occur through dred
excitation from the ground state or via spin changing transitions from the excited
states of the singlet to the triplet spin system. As hown in figure 6.15,in the low
energy regime the popuation structure is independent of the neutral beam energy.
However as we increase the bean energy the excited triplet popuations can be
observed to deaease. Thisis due to the fad that as we increase the bean energy, ion
impad ionisation which promotes the singlet popuations to the @wntinuum bemmes
important. The singlet popuations deaease and the wntribution from the ecited
state spin changing colli sions to the triplet spin system is reduced. If we @ntinue to
increase the beam energy the popuation d the triplet levels can be observed to
dightly recover. Thisis due to the rise in the popuations of the singlet spin system
and hence an increese in the cntribution to the popuation d the triplets due to
excited state spin changing transitions.

A similar type of behaviour can be observed for the singlet and triplet
popuations relative to the He(2 *S) and He(2 3S) metastable levels, see figure 6.16.
It shoud be noted though, that in bah these cases it is more energeticdly favourable
to popuate the excited levels of the singlet spin system via ion impad excitation,
than to depopuate them by ion impaad ionisation. Therefore the extent to which the
excited states of th&nglet spin system are depopulated is minimal.

The singlet popuations relative to the He(2 1S) and He(2 3S) metastables can
be observed to deaease dlightly as a we increase the beam energy. The popuations
however soonrapidly recover due to the contribution from ionimpad excitation, see
figure 6.16.
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Figure 6.16 Quasi-static excited population structure of the singlet and triplet spin systems relative to
the He(2 S) and He(2 3S) metastable levels for a D* plasma. The two plots at the top show the
behaviour of the singlet and triplet excited population structure relative to the He(2 1S) metastable.
Thetwo plots at the bottom show the behaviour of the excited population structure relative to the He(2

%S) metastable. The electron density wasX. 10" cm® and the temperature was 160.

6.4.2 Density dependence
In figure 6.17 we show the behaviour of the singlet and triplet popuation structure

relative to the He(1S) ground state as a function of electron density fof pl&sma.
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Figure6.17 Quas static excited population structure of the singlet and triplet spin system relative to
the He(1 *S) ground state for a D* plasma. The beam energy and temperature ae respedively 5.0 keV
amu™ and 100eV. The populations are cdculated in terms of the dedron density but it isin fac the
ion colli sions which dominate the colli sional redistribution. The number density of theionsis guch that

charge neutrality is maintained.

In the low density regime the excited levels of the singlet spin system associated with
the beam atoms are popuated by eledron and ion colli sions. The triplet spin system
is popuated by eledron collisions. Regardless of the spin system the excited levels
are depopuated by radiative decay. The excited popuations relative to the He(1 19)
groundstate ae diredly propationa to the dedron density. At 1.0 x 10" cm®in
figure 6.17we ae in the colli sional-radiative regime. As we @ntinue to increase the
eledron censity the excited popudations read the high density limit. A similar
parameter dependency of the singlet and triplet popuation structure, relative to the
He(2'S) and He(2S) metastable levels, is shown in figure 6.18.
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Figure 6.18 Quasi-static equili brium populations of the singlet and triplet spin systems relative to the
He(2 *S) and He(2 3S) metastables for a D* plasma. The beam energy and temperature ae respedively
5.0keV amu' and 10CeV.

6.4.3 Temperature dependence

In figure 6.19we ill ustrate the temperature dependence of the popuation structure of
the singlet and triplet spin system relative to the He(1 'S) ground state for a D*

plasma.
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Figure 6.19 Temperature dependence of the quasi-static excited population of the singlet and triplet
spin system relative to the He(1 *S) ground state for a D* plasma. The dedron density was 1.0 x 10"

cm® and the neutral beam energy waskel amu'.

As can be observed, the popdation structure of the triplet spin system is drongly
dependent on the dedron temperature. This is becaise the excited states of the
triplet spin system can orly be popuated by eledrons collisions via dired spin
changing excitation from the ground @ via spin changing transitions from the excited
states of the singlet spin system. The singlet excited states can be popuated by both
eledrons and ion colli sions and the dependency of the dedron temperature is sme
what less These observations refled the charader of the dedron impad excitation
rates involved[86]. In terms of the upsilon parameters, these ( asymptotic )

behaviours are,

Dipole allowed : yij ~ constant In(T) 6.10
Non Dipole : Yij ~ constant 6.11
Spn changing : yij ~ constant. / f 6.12

For example in the cae of the triplet spin system, seefigure 6.19,as we increase the

eledron temperature the rise and decey of the excited state popuations diredly



refled the behaviour of the underlying spin changing eledron excitation rates. In
figure 6.20 we now show the temperature dependence of the singlet and triplet
excited popuation structure relative to the He(2 'S) and He(2 3S) metastables, where

a similar parameter dependence can be observed.
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Figure 6.20 Temperature dependence of the quasi-static equili brium populations of the singlet and
triplet spin systems relative to the He(2 'S) and He(2 °S) metastable levels for a D* plasma. The

electron density was 1:010" cmi® and the neutral beam energy waskeU amu’.
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6.4.4 Comparison of therole of the metastable levels
In this sub-sedion, we summarise the relative importance of the metastables in
driving the popuation structure. We anfine our study to the levels contained within
the n=4 shell. In figure 6.21 we show the energy dependence of the quasi-static
popuations of eat level contained within the n=4 shell, relative to the groundstate
and the two metastable levels for a D plasma. By this we mean the @ntribution
functions ( FI, FIl and Flll ) given by equation 3.52.For the singlet spin system it can
be seen that the He(2 'S) metastable is as expeded most effedive in popuating the
excited levels within the n=4 shell. It can also be observed that there is a cmpetition
between the relative dfediveness of the He(2 3S) metastable and the He(l 'S)
groundstate. If we mnsider the popuation d the He(4 1S) level, we observed that in
the low energy regime the @ntributions from the ground state and the He(2 3S)
metastable ae mmparable. However as the bean energy increases the contribution
from the He(1 'S) exceals that from the He(2 3S) metastable. This is sSmply due to
the fad that the influence of the ion colli sions on the singlet spin system is to reduce
the He(2 *S) popuation's relative importance. If we now study the He(4 'P) level, in
the low energy regime the mntribution from the He(2 3S) metastable is now greaer
than that from the He(1 S) ground state, bu as the bean energy increases the
effedivenessof the He(2 *S) metastable deareases and the mntribution from the He(1
S) dominates. The difference though between the ground state and the triplet
metastable, in the high energy regime, is considerably lessthan that for the He(4 'S)
level. In the cae of the He(4 'D) and He(4 'F) levels, a similar behaviour in the low
energy regime can be observed where the mntribution from the He(2 3S) metastable
exceds that from the He(1 'S) groundstate. However in the high energy regime the
contribution from the He(2 3S) metastable is now greaer than that from the ground
state. This is quite different from what was observed for the He(4 'S) and He(4 'P)
levels.

Focusing now on the popdation structure of the triplet spin system we see
that the He(2 S) metastable is the dominant non-equili brium level for popuating the
excited states contained within the n=4 shell. The ontribution from the He(2 'S)



metastable is considerably lessbut greaer than the ontribution from the He(1 'S)

ground state.
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Figure 6.21 Quas static equili brium populations of ead of the levels contained within the n=4 shell,
relative to the ground state and eat metastsble level for a D* plasma. The plots contained in the
column to the left concerns the singlet spin system while alumn to the right involves the triplet spin
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In figure 6.22 we now show the density dependence of the quasi-static
popuations of the levels contained within the n=4 shell, relative to the ground state

and the twanetastable levels for a puré plasma.
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Figure 6.22 Density dependence of the eguili brium populations of the levels contained within the
n=4 shell, relative to the ground state and eat metastable for a pure D* plasma. The dedron density

was 1.0 x 18 cm® and the beam energy was &€/ amu.

Starting first with the excited popuations of the singlet spin system. If we consider
the He(4 'S) level, it can be seen that the ontribution from the He(2 'S) metastable
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dominates that from the ground state, which is considerably greder than the
contribution from the He(2 3S) metastable. The He(4 'P) level exhibits a similar
behaviour but we can seethe onset of a cmpetition between the ntribution from
the ground state and the triplet metastable, particular at high densities. This
competition is more evident in the cae of the He(4 'D) level where the mntribution
due to the He(2 S) metastable temporarily exceals that from the groundstate. In the
case of the He(4 'F) level we can observe that in the low density region the
contribution due to the He(2 3S) level is even greaer than the mntribution from the
He(2 'S) metastable. However as the dedron censity is increased the situation
changes.

Similar observation can be made with the popuations of the n=4 shell of the
triplet spin system. For the He(4 3S) level the dominant contribution is due to He(2
3S) metastable and the mntribution from the He(2 'S) level is considerably lessbut
not as gnall as that from the He(1 'S) ground state. However as we study the He(4
P) level the onset of the mmpetition between the He(1 1S) and the He(2 'S) can be
observed. This competition continues and for the He(4 *F), in the low density regime,
the mntribution from the He(2 'S) metastable even exceels that from the He(2 3S)
metastable. As the dedron density is increased the He(2 3S) metastable begins to
dominate once again.

