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Abstract

The thesisexaminesthe effectivenessf spectralemissionfrom a neutralhelium
gaspuff at the peripheryof the tokamakplasmafor diagnosisof spatially resohed
electrontemperatureanddensity The studyspeci cally relatesto the Mega Ampere
SphericalTokamak,MAST, for which extensie independensupportdiagnosticmea-
surementsre available, but the analysisis designedo be of generalapplicability to
all magneticdusiondevices.

The work commencesvith an appraisabf the fundamentahtomicdatarequired
for modellingthe heliumspectraline emission.lt is shavn thatelectroncollision data
arekey to theanalysis put thatthe existing datarequiredextension,andthe utilisation
of the datarequiredreappraisaln light of the complecities introducedby resonance
structure.Thesedataarecompletelyreworked andtheir uncertaintieganalysed.

A comprehensie modelfor theevolution of the populationf heliumatomspene-
tratingtheplasmawasdeveloped whichincludedfull generalisedollisional-radiatve
modellingof bothgroundandmetastabletatesandtheir relative in uence on the for-
mationof excitedpopulationsaandconsequentiapectrakmission.t is shovn how the
differentialcharacterof collision cross-sectiomatafor differenttransitionsenablesa
sensitvity to bothelectrontemperatur@anddensity Themodelis extendedo include
the spatialvariationin the tokamak,the angularspreadof the gaspuff, andthein u-
enceof obsenationallines-of-sight.

A setof experimentswere carriedout on the MAST tokamakusingthe HELIOS
experimentamulti-chordspectroscopisetupandcombinedwith Thomsonscattering
measurementsf electrontemperatureand density at the plasmaedge. A unifying
model was set up, including parametricrepresentationsf temperatureand density
pro les atthe plasmaedge,andusedin globally optimised tting of the experimental
data. The analysismethodologiesverecombinedwith spectroscopimeasuremenb
deducemprovedelectrondensity/temperatunadialpro les. Theresultssubstantiated
the diagnosticcapabilityof the systemandthe theoreticalmodelswhich underlaythe
analysis.

Deliveriesfrom thework includenew comprehensie atomiccollisiondata,derived
coefcients for analysis,anda new generalanalysismethodologyfor predictve and
deductve applicationsof generalisedollisional-radiatve (GCR) modelling.
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Chapter 1
Intr oduction

The spatialandtemporalpropertiesandbehaiour of the magneticcon nementfusion
plasmaare fundamentain developing nuclearfusion as a viable enepgy source. In
particular the temperaturenddensityof the plasmaplay a key role in the behaiour
andstability of thesystem.Sincetheearlydaysof experimentaplasmdausionphysics,
agreatdealof effort hasbeencommittedto developingdiagnosticsystemdo measure
theseparametersModernoperatingscenariosincludingthe high con nementmode,
or H-mode[1],andInternalTransporBarriers, TBs[2], have focusedthis attentionon
the spatialpro les of thetemperaturenddensityat the edgeof the plasmaandtheir
effectonthecon ned plasma.

This work pertainsto the modellingandmeasurementf neutralheliumemission
in the edgeplasma.The helium spectraline emissionis reactve to electrontemper
atureanddensity andsohaspotentialasa diagnostidor theedge— aregionin which
alternatve diagnosticmethodshave relatively high uncertainties The thesisprovides
anin-depthassessmermtf theapplicationof heliumasanedgeplasmadiagnostic.This
chapterintroducesbackgroundohysicsrelevantto the currentstudy Sectionl1.1 de-
tails the characteristic®f the fusion devicesrelevant to the work, especiallymAST
and ITER. The physicalregimesusedin the experimentalstudies,and someof the
specialphenomenanodifying the plasmabehaiour arediscussedn sectionl.2. Sec-
tion 1.3 dealswith fundamentahtomicprocessesSectionl.4 describeghe HELI10S
experimentaldiagnosticsystemon the MAST experimentwhichis the basisof the ex-
perimentaktudiesof thethesis,andwhoseeffective exploitationasa diagnostiovasa
main purposeof the thesis. Alternative diagnosticsystemaisedcomparatrely in the
thesisaresummarisedn sectionl.5. Sectionl.6 givesmoredetail of the contentof
theremaindeiof thethesis.



1.1 Plasmacon nement

A signi cant stepforward in plasmacon nementcamewith the developmentof the

Soviet tokamakin 1968[3 4, 5]. Contemporaryarge-scalesxperimentsusedevices
of thetokamakor stellarator[6]designswith thetokamakbeingdividedinto “conven-

tional” and“spherical” cateyories,CT andsT. Thesetwo classe®f tokamakreferto

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

radii. The Mega Ampere SphericalTokamak,MAST!, hasan aspectratio of  1:4

comparedo the more corventional, I TER-like, aspectratio of ~ 32. The spherical
tokamakis arguablya plasmacon nementcon gurationwith the potentialto compete
with the performanceof the corventionaldesignwithout the needfor large magnetic
elds[7].

Thetheoreticalpredictionsof the sphericaktokamaks advantageded to the devel-
opmentof a numberof deviceson which thesepredictionsweretestedandveri ed.
Earliermachinesncluded:cpx-u3, HIT# MEDUSA®, Ts-3%, andSTART?!; which were
followed by a setof medium-sizedievices: ETE’, GLoBUS-M8, andTsT-2%; andtwo
largermachinesNsTx® andMAST. The combinationof plasmastability andcon ne-
mentexhibited by the sphericaltokamakallows accesdo high  operatingregimes.
Coupledwith large currentcarrying capability due to the naturalelongationof the
plasmaythis allows high performanceperationfor a relatively low toroidal magnetic
eld. Theseperformancdeaturehavejusti ed extendedexperimentabktudyanddiag-
nosticanalysisof thesphericatokamak.Tablesl.1andl1.2 giveimportantparameters
of ITER andMAST respectiely|[8, 9].

Figurel.1shavsanexampleof aMAST plasmaobsenredin visible light. Onecan
seethattheshapeof the plasmaandits proximity to thecentralcolumnis very different
from that of a corventionaltokamak.It is worth noting that extensive work hasbeen
carriedout at MAST on the memging/compressiomethod,which wasdevelopedorig-
inally on START[10]. This allows aninitial plasmaof over 400 kA with no ux from
the centralsolenoid— animportantstart-upfeaturefor a future power stationbased
onthe sphericatokamakdesign[1]. Thebrightspotto theleft of the centralcolumn
in gure 1.1isthemid-planedeuteriuminjectorusedto refuelthedevice. Thedivertor

1CulhamScienceCentre Oxfordshire UK

2|TER, the InternationalThermonucleaExperimentaReactor is the next generatiorfusion device
to bebuilt at cEA Cadarachén France.

3PrincetonPlasmaPhysicsaboratory New Jersg, USA.

“Helicity InjectedTorus,Universityof WashingtonWashingtonUSA.

SUniversityof Wisconsin,Wisconsin,USA.

SUniversityof Tokyo, Japan.

’NationalSpaceResearclinstitute,Brazil.

8loffe Institute, St Petershrg, Russia.



Parameter Value

Plasmaminorradius,a 2.0m
Plasmamajorradius,Rg 6.2m
Aspectratio, Rp=a 3.1
Toroidalmagneticeld (core)  5.3T
Plasmeacurrent 15MA
Aux. heatingpower 40 MW

Tablel.1: A breakdavn of the expectedvaluesof importantparametersf ITER.

Parameter Value
Plasmaminorradius,a 0.65m
Plasmamajorradius,Rq 0.85m
Aspectratio,Rp=a 1.3
Toroidalmagneticeld 0.63T
Plasmecurrent 2 MA
Aux. heatingpower 6.5MW

Tablel.2: A breakdevn of theimportantparametersf MAST.

strike points are also clearly visible at the top and bottom of the plasma. The edge
plasmathetarget of the presenttudies,s evidenton both the outboardandinboard
side.

Another differencebetweenMAST and corventional devices such as JET® and
ASDEX-U'0 is therelatively large vacuunvessel Thedistancerom theplasmas outer
edgeto thewall is 50 cm on MAST, comparedo 5-10cm on ASDEX-U, giving
gooddiagnosticaccesso the outboardplasma.This contrastswith the lack of access
to theinboardsidedueto the centralcolumn.

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 betweerthe hot coreplasmaandthe materialwalls; that
is outwardsfrom afew centimetresnsidethelastclosed ux surfaceon MAST. Some
issuegegardingthe edgeplasmaare:

the openmagnetic eld line region outsideof the separatrixis the scrape-df

9JointEuropearTorus,CulhamScienceCentre Oxfordshire, UK
Oaxially SymmetricDivertor EXperiment-Upgradeyiax-Planck-Institufiir PlasmaphysikGarch-
ing, Germary.



Figurel.1: The MAST plasmafrom shot#4211. It canbe seenthatthe smallaspect
ratiomakestheplasmaappeasphericatatherthanthetoroidalshapeof acorventional
tokamak.



layer, or soL;

anefux of particlesfrom thecon ned plasmapropagatalongthe eld linesin
the soL to thedivertortargetzone;

ux at the edgedeterminesthe balanceof impurity speciesin the con ned
plasma[1213];

the low density combinedwith adwerseviewing geometrycan lead to poor
Thomsonscatteringesolutionat the edge[14]. This will be discussedn detail
in sectionl.5.1;

the position of the last closed ux surface,or separatrix,can oscillate during
ELMY H-mode[15,16, 17, 18], soit is importantin con nementstudies;

sincethe plasmainteractswith the rst wall, the soL is generallyturbulentwith
large variationsin the electrontemperaturenddensity[19;

the edgeplasmawill mediatethe removal of helium ashand the recovery of
tritium in aworking fusionreactor[20 21].

H-modeis a regime of high con nementthatcanoccurin tokamaks[122] andis
routinely accessetyy the MAST device[23. The edgetemperaturenddensitygradi-
entsin H-modearesteepethanthoseassociateavith L-mode,andthedifferencede-
tweenthesetwo con nementregimesmodi es the behaiour of the con ned plasma.
The large H-mode edgegradientslead to the onsetof a speci ¢ magnetichydrody-
namicinstability — the EdgeLocalisedModes,or ELMS — which expel enegy and
particlesfrom the con ned plasma[24 This addsto the power load on the plasma
facingcomponent$rom theline emissionandbremsstrahlung.

Figurel.2shovs ELM behaiour asobsenedin the MAST device. The upperplot
shovstheD emissiormeasure@safunctionof time. WhentheD signalis low there
Is reducedransporfrom thecorecon ned plasmato thescrape-dflayerandthereare
peaksin the D signalwhenenegy and particlesare expelled from the plasma. A
comparisorof theupperandlower plotsin gure 1.2 showsthatthereis a correlation
betweerthepeakdn theD signalanddipsin theline integrateddensity asonewould
expectif the ELMs actedto remove materialandenegy from the plasma.

The electrondensityandtemperaturef the edgeplasmacanbe modi ed consid-
erablyby the propagatiorof anELM. Thealterationof the edgeparametersluringan
ELM crashandtheeffect on heliumemissions simulatedanddiscussedn chapter.



MAST shot #8321
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Figurel.2: TheupperplotshavsD emissionduringMAST shot#8321lindicatingthe
presenceof ELMS. The lower plot shawvs the correspondingvariation of the plasma
densitycharacterisetly sharpdecreasesorrelatedvith peaksin theD signal.



