6.0 Predictive studies of helium beam attenuation and emission

6.1 Introduction

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

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

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

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

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

populations as the beam progresses through the plasma.

6.2 Review of the collisional-radiative coupling coefficients

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

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

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

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

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

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

from the cross coupling coefficients using the following expression,

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

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

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

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

6.3 Collisional-radiative cross coupling coefficients

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

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

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

charge neutrality imposed.

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

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

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

the non-spin changing category.

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

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

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



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

only. The electron temperature was E3Q

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

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

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

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

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

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

is governed by the electron temperature.

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

impact ionisation rate coefficient associated with the H8fground state.

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

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

increases the corresponding impurity number density decreases.

Oo—Do—oo——o—

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

electron temperature was 1649.

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

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

COUPLING COEFFICIENT ( cm® ™)

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

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

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

coupling coefficient tends to a constant value.



6.2.2 Spin changing transitions

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

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

are contained in the spin changing group.

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

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

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

for a pure electron plasma.

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

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

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

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

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

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

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

of the fundamental data.

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

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

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

impurity ions is such that charge neutrality is maintained.

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

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

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

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

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

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

decreases
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6.3.3 Collisional-radiative ionisation coefficients

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

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

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

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

picture and terminates at n = 110.

6.4.1 Neutral beam energy dependence

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

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

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

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

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



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

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

The singlet popuations relative to the He(2 1S) and He(2 3S) metastables can
be observed to deaease dlightly as a we increase the beam energy. The popuations
however soonrapidly recover due to the contribution from ionimpad excitation, see
figure 6.16.
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Figure 6.16 Quasi-static excited population structure of the singlet and triplet spin systems relative to
the He(2 S) and He(2 3S) metastable levels for a D* plasma. The two plots at the top show the
behaviour of the singlet and triplet excited population structure relative to the He(2 1S) metastable.
Thetwo plots at the bottom show the behaviour of the excited population structure relative to the He(2

%S) metastable. The electron density wasX. 10" cm® and the temperature was 160.

6.4.2 Density dependence
In figure 6.17 we show the behaviour of the singlet and triplet popuation structure

relative to the He(1S) ground state as a function of electron density fof pl&sma.
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Figure6.17 Quas static excited population structure of the singlet and triplet spin system relative to
the He(1 *S) ground state for a D* plasma. The beam energy and temperature ae respedively 5.0 keV
amu™ and 100eV. The populations are cdculated in terms of the dedron density but it isin fac the
ion colli sions which dominate the colli sional redistribution. The number density of theionsis guch that

charge neutrality is maintained.

In the low density regime the excited levels of the singlet spin system associated with
the beam atoms are popuated by eledron and ion colli sions. The triplet spin system
is popuated by eledron collisions. Regardless of the spin system the excited levels
are depopuated by radiative decay. The excited popuations relative to the He(1 19)
groundstate ae diredly propationa to the dedron density. At 1.0 x 10" cm®in
figure 6.17we ae in the colli sional-radiative regime. As we @ntinue to increase the
eledron censity the excited popudations read the high density limit. A similar
parameter dependency of the singlet and triplet popuation structure, relative to the
He(2'S) and He(2S) metastable levels, is shown in figure 6.18.
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Figure 6.18 Quasi-static equili brium populations of the singlet and triplet spin systems relative to the
He(2 *S) and He(2 3S) metastables for a D* plasma. The beam energy and temperature ae respedively
5.0keV amu' and 10CeV.

6.4.3 Temperature dependence

In figure 6.19we ill ustrate the temperature dependence of the popuation structure of
the singlet and triplet spin system relative to the He(1 'S) ground state for a D*

plasma.
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Figure 6.19 Temperature dependence of the quasi-static excited population of the singlet and triplet
spin system relative to the He(1 *S) ground state for a D* plasma. The dedron density was 1.0 x 10"

cm® and the neutral beam energy waskel amu'.

As can be observed, the popdation structure of the triplet spin system is drongly
dependent on the dedron temperature. This is becaise the excited states of the
triplet spin system can orly be popuated by eledrons collisions via dired spin
changing excitation from the ground @ via spin changing transitions from the excited
states of the singlet spin system. The singlet excited states can be popuated by both
eledrons and ion colli sions and the dependency of the dedron temperature is sme
what less These observations refled the charader of the dedron impad excitation
rates involved[86]. In terms of the upsilon parameters, these ( asymptotic )

behaviours are,

Dipole allowed : yij ~ constant In(T) 6.10
Non Dipole : Yij ~ constant 6.11
Spn changing : yij ~ constant. / f 6.12

For example in the cae of the triplet spin system, seefigure 6.19,as we increase the

eledron temperature the rise and decey of the excited state popuations diredly



refled the behaviour of the underlying spin changing eledron excitation rates. In
figure 6.20 we now show the temperature dependence of the singlet and triplet
excited popuation structure relative to the He(2 'S) and He(2 3S) metastables, where

a similar parameter dependence can be observed.
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Figure 6.20 Temperature dependence of the quasi-static equili brium populations of the singlet and
triplet spin systems relative to the He(2 'S) and He(2 °S) metastable levels for a D* plasma. The