We now consider the temperature dependence of the quasi-static popuation
of the levels contained within the n=4 shell, relative to the ground and the two
metastable levels for a pure D' plasma, seefigure 6.23.1t can be seen that for the
singlet spin system, the dominant non-equili brium level which is most effedive a
popuating the excited levels is the He(2 *S) metastable. It can also be observed that
there is a competition between the ontributions from the He(1 'S) groundstate and
the He(2 3S) metastable level. In the cae of al of the excited levels, at relatively low
temperatures the mntribution due to the He(2 3S) metastable exceeals that from the
He(1 'S) groundstate. However as the temperature increases the oppasite occurs and
the mntribution from the He(1 'S) ground state is now greaer than that from the
He(2 3S) metastable. This type of behaviour is smply due to the temperature

dependence of the electron collisions as mentioned earlier.
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Figure 6.23 Temperature dependence of the quasi static population of the levels contained within the
n=4 shell, relative to the ground state and eat metastshle level for a pure D' plasma. The plots
contained in the wlumn on the left concern the singlet spin system while the @lumn on the right

pertains to the triplet spin system. The dedron density was 1.0 x10™ cm™ and the neutral beam energy

was 5.0keV amut.
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6.4.5 Theinfluence of impurities

Due to the presence of impurities in tokamak plasmas we examine their differential
influence on the excited popuation structure of the bean atoms. We show in figure
6.24 the excited popudation structure of the singlet spin system relative to the He(1

1S) ground state for a pureé [He* and C* plasma.
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Figure 6.24 Quas static equili brium population structure for the singlet spin system relative to the
He(1'S) ground state. Working from left to right we show the population structure for a pure D*, He**
and then C** plasma. The beam energy was 5.0 keV amu™ and the dedron density was fixed at 1.0 x

10" cm®. The number density of impurity ions is such that charge neutrality is maintained.

If we first confine ourselves to the popuation structure asociated with the beam
atoms for apure D* plasma. As mentioned before, we can observe that in low energy
regime the popdation d ead leve is independent of the beam energy and the
contribution dwe to thermal ion collisions is insignificant. If we now consider the
popuation structure of the beam atoms for a pure He** plasma. In the low energy
regime the small contribution from the ion colli sions, due to their thermal velocity, is
now larger. As the beam energy is increased the dficiency of the He* ions at

depopdating the excited levels can clealy be observed. We emphasise & this point
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that the excited popudations are cdculated in terms of the dedron density, even
though it is in fad the ions which are primarily resporsible for the colli sional
redistribution and ionisation d the excited levels. For a fixed eledron density the
number density of impurity ionsis such that charge neutrality is achieved. Therefore
with reference to the results siown in figure 6.24, there ae twice @ many D" ions
which contribute to modifying the excited popuation structure than He*" ions.
Finally, we mnsider the popuation structure of the beam atoms for a pure C®
plasma. The most salient feaure which can be seen is the extent to which the excited
levels are depopulated due to the influence of ion impact ionisation.

We now consider the excited popuation structure of the triplet spin system
for a pure D, H&" and ¢* plasma, see figure 6.25.
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Figure 6.25 Quas static eguili brium population structure for the triplet spin system relative to the
He(1 *S) ground state. Working from left to right we show the population structure for a pure D*, He**
and then C®* plasma. The beam energy was 5.0 keV amu™ and the dedron density was fixed at 1.0 x

10" cm®. The number density of impurity ions is such that charge neutrality is maintained.

In the low energy regime dedrons are resporsible for popuating the excited levels,
therefore the excited popudations are independent of the neutra bean energy and

there is no contribution due to thermal ion colli sions. The secondary influence of the
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beam energy on the popuation structure of the triplet spin system can clealy be
observed. As the nuclea charge of the plasma impurity ion increases their influence
on the triplet spin system is enhanced. In the present work we only considered pue
D*, He® and C* plasmas but similar observations can be seen when considering

other pure or mixed impurity plasmas.

6.5 Evolution of the metastable populations under JET conditions
If we negled the metastable nature of the He(2 'S) and He(2 3S) levels, then the
quasi-equili brium model would provide the whae popuation structure including the
metastable popuations, relative to the ground state. There would be no real to
consider the spatial history of ead metastable and the dtenuation d the beam as a
whole would be charaderised by only one colli sional-radiative wefficient. However
in working plasmas the metastables do nd read equili brium. In this dion we
cdculate the He(2 'S) and He(2 3S) metastable popuations and contrast with the
non-equili brium metastable popuations in an adua beam model. We explore the
attenuation o the neutral helium beam and the influence of dtering the initia
metastable @ntent on entry to the plasma. Finally, we investigate the influence of the

electron density and temperature profiles on the beam attenuation.

6.5.1 Method of calculation

We se&k the solution d the cupded equations for the metastable and ground state
popuation evolution as the beam traverses the plasma. As discused ealier we
construct the set of such equations using collisional-radiative aoss cougding

coefficients,

lels

Vb dX - neSlllels - neSZISﬂlISNZIS - n9823SH115N23S
szls

Vb dX - _nesllsazls Nlls + neszlsNzls - neSZ3S~215N23S 6.13
dN_;

Vo dx NeSis sNig TMeSps 35 Nats ¥ NeS;g Ny

18¢



We solve for both the metastable and groundstate popuations relative to the neutral
beam density on entry to the plasma. The initial neutral bean density is given by the
sum of the groundstate and metastable popuations. For the quasi-static equili brium

metastable populations the equations reduce to the form,

le1
Vo T dx neslllel - eszlsﬁllsNzls_nesz3sﬁllsN23s
0=- ”e3115 s 11 neS21 N e8235 215N23S 6.14
0= nesfsﬂ23s s neszlsafsNzls + nesz3sN23s

The quasi-static equili brium popuation o the He(2 'S) and He(2 °S) metastable
levels are calculated relative to the H&) ground state.

For this work we have written a FORTRAN program which implements the
fourth-order Runge-Kutta method to integrate the cuped equations. In addition to
solving the eguations for the locd metastable popuations, the program aso
cdculates the mrrespondng quasi-static equili brium popuations. This enables us to
compare the quasi-static popuations with the results obtained from our spatialy
dependent treament. The program also caculates the dtenuation d ead metastable
including the ground state & a function d radia position. This is useful since it
allows one to make an asesament on whether the popuation d the metastables are
significant as the beam continues into the plasma. The main parameters which the
program requires as inpu include the beam energy, the fradional metastable and
groundstate content of the bean on entry to the plasma, as well as siitable dedron
density and temperature profiles. A schematic ill ustration d the program is snown in
figure 6.26. The program solves the couped equations while moving in small
increments along a spatial grid, the beginning and end d the grid is defined by the
eledron censity profile. The size of the increments, dx , was sleded after running
the program severa times to oltain a step size which was snall enough to ensure
numericd convergence but withou hugely increasing the mmputational time of the

cdculation. In addition to evaluating the couping coefficients at fixed pants aong



the grid, the fourth order Runge-Kutta method requires cougding coefficients at
intermediate points between the fixed step sizes. The program employs sveral
ADAS library routines to implement the linea interpolation method, see thapter 4.0,

to assemble the required coefficients at any point along the working grid.

Increase depth

into plasma Beam
< atteunation
Initial input )
parameters Obta|n |OCa| Assem ble
temperature and N Spatial
1. Beam energy. z and “1Solve COUpled ' popu|ati0n
2. Initial beam content. . .
3. Ne & Te profiles. density equations
A | Quasi-static
population

Eff. cross
coupling
coefficients
adf21

Figure 6.26  Schematic illustration of the FORTRAN program employed to solve the wupled
equations which describe the evolution of the ground state and metastable populations. As input the
program requires the beam energy, the fradional metastable and ground state content on entry to the

plasma, as well as suitable electron density and temperature profiles.

In this gudy the dedron density and temperature profiles, which are used
were based on pofil es obtained from JET for the pulse number 42676.These can be
observed in figure 6.27.Due to the irregular nature of ead profile we have fitted 7"
order paynomials to ead of them using a ommercia graph gotting padkage. This
enables usto use the paynomialsto look upthe dedron density and temperature & a
function o radial position efficiently. We have dso assumed that the plasma for

which the model profiles correspond to is of pure deuterium.
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Figure 6.27 Compasite figure ill ustrating the dedron density and temperature profiles for the JET
pulse 42676 To the left is a schematic of the side devation of the vessl and should be used as a
reference for the radia positions associated with both profiles srown on the right. We have fitted the
density and temperature profiles with 7" order polynomials. The motivation for this was to eliminate
the irregular structure sssociated with ead profile, aso it provided a means of being able to look up

the density and temperature as a function of radial position efficiently.

6.5.2 Metastable population : Quasi-static Vs Spatial solution
In working plasmas the scded lengths (see dapter 2.0) for the dedron density and
temperature ae very short which prevents the metastables reading equili brium. In
this sub-sedion we @mpare the metastable popuations from the quasi-static
equilibrium model with those of the spatially dependent treatment.

Figure 6.28 shows the popuation o the He(2 'S) level relative to the ground

state for the case of moetastable content on entry to the plasma.
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Figure 6.28 Comparison between spatially dependent and quasi-static equili brium solution for the
He(2 'S) population relative to the ground state. The plot on the left ill ustrates the behaviour of the
quasi-static and spatially dependent He(2 'S) population for a fixed beam energy of 30 keV amu™
While the plot on the right shows the percentage deviation of the spatial dependent results from that
obtained from the quasi-static assumption for a range of beam energies. On entry to the plasma the

total metastable content was zero.

