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Abstract

The thesisexaminesthe effectivenessof spectralemissionfrom a neutralhelium
gaspuff at the peripheryof the tokamakplasmafor diagnosisof spatially resolved
electrontemperatureanddensity. Thestudyspeci�cally relatesto theMegaAmp�ere
SphericalTokamak,MAST, for which extensive independentsupportdiagnosticmea-
surementsareavailable,but the analysisis designedto be of generalapplicability to
all magneticfusiondevices.

The work commenceswith an appraisalof the fundamentalatomicdatarequired
for modellingtheheliumspectralline emission.It is shown thatelectroncollisiondata
arekey to theanalysis,but thattheexistingdatarequiredextension,andtheutilisation
of the datarequiredreappraisalin light of the complexities introducedby resonance
structure.Thesedataarecompletelyreworkedandtheiruncertaintiesanalysed.

A comprehensivemodelfor theevolutionof thepopulationsof heliumatomspene-
tratingtheplasmawasdeveloped,which includedfull generalisedcollisional-radiative
modellingof bothgroundandmetastablestatesandtheir relative in�uence on thefor-
mationof excitedpopulationsandconsequentialspectralemission.It is shown how the
differentialcharacterof collision cross-sectiondatafor differenttransitionsenablesa
sensitivity to bothelectrontemperatureanddensity. Themodelis extendedto include
thespatialvariationin the tokamak,theangularspreadof thegaspuff, andthe in�u-
enceof observationallines-of-sight.

A set of experimentswere carriedout on the MAST tokamakusing the HELIOS

experimentalmulti-chordspectroscopicsetupandcombinedwith Thomsonscattering
measurementsof electrontemperatureand densityat the plasmaedge. A unifying
model was set up, including parametricrepresentationsof temperatureand density
pro�les at theplasmaedge,andusedin globally optimised�tting of theexperimental
data.Theanalysismethodologieswerecombinedwith spectroscopicmeasurementto
deduceimprovedelectrondensity/temperatureradialpro�les. Theresultssubstantiated
thediagnosticcapabilityof thesystemandthetheoreticalmodelswhich underlaythe
analysis.

Deliveriesfrom thework includenew comprehensiveatomiccollisiondata,derived
coef�cients for analysis,anda new generalanalysismethodologyfor predictive and
deductiveapplicationsof generalisedcollisional-radiative(GCR) modelling.
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Chapter 1

Intr oduction

Thespatialandtemporalpropertiesandbehaviour of themagneticcon�nementfusion

plasmaare fundamentalin developingnuclearfusion asa viable energy source. In

particular, thetemperatureanddensityof theplasmaplay a key role in thebehaviour

andstabilityof thesystem.Sincetheearlydaysof experimentalplasmafusionphysics,

agreatdealof effort hasbeencommittedto developingdiagnosticsystemsto measure

theseparameters.Modernoperatingscenarios,includingthehigh con�nementmode,

or H-mode[1],andInternalTransportBarriers,ITBs[2], have focusedthisattentionon

thespatialpro�les of the temperatureanddensityat theedgeof theplasmaandtheir

effecton thecon�ned plasma.

This work pertainsto themodellingandmeasurementof neutralheliumemission

in theedgeplasma.Theheliumspectralline emissionis reactive to electrontemper-

atureanddensity, andsohaspotentialasadiagnosticfor theedge— aregion in which

alternative diagnosticmethodshave relatively high uncertainties.Thethesisprovides

anin-depthassessmentof theapplicationof heliumasanedgeplasmadiagnostic.This

chapterintroducesbackgroundphysicsrelevant to the currentstudy. Section1.1 de-

tails the characteristicsof the fusion devices relevant to the work, especiallyMAST

and ITER. The physicalregimesusedin the experimentalstudies,andsomeof the

specialphenomenamodifying theplasmabehaviour arediscussedin section1.2. Sec-

tion 1.3 dealswith fundamentalatomicprocesses.Section1.4 describesthe HELIOS

experimentaldiagnosticsystemon theMAST experiment,which is thebasisof theex-

perimentalstudiesof thethesis,andwhoseeffectiveexploitationasadiagnosticwasa

mainpurposeof the thesis.Alternative diagnosticsystemsusedcomparatively in the

thesisaresummarisedin section1.5. Section1.6 givesmoredetail of the contentof

theremainderof thethesis.
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1.1 Plasmacon�nement

A signi�cant stepforward in plasmacon�nementcamewith the developmentof the

Soviet tokamakin 1968[3, 4, 5]. Contemporarylarge-scaleexperimentsusedevices

of thetokamakor stellarator[6]designs,with thetokamakbeingdividedinto “conven-

tional” and“spherical”categories,CT andST. Thesetwo classesof tokamakrefer to

the aspectratio of the individual devices,de�ned asthe ratio of the major to minor

radii. The Mega Amp�ereSphericalTokamak,MAST1, hasan aspectratio of � 1:4

comparedto the moreconventional, ITER-like, aspectratio of � 32. The spherical

tokamakis arguablyaplasmacon�nementcon�gurationwith thepotentialto compete

with theperformanceof theconventionaldesignwithout theneedfor largemagnetic

�elds[7].

Thetheoreticalpredictionsof thesphericaltokamak'sadvantagesled to thedevel-

opmentof a numberof deviceson which thesepredictionsweretestedandveri�ed.

Earliermachinesincluded:CDX-U3, HIT4, MEDUSA5, TS-36, andSTART1; which were

followedby a setof medium-sizeddevices: ETE7, GLOBUS-M8, andTST-26; andtwo

largermachines:NSTX3 andMAST. Thecombinationof plasmastability andcon�ne-

mentexhibited by the sphericaltokamakallows accessto high � operatingregimes.

Coupledwith large currentcarrying capability due to the naturalelongationof the

plasma,this allows high performanceoperationfor a relatively low toroidalmagnetic

�eld. Theseperformancefeatureshavejusti�ed extendedexperimentalstudyanddiag-

nosticanalysisof thesphericaltokamak.Tables1.1and1.2giveimportantparameters

of ITER andMAST respectively[8, 9].

Figure1.1showsanexampleof a MAST plasmaobservedin visible light. Onecan

seethattheshapeof theplasmaandits proximity to thecentralcolumnis verydifferent

from thatof a conventionaltokamak.It is worth notingthatextensive work hasbeen

carriedout at MAST on themerging/compressionmethod,which wasdevelopedorig-

inally on START[10]. This allows aninitial plasmaof over 400kA with no �ux from

thecentralsolenoid— an importantstart-upfeaturefor a futurepower stationbased

on thesphericaltokamakdesign[11]. Thebright spotto theleft of thecentralcolumn

in �gure 1.1is themid-planedeuteriuminjectorusedto refuelthedevice. Thedivertor

1CulhamScienceCentre,Oxfordshire,UK
2ITER, theInternationalThermonuclearExperimentalReactor, is thenext generationfusiondevice

to bebuilt at CEA Cadarachein France.
3PrincetonPlasmaPhysicsLaboratory, New Jersey, USA.
4Helicity InjectedTorus,Universityof Washington,Washington,USA.
5Universityof Wisconsin,Wisconsin,USA.
6Universityof Tokyo, Japan.
7NationalSpaceResearchInstitute,Brazil.
8Ioffe Institute,StPetersburg, Russia.
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Parameter Value
Plasmaminor radius,a 2.0m
Plasmamajorradius,R0 6.2m
Aspectratio,R0=a 3.1
Toroidalmagnetic�eld (core) 5.3T
Plasmacurrent 15MA
Aux. heatingpower 40MW

Table1.1: A breakdown of theexpectedvaluesof importantparametersof ITER.

Parameter Value
Plasmaminor radius,a 0.65m
Plasmamajorradius,R0 0.85m
Aspectratio,R0=a � 1.3
Toroidalmagnetic�eld � 0.63T
Plasmacurrent � 2 MA
Aux. heatingpower � 6.5MW

Table1.2: A breakdown of theimportantparametersof MAST.

strike pointsarealsoclearly visible at the top andbottomof the plasma. The edge

plasma,the targetof thepresentstudies,is evidenton both theoutboardandinboard

side.

Another differencebetweenMAST and conventional devices such as JET9 and

ASDEX-U10 is therelatively largevacuumvessel.Thedistancefrom theplasma'souter

edgeto thewall is � 50 cm on MAST, comparedto � 5–10cm on ASDEX-U, giving

gooddiagnosticaccessto theoutboardplasma.This contrastswith thelack of access

to theinboardsidedueto thecentralcolumn.

1.2 Tokamak edgephysics

The experimentalstudiesconductedfor this work usedthermalinjection of helium

into the MAST edgeplasmafrom the low-�eld, outboardside. The edgeplasma,as

referredto here,is theregion betweenthehot coreplasmaandthematerialwalls; that

is outwardsfrom a few centimetresinsidethelastclosed�ux surfaceon MAST. Some

issuesregardingtheedgeplasmaare:

� the openmagnetic�eld line region outsideof the separatrixis the scrape-off

9JointEuropeanTorus,CulhamScienceCentre,Oxfordshire,UK
10Axially SymmetricDivertorEXperiment-Upgrade,Max-Planck-Institutfür Plasmaphysik,Garch-

ing, Germany.
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Figure1.1: The MAST plasmafrom shot#4211. It canbe seenthat thesmall aspect
ratiomakestheplasmaappearsphericalratherthanthetoroidalshapeof aconventional
tokamak.
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layer, or SOL;

� anef�ux of particlesfrom thecon�ned plasmapropagatealongthe�eld linesin

theSOL to thedivertortargetzone;

� �ux at the edgedeterminesthe balanceof impurity speciesin the con�ned

plasma[12, 13];

� the low density combinedwith adverseviewing geometrycan lead to poor

Thomsonscatteringresolutionat theedge[14].This will bediscussedin detail

in section1.5.1;

� the positionof the last closed�ux surface,or separatrix,canoscillateduring

ELMy H-mode[15,16, 17,18], soit is importantin con�nementstudies;

� sincetheplasmainteractswith the�rst wall, theSOL is generallyturbulentwith

largevariationsin theelectrontemperatureanddensity[19];

� the edgeplasmawill mediatethe removal of helium ashand the recovery of

tritium in aworking fusionreactor[20, 21].

H-modeis a regimeof high con�nementthatcanoccurin tokamaks[1, 22] andis

routinelyaccessedby the MAST device[23]. Theedgetemperatureanddensitygradi-

entsin H-modearesteeperthanthoseassociatedwith L-mode,andthedifferencesbe-

tweenthesetwo con�nementregimesmodi�es thebehaviour of thecon�ned plasma.

The large H-modeedgegradientslead to the onsetof a speci�c magnetichydrody-

namicinstability — theEdgeLocalisedModes,or ELMs — which expel energy and

particlesfrom the con�ned plasma[24]. This addsto the power load on the plasma

facingcomponentsfrom theline emissionandbremsstrahlung.

Figure1.2shows ELM behaviour asobservedin theMAST device. Theupperplot

showstheD� emissionmeasuredasafunctionof time. WhentheD � signalis low there

is reducedtransportfrom thecorecon�nedplasmato thescrape-off layerandthereare

peaksin the D� signalwhenenergy andparticlesareexpelled from the plasma. A

comparisonof theupperandlowerplots in �gure 1.2shows thatthereis a correlation

betweenthepeaksin theD� signalanddipsin theline integrateddensity, asonewould

expectif theELMs actedto removematerialandenergy from theplasma.

Theelectrondensityandtemperatureof theedgeplasmacanbemodi�ed consid-

erablyby thepropagationof anELM. Thealterationof theedgeparametersduringan

ELM crashandtheeffecton heliumemissionis simulatedanddiscussedin chapter4.
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Figure1.2: Theupperplot showsD� emissionduringMAST shot#8321indicatingthe
presenceof ELMs. The lower plot shows the correspondingvariationof the plasma
densitycharacterisedby sharpdecreasescorrelatedwith peaksin theD � signal.
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1.3 Relevant atomic physics

Oneof themainaimsof thework is to determinetheviability of usingneutralhelium

emissionto deducelocal radialelectrontemperatureanddensityat theoutboardedge

of the MAST plasma. Considera helium atomadvancingin to the tokamak;atomic

processescompeteto alter theenergy andionisationstateof theparticle.Theparticle

will encounterandinteractwith electronsandions[25, 26]. Therelatively low energy

of theheliumsuggeststhemostef�cient redistribution processwill be thatdrivenby

the electrons— electron-impactexcitation andde-excitation will play a key role, as

indicatedin �gures 1.3 and1.4[27, 28]. The cross-sectionfor ion-impactexcitation

is evidently ordersof magnitudelessthanthat of electron-impactin the low-energy

regime. As theheliummovesthroughtheedgeplasmait is in a region of increasing

electrontemperatureanddensity, the electron-driven ionisationwill thereforebe im-

portantin determiningtheradialattenuationof theneutrals.Recombinationof theHe+

to re-formtheneutralheliumis a lessereffectdueto thehigh temperature.

In the zerodensityapproximation,whenan atomor ion is excited, the statewill

decayradiatively to a lowerenergy in aperiodof time independentof theplasmacon-

ditions;however, theedgeplasmaof thetokamakhas�nite density, suf�ciently highto

interruptcollisionally theradiatingexcitedstates.Thusthepopulationevolutionof the

systemis morecomplex. Collisional-radiative (CR) theoryis theappropriatemethod

to determinesuchpopulationstructure[29].

To obtain the populationstructureof an atomor ion in the CR regime, it is nec-

essaryonly to calculatethetime dependenceof thelong-lived,dominantpopulations.

For helium theseare the groundandmetastablestates. The relaxationtime for the

ordinary(non-metastable)statesmeansthey arein instantaneousequilibriumwith the

metastables.Thatis:

� g � � m � � o (1.1)

where� g is thecollisional-radiative lifetime of thegroundstate,� m is the lifetime of

themetastablestatesand� o is thelifetime of theordinaryexcitedstates.

In principle, helium hasa groundstateand two excited metastables11: 1s2 1S,

1s2s1Sand1s2s3S. Two of thesestatesevidentlyhave long lifetimes:1s2 1Sbeingthe

groundstateand1s2s3S a statewhich decaysto groundby a very weakspin-change

transition[31]. Thecross-sectionfor a spin-changetransitionis relatively small. The

differenttransitiontypeswill bediscussedin section2.2.1. In practice,therelaxation

11Throughoutthe thesis`metastable'will be usedfor stateswith a lifetime longer than the `ordi-
nary' states.Thereforetheterm`metastable'will beusedto describeboththegroundstateandexcited
metastables.
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Figure1.3: Thevariationof theelectron-impactexcitationcross-sectionasa function
of relativeenergy for theHe(1s2 1S� 1s2p1P) excitation[27].
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Figure1.4: The variationof the ion-impactexcitation cross-sectionasa function of
relativeenergy for theHe(1s2 1S� 1s2p1P) excitation[30].
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timeof 1s2s1Sattokamakdensitiesmeansit doesnothavetobetreatedasametastable.

This is becausetheplasmais of suf�cient densitysuchthat thereis a relatively large

collisionalcouplingbetweenthe1s2s1Sand1s2p1P states.Thusthe1s2s1Sdrainsvia

the1s2p1P state,for which thereis a largespontaneousdecayrateto ground.There-

fore thiswork will only treatthe1s2 1Sand1s2s3Sstatesasmetastableandthesystem

of equationsdescribingtheir populationevolution is givenby:

dN �

dr
= �

Ne

vpu�
[N � S� ! + + N � q� ! � 0 � N � 0q� 0! � ] ; �; � 0 = 1; 2 ; � 6= � 0 (1.2)

where�; � 0 indicatethe metastableor groundandvpu� is the effective speedof the

heliumadvancinginto theplasma.S� ! + andq� ! � 0 representtheionisationratecoef-

�cient andmetastablecrosscouplingcoef�cient betweenmetastable� and� 0 respec-

tively.

GeneralisedCollisional Radiative (GCR) theory[32] dealswith modellingthe ex-

citedpopulationsof ionsandtheionisationandrecombinationto adjacentstagesin the

presenceof long-lived,dynamicallyevolving metastables.TheGCR modellingcarried

outaspartof thiswork is detailedin chapter4.

The key issueis to comparethe lifetimes given in equation1.1 to the timescales

associatedwith grosschangesin plasmaconditions.Thescalelengths,� , for electron

temperatureandelectrondensityvariationin aplasmaaregivenby:

� � 1
Te

(r ) =
1

Te (r )
jr Te (r ) j

� � 1
Ne

(r ) =
1

Ne (r )
jr Ne (r ) j

(1.3)

wherer is apositionwithin theplasma.

If thespeedof anatomor ion acrossa regiondescribedby thesescalelengthsis v,

then:

� Te '
� Te

v

� Ne '
� Ne

v

(1.4)

andit is often found that � g � � m ' � Te � � Ne � � o. This is the situationfor

theheliumgaspuff. A quantitativediscussionof lifetimesandgeneralisedcollisional-

radiativemodelling,includingthebasisfor includingandexcludingspeci�c processes

from theheliummodelling,is givenin section2.4.
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Line Wavelength=	A Transition Approx. Rel. Int.
— 6560 D (n = 3 ! 2) � 10.0
1 6678 He(1s2p1P � 1s3d1D) 1.0
2 7067 He(1s2p3P � 1s3s3S) � 0.3–0.5
3 7283 He(1s2p1P � 1s3s1S) � 0.1

Table1.3: Tableof diagnosticallyrelevant emissionlines in the HELIOS observable
spectralregion.

1.4 HELIOS experimentaldiagnostic

As previously stated,oneof themain aimsof this thesisis to determinewhetherthe

heliumline emission,which is reactive to electrontemperatureanddensity, canform

aneffectivediagnosticfor theseplasmaparametersat theoutboardplasmaedge.This

sectionwill outlinethedifferentcomponentsof theHELIOS systemandthemethodof

deducingdiagnosticdeliverables.

TheHELIOS spectrometer[33] hasabandwidthof � 1100	A, seesection3.2,andin

normaloperationobservesa visible spectralregion of � (7000� 500) 	A. This allows

the spectrometerto observe threediagnosticallyusefulHeI lines, aswell as the D �

line, if required.Thesetransitionsareshown in table1.3.

It is convenientto usethe short-handnotationwhenreferringto statesof neutral

helium.Thenotationn mL denotesthatthereis animplicit 1selectron;n is theprinci-

palquantumnumberof thesecondelectron;m is themultiplicity of thesystem;andL

is thetotal orbital angularmomentum[34]. For example,3 1P refersto He(1s3p1P).

The diagnosticpotentialof HELIOS is gainedfrom the variationof spectralline

ratiosof thedifferenttransitionsshown in table1.3;asinglet-to-singletratio, lines1:3,

anda singlet-to-tripletratio, lines3:2. Theapproximaterelative line intensitiesgiven

in table1.3aretakenfrom aspectrumof MAST shot#12209,shown in �gure 1.5.

Dif ferential variation of the 6678 	A and 7067 	A lines on the different viewing

chords,which correspondto different radial positionswithin the plasma,is evident

from �gure 1.5. This differentialvariationcanbeusedto make diagnosticdeductions

of plasmaparameters.

Figure1.6showstheexcitationratecoef�cients from thegroundstatefor thethree

upperstatesgivenin table1.3.Onecansee,from arelatively low temperaturecompa-

rableto thatof theSOL, thespin-changeexcitationdivergesfrom theothertwo curves.

The differentialvariationwith Te resultsin temperaturesensitivity. It is alsoevident

from �gure 1.6 that theexcitationsto thesingletstatesbehave similarly with temper-

ature.Thustheir line ratio is predominantlya functionof electrondensity.

The confrontationof suchmeasuredspectroscopicdatawith the calculatedden-
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Figure1.5: TheHELIOS spectrafrom MAST shot#12209,takenon24th February2005
during the secondexperimentalperiod. The approximaterelative line intensitiescan
beseenfor the18 viewing chords.
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Figure1.6: Theelectron-impactexcitationratecoef�cients populatingtheupperstates
in table1.3.
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sity and temperaturesensitive emissionratios allows determinationof a point in

temperature–densityspace. Figure 1.7 shows contoursof the diagnosticline ratios

asa functionof Ne andTe anddemonstratestheir inherentdiagnosticsensitivity.

The linesdescribedabove have beenusedpreviously with somesuccessto study

the JET divertor[35, 36, 37, 38] andtheplasmaedgeof the COMPASS-D1[39, 40, 41]

andTEXTOR12[26] tokamaks.This work seeksto combinedetailedfundamentaldata

with dedicatedspectroscopicmeasurementsof HeI emissionin awell-diagnosedmag-

netically con�ned fusion plasma. A comprehensive theoreticaland computational

framework to describeandinvestigatethespatialandtemporalvariationof theemis-

sion is outlined. This investigationincludesthe role of the 2 3S metastablein the

emissionprocessandan attemptto deducethe collimation of the gasinjection noz-

zle,whichhasprovendif�cult to measureaccurately. Amalgamatingspectralemission

measurementswith the completetheoreticalemissionmodelallows the deductionof

local electrondensityandtemperaturelocal radial pro�les. Theseissueswill be dis-

cussedin chapter4.

Section1.5.1highlightsthe Thomsonscatteringdiagnostic's lack of spatialreso-

lution andlargemeasurementuncertaintiesat thelow-�eld edgeof MAST. Oneof the

mainobjectivesof this work is to determineif the HELIOS diagnosticcanbeusedas

analternative to Thomsonscatteringat theedgeof MAST, andif so,over whatspatial

region it is applicable.

1.5 Alter nativediagnosticmethods

Thiswork requiredHeI emissionto bemeasuredin awell-diagnosedplasma,andthis

sectiondetailsalternative diagnosticmethodsused[42].Problemswith thediagnostic

sensitivity of themethodsarehighlighted,with detailsof theoptimalmergingof diag-

nostictechniquesdiscussedin chapter4.

1.5.1 Thomsonscatteringdiagnostic

Thomsonscattering(TS) is oneof themostwidely useddiagnosticmethodsfor mea-

suringelectrontemperature,Te , anddensity, Ne , in hot plasmas.Themethodworks

by measuringthespectrumof photonsscatteredby thefreeelectronsin theplasma.

Therearecurrentlytwo TS systemsoperatingonMAST[14]. Bothsystemsmeasure

the full plasmadiameterat themid-planeof thevessel.Oneof thesystemscaptures

high spatialresolutionmeasurementsat onetime-pointin thepulseusinga 10 J ruby

12TokamakEXperimentfor TechnologyOrientatedResearch,ForschungszentrumJülich, Germany.
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(a) Temperaturesensitive line ratio,1:3

(b) Densitysensitive line ratio,3:2

Figure1.7: Contoursshowing thediagnosticsensitivity of the line ratios1:3 and3:2,
asgivenin table1.3.
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laser. This systemprovideselectrontemperatureanddensitypro�les at � 300spatial

positionsin theplasma.Thesecondsystemusesfour Nd:YAG laserspulsedat 50 Hz

to provide pro�les of 19 spatialpositionsat 200 Hz. The Debyelengthof a MAST

plasmais � 30� m andthewavelengthof theThomsonscatteringsourceon MAST is

� 7000	A. IncoherentscatteringtakesplacebecausetheDebyelengthis muchgreater

thanthesourcewavelength[43].

A mainexperimentalaimof thiswork wasto determinewhethertheHELIOS diag-

nosticcould be usedto determineNe andTe at the low-�eld plasmaedge. The TS

diagnosticability is poor in this region of theplasmafor two reasons:�rstly , thespa-

tial resolutionof the diagnosticis limited due to the �ux resolutionat the outboard

edge;secondly, thelow electrondensityat theedgeleadsto largeuncertaintiesin the

�tting carriedout on theTS spectrum.Figure1.8shows thenormalised�ux,  N , of a

typicalplasmaandthenormalised�ux resolution,�  N , of therubyTS systemvarying

with majorradius.Thesequantitiesarede�ned as:

 N =
 0 �  

 0 �  edge
(1.5)

and

�  N = � R

�
�
�
�
@ N

@R

�
�
�
� (1.6)

where 0 is the�ux onthemagneticaxisand edge is the�ux attheedgeof theplasma,

de�ned asthelastclosed�ux surface(LCFS).

Onecanseethat the relatively large valueof �  N at the outboardedgeleadsto

poor spatialresolution. This is becausea larger changein �ux is associatedwith a

changein radial positionon the high �eld side thanwith the samechangeof radial

position on the low-�eld side giving betterradial resolutionon the high �eld side.

Furthermore,thebeampathis parallelto the �ux surfaceson the inboardsidewhich

allows for moreef�cient diagnosisof the plasmaconditions. The asymmetryof the

normalised�ux in �gure 1.8 is dueto thelargeShafranov shift thatis characteristicof

sphericaltokamaks[44]. TheShafranov shift meansthe�ux surfaceson thehigh �eld

sidearemuchclosertogetherin realspacethanthey areon thelow-�eld side.

Figure1.9shows TS spectraobtainedfrom theMAST plasma.A clearspectrumis

visible for a radialpositionof R=1.39m, but a poor signalis detectedat R=1.49m.

This meansthefunctional�t to theTS spectrumwhich determinesNe andTe is better

at R=1.39m. It is evident from the radial temperaturepro�le that TS doesnot de-

liver reasonablediagnosticoutputat theedge.Theexperimentalstudiesin the thesis

weremainly concernedwith thelargeuncertaintiesin thediagnosticdatadueto poor
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Figure1.8: Normalised�ux resolutionof the ruby TS systemon MAST. The solid
line denotesthe normalised�ux,  N , andthe datapointsdenotethe normalised�ux
resolution,�  N . Onecanseethat thenormalised�ux resolutionis pooron the low-
�eld sideof thedevice,which is of interestin thiswork[14].