1.3 Relevant atomic physics

Oneof themainaimsof thework is to determinethe viability of usingneutralhelium
emissionto deducdocal radial electrontemperatur@nddensityat the outboardedge
of the MAST plasma. Considera helium atomadwancingin to the tokamak;atomic
processesompeteto alterthe enegy andionisationstateof the particle. The particle
will encounteandinteractwith electronsandions[25 26]. Therelatively low enegy
of the helium suggestshe mostef cient redistrikution processwill bethatdrivenby
the electrons— electron-impacexcitation and de-ecitation will play a key role, as
indicatedin gures 1.3 and 1.4[27, 28]. The cross-sectiorior ion-impactexcitation
is evidently ordersof magnitudelessthanthat of electron-impacin the low-enepgy
regime. As the helium movesthroughthe edgeplasmait is in a region of increasing
electrontemperatureanddensity the electron-diven ionisationwill thereforebe im-
portantin determiningheradialattenuatiorof the neutrals Recombinatiorof theHe"
to re-formtheneutralheliumis alessereffect dueto the high temperature.

In the zerodensityapproximationwhenanatomor ion is excited, the statewill
decayradiatively to alower enegy in a periodof time independentf the plasmacon-
ditions; however, theedgeplasmaof thetokamakhas nite density sufciently highto
interruptcollisionally theradiatingexcited states.Thusthe populationevolution of the
systemis morecomple. Collisional-radiatve (CR) theoryis the appropriatemethod
to determinesuchpopulationstructure[29].

To obtainthe populationstructureof an atomor ion in the CR regime, it is nec-
essaryonly to calculatethe time dependencef the long-lived,dominantpopulations.
For helium theseare the groundand metastablestates. The relaxationtime for the
ordinary(non-metastablegtateameanghey arein instantaneousquilibriumwith the
metastablesThatis:

g m 0 (1.1)

where g is the collisional-radiatve lifetime of the groundstate, , is the lifetime of
themetastablestatesand , is thelifetime of the ordinaryexcited states.

In principle, helium hasa ground stateand two excited metastable’s: 15 1S,
1s28'Sand1s2s’S. Two of thesestatesevidently have long lifetimes: 1s? S beingthe
groundstateand 1s2s°S a statewhich decaysto groundby a very weakspin-change
transition[3]. The cross-sectioffior a spin-changéransitionis relatively small. The
differenttransitiontypeswill be discussedn section2.2.1.n practice therelaxation

UThroughoutthe thesis metastablewill be usedfor stateswith a lifetime longerthanthe “ordi-
nary' states.Thereforetheterm “metastabletwill be usedto describeboththe groundstateandexcited
metastables.



Electron Collisional excitation of He(1s* 'S — 1s2p 'P)
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Figurel1.3: Thevariationof the electron-impacexcitation cross-sectiomsa function
of relative enegy for theHe(1s? 1S 1s2p'P) excitation[27.



Proton collisional excitation of He(1s* 'S — 1s2p 'P)
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Figure 1.4: The variationof the ion-impactexcitation cross-sectioras a function of
relative enegy for theHe(1s2 1S 1s2p'P) excitation[3Q.



time of 1s24Sattokamakdensitiesneanst doesnothaveto betreatecasametastable.
This is becauséhe plasmais of sufcient densitysuchthatthereis a relatively large
collisionalcouplingbetweerthe1s2s Sand1s2p'P states Thusthe 1s2g Sdrainsvia
the 1s2p*P state for which thereis a large spontaneoudecayrateto ground. There-
fore thiswork will only treatthe 1> 1Sand1s2s’S statesasmetastabl@andthe system
of equationslescribingheir populationevolutionis givenby:

dN N

. . 0= 1.9. 0
ar = v NSte #Ndro Nega o5 B=120 8 0 (12)

where ; %indicatethe metastableor groundandvy, is the effective speedof the
heliumadwancinginto theplasma.S |, . andq, orepresentheionisationratecoef-
cient andmetastablerosscouplingcoefcient betweermetastable and °respec-
tively.

GeneralisedCollisional Radiatve (GCR) theory[33 dealswith modellingthe ex-
citedpopulation®f ionsandtheionisationandrecombinatiorio adjacenstagesn the
presencef long-lived,dynamicallyevolving metastablesThe GCR modellingcarried
outaspartof thiswork is detailedin chapter.

The key issueis to comparethe lifetimes givenin equationl.1 to the timescales
associateavith grosschangesn plasmaconditions.Thescalelengths, , for electron
temperatur@andelectrondensityvariationin a plasmaaregivenby:

)= i Te(0)]

(1.3)

ne (1) = jr Ne(r) ]

Ne (1)
wherer is a positionwithin the plasma.

If thespeedof anatomorion acrossaregiondescribedy thesescalelengthsis v,
then:

(1.4)

andit is oftenfoundthat m o Te Ne o. Thisis the situationfor
theheliumgaspuff. A quantitatie discussiorof lifetimesandgeneraliseaollisional-
radiatve modelling,includingthe basisfor includingandexcludingspeci ¢ processes
from the heliummodelling,is givenin section2.4.

10



Line Wavelength=A Transition Approx. Rel. Int.

— 6560 D(n=3! 2) 10.0
1 6678 He(1s2p!P 1s3d'D) 1.0
2 7067 He(1s2p3P 1s3s’S) 0.3-0.5
3 7283 He(1s2p'P 1s3s'S) 0.1

Table 1.3: Table of diagnosticallyrelevant emissionlinesin the HELI0S obsenable
spectrakegion.

1.4 HELIOSexperimental diagnostic

As previously stated,one of the mainaimsof this thesisis to determinewhetherthe
heliumline emissionwhich is reactve to electrontemperaturenddensity canform
aneffective diagnostidor theseplasmaparametersit the outboardplasmaedge.This
sectionwill outlinethedifferentcomponent®f the HELI10S systemandthe methodof
deducingdiagnostiadeliverables.

TheHELI0S spectrometer[33hasabandwidthof 11004, seesection3.2,andin
normaloperationobseresavisible spectrakegionof (7000 500)A. Thisallows
the spectrometeto obsene threediagnosticallyuseful Hel lines, aswell asthe D
line, if required.Thesetransitionsareshown in table1.3.

It is corvenientto usethe short-handhotationwhenreferringto statesof neutral
helium. Thenotationn ML denoteghatthereis animplicit 1selectron;n is theprinci-
pal quantumnumberof the seconcelectron;m is the multiplicity of the system;andL
is thetotal orbital angulammomentum([3% For example,3 P refersto He(1s3p'P).

The diagnosticpotentialof HELIOS is gainedfrom the variation of spectralline
ratiosof thedifferenttransitionsshavnin tablel.3; a singlet-to-singletatio, lines 1:3,
andasinglet-to-tripletratio, lines 3:2. The approximateelative line intensitiesgiven
in tablel1.3aretakenfrom a spectrunof MAST shot#12209 shovnin gure 1.5.

Differential variation of the 6678 A and 7067 A lines on the different viewing
chords,which correspondo differentradial positionswithin the plasma,is evident
from gure 1.5. This differentialvariationcanbe usedto make diagnosticdeductions
of plasmaparameters.

Figurel.6shavstheexcitationratecoefcients from thegroundstatefor thethree
upperstateggivenin table1.3. Onecansee from arelatively low temperatureompa-
rableto thatof the soL, the spin-changexcitationdivergesfrom the othertwo curves.
The differentialvariationwith T, resultsin temperaturesensitvity. It is alsoevident
from gure 1.6thatthe excitationsto the singletstatesbehave similarly with temper
ature.Thustheirline ratio is predominantlya functionof electrondensity

The confrontationof suchmeasuredspectroscopicdatawith the calculatedden-

11



HELIOS spectra: shot #12209, frame #10
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Figurel.5: TheHELIOS spectr&rom MAST shot#12209 takenon 24" February2005
during the secondexperimentalperiod. The approximaterelative line intensitiescan
be seerfor the 18 viewing chords.
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Excitation rate coefficients
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Figurel.6: Theelectron-impacexcitationratecoefcients populatingthe upperstates
in table1.3.
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sity and temperaturesensitve emissionratios allows determinationof a point in
temperature—densitypace. Figure 1.7 shavs contoursof the diagnosticline ratios
asafunctionof Ng andT, anddemonstratetheirinherentdiagnosticsensitvity.

The lines describedabove have beenusedpreviously with somesuccesgo study
the JET divertor[35 36, 37, 38 andthe plasmaedgeof the compPass-D[39, 40, 41]
andTEXTOR'?[26] tokamaks.This work seeksto combinedetailedfundamentatiata
with dedicatedpectroscopimeasurementsf Hel emissionin awell-diagnosednag-
netically con ned fusion plasma. A comprehensie theoreticaland computational
framework to describeandinvestigatethe spatialandtemporalvariationof the emis-
sion is outlined. This investigationincludesthe role of the 2 3S metastabldén the
emissionprocessand an attemptto deducethe collimation of the gasinjection noz-
zle,which hasprovendif cult to measureccuratelyAmalgamatingspectrakmission
measurementwith the completetheoreticalemissionmodelallows the deductionof
local electrondensityandtemperaturdocal radial pro les. Theseissueswill be dis-
cussedn chapter.

Sectionl.5.1highlightsthe Thomsonscatteringdiagnostics lack of spatialreso-
lution andlarge measuremenincertaintiesat the low- eld edgeof MAST. Oneof the
main objectivesof this work is to determinef the HELI10S diagnosticcanbe usedas
analternatve to Thomsonscatteringat the edgeof MAST, andif so,overwhatspatial
regionit is applicable.

1.5 Alter native diagnosticmethods

Thiswork requiredHel emissionto be measuredh awell-diagnoseglasmaandthis
sectiondetailsalternatve diagnosticmethodsused[42].Problemswith the diagnostic
sensitvity of themethodsarehighlighted,with detailsof the optimalmeiging of diag-
nostictechniquesliscussedn chapterd.

1.5.1 Thomsonscattering diagnostic

Thomsonscattering(Ts) is oneof the mostwidely useddiagnosticmethodsor mea-
suringelectrontemperatureT,, anddensity N, in hot plasmas.The methodworks
by measuringhe spectrunof photonsscatteredy thefreeelectronsn theplasma.
Therearecurrentlytwo TS system®operatingon MAST[14]. Both systemgneasure
the full plasmadiameterat the mid-planeof the vessel.One of the systemscaptures
high spatialresolutionmeasurementat onetime-pointin the pulseusinga 10 J ruby

2TokamakEXperimentfor TechnologyOrientatedResearchiorschungszentruiilich, Germay.
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Temperature sensitive ratio
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Figure1.7: Contoursshawving the diagnosticsensitvity of theline ratios1:3 and3:2,
asgivenin table1.3.
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laser This systemprovideselectrontemperaturenddensitypro les at  300spatial
positionsin the plasma.The secondsystemusesfour Nd:YAG laserspulsedat 50 Hz
to provide pro les of 19 spatialpositionsat 200 Hz. The Debyelengthof a MAST
plasmas 30 m andthewavelengthof the Thomsonscatteringsourceon MAST is

7000A. Incoherenscatteringakesplacebecauséhe Debyelengthis muchgreater
thanthe sourcewavelength[43.