electron density was 1:010" cmi® and the neutral beam energy waskeU amu’.
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6.4.4 Comparison of therole of the metastable levels
In this sub-sedion, we summarise the relative importance of the metastables in
driving the popuation structure. We anfine our study to the levels contained within
the n=4 shell. In figure 6.21 we show the energy dependence of the quasi-static
popuations of eat level contained within the n=4 shell, relative to the groundstate
and the two metastable levels for a D plasma. By this we mean the @ntribution
functions ( FI, FIl and Flll ) given by equation 3.52.For the singlet spin system it can
be seen that the He(2 'S) metastable is as expeded most effedive in popuating the
excited levels within the n=4 shell. It can also be observed that there is a cmpetition
between the relative dfediveness of the He(2 3S) metastable and the He(l 'S)
groundstate. If we mnsider the popuation d the He(4 1S) level, we observed that in
the low energy regime the @ntributions from the ground state and the He(2 3S)
metastable ae mmparable. However as the bean energy increases the contribution
from the He(1 'S) exceals that from the He(2 3S) metastable. This is sSmply due to
the fad that the influence of the ion colli sions on the singlet spin system is to reduce
the He(2 *S) popuation's relative importance. If we now study the He(4 'P) level, in
the low energy regime the mntribution from the He(2 3S) metastable is now greaer
than that from the He(1 S) ground state, bu as the bean energy increases the
effedivenessof the He(2 *S) metastable deareases and the mntribution from the He(1
S) dominates. The difference though between the ground state and the triplet
metastable, in the high energy regime, is considerably lessthan that for the He(4 'S)
level. In the cae of the He(4 'D) and He(4 'F) levels, a similar behaviour in the low
energy regime can be observed where the mntribution from the He(2 3S) metastable
exceds that from the He(1 'S) groundstate. However in the high energy regime the
contribution from the He(2 3S) metastable is now greaer than that from the ground
state. This is quite different from what was observed for the He(4 'S) and He(4 'P)
levels.

Focusing now on the popdation structure of the triplet spin system we see
that the He(2 S) metastable is the dominant non-equili brium level for popuating the
excited states contained within the n=4 shell. The ontribution from the He(2 'S)



metastable is considerably lessbut greaer than the ontribution from the He(1 'S)

ground state.
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Figure 6.21 Quas static equili brium populations of ead of the levels contained within the n=4 shell,
relative to the ground state and eat metastsble level for a D* plasma. The plots contained in the
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In figure 6.22 we now show the density dependence of the quasi-static
popuations of the levels contained within the n=4 shell, relative to the ground state

and the twanetastable levels for a puré plasma.
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Figure 6.22 Density dependence of the eguili brium populations of the levels contained within the
n=4 shell, relative to the ground state and eat metastable for a pure D* plasma. The dedron density

was 1.0 x 18 cm® and the beam energy was &€/ amu.

Starting first with the excited popuations of the singlet spin system. If we consider
the He(4 'S) level, it can be seen that the ontribution from the He(2 'S) metastable
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dominates that from the ground state, which is considerably greder than the
contribution from the He(2 3S) metastable. The He(4 'P) level exhibits a similar
behaviour but we can seethe onset of a cmpetition between the ntribution from
the ground state and the triplet metastable, particular at high densities. This
competition is more evident in the cae of the He(4 'D) level where the mntribution
due to the He(2 S) metastable temporarily exceals that from the groundstate. In the
case of the He(4 'F) level we can observe that in the low density region the
contribution due to the He(2 3S) level is even greaer than the mntribution from the
He(2 'S) metastable. However as the dedron censity is increased the situation
changes.

Similar observation can be made with the popuations of the n=4 shell of the
triplet spin system. For the He(4 3S) level the dominant contribution is due to He(2
3S) metastable and the mntribution from the He(2 'S) level is considerably lessbut
not as gnall as that from the He(1 'S) ground state. However as we study the He(4
P) level the onset of the mmpetition between the He(1 1S) and the He(2 'S) can be
observed. This competition continues and for the He(4 *F), in the low density regime,
the mntribution from the He(2 'S) metastable even exceels that from the He(2 3S)
metastable. As the dedron density is increased the He(2 3S) metastable begins to
dominate once again.

We now consider the temperature dependence of the quasi-static popuation
of the levels contained within the n=4 shell, relative to the ground and the two
metastable levels for a pure D' plasma, seefigure 6.23.1t can be seen that for the
singlet spin system, the dominant non-equili brium level which is most effedive a
popuating the excited levels is the He(2 *S) metastable. It can also be observed that
there is a competition between the ontributions from the He(1 'S) groundstate and
the He(2 3S) metastable level. In the cae of al of the excited levels, at relatively low
temperatures the mntribution due to the He(2 3S) metastable exceeals that from the
He(1 'S) groundstate. However as the temperature increases the oppasite occurs and
the mntribution from the He(1 'S) ground state is now greaer than that from the
He(2 3S) metastable. This type of behaviour is smply due to the temperature

dependence of the electron collisions as mentioned earlier.
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Figure 6.23 Temperature dependence of the quasi static population of the levels contained within the
n=4 shell, relative to the ground state and eat metastshle level for a pure D' plasma. The plots
contained in the wlumn on the left concern the singlet spin system while the @lumn on the right

pertains to the triplet spin system. The dedron density was 1.0 x10™ cm™ and the neutral beam energy

was 5.0keV amut.
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6.4.5 Theinfluence of impurities

Due to the presence of impurities in tokamak plasmas we examine their differential
influence on the excited popuation structure of the bean atoms. We show in figure
6.24 the excited popudation structure of the singlet spin system relative to the He(1

1S) ground state for a pureé [He* and C* plasma.
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Figure 6.24 Quas static equili brium population structure for the singlet spin system relative to the
He(1'S) ground state. Working from left to right we show the population structure for a pure D*, He**
and then C** plasma. The beam energy was 5.0 keV amu™ and the dedron density was fixed at 1.0 x

10" cm®. The number density of impurity ions is such that charge neutrality is maintained.

If we first confine ourselves to the popuation structure asociated with the beam
atoms for apure D* plasma. As mentioned before, we can observe that in low energy
regime the popdation d ead leve is independent of the beam energy and the
contribution dwe to thermal ion collisions is insignificant. If we now consider the
popuation structure of the beam atoms for a pure He** plasma. In the low energy
regime the small contribution from the ion colli sions, due to their thermal velocity, is
now larger. As the beam energy is increased the dficiency of the He* ions at

depopdating the excited levels can clealy be observed. We emphasise & this point
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that the excited popudations are cdculated in terms of the dedron density, even
though it is in fad the ions which are primarily resporsible for the colli sional
redistribution and ionisation d the excited levels. For a fixed eledron density the
number density of impurity ionsis such that charge neutrality is achieved. Therefore
with reference to the results siown in figure 6.24, there ae twice @ many D" ions
which contribute to modifying the excited popuation structure than He*" ions.
Finally, we mnsider the popuation structure of the beam atoms for a pure C®
plasma. The most salient feaure which can be seen is the extent to which the excited
levels are depopulated due to the influence of ion impact ionisation.