As can be observed there is a significant diff erence between the results obtained from
quasi-static and spatially dependent treament. This difference is greaest nea the
edge of the plasma where the scded lengths for the dedron density and temperature
are very small, seeplot onthe left in figure 6.28.1f we now consider the results from
the re of the plasma aound ~ 2.75 m, the difference between the quasi-static
picture and the spatial dependent treament is considerably less Similar observations
can be made from the plot on the right in figure 6.28, where we show the percentage
deviation d the spatial dependent results from that obtained from the quasi-static
solution for a range of bean energies. Regardless of the bean energy the maximum
diff erence between the quasi-static results and the spatial treament occurs at the elge
of the plasma. In the @re of the plasma the He(2 'S) popuation daes appea to be
approadhing equili brium, but does nat quite make it within the time scde on which
the dedron density and temperature change. We can also seefrom the plot onthe left

in figure 6.28 the increase in the He(2 'S) metastable popuation. Initialy the He(2
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15) is zero, havever as the bean enters into the plasma, eledron and ion impad
excitation contributes to populating the Hé®) level.

We show the He(2 3S) popuation relative to the groundstate. In figure 6.29
the plot to the left shows a comparison between the results obtained from the quasi-
static and spatially dependent solution, while the plot on the right shows the
percentage deviation d the spatially dependent treament from that of the quasi-static

solution for a range of beam energies.
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Figure 6.29 Comparison between the quasi-static equili brium and spatially dependent treament for
the He(2 3S) population relative to the ground state. The plot to the left ill ustrates the behaviour of
quasi-static and spatial dependent He(2 *S) population for a fixed bean energy of 30 keV amu™. The
plot to the right shows the percentage deviation of the spatially dependent results from that obtained
from the quasi-static assumption. The total metastable content of the bean on entry to the plasma was

set to zero.

It can be observed from the spatialy dependent solution, shown in the plot on the left
in figure 6.29, that as the beam enters the plasma the He(2 3S) metastable is rapidly
popuated. This arises due to the fad that the temperature for the first few
centimetres into the plasma is optimum (10~200 eV) to promote the influence of

spin changing eledron colli sions, which are the only processes which can popuate
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the He(2 *S) metastable level from the groundstate. However as the beam continues
into the plasma the ontribution to the He(2 3S) level deaeases as the dedron

temperature increases. Above dedron temperatures of around ~ 2 keV the
contribution die to eledron collisions is very small. This prevents the He(2 39)

metastable popuation from continuing to increase. As the beam approades the
inner edge of the plasma the spin changing eledron colli sions become important

once again and the He{8) metastable population increases.
In figure 6.30 we show the quasi-static and spatially dependent popuations

for the He(2 'S) and He(2 3S) metastables, for a beam which initially contains 90 %
He(1 'S) and 10% He(2 3S) on entry to the plasma. Pradicd experiments on reutral
helium bean generation indicae that different neutralisation strategies can yield

metastable populations of this order.
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Figure 6.30 Comparison between the quasi-static and spatially dependent populations for the He(2
9) and He(2 *S) metastables. The plot to the left illustrates the behaviour of the quasi-static and
spatially dependent He(2 'S) population. The plot to the right exhibits the behaviour of the quasi-
static and spatially dependent population of the He(2 3S) metastable. On entry to the plasma the

contents of the beam consisted of 10% H&(2and 90 % He(1S).



In the cae of the He(2 1S) metastable, as the beam penetrates into the plasma the
He(2 'S) metastable is suddenly popuated and follows the same behaviour as the
quasi-static popuation. The He(2 3S) metastable popuation onthe other hand is
strongly attenuated onentry and as the beam approacdhes the inner edge of the plasma
the He(2 3S) popuation can be seen to increase. Finally, in figure 6.31 we mnsider
the hypatheticd situation where the @ntents of the beam on entry to the plasma
consists of 90 % He(1 'S) and 10% He(2 'S), even though it would be difficult to

prepare a such beam.
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Figure6.31 Comparison between the quasi-static and spatially dependent populations of the He(2 'S)
and He(2 3S) metastables. The plot to the left ill ustrates the behaviour of quasi-static and spatially
dependent He(2 'S) population. The plot to the right exhibits the behaviour of the quasi-static and
spatially dependent He(2 3S) population. On entry to the plasma the beam content consists of 10 %

He(2'S) and 90 % He(1S).

As can be observed the He( 2 'S) is grongly depopuated as the beam penetrates into
the plasma The He(2 3S) popuation exhibits the usua temperature dependence
where the popuationrises at the alge, deaease a the wre, and then rises again at the
inner edge of the plasma. It is clea that regardlessof the initial metastable content in
the beam the differences between the metastable popuations obtained using the
quasi-static gpproximation and the more acarate spatial dependent treament is

substantial.
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6.5.3 Attenuation of a neutral helium beam

In this sub-sedion we investigate the @solute dtenuation d the ground state and
metastable levels of a neutral helium bean. We wish to assss if the &solute
popuation d the metastables aurvive or are regenerated sufficiently for them to ad
as drong charge exchange donas. This would enable the experimental study of
preferential charge exchange doretion from the ground state and the metastables
levels (c.f. " and Hé" receivers [85] )

The results for zero metastable cntent on entry into the plasma can be seenin
figure 6.32where we show the dtenuation d the He(1 *S) groundstate for a range of
beam energies. In the present work, the atenuation d ead metastable, including the
ground state, is expressed in terms of the @rrespondng locd value relative to the
total bean density on entry to the plasma. The total beam density on entry to the

plasma is the sum of the ground state muetiastable populations.
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Figure 6.32 Attenuation of the He(1 'S) ground state for a range of beam energies. The initial
metastable mntent of the beam was st to zero. The dedron and temperature profil es used are shown
in figure 6.27.

As sown in figure 6.32,for a relatively slow beam it is drongly attenuated at the

edge of the plasma. As we increase the beam energy the dtenuation o the ground
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state popuation becomes lessand for a beam of 30 keV amu™ a total shine through
of approximately 36 % is achieved. We show in figure 6.33 the behaviour of the
He(2 'S) and He(2 3S) popuations as a function d radial position relative to the

initial beam density on entry to the plasma.
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Figure 6.33 Attenuation of the He(2 1S) and He(2 3S) metastable levels. The dedron density and
temperature profiles used are shown in figure 6.27. It is interesting to note that the initial metastable
population was zero on entry to the plasma. Therefore it is clea that there is a sudden rise in the bath

the He(2'S) and He(Z2S) populations at the edge of the plasma.

If we mnfine ourselves with the behaviour of the He(2 S) metastable which can be
sea in the plot ontheleft in figure 6.33,as the beam enters into the plasma the He(2
!S) level is suddenly popuated and then slowly decas as the bean penetrates
through the plasma. For a slow beam the He(2 'S) metastable is attenuated relatively
quickly. The behaviour of the He(2 3S) metastable is shown in the plot to the right in
figure 6.33.As with the He(2 'S) level we can also see asimilar increase in the He(2
39) level as the beam just enters into the plasma. As the bean continues into the

plasma the He(2 3S) popuation is attenuated very rapidly. At the inner edge of the
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plasmawe can olserve that the He(2 3S) popuation begins to increase ajain. Thisis
also shown in the insert contained in the plot shown in figure 6.33. The behaviour of
the He(2 3S) metastable direaly refleds the strong temperature dependence of the
electron collisions, see section 6.4.1.

In figure 6.33the popuations of ead metastable ae well below 0.1 % of the
initial bean density on entry to the plasma. We question whether it is necessary to
take into consideration the influence of the metastables while modelling the
attenuation d a beamn, for which the metastable content on entry to the plasma is
zero. We have tabulated in table 6.1, the percentage of the He(1 'S) popuation,
which is attenuated as a function o penetration depth for a range of bean energies.
Also shown in a separate table, table 6.2, is the percentage of the He(1 *S) popuation
which is attenuated when we now negled the He(2 'S) and He(2 3S) metastables in

the attenuation calculation.

Penetration Neutral beam energykeVv amu')

Depth (m)| 0.1 0.5 1.0 5.0 10.0 20.0 30.0
0.25 36.47 18.88 14.24 8.44 7.46 7.20 7.43
0.50 72.93 45.23 35.72 22.37 19.96 19.24 19.79
0.75 89.90 .65.15 | 53.88 35.81 32.27 31.16 31.94
1.00 96.24 77.93 67.01 47.02 42.78 41.42 42.36
1.25 98.63 86.12 76.53 56.51 51.80 50.28 51.31
1.50 99.52 91.49 83.61 64.51 59.76 58.16 59.24
1.75 99.78 94.08 87.44 69.52 64.81 63.21 64.31

Table 6.1 Helium beam attenuation for which the initial metastable content was st to zero. The
tables contain the percentage of the bean which is attenuated as function of penetration depth for a

range of beam energies.

Penetration Neutral beam energykeVv amu')

Depth (m)| 0.1 0.5 1.0 5.0 10.0 20.0 30.0
0.25 36.46 18.86 14.21 8.40 7.43 7.11 7.31
0.50 72.93 45.23 35.71 22.35 19.94 19.19 19.72
0.75 89.90 65.16 53.87 35.79 32.26 31.17 31.97
1.00 96.24 77.94 67.01 47.01 42.78 41.47 42.44
1.25 98.70 86.46 76.94 56.84 52.22 50.77 51.86
1.50 99.52 91.51 83.61 64.51 59.77 58.27 59.40
1.75 99.78 94.09 87.45 69.53 64.82 63.30 64.43

Table 6.2 Helium beam attenuation for which the initial metastable content was st to zero. The
tables contain the percentage of the beam which is attenuated as function of penetration depth for a
range of beam energies. In this case the metastable nature of He(2 'S) and He(2 S) has been ignored

in the attenuation calculation.
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The influence of the metastable levels while modelling the bean attenuation is
negligible. Therefore if interest is only in determining the total beam density as a
function d penetration depth, for a bean in which the initial metastable content on
entry to the plasmais zero, we can negled the metastable levels. The dtenuation d
the bean can be daraderised using a single collisiona-radiative ionisation
coefficient which describes the loss rate from the ground state. It shoud be
emphasised though that to exploit the beam fully as a diagnaostic probe via carge
exchange spedroscopy, the detailed knavledge of the metastable popuationsiis dill
required as the associated charge exchange cross sections are very large.