A mainexperimentakim of this work wasto determinevhetherthe HEL10S diag-
nostic could be usedto determineN, and T, at the low- eld plasmaedge. The TS
diagnosticability is poorin this region of the plasmafor two reasons:rstly , the spa-
tial resolutionof the diagnosticis limited dueto the ux resolutionat the outboard
edge;secondlythelow electrondensityat the edgeleadsto large uncertaintiesn the

tting carriedoutonthe Ts spectrumFigurel.8 shovsthenormalisedux, y,of a
typical plasmaandthenormalisedux resolution, y, of therubyTs systenvarying
with majorradius.Thesequantitiesarede ned as:

N —2 (1.5)
0 edge

and

N= R % (1.6)

where gisthe ux onthemagneticaxisand cqqeiSthe ux attheedgeof theplasma,
de ned asthelastclosed ux surface(LCFS).

Onecanseethattherelatively large valueof  \ atthe outboardedgeleadsto
poor spatialresolution. This is becausea larger changein ux is associatedvith a
changein radial positionon the high eld sidethanwith the samechangeof radial
position on the low- eld side giving betterradial resolutionon the high eld side.
Furthermorethe beampathis parallelto the ux surfaceson the inboardsidewhich
allows for moreef cient diagnosisof the plasmaconditions. The asymmetryof the
normalisedux in gure 1.8is dueto thelarge Shafrane shift thatis characteristiof
sphericatokamaks[44 The Shafran@ shift meanghe ux surfacesonthehigh eld
sidearemuchclosertogethelin realspacehanthey areonthelow- eld side.

Figure1.9 shows Ts spectraobtainedfrom the MAST plasma.A clearspectrums
visible for a radial positionof R=1.39m, but a poor signalis detectedat R=1.49m.
This meanghefunctional t to the Ts spectrumwhich determinedN. andT, is better
at R=1.39m. It is evident from the radial temperaturegoro le that TS doesnot de-
liver reasonabl@iagnosticoutputat the edge. The experimentalstudiesin the thesis
weremainly concernedvith the large uncertaintiesn the diagnosticdatadueto poor
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MAST shot #5533
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Figure 1.8: Normalised ux resolutionof the ruby Ts systemon MAST. The solid
line denoteghe normalisedux, |\, andthe datapointsdenotethe normalised ux
resolution, . Onecanseethatthe normalisedux resolutionis pooron thelow-
eld sideof thedevice,whichis of interestin thiswork[14].

Ts signal, how this could be overcome,andwhatrole, if any, HELIOS could play in
diagnosingheedge.

1.5.2 Langmuir probediagnostic

An electricprobe,often calleda Langmuir probe,canbe insertedinto the plasmato
determineelectrontemperaturenddensity The probeis biasedwith a potentialdif-
ferencecausingacurrentto o w wheninsertednto theplasma.Thel-V characteristic
canthenbeusedto measuréN, andT, in the soL.
Thetemperatur@nddensitydataextractedfrom the probemeasurementsregen-
erally accompaniedby a lot of high frequeng noise. This leadsto uncertaintyin the
measurementdut lessthanthatassociateavith Ts measuremenistthe plasmaedge.
Probedatacanbe usedto supplementhe radial pro les determinedoy TS, optimis-
ing the dataover a radial rangefrom inside the core plasmathroughthe soL. The
useof probemeasurementasndthe techniqueusedto extractN, and T, datafrom the
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Figure 1.9: The spectrumusedto deduceN, and T, by Ts andthe resultantradial
temperaturegro le for MAST shot#12209. The spectrumat R=1.49m hasno dis-
cerniblelines from which to deducethe plasmaparameter€omparedwith the same
measuremerdat R=1.39m. This resultsinl%rge uncertaintieattheedge.This canbe
seenfrom the poorradialpro le atthe plasmaedge.



Plasma peak radius
3 B

—_
NN
\
|

Plasma radius /m
—_ —_

o 0o

| |

| |

0.8\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0 100 200 300 400
Pulse time /ms

Figure 1.10: Variationof the plasmaedgewith time within MAST shot#12209,0ne
of the shotsdiscussedn detail in chapter4. One canseethe plasmagrowing after
formationandsettlingto a peakradiusof 1.4 m.

backgroundhoiseis discussedh chapter3.

1.5.3 D emissiondiagnostic

The positionof the separatrixis importantsinceit de nes the boundarybetweerthe
con ned plasmaandthe soL. TheD emissiondiagnosticcanbe usedto tracethe
edgeof the plasmaduring a pulse. Figure 1.10 shaws the variation of the separatrix
with time for MAST shot#12209 oneof the shotsthatwill be discussedn moredetail
in chapter3.

Froma simpleconsideratiorof the physicsinvolvedit is logical thatthe emission
will bein the vicinity of the separatrixwhereN, and T, increasefrom their rela-
tively low valuesin the soL to thosecharacteristiof the coreplasma.lt is therefore
necessaryo measureaccuratelythe position of the separatrixandthe D emission
diagnostigorovidesa corvenientmonitor.
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1.5.4 Neutral lithium diagnostic

Measurementwith a thermallithium beamhave allowed densityperturbationsn the
SOL to be studiedon TEXTOR[45]. A detailedstudyusinga pair of thermalbeams
hasmeasuredadial and poloidal uctuationsin the soL density[4§. On ASDEX-U,
lithium hasbeenusedto measureslectrondensities[4748, 49] basedn thedetection
of theLi(2s  2p) resonancdine at 6708A[50]. These,and other lithium studies
have contrituteda greatdealto the diagnosisof the soL, andhassubsequentplica-
tionsfor theapplicationof athermalheliumbeam.Thedevelopmentof anedgespec-
tral diagnostids of limited interestf thereexistsasimilar, provenmethodof obtaining
the samedeliverables.An alternateapproacho spectraldiagnosismusthave de nite
adwantagedeforethe studyanddevelopmentcanbejusti ed. A major advantageof
usingheliumratherthanlithium is its large ionisationpotential, 24:6 eV, compared
to lithium's ionisationpotentialof 5.4 eV[51]. Sincethe edgeplasmaof interest
comprisesa region several centimetreon eitherside of the separatrixJithium'srela-
tively low ionisationpotentialwould meanthe spatialextentof a spectroscopi® e and
Te diagnostichasedon lithium would be lessthanonebasedon helium. The penetra-
tion canbe improvedby increasinghe beameneqy, althoughthis is generallyat the
expenseof spatialresolution. Dueto the large N and T, gradientsand magnitudes
in H-modeplasmastheregion of applicability of any spectroscopidiagnostiowill be
smallcomparedvith the minor radius.Therefore choosinganemissionsourcewith a
relatively largeionisationpotentialis crucialto diagnosticapplicationgiventhe small
injectionenegy. MAST is hotequippedvith alithium beam thereforeadirectcompar
isonof the diagnosticeffectivenessf thetwo beamspeciess not possible.However,
the signi cant body of researcttarriedout with lithium beamsover a large rangeof
enegiesshouldbenoted[52 45,53, 54,55]. Thereis alsothe nancial advantageof a
diagnostidbasedn Hel emissionbeingconsiderablycheapethanalil system.

1.6 Thesisoutline

Thethesisdescribeshe developmentof a predictve modelfor the Hel emissionfrom
thelow- eld edgeof theMegaAmpereSphericallokamakandthe experimentalwork
undertalento confrontthe model. The completespatialandtemporalmodelcanthen
beusedwith measuredpectraemissiordatato deducdocalN, andT, radialpro les.
Chapter2 discusseshe calculationof the fundamentaltomic datarequiredfor the
predictve modelling. It includesdetailsof the R-matrix methodusedto calculatethe
excitationcollision strengthsandthe numericalmethodsdevelopedto reducethelarge
guantity of dataproducedby an R-matrix calculationto a manageabl@mountthat
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canbe usedin the databasdramenork of the Atomic Dataand Analysis Structure,
ADAS[56]. Chapter2 alsodiscusseshe work undertalento provide a new dataclass
within ADAS: theuncertaintyassociateavith the ADFO4 speci c ion data.Generalised
collisional-radiatve modellingis alsodiscussedn chapter2.

Chapter3 gives details of all aspectsof the experimentalwork carried out on
HELI0S validationduring the experimentalcampaigndvi4 andM5. This chapterdis-
cussesn depththeissueghataroseduringthe campaignsandthework thathadto be
carriedout to commissioncalibrateandutilise the HEL10S spectrometer

Chapter4 discussethework undertalento developa completespatialandtempo-
ral modelof theHel emissiomatthelow- eld edgeof MAST. Thedifferentstage®f nu-
mericalsimulationanddevelopmentwill be discussedComputationabutcomeswill
alsobe discussedsuchasthe determinatiorof the collimation of the neutralhelium
injection nozzle,which provedto be problematicto measuredirectly. Theimproved
deductionof local N, andT, radialpro les supportedy the superiorelectron-impact
excitationdata,discussedh chapter2, andacompleteccr treatmenbf themetastable
populationswvithin atheoreticakpatialandtemporalemissiormodel,will beoutlined.

The conclusiongdravn from this work andrecommendationfr future work are
presenteénddiscussedn chapterb.
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Chapter 2
Fundamental data and modelling

Theelectron-impacexcitation/de-&citationreactionis of theform

X{2(E) + e(M)  X[P(E) + e() (2.1)

whereE; < E;. Theleft-to-right processlenotesan excitation, right-to-left denotes
de-ecitation. "; + E; = " + E;; E;; is the enepgy of the ion XifjZ relative to its
groundstate;"; is the enegy of the incidentelectron;and"; is the enegy of the
scatterecklectron.Thisreactioncanbedescribedy thecollision strength[5758, 59],

i , de nedas:

NN G S I TR G0
' 2

i (") =1 » 22 -

" 2 (2.2)

with the propertythatit is symmetricalbetweeninitial and nal statesdueto micro-
reversibility. !; is the statisticalweight of the statei; ";=Iy is the relative impact
enegy; i ; is the cross-sectiorfor the transitionfrom statei to j; andag andly
representhe BohrradiusandRydbeg enegy respectiely.
Fundamentahelium—electrorimpact studieshave beencarriedout over the last
sixty years[60,61] with new, more detailed,work building on the foundationof the
previous calculations. The calculationof fundamentalexcitation dataover the last
thirty yearshasbeenaidedby the useof the R-matrix method[62. The R-matrix stud-
ies have gainedprecisionover time as computationafesourcesandtechniqueshave
improved[63 64, 65. Theseimprovementshave resultedn variationsin the datasets
dueto differentlevels of approximation.The failure of theoryto cornverge with ex-
perimentabove theionisationthresholdin earlierstudiesis noted. This wasresohed
by including “pseudostatesto spanthe continuum;this will be returnedto in the
next section. As computingresourcedave increasedmore detailedapproximations
have beenmadeandthesehave beenshovn by experimentto converge on experimen-
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Figure2.1: A comparisonof the calculationof the excitation collision strengthfor
He(1!'S 2!P) asa function of enegy in termsof the thresholdparameter It can
be seenthattherearequite large differencesrom earlierto later calculationsandthe
latestwork carriedoutin supportof this studyresohesresonancesearthreshold[69.
Seetext for moredetails.

tally acceptableralues[66 67,68, 69 — veri ed by confrontationwith sophisticated
experiments[7071]. Figure2.1exempli es theevolution of collision strengthdatade-
rivedfrom R-matrix calculations.Thethresholdparameteusedin gure 2.1isde ned
in termsof the projectileenegy, ";, andthetransitionenegy, Ej, as:

X = E'"_ (2.3)

The calculationof Badnell(1984)containsno couplingto the higherboundstates
nor to the continuum. Berrington(1985) couplesto then = 3 boundstates but not
to the continuum. One canseethatthe over-estimationof the collision strengthnear
the excitationthresholdhasbeenmostly resohedby the inclusionof the higherstates
in the model. The calculationof Bartschat(1998) couplesto the boundstatesup to
n = 4, andalsoto the continuum. One canseethat the deviation in the vicinity of
theionisationthreshold X ' 1:2 hasbeenresohedin this calculation. The work of
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Ballance(2003)builds on this baseto produceresonance-resadd collision strengths
from a morephysicallyaccuratecollision model.