We now consider the excited popuation structure of the triplet spin system
for a pure D, H&" and ¢* plasma, see figure 6.25.
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Figure 6.25 Quas static eguili brium population structure for the triplet spin system relative to the
He(1 *S) ground state. Working from left to right we show the population structure for a pure D*, He**
and then C®* plasma. The beam energy was 5.0 keV amu™ and the dedron density was fixed at 1.0 x

10" cm®. The number density of impurity ions is such that charge neutrality is maintained.

In the low energy regime dedrons are resporsible for popuating the excited levels,
therefore the excited popudations are independent of the neutra bean energy and

there is no contribution due to thermal ion colli sions. The secondary influence of the
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beam energy on the popuation structure of the triplet spin system can clealy be
observed. As the nuclea charge of the plasma impurity ion increases their influence
on the triplet spin system is enhanced. In the present work we only considered pue
D*, He® and C* plasmas but similar observations can be seen when considering

other pure or mixed impurity plasmas.

6.5 Evolution of the metastable populations under JET conditions
If we negled the metastable nature of the He(2 'S) and He(2 3S) levels, then the
quasi-equili brium model would provide the whae popuation structure including the
metastable popuations, relative to the ground state. There would be no real to
consider the spatial history of ead metastable and the dtenuation d the beam as a
whole would be charaderised by only one colli sional-radiative wefficient. However
in working plasmas the metastables do nd read equili brium. In this dion we
cdculate the He(2 'S) and He(2 3S) metastable popuations and contrast with the
non-equili brium metastable popuations in an adua beam model. We explore the
attenuation o the neutral helium beam and the influence of dtering the initia
metastable @ntent on entry to the plasma. Finally, we investigate the influence of the

electron density and temperature profiles on the beam attenuation.

6.5.1 Method of calculation

We se&k the solution d the cupded equations for the metastable and ground state
popuation evolution as the beam traverses the plasma. As discused ealier we
construct the set of such equations using collisional-radiative aoss cougding

coefficients,

lels

Vb dX - neSlllels - neSZISﬂlISNZIS - n9823SH115N23S
szls

Vb dX - _nesllsazls Nlls + neszlsNzls - neSZ3S~215N23S 6.13
dN_;

Vo dx NeSis sNig TMeSps 35 Nats ¥ NeS;g Ny
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We solve for both the metastable and groundstate popuations relative to the neutral
beam density on entry to the plasma. The initial neutral bean density is given by the
sum of the groundstate and metastable popuations. For the quasi-static equili brium

metastable populations the equations reduce to the form,

le1
Vo T dx neslllel - eszlsﬁllsNzls_nesz3sﬁllsN23s
0=- ”e3115 s 11 neS21 N e8235 215N23S 6.14
0= nesfsﬂ23s s neszlsafsNzls + nesz3sN23s

The quasi-static equili brium popuation o the He(2 'S) and He(2 °S) metastable
levels are calculated relative to the H&) ground state.

For this work we have written a FORTRAN program which implements the
fourth-order Runge-Kutta method to integrate the cuped equations. In addition to
solving the eguations for the locd metastable popuations, the program aso
cdculates the mrrespondng quasi-static equili brium popuations. This enables us to
compare the quasi-static popuations with the results obtained from our spatialy
dependent treament. The program also caculates the dtenuation d ead metastable
including the ground state & a function d radia position. This is useful since it
allows one to make an asesament on whether the popuation d the metastables are
significant as the beam continues into the plasma. The main parameters which the
program requires as inpu include the beam energy, the fradional metastable and
groundstate content of the bean on entry to the plasma, as well as siitable dedron
density and temperature profiles. A schematic ill ustration d the program is snown in
figure 6.26. The program solves the couped equations while moving in small
increments along a spatial grid, the beginning and end d the grid is defined by the
eledron censity profile. The size of the increments, dx , was sleded after running
the program severa times to oltain a step size which was snall enough to ensure
numericd convergence but withou hugely increasing the mmputational time of the

cdculation. In addition to evaluating the couping coefficients at fixed pants aong



the grid, the fourth order Runge-Kutta method requires cougding coefficients at
intermediate points between the fixed step sizes. The program employs sveral
ADAS library routines to implement the linea interpolation method, see thapter 4.0,

to assemble the required coefficients at any point along the working grid.

Increase depth

into plasma Beam
< atteunation
Initial input )
parameters Obta|n |OCa| Assem ble
temperature and N Spatial
1. Beam energy. z and “1Solve COUpled ' popu|ati0n
2. Initial beam content. . .
3. Ne & Te profiles. density equations
A | Quasi-static
population

Eff. cross
coupling
coefficients
adf21

Figure 6.26  Schematic illustration of the FORTRAN program employed to solve the wupled
equations which describe the evolution of the ground state and metastable populations. As input the
program requires the beam energy, the fradional metastable and ground state content on entry to the

plasma, as well as suitable electron density and temperature profiles.

In this gudy the dedron density and temperature profiles, which are used
were based on pofil es obtained from JET for the pulse number 42676.These can be
observed in figure 6.27.Due to the irregular nature of ead profile we have fitted 7"
order paynomials to ead of them using a ommercia graph gotting padkage. This
enables usto use the paynomialsto look upthe dedron density and temperature & a
function o radial position efficiently. We have dso assumed that the plasma for

which the model profiles correspond to is of pure deuterium.
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Figure 6.27 Compasite figure ill ustrating the dedron density and temperature profiles for the JET
pulse 42676 To the left is a schematic of the side devation of the vessl and should be used as a
reference for the radia positions associated with both profiles srown on the right. We have fitted the
density and temperature profiles with 7" order polynomials. The motivation for this was to eliminate
the irregular structure sssociated with ead profile, aso it provided a means of being able to look up

the density and temperature as a function of radial position efficiently.

