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.

[
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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]
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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
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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
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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.

66



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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