2.0 Atomic modelling relevant to neutral beam driven diagnostic

2.1 Introduction

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

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

historical review of previous modelling approaches by others.

2.2 Physical conditions and separation of time scales

2.2.1 Thermodynamic equilibrium

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

that of a blackbody. The radiation fieldRtankian with an energy density,
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where kg is bdtzmann's constant, v is the frequency of the phaons and T, is the
temperature of the radiation field which is equal to bah the dedron and ion
temperature.

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

of mass m and temperature T the speed distributibtaigvellian,

O mv? O
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D kg TO

where v is the particle velocity.

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

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

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

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

2
N, =n.n, 83—
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where N; and w; are respedively the popuation and statisticd weight of the leve .
The quantity n. is the popdation d the groundstate of the next ionisation stage, w.
is the corresponding statistical weight amds the free electron number density.
There is yet another useful property associated with plasmas which are in
thermodynamic equilibrium. That is the principle of detailed balance The
distribution o energy amongst the dedrons and ions has readed equili brium at a

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

relationship,

2.5

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

excitation and vice versa.

2.2.2 Local thermodynamic equilibrium

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

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

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

o =0266——— 2.6
n,InA

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

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

2

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

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

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

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

Coulomb logarithm was taken to be approximately 14.

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

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

In nonLTE environments Maxwell-

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

2.2.3 Statistical balance equations

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

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

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

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

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

atoms.

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

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

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

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

for the electron density is defined as,

01 dn, 0

T H

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

2.11

using the relation,

T, = 2.12

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

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

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

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

solution of the statistical balance equations, see chapter 6.0.

2.3 Atomic processes associated with a neutral deuterium beam

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

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

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

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

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

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

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

n=2 and n=3 shell.
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Figure2.2 Cross ®dions for eledron and ion impad excitation from the ground state to the n = 2,
3, 4 and n=5 shell.
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Figure 2.3 Impad ionisation and charge exchange aoss dions asciated with the n=2, 3 and n=4

shell.

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

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

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

ionisation cross sections.

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

from the excited states of the bean neutrals. The cmncentration o ead impurity ion
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in atokamak plasmais snal (<5 % ), hovever dueto their large aoss dions their

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

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

2.4  Atomic processes associated with a neutral helium beam

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

charaderised by the primary and secondary atomic processes which contribute to

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

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

variety and complexity of the primary and semndary processes increases

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

(i)

(ii)

(iii)

(iv)

v)

(vi)

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

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

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

X0 +He(1¢1S) - X" ®2 4+ H&*

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

e + Hefl L) & e+ Hefil ')

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

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

The primary atomic processes which are resporsible for diredly stripping the

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

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

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

Transfer double ionisation, : Double ion impact ionisation .

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

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

Collisional redistribution amongst the excited states of the bean atoms is

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

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

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

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

cross sections from the He( %) metastable level to neighbouring excited levels.

26



T T T T T TT I T T T ] _ ¥ T LT ¢ T T T TTTT1T I T T TTTTTT]
<>\ p 7 g ]
<>\<> : O\ > :
-18 | -
10%° \<>\<> ] i \ _
T~ N\ . i i
] \ o ] 0,
] NN ] \
g —O\O +\+ \o J 10—15 - > —
N ] ]
4 N \+ \<> g 7 ]
o] N 4 4
o\, R ] ]
~ 1019 3 AN = ] i
E ] SN ] ] ]
o +
-~ 1 O\ \ Q 1 \
6 ] Q ] 16
5 1 \ 1 10%° + E
i i RS 2 i ] ]
n \ - o T
9] \+ O\ 4 \O\ 4
1020 . o + .

\_ 107
102" 4 —o—11)S-23)S \¥
o 3

1
O
1

+

vl
e
v

e

e
S

//
vl L

—o—2(35-2(3P

Y

1 . 1me. 1 —+—23)5-33)s
1 o ARTERR \J —o— 235435
L T T T T T T II T T T 10-18 T IIIIIII T T T IIIIII T T T T¥TIT
100 10 100 1000
ENERGY (eV) ENERGY (eV)

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

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

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

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

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

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

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

sections for double charge exchange.

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

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

impurities.

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

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

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

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

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

2.5 Approachesto modelling

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

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

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

stepwisecollisional processes, excitation also contributes to ionisation.

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

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

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

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

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

2.5.1 Coronal equilibrium model

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

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

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

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

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

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

into equation 2.15 we arrive at,

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

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

section which is defined as,

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

e

O
o =

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

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

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

levels.

2.5.2 Collisonal-radiative model

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

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

an arbitrary beam atom are,

dN,
]

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

- (| (|

i>i i <i

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

i<

e

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

1 -1

fori=1,2,3, ...

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

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

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

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

matrix notation,

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

fori=1,2,3, ...

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

elements are defined as follows.

e p e
_%Ajﬂi +neqjai +nquﬂi J>|

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

! 2.21

and,

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

e _ p _ CX
neqi_,oo npqiﬁoo npqi_,oo

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

n
Rag®+2a% +an, 2.23
n

e

r=a

a.

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

equilibrium excited level populations then,
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dN,

Vo —- =NN,T, —ZC N, 1<ps<m 2.24

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

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

equilibrium and equilibrium populations in 2.24 and 2.25 gives,

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

j>m

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

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

>m I>mo=

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

m

dN, [
vb—x—nn DT —Z ijcj'ilrig_

d ;>mi>m

I:I%I:I

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

o= >mi>

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

aN, n.n 2.30
=nn,a 2 .
dt ¢ P & ad No

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

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

anda, is thecollisional-radiative recombination coefficient,

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

i i
B

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

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

S,=S,- ,ZSW - i S» 2.33

o=p+l

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

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

dependent solution of the following set of equations is required.

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

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

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

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

non-equilibrium level is calculated using equation 2.28.

2.6 Previoustheoretical studies

2.6.1 Modelling neutral deuterium beam

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

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

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

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

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

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

2.6.2 Modelling a neutral helium beam

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

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

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

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

is no fundamental data available.
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