We now investigate the implications of modifying the metastable aontent of
the beam on entry to the plasma. Figure 6.34 shows the atenuation o the He(1 'S)
popuation for abean for which theinitial contents consists of 90 % He(1 *S) and 10
% He(2%S).
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Figure 6.34 Attenuation of the He(1 'S) population. The initial beam content consists of 90 % He(1

S) and 10% He(2S). The electron density and temperature profiles used are shown in figure 6.27.

The atenuation d the He(1 'S) popuation, as ill ustrated in figure 6.34, exhibits the
same feaures as sown for the dtention o the He(1 'S) ground state for a beam for
which the initia metastable content was zero, see figure 6.32. In figure 6.35 we
show the atenuation o the He(2 'S) and He(2 3S) metastable levels for the same
condtions. The He(2 *S) popuation exhibits the same feaures which we highli ghted



ealier, namely a sudden increase in the metastable level marking the entry of the
beam and then the popuation decay. The He(2 3S) metastable enters the plasma with
a 10 % popdation, therefore we do nd seethe sudden rise in the popuation die to
contribution from eledron colli sions. As the bean penetrates into the plasma we can
see the popdation keing strongly attenuated and then nea the inner edge of the
plasma, the He(2 3S) popuation kegins to rise ajain, see inset contained in the plot
ontheright in figure 6.35.Due to the large ionisation coefficient associated with the
triplet metastable the dtenuationis ibstantial. For example, the He(2 3S) popuation
for a bean energy of 100eV amu™ is attenuated by ~ 55 % within approximately 6

cm of entering the plasma.
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Figure 6.35 Attenuation of the He(2 *S) and He(2 3S) metastable levels. On entry to the plasma the
beam content consisted of 10 % He(2 3S) and 90% He(1 'S). The dedron density and temperature
profiles used are shown in figure 6.27.

In table 6.3 we have tabulated the percentage of the He(2 3S) metastable popuation
which is attenuated as a function o the penetration depth for a range of bean
energies. We have dso shown two additional tables ( tables 6.4 & 6.5 ) which
ill ustrate the dtenuation o the He(2 3S) metastable & the initial metastable
population is increased.
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90 % He(1'S) 10 % He(3S)

Penetration Neutral beam energyelV amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 6.10 2.90 2.20 1.40 1.30 1.30 1.70
0.0248 14.60 7.20 5.40 3.60 3.40 3.50 4.40
0.0372 24.70 12.50 9.50 6.50 6.20 6.30 8.00
0.0496 35.30 18.60 14.30 9.90 9.50 9.70 12.40
0.0620 45.80 25.20 19.60 13.80 13.20 13.60 17.20

Table 6.3 Attenuation of the He(2 3S) metastable & a function of penetration depth for a range of
bean energies. The tables contain the percentage of the bean which is attenuated as function of
penetration depth for arange of beam energies. The initial beam content was 90 % He( 1 'S) and 10%
He(2°S).

80 % He(1'S) 20 % He(3S)

Penetration Neutral beam energye/ amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 6.12 2.92 2.18 1.42 1.33 1.33 1.41
0.0248 14.70 7.21 5.45 3.63 3.43 3.47 3.69
0.0372 24.77 12.57 9.58 6.52 6.20 6.31 6.72
0.0496 35.42 18.68 14.38 9.96 9.51 9.72 10.35
0.0620 45.92 25.27 19.66 13.84 13.25 13.56 14.44

Table 6.4 Attenuation of the He(2 3S) metastable & a function of penetration depth for a range of
beam energies. . The tables contain the percentage of the bean which is attenuated as function of
penetration depth for arange of beam energies. The initial beam content was of 80 % He(1 *S) and 20
% He(23S).

70 % He(1'S) 30 % He(3S)

Penetration Neutral beam energyelV amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 6.13 2.92 2.19 1.42 1.33 1.33 1.41
0.0248 14.73 7.22 5.46 3.64 3.43 3.48 3.69
0.0372 24.80 12.59 9.59 6.53 6.20 6.31 6.72
0.0496 35.46 18.70 14.40 9.97 9.51 9.72 10.36
0.0620 45.97 25.29 19.68 13.84 13.26 13.56 14.44

Table 6.5 Attenuation of the He(2 ®S) metastable @ a function of penetration depth for a range of
bean energies. The tables contain the percentage of the bean which is attenuated as function of
penetration depth for arange of bean energies. The initial beam content was 70 % He(1 'S) and 30%
He( 23S).

In figure 6.36we show the atenuation o the He(1 'S) groundstate for a beam with
an initial content comprising of 90 % He(1 'S) and 10% He(2 '9). It can be seen
that the He(1 'S) level shows the usual charaderistics. However in figure 6.36, we




observe that the He(1 'S) popuation, within a few centimetres of entering the
plasma, exceals its initia value of 90 % due to the rapid transfer from the He(2 'S)
metastable via the He(2 'P). As we increase the beam energy the net contribution
from the He(2 'S) metastable to the He(2 'P) level is reduced. This is due to the

influence of ion impact ionisation which depopulates the H8]2netastable.
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Figure 6.36 Attenuation of the He(1 *S) ground state & a function of radial position for a range of
beam energies. The dedron and temperature profil es used are that shown in figure 6.27. On entry to
the plasma the beam consisted of 10 % H8j2and 90 % He(1S).

If we were to increase the initial He(2 'S) metastable popuation, the mntribution to
the ground state popuation would increase. This can be observed in figure 6.37
where we show the behaviour of the He(1 S) popuation as a function d radial

position for different initial He(2S) metastable populations.
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Figure 6.37 Attenuation of the He(1 *S) ground state & a function of radial position for a range of
beam energies. From left to right we show the extent of increase the He(2 'S) metastable fraction by

10, 20 and 30 %. The electron and temperature profiles used are that shown in figure 6.27.

In figure 6.38 we now show the attenuation of the H8[2and He(2S) metastables
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Figure6.38 Attenuation of the He(2 *S) and He(2 ®S) metastable a a function of radial position for a
range of beam energies. The initial contents of the beam consisted of 10 % He(2 *S) and 90 % He(1

!S). The electron density and temperature profiles which were used are shown in figure 6.27.
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As can be observed, the He(2 1S) is also strongly attenuated as the beam enters the

plasma. The He(2 S) level once ajain shows the unique rise in popuation onentry

to the plasma and then a decay and then an increase once ajain. The dtenuation d

the He(2 'S) level is drong and merely refleds the large ionisation coefficient
asciated with the He(2 'S) level. In table 6.6, we have tabulated the percentage of
the He(2 'S) popuation which is attenuated as a function o radial position. We have
also included two additional tables (tables 6.7 & 6.6) which show similar information

but with the initial He(2S) population increased

90 % He(1'S) 10 % He(2S)

Penetration Neutral beam energyelV amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 27.30 13.80 10.20 6.40 5.90 5.80 6.00
0.0248 53.50 30.00 22.80 14.70 13.60 13.40 14.00
0.0372 73.10 45.70 35.90 23.90 22.10 21.90 22.90
0.0496 85.50 59.60 48.20 33.30 31.00 30.70 32.00
0.0620 92.67 70.80 59.10 42.30 39.60 39.40 40.90

Table 6.6 Attenuation of the He(2 'S) metastable level as a function of radial position for arange of

bean energies. The tables contain the percentage of the bean which is attenuated as function of

penetration depth for a range of beam energies. The initial bean content was 10% He(2 'S) and 90%

He(1'S).

80 % He(1'S) 20 % He(2S)

Penetration Neutral beam energye/ amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 27.38 13.82 10.24 6.42 5.89 5.79 6.04
0.0248 53.60 30.09 22.84 14.72 13.57 13.41 14.01
0.0372 73.20 45.83 35.94 23.93 22.16 21.96 22.92
0.0496 85.70 59.65 48.50 33.32 31.02 30.81 32.09
0.0620 92.85 70.95 59.25 42.41 39.68 39.46 41.00

Table 6.7 Attenuation of the He(2 'S) metastable level as a function of radial position for a range of

beam energies. The tables contain the percentage of the bean which is attenuated as function of

penetration depth for arange of beam energies. Theinitial bean content was 20 % He(2 'S) and 80%

He(1'S).
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70 % He(1'S) 30 % He(2S)

Penetration Neutral beam energyelV amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 27.40 13.83 10.25 6.42 5.90 5.79 6.04
0.0248 53.61 30.04 22.86 14.73 13.58 13.42 14.02
0.0372 73.23 45.85 35.96 23.95 22.18 21.98 22.94
0.0496 85.76 59.70 48.33 33.35 31.04 30.83 32.12
0.0620 92.90 70.96 59.30 42.44 39.71 39.49 41.04

Table 6.8 Attenuation of the He(2 'S) metastable level as a function of radial pasition for a range of

beam energies. The tables contain the percentage of the bean which is attenuated as function of

penetration depth for arange of beam energies. The initial beam content was 30 % He(2 'S) and 70%

He(1'S).

On comparing the results contained in table 6.3 and 6.6, the former of which

concerns the atenuation o the He(2 S) metastable, we can seethat under the present

plasma conditions the Het3) metastable is attenuated at a greater rate.

