5.0 Beam emission spectroscopy at JET

5.1 Historical overview

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

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

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

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

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

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

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

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

5.2 TheJET beam emission spectroscopy diagnostic

5.2.1 Diagnostic apparatus

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

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

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

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

overall picture is an overlap of each Stark feature.

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

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

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

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

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

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

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

5.2.3 Experimental analysis
5.2.3.1 Method and objectives

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

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

EXPERIMENTAL
OBSERVATIONS

SPECTRAL
ANALYSIS

CHEAP
ANALYSIS

LINE INTEGRATED
NEUTRAL BEAM
DENSITY

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

using the flux measurements together with derived atomic data.

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

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

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

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



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

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

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

Also shown are the expected emission patterns.

ELorentz = 00 ELoremz > 00

Es+6AE
Es+3AE
Es

Es-3AE
E:-6AE

n=3

v L E.+2AE

n=2

v : E-20E

-4 -8 -T2 -01 00 +0l +2 +13 +1¢

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

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

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

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

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

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

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

Stark splitting is then evaluated using the following expression,

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

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

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

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

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

observed near the base of thex@dge emission feature.



5.3 The Charge Exchange Analysis Package

5.3.1 Therole of the charge exchange analysis package

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

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

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

5.3.2 lIterative path to absolute impurity concentrations

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

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

_4nf o, (A)dA
© qcx_[nbds

n 5.4

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

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

1
ok
Gl ® rems/f

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

L CE, O
) pgggjl 5.5

wIH

(24 )= 5 B

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

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

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

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

has been achieved.

5.3.3 Evaluation of the neutral beam density

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

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

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

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

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

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

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

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

DIRECTION OF INJECTION ——

«— INJECTOR SOURCE

A\
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o

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

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

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

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

current in the neutral injector[83].

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

X < WEq)

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

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



5.4 Examination of the analysis procedure

54.1 Overview

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

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

5.4.2 The spectral analysis

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

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

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

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

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

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

This expresson can bereduced to asmplerelationinvaving the measurement of the

flux associated with only ther8 and 4 Stark components,

Do :K[(pn3 + (pn4] 5.11

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

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

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

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

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



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

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

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

values were obtained from the workMéandI[20].

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

opportunity is no longer available.

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

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

discrepancy between the measured and calculated beam density.

5.4.4 Review of the fundamental and derived atomic data.

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

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

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

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

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

emission coefficient and hence the line integrated neutral beam density.

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

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

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

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

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

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

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

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

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

coefficients and hence the attenuation calculation.

55 Reaults

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

variation between the results obtained from both methods.

5.5.1 Single beam bank pulses

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

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

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

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

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

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

We dso ill ustrate the pulse to puse variation d the results. The aiteriafor the
seledion d pulses was smply that the pulses must have cntinuows neutral beam
injection, see figure 5.18.



14 s
1.2x10 ’
_____ Y=X s
Y=0.73X e '/
—~ A 40419 ’ ’ T >
e ® 40392 1 /
s vV 40390 P
> O 40387 )
E  o.ox10™ e
2 ot
w 7 T
o) T
/. i
2 C
< // —4
& s H R |
7
2 o0.6x10" . —
o // L
5 ,
w 7
Z 7/
) /
& . 5
2 0.3x10" 7
2 .’ %
L 7
s /
7/
7
7
7,
YV
0 0.5x10™ 1.0x10* 1.5x10™

CALCULATED NEUTRAL BEAM DENSITY ( m,z)

Figure5.18 Variation of the measured and cdculated bean density for a range of single bean bank
pulses. Each data point represents a time averaged value for a fixed radial position. A measure of the
deviation between the measured and cdculated beam density is obtained by comparing the solid

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

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

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

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

pulse have been selected to illustrate the results.
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Figure 5.19 Radia dependence of the measured and cadculated neutral bean density for three
different time periods of the double beam bank pulse 40321.

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

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

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

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

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

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

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

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

analyse.
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