6.5.2 Metastable population : Quasi-static Vs Spatial solution
In working plasmas the scded lengths (see dapter 2.0) for the dedron density and
temperature ae very short which prevents the metastables reading equili brium. In
this sub-sedion we @mpare the metastable popuations from the quasi-static
equilibrium model with those of the spatially dependent treatment.

Figure 6.28 shows the popuation o the He(2 'S) level relative to the ground

state for the case of moetastable content on entry to the plasma.
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Figure 6.28 Comparison between spatially dependent and quasi-static equili brium solution for the
He(2 'S) population relative to the ground state. The plot on the left ill ustrates the behaviour of the
quasi-static and spatially dependent He(2 'S) population for a fixed beam energy of 30 keV amu™
While the plot on the right shows the percentage deviation of the spatial dependent results from that
obtained from the quasi-static assumption for a range of beam energies. On entry to the plasma the

total metastable content was zero.

As can be observed there is a significant diff erence between the results obtained from
quasi-static and spatially dependent treament. This difference is greaest nea the
edge of the plasma where the scded lengths for the dedron density and temperature
are very small, seeplot onthe left in figure 6.28.1f we now consider the results from
the re of the plasma aound ~ 2.75 m, the difference between the quasi-static
picture and the spatial dependent treament is considerably less Similar observations
can be made from the plot on the right in figure 6.28, where we show the percentage
deviation d the spatial dependent results from that obtained from the quasi-static
solution for a range of bean energies. Regardless of the bean energy the maximum
diff erence between the quasi-static results and the spatial treament occurs at the elge
of the plasma. In the @re of the plasma the He(2 'S) popuation daes appea to be
approadhing equili brium, but does nat quite make it within the time scde on which
the dedron density and temperature change. We can also seefrom the plot onthe left

in figure 6.28 the increase in the He(2 'S) metastable popuation. Initialy the He(2
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15) is zero, havever as the bean enters into the plasma, eledron and ion impad
excitation contributes to populating the Hé®) level.

We show the He(2 3S) popuation relative to the groundstate. In figure 6.29
the plot to the left shows a comparison between the results obtained from the quasi-
static and spatially dependent solution, while the plot on the right shows the
percentage deviation d the spatially dependent treament from that of the quasi-static

solution for a range of beam energies.
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Figure 6.29 Comparison between the quasi-static equili brium and spatially dependent treament for
the He(2 3S) population relative to the ground state. The plot to the left ill ustrates the behaviour of
quasi-static and spatial dependent He(2 *S) population for a fixed bean energy of 30 keV amu™. The
plot to the right shows the percentage deviation of the spatially dependent results from that obtained
from the quasi-static assumption. The total metastable content of the bean on entry to the plasma was

set to zero.

It can be observed from the spatialy dependent solution, shown in the plot on the left
in figure 6.29, that as the beam enters the plasma the He(2 3S) metastable is rapidly
popuated. This arises due to the fad that the temperature for the first few
centimetres into the plasma is optimum (10~200 eV) to promote the influence of

spin changing eledron colli sions, which are the only processes which can popuate
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the He(2 *S) metastable level from the groundstate. However as the beam continues
into the plasma the ontribution to the He(2 3S) level deaeases as the dedron

temperature increases. Above dedron temperatures of around ~ 2 keV the
contribution die to eledron collisions is very small. This prevents the He(2 39)

metastable popuation from continuing to increase. As the beam approades the
inner edge of the plasma the spin changing eledron colli sions become important

once again and the He{8) metastable population increases.
In figure 6.30 we show the quasi-static and spatially dependent popuations

for the He(2 'S) and He(2 3S) metastables, for a beam which initially contains 90 %
He(1 'S) and 10% He(2 3S) on entry to the plasma. Pradicd experiments on reutral
helium bean generation indicae that different neutralisation strategies can yield

metastable populations of this order.
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Figure 6.30 Comparison between the quasi-static and spatially dependent populations for the He(2
9) and He(2 *S) metastables. The plot to the left illustrates the behaviour of the quasi-static and
spatially dependent He(2 'S) population. The plot to the right exhibits the behaviour of the quasi-
static and spatially dependent population of the He(2 3S) metastable. On entry to the plasma the

contents of the beam consisted of 10% H&(2and 90 % He(1S).



In the cae of the He(2 1S) metastable, as the beam penetrates into the plasma the
He(2 'S) metastable is suddenly popuated and follows the same behaviour as the
quasi-static popuation. The He(2 3S) metastable popuation onthe other hand is
strongly attenuated onentry and as the beam approacdhes the inner edge of the plasma
the He(2 3S) popuation can be seen to increase. Finally, in figure 6.31 we mnsider
the hypatheticd situation where the @ntents of the beam on entry to the plasma
consists of 90 % He(1 'S) and 10% He(2 'S), even though it would be difficult to

prepare a such beam.
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Figure6.31 Comparison between the quasi-static and spatially dependent populations of the He(2 'S)
and He(2 3S) metastables. The plot to the left ill ustrates the behaviour of quasi-static and spatially
dependent He(2 'S) population. The plot to the right exhibits the behaviour of the quasi-static and
spatially dependent He(2 3S) population. On entry to the plasma the beam content consists of 10 %

He(2'S) and 90 % He(1S).

As can be observed the He( 2 'S) is grongly depopuated as the beam penetrates into
the plasma The He(2 3S) popuation exhibits the usua temperature dependence
where the popuationrises at the alge, deaease a the wre, and then rises again at the
inner edge of the plasma. It is clea that regardlessof the initial metastable content in
the beam the differences between the metastable popuations obtained using the
quasi-static gpproximation and the more acarate spatial dependent treament is

substantial.
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6.5.3 Attenuation of a neutral helium beam

In this sub-sedion we investigate the @solute dtenuation d the ground state and
metastable levels of a neutral helium bean. We wish to assss if the &solute
popuation d the metastables aurvive or are regenerated sufficiently for them to ad
as drong charge exchange donas. This would enable the experimental study of
preferential charge exchange doretion from the ground state and the metastables
levels (c.f. " and Hé" receivers [85] )

The results for zero metastable cntent on entry into the plasma can be seenin
figure 6.32where we show the dtenuation d the He(1 *S) groundstate for a range of
beam energies. In the present work, the atenuation d ead metastable, including the
ground state, is expressed in terms of the @rrespondng locd value relative to the
total bean density on entry to the plasma. The total beam density on entry to the

plasma is the sum of the ground state muetiastable populations.
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Figure 6.32 Attenuation of the He(1 'S) ground state for a range of beam energies. The initial
metastable mntent of the beam was st to zero. The dedron and temperature profil es used are shown
in figure 6.27.