Finaly, we onsider the scenario where both of the metastable levels are

popuated onentry to the plasma. We show in figure 6.39the behaviour of bath the
He(2 'S) and He(2 3S) levels as a function d radia position. The initial content of
the beam comprises of 5 % Hé®), 5 % He(2S) and 90 % He(1S).
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Figure 6.39 Attenuation of the He(2 *S) and He(2 3S) metastable levels . The initial content of the
bean consisted of 5 % He(2 'S), 5 % He(2 *S) and 90 % He( 1 'S). The dedron density and

temperature profiles can be seen in figure 6.27.
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From figure 6.39we can seethat the He(2 'S) metastable is attenuated faster than the
He(2 3S) metastable. Both metastables show the typicd behaviour as a function o

radial position which has been described before.

6.5.4 Additional physics of helium beam attenuation

In tokamak plasma such as JET, fluctuations in the dedron temperature and density
are mmmon, e.g. seefigure 3.27.In this sub-sedionwe explore the influence of such
rapid changes on the dtenuation d the ground state and the metastable levels.
However rather than contrast the beam attenuation wsing profil es from diff erent types
of plasma, we have opted to use theoreticd profiles. These profiles have been
seleded spedficdly to ill ustrate the influence due to sudden changes. In ou study
we only consider the atenuation d a helium beam, for which the initial metastable

content on entry to the plasma is zero.

6.5.4.1 Influence of the electron temperature profile

The dedron temperature profile which we have seleded is snusoidal in nature and
oscill ates between a value of 10 eV to 6 keV as a function d radia paosition. The
eledron censity profile which is employed is as before and can be seen in figure 6.40
together with the hypothetical electron temperature profile.
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Figure 6.40 Eledron temperature and density profile. The temperature profil e oscill ates between 10
eV and 6 keV. The dedron density profile was obtained from the JET pulse 42676 to remove the

irregular features we have fitted the profile with a smooth curve.
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In figure 3.41 we show the dtenuation d He(2 'S) and He(2 3S) metastable

popuations as a function d radial position. The influence of the temperature profile
on the He(%'S) was negligible.
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Figure6.41 Influenceof the dedron temperature profil e on the atenuation of the He(2 *S) and He(2
®S) metastable populations. The dedron density which was used is that shown in figure 6.40. The
initial metastable ntent of the bean was zero. Also shown is the dtenuation of ead of the

metastable populations using the temperature profile & $own in figure 6.27. The beam energy was 30
keV amu.

The dtenuation d ead metastable has a rather curious temperature dependence In
the cae of the He(2 1S) metastable, as the beam enters the plasma the metastable is
rapidly popuated. The popuating mechanism is primarily due to ion colli sions snce
the alge temperature is greder than 1.5keV and therefore the @ntribution die to
eledron collisions will be small. As the He(2 'S) popuation is attenuated it can be
observed to show periodic oscill ations. The peaks and troughs of these oscill ations
correspondto when the temperature respedively rises to 6 keV and then fals to 10
eV. When the temperature gproaches 10 eV the He(2 'S) tends to a minimum. The
temperature is optimum for spin changing eledron collisions which contribute to

popuating the triplet spin system from the He(2 'S) metastable. When the
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temperature incresses the influence of the spin changing eledron collisions
decreases and the rate at which the H8}2netastable is depopulated is reduced.

If we now consider the behaviour of the He(2 *S) popuation, we can seefrom
figure 6.41that sincethe elge temperature is very high, the He(2 °S) level is sarcdy
popuated on the immediate entry of the bean into the plasma. As the temperature
profile gproadches a minimum the spin changing cross ®dions are adive and the
He(2 ®S) popuation kegins to increase. However as the temperature begins to rise the
contribution to the He(2 3S) metastable is reduced and the popuation is then strongly
attenuated. If we mmpare the oscill ating nature of the He(2 1S) and He(2 3S) it can
be seen that they are out of phase aad when the He(2 'S) popuation deaeases the

He(2°S) population suddenly increases as they are both progressively attenuated.

6.5.4.2 Influence of the electron density profile

The dedron density profile seleded is aso sinusoidal in nature and oscill ates
between 10” to 1.9x 10" cm™ as a function d radia position. We show in figure
6.42 bah the dedron temperature and density profile which are of concern. The

electron density profile which is employed is that as described in figure 6.27.
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Figure 6.42 Eledron density and temperature profiles. The temperature profile was obtained from

the JET pulse 42676. The electron density profile oscillates froficato 1.9x 10" cm?.
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The behaviour of the He(1 1S) popuation as it is attenuated as a function o radial
pasition is sown in figure 6.43. We aso show the dtenuation d the He(l 'S)
popuation wsing the measured eledron density profile obtained from the JET pulse
42676.
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Figure 6.43  Attenuation of the He(1 'S) for a bean energy of 30 keV amu™, aso shown in the
figureisthe dtenuation of the He(1 *S) using the model eledron density profil e obtained from the JET
pulses 42676.

It can be seen that as the beam enters the plasma it is immediately attenuated as a
result of the high edge plasma density. As the beam continues into the plasma the
behaviour of the He(1 'S) popuation dredly refleds the dhanges in the dedron
density profile. When the density profile readies a minimum the He(1 'S) remains
constant as there is littl e dtenuation. However as the density increases the popuation
of the He(1 'S) groundstate deaeases as a results of enhanced attenuation. A similar
behaviour can be observed in figure 6.44 where we show the dtenuation d the He(2
!S) and He(2S) metastables.
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Figure6.44 Attenuation of the He(2 *S) and He(2 3S) for a beam energy of 30 keV amu™. Theinitial
metastable wntent of the bean was zero. Also shown in the figure is the atenuation of ead

metastable using the measured electron density profile obtained from the JET pulses 42676.

6.6 Conclusion
In summary, we have ill ustrated the behaviour and parameter dependencies of the
collisional-radiative aosscouping coefficients. The neutral bean energy determines
the dficiency at which the ion colli sions contribute to the wuging coefficients. The
eledron temperature regulates the dfediveness of the dedron collisions. The
eledron colli sions contribute to the spin and nonspin changing couding coefficients.
The spin changing couping coefficients are dominated by eledron colli sions and are
therefore strongly temperature dependent. lon collisions can orly participate in spin
conserving colli sion. We have however identified a secondary dependence of the spin
changing coupling coefficients on the beam energy.

The wupding coefficients can be used to define an effedive ionisation
coefficient assciated with the ground state and the metastable levels. These
coefficients represent the rate & which ead level is ionised and includes the

influence of stepwise @omic processes. We have shown that the dfedive ionisation
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coefficients asociated with eah metastable is substantialy greder than the
coefficient associated with the groundstate. This indicates that once the metastables
are populated they will be ionised very quickly in comparison with the ground state.

The Quasi-static excited popuation structure has been shown to exhibit a
similar parameter dependencies to that of the aoss couging coefficients. Eledron
and ion colli sions contribute to popuating the singlet spin system while the triplet
spin system is only popuated by spin changing eledron colli sions from the ground
state. We dso considered the influence of impurities on the excited state popuation
structure and examined the extent to which ead metastable cntributes to popuating
each of the excited states contained in the n=4 shell.

We have cdculated the quasi-static and spatially dependent locd metastable
popuation for JET plasma cndtions. We have shown that errors can be made by
asuming that the metastables have relaxed and reated equili brium. The extent of
which is governed by the bean energy and to a lesser degreethe initial metastable
content of the beam on entry to the plasma. The beam energy governs the distancethe
beam atoms can travel within the aomic lifetime of the metastables. If this distance
is greder than the scded lengths associated with the plasma density and temperature,
then the metastables will not read equili brium. If on the other hand the distance is
shorter than the scaded lengths of the plasma dynamics, the metastable levels will
relax and reach quasi-static equilibrium.

We have ill ustrated that the atenuation d a neutral helium beam can be
acarately modell ed withou considering the influence of the metastable popuations,
provided that the initial metastable popuation is zero. However consideration d the
metastable levels is required if one wants to exploit the posshility of preferential
charge exchange from the ground state and the He(2 3S) metastable. Also for use
with bean emisdon spedroscopy a detailed knowledge of the excited state
population structure, including the influence of thetastables, is required.

We have shown that the metastable popuations are formed at the alge of the
plasma and then rapidly decgy as the bean continues into the plasma. For the He(2
3S) metastable it was shown that the popuation increases once ajain as the bean

approadies the inner edge of the plasma. The extent of the dtenuation d the
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metastables is governed by the rate & which they are ionised. We investigated the

influence of modifying the initial metastable popuation d the beam and also the

effects due to rapid changes in the electron density and temperature in the plasma.
The influence of the temperature and censity profiles is substantial. The

temperature had littl e dfed onthe atenuation o the He( 1 'S) popuation whil e there

is an interesting dependency on the He(2 'S) and He(2 3S) metastables. The influence

of the dedron density was more substantive with the He(1 *S) groundstate and the

He(2 'S) metastable level. In summary, the metastable popuations are difficult to

sustain as the beam traverses the plasma Nevertheless depending on the initial

metastable ntent, the metastable popuations may be of significance for charge

exchange and of course spectroscopy.
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7.0 Thesissummary and discussion

The work in this thesis involved modelling, measuring and predicting the attenuation
and emission associated with fast neutral diagnostic beams. There were two main
beam species which were of interest. We were first concerned with modelling and
measuring the attenuation and emission associated with fast a neutral deuterium
beam. Secondly we were involved with developing a collisional-radiative model to
predict the attenuation and emission from afast neutral helium beam.

