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
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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.
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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
coefficients
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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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
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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
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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.
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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.