As sown in figure 6.32,for a relatively slow beam it is drongly attenuated at the

edge of the plasma. As we increase the beam energy the dtenuation o the ground
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state popuation becomes lessand for a beam of 30 keV amu™ a total shine through
of approximately 36 % is achieved. We show in figure 6.33 the behaviour of the
He(2 'S) and He(2 3S) popuations as a function d radial position relative to the

initial beam density on entry to the plasma.
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Figure 6.33 Attenuation of the He(2 1S) and He(2 3S) metastable levels. The dedron density and
temperature profiles used are shown in figure 6.27. It is interesting to note that the initial metastable
population was zero on entry to the plasma. Therefore it is clea that there is a sudden rise in the bath

the He(2'S) and He(Z2S) populations at the edge of the plasma.

If we mnfine ourselves with the behaviour of the He(2 S) metastable which can be
sea in the plot ontheleft in figure 6.33,as the beam enters into the plasma the He(2
!S) level is suddenly popuated and then slowly decas as the bean penetrates
through the plasma. For a slow beam the He(2 'S) metastable is attenuated relatively
quickly. The behaviour of the He(2 3S) metastable is shown in the plot to the right in
figure 6.33.As with the He(2 'S) level we can also see asimilar increase in the He(2
39) level as the beam just enters into the plasma. As the bean continues into the

plasma the He(2 3S) popuation is attenuated very rapidly. At the inner edge of the
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plasmawe can olserve that the He(2 3S) popuation begins to increase ajain. Thisis
also shown in the insert contained in the plot shown in figure 6.33. The behaviour of
the He(2 3S) metastable direaly refleds the strong temperature dependence of the
electron collisions, see section 6.4.1.

In figure 6.33the popuations of ead metastable ae well below 0.1 % of the
initial bean density on entry to the plasma. We question whether it is necessary to
take into consideration the influence of the metastables while modelling the
attenuation d a beamn, for which the metastable content on entry to the plasma is
zero. We have tabulated in table 6.1, the percentage of the He(1 'S) popuation,
which is attenuated as a function o penetration depth for a range of bean energies.
Also shown in a separate table, table 6.2, is the percentage of the He(1 *S) popuation
which is attenuated when we now negled the He(2 'S) and He(2 3S) metastables in

the attenuation calculation.

Penetration Neutral beam energykeVv amu')

Depth (m)| 0.1 0.5 1.0 5.0 10.0 20.0 30.0
0.25 36.47 18.88 14.24 8.44 7.46 7.20 7.43
0.50 72.93 45.23 35.72 22.37 19.96 19.24 19.79
0.75 89.90 .65.15 | 53.88 35.81 32.27 31.16 31.94
1.00 96.24 77.93 67.01 47.02 42.78 41.42 42.36
1.25 98.63 86.12 76.53 56.51 51.80 50.28 51.31
1.50 99.52 91.49 83.61 64.51 59.76 58.16 59.24
1.75 99.78 94.08 87.44 69.52 64.81 63.21 64.31

Table 6.1 Helium beam attenuation for which the initial metastable content was st to zero. The
tables contain the percentage of the bean which is attenuated as function of penetration depth for a

range of beam energies.

Penetration Neutral beam energykeVv amu')

Depth (m)| 0.1 0.5 1.0 5.0 10.0 20.0 30.0
0.25 36.46 18.86 14.21 8.40 7.43 7.11 7.31
0.50 72.93 45.23 35.71 22.35 19.94 19.19 19.72
0.75 89.90 65.16 53.87 35.79 32.26 31.17 31.97
1.00 96.24 77.94 67.01 47.01 42.78 41.47 42.44
1.25 98.70 86.46 76.94 56.84 52.22 50.77 51.86
1.50 99.52 91.51 83.61 64.51 59.77 58.27 59.40
1.75 99.78 94.09 87.45 69.53 64.82 63.30 64.43

Table 6.2 Helium beam attenuation for which the initial metastable content was st to zero. The
tables contain the percentage of the beam which is attenuated as function of penetration depth for a
range of beam energies. In this case the metastable nature of He(2 'S) and He(2 S) has been ignored

in the attenuation calculation.
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The influence of the metastable levels while modelling the bean attenuation is
negligible. Therefore if interest is only in determining the total beam density as a
function d penetration depth, for a bean in which the initial metastable content on
entry to the plasmais zero, we can negled the metastable levels. The dtenuation d
the bean can be daraderised using a single collisiona-radiative ionisation
coefficient which describes the loss rate from the ground state. It shoud be
emphasised though that to exploit the beam fully as a diagnaostic probe via carge
exchange spedroscopy, the detailed knavledge of the metastable popuationsiis dill
required as the associated charge exchange cross sections are very large.

We now investigate the implications of modifying the metastable aontent of
the beam on entry to the plasma. Figure 6.34 shows the atenuation o the He(1 'S)
popuation for abean for which theinitial contents consists of 90 % He(1 *S) and 10
% He(2%S).
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Figure 6.34 Attenuation of the He(1 'S) population. The initial beam content consists of 90 % He(1

S) and 10% He(2S). The electron density and temperature profiles used are shown in figure 6.27.