TS signal,how this could be overcome,andwhat role, if any, HELIOS could play in

diagnosingtheedge.

1.5.2 Langmuir probediagnostic

An electricprobe,often calleda Langmuirprobe,canbe insertedinto the plasmato

determineelectrontemperatureanddensity. Theprobeis biasedwith a potentialdif-

ference,causingacurrentto �o w wheninsertedinto theplasma.TheI-V characteristic

canthenbeusedto measureNe andTe in theSOL.

Thetemperatureanddensitydataextractedfrom theprobemeasurementsaregen-

erally accompaniedby a lot of high frequency noise.This leadsto uncertaintyin the

measurements,but lessthanthatassociatedwith TS measurementsat theplasmaedge.

Probedatacanbe usedto supplementthe radial pro�les determinedby TS, optimis-

ing the dataover a radial rangefrom inside the coreplasmathroughthe SOL. The

useof probemeasurementsandthetechniqueusedto extractNe andTe datafrom the
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(a) TS spectra

(b) TS radialTe pro�le

Figure1.9: The spectrumusedto deduceNe andTe by TS and the resultantradial
temperaturepro�le for MAST shot#12209. The spectrumat R=1.49m hasno dis-
cerniblelines from which to deducethe plasmaparameterscomparedwith the same
measurementat R=1.39m. This resultsin largeuncertaintiesat theedge.This canbe
seenfrom thepoorradialpro�le at theplasmaedge.
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Figure1.10: Variationof the plasmaedgewith time within MAST shot#12209,one
of the shotsdiscussedin detail in chapter4. Onecanseethe plasmagrowing after
formationandsettlingto apeakradiusof � 1:4 m.

backgroundnoiseis discussedin chapter3.

1.5.3 D� emissiondiagnostic

The positionof the separatrixis importantsinceit de�nes the boundarybetweenthe

con�ned plasmaandthe SOL. The D� emissiondiagnosticcanbe usedto tracethe

edgeof the plasmaduringa pulse. Figure1.10shows the variationof the separatrix

with time for MAST shot#12209,oneof theshotsthatwill bediscussedin moredetail

in chapter3.

Froma simpleconsiderationof thephysicsinvolvedit is logical that theemission

will be in the vicinity of the separatrix,whereNe and Te increasefrom their rela-

tively low valuesin the SOL to thosecharacteristicof thecoreplasma.It is therefore

necessaryto measureaccuratelythe positionof the separatrix,andthe D � emission

diagnosticprovidesaconvenientmonitor.
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1.5.4 Neutral lithium diagnostic

Measurementswith a thermallithium beamhave alloweddensityperturbationsin the

SOL to be studiedon TEXTOR[45]. A detailedstudyusinga pair of thermalbeams

hasmeasuredradial andpoloidal �uctuations in the SOL density[46]. On ASDEX-U,

lithium hasbeenusedto measureelectrondensities[47, 48, 49] basedon thedetection

of the Li (2s � 2p) resonanceline at 6708	A[50]. These,andother, lithium studies

havecontributeda greatdealto thediagnosisof theSOL, andhassubsequentimplica-

tionsfor theapplicationof a thermalheliumbeam.Thedevelopmentof anedgespec-

tral diagnosticis of limited interestif thereexistsasimilar, provenmethodof obtaining

thesamedeliverables.An alternateapproachto spectraldiagnosismusthave de�nite

advantagesbeforethestudyanddevelopmentcanbe justi�ed. A majoradvantageof

usingheliumratherthanlithium is its largeionisationpotential,� 24:6 eV, compared

to lithium's ionisationpotentialof � 5:4 eV[51]. Sincethe edgeplasmaof interest

comprisesa region severalcentimetreson eithersideof theseparatrix,lithium's rela-

tively low ionisationpotentialwouldmeanthespatialextentof aspectroscopicNe and

Te diagnosticbasedon lithium would belessthanonebasedon helium. Thepenetra-

tion canbe improvedby increasingthebeamenergy, althoughthis is generallyat the

expenseof spatialresolution. Due to the large Ne andTe gradientsandmagnitudes

in H-modeplasmas,theregionof applicabilityof any spectroscopicdiagnosticwill be

smallcomparedwith theminor radius.Therefore,choosinganemissionsourcewith a

relatively largeionisationpotentialis crucial to diagnosticapplicationgiventhesmall

injectionenergy. MAST is notequippedwith alithium beam,thereforeadirectcompar-

isonof thediagnosticeffectivenessof thetwo beamspeciesis not possible.However,

thesigni�cant bodyof researchcarriedout with lithium beamsover a large rangeof

energiesshouldbenoted[52, 45,53,54,55]. Thereis alsothe�nancial advantageof a

diagnosticbasedon HeI emissionbeingconsiderablycheaperthana Li I system.

1.6 Thesisoutline

Thethesisdescribesthedevelopmentof apredictivemodelfor theHeI emissionfrom

thelow-�eld edgeof theMegaAmp�ereSphericalTokamakandtheexperimentalwork

undertakento confrontthemodel.Thecompletespatialandtemporalmodelcanthen

beusedwith measuredspectralemissiondatato deducelocalNe andTe radialpro�les.

Chapter2 discussesthe calculationof the fundamentalatomicdatarequiredfor the

predictive modelling. It includesdetailsof theR-matrix methodusedto calculatethe

excitationcollisionstrengthsandthenumericalmethodsdevelopedto reducethelarge

quantity of dataproducedby an R-matrix calculationto a manageableamountthat
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canbe usedin the databaseframework of the Atomic DataandAnalysisStructure,

ADAS[56]. Chapter2 alsodiscussesthework undertakento provide a new dataclass

within ADAS: theuncertaintyassociatedwith theADF04speci�c ion data.Generalised

collisional-radiativemodellingis alsodiscussedin chapter2.

Chapter3 gives detailsof all aspectsof the experimentalwork carriedout on

HELIOS validationduring theexperimentalcampaignsM4 andM5. This chapterdis-

cussesin depththeissuesthataroseduringthecampaignsandthework thathadto be

carriedout to commission,calibrateandutilise theHELIOS spectrometer.

Chapter4 discussesthework undertakento developacompletespatialandtempo-

ralmodelof theHeI emissionatthelow-�eld edgeof MAST. Thedifferentstagesof nu-

mericalsimulationanddevelopmentwill bediscussed.Computationaloutcomeswill

alsobe discussed,suchasthe determinationof thecollimation of the neutralhelium

injection nozzle,which provedto be problematicto measuredirectly. The improved

deductionof local Ne andTe radialpro�les supportedby thesuperiorelectron-impact

excitationdata,discussedin chapter2,andacompleteGCR treatmentof themetastable

populationswithin atheoreticalspatialandtemporalemissionmodel,will beoutlined.

Theconclusionsdrawn from this work andrecommendationsfor futurework are

presentedanddiscussedin chapter5.
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Chapter 2

Fundamentaldata and modelling

Theelectron-impactexcitation/de-excitationreactionis of theform

X + z
i (E i ) + e(" i ) 
 X + z

j (E j ) + e(" j ) (2.1)

whereE i < E j . The left-to-right processdenotesanexcitation, right-to-left denotes

de-excitation. " i + E i = " j + E j ; E i;j is the energy of the ion X + z
i;j relative to its

groundstate; " i is the energy of the incident electron;and " j is the energy of the

scatteredelectron.This reactioncanbedescribedby thecollisionstrength[57, 58,59],


 ij , de�ned as:


 ij (" ) = ! i

�
" i

I H

�
� i ! j (" i )

� a2
0

= ! j

�
" j

I H

�
� j ! i (" j )

� a2
0

(2.2)

with thepropertythat it is symmetricalbetweeninitial and�nal statesdueto micro-

reversibility. ! i is the statisticalweight of the statei ; " i =IH is the relative impact

energy; � i ! j is the cross-sectionfor the transitionfrom statei to j ; anda0 and I H

representtheBohr radiusandRydberg energy respectively.

Fundamentalhelium–electronimpactstudieshave beencarriedout over the last

sixty years[60,61] with new, moredetailed,work building on the foundationof the

previous calculations. The calculationof fundamentalexcitation dataover the last

thirty yearshasbeenaidedby theuseof theR-matrixmethod[62]. TheR-matrixstud-

ies have gainedprecisionover time ascomputationalresourcesandtechniqueshave

improved[63, 64,65]. Theseimprovementshave resultedin variationsin thedatasets

dueto different levels of approximation.The failure of theoryto converge with ex-

perimentabove the ionisationthresholdin earlierstudiesis noted.This wasresolved

by including “pseudostates”to spanthe continuum; this will be returnedto in the

next section. As computingresourceshave increased,moredetailedapproximations

havebeenmadeandthesehavebeenshown by experimentto convergeon experimen-
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Figure 2.1: A comparisonof the calculationof the excitation collision strengthfor
He(1 1S� 2 1P) asa function of energy in termsof the thresholdparameter. It can
beseenthattherearequitelargedifferencesfrom earlierto latercalculations,andthe
latestwork carriedout in supportof thisstudyresolvesresonancesnearthreshold[69].
Seetext for moredetails.

tally acceptablevalues[66, 67,68, 69] — veri�ed by confrontationwith sophisticated

experiments[70, 71]. Figure2.1exempli�es theevolutionof collisionstrengthdatade-

rivedfrom R-matrixcalculations.Thethresholdparameterusedin �gure 2.1is de�ned

in termsof theprojectileenergy, " i , andthetransitionenergy, � E ij , as:

X =
" i

� E ij
(2.3)

Thecalculationof Badnell(1984)containsno couplingto thehigherboundstates

nor to the continuum. Berrington(1985)couplesto the n = 3 boundstates,but not

to thecontinuum.Onecanseethat the over-estimationof thecollision strengthnear

theexcitationthresholdhasbeenmostlyresolvedby theinclusionof thehigherstates

in the model. The calculationof Bartschat(1998)couplesto the boundstatesup to

n = 4, andalsoto the continuum. Onecanseethat the deviation in the vicinity of

the ionisationthreshold,X ' 1:2 hasbeenresolved in this calculation.Thework of
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Ballance(2003)builds on this baseto produceresonance-resolvedcollision strengths

from a morephysicallyaccuratecollisionmodel.

2.1 R-matrix and RMPS calculations

The close-coupling method[72], as developed for continuum Hartree–Fock

solutions[58], hasproven to be a practicalmeansof studyingelectron–ioncollision

phenomenasincethe individual behaviours of both the colliding andionic electrons

arerevealed. In its mostgeneralform, the close-couplingwavefunctionfor a quasi

two–electronsystemcanbeexpandedasthesumof productwavefunctionsassuming

angularcouplingandantisymmetrisation[73]:

	 ( ~r1; ~r2) =
X

i

� i ( ~r1) f i ( ~r2) +
Z

d~k � ~k ( ~r1) f ~k ( ~r2) (2.4)

In this completeexpansion,� i and� ~k arethe boundandcontinuumwavefunc-

tionsof theone-electronion. f i andf ~k arethewavefunctionsfor thescatteringelec-

tron,which aredeterminedby solvingtheclose-couplingequationswhich resultfrom

truncatingand/orapproximatingequation2.4.TheR-matrixmethodis widely usedfor

thispurpose.

Only a �nite close-couplingexpansioncanbe usedin a numericaltreatmentand

thechoiceof which termsto retainde�nestheartof performingelectron–ioncollision

calculationswithin basisexpansionmethods.Theearliestclose-couplingcalculations

for electron–hydrogencollisionscould only include the lowestsix statesdue to the

computationalpower availableat the time: 1s; 2s; 2p; 3s; 3p; 3d. It wasrealisedthat

theatomicpolarisability, which is givenby:

� =
X

`;n> 1

h� 1sj~r j� n` ih� n` j~r j� 1si
En` � E1s

+
X

`

Z
d~k

h� 1sj~r j� ~k` ih� ~k` j~r j� 1si
E~k` � E1s

(2.5)

received an 18.4%contribution from the secondterm in equation2.5[74]. This in-

dicatesthat the two-electroncontinuummustbe includedto describeaccuratelythe

polarisationof thehydrogenatomby anincomingelectron:animportantrealisationin

thedevelopmentof thecollisionmodel.

Studiesfollowing the Sturmianbasisset ideas[75,76] introducedthe so-called

“pseudostates”into theclose-couplingexpansion.Theseareunphysicalorbitalswhich,

in general,overlap the boundand continuumhydrogenicorbitals � n` and � ~k` . A

distinctly improvedconvergenceover earlierresultswasobtainedbut non-trivial dis-
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crepancieswith experimentremained.Despiteadvancesin computationalpower over

the subsequenttwo decades,andthe developmentof moresophisticatedpseudostate

methods[77], thedisagreementbetweentheoryandexperimentfor electron–hydrogen

collisionsremainedunresolved.

The developmentof “Converged Close-Coupling”(CCC)[78] resolved this dis-

crepancy. Thesolutionof theLippman–Schwinger(momentum–space)equationswith

a large expansionof Laguerrepseudo-orbitalsobtainedexcitationcross-sectionsthat

werein goodagreementwith experiment.This wasa signi�cant resultsinceit indi-

catedthat the two-electroncontinuumexpansionin equation2.4 couldbeadequately

representedby a �nite pseudostateexpansion. Furthermore,it was found that the

electron-impactionisationcross-sectionscould be extractedby analysingthe excita-

tion to thepseudostates[79].

TheBelfast(Wigner–Eisenbud)R-matrixcodes[62,80] arerelatively robustin that

they canbeusedto studyelectron–ionsystemsof arbitrarycomplexity. “R-matrixwith

Pseudostates”(RMPS)hasbeensuccessfullyusedto treattwo–electronprocessesin

thephotoionisationandelectron-impactexcitationandionisationof numerousatomic

systems[65, 81,82]. Figure2.2givesanexampleof thecollision strengthscalculated

usingtheR-matrixmethodfor neutralheliumexcitation.

Theenergy grid on which theR-matrix calculationis carriedout is extremely�ne,

andchosento resolvefully theresonancestructure.Section2.2exploreshow this large

densityof datapointsmaybereducedsafelyfor differentapplicationsof thedata,and

how the datacanbe includedwithin a databasestructuresuchasthe onethat forms

partof ADAS.

TheR-matrix methodtakesinto accountnumerousphysicaleffectsthatcontribute

to cross-sections,andis applicableto all kindsof ions,from neutralto highly ionised

species.Becauseof this, andin morecomplex species,the R-matrix methodcanbe

verycomputationallyintensive[83].

The R-matrix theorystartsby dividing the con�guration spaceusinga sphereof

radiusa centredon the target nucleus. In the inner region, r < a, wherer is the

relative coordinateof the free electron,electronexchangeand correlationbetween

the scatteredelectronandthe target areimportant. Thusa close-couplingexpansion

like that in equation2.6 is adoptedfor thesystem[84, 85]. In theouterregion, r > a,

electronexchangebetweenthefreeelectronandthetargetcanbeneglectedif a is large

enoughto containthechargedistributionof thetargetandthescatteredelectronmoves

in thelong-rangeasymptoticmultipolepotentialsof thetargetion. Theinnerandouter

regionsarelinkedby theR-matrix on theboundary, r = a. Thetotal wavefunction	

in theinnerregion for any energy E canbewritten in termsof theenergy independent

25



Figure 2.2: The resonancestructureresolved using the R-matrix with pseudostates
method[69]. Theseresonancescan in�uence non-Maxwelliandistributions[27] and
low-temperaturesystems.

basissetf  kg as[86,87]:

	 =
X

k

AE k  k (2.6)

whichsatis�esthetime-independentSchr̈odingerequation

ĤN +1 	 i = E	 i (2.7)

whereE is thetotal energy andtheHamiltonianis de�ned by

ĤN +1 =
X

i>j

1
r ij

�
X

i

�
1
2

r 2
i +

Z
r i

�
(2.8)

Theenergy dependenceis carriedby theAE k coef�cients. Thesurfaceamplitudes,

wij , areobtainedby diagonalisingtheHamiltonian.This leadsto thede�nition of the

R-matrixas:
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Rij (E) =
1
2a

X

k

wik (a) wj k (a)
Ek � E

(2.9)

The diagonalisationof the total Hamiltonianneedonly be carriedout once,yet

enablestheR-matrix to bedeterminedat all energies. This is the reasonfor thecon-

siderablecomputationalef�ciency of theR-matrixmethod.

Thescatteringmatrix, andthusthecross-sectionfor a transition,canthenbecal-

culatedby solving thescatteringproblemin theouterregion subjectto theboundary

conditionimposedby theR-matrix.

In the exemplarycollision strengthgiven in �gure 2.2, resonancestructureis ev-

ident nearthreshold.Physically, resonancesoccurwhenthe energy of the incoming

electronis closeto thatrequiredto gettrappedinto anautoionisingstateof theN + 1

electronsystemby redistributing energy with theN electronsystem.Sincetheelec-

tron remainstrappedfor a time beforeautoionisationtakesplace,a phaseshift occurs

in the scatteredwavefunctionthat manifestsitself as sharppeaksor troughsin the

cross-section.TheseresonancesappearasRydberg seriesconvergingontothevarious

excitationthresholdsof thetarget,asshown in �gure 2.3[88].

In complex ions with many levelsclosein energy, the seriesof resonancesoften

overlapandinterferenceeffectsoccurbetweentheboundandscatteringwavefunctions.

Therefore,the�ne detailof theseresonancescannotbereproducedby superimposing

anisolatedresonancefeatureon a backgroundcross-section[89]. This interferencein

theresonancestructureon thebackgroundcross-sectionis oneof themainsubtleties

handledby theR-matrixmethod.

Theeffective contribution to thecross-sectiondueto resonancestructureis a fur-

thermatterof note.It hasbeenfound,for example,thatthe1s2 1S0 � 1s2s3S1 transition

in He-like Feshows a factorof two differencein thecollision strengthwhenonein-

cludesresonancedetailcomparedto acalculationin which it is neglected[90, 91]. The

treatmentof resonancesat this modernlevel of sophisticationis thereforeof impor-

tanceacrossthe rangeof speciesfrom the helium focusedon in this work, through

to theheavy speciesof particularinterestdueto their proposeduseasplasmafacing

componentson ITER[92, 93, 94], their applicationsin discharge lithography[95] and

theirexistencein solarplasmas[96].

2.2 Inter val-averagingmethod

The mostsophisticatedcalculationof neutralhelium collision strengthsexecutedto

date,wascarriedout to supportthe studiesof this thesisby Ballance(2003). This

27



Figure2.3: The collision strengthof S+14 (1s2 1S� 1s2p1P). Onecanseethe reso-
nancesbunchedin aRydberg seriesconvergingon thevariousexcitationthresholdsof
thetargetHe-likesulphurion.
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Figure2.4: Theenergy resolutionof themostrecentR-matrix calculationfor neutral
heliumcomparedto thatof previousdatasets.ThedipoleexcitationHe(1 1S� 2 1P)
is usedin this illustration.

involveddetailedpseudostateexpansionsto spanthecontinuumwhile minimisingthe

in�uence on physicaldeliverables[69]. This calculationutilised a �ne energy mesh

at low projectileenergies, chosento resolve the resonancestructurein the collision

strengths.Figure2.4 shows differentcalculationsfor theexcitationHe(11S� 2 1P).

Onecanseefrom �gure 2.4thatthecalculationof Ballance(2003)paysgreatattention

to theresonanceregion, which in�uencesdistribution averagesusedto describelow-

temperatureplasmas.

Thelargequantityof dataproducedusingtheR-matrix methodis necessaryto re-

solve resonancestructureasshown in �gure 2.4 — where� 9000datapointswere

included— andmoreobviously, �gure 2.3— with � 30; 000datapoints.This quan-

tity of datais unsuitablefor storagewithin acompactdatabasestructurefor application

suchasADAS, which mustincludevery many reactions.Therefore,a processwhich

reducesthe total numberof datapointsnecessaryto de�ne a collision strengthaccu-

rately for applicationis required[97]. The methodof “interval-averaging”allows a

large R-matrix datasetto be reducedonto an energy grid of approximately40 � 50
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points,similar to theADAS standardenergy grid.

In orderto reducethe largenumberof pointsto a workablelevel, a preferredgrid

wasdecidedon, which would form a basefor the processeddataset. Betweentwo

pointsonthepreferredgrid, X k andX k+1 , theaveragecollisionstrengthin theinterval

is givenby:

h
 i X k ;X k +1 =
1

X k+1 � X k

X k +1Z

X k


 ij (X ) dX (2.10)

wherethequantitiesX k referto thresholdparametersde�ned in equation2.3.

Onemustnow considerthe abscissaeof the interval-averageddatacalculatedin

themannerabove. It is importantthatthegrid on which thedatais outputis weighted

towardsthepeaksin thecollisionstrength.If this is not takeninto account,theproce-

durewill displacetheresonancefeatures.In orderto calculatethe
 -weightedenergy,

the �rst momentof the collision strength,� , is calculatedfor all the intervals in the

preferredgrid.

� X k ;X k +1 =

X k +1Z

X k

X 
 ij (X ) dX (2.11)

Using � , the 
 -weightedvalueof the energy associatedwith an interval canbe

calculated.

hX i X k ;X k +1 = � X k ;X k +1

0

@

X k +1Z

X k


 ij (X ) dX

1

A

� 1

(2.12)

The interval-averagingprocesscanbe usedto take the high-resolutionR-matrix

collision strengthdataandreduceit to a moremanageablequantity. Figure2.5shows

theresonanceregion X 2 [1; 1:2] for He(1 1S� 2 3S) on a relatively sparsepreferred

grid.

Onecanseefrom �gure 2.5 that the interval-averageddataset follows the main

characteristicsof themuchlargerR-matrixdatawithout resolvingall of theresonance

detail. Figure2.6 shows the sameresonanceregion of the sametransitionbut with

a larger numberof points in the preferredenergy grid. Onecanseethat the larger

interval-averageddatasetfollows moreof the resonancedetail of the R-matrix data,

asonewould expect. However, this raisesthe questionof objectivity in the interval-

averageddataset. What is the number, anddensity, of pointsrequiredto follow the

resonancedetailadequately, without tabulating,andultimatelyarchiving, a vastquan-
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Figure2.5: Thecollisionstrengthfor thetransitionHe(1 1S � 2 3S) showing how the
interval-averagingtechniquefollowsthemaincharacteristicsof theresonancestructure
below thresholdwithout the needfor a large R-matrix dataset. In this region X 2
[1; 1:2] theR-matrixdatasethas� 7000datapointsandtheinterval-averageddataset
has14. It shouldbenotedthatoscillationsat X > 1:1 areunphysicalfeaturescaused
by thepseudostates.
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Figure2.6: The sameresonanceregion of the sametransitionin �gure 2.5, but with
a larger numberof datapoints in the interval-averageddataset. One can seethat
theinterval-averageddatasetfollows thevariationsin theR-matrix datamoreclosely
than that shown in �gure 2.5, asonewould expect. The objectivity of the dataset
is discussedin section2.2.1. It shouldbe notedthat the oscillationsat X > 1:1 are
unphysicalfeaturescausedby thepseudostates.

tity of data?This is exploredin section2.2.1.

2.2.1 Consideringdistrib ution averaging

It is appropriateat this point to introducethe different transitiontypesbrie�y men-

tioned earlier. This considerationis essentialin handlingcorrectly the distribution

averagingof collisionstrengths.

As theenergy E ! 1 , thecollision strength
 tendsto a simplelimiting energy

dependencedeterminedby thedominanttarget–projectileinteraction,andhenceby the

typeof transition.Thedifferenttransitionshavebeenclassi�edas[31]:

� Type1 transitionsareopticallyallowedandareinducedby electricdipoleinter-

actions.Thehigh energy behaviour of type1 transitionsis givenby the Bethe

approximation[98]:
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lim
" i !1


 = A ln " i (2.13)

� Type2 transitionsareoptically disallowedandaredueto electricmultipole in-

teractions.Thehigh energy behaviour of type2 transitionsis givenby theBorn

approximation[99, 100]:

lim
" i !1


 = B (2.14)

� Type3 transitionsareessentiallythosethatarenotdescribedby types1 or 2. In

theLS couplingschemethiscorrespondsto achangeof spinin thetargetsystem

duetoelectronexchange.In morecomplex systems,transitionswhichwouldfall

in to thetype3 categoryin LS couplingcanhaveeitherdipoleor Bornlimits, due

to mixing of angularmomenta,taking theminto type 1 or 2. The high-energy

behaviour of thetype3 transitionsis givenby theOchkurapproximation[101]:

lim
" i !1


 = D="2
i (2.15)

whereA; B andD areconstants.

It is notedfor completenessthat in thecasewheretheoscillatorstrengthof what

appearsto be an electricdipole transitionis very small, a slight modi�cation of the

type1 treatmentmayberequired;thealterationsarediscussedin [31]. TheBurgess–

Tully scalingof thecollision strengthswereusedextensively duringthiswork sinceit

allowsthein�nite energy rangetobemappedontothe�nite range[0; 1]1. TheBurgess–

Tully y-transformationgivesthe in�nite-energy limit point for a transitionon a �nite

range.This is especiallyvaluablegiven,asE ! 1 , 
 ! 1 for an electricdipole

transition.See[100]. TheBurgessC parameterstretchestheabscissaesuchthatboth

thresholdandasymptoticregionscanbeinvestigated.In thefollowing applicationsof

this work, thede�nitions of theBurgesstransformationsaresuchthatC is chosento

placetheionisationthresholdat x = 0:5.