Focusing on the work regarding a neutral deuterium beam. Using an existing
collisional-radiative model from the ADAS system, ADAS310. We calculated and
investigated the parameter dependencies of effective beam stopping and Balmer-
alpha emission coefficients. We also developed an interactive program to allow one
to visualy inspect and archive the derived data obtained from ADAS310. This
program is now part of the ADAS package and is known as ADAS312. We
investigated the accuracy of the linear interpolation and combination method which
is employed to archive and facilitate the rapid assembly of composite coefficients.

The effective stopping coefficients were used to model the attenuation of the
neutral deuterium beams at JET Joint Undertaking, while the effective emission
coefficients were employed to recover the neutral deuterium beam density using
Balmer-apha beam emission spectroscopy. After refinements in the analysis of the
beam emission spectrum, consistency in the charge exchange analysis and the use of
improved fundamental atomic data which enters as input into ADAS310. We found
that that the measured beam densities agree to within 27 % of the values obtained
from the numerical attenuation calculation for single beam bank pulses, while for
double beam bank pulses the measured neutral beam densities agree to within 20 %.

Nevertheless more work is required to establish beam emission spectroscopy
asatruly reliable diagnostic in the sense that it can replace the numerical attenuation
caculation. The most immediate difficulty involves analysing vast numbers of
spectra accurately and efficiently. Even though we have demonstrated that the
spectral fitting of only the +13 and +1@ components is sufficient to recover the beam
density, it is more accurate to consider the analysis of al of the Stark components.

The analysis of the beam emission spectrum should really be done on an interactive
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basis where more consideration is given to the residuals obtained from the synthetic
and measured spectrum. A possible long term goal would be to build up a database of
analysed spectra which could then be used as atraining set for a neural network. The
neural network could then be used to analyse the bulk of the spectra.

If we now consider the work concerning a fast neutral helium beam. We have
developed a collisional-radiative model to predict the attenuation and emission
associated with a fast neutral helium beam. This program is an off line FORTRAN
code and is intended to be placed into the ADAS package as ADAS311 in the near
future. ADAS311 is a spin resolved model which calculates the equilibrium
populations of each of the angular sub-states up to an arbitrary principal gquantum
shell, above which the population of each principal quantum shell is then calculated.
The model aso calculates collisional-radiative cross coupling and recombination
coefficients. We have also developed a computational tool, analogous to ADAS312,
which is employed to allow one to inspect and archive the derived atomic data
obtained from ADAS311. This program is aso intended for use within the ADAS
package as ADAS313.

Using ADAS311 and ADAS313 we have studied the quasi-static excited
population structure of the beam atoms. We also considered the influence of the non-
equilibrium metastables on the population of the levels contained within the n=4
shell. The parameter dependencies of the collisional-radiative coupling coefficients
were also explored and later used to model the evolution of the metastable
populations. For a beam where the initial metastable content is zero, we have shown
that the metastable levels are populated on entry to the plasma and are then strongly
attenuated as the beam continues. Modifying the initial metastable content of the
beam does enhance their survival, however spectroscopic observations are now
required to investigate whether the metastable populations are suffice to enable
preferential charge exchange from the ground state and the metastable levels to
occur.

Spectroscopic observations with a neutral helium beam would aso allow us
to experimentally validate and improve upon our model. In the case of afast helium

beam ( > 50 keV amu™ ), since the fundamental ion-atom collision data is more
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accurately known in this region, it is expected that there would be good agreement
between theory and experiment. This however is not the case for alow energy beam (
E < 10 keV amu™), the fundamental data in this region has a greater uncertainty and
so discrepancies between theory and experiment are to be expected. Also the
influence of the Lorentz electric field has not been taken in account in our model and

itisin thisregion where its influence is most significant.
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Appendix A.

1.0 Review of the fundamental ion-atom collision database

The ion-atom collision database is utilised by ADAS310 to replace the aoss
sedions which have been caculated internally using approximate methods. The
database, which is of the ADAS ADF02 type format, contains fundamental cross
sedions for ion impad ionisation and excitation d neutral H with impurity spedes
up to the first period. Charge exchange data from neutral H is also included. The
cross ®dions are tabluated as afunction d colli sion energy per atomic massunit and
can also be used to describe the behaviour of the aomic processes associated with
neutral deuterium and tritium. The main spedes of interest in this work being
deuterium. The database was originally constructed in 1989 ly Summerg[54] and was
later reviewed in 1991and partialy updated in 1993 Where possble, theoreticd and
experimental values were cmbined to give a omposite data set for ead individual
atomic process This database is referred to as the JET 1989 dita. To updie the
present database involved reviewing the literature for both theoreticd and
experimental cross dions. The am being to either creae anew composite data set
for ead individual process or to simply supdement an existing data set with
improved data. The ionatom data assessment presented here represents the best

available data up until March 1997.

1.1 Review of lon impact ionisation data
The eisting database @ntains fundamental datafor ionimpad ionisation d neutral
H(1S)peam &s described in equation 1.1 ,where ZO is the nuclea charge of the

impurity and ranges from 1 to 10.

X+ H(1S) oy » X+ H, +€ 1.1
The data used for the cae when Z0 =1, i.e. ionimpad ionisation d neutral H(1S)peam
with H* , was a composite data set compil ed from the experimental work of Shah &
Gilbody[87], Shah, Elliot & Gilbody[88] and the theoreticd cdculations of Ryufuku



[89]. This was compared with the data reported by Janev & Smith[90], seefigure
1.0. There is excdlent agreement. The data reported by Janev & Smith[9Q] is a
compasite data set constructed from the experimental and theoreticd data reported by
eight independent sources. We dedded to combine the data reported by Janev &
Smith[90] with the eisting data to construct a new data set. This was achieved by
modifying the pe&k value of the eisting data set to agreewith the value reported by
Janev & Smith[90]. The new data set is the preferred deta for this processand is

referred to as the comparative data set.

ION IMPACT IONISATION CROSS SECTION Vs ENERGY

-16
1.5x10 — T T

X——IX Comparative data set
O——-~0 Janev & Smith
O——O0 Composite data set

-16
L0 W+ H(s),, - H +H +e

4
beam

0.5x107°

CROSS SECTION (cm?)

&
, 4 A
0 L \m\\\l@_&xmﬂ//\g/mu\ Lol Ll \\muu

10 10° 10

ENERGY (eV amu™)

Figure 1.0 A plot of the ion impad ionisation cross dion Vs energy. A comparative data set was
constructed by modifying the peak value of the existing composite data set to agree with the results

reported bylanev & Smith [90]. The comparative data set is taken as the preferred data.

The data employed for Z0 = 2, was a @mposite data set compiled by Hugh
Summers, this data set was based onthe experimental work of Shah & Gilbody[87]
and Shah, Elliot & Gilbody[88]. A comparison was made between this data set and
the theoreticd work of Toshima & Tawara[91]. The results can be seenin figure 2.0 .
Below 90 keV/amu bah data sets agree however above 90 keV/amu there is a light
difference Sincethe composite data set is based onexperimental measurementsit is
taken as the preferred data set for this process For convenience of reference the new

preferred composite data set is called the comparative data set, see figure 2.0
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Figure 2.0 A plot of the ion impad ionisation cross &dion Vs energy. The composite data set is
based on experimental measurements and is taken as the preferred data. For convenience the preferred

data set is called the comparative data set.

For Z0 = 3, the data used was a composite data set based onthe work of Shah
& Gilbody[87] . A comparison was made between this data set and the data of
Toshima & Tawarg[91], see figure 3.0. As before, due to the influence of
experimental data, the composite data set it is taken as the preferred data set. The
preferred data set is cdled the comparative data set, seefigure 3.0 . The data used for
Z0 = 4, was a mmpaosite data set which was obtained by interpolating between the
data of neighbouing spedes. This data was compared to the work of Janev &
Smith[90] and Toshima & Tawarg[91]. The results can be observed in figure 4.0 .
The data of Janev & Smith[90], which is based on the work of three independent
workers, is taken as the preferred data. When Z0 =5, a mmpaosite data set compiled
by Summerg[54] was used. This was compared to the new cadculations of Toshima
& Tawara[91] and the data reported by Janev & Smith[90] , see figure 5.0. The data
reported by Janev & Smith[90] is a mmpaosite data set based on the work of eight

independent sources and is taken as the preferred data.
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Figure 3.0 A plot of the ion impad ionisation cross &dion Vs energy. The compaosite data set is

taken as the preferred data set and for convenience it is referred to as the comparative data set.
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Figure 4.0 A plot of the ion impad ionisation cross ®dion Vs energy. The data of Janev &

Smith[90] which is based on the work of three independent sources is taken as the preferred data set.
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Figure 5.0 A plot of the ion impad ionisation cross €dion Vs energy. The data of Janev &

Smith[90] is based on the work of eight independent sources and is taken as the preferred data set.

A composite dataset based onthe work reported in the ‘red book [92] was used for
when Z0 = 6. This data set was compared to the work of Janev & Smith[90] and the

theoretical calculations of Toshima®awara[91]. Figure 6.0 illustrates the results.
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Figure 6.0 A plot of the ion impad ionisation cross dion Vs energy. The data of Janev &

Smith[90] is taken as the preferred data.
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The data of Janev & Smith[90], which is based onthe results of many workers, is
considered to be the best for this particular process For Z0 = 7, a data set which has
been oltained by interpaolating through the data of neighbouing spedes was used.
This data set was compared to the work of Toshima & Tawarg[91] . A comparative
data set was constructed by interpalating through the data of neighbouing spedes
using the data reported by Janev & Smith[90]. The mmparative data set is chosen as

the preferred data set for this process, see figure 7.0 .
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Figure7.0 A plot of theionimpad ionisation cross &dion Vs energy. The comparative data set is

taken as the preferred data.