The atenuation d the He(1 'S) popuation, as ill ustrated in figure 6.34, exhibits the
same feaures as sown for the dtention o the He(1 'S) ground state for a beam for
which the initia metastable content was zero, see figure 6.32. In figure 6.35 we
show the atenuation o the He(2 'S) and He(2 3S) metastable levels for the same
condtions. The He(2 *S) popuation exhibits the same feaures which we highli ghted



ealier, namely a sudden increase in the metastable level marking the entry of the
beam and then the popuation decay. The He(2 3S) metastable enters the plasma with
a 10 % popdation, therefore we do nd seethe sudden rise in the popuation die to
contribution from eledron colli sions. As the bean penetrates into the plasma we can
see the popdation keing strongly attenuated and then nea the inner edge of the
plasma, the He(2 3S) popuation kegins to rise ajain, see inset contained in the plot
ontheright in figure 6.35.Due to the large ionisation coefficient associated with the
triplet metastable the dtenuationis ibstantial. For example, the He(2 3S) popuation
for a bean energy of 100eV amu™ is attenuated by ~ 55 % within approximately 6

cm of entering the plasma.
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Figure 6.35 Attenuation of the He(2 *S) and He(2 3S) metastable levels. On entry to the plasma the
beam content consisted of 10 % He(2 3S) and 90% He(1 'S). The dedron density and temperature
profiles used are shown in figure 6.27.

In table 6.3 we have tabulated the percentage of the He(2 3S) metastable popuation
which is attenuated as a function o the penetration depth for a range of bean
energies. We have dso shown two additional tables ( tables 6.4 & 6.5 ) which
ill ustrate the dtenuation o the He(2 3S) metastable & the initial metastable
population is increased.

19€



90 % He(1'S) 10 % He(3S)

Penetration Neutral beam energyelV amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 6.10 2.90 2.20 1.40 1.30 1.30 1.70
0.0248 14.60 7.20 5.40 3.60 3.40 3.50 4.40
0.0372 24.70 12.50 9.50 6.50 6.20 6.30 8.00
0.0496 35.30 18.60 14.30 9.90 9.50 9.70 12.40
0.0620 45.80 25.20 19.60 13.80 13.20 13.60 17.20

Table 6.3 Attenuation of the He(2 3S) metastable & a function of penetration depth for a range of
bean energies. The tables contain the percentage of the bean which is attenuated as function of
penetration depth for arange of beam energies. The initial beam content was 90 % He( 1 'S) and 10%
He(2°S).

80 % He(1'S) 20 % He(3S)

Penetration Neutral beam energye/ amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 6.12 2.92 2.18 1.42 1.33 1.33 1.41
0.0248 14.70 7.21 5.45 3.63 3.43 3.47 3.69
0.0372 24.77 12.57 9.58 6.52 6.20 6.31 6.72
0.0496 35.42 18.68 14.38 9.96 9.51 9.72 10.35
0.0620 45.92 25.27 19.66 13.84 13.25 13.56 14.44

Table 6.4 Attenuation of the He(2 3S) metastable & a function of penetration depth for a range of
beam energies. . The tables contain the percentage of the bean which is attenuated as function of
penetration depth for arange of beam energies. The initial beam content was of 80 % He(1 *S) and 20
% He(23S).

70 % He(1'S) 30 % He(3S)

Penetration Neutral beam energyelV amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 6.13 2.92 2.19 1.42 1.33 1.33 1.41
0.0248 14.73 7.22 5.46 3.64 3.43 3.48 3.69
0.0372 24.80 12.59 9.59 6.53 6.20 6.31 6.72
0.0496 35.46 18.70 14.40 9.97 9.51 9.72 10.36
0.0620 45.97 25.29 19.68 13.84 13.26 13.56 14.44

Table 6.5 Attenuation of the He(2 ®S) metastable @ a function of penetration depth for a range of
bean energies. The tables contain the percentage of the bean which is attenuated as function of
penetration depth for arange of bean energies. The initial beam content was 70 % He(1 'S) and 30%
He( 23S).

In figure 6.36we show the atenuation o the He(1 'S) groundstate for a beam with
an initial content comprising of 90 % He(1 'S) and 10% He(2 '9). It can be seen
that the He(1 'S) level shows the usual charaderistics. However in figure 6.36, we




observe that the He(1 'S) popuation, within a few centimetres of entering the
plasma, exceals its initia value of 90 % due to the rapid transfer from the He(2 'S)
metastable via the He(2 'P). As we increase the beam energy the net contribution
from the He(2 'S) metastable to the He(2 'P) level is reduced. This is due to the

influence of ion impact ionisation which depopulates the H8]2netastable.

10 T T T T T T T

—o—100 eVamu®
08— —o—500 eVamu'

1 —>—10 keVamu

-1
—v—5 keV amu'i
—+—20 keV amu'i

POPULATION

RELATIVE

4.00

RADIAL POSITION (m)

Figure 6.36 Attenuation of the He(1 *S) ground state & a function of radial position for a range of
beam energies. The dedron and temperature profil es used are that shown in figure 6.27. On entry to
the plasma the beam consisted of 10 % H8j2and 90 % He(1S).

If we were to increase the initial He(2 'S) metastable popuation, the mntribution to
the ground state popuation would increase. This can be observed in figure 6.37
where we show the behaviour of the He(1 S) popuation as a function d radial

position for different initial He(2S) metastable populations.
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Figure 6.37 Attenuation of the He(1 *S) ground state & a function of radial position for a range of
beam energies. From left to right we show the extent of increase the He(2 'S) metastable fraction by

10, 20 and 30 %. The electron and temperature profiles used are that shown in figure 6.27.