Type1

x = 1 �
ln C

ln (X � 1 + C)
(2.16)

y (x) =



X � 1 + e
(2.17)

1It is notedthata valueof x = 1 correspondsto an in�nite energy, suggestingtherangeshouldbe
x 2 [0; 1); however, thein�nite energy limit point is well de�ned,sotherangeis denoted[0,1].
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where y (0) = 
 (0) and y (1) = 4S=3 can be obtained using the Bethe

approximation[98] andwhereS is theline strength.

Type2

x =
X � 1

(X � 1 + C)
(2.18)

y (x) = 
 (2.19)

wherey (0) = 
 (0) andy (1) canbeobtainedusingtheBornapproximation[99].

Type3

x =
X � 1

(X � 1 + C)
(2.20)

y (x) = X 2
 (2.21)

wherey (0) = 
 (0) andy (1) canbeobtainedusingtheOchkurapproximation[101].

The interval-averagingmethodcanevidently returnvarying levelsof congruence

dependingon the numberof datapoints in the preferredenergy grid, asexempli�ed

in �gures 2.5 and2.6. In orderto instill a morerigorousobjectivity in decidingthe

numberof datapoints in the reduceddataset, we must considerhow the collision

strengthswill beused.

In the majority of applications,one is interestedin the collision strengths,
 ,

whenthey have beenaveragedwith a Maxwellianelectrondistribution function. This

distribution-averagedcollisionstrengthis denoted,� . In orderto ensureawell-de�ned

distribution-averagedcollision strength,onemustconsiderthe“energy scalelengths”

of the interval-averagedcollision strengthanddistribution function,which in general

arelow-ordernumericalrepresentations.

� � 1

 =

�
�
�
�
1



d

dX

�
�
�
� =

�
�
�
�
d ln 


dX

�
�
�
� (2.22)

and

� � 1
f =

�
�
�
�
1
f

df
dX

�
�
�
� =

�
�
�
�
d ln f
dX

�
�
�
� (2.23)

To guaranteea well-de�ned averageis formed,sothattheinterval-averagedcolli-

sionstrengthis suf�cient to representaccuratelythevariationof thedistribution func-

tion, the distribution function must vary on a longer scalelength than the interval-

averagedcollision strengthin theresonanceregion betweentheexcitationandionisa-

tion thresholds.It is importantto noteat this stage,thederivativesin equations2.22
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Figure2.7: Theenergy scalelengthsfor aMaxwelliandistributionatfour temperatures
from 10–100eV andthatof theinterval-averagedcollision strengthsfor thetransition
He(1 1S� 3 3P). The independentvariablex follows theBurgessC-plot transforma-
tion, with C chosento placetheionisationthresholdat x = 0:5.

and2.23arecalculateddiscretelyon theinterval-averagedcollision strengthsandtab-

ulateddistribution function. This resultsin thescalelengthsbeingdependenton the

numberof datapointsrepresentinga particularregion. Figure2.7 illustratesthe en-

ergy scalelengthsof a setof interval-averagedcollision strengthsandof Maxwellian

distribution functionswith four temperaturesfrom 10–100eV.

Figure 2.7 shows the scalelengthsas a function of reducedenergy using the

Burgessx transformationgiven above. As previously mentioned,the test criterion

for whethertherewill beawell-de�nedeffectivecollisionstrengthis: in theresonance

region,wherethecollision strengthsarenot smoothlyvaryingin their limiting energy

dependence,� 
 < � f . Onecanseefrom �gure 2.7thatthecriterionis satis�edfor all

four temperatures,exceptatx � 0:1.

It is thereforenecessaryduringtheinterval-averagingprocessto calculatethescale

lengthsof theaverageddataandcomparewith thescalelengthsof thedistributionfunc-

tion beforeforming� . In �gure 2.7theregionaroundx = 0:1hasaninterval-averaged
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Figure2.8: Illustratesthesamedataasthatshown in �gure 2.7whenmoredatapoints
areincludedin theinterval-averagingquadratures.This is suf�cient in thiscaseto pro-
ducewell-de�ned effective collision strengthsfor temperaturesgreaterthanapproxi-
mately10 eV.

collisionstrengthwhichvariesonascalelengththatis too longto form awell-de�ned

averagewith theMaxwellian distributionsat 10 eV and20 eV. It would thereforebe

necessaryto include more points in that vicinity during the interval-averagingpro-

cessif onerequiredeffectivecollision strengthswith Maxwelliansin thattemperature

range.Figure2.8shows theoutcomeof addingmoredatain theunsatisfactoryregion

of �gure 2.7. Onecanseethat the inclusionof extra pointsin this region is suf�cient

to reducethescalelengthof the interval-averagedcollision strengthsto valuesbelow

thatof thedistribution functions.

Theinterval-averagingprocesscanthereforebeeffectivelyusedto reducethequan-

tity of dataarchivedfrom thetens-of-thousandsof R-matrixdatapointsto aroundthirty

to �fty withoutthelossof theimportantphysicalcontributionsto thecollisionstrengths

from theresonancestructurebelow the ionisationthreshold.A graphicaloverview of

theinterval-averagingprocessis givenin �gure 2.9.

The preferredgrid usedto producethe �nal interval-averageddata�le is de�ned

36



Coll. Strns
Pref. Grid
Dist. Func.

Start

Average
Interval

Calc. scale
lengths

to be added?

Allow points

type 1 file
Write ADF04

Add points

Well defined
Y?

End

NO

YES
NO

YES

Figure2.9: A graphicaloverview of theinterval-averagingprocess.Onecanseehow
thebasicnumberof preferredenergy grid pointsis de�ned andthis preferredgrid can
be augmentedwith additionaldatapoints if necessaryto producea well-de�ned �
from 
 andthedistribution function.
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and an optional input relating to the distribution function usedwith the collision

strengthsto producethe distribution averagedcollision strengths� are also deter-

mined. If the distribution function is not provided then a straight-forward interval-

averageis carriedout without calculatingscalelengthsandBurgesstransformations;

the output datais on the preferredgrid supplied. If a distribution function is sup-

plied,thescalelengthsof theinterval-averagedcollisionstrengthsarecalculatedanda

comparisonmadewith thedistributionfunction'sscalelengthsto determinewhethera

well-de�ned effectivecollision strengthcanbeproduced.If thescalelengthsaresuch

thatthereis awell-de�ned � , thatis � 
 < � f in theresonanceregion,anADF04type1

�le is written. If � 
 > � f in theresonanceregion, theprocedurecanaddextra points

to thegrid beforecalculating� . It shouldbenotedthatif oneallowsextradatapoints

to beaddedto theinterval-averageddataset,it will bethislargersetof datathatis writ-

ten to the �nal ADF04 �le. This is thebestcourseof actiongiven that the resonance

structurebelow thresholdcouldhave varyingdegreesof in�uence on aneffectivecol-

lision strength. To illustrate this point oneonly hasto considerthe effect of taking

a distribution centredon the resonanceregion andvarying the width of the function.

As the functionnarrows, the in�uence of thepeaksandtroughsin theresonantcolli-

sionstrengthwill manifestitself moreandmoreto thepoint wherea mono-energetic

distributionwouldbefully susceptibleto thevariationsof theresonances.

Thereareclassesof non-Maxwellianelectrondistribution functionsof particular

interestin appliedplasmaphysics,bothin thelaboratoryandin astrophysicalcontexts.

A thoroughdiscussionof the treatmentof non-Maxwelliandistribution functionsis

givenin [102]. Figure2.10shows a similar plot to thosein �gures 2.7 and2.8,how-

ever, it shows a family of � distributions,which arerelevantto astrophysics.Theplot

in �gure 2.10shows how thescalelengthsof theinterval-averagedcollision strengths

comparewith thoseof different � distributionsfor a characteristiceffective temper-

ature,Te� , of 50 eV. Thehigh-energy tail associatedwith the� distribution is evident.

Theeffective temperatureis de�ned by:

kTe� =
2 �E
3

(2.24)

where

�E =

1Z

0

Ef (E) dE (2.25)

This parameterisesthe � functionsin the sameway the “real” temperature,Te,

parameterisesaMaxwellian.

Figures2.7 and2.8 show the scalelengthsof the Maxwellian distributionsto be
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Figure 2.10: A similar comparisonto thoseshown in �gures 2.7 and 2.8 with the
importantdifferencethat thesecurvesshow comparisonsof scalelengthsfor a family
of � distributions,whichareof particularrelevanceto astrophysicalplasmas.Thefour
distributionsall haveaneffective temperatureTe� of 50eV.
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constantasa functionof the reducedenergy abscissax. This is to beexpectedfrom

thede�nition of thescalelengthsgivenin equations2.22and2.23. Onecanseefrom

�gure 2.10 that the non-Maxwellian� distributionsdo not necessarilyhave a scale

lengthwhich is constantwith reducedenergy; again,this is evidentfrom thede�nition

of thescalelengths.Therefore,thescalelengthsthemselvescanbeusedto quantifya

distribution function's deviation from theMaxwellian. From�gure 2.10onecansee

that the scalelengthof the � = 2 caseis clearly not constant,but as� ! 1 the �

distributions' deviation from Maxwellian tendsto zero. This is not an unimportant

point sincetheatomicphysicsfor Maxwelliandistributionsof freeelectronsis well-

de�nedandwell understoodby theplasmaphysicscommunity. Therefore,it wouldbe

usefulto know at whatpoint a truly non-Maxwelliantreatmentof theatomicphysics

processeswithin a plasmais necessary, andwherea Maxwellian approximationcan

bemadeto areasonabledegreeof accuracy. Thefull non-Maxwelliantreatmentof the

atomicprocessesis givenin [27] andadiscussionof theuncertaintyin theatomicdata

is discussedin section2.3.2of this thesis.Figure2.11shows how thescalelengthof

the� distributionvariesfrom low � to thehigh � Maxwellianlimit for Te� = 50eV.

Onecanseefrom �gure 2.11thattheintermediatecasesformacontinuumconverg-

ing from low � to thehigh� limit. Theconstantvalueof thescalelengthcorresponding

to theMaxwellianwith Te = Te� is clearlya functionof theeffectivetemperature,that

is, thewidth of thedistribution. Therefore,if onewereto choosearelatively low effec-

tivetemperature,theresultcouldbequitedifferentfrom thatin �gure 2.11.Figure2.12

showsthecasefor Te� = 5eV andonecanseethattheconvergenceonthehigh� limit

is very differentfrom theTe� = 50eV case.For low Te� , thescalelengthsof thelow

� distribution areshorterthantheMaxwellianwith correspondingTe at low energies,

but longerthantheMaxwellianathighenergies.Thisemphasisesthepoint thatcareis

neededwhenconsideringtheneedfor a full non-Maxwelliantreatmentof theatomic

physicsrelatingto theprocessestakingplacein aplasma,or if thesimplerMaxwellian

assumptioncanbemade.

Section2.2 hasoutlinedanddiscussedthe mathematicalmethodof the interval-

averagingtechniqueandthe implicationsandconsiderationsof thetechnique's appli-

cationto theproductionof distribution averagedcollision strengths.Importantpoints

remainregardingarchiving andanalysingfundamentalcollision datain thecontext of

theADAS project.Theseconsiderationsare:

� how interval-averagedR-matrixdatacompareswith previousdatasets;

� usingthisnew datato de�ne the`ADAS preferreddatasets';

� determiningthedegreeof uncertaintyin thefundamentaldata.
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Figure2.11: The two limiting valuesof low andhigh � with intermediatevalues. It
is clearthatas� ! 1 thescalelengthstendto theconstantvalueassociatedwith a
Maxwellianof Te = Te� . This is thecasefor Te� = 50eV. � = 2:0 is usedto illustrate
thelow-� limit.
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Figure2.12: A differentpictureof the scalelengths' variationwith � at a relatively
low effectivetemperaturewhencomparedwith thehighereffectivetemperatureshown
in �gure 2.11.Again, � = 2:0 is usedto indicatethelow-� behaviour.
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Thesepointswill bediscussedin section2.3.

2.3 Mergeddata analysis

Therehave beenseveral instancessincethe ADAS project[56] beganwhenthe colli-

sionalexcitationdatafor a particularion hasbeenreworked,leadingto differentgen-

erationsof data.In thecaseof neutralhelium,theoriginal ADAS preferreddatafrom

1993wasaugmentedwith animproveddatasetin 1998[103] andagainin 2000[104]

beforethemostrecentrevision,carriedout in supportof this work, in 2003[69]. This

processleadsto theproductionof ADAS “preferred”datasets.

ADAS is madeupof threesectionsthatareavailableto theusersof theADAS system

anda fourth thatis madeavailableto recogniseddevelopers.Thesesectionsare:

� onlineADAS;

� of�ine ADAS;

� atomicphysicsdatabase;

and

� spreadsheetsfor fundamentaldataanalysis.

“Online ADAS” is a seriesof computercodes,with themain physics-relatedcon-

tentwritten in FORTRAN andthedisplaycodeswritten in IDL. Theseseriesof codes

canbeusedto interrogateADAS datawith a centrallymaintainedvisual interfacethat

is consistentandfamiliar throughoutthe differentseries. This aspectof ADAS is of

particularimportancewhentheprimarypurposeis usingADAS datawithin theoretical

models;this interfaceallows oneto inspectimportantatomicdatausedwithin atomic

models,suchasphotonemissivity coef�cients or ionisationratecoef�cients[105].

“Of�ine ADAS” is usedfor larger-scalecalculationswhich demandmorecompu-

tationalpower, time, andareunsuitablefor interrogationin a real-timeuserinterface

environment[106, 107]. The computercodesthat make up of�ine ADAS are largely

similar to thosefoundin onlineADAS, but cancontainfeaturesthatallow particularly

largeproblemsto betackled[56].

Theatomicphysicsdatabasecontainedwithin ADAS is oneof thelargestreposito-

riesof fundamentalandderivedatomicdatain theplasmaphysicscommunity[108]. It

is widely usedin the�elds of nuclearfusionandastrophysicalresearchby laboratories

aroundtheworld, with themajority of theworld's leadingfusion laboratorieshaving

accessto theADAS database[109, 110, 111].
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The developmentwork on the ADAS datasetstake placewithin the dataspread-

sheets,whicharemadeavailableto recogniseddevelopers,andit is thesespreadsheets

whichwereusedto form thenew ADAS preferreddatasetasa resultof thiswork.

2.3.1 Databasecollision strengths

Theapproximationsusedin R-matrix collision calculationsdo not lendthemselvesto

spanningthe full energy rangerequiredby the ADAS datasets. For example,an R-

matrix calculationis only valid to an energy half the valueof the highestcontinuum

energy used;therefore,theR-matrix with pseudostatescalculationdescribedabove is

inappropriatefor spanningenergiesup to perhaps105 timestheexcitation threshold,

asis requiredby ADAS. TheADAS spreadsheetsallow developersto visualiseall of the

dataavailablefor a particulartransitionin anion, andmergedatasetsto give thebest

accuracy over the necessaryenergy range. Figure2.13 shows the collision strength

datafor He(1 1S� 2 3S) containedwithin theADAS spreadsheet.

The ADAS preferreddatashown in the lower plot of �gure 2.13hasa very well-

de�ned behaviour for thehigherenergiesof X > 2 dueto theasymptoticbehaviour

as the energy increasespast the ionisation threshold2. The spin changetransition

He(1 1S� 2 3S) can be seento tend to zero as the energy increases,as one would

expectfrom section2.2.1,andit is in theregion X < 2 wherethepreferreddatahas

changedover time. Theupperplot of �gure 2.13shows theindividual calculationson

whichtheADAS preferreddatasetshavebeenbased.Thelatestneutralheliumwork of

Ballance(2003)givesfar largeremphasisto theresonanceregion thanin previouscal-

culations.Thereforethemostrecentcalculationdeservesconsiderationin this region.

Thefactthata calculationdelivershigherresolutiondatain a particularenergy region

doesnot meanthat thecalculationis moreaccuratein this region, hencetheneedfor

a quanti�able measureof the uncertaintyin a particulardataset; this is discussedin

section2.3.2.

Giventhediscussionabove regardingtheconsiderationof thecollision strengths'

energy scalelengthscomparedwith thoseof the particulardistribution functionsof

interest,it is clearthat the merging of collision strengthdatafrom differentcalcula-

tions to form an ADAS preferredcollision strengthis an incompletetreatment.The

datarequirementof ahighTe Maxwelliandistributioncanbevastlydifferentfrom that

of a near-mono-energeticnumericallytabulateddistribution,soonemight wonderthe

rationalebehindproviding a datasetthatis of limited useto thewider ADAS commu-

2It shouldbe notedthat the x-axis of the plots in �gure 2.13 is X � 1. This puts the excitation
thresholdat zeroon this scaleallowing the logarithmicscaleto expandmorefully the energy region
nearthreshold.
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Figure2.13:Datafrom theADAS spreadsheetsfor thespinchangetransition11S� 23S
of neutralhelium.OnecanseethattheADAS preferreddatasetsarein goodagreement
with oneanotherin thehighenergy regime(X � 1) > 1, but therearevariationsin the
datacloserto theexcitation threshold.Thenewestdatasetrepresentstheresonances
nearthreshold,but doesnot extendto very high energy; in this casejust over twice
the excitation threshold. The ionisationpotentialis marked `IP' andhasa valueof
X � 1 ' 0:24.
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nity. The detailedtreatmentgiven to the datain this work meansthe preferreddata

will beappropriatefor mostapplications,anddocumentationis providedat thefoot of

anADF04 type1 datasetgiving informationon thesourceof thedata,any processing

thathasbeencarriedout andthedeveloperwhoproducedthedataset.

2.3.2 Databaseuncertainty estimates

As discussedpreviously, differentlevelsof approximationresultin differentlevelsof

physicalquality in thedatathatis calculated.For example,anR-matrixcalculationcan

resolve theresonancedetailnearthresholdwhereasa distortedwave[112] calculation

cannot.Thedistortedwave methodneglectsthecouplingof the target andprojectile

electron,hencecannotdirectly includeresonanceswhich representcompoundstates

in the N + 1 electronsystem. Resonancescanbe superimposedon distortedwave

calculationsusing a perturbative method[89], however, they ariseautomaticallyon

solvingtheclose-couplingequationsusedin anR-matrixmethod.Thisdoesnotmean

R-matrix calculationscancompletelysupplantdistortedwave. Sincethe resonance

contributionscannotbescaledalongisoelectronicsequences,it is notpossibleto scale

resonance-resolved collision strengthsobtainedfrom an R-matrix calculation,while

thoseobtainedby thedistortedwaveapproximationcanbescaled.Therefore,distorted

wave is animportantmethodin its own right andcanprovideconvenientbaselinedata

thatis not possiblewith R-matrix. This raisestheissueof quantifyingtheaccuracy of

a givencalculationcomparedwith otherapproximationsand,in particular, compared

with previousdatasets.This is theseconduseof theADAS spreadsheets.

Thereareseveral differentaspectsto be consideredregardingthe relative uncer-

tainty in collisionstrengthdata.If two datasetshaveasystematicshift relativeto each

other thenthereshouldclearly be an uncertaintyrelatedto this shift. However, if a

new datasetcontainedresonancestructure,therewould beshifts from previousdata

sets,but thenew datawouldmoreaccuratelyrepresentthephysicalnatureof thecolli-

sionstrengths.This indicatesuncertaintyrelatedto theresonances'departurefrom the

previousdatasetshouldhave lessweightingthanasystematicshift.

Themethodusedto estimatetheuncertaintyin a new datasetdependson several

steps.Theseare:

� determinationof three“critical” pointsin theenergy grid:

– ionisationthreshold;

– twice theionisationthreshold;

– � ve timestheionisationthreshold;
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� divisionof theenergy grid usingthesecritical points;

� determinationof oscillatorybehaviour of collisionstrength;

� calculationof thenew data'sdeviation from previousdatasets;

� compilationof informationto estimatetheuncertaintyof thenew dataset.

The energy grid is divided into regions de�ned by the critical points; thesere-

gionsreferto domainswith disparatephysicalcharacteristics.The�rst energy region,

boundedby theexcitationthreshold,X e, at its lower limit andtheionisationthreshold,

X i , at its upperlimit, exhibits large resonancesthatdo not exist in theotherregions.

In theregion [X e; X i ] theresonantnatureof thecollision strengthsmeansthattheun-

certaintycannotbeevaluatedusinga simplecalculationof thedeviation. Thesecond

region [X i ; 2X i ] hasno resonances,but maycontainoscillationsat a lower frequency

to thosein the [X e; X i ] domain. Theseoscillationsarenon-physicalartifactsof the

pseudostates.The collision strengthsin the region [2X i ; 5X i ] behave principally as

their asymptoticdependencedictatesandthereforethe largestcomponentin the un-

certaintycalculationis dueto systematicshifts in onecalculationrelative to another.

Table2.1showsanexcerptfrom theADAS spreadsheetsfor theexcitationfrom 1 1Sto

2 3S in neutralhelium. Thetablehasthethree`critical' pointsdetailedabove,andthe

valueof thecollision strengthat thoseenergiesfor theparticulardataset;in this case

the1993ADAS preferreddataset. In thecasewhereoneof theseenergiesis not ex-

plicitly tabulatedon thespreadsheet,a linear interpolationis carriedout to theenergy

of interest.

The next part of table2.1 shows the maximum,minimum andaveragevaluesof

thecollision strengthin the threeenergy domainsde�ned by thecritical points. The

third partof table2.1givesthefractionalchangebetweenthemostrecentdata,denoted

“[6]”, andthe1993ADAS preferredset,“[1]”. Thedatais analysedin a similar way

for theremainingdatasetsuntil onereachesthenewestset. Table2.2 shows another

excerptfrom the ADAS spreadsheetsfor thenewestcalculation.Onecanseethat the

layoutof thedatais similar to thatin table2.1,but ratherthanthethird partof thetable

giving thefractionalchangein thedata,it showsthemaximum,minimumandaverage

of thefractionalchangesgivenby theolderdatasets.

Theinformationin thethird partof table2.2canthenbeusedto assembletheerror

estimationfor thedataset:

� �rstly , the maximum contribution to the uncertaintywas taken: this is the

Max.[1-5] datain table2.2;
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[1]
Critical points

X 

1:241 5:79� 2

2:482 3:16� 2

6:203 9:04� 3

Max. Min. Ave.
9:67� 2 5:75� 2 6:48� 2

5:79� 2 3:16� 2 4:50� 2

3:16� 2 9:04� 3 1:99� 2

j[1] � [6]j=[6]
3:30� 2 3:76� 2 1:14� 1

5:39� 2 2:73� 3 2:64� 2

2:73� 3 2:73� 2 2:64� 2

5:79� 2 denotes5:79� 10� 2

Table2.1: Datacontainedin part of the uncertaintyanalysisspreadsheetfor neutral
helium.Thisdatais takenfrom the1993ADAS preferreddataset.Seetext for details.

[6]
Critical points

X 

1:241 6:03� 2

2:482 3:15� 2

6:203 8:80� 3

Max. Min. Ave.
1:00� 1 5:97� 2 7:31� 2

6:12� 2 3:15� 2 5:23� 2

3:15� 2 8:80� 3 2:04� 2

Max.[1-5] Min.[1-5] Ave.[1-5]
3:57� 1 3:33� 1 9:71� 2

9:90� 2 1:73� 1 1:13� 1

7:90� 2 2:24� 1 1:22� 2

6:03� 2 denotes6:03� 10� 2

Table2.2: Datacontainedin part of the uncertaintyanalysisspreadsheetfor neutral
helium.This is datafrom thenewestcalculationby Ballance.Seetext for details.

48



Domain A% B% Ave. A&B Meth. low Meth. high Final err. %
[X e; X i ] 35:7 9:7 22:7 3:0 10:0 10:0
[X i ; 2X i ] 17:3 11:3 14:3 3:0 10:0 10:0
[2X i ; 5X i ] 22:4 1:2 11:8 3:0 10:0 10:0

Table2.3: Data in the �nal uncertaintyestimationof He(1 1S� 2 3S). Seetext for
details.

Domain A% B% Ave. A&B Meth. low Meth. high Final err. %
[X e; X i ] 81:6 10:5 46:1 3:0 10:0 10:0
[X i ; 2X i ] 9:2 4:4 6:8 3:0 10:0 6:8
[2X i ; 5X i ] 10:9 3:1 7:0 3:0 10:0 7:0

Table2.4: Data in the �nal uncertaintyestimationof He(1 1S� 2 1S). Seetext for
details.

� secondly, theaveragedatawastakenfrom Ave.[1-5] in table2.2;

� �nally , thesetwo errorcontributionswereaveraged.

This �nal averageuncertaintyis comparedwith valuesconsideredto bethemax-

imum and minimum errors possiblefor the methodof calculationand transition

type[113]. If thecalculateduncertaintylies below the lower limit for thecalculation

methodor abovethemethod'supperlimit, theerroris setat thecorrespondinglimiting

value. If theuncertaintylies within theboundssetfor themethodandtransition,this

valueis setasthe uncertaintyfor that particularenergy region. Table2.3 shows the

detail of this, with error A anderror B datacomingfrom the �rst andthird columns

respectively of table2.2.

Onecanseefrom table2.3 thatthelower andupperboundson theuncertaintyfor

thetransitionHe(1 1S� 2 3S) are3%and10%respectively[113]. For thethreeenergy

regionsde�ned by thecritical points,theuncertaintyis setto theupperlimit of 10%;

this is characteristicof the type 3 transition,with types1 and 2 generallygiving a

lower level of uncertainty. Table2.4shows similar datato thatcontainedin table2.3,

but for thenon-dipoleallowedtype2 transitionHe(1 1S� 2 1S). Onecanseethatthe

resonanceregionhasanuncertaintysetto thelimiting valueof 10%,but theothertwo

energy regionshaveloweruncertaintieswithin theboundsof themethod.Thelimiting

valueson theuncertaintyscalewith theprincipalquantumnumberof the initial state

in theexcitationreaction,increasingwith every increasein n. That is, transitionsout

of n = 2 or n = 3 have largeruncertaintiesthanthoseout of thegroundstatedueto

increasinguncertaintiesin themethodusedin thecalculation.
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Figure2.14: Collision strengthsfrom the 2005ADAS preferreddatawith the uncer-
taintiesincludedascalculatedon the ADAS spreadsheetsandcontainedin the newly
de�ned .err �le.