When Z0 = 8, data based onthe ‘red booK [92] was used. This data was compared
to the cdculations of Toshima & Tawarg[91] and the composite data reported by
Janev & Smith[90]. The results can be seen in figure 8.0. The data of Janev &
Smith[90] isbased onfour independent sources and is taken to be the best. The data
used for Z0 = 9 was a @mposite data set which was obtained by interpolating
between neighbouing spedes, seefigure 9.0 .For Z0 = 10, a mmpaosite data set was
used which was obtained by scding the oxygen data, seefigure 9.0. A review of the

literature failed to improve the data for these species.
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Figure8.0 A plot of theionimpad ionisation cross ®dion Vsenergy. The datareported by Janev &

Smith[90] is taken as the preferred data set.
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Figure 9.0 A plot of theion impad ionisation cross ®dion Vs energy. The data for F*° both was
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obtained by interpdating through the data of neighbouring spedes. The data for N
from scding the data for Oxygen . A review of the literature failed to improve the data for both

species.

22t



1.2 Review of charge exchange data
The «isting database cntains fundamental datafor charge exchange from H(1S)peam
as described in equation 1.2 ,where Z0 is the nuclea charge of the impurity and

ranges from 1 to 10.

X+ZO+H(lS)beam - X+ZO—1+H+

beam

1.2

The data used for Z0 = 1, was a cmposite data set based on the work of M°
Clure[93] & Greenland[94)]. This data was compared to the data reported by Janev &

Smith[90], the results can be seen in figure 10.0 .
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Figure10.0 A plot of the charge exchange aoss dion Vs energy. The data of Janev & Smith[90] is

taken as the preferred data.

The data of Janev & Smith[90], which is based onthe work of twelve independent
sources, is the preferred data set. When Z0 = 2, the data which was used is a
composite data set based onthe work of Frieling[95]. A comparison ketween this
data set and the work of Janev & Smith[90] and Toshima & Tawarg[91] can be

observed in figure 11.0 .
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Figure 11.0 A plot of the charge exchange aoss ®dion Vs energy. The data of Janev & Smith[90],

which is based on the results of many workers, is taken as the preferred data.

The diff erence between the work of Toshima & Tawara[91] and Frieling[95] is some
what insignificant .The data reported of Janev & Smith[90], which is based onthe
results from many workers, is taken as the preferred data set. For Z0 = 3, the data
which was used is a mmpaosite data set constructed from interpolating through the
data of neighbouing spedes. This data set was compared to the theoreticd
cdculations of Toshima & Tawara[91], seefigure 12.0 .A comparative data set was
constructed by interpadating through the data of neighbouing spedes using the data
of Janev & Smith[90]. The new comparative data set is taken as the preferred data
set.

The data set used when Z0 = 4, was a @mmpasite data set based onthe work of
Greeland[94] and Ryufuku[96]. This data set was compared to the work of
Toshima & Tawarg[91] and Busnengo et al[97], seefigure 13.0.The composite data
set is dill considered to be the most acarate and is taken as the preferred data set.
For Z0 = 5, the data which was used is a mmpaosite data set based onthe work of
Ryufuku[96] and influenced by the dataof Z0=4 & 6 . A comparison ketween this
data set and the work of Toshima& Tawarg[91] and Busnengo et a[97] can
be observed in figure 14.0. A comparative data set was constructed from



interpolating through the data of neighbouing spedes. The new comparative data set

is taken as the preferred data set, see figure 14.0.
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Figure 12.0 A plot of the charge exchange aoss ®dion Vs energy. The new comparative data set is

the preferred data.
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Figure 13.0 A plot of the charge exchange aoss ®dion Vs energy. The mmposite data set is dill

considered to be the most accurate and is taken as the best data for this particular process.

22¢



CHARGE EXCHANGE CROSS SECTION Vs ENERGY

5x10™° — T
| 545 4+
rBT+ H(]-S)beam -BU+H v——= Busnengo et al
I +———+ Comparative data set ||
sl G——=o Composite data set
4x10°° [F——~H Toshima & Tawara [

3x10™°

2x10"°

CROSS SECTION (cm?)

1x107°

I
10

ENERGY (eVamu™)

Figure14.0 A plot of the charge exchange aoss dion Vs energy. The mmparative data set is taken

as the preferred data.

When Z0 = 6, a mmpasite data set based onthe work of Greenland[94] and Ryufuku
[96] was used. A comparison was made between this data set and the work of Janev
& Smith[90] andToshima &Tawara[91]. The results can be seen in figure 15.0 .
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Figure 15.0 A plot of the dharge exchange aoss £dion Vs energy. The data reported by Janev &
Smith[90] is taken as the preferred data.



The data of Toshima & Tawarg[91] and Janev & Smith[90] above 0 20 keV/amu
agreewith the eisting composite data set. However, there is an anomalous point in
the data set of Toshima & Tawarg[91] which adds ssme uncertainty on the reli ability
of the data. The data of Janev & Smith[9(] is therefore taken as the preferred data
For Z0 = 7, a composite data set based on interpdating through the data of
neighbouing spedes was used. This data set was compared to the theoreticd
cdculations of Toshima & Tawara[91], seefigure 16.0 . A comparative data set was
constructed by interpalating through the data of neighbouing spedes using the data
reported by Janev & Smith[90]. The new comparative data set is taken as the

preferred data set.
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Figure 16.0 A plot of the charge exchange adoss dion Vs energy. The new comparative data set is

taken as the best data for this process.

The data used for Z0 = 8, was a mmpasite data set based onthe work of Greenland
[94] and Ryufuku[96]. This data set was compared to the data of Janev & Smith[90]
and Toshima & Tawarg[91].The results can be seen in figure 17.0 . The data of
Janev & Smith[9(] is taken as the preferred data. The data used for when Z0 = 9 was
a momposite data set obtained by interpoating through the data of neighbouing
spedes, seefigure 18.0.When Z0 = 10, a data set obtained by extrapdating from the
oxygen data, aswell as being influence by the work of Ryufuku[96], was used, the
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results can be seen in figure 18.0.A review of the literature fail ed to improve the data

for these species.
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Figure 17.0 A plot of the charge exchange coss ®dion Vs energy. The data reported by Janev &
Smith[90] is taken as the preferred data.
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Figure18.0 A plot of the charge exchange aoss €dion Vs energy. The datafor F*° was obtained by
interpolating through the data of neighbouring spedes. The data for Ne™® was obtained from scding

the data for Oxygen . A review of the literature failed to improve the data for both species.
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1.3 Review of ion impact excitation data
The eisting database wntains fundamental data for ion impad excitation d
H(1S)peam &s described in equation 1.3 ,where ZO is the nuclea charge of the

impurity and n is the principal quantum number with values from 2to 5 .

X2+ H(19) pa = X2+ H(N) e 1.3

In the cae were Z0 =1 and n=2 , the data used was a mwmpasite data set based onthe
work of many workers [98], [99], [10q, [10]] and [10Z. This data set was
compared to the data reported by Janev & Smith[90], the results can be seen in figure
19.0.
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Figure 19.0 A plot of the ion impad excitation cross dion Vs energy . The data of Janev &

Smith[90], for convenience of reference, is taken as the preferred data for this particular process.

Both data sets agree however for convenience of reference the data of Janev &
Smith[90Q] is the preferred data set. When n= 3 for Z0 = 1, the data which was used
is a omposite data set based on the 1st Born approximation as well as the work
of many others[98], [99], [104, [10]], [102 and [103. This data set was compared
to the data reported by Janev & Smith [90], see figure 20.0
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Figure20.0 A plot of theion impad excitation cross dion Vsenergy . The data reported by Janev
& Smith[90] is taken as the preferred data set.

The data of Janev & Smith[90] is compiled using various urces sich as
[98],[99],[100 and[101], however they also include more recent work such as [104]
and [105. Therefore the data of Janev & Smith[90] is the preferred data set. For n =
4 and Z0 = 1, the data used is based onthe 1st Born approximation and the work of
Fritsch [106 and Theodasian[103. This data set was compared to the data of Janev
& Smith[90]. The results can be observed in figure 21.0. The data of Janev &
Smith[90], which is based onthe work of five independent sources, is taken as the
preferred data. A composite data set based onthe 1st Born approximation and the
work of Theodosian[103 is used when n = 5 and Z0 = 1. This data set was
compared to the data of Janev & Smith[90], see figure 22.0. The data of Janev &
Smith[90Q] is believed to be more acarrate and is taken as the preferred data. When
Z0 =2 and n= 2, the data enployed was that reported by Fritsch & Lin[107]. This
data set was compared to the new theoreticd cdculations of Toshima & Tawarg[91],
the results can be observed in figure 23.0 .Due to the uncertainty associated with the
anomalous pe&ks own in the data of Fritsch & Lin and Toshima & Tawara, a
comparative data set was constructed from interpolating between the extremes of the

two data sets. The comparative data set is taken as the preferred data for this process.
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Figure 21.0 A plot of the ion impad excitation cross ®dion Vs energy . The data of Janev &

Smith[90] is taken as the preferred data set.
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Figure22.0 A plot of theion impad excitation cross £adion Vs energy . The data reported by Janev

& Smith[90] is taken as the preferred data for this particular process.
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Figure 23.0 A plot of the ion impad excitation cross ®dion Vs energy . Due to the uncertainty
asciated with the anomalous peeks in the data of Fritsch & Lin and Toshima & Tawara , the

comparative data set is taken as the preferred data for this process.