2.1 R-matrix and RMPS calculations

The close-coupling method[72, as developed for continuum Hartree—Bck
solutions[58, hasprovento be a practicalmeansof studyingelectron—ioncollision
phenomenaincethe individual behaiours of both the colliding andionic electrons
arerevealed. In its mostgeneralform, the close-couplingvavefunctionfor a quasi
two—electrorsystemcanbe expandedasthe sumof productwavefunctionsassuming
angularcouplingandantisymmetrisation[73
X Z
(Fif2) = i(R)fi(rR) +  dR (R) Ty (F2) (2.4)
|

In this completeexpansion, ; and , arethe boundandcontinuumwavefunc-
tions of the one-electronion. f; andf, arethewavefunctionsfor the scatteringelec-
tron, which aredeterminedy solvingthe close-couplingequationsvhich resultfrom
truncatingand/orapproximatingequatior2.4. The R-matrix methodis widely usedfor
this purpose.

Only a nite close-couplingexpansioncanbe usedin a numericaltreatmentand
thechoiceof whichtermsto retainde nestheart of performingelectron—iorcollision
calculationswithin basisexpansionmethods.The earliestclose-couplingcalculations
for electron—hydrogewollisions could only include the lowestsix statesdueto the
computationapower available at the time: 1s 2s 2p; 3s 3p; 3d. It wasrealisedthat
theatomicpolarisability whichis givenby:

_ X h it wih pjt 1 .\ X dkh 196 wih e ad
En‘ Els N ER‘ ElS

(2.5)

in> 1

receved an 18.4% contribution from the secondterm in equation2.5[74. This in-
dicatesthat the two-electroncontinuummustbe includedto describeaccuratelythe
polarisatiornof the hydrogeratomby anincomingelectron:animportantrealisationn
the developmenif the collision model.

Studiesfollowing the Sturmianbasissetideas[75,76] introducedthe so-called
“pseudostateshto theclose-couplinggxpansion.Theseareunphysicabrbitalswhich,
in general,overlap the boundand continuumhydrogenicorbitals , and .. A
distinctly improved corvergenceover earlierresultswas obtainedbut non-trivial dis-
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crepanciesvith experimentremained.Despiteadvancesn computationapower over
the subsequentwo decadesandthe developmentof more sophisticategpseudostate
methods[77, thedisagreemerthetweertheoryandexperimentfor electron—hydrogen
collisionsremainedunresoled.

The developmentof “Converged Close-Coupling”(CCC)[7§ resoled this dis-
crepang. Thesolutionof theLippman—Schwingefmomentum—spacequationsvith
a large expansionof Laguerrepseudo-orbital®btainedexcitation cross-sectionghat
werein goodagreementvith experiment. This wasa signi cant resultsinceit indi-
catedthatthe two-electroncontinuumexpansionin equation2.4 could be adequately
representedy a nite pseudostatexpansion. Furthermore,it was found that the
electron-impactonisationcross-sectionsould be extractedby analysingthe excita-
tion to the pseudostates[T9

TheBelfast(WignerEisenlid) R-matrix codes[6280] arerelatively robustin that
they canbeusedto studyelectron—iorsystem®f arbitrarycompleity. “ R-matrixwith
PseudostatefRMPS) hasbeensuccessfullyusedto treattwo—electronprocesse
the photoionisatiorandelectron-impacexcitation andionisationof numerousatomic
systems[6581, 82]. Figure2.2 givesan exampleof the collision strengthsalculated
usingthe R-matrix methodfor neutralheliumexcitation.

The enegy grid on which the R-matrix calculationis carriedout is extremely ne,
andchoserto resole fully theresonancstructure Section2.2 exploreshow thislarge
densityof datapointsmaybereducedsafelyfor differentapplicationsof thedata,and
how the datacanbe includedwithin a databasestructuresuchasthe onethatforms
partof ADAS.

The R-matrix methodtakesinto accountnumeroughysicaleffectsthatcontribute
to cross-sectiongndis applicableto all kinds of ions, from neutralto highly ionised
species.Becauseof this, andin morecomplex speciesthe R-matrix methodcanbe
very computationallyintensve[83.

The R-matrix theory startsby dividing the con guration spaceusinga sphereof
radiusa centredon the target nucleus. In the innerregion, r < a, wherer is the
relative coordinateof the free electron,electronexchangeand correlationbetween
the scatterecklectronandthe target areimportant. Thusa close-couplingexpansion
like thatin equation2.6is adoptedor the system[8485]. In the outerregion,r > a,
electronexchangebetweerthefreeelectronandthetamgetcanbeneglectedf ais large
enoughto containthechagedistribution of thetargetandthe scattereelectronmoves
in thelong-rangeasymptotianultipole potentialof thetargetion. Theinnerandouter
regionsarelinked by the R-matrix onthe boundaryr = a. Thetotal wavefunction
in theinnerregionfor ary enegy E canbewrittenin termsof theenegy independent
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Figure 2.2: The resonancestructureresoled using the R-matrix with pseudostates
method[69. Theseresonancesanin uence non-Maxwelliandistributions[27] and
low-temperatureystems.

basissetf (g as[86,87):

X
= Ak « (2.6)

k
which satis esthetime-independernfchibdingerequation

qu +1 i - E i (27)
whereE is thetotal enegy andthe Hamiltonianis de ned by

X 1 X 1 z

N —— Zr2+ = 2.8

N+1 . 2r T (2.8)
Theenepgy dependences carriedby the Ag coefcients. Thesurfaceamplitudes,

w;; , areobtainedby diagonalisinghe Hamiltonian. This leadsto the de nition of the

R-matrix as:
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1 X wy (@) wik (a)
Rij (B) = o, B E JE (2.9)

The diagonalisatiorof the total Hamiltonianneedonly be carried out once, yet
enableghe R-matrix to be determinecat all enegies. This is the reasorfor the con-
siderablecomputationakf ciency of the R-matrix method.

The scatteringmatrix, andthusthe cross-sectiotfior a transition,canthenbe cal-
culatedby solvingthe scatteringoroblemin the outerregion subjectto the boundary
conditionimposedby the R-matrix.

In the exemplarycollision strengthgivenin gure 2.2, resonancestructureis ev-
ident nearthreshold. Physically resonancesccurwhenthe enegy of the incoming
electronis closeto thatrequiredto gettrappednto anautoionisingstateof theN + 1
electronsystemby redistrituting enegy with the N electronsystem.Sincethe elec-
tron remainstrappedfor a time beforeautoionisatiortakesplace,a phaseshift occurs
in the scatteredvavefunctionthat manifestsitself as sharppeaksor troughsin the
cross-sectionTheseresonanceappealsRydbeg seriescorverging ontothevarious
excitationthresholdof thetarget,asshovnin gure 2.3[88].

In complex ionswith mary levels closein enegy, the seriesof resonancesften
overlapandinterferenceeffectsoccurbetweertheboundandscatteringvavefunctions.
Thereforethe ne detail of theseresonancesannotbe reproducedy superimposing
anisolatedresonancéeatureon a backgrounccross-section[89 This interferencen
the resonancetructureon the backgrounccross-sectiois oneof the main subtleties
handledby the R-matrix method.

The effective contrikbution to the cross-sectiomlueto resonancetructureis a fur-
thermatterof note. It hasbeerfound,for example thatthe1s°'S, 1s2$S, transition
in He-like Fe shaws a factor of two differencein the collision strengthwhenonein-
cludesresonanceletailcomparedo acalculationin whichit is neglected[9091]. The
treatmentof resonanceat this modernlevel of sophistications thereforeof impor-
tanceacrossthe rangeof speciesrom the helium focusedon in this work, through
to the heary specief particularinterestdueto their proposeduseasplasmafacing
component®n ITER[92, 93, 94], their applicationan dischage lithography[99 and
their existencein solarplasmas[9p

2.2 Interval-averaging method

The most sophisticatedcalculationof neutralhelium collision strengthsexecutedto
date,was carriedout to supportthe studiesof this thesisby Ballance(2003). This
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Figure2.3: The collision strengthof S**4 (1° 'S  1s2p'P). Onecanseethereso-
nancedunchedn a Rydbeg seriesconverging onthevariousexcitationthresholdof
thetargetHe-like sulphurion.

28



He(1 'S — 2 !P)

0.3~ 7 ]

| --% - de Heer 1998 ]

| --<¢-- Ralchenko et al. 2000 ]

| ——— Ballance 2003 03

0.2 - =
S :
0.1 -
0.0t ]

.
o

0.8 1.0 1.2 1.4 1.6 1.8
X parameter

Figure2.4: The enegy resolutionof the mostrecentR-matrix calculationfor neutral
helium comparedo thatof previousdatasets.Thedipole excitationHe(1 1S  21P)
is usedin thisillustration.

involveddetailedpseudostatexpansiongo spanthe continuumwhile minimisingthe
in uence on physicaldeliverables[6® This calculationutilised a ne enegy mesh
at low projectile enegies, chosento resole the resonancestructurein the collision
strengths.Figure 2.4 shows differentcalculationsfor the excitationHe (1'S  21P).
Onecanseefrom gure 2.4thatthecalculationof Ballance(2003)paysgreatattention
to the resonanceegion, which in uencesdistribution averagesusedto describeow-
temperatur@lasmas.

Thelarge quantityof dataproducedusingthe R-matrix methodis necessaryo re-
solve resonancestructureas shavn in gure 2.4 — where 9000datapointswere
included— andmoreobviously, gure 2.3— with 30, 000datapoints. This quan-
tity of datais unsuitableor storagewithin acompactatabasstructurefor application
suchasADAS, which mustincludevery mary reactions.Therefore,a processvhich
reduceghe total numberof datapointsnecessaryo de ne a collision strengthaccu-
rately for applicationis required[97. The methodof “interval-averaging”allows a
large R-matrix datasetto be reducedonto an enegy grid of approximately4d0 50
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points,similarto the ADAS standardenegy grid.

In orderto reducethe large numberof pointsto a workablelevel, a preferredgrid
was decidedon, which would form a basefor the processediataset. Betweentwo
pointsonthepreferredgrid, X x andXy.; , theaveragecollision strengthn theinterval
is givenby:

X+
1 1

Xk Xg
Xk

hix,x., = ij (X)dX (2.10)
wherethe quantitiesX i referto thresholdparametersle nedin equation2.3.

Onemustnow considerthe abscissa®f the interval-averageddatacalculatedin
themannerabove. It is importantthatthe grid on which the datais outputis weighted
towardsthe peaksin the collision strength.If thisis nottakeninto accountthe proce-
durewill displacetheresonancéeaturesin orderto calculatethe -weightedeneny,
the rst momentof the collision strength, , is calculatedfor all the internvalsin the
preferredgrid.