With the uncertaintiescalculatedin the differentenergy domainsde�ned by the

critical points,onecanattachanuncertaintyto everydatapointcontainedin theADF04

type1 �le. A new dataformatwascreatedwith thesameformatastheADF04 type1

�le, but wheretherearecollision strengthsin thestandard�le, thereareuncertainties

in the new �le. Every dataset createdin this way consistsof two �les; for exam-

ple, helike idp04he0 t1.dat andhelike idp04he0 t1.err . Therefore,

for every datapoint in helike idp04he0 t1.dat , thereis a correspondingpoint

in helike idp04he0 t1.err thatde�nes theGaussianhalf-width uncertaintyin

that datapoint. Figure 2.14 shows the 2005 ADAS preferreddatafor the transition

He(1 1S� 2 1S) with theuncertaintyincludedfrom thecorresponding.err �le.

2.3.3 Data error propagation

Theimplicationsof themethodsanddetailsoutlinedin section2.3arefar-reachingin

the�eld of atomicmodelling.Thedetailedcollision strengthdatacanbeproducedon

anentirelycustomisableenergy grid from high-resolutionR-matrixdata.This is com-
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plementedby anequallydetailedbreakdown of theuncertaintyin theunderlyingdata.

A theoreticaluncertaintyfrom thecollision strengths,
 , to thedistribution-averaged

collisionstrengths,� , andthroughthederivedatomicreactionratecoef�cients to data

suchasphotonemissivitiescanbepropagatedusingthis underlyingdata.This allows

uncertaintybarsto be attachedto theoreticallyanticipatedspectraanddeterminedi-

rectly whethermodelsagreewith experimentalmeasurementswithin theaccuracy of

theapproximationsusedin thefundamentalcalculations.

Work is on-goingto allow uncertaintyin fundamentalelectron-impactdatato be

carriedthroughto an observable. A photonemissivity coef�cient canbe calculated

from thecollisional-radiativematrix,soif thefundamentaldatacontainedin thematrix

— that is excitation/de-excitationratecoef�cients, ionisationandrecombinationrate

coef�cients etc. — hadan associateduncertainty, samplingthedatafrom within the

Gaussianuncertaintiescontainedin thefundamentaldatacanprovidederiveddatawith

correspondinguncertainties.

The developmentandprovision of the routinesdescribedconstitutean extension

to this work. With the fundamentaldataavailableandthe methodsdescribedin sec-

tion 2.3, they will provide anvaluabletool to boththeoristsandspectroscopists.Sec-

tion 4.4of this thesisdiscussesaMonteCarlostatisticalsamplingroutinedevelopedto

determineuncertaintiesin metastablepopulations.This routineallows oneto include

uncertaintyin theunderlyingatomicdatain its populationevaluation.Thepairedcol-

lision strengthanduncertaintydatadescribedabove provide the startingpoint for an

uncertaintypropagationanalysis.

2.4 Generalisedcollisional-radiativemodelling

Thischapterhasdiscussedthecalculationandproductionof fundamentaldatarequired

to determinetheexcitationandde-excitation reactionratecoef�cients for anatomor

ion. The populationsof different metastablesof different ionisationstagesdirectly

control thespectralemissionobservedfrom a speciesandshallbedeterminedfor the

neutralheliummodellingin chapter4.

“Generalisedcollisional-radiative”, or GCR, modellingdealswith themodellingof

excitedpopulationsof ionsandtheionisationandrecombinationto adjacentionisation

stagesin thepresenceof long-lived,dynamicallyevolving metastables[29]. In chap-

ter1 it wasnotedthatthecollisional-radiative lifetime of anordinaryexcitedstate,� o,

waslessthanthelifetimesof thegroundandmetastablesstates,� g; � m . For thisreason

the populationsof the excited statesare in quasi-staticequilibrium with the popula-

tions of the groundandmetastablesstatesof an ion. That is to say, the population
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structureof an atomor ion is de�ned by the local conditionsin the plasmaandthe

resultantpopulationsof the groundandmetastablestates.The populationstatistical

balanceequationsare:

Cij N j = Ne N+ � i �
dN i

dt
(2.26)

This systemcanbepartitionedinto thegroundandmetastablepart,which have a

time dependenceon their populations,andtheexcitedstates,which arein quasi-static

equilibriumwith theinstantaneouspopulationof themetastables.Thiscreatesasystem

of equationsfor generalisedcollisional-radiative theory which can be conveniently

expressedin matrix notation. HereGreekcharactersindicatedynamicstates,Roman

charactersindicatequasi-staticexcitedstatesandbarredsymbolssuchas �Cij indicates

all quasi-staticexcitedstates.

2

6
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C��
... �C�j
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0

3

7
5 (2.27)

Fromequation2.27it is evidentthat

�Ci� N � + �Cij N j = Ne N+ �� i (2.28)

which,uponre-arrangement,becomes

N j = �C � 1
j i

�
Ne N+ �� i � �Ci� N �

�
(2.29)

Thisshows thepopulationsof theexcitedstatesof theion canbedeterminedfrom

thegroundandmetastablepopulations,N � . Therefore,theentirepopulationstructure

of anion canbede�ned as

�
C�� � �C�j

�C � 1
j i Ci�

�
N � = Ne N+

�
� � � �C�j

�C � 1
j i �� i

�
�

dN �

dt
(2.30)

by substitutionof equation2.29into equation2.27.

TheGCR modelcanbeusedto calculatetheoreticallyanticipatedemissionfrom a

plasma.Themodelandcalculationsrelevantto this work areoutlinedin chapter4. It

is thereforefruitful to derive a connectionbetweentheemissionfrom a speciesin the

plasmaandthe populationscalculatedusingthe expressionsin equation2.30. From

equation2.29onecanseethat the populationsof the excited statesarecomposedof
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two components:anexcitationcomponent

X = �C � 1
j i

�Ci� N � (2.31)

anda recombinationcomponent

R = Ne N+
�C � 1

j i �� i (2.32)

Multiplying theexpressionfor theexcitedpopulationsin equation2.29by thespon-

taneousemission,or EinsteinA, coef�cient gives:

A j ! k N j = A j ! k Ne N+
�C � 1

j i �� i � A j ! k
�C � 1

j i
�Ci� N �

=

"
� A j ! k

�C � 1
j i

�Ci�

Ne

#

Ne N � +
�
A j ! k

�C � 1
j i �� i

�
Ne N+

(2.33)

The termsin brackets have the dimensionalityof reactionrate coef�cients: the

bracketedtermontheleft is referredtoasthe“excitationphotonemissivity coef�cient”

drivenby the � th metastable,andthe termon theright asthe“recombinationphoton

emissivity coef�cient”, denoted:

PEC(excit: )
j ! k;� = �

A j ! k
�C � 1

j i
�Ci�

Ne
(2.34)

PEC(r ecom:)
j ! k = A j ! k

�C � 1
j i �� i (2.35)

ADAS[56] is usedto calculatethe photonemissivity coef�cients for a particular

spectralline for givenelectrontemperatureanddensityin theplasma.UsingtheGCR

pictureoutlinedin this section,it is possibleto modeltheevolving populationsof the

dynamicmetastablestatesand, further, calculatethe populationsof the quasi-static

excitedstateswhich arein instantaneousequilibriumwith themetastablestates.

At this stagewe will considerthe timescalesof the atomic processesthat can

changethepopulationstructureof anatomor ion to determinetheir relevanceto this

work. As mentionedbrie�y in chapter1, the main atomic processesthat drive the

populationstructure,andhenceemission,in a tokamakareexcitation,de-excitation,

ionisationandrecombination.We will now considerthe time scalesassociatedwith

theseprocessesstartingwith thosewhich coupleadjacentionisationstages.

Considerthe time scaleof a typical ionisationfrom the groundstateof helium.

Using the centralADAS collisional-dielectronicionisationrate coef�cient shown in

�gure 2.15andcollisional-dielectronicrecombinationcoef�cient to thegroundstate,
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Figure2.15:CentralADAS collisional-dielectronicionisationratecoef�cient outof the
groundstateof neutralhelium.

shown in �gure 2.16,it is possibleto deduceapproximatevaluesfor thetimescalesof

theionisationandrecombinationprocesses.

Thereactionratecoef�cients for heliumshown in �gures 2.15and2.16show the

variationwith temperatureof the ionisationandrecombinationat anelectrondensity

of Ne = 1 � 1012cm� 3. If onetakestypical MAST plasmaedgeconditions,with an

electrontemperatureof 10 eV, a typical ionisationratecoef�cient of 1 � 10� 9cm3s� 1

anda typical recombinationratecoef�cient of 1 � 10� 13cm3s� 1, a typical time scale

canbecalculatedfor eachof thesetwo processes:

� scd ' (SCD � Ne)
� 1 ' 10� 3 s

� acd ' (� CD � Ne)
� 1 ' 10s

(2.36)

It canbe seenthat the time scaleof the recombinationprocessis several orders

of magnitudelonger than that of ionisation. The He+ populationcreatedby direct

ionisationof theneutralgaspuff is sweptaway from theregion of observationby the

magnetic�elds. Thereis subsequentlynegligible backgroundHe+ populationin the
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Figure2.16:CentralADAS collisional-dielectronicrecombinationratecoef�cient pop-
ulatingthegroundstateof neutralhelium.
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Figure2.17: CentralADAS metastablecross-couplingcoef�cient for neutralhelium
whichpopulatesthegroundstatefrom the1s2s3SstateatNe = 1012cm� 3.

vicinity of thegaspuff.

Now considertheprocesseswhich couplestateswithin an ionisationstage.From

the discussionabove, it is clear that the populationstructureof an ionisationstage

is dictatedby the metastables'populations.Therefore,the reactionratesthat areof

interestare thosewhich couplethe 1 1S and 2 3S statesof neutralhelium. Again,

usingthe centralADAS reactionratecoef�cients which cross-couplethe metastables

of neutralhelium, it is possibleto deduceapproximatevaluesfor the time scalesfor

theprocess.Figure2.17shows thecross-couplingratecoef�cient which de-populates

1 1S to populate2 3S stateand�gure 2.18shows the reactionratecoef�cient which

populates1 1Sfrom 2 3S.

Figures2.17and2.18show thevariationwith temperatureof themetastablecross-

couplingreactionsin neutralheliumat anelectrondensityof Ne = 1 � 1012cm� 3. If

one takes a typical electrontemperatureof 10 eV, then a typical rate coef�cient is

1 � 10� 9cm3s� 1. Thusthetimescalecanbecalculated:

� cc ' (qcc � Ne)
� 1 ' 10� 5 s (2.37)
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Figure2.18: CentralADAS metastablecross-couplingcoef�cient for neutralhelium
whichpopulatesthe1s2s3Sstatefrom groundatNe = 1012cm� 3.
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where� cc is thetimescalefor cross-couplingof themetastables.Thetimescalesgiven

in equations2.36and2.37show thatthecross-couplingandionisationprocessestake

placeon a far shortertime scalethanthe recombinationreactions.This justi�es ne-

glecting the recombinationprocesswhenmodelling the HeI emissionat the plasma

edge.Section4.4will discusshow theatomicprocessesdetailedabove arecombined

to form thecollisional-radiativematrix,andsubsequentlyusedin modellingthepopu-

lationevolutionof theneutralheliumat theMAST plasmaedge.

2.5 Conclusions

This chapterhasoutlinedthe work undertaken in fundamentaldatacalculation,pro-

cessingandapplication.Themainpointsof noteare:

� in generalapplication,collision strengthanddistribution functionscalelengths

mustbeconsidered(section2.2.1);

� determining� for non-Maxwelliandistribution functionsor low-temperature

plasmasmayrequire
 tabulationsthatarenot ADAS standard;

� the method of interval-averagingallows the large R-matrix data sets to be

reducedto a tabulation appropriateto the distribution function and physical

regime;

� objective analysisis requiredto producethe ADAS preferredcollision strength

data(section2.3.1);

� uncertaintyestimateson the fundamentalelectronimpactdatawill allow error

propagationthroughto derivedatomicreactionrates(sections2.3.2and2.3.3);

� the fundamentaldatadiscussedin this chaptercanbe directly appliedto GCR

modelling.

Althoughno plasmaphysicsanalysisor experimentalwork waspresentedin this

chapter, it forms the basefor a discussionof the experimentalwork carriedout in

chapter3 andfor the speci�c GCR modellingof the physicsunderlyingthe HELIOS

diagnosticin chapter4.

This chapteroutlinesa framework for taking high resolutionR-matrix datasets

andproviding ADF04 type1 �les thatcanbearchivedwithin theADAS databasestruc-

ture. It alsodiscussesthemethodof providing thecollision strengthdatain a tabula-

tion tailoredto a speci�c distribution function,which is of particularinterestin both
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astrophysicalandtechnicalplasmas,whereelectrondistribution functionscannotbe

adequatelydescribedby a Maxwellian. The implicationsfor carrying out distribu-

tion averagesat low temperaturesarediscussedalongwith a methodof treatingthese

plasmaconditionssafely.

A framework is setout which estimatestheuncertaintyin thefundamentalADF04

data,whichformsanew datasetwithin ADAS, allowing uncertaintiesto bepropagated

throughanentireGCR modelto give uncertaintieson the�nal observable.This chap-

ter providesusefuldeliverablesfor spectroscopistsand theoristsin termsof plasma

modelsandtheatomicdatausedto underpinthem.Thedetailedelectron-impactdata

discussedin thischapterwill supportthespectralemissionmodellingandrelatedanal-

ysesoutlinedin chapter4.
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Chapter 3

Helium gaspuff experimentson

MAST

Theheliumgaspuff experimentscarriedout for this work took placeover two exper-

imentalsessionsin August2004andFebruary2005. The main aimswereto obtain

measurementswhich, whencombinedwith appropriateatomicmodelling, could be

usedto:

� verify consistency andestimateuncertaintyin comparisonof measuredemis-

sionandtheoreticalemissivity modellingusingnew highprecisioncross-section

data;

� establishsensitivity andemissionde-localisationdueto He(1s2s3S) metastable

formationoutsidetheplasmaedgeandemission“wrappingaround”theplasma

edge;

� deducetheangularspreadof thegaspuff by combiningspectralemissionmea-

surementsandpredictivespatialemissionmodelling;

� establisha globally optimiseddiagnosticprocedurefor local Ne andTe radial

pro�les.

Theexploitationof HeI spectralline ratiosat visible wavelengthsfrom a thermal

puff into the low-�eld edgeplasmafor Ne andTe diagnosisis both desiredandat-

temptedin many fusion laboratoriesbut remainsunreliable. The techniquerequires

accuratetheoreticalmodellingof the line emissivities andits applicability is limited

by beamdivergence,thedynamiccharacterof boththeheliumgroundandmetastable

populations,andtheuncertainnatureof thelatterpopulationwhenthegasencounters

theplasma.The HELIOS systemposedmostof thesequestions,but alsoprovidedthe
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Line Wavelength=	A Transition
1 6678 He(1s2p1P � 1s3d1D)
2 7067 He(1s2p3P � 1s3s3S)
3 7283 He(1s2p1P � 1s3s1S)

Table3.1: Tableof diagnosticallyrelevantHeI emissionlinesobservedby theHELIOS

spectrometer.

opportunityto investigatethemby taking advantageof MAST's diagnostic�e xibility

andhigh resolutionThomsonscatteringsystem.

A validateddiagnosticprocedurewouldbeof generalbene�t to thefusioncommu-

nity, allowing theuseof thesystemin dynamicplasmasituationsandalsounderpin-

ningthermalheliummodellingandspectralobservationsin divertorandedgeplasmas.

Thischapterwill describeall aspectsof theexperimentalwork carriedout for analysis

with thepopulationandemissionmodellingdescribedin chapter4. It will discussthe

experimentalhardwareandits calibration,aswell astheplasmacon�gurationrequired

for the pulses. The sessionplanningwill be discussedalong with the rationalebe-

hind choosinga particularplasmacon�guration. Thepulseswill besummarisedand

the scienti�c outcomesdiscussed.The HeI emissionlines measuredby the HELIOS

spectrometeraregivenin table3.1.

3.1 Neutral helium gasinjection

The neutralhelium is introducedto the low-�eld edgeof MAST througha subsonic

nozzleattachedto a reciprocatingprobe, in a con�guration similar to that usedat

UKAEA Culhamon the COMPASS-D tokamak[114], andat ForschungszentrumJülich

on TEXTOR[115, 116].

The reciprocatingprobe (RP) allows the sourceof the diagnostichelium to be

moved to bestsuit the plasmaconditions. The speci�c setupusedduring the exper-

imentsandtheplasmaconditionschosenwill bediscussedin section3.3.

The helium gasis deliveredto the injection nozzlevia a 2.5 m long tubewith a

3 mmbore.Theconductanceof a longtubein thelaminar�o w regime1 is proportional

to themeanpressurein thetube �P suchthat[117]

Clam: =
� d4

128� L
�P (3.1)

andthethroughput,Q, is de�ned as

1Laminar�o w will beassumedat this pointandcon�rmed by calculationof theReynoldsnumber.
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Q = �P Clam: (3.2)

whered is the tubebore,L is the tube's lengthand � is the gasviscosity. The gas

viscosityof helium at a temperatureof 300K is � He = 1:924 � 10� 5 Pa:s andthe

molardensityis � M ;He = 4:003gram:mol� 1 [118]. Thegasdensityis givenby

� =
�Pm
kT

(3.3)

wherem is themassof aheliumatom,k is theBoltzmannconstantandT thetemper-

ature.Theef�ux of gasfrom thenozzleis givenby

_N = Clam:
�

� M ;He
NA (3.4)

whereNA is Avogadro'snumber. For a reasonableHeI signalto bedetected,anef�ux

of _N � 1019 atomsper secondis required[119]. The meanpressurein the pipe is

thereforecalculatedas

�P �

"
_N � 128� Lk T� M ;He

� d4mNA

#1=2

�P � 103 Pa = 10mb

(3.5)

with apressuretwice thisvalue,20mb, requiredto sustainthe�o w.

Thismeansthethroughputcorrespondingto anef�ux of 1019 atomspersecondis

Q = �PClam:

Q = 4:14� 10� 2 Pa:m3:s� 1 = 0:414mb:l:s� 1 (3.6)

Themeanfreepathof theheliumatomsin thegasinjectionnozzlecanbecalculated

as[120]

� =
2�
�v

=
2�
�P

�
� kT
8m

� 1=2

= 19:04� m (3.7)

Finally, theKnudsennumber[121], Kn, for the�o w throughthepipecanbecalcu-

latedfrom themeanfreepathas

Kn =
�
d

' 6 � 10� 3 (3.8)

which meansmeansthe �o w throughthe pipe is viscousratherthanmolecular. As

mentionedabove, thesecalculationshave assumedthat the �o w is laminar. To deter-

minewhethertheviscous�o w is laminaror turbulentwe mustcalculatetheReynolds
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Viscous
Criterion Turbulent Laminar Transition Molecular

Kn Kn < 0:01 1 > Kn > 0:01 Kn > 1:0
Re Re > 2200 Re < 1200 — —

Table3.2: Criteria for determiningthe gas�o w regime in a pipe of circular cross-
section.

number, Re, which gives

Re =
�dv
�

=
�Pd
�

�
8m
� kT

� 1=2

' 315 (3.9)

andshows that the �o w is, indeed,laminar. Table3.2 shows thecriteria for checking

thegas�o w regimein a pipeof circularcross-section,suchastheoneusedin thegas

injectionsystem.

Theheliuminjectionnozzlewasdesignedto servetwo distinctpurposes:to deliver

the gasto diagnosea shortpulse,� 200ms; andbe usedto diagnoselongerpulses

� 1 s. In thecaseof theshortpulse,the throughputmustincreaserapidly from zero

anddecayslowly over the200msperiod.This is achievedusinga piezoelectricvalve

at theentranceto thefeedtube,which candeliver a throughputof Qin = 50mb:l:s� 1

whenthevalveis openedfor aperiodof approximately3 ms. Thethroughputis related

to theaveragepressureandvolumeby

Q =
d
dt

� �PV
�

(3.10)

whichbecomes

Q = V
d �P
dt

(3.11)

sincethevolumeof theapparatusis �x edat 17:7 cm3. Thedifferentialequationused

to give thetimedependenceof �P, andhenceQ, is

d �P
dt

=
1
V

�
Qin � 2 �PC

�
(3.12)

wheretheexpressionfor thetube's conductancein thetransitionregion is used[118];

seetable3.2:

Ctr : = Clam: + J Cmol: (3.13)

whereCtr : is theconductancein thetransitionregion, Clam: the laminarconductance,

Cmol: theconductancein themolecularregime,givenby
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Figure3.1: Evolution of thethroughputQ asa functionof time afterthepiezoelectric
valve is opened.The1 � 1=eand1=eramp-upandramp-down timesaremarked.

Cmol: =
16
3

�
kT

2� m

� 1=2 �
� d2

4

� 2 1
� dL

(3.14)

andJ is givenby

J =
1 + (d=� ) (m=kT)1=2 �P

1 + 2:47(d=2� ) (m=kT)1=2 �P

) J =
1 + 2:507(d=2� )
1 + 3:095(d=2� )

(3.15)

Equation3.12wassolved numericallyusinga fourth orderRunge–Kutta routine

with

Qin =

(
50mb:l:s� 1; 0 � t � 3 ms

0 mb:l:s� 1; t > 3 ms
(3.16)

andan initial valueof �P = 0 mb sincethe nozzleis at the MAST vacuumpressure.

Figure3.1showshow thethroughputvariesfor theshortMAST pulse.
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The1 � 1=e rise time of 2:5 ms andthe1=e decaytime of � 160ms meansthis

type of gaspuff is well suitedto a shortpulsewherethe useris only interestedin a

temporalrangeof around200ms.

Theaveragethroughput,�Q, in theranget 2 [0; 200]msis givenby

�Q =
1

� t

� tZ

0

Q dt =
1

0:2

0:2Z

0

Q dt ' 0:4 mb:l:s� 1 (3.17)

whichis aroundthethroughputcalculatedabove,correspondingto a�ux of 1019 atoms

persecondleaving thenozzle.

The piezoelectricvalve on its own is not suitablefor deliveringa moresustained

puff of gasbecausethevolumeof thenozzleis suchthatthe1=edecaytimewould be

shorterthanonewould require.It is necessaryto includea reservoir volumebetween

the piezovalve andthe nozzlefeedtube. For a throughputof 0:4 mb:l:s� 1 to leave

thenozzle,aninputpressureof 20mb is required,ascalculatedabove in equation3.5.

A reservoir volumeof 56 cm3 addedto the gaspuff apparatusdeliversa decaytime

of around560ms. A 16 ms pulseof 50mb:l:s� 1 from the piezowasusedto �ll the

reservoir to therequiredpressureof 20mb. A pneumaticvalvewasthenusedto allow

thegasin the reservoir to transitthenozzleto thevacuumchamber. Thedifferential

equationgoverningtheevolutionof thepressure,andhencethroughput,is

d �P
dt

=
� 2 �PC

V
(3.18)

andthenumericalsolutionto this equationwith an initial pressureof 2 �P = 20mb is

shown in �gure 3.2.

As before,theaveragethroughput,�Q, in theranget 2 [0; 1] s is givenby

�Q =
1

� t

� tZ

0

Q dt =

1Z

0

Q dt ' 0:4 mb:l:s� 1 (3.19)

which,again,givesthenecessary�ux into MAST over theperiodof interest.

Figure3.3shows thethroughputfor MAST shot#12209.For this particularpulse,

the HELIOS diagnosticwasset to recorddatain the temporalranget 2 [50; 370]ms

andtheaveragethroughputduringthis rangewasQ ' 0:4 mb:l:s� 1, asrequired.The

time taken for the 1 � 1=e rampin throughputmeansthat the gas�o w hasreached

the requiredlevel whenthe diagnosticstartstaking dataat 50 ms andthe 1=e ramp

down time shows that the gas�o ws at the requiredlevel well after the the region of

interest.Figure3.4showstheshotendingafterapproximately330ms, comparedto the

muchlonger1=e rampdown time of � 820ms. Theinboardinjectionnozzle,which
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Figure3.2: Evolution of the throughputQ asa function of time after the pneumatic
valvebetweenthereservoir andthenozzlefeedtubeis opened.The1=edecaytime is
marked.
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Figure3.3: Thecalculatedheliumthroughputfor MAST shot#12209.HELIOS wasset
to recorddatain thetemporalregion t 2 [50; 370]ms, indicatedby theverticaldashed
lines,andtheaveragegas�o w in this rangeis � 0:33mb:l:s� 1, in thevicinity of the
requiredvalueof Q ' 0:4 mb:l:s� 1. The1� 1=eand1=erampupanddecaytimesare
8 msand820msrespectively.

is nestedon thecentralcolumnof MAST, canbeusedto inject traceheliumor, aswas

thecaseduringthis campaign,to inject deuterium.It is worth notingthat the inboard

injectorhasafast-iongaugeattached,whichcanaccuratelymeasurethethroughputof

thenozzle[122]. This wouldbea usefuladditionto theoutboardsystem,however, the

outboardnozzle's mountingon the RP makesthis moredif�cult. Therefore,fast-ion

gaugemeasurementswerenotavailableduringthecampaign.