In figure 6.38 we now show the attenuation of the H8[2and He(2S) metastables
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Figure6.38 Attenuation of the He(2 *S) and He(2 ®S) metastable a a function of radial position for a
range of beam energies. The initial contents of the beam consisted of 10 % He(2 *S) and 90 % He(1

!S). The electron density and temperature profiles which were used are shown in figure 6.27.
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As can be observed, the He(2 1S) is also strongly attenuated as the beam enters the

plasma. The He(2 S) level once ajain shows the unique rise in popuation onentry

to the plasma and then a decay and then an increase once ajain. The dtenuation d

the He(2 'S) level is drong and merely refleds the large ionisation coefficient
asciated with the He(2 'S) level. In table 6.6, we have tabulated the percentage of
the He(2 'S) popuation which is attenuated as a function o radial position. We have
also included two additional tables (tables 6.7 & 6.6) which show similar information

but with the initial He(2S) population increased

90 % He(1'S) 10 % He(2S)

Penetration Neutral beam energyelV amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 27.30 13.80 10.20 6.40 5.90 5.80 6.00
0.0248 53.50 30.00 22.80 14.70 13.60 13.40 14.00
0.0372 73.10 45.70 35.90 23.90 22.10 21.90 22.90
0.0496 85.50 59.60 48.20 33.30 31.00 30.70 32.00
0.0620 92.67 70.80 59.10 42.30 39.60 39.40 40.90

Table 6.6 Attenuation of the He(2 'S) metastable level as a function of radial position for arange of

bean energies. The tables contain the percentage of the bean which is attenuated as function of

penetration depth for a range of beam energies. The initial bean content was 10% He(2 'S) and 90%

He(1'S).

80 % He(1'S) 20 % He(2S)

Penetration Neutral beam energye/ amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 27.38 13.82 10.24 6.42 5.89 5.79 6.04
0.0248 53.60 30.09 22.84 14.72 13.57 13.41 14.01
0.0372 73.20 45.83 35.94 23.93 22.16 21.96 22.92
0.0496 85.70 59.65 48.50 33.32 31.02 30.81 32.09
0.0620 92.85 70.95 59.25 42.41 39.68 39.46 41.00

Table 6.7 Attenuation of the He(2 'S) metastable level as a function of radial position for a range of

beam energies. The tables contain the percentage of the bean which is attenuated as function of

penetration depth for arange of beam energies. Theinitial bean content was 20 % He(2 'S) and 80%

He(1'S).
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70 % He(1'S) 30 % He(2S)

Penetration Neutral beam energyelV amu’)

Depth (m) 100 500 1000 5000 10,000 20,000 30,000
0.0124 27.40 13.83 10.25 6.42 5.90 5.79 6.04
0.0248 53.61 30.04 22.86 14.73 13.58 13.42 14.02
0.0372 73.23 45.85 35.96 23.95 22.18 21.98 22.94
0.0496 85.76 59.70 48.33 33.35 31.04 30.83 32.12
0.0620 92.90 70.96 59.30 42.44 39.71 39.49 41.04

Table 6.8 Attenuation of the He(2 'S) metastable level as a function of radial pasition for a range of

beam energies. The tables contain the percentage of the bean which is attenuated as function of

penetration depth for arange of beam energies. The initial beam content was 30 % He(2 'S) and 70%

He(1'S).

On comparing the results contained in table 6.3 and 6.6, the former of which

concerns the atenuation o the He(2 S) metastable, we can seethat under the present

plasma conditions the Het3) metastable is attenuated at a greater rate.

Finaly, we onsider the scenario where both of the metastable levels are

popuated onentry to the plasma. We show in figure 6.39the behaviour of bath the
He(2 'S) and He(2 3S) levels as a function d radia position. The initial content of
the beam comprises of 5 % Hé®), 5 % He(2S) and 90 % He(1S).
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Figure 6.39 Attenuation of the He(2 *S) and He(2 3S) metastable levels . The initial content of the
bean consisted of 5 % He(2 'S), 5 % He(2 *S) and 90 % He( 1 'S). The dedron density and

temperature profiles can be seen in figure 6.27.

20¢




From figure 6.39we can seethat the He(2 'S) metastable is attenuated faster than the
He(2 3S) metastable. Both metastables show the typicd behaviour as a function o

radial position which has been described before.

6.5.4 Additional physics of helium beam attenuation

In tokamak plasma such as JET, fluctuations in the dedron temperature and density
are mmmon, e.g. seefigure 3.27.In this sub-sedionwe explore the influence of such
rapid changes on the dtenuation d the ground state and the metastable levels.
However rather than contrast the beam attenuation wsing profil es from diff erent types
of plasma, we have opted to use theoreticd profiles. These profiles have been
seleded spedficdly to ill ustrate the influence due to sudden changes. In ou study
we only consider the atenuation d a helium beam, for which the initial metastable

content on entry to the plasma is zero.

6.5.4.1 Influence of the electron temperature profile

The dedron temperature profile which we have seleded is snusoidal in nature and
oscill ates between a value of 10 eV to 6 keV as a function d radia paosition. The
eledron censity profile which is employed is as before and can be seen in figure 6.40
together with the hypothetical electron temperature profile.
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Figure 6.40 Eledron temperature and density profile. The temperature profil e oscill ates between 10
eV and 6 keV. The dedron density profile was obtained from the JET pulse 42676 to remove the

irregular features we have fitted the profile with a smooth curve.
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In figure 3.41 we show the dtenuation d He(2 'S) and He(2 3S) metastable

popuations as a function d radial position. The influence of the temperature profile
on the He(%'S) was negligible.
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Figure6.41 Influenceof the dedron temperature profil e on the atenuation of the He(2 *S) and He(2
®S) metastable populations. The dedron density which was used is that shown in figure 6.40. The
initial metastable ntent of the bean was zero. Also shown is the dtenuation of ead of the

metastable populations using the temperature profile & $own in figure 6.27. The beam energy was 30
keV amu.

The dtenuation d ead metastable has a rather curious temperature dependence In
the cae of the He(2 1S) metastable, as the beam enters the plasma the metastable is
rapidly popuated. The popuating mechanism is primarily due to ion colli sions snce
the alge temperature is greder than 1.5keV and therefore the @ntribution die to
eledron collisions will be small. As the He(2 'S) popuation is attenuated it can be
observed to show periodic oscill ations. The peaks and troughs of these oscill ations
correspondto when the temperature respedively rises to 6 keV and then fals to 10
eV. When the temperature gproaches 10 eV the He(2 'S) tends to a minimum. The
temperature is optimum for spin changing eledron collisions which contribute to

popuating the triplet spin system from the He(2 'S) metastable. When the
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temperature incresses the influence of the spin changing eledron collisions
decreases and the rate at which the H8}2netastable is depopulated is reduced.