X+
XiiXier = X i (X) dX (2.11)
Xk
Using , the -weightedvalue of the enegy associatedvith an interval canbe
calculated.

O>ZK+1 1 1

P ix Xy = Xexen @ i (X)dXA (2.12)
Xk

The interval-averagingprocesscan be usedto take the high-resolutionR-matrix
collision strengthdataandreduceit to a moremanageablguantity Figure2.5showvs
theresonanceegion X 2 [1;1:2]for He(1'S 23S)onarelatively sparsereferred
grid.

Onecanseefrom gure 2.5 thatthe interval-averageddatasetfollows the main
characteristicef the muchlarger R-matrix datawithout resolvingall of theresonance
detail. Figure 2.6 shavs the sameresonanceegion of the sametransitionbut with
a larger numberof pointsin the preferredenegy grid. One canseethat the larger
internval-averageddatasetfollows more of the resonanceletail of the R-matrix data,
asonewould expect. However, this raisesthe questionof objectvity in theinterval-
averageddataset. Whatis the number and density of pointsrequiredto follow the
resonanceletailadequatelywithout tatulating,andultimatelyarchving, a vastquan-
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Figure2.5: Thecollision strengthfor thetransitionHe(1 'S 23S) shawving how the
intenal-averagingechniqudollowsthemaincharacteristicef theresonancstructure
below thresholdwithout the needfor a large R-matrix dataset. In this region X 2
[1; 1:2] the R-matrix datasethas 7000datapointsandtheinterval-averagediataset
has14. It shouldbe notedthatoscillationsat X > 1:1 areunphysicafeaturescaused
by the pseudostates.
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Figure2.6: The sameresonanceegion of the sametransitionin gure 2.5, but with
a larger numberof datapointsin the interval-averageddataset. One can seethat
theinterval-averageddatasetfollows the variationsin the R-matrix datamoreclosely
thanthat shovn in gure 2.5, asonewould expect. The objectvity of the dataset
is discussedn section2.2.1. It shouldbe notedthatthe oscillationsat X > 1:1 are
unphysicafeaturescausedy the pseudostates.

tity of data?Thisis exploredin section2.2.1.

2.2.1 Consideringdistrib ution averaging

It is appropriateat this point to introducethe differenttransitiontypesbrie y men-
tioned earlier This considerations essentiain handling correctly the distribution
averagingof collision strengths.

Astheenegy E ! 1 ,thecollisionstrength tendsto asimplelimiting enegy
dependencdeterminedy thedominantarget—projectilenteractionandhenceby the
typeof transition.Thedifferenttransitionshave beenclassi ed as[31]:

Type 1 transitionsareoptically allowedandareinducedby electricdipoleinter-
actions. The high enegy behaiour of type 1 transitionsis given by the Bethe
approximation[98
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Jm = A", (2.13)

Type 2 transitionsareoptically disalloved andaredueto electricmultipolein-
teractions.The high enegy behaiour of type 2 transitionss givenby the Born
approximation[99100]:

im =B (2.14)

"

Type 3 transitionsareessentialljthosethatarenot describedy typesl or 2. In
theLS couplingschemehis correspond$o a changeof spinin thetargetsystem
dueto electronexchangeln morecomple systemstransitionsvhichwouldfall
in to thetype3 categyoryin LS couplingcanhave eitherdipoleor Bornlimits, due
to mixing of angularmomentatakingtheminto type 1 or 2. The high-enegy
behaiour of thetype 3 transitionss givenby the Ochkurapproximation[10]t

lim = D=" (2.15)

whereA; B andD areconstants.

It is notedfor completenesthatin the casewherethe oscillator strengthof what
appeardo be an electricdipole transitionis very small, a slight modi cation of the
type 1 treatmenimay berequired;the alterationsarediscussedn [31]. The Burgess—
Tully scalingof the collision strengthsvereusedextensiely duringthis work sinceit
allowsthein nite enegy rangeto bemappedntothe nite range0; 1]*. TheBurgess—
Tully y-transformatiorgivesthein nite-energy limit point for a transitionon a nite
range. This is especiallyvaluablegiven,ase ! 1, ! 1 for anelectricdipole
transition.See[100]. The BurgessC parametestretcheshe abscissasuchthatboth
thresholdandasymptotiaegionscanbeinvestigatedln thefollowing applicationsof
this work, the de nitions of the Burgesstransformationsre suchthatC is chosento
placetheionisationthresholdatx = 0:5.

Typel
InC
In(X 1+ C) (2.16)
y(x) = X 1+e (2.17)

1It is notedthata valueof x = 1 correspondso anin nite enegy, suggestinghe rangeshouldbe
x 2 [0; 1); however, thein nite enegy limit pointis well de ned, sotherangeis denoted0,1].
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where y (0) = (0) andy(1) = 4S=3 can be obtained using the Bethe
approximation[98andwhereS is theline strength.

Type 2

3 X 1

- (X 1+0)
y(x) = (2.19)

X (2.18)

wherey (0) = (0) andy (1) canbe obtainedusingthe Born approximation[9%

Type 3
3 X 1
X = m (2.20)
y(x) = X? (2.21)

wherey (0) = (0) andy (1) canbe obtainedusingthe Ochkurapproximation[10]L

The interval-averagingmethodcan evidently returnvarying levels of congruence
dependingon the numberof datapointsin the preferredenegy grid, asexempli ed
in gures 2.5and2.6. In orderto instill a morerigorousobjectvity in decidingthe
numberof datapointsin the reduceddataset, we must considerhow the collision
strengthswill beused.

In the majority of applications,one is interestedin the collision strengths,
whenthey have beenaveragedwith a Maxwellian electrondistribution function. This
distribution-averagectollision strengthis denoted, . In orderto ensureawell-de ned
distribution-averagedcollision strength,onemustconsiderthe “eneigy scalelengths”
of theintenal-averagedcollision strengthanddistribution function, which in general
arelow-ordernumericalrepresentations.

1d dIn
= 3% ° ax (2.22)
and
1 df dinf
TP aX T ax (2.23)

To guarantea well-de ned averageis formed,sothatthe interval-averagedcolli-
sionstrengthis sufcient to represenaccuratelythe variationof the distribution func-
tion, the distribution function mustvary on a longer scalelength than the interval-
averagedcollision strengthin theresonanceegion betweerthe excitationandionisa-
tion thresholds.It is importantto noteat this stage the derivativesin equation2.22
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Figure2.7: Theenegy scalelengthsfor aMaxwelliandistributionatfour temperatures
from 10-100eV andthatof theinterval-averageccollision strengthgor the transition
He(1!'S 33P). Theindependentariablex follows the BurgessC-plot transforma-
tion, with C choserto placetheionisationthresholdatx = 0:5.

and2.23arecalculatediscretelyon the interval-averageccollision strengthsandtab-
ulateddistribution function. This resultsin the scalelengthsbeingdependenbn the
numberof datapointsrepresenting particularregion. Figure 2.7 illustratesthe en-
ergy scalelengthsof a setof interval-averagedcollision strengthsandof Maxwellian
distribution functionswith four temperaturerom 10-100eV.

Figure 2.7 shaws the scalelengthsas a function of reducedenegy using the
Burgessx transformationgiven above. As previously mentioned,the test criterion
for whethertherewill beawell-de ned effective collision strengths: in theresonance
region, wherethe collision strengthsarenot smoothlyvaryingin their limiting enegy
dependence, < ¢.Onecanseefrom gure 2.7 thatthecriterionis satis edfor all
four temperaturesxceptatx  0:1.

It is thereforenecessarguringtheinterval-averagingprocesgo calculatethescale
lengthsof theaveragediataandcomparewith thescaldengthsof thedistributionfunc-
tion beforeforming . In gure 2.7theregionaroundx = 0:1 hasaninterval-averaged
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Figure2.8: lllustratesthe samedataasthatshovn in gure 2.7 whenmoredatapoints
areincludedin theinterval-averagingquadraturesThisis sufcient in this caseto pro-
ducewell-de ned effective collision strengthdor temperaturegreaterthanapproxi-
mately10eV.

collision strengthwhich varieson a scalelengththatis toolongto form awell-de ned
averagewith the Maxwellian distributionsat 10 eV and20 eV. It would thereforebe
necessaryo include more pointsin that vicinity during the interval-averagingpro-
cesdf onerequiredeffective collision strengthsvith Maxwelliansin thattemperature
range.Figure2.8 shavs the outcomeof addingmoredatain the unsatiséctoryregion
of gure 2.7. Onecanseethattheinclusionof extra pointsin thisregionis sufcient
to reducethe scalelengthof the interval-averagedcollision strengthgo valuesbelov
thatof thedistribution functions.

Theinterval-averagingprocesanthereforebeeffectively usedo reducehequan-
tity of dataarchivedfrom thetens-of-thousandsf R-matrixdatapointsto arouncthirty
to fty withoutthelossof theimportantphysicalcontritutionsto thecollisionstrengths
from theresonancetructurebelow the ionisationthreshold.A graphicaloverviewn of
theinterval-averagingprocesss givenin gure 2.9.

The preferredgrid usedto producethe nal interval-averageddata le is de ned
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Figure2.9: A graphicaloverview of theinterval-averagingprocess.Onecanseehow
the basicnumberof preferredenegy grid pointsis de ned andthis preferredgrid can
be augmentedvith additionaldatapointsif necessaryo 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-forvard interval-
averageis carriedout without calculatingscalelengthsand Burgesstransformations;
the output datais on the preferredgrid supplied. If a distribution function is sup-
plied, the scalelengthsof theinterval-averagedollision strengthsarecalculatecanda
comparisormadewith thedistribution function's scalelengthsto determinevhethera
well-de ned effective collision strengthcanbe produced|f thescalelengthsaresuch
thatthereisawell-de ned ,thatis < ; intheresonanceegion,anADF04typel
le iswritten. If >  intheresonanceegion,the procedurecanaddextra points
to thegrid beforecalculating . It shouldbenotedthatif oneallows extra datapoints
to beaddedo theinterval-averagediataset,it will bethislargersetof datathatis writ-
tento the nal ADFO4 le. Thisis the bestcourseof actiongiventhatthe resonance
structurebelow thresholdcould have varyingdegreesof in uence on aneffective col-
lision strength. To illustrate this point one only hasto considerthe effect of taking
a distribution centredon the resonanceegion andvarying the width of the function.
As the function narrows, the in uence of the peaksandtroughsin the resonantolli-
sion strengthwill manifestitself moreandmoreto the point wherea mono-enegetic
distributionwould befully susceptibleéo thevariationsof theresonances.

Thereare classef non-Maxwellianelectrondistribution functionsof particular
interestin appliedplasmgphysics bothin thelaboratoryandin astrophysicatontexts.
A thoroughdiscussionof the treatmentof non-Maxwelliandistribution functionsis
givenin [102]. Figure2.10shaws a similar plot to thosein gures 2.7 and2.8, how-
ever, it shovsafamily of distributions,which arerelevantto astrophysicsThe plot
in gure 2.10shows how the scalelengthsof the interval-averagecdcollision strengths
comparewith thoseof different distributionsfor a characteristieffective temper
ature, T, , of 50 eV. The high-enegy tail associatedavith the distributionis evident.
The effective temperaturés de ned by:

KTe = — (2.24)

where

E= Ef(E)dE (2.25)
0
This parameterisethe functionsin the sameway the “real” temperature,,
parameterisea Maxwellian.
Figures2.7 and 2.8 shav the scalelengthsof the Maxwellian distributionsto be
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Figure 2.10: A similar comparisonto thoseshavn in gures 2.7 and 2.8 with the
importantdifferencethatthesecurvesshav comparison®f scalelengthsfor afamily
of distributions,which areof particularrelevanceto astrophysicaplasmasThefour
distributionsall have aneffective temperaturd, of 50eV.