The gasinjection systemis controlledusinga waveform which drives the valve

connectedto thenozzle's feedtube.Varyingthetime thisvalve is opendeterminesthe

quantityof gasreleasedandthepro�le of thegas�o w. Figures3.5 and3.6 show the

pulsessentto theprogrammablelogic controller(PLC) andpiezoelectricvalve. These

�gures arepresentherefor completenessandwereconcernedwith avoiding satura-

tion of theHELIOS detectorduringtheexperiments.This issuewasdirectly addressed

duringthesecondphaseof experiments,sincesaturationwasobservedduringthe�rst

session.Theperformanceof thepiezoelectricvalve wasproblematictowardsthebe-

67



Figure 3.4: The terminationof the MAST plasmafor shot #12209. The upperplot
shows thecon�ned plasmaenergy which decreasesafter approximately300ms; this
correlateswith alargebolometrysignal,shown in thelowerplot, indicatingtheplasma
hasterminated.
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Figure3.5: Thelow-voltagewaveformsentto thePLC from thesessionleader's panel
in thecontrol room. This signalis ampli�ed andsentto thepiezoelectricvalve at the
openingto thegasinjectionsystem,shown in �gure 3.6.

ginning of the secondexperimentalsession.The appliedwaveformsfailed to result

in theproperopeningandclosingof thevalve. This wasrecti�ed by applyinglarger

voltagesthanwouldregularlybethecaseto forcethevalvefully openandfully closed

asrequired.

This sectionhasoutlined the studiesand work carriedout on the gasinjection

systemprior to theexecutionof theHELIOS validationexperiments.Sections3.2,and

3.3 continuethe discussionof the preparatorywork carriedout on the hardware in

readinessof theexperimentalsessions.

3.2 HELIOS spectrometer& collectionoptics

The HELIOS diagnostic,ascon�gured for the validationexperiments,consistsof the

following fundamentalcomponents:

� 18 linesof sightthroughtheplasma;
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Figure3.6: Theampli�ed signalusedto openandclosethepiezoelectricvalveon the
injectionsystem.
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Quantity Value
focal length,f 85 mm
objectdist.,v 2 m
imagewidth, U 4.9mm

Table3.3: Valuesfor theknown quantitiesof theviewing chords.

� an85mmobjective lensgiving a radialcoverageof � 110mm;

� 60cm Czerny–Turnerspectrometerwith 200� m slit;

� conjugatepairof lensesto match�bre andspectrometerapertures;

� 300mmcylindrical lensto correctintrinsicastigmatism;

� a300l.mm� 1 diffractiongrating;

� quick-responseLCD shutter;

� CCD detectorPeltier-cooledto 200K.

It wasnecessaryfor thesedifferentcomponentsto be setup andcalibratedprior

to theexperiments.The�rst stagein readyingthesystemwasto determinetheradial

coverageof thetokamakgivenby the85mmobjective lens.Thequantitiesknown for

this calculationaregivenin table3.3.

Thevalueof theimagewidth givenin table3.3 is determinedby thephysicalsize

of the illuminatedCCD chip, andtheobjectdistanceis determinedby thefocal plane

of thelens.Thelinearmagni�cationof thesystem,M , canbeshown to be:

M =
�

v
f

� 1
� � 1

' 4:4 � 10� 2 (3.20)

The magni�cation can then be usedto calculatethe object width, which corre-

spondsto theradialrangeviewedin thetokamak:

V =
U
M

' 110mm (3.21)

Therefore,the85 mm objective lensallows � 110mm of radial coveragewithin

thetokamak.

The110mm coverageover18 viewing chordsgivesthesystemaradialresolution

of � 6 mm. Sincethe region of particularinterestto this work is in the vicinity of

theseparatrix,thechordsweresetsuchthat thespectrometerviewedequaldistances

inboardandoutboardof theseparatrixfor atypicalplasmain thecampaign.Figure3.7
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Figure3.7: Schematicof theHELIOS viewingchordswithin MAST andtheirorientation
relative to theneutralheliuminjectionnozzle.

showsaschematicof theHELIOS hardwareon thedevice; thesteeringmirror, viewing

chords,andRP-mountedgasinjectionnozzlearenoted.

A bright white-light sourcewasattachedto theoptical�bre bundlein placeof the

spectrometer, andshoneinto themachine.A steeringmirror mountedin front of the

objectivelensallowedtheviewing chordsto beorientedwithin thetokamakusingtwo

orthogonalVerniermicrometerscrews. The RP wasadjustedsuchthat the tip of the

injection nozzlewasat a radial positionof 1.4 m. The steeringmirror wasaligned

so the outermostchordwasvisible asa point of white light on the tip of the nozzle.

The micrometerreadingsaregiven in table3.4. This is the con�guration shown in

�gure 3.7. TheRP wasthenre-positionedsuchthatthenozzlewasat a radialposition

of 1.5m. Thehorizontalmicrometerwasthenadjusteduntil theoutermostchordwas,

again,visible on the tip of the nozzle; thesemicrometerreadingsare also given in

table3.4. Thetwo setsof micrometerreadingsallow theconversionof changesin the

steeringmirror's orientationto radialdisplacementswithin thedevice. It is clearthat

the �bres weremountedhorizontallyat the objective lenssinceno alterationof the

verticalpositionwasrequired.
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Micrometer Initial value Final value Difference
Horizontal 1.00mm 2.17mm 1.17mm
Vertical 0.19mm 0.19mm 0.00mm

Table3.4: Theorthogonalmicrometerreadingsfor theorientationof thesteeringmir-
ror. Thesecanbeusedto convert changesin themirror's positionto changesin radial
positionwithin themachine.Thevaluesin thetableareaveragevaluesobtainedfrom
threesetsof readings.

The outermostviewing chord had to be positioned� 6 cm outboardof the re-

quiredpositionof the separatrix.Onecancalculatethe relationbetweenchangesin

thesteeringmirror'sposition,� X , andradialposition,� R:

� X
� R

=
1:17mm
100mm

(3.22)

from the micrometersettingsandpositioningof the RP. Therefore,if the separatrix

were positionedat Rsep = 1:35 m and the nozzlepositionwas Rnoz = 1:5 m, the

changeto thehorizontalmicrometer, � X , neededto changetheradialpositionof the

chords,� R = � 9 cm, wouldbe2

� X =
� X
� R

� R = � 1:05mm (3.23)

Sincethe micrometerwassetat 1 mm at a radial positionof 1.5 m, the required

horizontalsettingwasX set = � 0:05mm.

With the viewing chordsalignedwithin the device and the spectrometer's entry

slit setat thenormalwidth of 200� m, it waspossibleto align theopticsfeedingthe

spectrometer. Theslit width of 200� m wasfound to be theoptimumvalueto allow

the leastintenseline at 7283 	A to be visible without saturatingthe mostintenseline

at 6678 	A. Thespectrometerwassetsuchthat the6678 	A wascentredon theoutput

display. Theheliumglow dischargeusedto cleanthedevice betweenshotswasthen

usedto aid alignment. The optical �bre bundle was attachedto a translationstage

whichallowedthe�bres to bemanipulatedin thetwo planesperpendicularto theoptic

axisof thesystem.Thetranslationstagewasusedto maximisethe6678 	A line on the

spectrometer's outputdisplay, thusoptimisingthe illumination of the spectrometer's

entryslit anddiffractiongrating.

The bandwidthof the systemcould thenbe measured.The 6678 	A line waspo-

sitionedat the lower limit of the spectrometer's outputdisplay. The readingon the

spectrometerwas1076:0 	A. The spectrometerwasthenresetsuchthat the line was

2� R = � 9 cm becausethe distancefrom theseparatrixto the nozzleis 15 cm andhalf the radial
extentof thechordsis 6 cm.
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Reading Measurement1 / 	A Measurement2 / 	A Measurement3 / 	A
Lower limit 1076.0 1075.6 1075.6
Upperlimit 1359.4 1358.8 1359.2

Table3.5: Thespectrometerreadingsusedto determinetheworkingbandwidthof the
HELIOS spectrometer.

at theupperlimit of thespectrometer's outputdisplay, this valuewas1359:4 	A. This

processwasrepeatedthreetimesto determineanaverageupperandlower limit on the

spectrometer's reading.Thevaluesaregivenin table3.5.

It shouldbenotedthatthesettingsonthespectrometergivenin table3.5correspond

to realwavelengthsif thedispersionis dueto a 1200l.mm� 1 diffractiongrating.The

gratingusedin thiswork had300l.mm� 1 andthereforethereadingscorrespondto the

realwavelengthsmultiplied by thedispersionratio of four. Theeffective bandwidth,

B, of thesystemis thenB = 1132:3 	A. This bandwidthspansa rangeof wavelengths

adequateto measurethethreeHeI linesrequiredfor this study.

During thecalibrationandcon�guration describedthusfar, no problemswith the

CCD and LCD shutterwereimmediatelyobvious; however, this wasinvestigatedbe-

fore carryingout measurementsusingthespectrometer. Problemsareknown to have

occurredin thepastwith olderLCD shutters.Theidealliquid crystal�lm for useasthe

shutterwould beopaquein its default stateandallow unimpededtransmissionwhen

a voltageis applied.Previousshuttershave sufferedfrom spottedregionsdueto light

not beingabsorbedacrosstheentiresurfaceareain its relaxedstate.Themainadvan-

tagein usingtheLCD shutter, ratherthanamechanicalalternative,is its rapidresponse

time, which reducessmearingon the CCD during the �nite time requiredto bin the

data. The lack of moving partsalsomeansthe LCD shutterhasa longerlifetime due

to lesswear-and-tearon the equipment.The uniformity of the shutter's opacitywas

determinedwhile calibratingthespectrometer. Withoutalteringthesteeringmirror the

objective lenswith the �bres attachedwasconnectedto an integratingspherewhich

providesaknown white-lightspectrum.Theshotsequencewasthenrunmanuallyand

thedataacquisitionsoftwarecapturedanimageof thewhite-light source,asshown in

�gure 3.8.

A damaged�bre is clearly visible towardsthe top of the imagein �gure 3.8. It

is alsoclear that the transmissionof the shutteris not uniform sincethe right-hand-

sideof the imagedoesnot registerasmuch �ux as the left-hand-side.The lack of

uniformity is notamajorconcernsinceit canbetakeninto accountduringtheabsolute

calibrationof the instrument.It is alsoevident from �gure 3.8 that theviewing lines

are not horizontalon the CCD. Sincethe �bres were mountedhorizontally on the
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Figure3.8: Thewhite-light imageacquiredby theCCD while illuminatedby theinte-
gratingsphere.Thecolourmapon this imagehasbeenreversed,sotheblacksections
show the light carrieddown eachof theoptical �bres. Onecanidentify thedamaged
�bre at thetopof theimagewhichdoesnotpassasmuchlight astheother�bres.
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integrating sphereand at the entranceto the spectrometer, this meansthe CCD has

rotatedslightly in its mounting. The deviation was not consideredseriousenough

to disassemblethe CCD andits cooling equipment,so careis taken to dealwith the

skewnesswhenmeasuringthephoton�ux correspondingto eachof theemissionlines

of interest. The CCD wascooledusinga solid-statePeltierdevice coupledto a heat

sink to remove thermaldistortionsto thedetectedphoton�ux.

While thesystemwasilluminatedusingtheintegratingsphere,thechordpositions

on thechip wererecorded.Figure3.9 shows a slice throughthe imagein �gure 3.8.

Onecanidentify thethepixel numberson theCCD thatcorrespondto theedgesof the

chordsandto thecentralchordpositions,whichareimportantquantitiesin determining

the intensityof thelinesof interest.Thedamaged�bre identi�ed in �gure 3.8 is also

clearlyvisible in �gure 3.9. Thesecondchordfrom theright of the�gure hasa much

smallertransmissionthan the others,and the transmissionof the last chord is also

somewhat reduced;this suggestsdamageto the �bre bundleafter it hadbeenclad.

This could not be recti�ed without removing andre-fabricatingthe �bres; therefore,

this had to be acceptedas a sourceof systematicuncertaintyin the measurements.

Althoughhaving damaged�bres is not ideal,having themat theedgeof theobserved

region is preferableto having themin amorecentrallocation.

With theapparatusin this con�guration,illuminating theCCD with theintegrating

sphere,thespectrometercouldbeabsolutelycalibrated.Theprocedureis not detailed

herebut canbefoundin [123]. After completingtheabsolutecalibrationof theinstru-

ment,thediffractiongratingwasrotatedsuchthat the D � line, which lies at a wave-

lengthof � 6550 	A, wasslightly below thelower wavelengthlimit. This removedthe

needfor an intensity�lter at the outputfrom the spectrometer. Table1.3 shows that

theD� line is muchmoreintensethantheheliumlinesof interest,soits removal from

thewavelengthrangeof interestwasdesirable.

Figure3.10showsanexampleof theheliumspectrumobtainedaftertheapparatus

wascon�guredandcalibrated.It canbeseenfrom �gure 3.10thatthelinesof interest,

indicatedon the plot, aredistinct from the backgroundandlie within the calculated

bandwidthof theHELIOS spectrometer.

3.3 Plasmacon�guration

A plasmacon�guration waschosenthat gave a long periodof L-modefollowed by

a sustainedH-modesincethe validationexperimentswererelatedto both thesecon-

�nement regimes.Figure3.11shows theD � emissionandtheline-integratedelectron

densityfor thetargetshot#12158.It canbeseenthatthereis a long L-modephaseto
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Figure3.9: Thepositionof thechordsto theCCD. Theedgesof thechordsarerequired
whencalculatingtheintensityof thelinesof interest.
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Figure3.10: Theheliumspectrumtakenafter thecon�gurationandcalibrationof the
apparatushadbeencompleted.Onecanseethat the HeI lines of interestaredistin-
guishablefrom thebackgroundandlie within thecalculatedbandwidthof the instru-
ment.
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Figure 3.11: The upper plot shows the D� emissionand the lower plot the line-
integratedelectrondensityfor MAST shot#12158. It canbe seenthat this shothas
a long L-modeperiod to � 300ms followed by an H-modephasewhich lastsuntil
� 370mscharacterisedby thedip in D� emissionandsharperrisein density.

� 300msfollowedby anH-modephasepersistingfor � 70ms.

Usingthis shotasa template,bothL-modeandH-modeplasmascouldbestudied

simplyby alteringthediagnostics'timing waveforms.Theef�ciency of this choiceof

shotsavedtimeby removing theneedto changeandtestplasmacon�gurationbetween

shotswhenmoving betweenL- andH-modemeasurements.

Taking the target shot into account,it wasdecidedthat the separatrixshouldbe

positionedat Rsep = (145� 1) cm, asit wasfor shot#12158.Figure3.12shows the

plasmaradiusfor thetargetshot#12158andoneof the�rst campaignshots,#12204;it

canbeseenthattheplasmaradiusof thedesiredtargetshotwaswell reproduced.Both

plasmashada line integrateddensityof � 1020 m� 2. The solid lines in �gure 3.12

shows themagneticreconstructionof theplasmaedgeproducedby EFIT (equilibrium

�tting). EFIT translatesmeasurementsfrom themagneticdiagnosticsinto usefulinfor-

mation,suchasplasmageometry, storedenergy, andcurrentpro�les, by solving the

Grad–Shafranov tokamakequilibriumequation[5, 44]:
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Figure3.12: The upperplot shows the plasmaradiusfor an early relevantcampaign
shot, #12204,and the lower shows the sameplot for the target shot, #12158. The
plasmaradiusasgivenby EFIT andD� is shown.

R
dp
d 

+
� 0

R
f

df
d 

= j � (3.24)

whereR is themajorradius,p thepressure, thepoloidal�ux, j � thetoroidalcurrent

density, andf a �ux functionde�ned as:

f ( ) =
RB �

� 0
(3.25)

Thedetailsof the EFIT methodcanbefoundin [124]. The EFIT reconstructionof

the �ux surfacesof the targetshot#12158areshown in �gure 3.13asanexampleof

EFIT's generaluseasapost-pulseplasmaanalysistool.

A list of deliverablesrequiredfrom the experimentaltime while measurements

werebeingmadewith theHELIOS spectrometerweredetermined.Thesewere:

� setRsep = (145� 1) cm;

� adjustheliumgaslevel for goodmeasurementfrom Rnoz = 150cm;
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Figure 3.13: EFIT reconstructionof the MAST �ux surfacesduring the target shot
#12158.Theseparatrixis indicatedin red. ThelargeShafranov shift associatedwith
sphericaltokamaksis clearlyevident;the�ux surfacesaremorewidely spacedon the
inboardsidecomparedto theoutboard.
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� TS measurementsin L-modephase;

� changetiming on TS, measurementsin H-modephase;

� changenozzlepositionto Rnoz = 155cm, TS measurementsin H-modephase;

� changetiming on TS, measurementsin L-modephase;

� measureSOL pro�les with RP in L-modephase;

� measureSOL pro�les with RP in H-modephase.

Thesemeasurementswould allow comprehensive datafor comparisonwith the-

oretical modelling, and the inclusion of RP measurementsof the SOL would pro-

vide detailedNe andTe which could be mergedwith TS measurementsof the core

plasma[125, 126]. Thiswould giveanaccuratepictureof theplasmaconditionsin the

vicinity of the neutralhelium nozzleandalong the helium's attenuationpath in the

device. With accuratedatafor the pathtaken by the helium in the plasma,onecan

comparethespectralemissionobserved,anexampleof which is shown in �gure 3.14,

with thatanticipatedby thetheoreticalemissionmodel.Thiscomparisonis carriedout

in chapter4.

Sincetheruby TS systemtakesonly onesetof spatialmeasurementsperpulse,it

cannotbeusedin thetemporalmodellingto comparewith theHELIOS measurements;

however, thetime resolvedNd:YAG systemallows a temporalcomparison.Theissue

of temporalmodellingwill bereturnedto in section4.7.

3.4 Summary of the MAST pulses

To plana detailed,structuredscienti�c periodfor thesecondexperimentalphaseone

hadto determinehow closetheinjectionnozzlecouldcometo theplasmaedgebefore

interactiontookplace.Investigatingtheinteractionbetweentheplasmaandthenozzle

wasthe main outcomeof the initial session.Stronginteractionwasobservedduring

MAST shot#10502,asshown in �gure 3.15.

From�gures 3.15(a)and3.15(b)onecanseethat theplasmareducesin sizedra-

maticallyat � 250msandis precededandaccompaniedby a largeincreasein emitted

power. Onecanalsoseethat theD� emission,shown in �gure 3.15(c),spikesat this

point; this indicatesa large energy/particlelossto theedgeandis veri�ed by thede-

creasein plasmadensityshown in �gure 3.15(d). A comparisonof the D � andsoft
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Figure3.14: The spatialand temporalevolution of the emissionlines of interestas
measuredby theHELIOS spectrometer.
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(a) Bolometry (b) Plasmaradius

(c) D� emission (d) Line of sightplasmadensity

(e) Soft x-ray intensity (f) Neutralbeamheatingpower

Figure3.15:Theinteractionbetweentheplasmaandtheneutralheliuminjectionnoz-
zleduringMAST shot#10502duringthe�rst experimentalperiod.Seetext for details.
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x-rayemissionshowsthatthereis astrongnegativecorrelationbetweenthesetwo sig-

nals.A steadydecreasein theD� emissionfeaturesshown in �gure 3.15(c)is accom-

paniedby asteadyincreasein thesoftx-rayemissionfeaturesshown in �gure 3.15(e).

Figure3.15(f) shows theneutralbeamheatingpower throughoutthepulse;in there-

gion of particularinterestthe heatingpower is relatively constant,which is ideal for

thesestudies.It is clearfrom �gure 3.15thatasawtoothcausedtheplasmato impacton

theHELIOS RP causinga largedensityloss,correspondingenergy loss,anda possible

risk to theheliuminjectionhardwaremountedon the RP. This wasa usefuloutcome

asit allowedtheminimumdistancebetweennozzleandseparatrixto bejudgedfor the

typesof plasmasusedin thevalidationexperiments.Dueto this result,theradialposi-

tion of theplasmaseparatrixwasdecreasedby 3 cm, moving it away from thenozzle.

In asawtooth,aslow risein plasmatemperatureis followedby arapidcrash,triggered

by a plasmainstability[127]. In thecrashphase,hot plasmafrom thecentreis thrown

out into thecolderouterplasmaregions. This processcanbeusedto remove helium

ashandotherimpuritiesfrom theplasma,however it canbea dangerto apparatusat

theedge.Thesawteeth,therefore,have to betailoredto thespeci�c requirementsof a

particularexperiment[128, 129, 130].

With the positionof the plasmaseparatrixalteredby 3 cm dueto the usefulout-

comeof MAST shot#10502,thelastshotof the�rst periodprovidedagoodbasefrom

which to move on with the structuredscienti�c phaseof the validationexperiments.

Figure3.16shows similar plots to thosein �gure 3.15,but therearesomeimportant

differences.

Onecanseethat�gure 3.16(a)doesnotcontainthemultiplepeaksin poweroutput

evidentin �gure 3.15(a);nordoestheD� emissionshown in �gure 3.16(c)exhibit the

spike found in �gure 3.15(c),meaningtherehasnot beena large lossof particlesto

the edge. Sustainedsawtooth structureis evident in �gure 3.16(c),with the inverted

featuresobservedin �gure 3.16(e).Theline plasmadensityof 1:5 � 1020 m� 2 shown

in �gure 3.16(d)is closeto thedensitysoughtfor thiswork,andthestablebeampower

in �gure 3.16(f) is very suitable,driving sawteethwhen it reaches� 1:3 MW . If

onelookscloselyat theD� emission,softx-rayemissionandtheplasmadensityin the

vicinity of thesawteeth,onecanseethattheplasmagoesinto averybrief H-modeafter

the sawtooth,but it cannotbe sustaineddueto the plasma's proximity to the central

column.A close-upview of a sawtoothandbrief H-modefrom MAST shot#10504is

shown in �gure 3.17. Figure3.16(b)shows a decreasein plasmaradiusat � 215ms,

but thereis no densitylossshown in �gure 3.16(d); this contraststhe observations

of MAST shot#10502,wherethe changein plasmaradiusis accompaniedby a clear

densitydrop.Theplasmaequilibriumreconstructionby EFIT producedavaluefor the
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(a) Bolometry (b) Plasmaradius

(c) D� emission (d) Line of sightplasmadensity

(e) Soft x-ray intensity (f) Neutralbeamheatingpower

Figure 3.16: Measurementstaken during MAST shot #10504after optimisationof
plasmaparameters.Seetext for details.
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Figure3.17: A close-upview of a sawtoothobservedduringMAST shot#10504.One
canseethedecreasein D� emissioncorrelatedwith anincreasein in plasmadensity.
TheH-modeis not sustaineddueto theplasma'sproximity to thecentralcolumn.

positionof the inboardplasmaedgewhich suggestedthe plasmamoved towardsthe

centralcolumn,explainingthechangein plasmaradiuswithout a correspondingdrop

in density. Thismovementof theplasmais consistentwith thetestingof plasmaradial

controlundertakenduringthisperiod.

Thispreliminaryexperimentalperiodwasencouragingandtherewereseveralout-

comeswhich allowed a con�dent thrust at the structuredscienti�c programfor the

secondexperimentalphase. The important issuesraisedabove were coupledwith

otherobservationsmadeduringthesession.Datawastakenby theHELIOS diagnostic

throughoutthecommissioningperiod. Fromthe�rst plasmaproduced,in MAST shot

#10490,improvementsweremadeto thesetup,andtheseimprovementswereaccom-

paniedby clear HELIOS measurements.Figure3.18(a)shows the LOS densitiesfor

the �rst threeplasmasproducedin thesession.It canbeseenthat the line integrated

densityincreasesto avalueof approximately1:5� 1020m� 2, appropriatefor thiswork.

The emissiondetectedby HELIOS shown in �gure 3.18(b)is around60%of that

shown in �gures 3.18(c)and3.18(d). This is asexpectedsince,from �gure 3.18(a),
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(a) First plasmadensities (b) 7281 	A emissionfor MAST shot#10490

(c) 7281 	A emissionfor MAST shot#10491 (d) 7281 	A emissionfor MAST shot#10492

Figure3.18: The LOS electrondensityfor the�rst threeplasmasproducedduringthe
�rst experimentalsessionandtheintensitiesof theweakestemissionline asmeasured
by the HELIOS diagnostic.Thecon�guration is improvedto producethedensityand
durationrequired.
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onecanseethat theplasmadensityin shot#10490reachesits steadyvaluein a time

similar to thelatershots,but theplasmais under-denseby a factorof 40� 50%dueto

theinboardfuelling injectornotdeliveringenoughdeuteriumto theplasma.

Thesecondexperimentalsessionprovidedmany resultswithin thestructuredpro-

gramdiscussedin section3.3. For MAST shot#12202,theHELIOS diagnosticwasset

to begin taking results50 ms after the pulsestart time, andtake 16 framesat 20 ms

intervals. The plasmain shot#12202impactedon the helium injection nozzleand

causedtheplasmato disruptat � 260ms. HELIOS continuedtakingdatathroughthis

periodandacquireddatafrom a hot plasmabeforetheplasma–nozzleinteractionand

from a plasmawith largeedgeemissionduringtheinteraction.Figure3.19shows the

radial D� pro�le for shot#12202. The radial positionof the outboardplasmaedge

is visible asthe peaked curve in the �gure. Onecanseeat the outboardedgeof the

plasmathereis a large increasein D� emissionafter 200� 300ms; this is emission

dueto theplasma–nozzleinteraction.ThelargeD � emissionatsmallradialpositionis

theinboardplasmaedge,which is relatively constantthroughoutthepulse.