If we now consider the behaviour of the He(2 *S) popuation, we can seefrom
figure 6.41that sincethe elge temperature is very high, the He(2 °S) level is sarcdy
popuated on the immediate entry of the bean into the plasma. As the temperature
profile gproadches a minimum the spin changing cross ®dions are adive and the
He(2 ®S) popuation kegins to increase. However as the temperature begins to rise the
contribution to the He(2 3S) metastable is reduced and the popuation is then strongly
attenuated. If we mmpare the oscill ating nature of the He(2 1S) and He(2 3S) it can
be seen that they are out of phase aad when the He(2 'S) popuation deaeases the

He(2°S) population suddenly increases as they are both progressively attenuated.

6.5.4.2 Influence of the electron density profile

The dedron density profile seleded is aso sinusoidal in nature and oscill ates
between 10” to 1.9x 10" cm™ as a function d radia position. We show in figure
6.42 bah the dedron temperature and density profile which are of concern. The

electron density profile which is employed is that as described in figure 6.27.
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Figure 6.42 Eledron density and temperature profiles. The temperature profile was obtained from

the JET pulse 42676. The electron density profile oscillates froficato 1.9x 10" cm?.
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The behaviour of the He(1 1S) popuation as it is attenuated as a function o radial
pasition is sown in figure 6.43. We aso show the dtenuation d the He(l 'S)
popuation wsing the measured eledron density profile obtained from the JET pulse
42676.
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Figure 6.43  Attenuation of the He(1 'S) for a bean energy of 30 keV amu™, aso shown in the
figureisthe dtenuation of the He(1 *S) using the model eledron density profil e obtained from the JET
pulses 42676.

It can be seen that as the beam enters the plasma it is immediately attenuated as a
result of the high edge plasma density. As the beam continues into the plasma the
behaviour of the He(1 'S) popuation dredly refleds the dhanges in the dedron
density profile. When the density profile readies a minimum the He(1 'S) remains
constant as there is littl e dtenuation. However as the density increases the popuation
of the He(1 'S) groundstate deaeases as a results of enhanced attenuation. A similar
behaviour can be observed in figure 6.44 where we show the dtenuation d the He(2
!S) and He(2S) metastables.
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Figure6.44 Attenuation of the He(2 *S) and He(2 3S) for a beam energy of 30 keV amu™. Theinitial
metastable wntent of the bean was zero. Also shown in the figure is the atenuation of ead

metastable using the measured electron density profile obtained from the JET pulses 42676.

6.6 Conclusion
In summary, we have ill ustrated the behaviour and parameter dependencies of the
collisional-radiative aosscouping coefficients. The neutral bean energy determines
the dficiency at which the ion colli sions contribute to the wuging coefficients. The
eledron temperature regulates the dfediveness of the dedron collisions. The
eledron colli sions contribute to the spin and nonspin changing couding coefficients.
The spin changing couping coefficients are dominated by eledron colli sions and are
therefore strongly temperature dependent. lon collisions can orly participate in spin
conserving colli sion. We have however identified a secondary dependence of the spin
changing coupling coefficients on the beam energy.

The wupding coefficients can be used to define an effedive ionisation
coefficient assciated with the ground state and the metastable levels. These
coefficients represent the rate & which ead level is ionised and includes the

influence of stepwise @omic processes. We have shown that the dfedive ionisation
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coefficients asociated with eah metastable is substantialy greder than the
coefficient associated with the groundstate. This indicates that once the metastables
are populated they will be ionised very quickly in comparison with the ground state.

The Quasi-static excited popuation structure has been shown to exhibit a
similar parameter dependencies to that of the aoss couging coefficients. Eledron
and ion colli sions contribute to popuating the singlet spin system while the triplet
spin system is only popuated by spin changing eledron colli sions from the ground
state. We dso considered the influence of impurities on the excited state popuation
structure and examined the extent to which ead metastable cntributes to popuating
each of the excited states contained in the n=4 shell.

We have cdculated the quasi-static and spatially dependent locd metastable
popuation for JET plasma cndtions. We have shown that errors can be made by
asuming that the metastables have relaxed and reated equili brium. The extent of
which is governed by the bean energy and to a lesser degreethe initial metastable
content of the beam on entry to the plasma. The beam energy governs the distancethe
beam atoms can travel within the aomic lifetime of the metastables. If this distance
is greder than the scded lengths associated with the plasma density and temperature,
then the metastables will not read equili brium. If on the other hand the distance is
shorter than the scaded lengths of the plasma dynamics, the metastable levels will
relax and reach quasi-static equilibrium.

We have ill ustrated that the atenuation d a neutral helium beam can be
acarately modell ed withou considering the influence of the metastable popuations,
provided that the initial metastable popuation is zero. However consideration d the
metastable levels is required if one wants to exploit the posshility of preferential
charge exchange from the ground state and the He(2 3S) metastable. Also for use
with bean emisdon spedroscopy a detailed knowledge of the excited state
population structure, including the influence of thetastables, is required.

We have shown that the metastable popuations are formed at the alge of the
plasma and then rapidly decgy as the bean continues into the plasma. For the He(2
3S) metastable it was shown that the popuation increases once ajain as the bean

approadies the inner edge of the plasma. The extent of the dtenuation d the
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metastables is governed by the rate & which they are ionised. We investigated the

influence of modifying the initial metastable popuation d the beam and also the

effects due to rapid changes in the electron density and temperature in the plasma.
The influence of the temperature and censity profiles is substantial. The

temperature had littl e dfed onthe atenuation o the He( 1 'S) popuation whil e there

is an interesting dependency on the He(2 'S) and He(2 3S) metastables. The influence

of the dedron density was more substantive with the He(1 *S) groundstate and the

He(2 'S) metastable level. In summary, the metastable popuations are difficult to

sustain as the beam traverses the plasma Nevertheless depending on the initial

metastable ntent, the metastable popuations may be of significance for charge

exchange and of course spectroscopy.
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