39



constantasa function of the reducedenepgy abscissa. Thisis to be expectedfrom
thede nition of thescalelengthsgivenin equation®2.22and2.23. Onecanseefrom
gure 2.10that the non-Maxwellian distributions do not necessarilyhave a scale
lengthwhichis constantvith reducedenegy; again thisis evidentfrom thede nition
of the scalelengths.Therefore the scalelengthsthemselescanbe usedto quantifya
distribution function's deviation from the Maxwellian. From gure 2.10onecansee
thatthe scalelengthof the = 2 caseis clearlynot constantbutas ! 1 the
distributions' deviation from Maxwellian tendsto zero. This is not an unimportant
point sincethe atomicphysicsfor Maxwellian distributionsof free electronss well-
de ned andwell understoodby the plasmaphysicscommunity Thereforejt would be
usefulto know at what point a truly non-Maxwelliantreatmenbf the atomicphysics
processesvithin a plasmais necessaryand wherea Maxwellian approximationcan
be madeto areasonablelegreeof accurag. Thefull non-Maxwelliantreatmenbf the
atomicprocessess givenin [27] anda discussiorof theuncertaintyin theatomicdata
is discussedn section2.3.20f this thesis.Figure2.11showns how the scalelengthof
the distributionvariesfromlow tothehigh Maxwellianlimit for T, = 50eV.

Onecanseefrom gure 2.11thattheintermediateasedorm acontinuumcornverg-
ingfromlow tothehigh limit. Theconstantvalueof thescaleengthcorresponding
to theMaxwellianwith T, = T, is clearlyafunctionof the effective temperaturethat
is, thewidth of thedistribution. Thereforejf onewereto choosearelatively low effec-
tivetemperaturetheresultcouldbequitedifferentfrom thatin gure 2.11.Figure2.12
shovsthecasefor Te = 5eV andonecanseethatthe convergenceonthehigh  limit
is very differentfrom the T, = 50eV case.For low T, , thescalelengthsof thelow

distribution areshorterthanthe Maxwellianwith corresponding, atlow enegies,
but longerthanthe Maxwellianathigh enegies. Thisemphasisethe pointthatcareis
neededvhenconsideringhe needfor a full non-Maxwelliantreatmenif the atomic
physicsrelatingto theprocessetakingplacein aplasmagpr if thesimplerMaxwellian
assumptiorcanbe made.

Section2.2 hasoutlined and discussedhe mathematicamethodof the interval-
averagingtechniqueandthe implicationsandconsiderationsf the techniques appli-
cationto the productionof distribution averagedcollision strengths.Importantpoints
remainregardingarchving andanalysingfundamentatollision datain the contet of
the ADAS project. Theseconsiderationsre:

how interval-averagedR-matrix datacomparesvith previousdatasets;
usingthis new datato de ne the 'ADAS preferreddatasets’;
determiningthe degreeof uncertaintyin the fundamentatiata.
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Figure2.11: The two limiting valuesof low andhigh with intermediatevalues. It
isclearthatas ! 1 thescalelengthstendto the constantvalueassociatedavith a
Maxwellianof T = Te . Thisisthecasefor T = 50eV. = 2:0isusedtoillustrate
thelow- limit.
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Figure2.12: A differentpicture of the scalelengths'variationwith
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Thesepointswill bediscussedn section2.3.

2.3 Mergeddata analysis

Therehave beenseveralinstancessincethe ADAS project[54 beganwhenthe colli-
sionalexcitationdatafor a particularion hasbeenreworked, leadingto differentgen-
erationsof data. In the caseof neutralhelium,the original ADAS preferreddatafrom
1993wasaugmentedvith animproveddatasetin 1998[103 andagainin 2000[104
beforethe mostrecentrevision, carriedoutin supportof thiswork, in 2003[69. This
procesdeadsto the productionof ADAS “preferred”datasets.

ADAS is madeup of threesectionghatareavailableto theusersof theADAS system
andafourththatis madeavailableto recognisedlevelopers.Thesesectionsare:

online ADAS;
ofine ADAS;

atomicphysicsdatabase,;
and
spreadsheefsr fundamentatlataanalysis.

“Online ADAS” is a seriesof computercodeswith the main physics-related@on-
tentwritten in FORTRAN andthedisplaycodeswrittenin IDL. Theseseriesof codes
canbe usedto interrogateaADAS datawith a centrallymaintainedvisualinterfacethat
is consistentand familiar throughoutthe differentseries. This aspectof ADAS is of
particularimportancevhenthe primary purposes usingADAS datawithin theoretical
models;this interfaceallows oneto inspectimportantatomicdatausedwithin atomic
models,suchasphotonemissvity coefcients or ionisationratecoefcients[105].

“Of ine ADAS” is usedfor largerscalecalculationswhich demandmore compu-
tationalpower, time, andare unsuitablefor interrogationin a real-timeuserinterface
ervironment[106 107]. The computercodesthat make up of ine ADAS arelargely
similar to thosefoundin online ADAS, but cancontainfeatureghatallow particularly
large problemsto betackled[56].

Theatomicphysicsdatabaseontainedwithin ADAS is oneof thelargestreposito-
riesof fundamentabhnddervedatomicdatain the plasmaphysicscommunity[108. It
is widely usedin the elds of nuclearfusionandastrophysicatesearchoy laboratories
aroundthe world, with the majority of the world's leadingfusion laboratorieshaving
accesso theADAS database[1Q9.10 111].
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The developmentwork on the ADAS datasetstake placewithin the dataspread-
sheetswhich aremadeavailableto recognisedievelopersandit is thesespreadsheets
which wereusedto form thenew ADAS preferreddatasetasa resultof this work.

2.3.1 Databasecollision strengths

The approximationsisedin R-matrix collision calculationsdo not lendthemselesto
spanningthe full enegy rangerequiredby the ADAS datasets. For example,an R-
matrix calculationis only valid to an enegy half the value of the highestcontinuum
enegy used;therefore the R-matrix with pseudostatesalculationdescribedabore is
inappropriatefor spanningenegiesup to perhapsl®® timesthe excitation threshold,
asisrequiredby ADAS. TheADAS spreadsheetdlow developerdo visualiseall of the
dataavailablefor a particulartransitionin anion, andmeige datasetsto give the best
accurag over the necessargnegy range. Figure 2.13 shows the collision strength
datafor He(1 'S  23S) containedwithin the ADAS spreadsheet.

The ADAS preferreddatashown in the lower plot of gure 2.13hasa very well-
de ned behaiour for the higherenepgiesof X > 2 dueto the asymptotichehaiour
as the enegy increasegastthe ionisationthreshold. The spin changetransition
He(1!S 23S) canbe seento tendto zero asthe enegy increasesas one would
expectfrom section2.2.1,andit is in theregion X < 2 wherethe preferreddatahas
changedvertime. Theupperplot of gure 2.13shawnstheindividual calculationson
whichtheADAS preferreddatasetshave beenbased.Thelatestneutralheliumwork of
Ballance(2003)givesfarlargeremphasigo theresonanceegion thanin previouscal-
culations.Thereforethe mostrecentcalculationdeseresconsiderationn this region.
Thefactthata calculationdelivershigherresolutiondatain a particularenegy region
doesnot meanthat the calculationis moreaccuratdn this region, hencethe needfor
a quanti able measureof the uncertaintyin a particulardataset; this is discussedn
section2.3.2.

Giventhediscussiorabove regardingthe consideratiorof the collision strengths
enegy scalelengthscomparedwith thoseof the particulardistribution functionsof
interest,it is clearthat the memging of collision strengthdatafrom differentcalcula-
tions to form an ADAS preferredcollision strengthis an incompletetreatment. The
datarequiremenbf ahigh T, Maxwelliandistribution canbevastlydifferentfrom that
of a nearmono-enegetic numericallytatulateddistribution, soonemight wonderthe
rationalebehindproviding a datasetthatis of limited useto thewider ADAS commu-

2It shouldbe notedthat the x-axis of the plotsin gure 2.13is X 1. This putsthe excitation
thresholdat zeroon this scaleallowing the logarithmic scaleto expandmorefully the enegy region
nearthreshold.
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Spreadsheet data for He(1 'S — 2 °9)
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Figure2.13: Datafrom theADAS spreadsheetsr thespinchangeransition1'S 23S
of neutralhelium. Onecanseethatthe ADAS preferreddatasetsarein goodagreement
with oneanothelin thehighenegyregime(X 1) > 1, buttherearevariationsin the
datacloserto the excitation threshold. The newvestdatasetrepresentshe resonances
nearthreshold,but doesnot extendto very high enegy; in this casejust over twice
the excitation threshold. The ionisationpotentialis marked "IP' and hasa value of
X 1' 024
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nity. The detailedtreatmentgivento the datain this work meansthe preferreddata
will beappropriatdor mostapplicationsanddocumentationms providedatthefoot of
anADF04 type 1 datasetgiving informationon the sourceof the data,any processing
thathasbeencarriedout andthe developerwho producedhe dataset.

2.3.2 Databaseuncertainty estimates

As discussegbreviously, differentlevelsof approximatiorresultin differentlevels of
physicalqualityin thedatathatis calculated For example,anR-matrix calculationcan
resole the resonanceletail nearthresholdwhereasa distortedwave[117 calculation
cannot. The distortedwave methodneglectsthe couplingof the target and projectile
electron,hencecannotdirectly include resonancewshich representompoundstates
in the N + 1 electronsystem. Resonancesan be superimposean distortedwave
calculationsusing a perturbatve method[89, however, they arise automaticallyon
solvingthe close-couplinggquationsisedin anR-matrix method.This doesnotmean
R-matrix calculationscan completelysupplantdistortedwave. Sincethe resonance
contritutionscannotbe scaledalongisoelectronicsequencest is not possibleto scale
resonance-resodd collision strengthsobtainedfrom an R-matrix calculation,while
thoseobtainedby thedistortedwave approximatiorcanbescaled.Thereforedistorted
wave is animportantmethodin its own right andcanprovide corvenientbaselinedata
thatis not possiblewith R-matrix. This raisestheissueof quantifyingtheaccurayg of
a givencalculationcomparedvith otherapproximationsand,in particular compared
with previousdatasets.Thisis the seconduseof the ADAS spreadsheets.

Thereare several differentaspectdo be consideredegardingthe relative uncer
taintyin collision strengthdata.If two datasetshave a systematichift relatve to each
otherthenthereshouldclearly be an uncertaintyrelatedto this shift. However, if a
new datasetcontainedresonancetructure therewould be shifts from previous data
sets but thenew datawould moreaccuratelyrepresenthe physicalnatureof the colli-
sionstrengthsThis indicatesuncertaintyrelatedto theresonancesieparturdrom the
previousdatasetshouldhave lessweightingthana systematicshift.