Figure 3.20 shows a HELIOS spectrumtaken 150ms into the pulseandanother

at 230ms. Onecan seethe HeI lines clearly on the upperplot, but the lower plot

shows a large continuumwhich obscuresthe emissionlines of interest. The small

impurity peaksvisibleon theupperplot aregreatlyintensi�ed in thelowerplot during

interactionbetweenin theplasmaandtheinjectionnozzle.

MAST shot#12241providedagoodL-modepulseto �t in thestructuredplan.The

neutralbeaminjectorsprovided � 1:5 MW during the shotandthe ruby TS system

was �red at 260 ms. HELIOS took good readingsthroughoutthe shotand H-mode

was achieved after � 330ms, as per the plan and target shot speci�cations. This

shotprovidedoneof the mostsuitable,stableL-modeplasmasfor further studyand

analysis. The �rst sawtooth impactedon the nozzlecausingthe plasmato disrupt;

however this occurredafter the main period of interestin this shot. For maximum

ef�ciency two similarplasmaswererequired,bothwith longL-modeperiodsfollowed

by extendedH-mode. Figure 3.21 shows a comparisonof MAST shot #12241and

#12242;onecanseethattheplasmaconditionswerewell replicated.

The ruby TS was set to �re at 350 ms for MAST shot #12242,in the region of

decreasedD� emissionindicatingH-mode,asshown in �gure 3.21(a),and HELIOS

wassetto take datafrom 100ms. Shot#12242goesinto H-modeslightly later than

#12241,but it is beforetheTS �res.

With goodL- andH-modeshotsobtainedfor analysis,the next point in the plan

wasto captureLangmuir RP datain the SOL to give comprehensive Ne andTe data

over the region of interestin the plasma. The resultsof the Langmuir probemea-
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Figure3.19: TheradialD� pro�le duringMAST shot#12202.Onecanclearlyseethe
increasein emissionat theoutboardedgeafter200� 300msdueto theplasma–nozzle
interaction.Thepositionof theoutboardplasmaedgeis visible asa functionof time
asthepeakedcurveontheplot. Theplasma–nozzleinteractionsubsequentlyresultsin
aplasmadisruption.

90



Figure3.20:Spectracapturedby theHELIOS spectrometerduringMAST shot#12202.
Theupperplot shows thespectrumcaptured150ms into thepulseandthe lower plot
shows thespectrumat 230ms. TheHeI emissionlinesareclearlyvisible in theupper
plot, but areobscuredin thelowerplot by theintensecontinuumradiationemitteddur-
ing theinteractionbetweentheplasmaandtheheliuminjectionnozzle.Theimpurity
lines,dueto CII at 6784 	A, 7116 	A, 7236 	A andCIII at 7037 	A, barelyvisible in the
upperplot, areintensi�ed in thelowerplot[51].
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(a) D� emission (b) Soft x-rayemission

(c) LOS electrondensity (d) Neutralbeampower

Figure3.21: Comparisonof theplasmasof MAST shot#12241and#12242.Onecan
seethattheplasmaconditionsarereplicatedwell from oneshotto thenext.
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surementswerelimited dueto stronginteractionsbetweenthe probeandthe plasma

causingdisruptions,but nonethelessprovideausefulNe andTe baselinein theSOL for

augmentationwith theTS measurements.UsefulLangmuirprobedatawastakendur-

ing L-mode,but wasnot possibleduringH-modedueto disruptionscausedby severe

plasma–probeinteraction.

Sofarthissectionhaspresentedanddiscussedthemeasuredresultsobtainedduring

the experimentalsessions.With this in place,it is timely to discussthe analysisof

the HELIOS spectrometer's measurementswhich canallow diagnosticdeductionsof

plasmaconditionsto be made.L- andH-modeplasmaswill be usedto comparethe

HELIOS resultswith theotherdiagnostics;usefulplasmas,andtheir conditions,are:

� L-mode:MAST shot#12241

– NBI � 1:5 MW ;

– ruby TS �red at260ms;

– goodHELIOS measurementsfor full period;

– enteredH-mode� 70msafterperiodof interest.

� H-mode:MAST shot#12242

– NBI � 1:5 MW ;

– ruby TS �red at350ms;

– HELIOS startedtakingdataat100ms,goodmeasurementsthroughout;

– enteredH-mode� 10msprior to periodof interest.

� RP dataduringL-mode:MAST shot#12245

– NBI � 1:5 MW ;

– ruby TS �red at260ms;

– HELIOS startedtakingdataat100ms,goodmeasurementsthroughout;

– goodRP movementthroughtheplasma,datafor R 2 [1:46; 1:51]m.

Takinga HELIOS spectrum,the lines of diagnosticimportance,asre-statedin ta-

ble 3.1,areidenti�ed on the CCD. Thepixel numberscorrespondingto theedgesand

peaksof the lines areusedto identify the lines. From�gure 3.8 onecanseethat the

chordsareskewedslightly on thechip, thereforetheedgesandpeaksof the linesare

determinedfor eachchordateachtime-slice.
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Thenumberof countsdetectedby thespectrometerbetweentheupperandlower

limits of the lines is determinedanda backgroundcountis subtracted.Thesecounts

arethendividedby thecalibrationfactorfor theparticularviewing chordto give the

numberof photonscorrespondingto thecountsregistered.Theseadjustedcountsare

usedto calculatetheline ratiosat theparticulartime-slicefor theviewing chords.

The predictive modellingof the HeI emissiondiscussedin chapter4 detailsthe

plasmamodelnecessaryto understandfully theemissionprocessestakingplace;how-

ever, at this stage,a simplelook-up of the line intensityratioscangive a crudeindi-

cationof thediagnosticsensitivity of the line ratios. It shouldbenotedthat thereare

certainassumptionsthatmustbe madeto applya simplelook-upof the ratiosrather

thanconsideringa full plasmamodel. Onemustassumethat the emissiondetected

by the spectrometeris not affectedby the viewing geometryand that the groundto

metastablerelative populationsarein local equilibrium. Thesearetwo largeassump-

tions consideringthe collimation of the nozzleis not known. With no knowledgeof

thecollimation,thespatialdistribution of theheliumwithin theviewing chordsis not

known. Also, the large temperatureanddensitygradientsat theedgeof thecon�ned

plasmacanleadto regionsof non-equilibriumin the helium metastablepopulations

wherethey areof mostinterestto this study. Theseissueswill be discussedin more

detail in chapter4.

Theline ratiosof interestwerediscussedin chapter2: theratio of thetwo singlet

transitionsin table3.1beinganelectrondensitydiagnostic,andthesinglet–tripletratio

beinganelectrontemperaturediagnostic.

The simplelook-up of the line ratiosis accomplishedby taking a contourof the

line ratios as functionsof electrontemperatureand density, splining the line ratios

to �nd their positionin parameterspace,deducingthevalueof temperatureandden-

sity thatwould resultin theratio pair. This is themethodusedwith somesuccesson

TEXTOR[36], COMPASS-D[40] andAlcator C-Mod3[131], but hasgenerallynot pro-

vided suchgoodresultson MAST[132] or NSTX4. A new prototypesupersonicgas

injection systemon NSTX is expectedto improve measurementssigni�cantly, dueto

improvedcollimationandpenetration[133].

Figure3.22shows theTS datafor theL-modeMAST shot#12241andtheHELIOS

valuesobtainedusingthesimplelook-upmethod..

Taking the Ne measurementsin �gure 3.22 as an example,the deviation of the

HELIOS calculatedvaluesfrom TS at theextremesof therangecanbeexplained.The

discrepancy at R & 146cm could be dueto the low densityof the plasmaresulting

3MassachusettsInstituteof Technology, USA.
4NationalSphericalTokamakeXperiment,PrincetonPlasmaPhysicsLaboratory, USA.
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Figure3.22: The electrontemperatureanddensityfor the L-mode periodof MAST

shot#12241.TheHELIOS resultsareobtainedusinga simplelook-upof theemission
line ratioscalculatedfrom themeasuredHeI spectrum.Two valuesof theseparatrix
are marked on the plots: Rsep1 is the value given by the D� diagnostic,and Rsep2

is given by EFIT. The disparity is due to plasmainteractionwith the nozzlebut is
within theacceptablelimit of � � 1 cm. Thelargeseparationbetweentheseparatrix
plasmaboundaryand the magneticpickup coils can result in relatively large errors
of asmuchasa few centimetresin the separatrixposition from the EFIT magnetics
reconstructions[134].
Onecanseethat thereis very goodagreementin Ne in thevicinity of theseparatrix,
with lessagreementobserved in Te measurements.The largeuncertaintybarson the
Te valuesof TS shouldbenoted.
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in little HeI emissionin this region, or becausedby wrap-aroundemissionobserved

by thespectrometer. Thedivergenceof HELIOS from TS at R . 141cm is because

theneutralheliumhasbeenmostlyionisedin this region,again,resultingin a low HeI

signalandpoordiagnosis.

The relatively poor agreementof HELIOS Te in �gure 3.22for R � 143cm may

be due to the viewing geometry. As statedabove, this simple look-up of the emis-

sionline ratiosdoesnotcontaina plasmamodelandthereforedoesnot take geometry

into account. In this case,the innermostviewing chordshave lines of sight through

low-densitylow-temperatureSOL plasmabeforereachingthe con�ned plasma. The

collimation of the nozzlecould thereforeleadto emissionfrom colderplasmabeing

detectedby theseinnerviewingchordsandmaskingthehotemissionfromthecon�ned

plasma.This is anissuethatwill bedealtwith in moredetail in chapter4.

3.5 Utilising resultantHeI I emission

Theprimarymeasurementsmadeduringthiswork weretheemissionlinesdueto HeI;

however, oncetheneutralheliumhasionised,theH-like ion is in�uencedby theelec-

tromagneticforceswhich permeatethe plasma. It is thereforeworth mentioningan

additionaldiagnosticthat canbe made“for free” usingthe HELIOS system's neutral

gasinjectionsystem.ThesmearedHeII emissioncanbeobservedusingtheCELESTE5

Dopplerspectrometer[135]. CELESTE sharesthesameopticsasHELIOS andhashigher

spectral,spatialandtemporalresolution.TheDopplershift of theHeII spectrumlines

allows thespeedof theH-like ions,theplasmarotation,to bemeasured.Thethermal

broadeningof thespectrallinesalsoallowstheions' temperatureto bemeasured.The

visible spectralregion aroundHe+1 (n = 4 ! 3) at � 4685 	A is generallyusedby

CELESTE for plasmarotationmeasurements.

Thecombinationof usingHELIOS for edgeNe andTe measurementsandCELESTE

for Doppler�o w velocitymeasurementswascarriedoverto MAST from theCOMPASS-

D tokamak[40] whereit wasusedfor detailedstudiesof edgetransportbarrierforma-

tion andtheir temporalevolution[136]. Thepairingof HELIOS andCELESTE is agood

exampleof thediagnosticsynergy highly soughtafterfor implementationon ITER.

3.6 Conclusions

Thischapterhassummarisedthework carriedout in measuringtheHeI emissionusing

the HELIOS multi-chordspectroscopicsetup. Therewere several main partsto this

5ChargeExchangeLight EmissionSpectroscopy for TemperatureEvaluation.
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experimentalwork, which led to measurementof both L- andH-modeplasmasfor

comparisonwith thetheoreticalmodelwhichwill beoutlinedin chapter4, namely:

� work carriedout in tailoring theneutralheliumpuff;

� con�gurationof thehardwareto optimisethemeasurements;

� alignmentof thecollectionopticsto complementthetargetplasmas;

� con�gurationof plasmato obtainthemeasurementsrequiredin minimumnum-

berof shots.

Theresultsobtainedfrom theexperimentalwork discussedin this sectionprovide

abaseonwhichcomparisonswith theoryandmodellingcanbemade.Theaimsstated

at thebeginningof thischapterrequiredmeasurementsin differentplasmaconditions,

bothL- andH-modeplasmas,andLangmuirprobemeasurementsof Ne andTe pro�les

in the SOL. Resultsweretaken for a varietyof plasmas,andweresuf�cient to allow

an examinationof the physicalprocessesresultingin emissionin the vicinity of the

separatrixof amagneticallycon�ned fusionplasma.

Thenext chapterof thethesiswill outlinethetheoreticalwork carriedout to model

theHeI emissionresultingfrom the thermalgaspuff employedby the HELIOS diag-

nostic,underpinnedby thefundamentaldataandprocessingdiscussedin chapter2 and

evaluatedby theexperimentalwork summarisedin this chapter.
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Chapter 4

Prediction and deductionusingan

emissionmodel for MAST

TheGCR modellingof neutralheliumcarriedoutaspartof thiswork, soughtto answer

questionssurroundingthe experimentalsetupanddiagnosticutilisation of a thermal

heliumgaspuff ona magneticallycon�ned fusionplasma.Themainissuesdealtwith

in this chapterare:

� representingtheSOL in predictivemodelling;

� effectof non-equilibriummetastablepopulationson predictedemission;

� determiningthecollimationof theinjectionnozzlefrom measuredspectralemis-

sion;

� the problemof the actualpro�les of line emissionalongthe lines-of-sightfor

localiseddeductionswherethereis aspatiallyextendedgaspuff;

� determiningtemperatureanddensityradialpro�les from thespectralline ratios

with non-equilibriummetastablepopulationfractions.

This chapterwill begin with a computationaloverview in section4.1, highlight-

ing themaincomputercodesusedin this work, but with emphasison theunderlying

physics.Sections4.2 and4.3 will continueby covering the �tting andprocessingof

TS Te andNe measurementsnecessaryfor modellingthetheoreticalemissionfrom the

plasma.The�tted pro�les arethenusedto investigatethelocalisationof theemission

expectedfrom theHELIOS spectrometerusingaspatiallyresolvedemissionmodelout-

lined in sections4.4and4.5. Modelling thetemporalbehaviour of theneutralhelium

in thepresenceof anELM is describedin section4.7,with thelimits on themodelling

detailedin section4.8.Combiningmany of themodellingtechniquesdescribedin this
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chapter, section4.9 discussesdeductionof predictedradial Ne andTe pro�les based

on theHELIOS spectralline ratiomeasurements.

4.1 Computational overview

Thepredictive modellingsoftwaretakesNe andTe diagnosticdatafrom TS, andpos-

sibly otheravailablesourcessuchasLangmuirprobemeasurements,andcalculates

the metastablepopulationsfrom the injection nozzleto a speci�ed distanceinto the

plasma.Theneutralheliumpuff is discretisedinto a numberof beamlets,which have

anangulardistributionaroundtheradialvectordeterminedby theinjectorcollimation.

Thetime takenfor acalculationvarieslinearlywith thenumberof beamletsspeci�ed;

approximatelythirty beamletsis foundto beadequateto describethesystem,andwill

beusedhereunlessotherwisestated.

Dueto therelative timescalesof theHELIOS spectrometer'smeasurementsandthe

helium's transittimethroughtheplasma,thesystemcanbeconsideredindependentof

time; thatis, theindividual timeslicescanbetreatedseparately, with noconsideration

of history. Therefore,the illustrative resultsin this chapteraregenerallyfor a single

time slice of the pulse. The time usedfor displayof resultsis that from the ruby TS

�ring time,unlessotherwisestated.

The computationalmodel is built on a numberof parameters,a few numerical

which arenot physicalin nature,andsomephysicalwhich affect thecalculation.The

numericalparametersare:

� numberof beamlets;

� numberof pointsin thequadrature;

� distanceinto theplasmabeforestoppingquadrature.

Figure4.1showsaschematicof theemissionmodelling.

Thestructureshown in �gure 4.1usestheTS andRP dataobtainedfor a particular

MAST shot,andpredictsthe HeI emissiondueto the HELIOS injection nozzle. This

emissionmodel is useful for investigatingfeaturesof the predictionwhich are not

easilymeasuredexperimentally;namely, spatiallynon-equilibriumemission.

Theinitial settingsshown in �gure 4.1includethenumericalparameters,theradial

positionof the injection nozzleandthe atomicdatato be used. With thesesettings,

thecodethenaccessestheADAS atomicdata,theMAST non-spectroscopicexperimen-

tal dataandthe HELIOS calibrationdatanecessaryto carryout thespatiallyresolved
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Figure4.1: A schematicof the main body of the emissionmodel. This will be the
basisfor the modellingwork in this chapterandwill be built uponandmodi�ed in
subsequentsectionsto deliver thetheoreticallyanticipatedemission.

100



(a) RadialNe pro�le (b) RadialTe pro�le

(c) RadialHe
�
1s2 1S

�
population (d) RadialHe

�
1s2s3S

�
population

Figure4.2: 4.2(c)and4.2(d)show theradialvariationof theheliummetastablesgiven
the densityandtemperaturepro�les shown in 4.2(a)and4.2(b)usingthe procedure
prescribedin �gure 4.1.
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metastablepopulationattenuationcalculation.Figure4.2showstheradialevolutionof

themetastablepopulationsfor givenTS Ne andTe pro�les.

From the radial pro�les shown in �gures 4.2(a)and4.2(b), it is evident that the

Ne andTe datataken from the ruby TS diagnosticareof low quality at the plasma

edge. The uncertaintiesarising from the TS datameanthat the edgeplasmais an

areaof concernwhich is addressedin this chapter. As mentionedin chapter3, the

LangmuirRP datacanbe helpful in determiningthe conditionsin the SOL; however,

RP measurementscouldnot be taken in H-mode,asexplainedin section3.4, so it is

not a universalsolutionto theproblem.Dueto differing quality of TS diagnosticdata

from shotto shot, it is necessaryto usegenericparameterisationsfor providing data

for theedge.Thismeansthatthedatafrom differentsourcescanbemergedwhenthey

areavailable,andahelpful,smoothedfunctionalform canbedeliveredto theemission

modelling.This is detailedin section4.2.

4.2 Functional �tting of non-spectroscopicNe and Te

pro�le data

Theedgeradialpro�les shown in �gure 4.2 indicatetheadvantageof combiningdif-

ferentsourcesof datawhende�ning theplasmaconditionsat theedgeof theplasma.

Theuncertaintyin thepureTS dataat theedgecanleadto non-physicalparametricNe

andTe pro�les. An alternative to relyingon TS at theedgewasdiscussedin chapter3;

theLangmuirRP measurementscansupplementtheTS datain theSOL.

Therearecertaincaveatswhendealingwith RP comparedto TS measurementson

MAST. Firstly, TS is a standardplasmadiagnosticwhich is usedduring every shot.

In contrast,RP measurementsmustbespeci�cally requestedprior to theexperimental

session,andthe pathof the probethroughthe plasmade�ned to give the bestrepre-

sentationof theradialpro�les. AlthoughtheRP measurementsgive usefulNe andTe

diagnosisat the plasmaedge,the irregularity of probemeasurementsis problematic

for this application.Secondly, sinceTS is a standardplasmadiagnostic,thedataheld

in thecentralMAST repositoryis in a standardform: in thecaseof the Nd:YAG TS,

Ne andTe asa functionof time andposition.TheRP datais not heldin sucha useful

form; extraadhocprocessingis necessaryto extractthediagnosticdatarequired.

Figure4.3(a)shows the raw signal from the LangmuirRP measurementof Te in

MAST. It is dif�cult to discerntheaverageTe variationfrom this plot dueto thehigh

frequency noiseon the signal. Figure 4.3(b) shows the samedataafter being pro-

cessedthroughlow pass�lters with 1 kHz and100Hz cut-off frequencies[137]. The

frequency responseof thelow pass�lter was,in this case,givenby:
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(a) Langmuirproberaw signal (b) FilteredLangmuirprobesignals

Figure4.3: 4.3(a)shows the raw signal from the Langmuir RP measurementof Te .
4.3(b)shows thesamesignalpassedthrougha low pass�lter with 1 kHz and100Hz
cut-off frequencies.The low-frequency componentof the signalgivesa far clearer
pictureof theTe variation.

G (f ) =
1

r

1 +
�

f
f c

� 2
(4.1)

wheref is thefrequency andf c thecut-off frequency[138].

As shown in �gure 4.3(b),theLangmuirRP measurementsarethendoyield useful

data.It hasbeenthepracticeduringthiswork to makeuseof theRP dataif it existsby

merging it with theTS data,andsolelyusingtheTS whenRP datais unavailable.

Whetherthe RP datais availableor not, onecan take advantageof the pedestal

modelof the tokamakedge[139,140]. Sincethereis a well-known shapefor theNe

andTe pro�les, onecanusethedataavailablein a �tting routineto parameterisethe

plasmaedge. The pro�le shapessuggestthe useof a modi�ed hyperbolictangent

function.Theoriginalparameterisationis[141]:

mtanhorig. (z; a) =
a1 � a2

2

�
(1 + a3z) exp(z) � exp(� z)

exp(z) + exp(� z)

�
+ a2 (4.2)

where:

� z = (a4 � r ) =(2a5);

� r is theradialpositionin thedevice;

� a1 is therelativeheightof thepedestal;

� a2 is theSOL densityor temperature;
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� a3 is thelinearcoreslope;

� a4 is thepositionof thetransportbarrier;

� a5 is thewidth of thetransportbarrier.

During this work thereweresomedif�culties in usingthis particularparameter-

isation,especiallyfor the electrondensityas it often returneddensitieswhich were

lessthanzero. The representationdecideduponinsteadis that usedto parameterise

theedgeof ASDEX-U[142], which appliesseparatemodi�cationson eithersideof the

separatrix:

f =
b1 + b2

2
+

b2 � b1

2
mtanhalt. (z

0; b5� 10) (4.3)

where:

z0 =
b3 � r

b4
(4.4)

and:

mtanhalt. (z
0; b5� 10) =

� �
1 + b5z0+ b6z02 + b7z03

�
exp(z0)

�
�
1 + b8z0+ b9z02 + b10z03

�
exp(� z0)

�

�
1

exp(z0) + exp(� z0)

(4.5)

Thisparameterisationworkswell giventhedetailedfeaturesobservedfrom therel-

atively high-resolutionnon-spectroscopicdiagnostics.Theuseof theoriginalparame-

terisationin thedeductionof Ne andTe radialpro�les will bediscussedin section4.9.

4.3 Levenberg–Marquardt algorithm

A modi�ed versionof the Levenberg–Marquardtalgorithm[143] is usedto �t the TS

and Langmuir RP data to the modi�ed hyperbolic tangentfunction given in equa-

tion 4.5.

The�rst stepin �tting thediagnosticdatato therequiredfunctionwasto evaluate

thefunctionfor aninitial setof �tting parametersb, asde�ned in section4.2.Thedata

pointshave anuncertaintyassociatedwith them,� yk , which is usedto determinethe

weightingattributedto thedatapoints,wk , suchthat
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wk =
1

� y2
k

(4.6)

Theindividual freeparameters,bi , arethenvariedby anamount� bi independently,

andsetsof similarsolutionsarefound.Fromthesedifferentsolutionsets,thevariation

of the�tting functionwith respectto theparameterscanbecalculated:

@f k

@bi
=

f 0
k � f k

� bi
(4.7)

wheref k and f 0
k are the initial and alteredvalue of the �tting function due to the

parameterchange� bi , respectively.

A matrix,M , andvector, c, canthenbeformed

M ij =
NX

k=1

@f k

@bi

@f k

@bj
wk (4.8)

ci =
NX

k=1

@f k

@bi
(yk � f k) wk (4.9)

andimprovementscanbemadeto thefreeparametersby solvingthelinearsystemfor

�b

M �b = c (4.10)

where� bi arethechangesto bemadeto the individual parameterssuchthat the im-

provedparametersareb0
i = bi + � bi .

Thisprocedureis iterateduponuntil � 2, de�ned as

� 2 =
NX

k=1

(yk � f k)2 wk (4.11)

convergeson its minimalvalue1. Thenumberof degreesof freedom,d, in the�tting is

de�ned in termsof thenumberof experimentaldatapoints,N , andthenumberof free

parameters,n, as

d = N � n (4.12)

whichallows thenormalised� 2
n to bede�ned as

1Strictly speaking,theLevenberg–Marquardtroutineiteratesto a local,ratherthanglobal,minimum
of � 2.
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� 2
n =

� 2

d
(4.13)

which is useful in modelling. � 2
n = 1 meansthereis a `perfect' �t to the data,and

� 2
n < 1 meansthe datahasbeenover-�tted; that is, thereare too many parameters

representingthedata.

Theimplementationof the �tting methodusedin this work madeuseof damping

factors,� , to aid convergence.ThreedifferentM matriceswerecalculatedsuchthat

theleadingdiagonalwasalteredto

M 0
ii = M ii (1 + � ) (4.14)

where� 2 f 0:0; 0:1; 0:2g. The � 2 quantity is calculatedfor eachof the valuesof �

andthebestdampingfactoris selected.When� 2 is far from convergence,the larger

dampingfactoris used,andasthesystemapproachestheoptimalsolution,thedamping

factoris removedby setting� = 0:0.

The percentageerror in a parametercan found from the leadingdiagonalof the

covariancematrix

C = M � 1 (4.15)

andthe correlationbetweentwo parametersbi andbj canbe de�ned in termsof the

covariancematrixas

cor(bi ; bj ) =
Cijp
Cii Cj j

(4.16)

where� 1 � cor(bi ; bj ) � 1. If two parametersare linearly independent,they will

have a correlationof zero. This meansthe effect inducedby alteringoneparameter

cannotbeundoneby alteringanotherparameter. If cor(bi ; bj ) > 0 thentheeffect of

increasingparameterbi canbeundoneby decreasingparameterbj . Thetwo parameters

would be consideredcorrelated. If cor(bi ; bj ) < 0 then the effect of increasing

parameterbi canbe undoneby increasingparameterbj . The two parameterswould

be consideredanti-correlated.The degreeof correlationbetweentwo parametersis

importantsinceonewouldpreferthe�tting parametersusedtobelinearlyindependent.