For n = 3 and Z0 = 2 a composite data set based onthe work of Fritsch[107] and
Lodge[47] was used. This data set was compared to the data of Toshima & Tawara
[91] aswell as a comparative data set which has been constructed from interpolating
between the extremes of the two data sets, seefigure 24.0 .The mmparative data set
isthe preferred data. When n=4 and Z0 = 2, the data used is a general data set which
is sded acwording to the value of nand Z0. A comparison between this data set and
the data of Toshima & Tawarg[91] and Janev & Smith[90] is ill ustrated in figure
25.0.The data of Janev & Smith is taken as the best data & is referred to as the
comparative data set. A genera compasite data set which is ded acwording to the
value of n and Z0 isused when Z0 = 3 and n= 2, 3and 4. A comparison was made
between these data sets and the cdculations of Toshima & Tawara[91]. In the cae
of n =2 and 3, comparative data sets were @nstructed by interpaolating through the
data of neighbouing spedes, seefigures 26.0and 27.0.In eat case the comparative
data set is taken as the preferred data. The preferred data for n=4 is the general

composite data which is scaled according to Z0 and n, this is shown in figure 28.0.
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Figure 24.0 A plot of the ion impad excitation cross £dion Vs energy . The comparative data set is

taken as the preferred data.
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Figure 25.0 A plot of theion impad excitation cross £dion Vs energy . The data reported by Janev
& Smith[9(] is taken as the preferred data. The cdculation of Toshima & Tawarag[91] only included

states up to n = 4, ,therefore some over-estimation is present particular for the n = 4 shell.

23¢€



ION IMPACT EXCITATION CROSS SECTION Vs ENERGY

4x10™° T T T
L o |
®——@ Comparative data set o ./\'9 b
O——-~0 Toshima & Tawara m) E
L O——0 Composite data set /D/ .\ i
16| - |
3x10 /O/ (@]
M I 43 43 _ \ 1
£ Li™+ H(ls)beam - L+ H(n—2)beam 3 |
g /% ]
O
z ) '\
o I J
[= 16| O/ \9 i
O 2x10
i} | |
b 0
a |
Q ]
) I o) |
®
1x10™° - ///D .
L al |
I —= ,
0 P == ) iR I Lol L
10 10° 10* 10° 10°

ENERGY (eV amu™)

Figure 26.0 A plot of the ion impad excitation cross £dion Vs energy . The comparative data set is

taken as the preferred data set.
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Figure27.0 A plot of theion impad excitation cross &dion Vs energy . The mmparative data set is

taken as the preferred data set.
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Figure 28.0 A plot of the ion impad excitation cross dion Vs energy . The mmposite data set is
taken as the preferred data set. The cdculation of Toshima & Tawara only include states up to n = 4,

therefore some over-estimation is present particular for the n = 4 shell .

In the cae of Z0 = 4 and n= 2, the data which was used is based onthe work of
Fritsch[107] . A comparison was made between this data set and the work of
Toshima & Tawarg[91] as well as a mmparative data set which was constructed by
interpolating through the data of neighbouing spedes. The results can be observed in

figure 29.0 . The comparative data set is taken as the preferred data.
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Figure 29.0 A plot of theion impad excitation cross dion Vs energy . The comparative data set is

taken as the preferred data.
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When Z0 =4 and n=3 the data which was used is based onthe work of Fritsch[107].
This was compared to the dataof Toshima & Tawara[91] and a mmparative data set
which was obtained by interpadating through the data of neighbouing spedes, see
figure 30.0. The comparative data set is considered to be the best data for this

process.
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Figure30.0 A plot of theionimpad excitation cross £dion Vs energy . The mmparative data set is

taken as the preferred data for this particular process.

For Z0 = 4 and n= 4, ageneral data set which is <ded acording to the value of n
and Z0 is employed. The results of the mmparison between this data set and the data
of Toshima & Tawara[91] can be observed in figure 31.0 . The general scded data
set, which is referred to as the mmpaosite data set, is the preferred data for this
process For al other value of Z0, a general data set was used which is <ded
acording to the value of n and Z0. The following figures ill ustrate the result of
comparing the data of Toshima & Tawarg[91] with the gpropriately scded data
Where possble a omparative data set, which is taken as the preferred data, was
constructed by interpalating through the data of neighbouing spedes. In cases were
it was not possble to construct a cmparative data set, the general scded data set is
taken as the preferred data. The general scded data set is referred to as the mwmpaosite



data set. Finaly, for Z0 = 9 and 10the only data which existed was that of the

general scaled data and a review of the literature failed to improve the situation.
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Figure 31.0 A plot of the ion impad excitation cross ®dion Vs energy . The mmposite data set is
taken as the preferred data. The cdculation of Toshima & Tawara only include states up to n = 4,

therefore some over-estimation is present particular for the n = 4 shell .
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Figure 32.0 A plot of the ion impad excitation cross &dion Vs energy . The comparative data set is

taken as the preferred data set for this process.

24C



ION IMPACT EXCITATION CROSS SECTION Vs ENERGY

2.0x10° T T T — —
| | @——@ Comparative data set b
| O——O Toshima & Tawara a0 E
| | O——0O Composite data set D/ i
.\
1.5x107° /) O\D g
a
—~ r +5 +5 _ ;e o b
NE + B + H(ls)beam -BT+ H(n_s)beam D/ \.\ X
N L /. / o\O |
z a
L o] J
5 12\
o 1.0x10™- e O i
w
A )/ B\ ’
0 L J
3 I e ¢ ]
& / /O
0.5x10™° b .
- —_ api/.o' 1
0 o .42,5:‘:‘@, 1l 1 Lol Lol Lo
10? 10° 10* 10° 10° 10’

ENERGY (eVamu™)

Figure 33.0 A plot of the ion impad excitation cross £dion Vs energy . The comparative data set is

taken as the preferred data.
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Figure 34.0 A plot of the ion impad excitation cross £dion Vs energy . The mmposite data set is
taken as the preferred data. The cdculation of Toshima & Tawara only include states up to n = 4,

therefore some over-estimation is present particular for the n = 4 shell .
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Figure 35.0 A plot of the ion impad excitation cross &dion Vs energy . The comparative data set is

taken as the preferred data.
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Figure 36.0 A plot of theion impad excitation cross dion Vs energy . The comparative data set is

taken as the preferred data.
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Figure 37.0 A plot of the ion impad excitation cross ®dion Vs energy . The mmposite data set is
taken as the preferred data. The cdculation of Toshima & Tawara[91] only include states up to n = 4,

therefore some over-estimation is present particular for the n = 4 shell .
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Figure 38.0 A plot of theion impad excitation cross dion Vs energy . The comparative data set is

taken as the preferred data set.
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Figure 39.0 A plot of the ion impad excitation cross &dion Vs energy . The comparative data set is

taken as the preferred data.
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Figure 40.0 A plot of the ion impad excitation cross £dion Vs energy . The mmposite data set is
taken as the preferred data. The cdculation of Toshima & Tawara[91] only include states up to n = 4,

therefore some over-estimation is present particular for the n = 4 shell .
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Figure 41.0 A plot of the ion impad excitation cross £dion Vs energy . The comparative data set is

taken as the preferred data for this particular process.
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Figure 42.0 A plot of theion impad excitation cross dion Vs energy . The comparative data set is

taken as the preferred data.

24~



ION IMPACT EXCITATION CROSS SECTION Vs ENERGY

-16
5x10 L L e T T T T L

O—© Toshima & Tawara
E——-= Composite data set

4x10™°
- 0 +H(s),,, - O0®+Hn=4)

beam

3x10™°

2x1070F

CROSS SECTION ( cm?)

1x107°

ENERGY (eVamu™)

Figure 43.0 A plot of the ion impad excitation cross ®dion Vs energy . The cdculation of Toshima
& Tawarg[91] only include states up to n = 4, therefore some over-estimation is present particular for
the n =4 shell .

1.4 Review of ion impact ionisation from excited states of H

The database mntains datafor ionimpad ionisation from excited states of the neutral
beam particles as described by equation 1.4,where Z0 is the nuclea charge of the

impurity and n is the principal quantum number.

X+ZO+H(n)beam N X+ZO+H+

beam

+e 1.4

The data which was used in all casesis a general data set which is sded acording

to the value of Z0 and n.New data by Janev & Smith[90Q], for ZO=1and n=2, 3, 4
& 5 was compared to the results of using the general scded data. The results can be
seenin figures 44.0, 45.0, 46.@nd 47.0 .In al cases the data of Janev & Smith[90]

istaken asthe preferred data. An interesting point to naeis the fairly large diff erence
between the data of Janev & Smith[90] and the general scded data in figure 45.0 .
lonisation from excited states by impurity ion impad is one of the least predsely

known processes and so the more substantial deviations evident here are expected
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Figure 44.0 A plot of the ion impad ionisation cross £adion Vs energy . The data reported by Janev
& Smith[90] is taken as the preferred data.
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Figure 45.0 A plot of the ion impad ionisation cross ®dion Vs energy . The data of Janev & Smith
istaken as the preferred data. Interesting point to note is the significant diff erence between both data

sets.
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& Smith[90] is taken as the preferred data set.

1.5 Review of charge exchange data from excited states of H

The data base dso contains data for charge exchange from excited states of the

neutral beam particles as described by equation 1.5 .
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X+ZO+H(n)beam - X+ZO—1+H+

beam

1.5

Where dl the symbad's have there usual meaning. At the present, general scaded data
is employed for this process and a survey of the literature failed to improve the

situation.
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