The methodusedto estimatethe uncertaintyin a new datasetdependson several
steps.Theseare:

determinatiorof three“critical” pointsin theenengy grid:

— ionisationthreshold;
— twicetheionisationthreshold:;

— vetimestheionisationthreshold;
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division of theenegy grid usingthesecritical points;
determinatiorof oscillatorybehaiour of collision strength;
calculationof thenew datas deviation from previousdatasets;

compilationof informationto estimatethe uncertaintyof the new dataset.

The enegy grid is divided into regions de ned by the critical points; thesere-
gionsreferto domainswith disparatghysicalcharacteristicsThe rst enegy region,
boundeddy the excitationthreshold X ¢, atits lower limit andtheionisationthreshold,
Xi, atits upperlimit, exhibits large resonancethatdo not exist in the otherregions.
In theregion [X; X;] theresonannatureof the collision strengthsmeanghatthe un-
certaintycannotbe evaluatedusinga simplecalculationof the deviation. The second
region [X;; 2X] hasno resonancedyut may containoscillationsat a lower frequeng
to thosein the [X¢; X;] domain. Theseoscillationsare non-physicalartifactsof the
pseudostatesThe collision strengthsn the region [2X; 5X;] behae principally as
their asymptoticdependencéictatesand thereforethe largestcomponenin the un-
certaintycalculationis dueto systematicshiftsin onecalculationrelative to another
Table2.1shavs anexcerptfrom the ADAS spreadsheefsr the excitationfrom 11Sto
23Sin neutralhelium. Thetablehasthethree critical' pointsdetailedabove, andthe
valueof the collision strengthat thoseenegiesfor the particulardataset;in this case
the 1993 ADAS preferreddataset. In the casewhereone of theseenegiesis not ex-
plicitly talulatedon the spreadsheeg linearinterpolationis carriedout to the enegy
of interest.

The next part of table 2.1 shavs the maximum, minimum and averagevaluesof
the collision strengthin the threeenegy domainsde ned by the critical points. The
third partof table2.1givesthefractionalchangeetweerthemostrecentdata,denoted
“[6]”, andthe 1993ADAS preferredset,“[1]”. The datais analysedn a similar way
for theremainingdatasetsuntil onereacheshe newestset. Table2.2 shavs another
excerptfrom the ADAS spreadsheet®r the newvestcalculation. Onecanseethatthe
layoutof thedatais similarto thatin table2.1,but ratherthanthethird partof thetable
giving thefractionalchangdn thedata,it shovsthe maximum,minimumandaverage
of thefractionalchangegivenby the olderdatasets.

Theinformationin thethird partof table2.2 canthenbeusedto assembl¢heerror
estimatiorfor the dataset:

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 ?
2:482 316 2
6:203 9:04 3

Max. Min. Ave.
9:67 2 5:75 2 6:48 2
5:79 ? 3:16 2 4:50 2
316 2 9:04 3 1:99 2
j[1] [6]=6]
3:30 ? 376 ° 1:14 1
5:39 2 2:73 3 2:64 2
2:73 3 2:73 2 2:64 2

5:79 2 denotes:79 10 2

Table2.1: Datacontainedin partof the uncertaintyanalysisspreadshedbr neutral
helium. This datais takenfrom the 1993ADAS preferreddataset. Seetext for details.

[6]

Critical points

X
1:241 6:03 ?
2:482 315 2
6:203 8:80 3
Max. Min. Ave.
1:.00 ! 5:97 2 7:31 2
6:12 2 315 2 5:23 2
3:15 2 8:80 3 2:04 ?
Max.[1-5] Min.[1-5] Ave.[1-5]
3571 3331 9:71 2
9:90 ? 1731 1131
7:90 2 2:24 1 1:22 2

6:03 2 denote:03 10 ?

Table2.2: Datacontainedin partof the uncertaintyanalysisspreadshedbr neutral
helium. Thisis datafrom the newvestcalculationby Ballance.Seetext for details.
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Domain A% B% Ave.A&B Meth.low Meth.high Finalerr. %

[Xe;Xi] 357 97 227 3.0 100 100
[Xi;2X:] 173 113 143 3.0 100 100
[2X;:5Xi] 224 1:2 11:8 3.0 100 100

Table 2.3: Datain the nal uncertaintyestimationof He(1'S 23S). Seetext for
details.

Domain A% B% Ave.A&B Meth.low Meth.high Finalerr. %

[Xe; Xi] 816 105 461 3.0 100 100
[Xi;2X;] 92 44 6:8 3.0 100 6:8
[2Xi;5X;] 109 31 7.0 3.0 1060 7:0

Table 2.4: Datain the nal uncertaintyestimationof He(11S 21!S). Seetext for
details.

secondlythe averagedatawastakenfrom Ave.[1-5]in table2.2;

nally , thesetwo errorcontributionswereaveraged.

This nal averageuncertaintyis comparedvith valuesconsideredo be the max-
imum and minimum errors possiblefor the method of calculationand transition
type[113. If the calculateduncertaintylies belown the lower limit for the calculation
methodor above themethodSupperlimit, theerroris setatthecorrespondindgimiting
value. If theuncertaintylies within the boundssetfor the methodandtransition,this
valueis setasthe uncertaintyfor that particularenepgy region. Table 2.3 shavs the
detail of this, with error A anderror B datacomingfrom the rst andthird columns
respectrely of table2.2.

Onecanseefrom table2.3thatthelower andupperboundson the uncertaintyfor
thetransitionHe(11'S 23S) are3% and10%respectiely[113. Forthethreeenegy
regionsde ned by the critical points,the uncertaintyis setto the upperlimit of 10%;
this is characteristiof the type 3 transition,with types1 and 2 generallygiving a
lower level of uncertainty Table2.4 showns similar datato thatcontainedn table2.3,
but for the non-dipoleallowedtype 2 transitionHe(1 1S 21S). Onecanseethatthe
resonanceegion hasanuncertaintysetto thelimiting valueof 10%, but the othertwo
enegy regionshave lower uncertaintiesvithin the boundsof themethod.Thelimiting
valueson the uncertaintyscalewith the principal quantumnumberof the initial state
in the excitationreaction,increasingwith every increasen n. Thatis, transitionsout
of n = 2 orn = 3 have larger uncertaintieghanthoseout of the groundstatedueto
increasinguncertaintiesn themethodusedin the calculation.
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Spreadsheet data with uncertainty
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Figure 2.14: Collision strengthdrom the 2005ADAS preferreddatawith the uncer
taintiesincludedas calculatedon the ADAS spreadsheetsnd containedn the newly
de ned.err le.

With the uncertaintiecalculatedin the differentenegy domainsde ned by the
critical points,onecanattachanuncertaintyto every datapointcontainedn the ADF04
typel le. A new dataformatwascreatedwith the sameformatasthe ADFO4 type 1
le, butwheretherearecollision strengthsn the standardle, thereareuncertainties
in thenew le. Every datasetcreatedin this way consistsof two les; for exam-
ple, helike _idp04he0 _tl.dat andhelike _idpO4heO _tl.err . Therefore,
for every datapointin helike _idpO4he0O _tl.dat |, thereis acorrespondingpoint
in helike _idp04he0 _tl.err thatde nesthe Gaussiarhalf-width uncertaintyin
that datapoint. Figure 2.14 shavs the 2005 ADAS preferreddatafor the transition
He(1!S 21S)with theuncertaintyincludedfrom the correspondingerr le.

2.3.3 Dataerror propagation

Theimplicationsof the methodsanddetailsoutlinedin section2.3 arefar-reachingn
the eld of atomicmodelling. The detailedcollision strengthdatacanbe producedn
anentirely customisablenegy grid from high-resolutiorR-matrix data. Thisis com-
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plementedy anequallydetailedoreakdavn of theuncertaintyin theunderlyingdata.
A theoreticaluncertaintyfrom the collision strengths, , to the distribution-averaged
collisionstrengths, , andthroughthe dervedatomicreactionratecoefcients to data
suchasphotonemissvities canbe propagatedisingthis underlyingdata. This allows
uncertaintybarsto be attachedo theoreticallyanticipatedspectraand determinedi-
rectly whethermodelsagreewith experimentalmeasurementwithin the accurag of
theapproximationsisedin thefundamentatalculations.

Work is on-goingto allow uncertaintyin fundamentaklectron-impactiatato be
carriedthroughto an obsenable. A photonemissvity coefcient canbe calculated
from thecollisional-radiatve matrix, soif thefundamentatlatacontainedn the matrix
— thatis excitation/de-&citation rate coefcients, ionisationandrecombinatiorrate
coefcients etc. — hadan associatedincertainty samplingthe datafrom within the
Gaussiamncertaintiegontainedn thefundamentatiatacanprovide deriveddatawith
correspondingincertainties.

The developmentand provision of the routinesdescribedconstitutean extension
to this work. With the fundamentablataavailable andthe methodsdescribedn sec-
tion 2.3, they will provide anvaluabletool to boththeoristsandspectroscopistsSec-
tion 4.4 of thisthesisdiscussea Monte Carlostatisticalsamplingroutinedevelopedo
determineuncertaintiesn metastablgopulations.This routineallows oneto include
uncertaintyin the underlyingatomicdatain its populationevaluation.The pairedcol-
lision strengthand uncertaintydatadescribedabove provide the startingpoint for an
uncertaintypropagatioranalysis.

2.4 Generalisedcollisional-radiative modelling

Thischaptehasdiscussedthecalculationrandproductionof fundamentatiatarequired
to determinethe excitation and de-eccitation reactionrate coefcients for anatomor
ion. The populationsof different metastable®f differentionisationstagesdirectly
controlthe spectralemissionobsenredfrom a speciesandshall be determinedor the
neutralheliummodellingin chapter4.

“Generalisectollisional-radiatve”, or GCR, modellingdealswith the modellingof
excitedpopulationsof ionsandtheionisationandrecombinatiorio adjacentonisation
stagedn the presencef long-lived, dynamicallyevolving metastables[Z9 In chap-
ter 1 it wasnotedthatthecollisional-radiatve lifetime of anordinaryexcitedstate, o,
waslessthanthelifetimesof thegroundandmetastablestates, 4; . Forthisreason
the populationsof the excited statesarein quasi-staticequilibrium with the popula-
tions of the groundand metastablestatesof anion. Thatis to say the population
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structureof anatomor ion is de ned by the local conditionsin the plasmaandthe
resultantpopulationsof the groundand metastablestates. The populationstatistical
balancesquationsare:

dN;
dt
This systemcanbe partitionedinto the groundand metastablgart, which have a
time dependencen their populationsandthe excited stateswhich arein quasi-static
equilibriumwith theinstantaneougopulationof themetastablesThis createsa system
of equationsfor generalisectollisional-radiatve theory which can be corveniently
expressedn matrix notation. Here GreekcharactersndicatedynamicstatesRoman
charactersndicatequasi-statiexcited statesandbarredsymbolssuchasC;; indicates
all quasi-statiexcitedstates.

Cij Nj = Ne N+ i (226)

32 3 2 3 2, 3
C j N o
Fromequation2.27it is evidentthat
Ci N + Cij Nj = NeN: (228)
which, uponre-arrangemenhbecomes
Nj = C;* NeN: ¢ G N (2.29)

This showvs the populationsof the excited statesof theion canbe determinedrom
thegroundandmetastablg@opulationsN . Thereforethe entirepopulationstructure
of anion canbede ned as

C Cj C;'C N = NeN, Cj Gt d‘% (2.30)
by substitutionof equatiorn2.29into equation2.27.