For thiswork, jcor(bi ; bj ) j < 0:4 wasconsideredareasonablecorrelationwith which

towork,sinceit resultsin an“explainedvariance”of 16%.Thatis,16%of thevariance

in oneparameteris explained,or predicted,by theotherparameter. This is appropriate

giventheapproximateglobaluncertaintyof thesystem.

Anotherimportantuseof thecovariancematrix,C, is to give theuncertaintyin the
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(a) EdgeTS Te measurement (b) EdgeTS Ne measurement

Figure4.4: EdgeTS measurementsfor MAST shot#12209.Onecanseethattheuncer-
tainty in thetemperaturemeasurementis relatively largeat theplasmaedge.

(a) Edgetemperature�tting (b) Edgedensity�tting

Figure 4.5: MAST shot #12209. 4.5(a)shows the original and alternatefunctional
�ttings for theTS edgetemperatureand4.5(b)showsasimilarplot for thedensity. For
thedensity:� 2

n (orig.) ' 1:51and� 2
n (alt.) ' 1:37. For thetemperature:� 2

n (orig.) '
2:44and� 2

n (alt.) ' 2:19.

�tting function,f , at theexperimentalabscissae:

� f k =

vu
u
t

nX

i =1

nX

j =1

@f k

@bi

@f k

@bj
Cij (4.17)

Figure4.4 shows theedgeTS measurementsfor MAST shot#12209.Onecansee

that the uncertaintyin the temperaturemeasurementis relatively large at the plasma

edge.

TheTS datawas�tted usingtheoriginal mtanhfunctiongivenin equation4.2and

with thealternatefunctiongivenin equation4.5. Both thesefunctions,with thegiven

parameterisations,areshown in �gure 4.5.

Thebehaviour of thealternate�tting functionin theSOL, asshown in �gure 4.5(a),
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mayappearstrange,following erroneouspoints;however, thisgivesagoodindication

that the alternatefunction will follow the moreaccurateRP datain the SOL without

compromisingthe �t on the other side of the separatrix. A comparisonof the � 2
n

quantityfor bothparameterisationsshows that thealternatefunctionmoreaccurately

�ts theexperimentaldata:

� density:

– originalparameterisation:� 2
n ' 1:51;

– alternateparameterisation:� 2
n ' 1:37;

� temperature:

– originalparameterisation:� 2
n ' 2:44;

– alternateparameterisation:� 2
n ' 2:19.

In practice,if the TS datawereaserraticasthat in �gure 4.5(a),andtherewasno

sourceof supplementarydata,suchasRP measurements,a simpleexponentialdecay

formulationwouldbeusedwith perhapstwo decaylengthsover theextentof theSOL.

If RP datais available,the datasourcesaremergedandthe resultantbestdiagnostic

representationof the plasmaedgeis used. MAST shot#12245is an exampleof the

mergingand�tting procedure.

To merge the TS and RP diagnosticdataonehas�rst to assignan uncertaintyto

the RP data. Figure4.3 shows the raw and�ltered RP data. The �ltered datacanbe

usedto estimatetheuncertaintyin themeasurement.Thesignal�ltered at 100Hz in

�gure 4.3(b)givesa goodindicationof thevariationof thetemperatureasmeasured;

the signal�ltered at 1 kHz canbe usedto determinethe uncertaintywhich formsan

envelopearoundthemeasuredtemperature.

The TS measurementswith high uncertaintynearthe edgewerediscardedwhere

the RP datawastaken. This mergeddata,with associateduncertainties,thenformed

thedatasetwhichwas�tted with thealternatemtanhfunctionde�ned in equation4.5.

Themergedexperimentaldataandthe�tted functionareshown in �gure 4.6. The� 2
n

for thefunctional�t on themergeddatasetis � 2
n ' 2:41.

Thevalueof � 2
n for themergeddatais largerthanthatof theun-mergeddata.This

is asexpectedsincetherelativeuncertaintyin theRP datais muchsmallerthanthatof

theTS at thesameradialposition.Thelargeruncertaintyin theTS makesit easierto �t

the function to theun-mergeddatasincetheweightingof thedatapointsis inversely

proportionalto thesquareof theuncertainty.

108



(a) Fitting mergedTS andRP data (b) SOL dataregion

Figure4.6: MAST shot#12245.TheRP measurementshave beenmergedwith theTS

datato giveacompositedataset.Thismergeddatais then�tted usingtheLevenberg–
Marquardtroutine,with � 2

n ' 2:41. This valueof � 2
n is larger thanthat of the un-

mergeddatadueto therelativeuncertaintyin theRP measurementsbeingmuchlower
thanthecorrespondingTS data.

It is clearfrom �gure 4.6(a)that the parameterised�t of the mergeddatasethas

adequatelyfollowedthemeasurementsinboardof theseparatrix,aswasthecasein the

un-mergedcase.It is alsoclearfrom �gure 4.6(b) that the functionproperlyfollows

the SOL temperature,asmeasuredby the LangmuirRP. The merging of the density

datawasalsosuccessful;� 2
n ' 1:77andthe�t is shown in �gure 4.7.

Theincreasedregularityof theparameterisationof themergeddensityandtemper-

aturedataallows for a morereliablepredictivemodelof theradialmetastablepopula-

tions. The�tted functionis lessvariable,but is closerto thereality regardingneutral

helium transportat the plasmaedge. Figure4.8(a)shows the parameteriseddensity

function,shown with theexperimentaldatain �gure 4.7,and4.8(b)showsthetemper-

aturefunction,asshown in �gure 4.6. Figure4.8(c)shows thevariationof the1s2 1S

and1s2s3S statesascalculatedradially usingthepredictive model. Onecanseethat

the 1s2s3S populationincreasesasthe temperaturein the SOL increases,althoughit

doesnot reachequilibriumwith thegroundstate,beforedecayingexponentiallydueto

theincreasedtemperatureanddensityof thecon�ned plasma.Figure4.8(d)showsthe

variationof the1s2s3Sstaterelative to thegroundstate.

A comparisonof �gures 4.2(d)and4.8(c)showsthattheevolutionof themetastable

populationis far smootherwhenusingthemergeddatasetratherthantheun-merged;

this is dueto the smoothandrealisticvariationof the temperatureanddensityover

theentireregion whenboth TS andRP dataareused.It shouldbenotedthat thereis

a markedchangein derivative of thecurve in �gure 4.8(d),which correspondsto the

changein densitygradient;clearly this is dueto the larger ionisationcross-sectionof
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Figure4.7: MAST shot#12245.Thedatahasbeenmergedin asimilarwayto �gure 4.6
with � 2

n ' 1:77.
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(a) Functionalform of Ne (b) Functionalform of Te

(c) Variationof themetastablepopulations (d) Variationof 1s2s3S relative to 1s2 1S

Figure4.8: MAST shot#12245.Showsthevariationof themetastablepopulationsdue
to thefunctional�tting of themergeddiagnosticdata.Seetext for details.
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1s2s3Scomparedto 1s2 1S.

Theradialvariationof themetastablepopulationsis calculatedusinganattenuation

modelbasedon ADAS theoreticalcollision data.In section4.4, thespatiallyresolved

populationstructureis calculatedwith uncertaintiesin theNe andTe pro�les included

by applyinga Monte Carlostatisticalsamplingmethod.Thesepopulationswill then

beusedto calculatespatiallyresolvedemissionfrom thelinesof interestin section4.5

with uncertaintybars. Then section4.6 will discusswork to representthe HELIOS

spectrometer's viewing geometrysoasto determinewhetherlocal Te andNe predic-

tions canbe extractedfrom the spectra. By comparingthe theoreticallyanticipated

emissioncalculatedby themodelwith thatmeasured,thecollimation of the HELIOS

injection nozzlewill be determinedandthe toroidal localisationof emissionwill be

determinedusingtheLevenberg–Marquardtroutinedescribedabove.

4.4 Calculating spatially resolved metastablepopula-

tions

TheMonteCarlostatisticalsamplingmethodwasemployedto calculatethespatially

resolvedmetastablepopulationsandtheirassociateduncertaintiesusingthemergedTS

andRP datafrom MAST shot#12245describedabove. Figure4.9 shows thedifferent

stagesrequiredin calculatingthe1s2 1S and1s2s3S populationsanduncertaintiesfor

a radialattenuationof neutralhelium.

Themetastablepopulationschangewith positionsuchthat

d
dr

"
Ng

Nm

#

=

"
� Sg! + � qg! m qm! g

qg! m � Sm! + � qm! g

# "
Ng

Nm

#
Ne

vpu�
(4.18)

whereS representsthe ionisationratecoef�cient de-populatinga stateandq the rate

coef�cient which populatesonestatefrom the other. Theseratecoef�cients areim-

plicitly functionsof temperatureanddensity.

As shown in �gure 4.9, themergedtemperatureanddensitydiagnosticdatais ac-

cessed,andthe ionisationandcross-couplingratecoef�cients aredeterminedon this

meshof temperatureanddensity. A randomtemperatureanddensityareselectedfrom

within a Gaussiandistributionde�ned by theuncertaintyat thepoint of interestanda

fourth orderRunge–Kutta routineis usedto solve thesystemabove[144]. A bilinear

interpolationroutineis usedto �nd thevaluesof theratecoef�cients at theintermedi-

atepointsrequiredby theRunge–Kuttaalgorithm.A comparisonof differentnumbers
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Figure4.9: Thedifferentstagesrequiredin calculatingthe1s2 1Sand1s2s3S popula-
tionsandtheir associateduncertainties.
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of iterationsandtheeffectontheuncertaintiesproducedwascarriedoutandit wasde-

terminedthat104 iterationsand100binswasadequateto deducetheuncertainty. The

processwasiterated104 timesoverall radialpositions.The104 valuesof the1s21Sand

1s2s3Spopulationsperpositionwerethenput in 100binsandaLevenberg–Marquardt

procedurewasusedto �t a Gaussianto the two datasets. The peakpositionof the

Gaussianindicatedthevalueof thepopulation,andthehalf-width indicatedtheuncer-

tainty. Figure4.10(a)shows a histogramof thebinnedpopulationdataalongwith the

Gaussian�t usedto extract the populationanduncertaintydata. Figures4.10(b)and

4.10(c)show the radial variationof the metastablepopulationswith their associated

uncertainties2.

To calculatethe spatially resolved metastablepopulations,a similar structureto

that shown in �gure 4.9 wasused,but movedthroughthe differentbeamletsusedto

representthe gaspuff. The �ux of gasfrom the nozzleis setasan initial condition,

andthecollimationof thenozzleis usedto calculatethe initial heliumpopulationon

a particularbeamlet.For this pieceof work, the angularvariationof the nozzlewas

taken ascos5 (� ), andthe initial 1s2 1S populationof a beamletat an angle� i to the

device radiuswasnormalisedto thetotal inputpopulation,Ptot , by

P (� i ) = Ptot

2

6
4

� =2Z

� � =2

cosn � d�

3

7
5

� 1
(� i + � i +1 )=2Z

(� i + � i � 1 )=2

cosn � d� (4.19)

Equation4.19showsthegeneralformof theangularcollimation;cosn (� ) ispresent

ratherthanthecos5 (� ) usedin thiscase.Thisgeneralform will beusedwhenattempt-

ing to determinethe angularcollimation of the injection nozzle; that is, the search

parameteris n.

Figure4.11showsthemetastablepopulationsin thevicinity of theinjectionnozzle

asa functionof radial positionandanglefrom the device radiusassuminga cos5 (� )

angularvariation. As onewould expect,thegroundstatepopulationdeclinessharply

alonga curveof thesurface;this shows theseparatrix,wherethedensitybeginsto in-

creasesubstantiallyfrom its SOL value.Onecanalsoseethepopulationof the1s2s3S

statein the SOL dueto the low densityandsubsequentlylow de-populationmecha-

nisms.This spatiallyresolvedpictureshows that thereis a signi�cant amountof neu-

tral heliumat relatively largeanglesfrom thedevice's radialvector;it is worth noting

that,assuminga cos5 � variation,the1=eanglefor theinitial populationis � ' 35� .

The calculationof the metastablepopulationsand their associateduncertainties

2It is notedat this point that this methodassumesthereis no uncertaintyin theatomicreactionrate
coef�cients. In principleit wouldnotbedif�cult to includetheseuncertainties;arigorousprocedurefor
propagatinganuncertaintyin � to thederivedcoef�cients is currentlyunderway.
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(a) Binnedpopulationdatafor with Gaussian�t

(b) Radialvariationof 1s2 1Swith associateduncer-
tainty

(c) Radialvariationof 1s2s3S with associatedun-
certainty

Figure4.10: 4.10(a)shows thebinneddatafor oneof theradialpointswith theGaus-
sian�tted to extractpopulationanduncertainty. 4.10(b)and4.10(c)show the calcu-
latedpopulationsfor bothmetastableswith uncertainties.

115



(a) Spatiallyresolved1s2 1S population (b) Spatiallyresolved1s2s3S population

Figure4.11:Thespatiallyresolvedmetastablepopulationscalculatedusingthemerged
diagnosticdatafrom MAST shot#12245.

allows the theoreticallyanticipatedemissionto becalculatedfor the threediagnostic

linesof interest,whichwill bediscussedin section4.5.

A simple tabular look-up methodwasdiscussedtowardsthe endof section3.4;

this entailsan assumptionthat the groundto metastablerelative populationsare in

local equilibrium. It is clear from the metastableemissionmodellingcarriedout in

this sectionthat the 1s2s3S stateis not alwaysin equilibrium with the groundstate.

Thereis a regionof non-equilibriumthroughouttheSOL wherethe1s2s3Sstatetends

towardsan equilibrium valuebut doesnot necessarilyreachthat value. This means

thata simplelook-uproutineis generallyinadequateto deducetheradialtemperature

anddensityvariationin the SOL; this leavesa region in thevicinity of theseparatrix

wherethesimpletechniqueagreeswith TS; see�gure 3.22.

4.5 Calculating spatially resolvedemissivities

Using GCR modelling, the spatially resolved metastablepopulationscan be usedto

calculatetheemissionof thethreelinesof interest,asgivenin table3.1onpage61. The

emissiondueto aparticulartransitioncanbewritten in termsof thephotonemissivity

coef�cient, introducedin section2.4:

" ij =
X

�

N � Ne PEC� ;ij (4.20)

wherethe summationis over the numberof metastablesin the ionisationstage3. In

thecaseof theneutralheliumof interestin thiswork, theemissionthereforeexplicitly

3Section2.4 mentionsthe excitation andrecombinationcomponentsof the emission;however, as
recombinationwasfoundto benegligible, theexcitationspeci�cationhasbeendroppedfor brevity.
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becomes

" ij = Ne (NgPECg;ij + NmPECm;ij ) (4.21)

The radial variationof the groundandmetastablepopulations,Ng andNm , was

calculatedin theprevioussection;therefore,all thatis necessaryto calculatetheemis-

sionon the linesof interestarethePEC ratecoef�cients for thetwo metastablesand

therelevanttransitions.

The PECs usedin this work werecalculatedusingthe distribution-averagedcol-

lision strengthsdiscussedin section2.2.1,basedon the RMPS calculationdiscussed

in section2.1, and the interval-averagingandmerging techniquesdiscussedin sec-

tions 2.2 and2.3. A codefrom the ADAS package,ADAS208, wasusedto produce

thePECdata�les. Figure4.12(a)showstheradialvariationof thethreelinesof diag-

nosticinterestdueto thetemperatureanddensitypro�les in 4.8(a)and4.8(b)andthe

metastablepopulationsshown in �gure 4.8(c). Figures4.12(b)and4.12(c)show the

contributiondueto thetwo metastablesto the6678 	A and7067 	A linesrespectively.

One can seethat the threelines reachtheir peakemissionat approximatelythe

sameradial position,but the 7067 	A line, dueto the triplet transition,emitsmorein

the SOL than the two singlet lines. Figure4.12(b)shows that the 6678 	A emission

drivenby thegroundis aroundtwo ordersof magnitudegreaterthanthatdrivenby the
3S metastable.In contrast,�gure 4.12(c)shows that the oppositeis the casefor the

7067 	A line. Even thoughthe triplet populationis far lower thanthat of the ground

state,the contribution to the emissivity from the 3S is greaterthanthat driven from

theground.This is an interesting�nding sincethemajority of this line's emissionis

drivenby apopulationthatis notnecessarilyin equilibriumwith thegroundstate.This

would thereforesuggestasimplelook-upof line ratioswouldgivea poortemperature

diagnosticin this case.That is exactly what hasbeenobserved in the shotshown in

�gure 3.22. Thestructureof the triplet emissionis noted;theeffectsof thediffering

temperatureanddensitygradientsarevisibleasfeatureson thepro�le.

In a similar way to before,the anticipatedemissionfrom the threespectrallines

canbecalculatedwith their associateduncertaintiesusingtheMonteCarlotechnique

mutatismutandis. Theelectrontemperatureanddensityareiteratively sampledfrom

within a Gaussiandistribution determinedby theuncertaintylimits anda bilinear in-

terpolationprocedureis usedto �nd therelevantvaluesof thePECs. Themetastable

populationsarethensampledfrom within their uncertaintylimits andusedto calcu-

late the resultantemission.The dataarethen�tted with a Gaussianat eachpoint to

determinetheemissivity andtheassociateduncertainty.

A spatially-resolvedemissionmodelclari�es speci�c unknownsrelatingto theex-
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(a) Diagnosticemissionlines

(b) Contribution to 6678 	A line (c) Contribution to 7067 	A line

Figure4.12:Theradialemissionpro�les of thethreelinesof diagnosticinterestdueto
thetemperatureanddensitypro�les givenin �gure 4.8. Notethelogarithmicscaleon
4.12(b)andthelinearscaleon4.12(c).
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perimentalsetup.Theseare:

� wrap-around— quantifycold emissionseenby thespectrometer;

� providedatato form LOS integrals;

� ultimately, allow a Levenberg–Marquardtroutine to be usedto determinethe

nozzlecollimation.

The secondand third items on the above list will be dealt with in section4.6;

the wrap-aroundcan be quanti�ed using the spatially-resolved emissioncalculated

above andtechnicalschematicsof the MAST device. Figure4.13shows contoursof

thetriplet line emission.Theanglebetweenthenozzlepositionandtheviewing port

is ' 51� [145]. Onecanseefrom the lines of sight marked on �gure 4.13 that there

is signi�cant off-radiusemissionseenby thedetector, however, thecontributionalong

theviewing line cannotbedeterminedat thisstage;it is notedthattherelatively broad

triplet line, �gure 4.12(a),couldbeaffected.Thiswill betackledin section4.6.

Althoughline-of-sightintegralsarerequiredtostudyquantitatively thecontribution

to theobservedemissionalongthepath,aqualitativestudyis possiblefrom �gure 4.13.

Onecanseethat the majority of viewing chordscanobserve off-axis emission;that

is, emissionwhich is not localisedat � = 0. The lines of sight centredaroundthe

separatrixview themostintenseemissionneartheradialvector, but somechords,like

the oneviewing furthestinto the plasma,observesthe most intenseemissionfar off

axis. This demonstratesthe existenceof “wrap-around”emission;that is, off-axis

emissionthat canbe credulouslyinterpretedas local emissionfrom further into the

plasma.Thiseffect,coupledwith theincreasingattenuation,wouldtendtodeliverpoor

diagnosticdatafor the viewing chordsobservingfurthestinto the plasmaif a simple

ratio look-uptechniquewereemployed.Thisdivergenceagreeswith theexperimental

observationshown in �gure 3.22.

Thisnon-localisedemissionsuggeststhatacomprehensiveplasmamodelis essen-

tial if diagnosingplasmasusinga gaspuff. The agreementbetweenthe HELIOS line

ratio look-upmethodandthe TS datacouldbe improvedif onecould reducetheoff-

axisemissiondueto “wrap-around”.Yet again,this highlightsthecrucial importance

of knowing thecollimationof theneutralheliumgasinjectionsystem.

4.6 Simulating HELIOS lines-of-sight

Calculatingspatially-resolvedmetastablepopulationsandline emissionpro�les is of

greatusein investigatingfeaturesof the setupthat areinaccessibleto measurement,
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Figure4.13:Thecontoursonthisplot arelinearlyspaced,with themaximumemission
localisedin the centralregion of the plot. Onecanseethat the lines of sight,which
appearcurveddueto theangularabscissae,passthroughregionsof signi�cant off-axis
emission.It is not possibleat this stageto determinethecontributionof theseoff-axis
componentsto thelinesvisible to thedetector, but thiswill bedealtwith in section4.6.
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suchas the issueof wrap-aroundemissiondiscussedin the previous section. It is

necessary, however, to acknowledgethattheexperimentalhardwaredoesnot measure

thespatially-resolvedquantitiescalculatedsofar. In orderto confrontdirectly theGCR

modellingandmeasurement,onemustconsiderthespectrometer'sview of theplasma;

it detectsradiationalonga line of sight,not from asinglepositionwithin theplasma.

The line-integratedemissivities arecalculatedfrom the grid of spatiallyresolved

emissivities from theGCR modeldescribedabove:

~" ij =

�Z

0

A
4� `2

" ij (r ) d` (4.22)

whereA is the collectionareaof the opticsand` is the positionalong the viewing

chord.Thequadraturewascarriedout usinga trapezoidalroutine,dueto theirregular

grid spacing[146]. A supportfunction,� , is usedto taketheemissivitiesto theedgeof

thedeviceby �tting thelasttwo datapointsto anexponentialdecay:

� (` � `0) = c1 exp[� c2 (` � `0)] (4.23)

where`0 is on the last beamletand ci are �tting coef�cients. In equation4.22, �

representsthe total path lengthof the integral. In this work, � was taken to be the

distanceatwhich

�
�
�
�
@�
@̀

�
�
�
� � 108 ph cm� 4 s� 1 (4.24)

The contribution to the line-of-sight integralsalongthe path,mentionedqualita-

tively in theprevioussection,cannow beinvestigatedusingthecomputationalmodel.

From�gure 4.13it is clearthatthechordscanview oneof threeregions:

1. a regionwith nosigni�cant emission— theoutermostchordviews theSOL;

2. a region with signi�cant on-axisemission— the chordsin the middle of the

bundleview emissionin thevicinity of theseparatrix,andlessintenseoff-axis

emission;

3. a region with signi�cant off-axis emission— theinnermostchordviews practi-

cally no on-axisemission,but doespassthrougha regionof off-axisemission.

Thenä�veassumptionthattheHeI emissionis localisedalongtheradiusof MAST

canbetestedin thesethreedifferentcases.Thecontribution to theintegratedemission

is shown in �gure 4.14. In the �rst case,onewould expectthe peakemissionto be

on-axis,but very weak; in the secondcaseonewould, again,expectpeakemission
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Figure4.14: MAST shot#12245.Onecanseethat the mostintense�ux is predicted
on the centralviewing chord, marked `Chord #9' on the plot. The peakpredicted
emissionis on theradialvectorof thedevice; this canbeseenfrom �gure 4.13.Most
of thechordsanticipatetheir peak�ux on-axis;however, the innermostchordsoccur
well off-axis.

to occuron-axis,but be far moreintense;in the third casewe would expectdistinct

off-axisemission.This is thecasefor thepredictedcontributionsshown in �gure 4.14.

It is evidentfrom thecalculatedcontributionsto theline-integratedemissivities in

�gure 4.14thattheinnermostchordis predictedtoview its peakemissionwell off-axis.

This meansthechordis viewing `behind' theregion of peakemissionanddetectinga

wrap-aroundsignal. It would thereforebe inappropriateto interpretall of thespectra

detectedby the HELIOS spectrometerasrepresentinglocally emittedradiationgiven

the outcomeof this theoreticalstudy; this further emphasisesthe needfor a plasma

emissionmodel if diagnosticdatais to be extractedreliably from the system. The

pro�les in �gure 4.14take the solid angleinto account,so the relatively intenseoff-

axisemissionshown in �gure 4.13is shown to bediminishedby thesmallsolid angle

dueto theviewing geometry.

Up to this point, the modelling has delivered the theoretically anticipated
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metastablepopulationsandresultantemissionbasedon an applicationof GCR mod-

elling which is underpinnedby themergedTS andRP diagnosticdatafrom MAST shot

#12245. With the line-integratedemissivities, ~" ij , calculated,one can comparethe

anticipatedemissionwith thatmeasuredby theHELIOS spectrometer.

A direct comparisonof the measuredand theoreticalemissivities allows one to

deducethemostimportantparameterin theneutralheliuminjectionsystem:thecol-

limation of the injectionnozzle. The importanceof this parameterlies mainly in the

dif�culties presentedin measuringit accurately;thereforea computationalapproach

to theproblemis valuable.

As mentionedpreviously, the populationmodelusedto calculatethe metastable

populationsmustbegivena parametern which describesthetheangularvariationof

the initial helium population. This angularvariation is given in equation4.19. It is

clearthatthisparameterwill determinetheamountof wrap-aroundemissionobserved

by thespectrometer;this canbeusedto helpdetermineits value.

The calculationof the predictedline-integratedemissivities can be usedwithin

a Levenberg–Marquardtleast-squares�tting procedureto determinethe collimation

factor, n. It wasfoundthatthebest�t to theexperimentaldataoccurredatacollimation

factormuchlessthanexpected.Figure4.15shows thecalculatedline emissionratios

for differentvaluesof n; it wasfoundthatthebest�t occurredfor n ' 1:2. It is noted

that the valueexpected,basedon similar apparatususedon otherexperiments,was

n ' 5.

This is aninteresting�nding andpossiblyexplainsthedif�culty in measuringthe

nozzlecollimation. The measurementwasattemptedby positioninga �o w gaugeat

differentpositionsaroundthe nozzle's aperture.The morediffusethe gas�o w, the

moredif�cult to measurethe collimation; this is clearsincethe 1=e anglefor cos�

is � 68� , comparedto a value of � 35� for cos5 � . The smallerangulargradient

makesthemeasurementmoredif�cult, andtheattemptto measurethecollimationwas

inconclusive.

Giventhelargedifferencebetweentheexpectedandcalculatedcollimationfactors,

it is appositeto concludethat the neutralhelium injection nozzlewasdamaged.An

alternativeconclusionwouldbeerroneousoperationof the�tting procedure,however,

this is not consistentwith theoutcomesof thestudy. Theproceduredoesconvergeon

a solution,andthis solutionhasbeenveri�ed in isolationfrom the �tting procedure

usingtheemissionmodel.

With thebestagreementbetweenthemodelandthemeasuredline intensityratios

occurringfor n ' 1:2, amoreaccuratecontourplot canbemadeof thespatialvariation

of the emission.Figure4.13shows the variationassumingthe expectedcollimation
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(a) Effecton ratio1

(b) Effecton ratio2

Figure4.15:Theeffectof thecollimationfactorn onthesimulatedline intensityratios.
Theexperimentallymeasuredline ratiosareindicatedby thedatapoints.
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factorof n = 5; a revisionof thisplot is givenin �gure 4.16(a).

It is importantto note that the contourson both �gure 4.13 and 4.16(a)are on

the samelevels. Therefore,a comparisonof �gures 4.13 and 4.16 shows that the

collimationwhichbest�ts theexperimentaldataleadsto lessintenseemissionon-axis,

with it extendingfurtheraroundthe edgeof the MAST plasma,asonewould expect.

Figure4.16(b)shows thepredictedlocalisationof emissionalongtheviewing chords

usingtherevisedcollimationfactorandcanbecompareddirectly with thetheoretical

variationin �gure 4.14. Onecanseethat the peakcontributionsarelessthanin the

morecollimatedassumption,andthattheoutermostchordsseefarmoreemissionfrom

theplasmaedgethanthatshown in �gure 4.14.Thelackof localisationassociatedwith

thebest�t to theexperimentaldataimpliesthefollowing:

� inferenceof local density/temperaturefrom theline ratioscanhave unsafecon-

nectionto theactuallocal density/temperaturein theSOL alongthecentralaxis

of thegaspuff;

� the peaked on-axisemissionof the central viewing chordsindicatesthat the

simple look-up techniquewould have more connectionto axial local den-

sity/temperaturefor thesechords;

� the innermostchordsexhibit off-axis emissionandit would thereforebe inap-

propriateto usethesimplelook-up method;however, the lack of signaldueto

attenuationis a farmoresigni�cant effecton thesechords.

Theseimplicationsof the GCR emissionmodel resonatestronglywith what was

observedusingthethesimpleline ratio look-upmethodexempli�ed in �gure 3.22.

4.7 Temporal variation

As mentionedpreviously, the systemwas consideredtime-independentsince the

atomicprocessesresponsiblefor theexcitedpopulationstructureandemission,asde-

ducedin section2.4,occuronatimescalemuchshorterthantypicalplasmatimescales

� Te and� Ne , asde�ned in equation1.4.Thatis, oneneednotconsiderthehistoryof the

gaswhendeducingthespatialvariationfor a particulartime slice. In orderto model

temporalbehaviour, suchasplasmaboundaryvariationwith ELM activity, onerequires

additionalmeasuredor known data.Theseare:

� initial neutralheliumpopulation;

� Ne andTe benchmarksfrom ruby TS;
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(a) Spatialvariationof triplet-lineemissionwith n = 1:2

(b) Revisedpredictedlocalisationof triplet emission

Figure4.16:Thepredictedspatialvariationof thetriplet line usingacollimationfactor
of n = 1:2, ascalculatedby �tting theGCR modelledline ratiosto themeasureddata
usingaLevenberg–Marquardtleast-squares�tting procedure.
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� temporalvariationof Ne andTe from Nd:YAG TS.

Theinitial neutralheliumpopulationcanbedeterminedasdiscussedin section3.1,

wherethe throughputevolution of thenozzlewasmodelled.The spatialvariationof

thepuff canthenbecalculatedasin equation4.19usingtheappropriatenormalisation

valueof Ptot . The ruby TS systemis usedto take a high resolutionbenchmarkmea-

surementof spatialtemperatureanddensityvariation,with the temporalvariationof

theplasmaparametersdeducedfrom theNd:YAG system.

The temporalmodelis evaluatedat time-slicescorrespondingto the trigger times

of theNd:YAG laser. TheNd:YAG con�gurationusedin theexperimentalperiodsdis-

cussedin chapter3 had68 time slices,from aninitial triggerat approximately20 ms,

runningto approximately350ms.

Therehasbeenconsiderableeffort in the theoreticalmodellingandexperimental

measurementof the radial extent andspatiallocalisationof ELMs. Researchcarried

out on MAST[147] andASDEX-U[148] hasattemptedto comparethespatialstructure

of type-I ELMs on thesmallsphericalandlargerconventionaltokamaks[149]. Studies

on DII I-D have shown large, rapid, variationsin the SOL parametersand fast radial

propagationof the ELM pulse[150]. Datahasbeenobtainedon MAST from a mid-

planeRP[151], mid-planelinearD� cameraandTS[152]. OnASDEX-U, measurements

have beenmadeusingmid-planemanipulatorprobes[153, 154] andlimiter heat-�ux

studies[155].

Large radial ef�ux esof chargedparticleshave beenobservedon several devices,

andit would have beeninterestingto carryout a thoroughinvestigationof the effect

of edgevariationon thecontributionsto line-of-sightintegrals;however, this investi-

gationwaslimited becausetheNd:YAG TS radialresolutionwasinsuf�cient. Initially,

themodelwasusedto simulatethe temporalbehaviour of the HeI emissionat times

determinedby theHELIOS clockpulse.Thisstudyshowedthatthepredictedvariation

agreedwell with theline ratiosmeasuredusingtheHELIOS spectrometer, in a similar

way to thatshown in �gure 4.15.

Themodelwasmanipulated4 to simulateedgedensityandtemperaturevariations

whichonecouldexpectduringanELM[156]. Theincreasein densityandshorteningof

thedistancebetweenthe injectionnozzleandplasmaedgemeanttheemissioncould

beconsideredlocalisedalongtheradialvectorof thedevice. The increasein density

wastakento betheparticlesreleasedfrom thecon�ned plasmaduringtheELM crash.

Developinga predictive model is a notableadvantagein this particularinvestigation

since,unfortunately, thetimescalesof thetransienttemperatureanddensityincreases

4This investigationwascarriedout usingthemergeddatafrom MAST shot#12245asa base,with a
simulatedELM crash,basedon thework in [150] and[156], superimposed.
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arefar shorterthanthe HELIOS spectrometercanmeasure.The modelallows oneto

hypothesiseon the behaviour of the emissioneven thoughthe measurementsthem-

selvesarenot possible.However, a lack of experimentalmeasurementmakesthis of

lesspracticalusethanthespatialmodellingdiscussedabove. Themethodof usingthe

thermalneutralgaspuff to characteriseproperlytheedgebehaviour is highly inappro-

priateandthe effectsof edgemodeson the measuredspectrais minimal dueto the

shorttimescales� 100� s. Thebandwidthsrequiredto measuretheseshorttimescales

havebeenimplementedon theASDEX-U diagnostics[157], but suchsystemswereun-

availableduringthiswork.

4.8 Limits on the modelling

The largestlimit to the modelling discussedin this chapterwasencounteredin the

simulationof temporalvariationdiscussedin the previous section. This wasin part

dueto thelimited radialresolutionof theNd:YAG TS. Thisdid notcauseinsurmount-

abledif�culties; theoreticalsimulationsmadeuseof the ruby TS asa benchmarkfor

theradialelectrontemperatureanddensity, andthevariationin time wasinferredby

comparingthelimited Nd:YAG radialpro�les with the�ner ruby pro�le. However, in

practicalterms,thelimit to themodellingwasreachedsincethetimescalesinvolvedin

anELM crashwereordersof magnitudeshorterthanthosemeasurableby theHELIOS

spectrometer. Therefore,althoughpredictionscould be made,therewasno way to

con�rm theseby measurement.

TheverticalTS systemon ASDEX-U[158] is amoresuitablecon�gurationfor mea-

suringthetime-dependentvariationof plasmaparameters.Thissystemcanbeoperated

in a`burstmode',whichallowssix measurementsto bemadein � 2� sandwouldpro-

videgoodinput to theGCR modelonaresolutionhighenoughto resolvedetailedELM

activity. Eventhis relatively shorttimescaleis aroundtwo ordersof magnitudeslower

thanthoseof the excitation andionisationprocesses.The 3 MHz TS measurements

shouldbecomparedwith the200Hz measurementspossibleon MAST, asdiscussedin

section1.5.1.

Mostof themodellingdetailedin this chapterhasmadeuseof MAST shot#12245,

which hasaccurateTS datasupplementedby RP measurementsin theSOL. This is an

idealarrangementfor suchpredictivemodelling,althoughRP measurementsof MAST

plasmasarenot routine.In caseswhereaccurateSOL measurementsarenot available,

uncertaintiesin theedgeplasmaparameterscanbelargeenoughto hinderinvestigative

useof theGCR model.A pertinentexampleof this is thatdeterminingthecollimation

of theneutralheliuminjectionnozzlewouldhavebeenimpossiblewithout RP data.
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Anotherlimit on thework, slightly disconnectedfrom themodelling,is thecolli-

mationof the nozzle. A comparisonof �gures 4.14and4.16(b)show how the colli-

mationof thenozzleaffectsthepredictedcontribution to theline-of-sightintegrals,or

viewing chords.Onecanseethatthemuchnarrowercontributioncurvesof �gure 4.14

lendthemselvesto beinginterpretedaslocal emissionalongtheradiusof thedevice;

in contrast,thewiderpro�les, whichwereidenti�ed asthosebest�tting themeasured

data,cannotbe so interpreted.A morecollimatedsupersonicnozzlehasbeenused

with somesuccessin thepaston TEXTOR[115].

4.9 Impr oved deduction of Ne and Te pro�les fr om

measuredHELIOS spectra

Thischapterhasdetailedwork carriedout to determinemetastablepopulationdynam-

ics at the low-�eld edgeof the MAST device, however, the modelhastaken TS and

RP dataasinput. Whatremainsto bedeterminedis whetherthepredictive modeland

Levenberg–Marquardtprocedurecanbeamalgamatedtodeliverradialtemperatureand

densitypro�les conditionalon the HELIOS measuredspectraalone.Thecomparisons

presentedherearebasedon MAST shot#12209.

This �tting procedurediffers from thosediscussedabove, becausethe �tting pa-

rametersdo not describedirectly the measureddataof interest. Rather, the parame-

terisationdescribestheradialelectrondensityandtemperaturepro�les whichareused

to computethetheoreticalspectralline emissionratiosasobservedalongtheHELIOS

lines-of-sight. Theseratios are then comparedwith thoseobtainedfrom the actual

HELIOS measurementsiteratively in aglobaloptimisation.

Sincethe HELIOS spectrometerhaseighteenviewing chords,the numberof pa-

rametersusedto representtheradialpro�les hadto belimited. Thenumberof viewing

chordspreludedthealternativemodi�ed hyperbolictangentparameterisationgivenin

section4.2 of the thesis. The numberof parametersusedto representthe electron

temperatureanddensitypro�les waslimited to ten, leaving eightdegreesof freedom

for the �t. Thesetenparameterscorrespondto a temperatureanddensityparameteri-

sationgivenby theoriginalmodi�ed hyperbolictangentfunctiongivenin section4.2.

The�rst stageof this studyconsistedof allowing all tenparametersto vary freely

from their initial conditions.The mostin�uential of theseparameters,the radial po-

sition of the separatrix,wassetat 1.4 m. The electrondensityand temperature�ts

obtainedfrom theinitial studyareshown in �gure 4.17andtheparametersareshown

in table4.1.

Thefunctionsshown in �gure 4.17areencouragingfor an initial calculation,and
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(a) Electrondensity

(b) Electrontemperature

Figure4.17: Parameterisationof the radial electrondensityandtemperaturepro�les
using the HELIOS-basedten-parameter�t. All of the parameterswere free to vary,
leadingto a relatively poorrepresentationof thepro�les. Thedatapointson theplots
aretheTS Ne andTe measurements.
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Parameter Initial Final
1 1018 7:48� 1018

2 1018 5:38� 1011

3 1.0 4.59
4 1.4 1.43
5 0.5 0.052
6 103 794.23
7 50.0 34.05
8 1.0 5:10� 10� 7

9 1.4 1.32
10 1.0 0.030

Table4.1: The initial and�nal parametersusedandobtainedfrom the �rst HELIOS-
basedpredictivestudy.

it is evident from table4.1 that the ten parametersareableto vary over an adequate

range.Theinitial �t to theline ratiosmeasuredusingtheHELIOS spectrometerresulted

in � 2
n ' 6:5, which is muchlarger thantheprevious�ts discussedin this chapter. As

mentionedpreviously, the Levenberg–Marquardtprocedureiteratesto a local mini-

mum of � 2
n , which could causeproblemswith �tting. It wasnot uncommonduring

this studyfor the �tting routineto convergeon a local minimumof � 2
n which did not

correspondto theglobalminimum,requiringmanualinput to allow the�t to continue

to the global minimum, andhencethe requiredsolution. A possiblesolutionto this

problemis highlightedin section4.10.

Althoughtheinitial investigationresultedin a reasonablerepresentationof thera-

dial densityandtemperaturepro�les, therewereindicationsof whereimprovements

couldbemade.Giventhetemperatureanddensitypro�les describedthesameplasma,

it wasconsideredreasonableto usethesameseparatrixpositionfor both the temper-

atureanddensityparameterisations.Parameternumbernine in table4.1 corresponds

to the separatrixpositionusedin the electrontemperaturefunction; it is evident that

this parameterdid not converge on a reasonablevalue, which was characteristicof

theinitial investigation.By implementingthis change,andconstrainingthesymmetry

point of the �tting function,in this casecorrespondingto theseparatrixposition,to a

reasonablerangeof Rsep � 1:4 m, the improved�t resultedin the pro�les shown in

�gure 4.18andtheparametersgivenin table4.2.

The constraintson the �tting parametersallowed the improved �t to obtain

� 2
n ' 4:0, substantiallybetterthantheinitial study. Again,onecanseefrom table4.2

thattheparametersareableto varyoverawide range.Themostsubstantialdifference

betweenthetwo setsof �ts is in theelectrondensitypro�le. Figure4.17(a)showsthat
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(a) Electrondensity

(b) Electrontemperature

Figure4.18: Parameterisationof the radial electrondensityandtemperaturepro�les
usingtheHELIOS-baseddatawith constrainedparameters.Seetext for details.These
plotsuseaninitial separatrixpositionof 1.4m.
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Parameter Initial Final
1 1018 1:36� 1018

2 1018 � 1:36� 1018

3 1.0 778.25
4y 1.4 1.45
5 0.5 0.010
6 103 38.53
7 50.0 -38.53
8 1.0 1:06� 106

9y 1.4 1.45
10 1.0 -0.090

y indicatesparametersaretied.

Table 4.2: The initial and �nal parametersusedand obtainedfrom the constrained
HELIOS-basedpredictivestudy.

thepro�le consistsof onecurve throughthe region of interest;this indicatesthat the

modi�ed hyperbolictangentfunctionis notbeingusedto besteffect. Thisis contrasted

by �gure 4.18(a),wheretheparameterisationhasallowedtheSOL to be�tted asa rel-

atively constantregion,with thedensitygradient�tted asaseparatefeature.Giventhe

HELIOS measurementsavailable,thisdensityparameterisationis of optimalform.

Figures4.17(b)and4.18(b)show thattheelectrontemperaturepersistsasa single

curveaftertheconstraintsplacedontheparameters.This is notanidealoutcomesince

it suggeststhe reductionin � 2
n from the initial to improved study is predominantly

dueto theimprovementin theelectrondensitypro�le. Evenalthoughtheform of the

electrontemperaturefunctionhasnot beenimprovedto thesamelevel asthedensity,

it still compareswell with theTS measurements.

This illustrateshow the analysisandmodellingmethodsoutlined in this chapter

canbe combinedto deducethe electrondensityandtemperatureradial pro�les of a

MAST plasmausingspectralline emissionratiosmeasuredby theHELIOS spectrometer

fromaspatiallyextendedgaspuff withoutassumingequilibriummetastablepopulation

fractions.Therefore,thediagnosticsensitivity of thesystemandtheunderlyingmodels

have beensubstantiatedgiven the extensionto the analysisoutlined in this chapter.

Chapter5 suggestsfurtherwork thatcanbecarriedout in this �eld.

4.10 Conclusions

This chapterhassummarisedthework carriedout in exploiting a GCR modelfor the

metastablepopulationsof neutralheliumandtheemissiondrivenby thesepopulations
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in deductionof density/temperatureradialpro�les usingmultiple line-of-sightspectral

line ratio measurementsof a poorly collimatedhelium gaspuff. Therewereseveral

partsto thismodellingwork,with therelatedmethodsillustratedthroughoutthischap-

ter. Themainpointsof noteare:

� developmentof a Levenberg–Marquardtalgorithmto �t mergeddiagnosticdata

setsto representtheSOL;

� developmentof a GCR modelto calculatetheheliummetastablepopulationsin

thevicinity of thenozzle;

� usingthefundamentaldatadiscussedin chapter2 to calculatephotonemissivity

coef�cients for thetransitionsof interest;

� usingthesePECs to determinespatialandtemporalemissionpro�les;

� highlight theeffectof non-equilibriummetastablepopulations;

� developmentof a Monte Carlostatisticalsamplingsimulationto determinethe

uncertaintyassociatedwith themetastablepopulations;

� estimationof the localisationof emissiongiven TS density/temperatureradial

pro�le data;

� utilising the merged TS and RP data,the measuredspectraldataand the GCR

modelto deducethecollimationof theneutralheliuminjectionnozzle;

� identi�cation of nozzledamagein theneutralgasinjectionsystem;

� improveddeterminationof radialNe andTe pro�le parametersfrom spectralline

ratiosmeasuredusingtheHELIOS spectrometer.

Using the techniquesdevelopedin this chapter, spectralline emissionratiosmea-

suredusingthe HELIOS spectrometerhave beenusedto optimisea standardpedestal

functionto deliverradialelectrondensityandtemperaturepro�les. Therewasadegree

of manualsteeringin the searchfor a global minimumof � 2
n , however, it is possible

that this processcould be improved in future by utilising a geneticalgorithmwhich

candeterminewhetherthe �tting procedurehasconvergedon theglobalminimumof

� 2
n . Suchalgorithmshave beenstudiedin optimisationprocedureswith somesuccess

andcouldbeavaluableadditionto thiswork[159].
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Chapter 5

Conclusionsand futur ework

Spectralline emissionratiosmeasuredusingtheHELIOS spectrometeron MAST have

beenanalysedusinga GCR emissionmodel,allowing improveddeductionof electron

densityandtemperatureradialpro�les.

A state-of-the-artRMPS calculation was carried out in support of this work

which resolved the resonancestructurein the collision strengthbelow the ionisation

threshold[69]. The `interval-averaging' techniquewasdevelopedto allow the large

quantityof dataproducedby anR-matrix calculationto bereducedto a sizemanage-

ableundera databasestructure,suchasthe onewhich forms part of ADAS, without

compromisingtheadditionalphysicaldataprovidedby theresonancestructure.This

carefultreatmentof thecollision strengthsis particularlyimportantwhenconsidering

relatively low-temperatureplasmas,suchasthoseencounteredat the edgeof a toka-

mak.

The electron-collisionexcitation datafor neutralhelium wasreappraisedto pro-

ducethe most reliable dataset over the widest rangein energy. The tabulation of

collision strengths,ratherthanMaxwell-averagedcollision strengths,wasextended.

Handlingcollisionstrengthshastheadvantagethatthedataareopento widerscrutiny;

non-physicalfeaturessuchasoscillationsin thecollision strengthdueto thepresence

of pseudostatescanbe objectively analysed.Onedisadvantageto this tabulation in

thepastwastheexpenseof computerstoragenecessaryto archive thelargerdata�les,

which is lessof anissuewith currenthardware.

A framework wasestablishedtoestimatetheuncertaintyassociatedwith acollision

strength.This uncertaintywastabulatedwithin an ADAS dataformatwhich mirrored

the parentdataset. Thesepaireddataprovide the startingpoint for an uncertainty

propagationanalysiswhich cantake the uncertaintyon the fundamentalatomiccol-

lision data,andderive the resultantuncertaintyon a physicalobservablesuchasan

emissivity. This work is on-goingat theUniversityof StrathclydeandJET. Theresult
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of thereappraisalanduncertaintyestimationis currentlythepremierelectron-impact

datasetavailablefor neutralhelium,valid from theexcitationthresholdthroughto the

asymptoticregion,whichshouldbeutilisedin any futurework.

The electrontemperatureanddensityregime of the MAST outboardedgeandthe

neutralgaspuff systemwasanalysedto determinethe dominantphysicalprocesses.

It wasfoundthat theelectron-drivenprocessesarepreponderant.Furthermore,it was

foundthattheexcitation/ionisationreactionshappenedon a timescalefar shorterthan

thatof recombination;therefore,secondaryrecombinationof theneutralheliumneed

not be consideredas a large emissionmechanism. This quantitative evaluationof

the atomic reactionprocessesallowed a detailedformulationof the variationof the

metastablepopulationswithin theMAST edgeplasma.

The detailedformulationof the neutralhelium populationdynamicsallowed the

developmentof acompletespatialandtemporalmodelof theneutralheliummetastable

predictedpopulationsat the plasmaedge. This wasextendedto provide spatialand

temporalresolutionon thepredictedemissionof thethreelinesof diagnosticinterest,

givenin table3.1.

Dedicatedexperimentalmeasurementswerecarriedout on theMAST tokamakus-

ing theHELIOS experimentalmulti-chordspectroscopicsetup,with extensiveindepen-

dent supportdiagnostics,suchas TS electrondensityand temperaturepro�les, and

LangmuirRP measurements.TheexperimentalsessionsprovidedthedetailedTS and

RP measurementsnecessaryto develop the predictive GCR model,andalsoprovided

spectralemissionline ratiosfrom HELIOS usedin thedeductionof electrondensityand

temperatureradialpro�les.

Studieswere carried out on the neutral gas puff systemto determinethe gas

throughput.This wasimportantin boththespectralmeasurements,to avoid line satu-

rationon theCCD, andin thespatialandtemporalmodellingto provide initial helium

�ux and throughputvariationduring the pulse. Saturationwas an issuein the �rst

phaseof experiments,therefore,thiswasa realin�uence on thesuccessof thework.

By combiningthe HELIOS spectralmeasurementswith the TS andRP densityand

temperatureradialpro�les andtheGCR emissionmodel,thecollimationof theneutral

gasinjectorwasdeduced.Thiswasanimportantresultsinceit proveddif�cult to mea-

sure. The puff wasfound to be spatiallyextendedbeyond the approximateexpected

valuefor thecollimation. It wasconcludedfrom themerging of theexperimentaland

theoreticalstudiesthatthenozzlewasdamaged,resultingin amoredispersedpuff.

The HELIOS spectralmeasurementswereusedwithin a global optimisationpro-

cedurewhich allowedimproveddeductionof electrondensityandtemperatureradial

pro�les from the spatiallyextendedneutralhelium gaspuff independentof any non-
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spectroscopicmeasurements.The optimisationrequireda degreeof manualsteering

in thesearchfor aglobalminimumof � 2
n , however, it is clearfrom thework presented

in thethesisthatthemethodof parameterisingradialelectrondensityandtemperature

pro�les is more productive than attemptingto deducelocal plasmapropertiesfrom

individual line-of-sightmeasurements.This point is givenprominencesincesuccess-

ful deductionswerepossiblesupportedby superiorelectron-impactexcitationdata,a

completeGCR treatmentof themetastablepopulationswithin a theoreticalspatialand

temporalemissionmodel, in spiteof a poorly collimatedgaspuff. The work of this

thesissuggeststhat this is the way forward for the helium gaspuff diagnosticin the

generalexperiment.

Therearesomeissuesfor futurework in this �eld. Firstly, themanualsteeringof

the global optimisationis not completelysatisfactoryfor routineuseof the HELIOS

diagnostic.A geneticalgorithmwhich ensuresthe�tting procedurehasconvergedon

thetrueglobalminimumof � 2
n , andhencetherequiredsolution,would bea valuable

additionto this work[160]. Suchalgorithmshave beenstudiedin optimisationproce-

dureswith somesuccessin a wide rangeof �elds[161, 162]. Secondly, the success

of theanalysismethodologiesandtheir applicationto combiningspectroscopicmea-

surementswith GCR modellingareencouraging;however, further experimentswith

varyingcollimation andedgeconditionswould addcon�denceto theprocedures.In

particular, theMAST experimentsneedto bereworkedwith a replacementnozzle.The

presentstudydoesindicatethatthenozzlewasdamaged.Severalgroupshaveworked

onmorecollimatedsystemsonmachinessuchasTEXTOR[26, 115], however, thepre-

dictive and deductive analysisframework outlined in the thesiscould add to these

analyses.Of particularinterestwould bework carriedout on NSTX. A new prototype

supersonicinjectionsystemis expectedto improvespectralmeasurementssigni�cantly

dueto improvedcollimationandplasmapenetration[133].
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