The GCR modelcanbe usedto calculatetheoreticallyanticipatedemissionfrom a
plasma.The modelandcalculationgelevantto this work areoutlinedin chapterd. It
is thereforefruitful to derive a connectiorbetweerthe emissionfrom a speciesn the
plasmaandthe populationscalculatedusingthe expressionsn equation2.30. From

equation2.29 one canseethat the populationsof the excited statesare composedf
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two componentsanexcitationcomponent

X=C;'C N (2.31)

andarecombinatiorcomponent

R=NeN: Gt (2.32)

Multiplying theexpressiorfor theexcitedpopulationsn equatior2.29by thespon-
taneousemissionpr EinsteinA, coefcient gives:

Aj! kNj = Aj! kNeN+ Cjil i Aj! ijilCi N

L (2.33)
- N NeN + A]!kcji i NeN+
e

The termsin braclets have the dimensionalityof reactionrate coefcients: the
bracletedtermontheleft is referredo asthe“excitationphotonemissvity coefcient”
drivenby the " metastableandthe termon the right asthe “recombinationphoton
emissvity coefcient”, denoted:

. A | C i L C
= Ecj(!exti:(l;t.) — % (2.34)
e
I:)queckom:) - Aj! ‘ Cj il i (2.35)

ADAS[56] is usedto calculatethe photonemissvity coefcients for a particular
spectraline for givenelectrontemperatur@anddensityin the plasma.Usingthe GCR
pictureoutlinedin this section,it is possibleto modelthe evolving populationsof the
dynamic metastablestatesand, further, calculatethe populationsof the quasi-static
excited stateswvhich arein instantaneousquilibriumwith the metastabletates.

At this stagewe will considerthe timescalesof the atomic processeghat can
changethe populationstructureof anatomor ion to determinetheir relevanceto this
work. As mentionedbrie y in chapterl, the main atomic processeshat drive the
populationstructure,and henceemission,in a tokamakare excitation, de-ecitation,
ionisationandrecombination.We will now considerthe time scalesassociateavith
theseprocessestartingwith thosewhich coupleadjacenionisationstages.

Considerthe time scaleof a typical ionisationfrom the groundstateof helium.
Using the central ADAS collisional-dielectronidonisationrate coefcient shavn in

gure 2.15andcollisional-dielectroniaecombinatiorcoefcient to the groundstate,
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Figure2.15: CentralaDAs collisional-dielectronigonisationratecoefcient outof the
groundstateof neutralhelium.

shovnin gure 2.16,it is possibleto deduceapproximatevaluesfor thetime scalesof
theionisationandrecombinatiorprocesses.

Thereactionratecoefcients for heliumshavn in gures 2.15and2.16show the
variationwith temperaturef the ionisationandrecombinatiorat an electrondensity
of Ne= 1 10%cm 3. If onetakestypical MAST plasmaedgeconditions,with an
electrontemperaturef 10 eV, atypical ionisationratecoefcient of 1 10 °cmds !
anda typical recombinatiorratecoefcient of 1 10 3cm?’s 1, atypical time scale
canbe calculatedor eachof thesetwo processes:

scd I (SCD Ne) t 10 3 S
(2.36)
acd | ( CD Ne) L 10s

It canbe seenthat the time scaleof the recombinatiornprocesss several orders
of magnitudelongerthanthat of ionisation. The He" populationcreatedby direct
ionisationof the neutralgaspuff is sweptaway from theregion of obsenationby the
magnetic elds. Thereis subsequentiyegligible backgroundHe™ populationin the
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Figure2.16: CentralADAS collisional-dielectronicecombinatiorratecoefcient pop-
ulatingthe groundstateof neutralhelium.
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Figure 2.17: CentralADAS metastablecross-couplingcoefcient for neutralhelium
which populateghe groundstatefrom the 1s2s*S stateat N, = 10*?cm 3.

vicinity of the gaspuff.

Now considerthe processesvhich couplestateswithin anionisationstage.From
the discussionabore, it is clearthat the populationstructureof an ionisationstage
is dictatedby the metastablespopulations. Therefore the reactionratesthat are of
interestare thosewhich couplethe 1 S and 2 3S statesof neutralhelium. Again,
usingthe centralADAS reactionrate coefcients which cross-coupléhe metastables
of neutralhelium, it is possibleto deduceapproximatevaluesfor the time scalesfor
theprocessFigure2.17shaws the cross-couplingatecoefcient which de-populates
1 1S to populate2 3S stateand gure 2.18 shows the reactionrate coefcient which
populatesl 1S from 23S,

Figures2.17and2.18shaw thevariationwith temperaturef the metastableross-
couplingreactionsn neutralheliumat an electrondensityof N = 1 10%?cm 3. If
one takes a typical electrontemperatureof 10 eV, then a typical rate coefcient is
1 10 %cm?’s 1. Thusthetime scalecanbecalculated:

e’ (Ge Ne) ' 10°s (2.37)

56



g Cross coupling, Ne:ﬂ@lgﬁm_3

-1

Qeq /cm’s

I . Lol .
1 10 100 1000

10000
Electron temperature /eV

Figure 2.18: CentralADAS metastablecross-couplingcoefcient for neutralhelium
which populateghe 1s2sS statefrom groundatN = 10%cm 3
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where . is thetime scalefor cross-couplingf themetastablesThetime scaleggiven

in equation.36and2.37show thatthe cross-couplingandionisationprocessetake

placeon a far shortertime scalethanthe recombinatiorreactions. This justi es ne-

glecting the recombinationprocesswhen modellingthe Hel emissionat the plasma
edge.Sectiond.4 will discusshow the atomicprocessesetailedabore arecombined
to form the collisional-radiatve matrix, andsubsequentlusedin modellingthe popu-
lation evolution of the neutralheliumatthe MAST plasmaedge.

2.5 Conclusions

This chapterhasoutlinedthe work undertalen in fundamentatdatacalculation,pro-
cessingandapplication.The mainpointsof noteare:

in generalapplication,collision strengthanddistribution function scalelengths
mustbe consideredsection2.2.1);

determining for non-Maxwelliandistribution functions or low-temperature
plasmasnayrequire takulationsthatarenotADAS standard,

the method of interval-averaging allows the large R-matrix data setsto be
reducedto a takulation appropriateto the distribution function and physical
regime;

objective analysisis requiredto producethe ADAS preferredcollision strength
data(section2.3.1);

uncertaintyestimateson the fundamentaklectronimpactdatawill allow error
propagatiorthroughto derivedatomicreactionrates(section2.3.2and2.3.3);

the fundamentabdatadiscussedn this chaptercan be directly appliedto GCR
modelling.

Although no plasmaphysicsanalysisor experimentalwork waspresentedn this
chaptey it forms the basefor a discussionof the experimentalwork carriedout in
chapter3 andfor the speci ¢ GCR modelling of the physicsunderlyingthe HELI10S
diagnostidn chapter.

This chapteroutlinesa framework for taking high resolutionR-matrix datasets
andproviding ADFO4 typel les thatcanbearchivedwithin the ADAS databasstruc-
ture. It alsodiscusseshe methodof providing the collision strengthdatain a tatula-
tion tailoredto a speci c distribution function, which is of particularinterestin both

58



astrophysicalhndtechnicalplasmaswhereelectrondistribution functionscannotbe
adequatelydescribedby a Maxwellian. The implicationsfor carrying out distribu-
tion averagesat low temperaturearediscusse@longwith a methodof treatingthese
plasmaconditionssafely

A framawork is setout which estimateshe uncertaintyin the fundamentah DF04
data,whichformsanew datasetwithin ADAS, allowing uncertaintie$o be propagated
throughanentireGCR modelto give uncertaintie®n the nal obsenable. This chap-
ter provides useful deliverablesfor spectroscopistand theoristsin termsof plasma
modelsandthe atomicdatausedto underpinthem. The detailedelectron-impactata
discussedh this chaptewill supporthespectraemissiormodellingandrelatedanal-
ysesoutlinedin chapterd.
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Chapter 3

Helium gaspuff experimentson
MAST

The heliumgaspuff experimentscarriedout for this work took placeover two exper
imentalsessionsn August2004 and February2005. The main aimswereto obtain
measurementahich, when combinedwith appropriateatomic modelling, could be
usedto:

verify consisteng and estimateuncertaintyin comparisonof measurecemis-
sionandtheoreticaemissvity modellingusingnew high precisioncross-section
data;

establishsensitiity andemissionde-localisatiordueto He(1s2s’S) metastable
formationoutsidethe plasmaedgeandemission‘wrapping around’the plasma
edge;

deducethe angularspreadof the gaspuff by combiningspectralemissionmea-
surementsindpredictive spatialemissionmodelling;

establisha globally optimiseddiagnosticprocedurgfor local N and T, radial
pro les.

The exploitation of Hel spectralline ratiosat visible wavelengthdrom a thermal
puff into the low- eld edgeplasmafor N, and T, diagnosisis both desiredand at-
temptedin mary fusion laboratoriesout remainsunreliable. The techniquerequires
accuratetheoreticalmodelling of the line emissvities andits applicability is limited
by beamdivergence the dynamiccharacteof boththe heliumgroundandmetastable
populationsandthe uncertainnatureof the latter populationwhenthe gasencounters
the plasma.The HELI10S systemposedmostof thesequestionsput alsoprovidedthe
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Line Wavelength=A Transition

1 6678 He(1s2p’P  1s3d'D)
2 7067 He(1s2p®P  1s3s°S)
3 7283 He(1s2pP 1s3s'S)

Table3.1: Tableof diagnosticallyrelevantHel emissioninesobseredby theHELIOS
spectrometer

opportunityto investigatethemby taking advantageof MAST's diagnostic e xibility
andhighresolutionThomsonscatteringsystem.

A validateddiagnostigorocedurevould be of generabene t to thefusioncommu-
nity, allowing the useof the systemin dynamicplasmasituationsandalsounderpin-
ningthermalheliummodellingandspectrabbsenationsin divertorandedgeplasmas.
This chaptemwill describeall aspect®f theexperimentawork carriedoutfor analysis
with the populationandemissionrmodellingdescribedn chapterd. It will discusghe
experimentahardwareandits calibration,aswell astheplasmacon gurationrequired
for the pulses. The sessiomplanningwill be discussedalongwith the rationalebe-
hind choosinga particularplasmacon guration. The pulseswill be summarisegnd
the scienti ¢ outcomeddiscussed.The Hel emissionlines measuredy the HELI0OS
spectrometearegivenin table3.1.

3.1 Neutral helium gasinjection

The neutralheliumis introducedto the low- eld edgeof MAST througha subsonic
nozzle attachedto a reciprocatingprobe,in a con guration similar to that usedat
UKAEA Culhamonthe compPass-D tokamak[114, andat Forschungszentrurdillich
ONTEXTOR[115, 116].

The reciprocatingprobe (RP) allows the sourceof the diagnostichelium to be
moved to bestsuit the plasmaconditions. The speci ¢ setupusedduring the exper
imentsandthe plasmaconditionschoserwill bediscussedn section3.3.

The helium gasis deliveredto the injection nozzlevia a 2.5 m long tube with a
3mmbore.Theconductancef alongtubein thelaminar o w regime! is proportional
to themeanpressuren thetubeP suchthat[117

d4
CIam: - —128 L P
andthethroughputQ, is de ned as

(3.1)

ILaminar o w will beassumedt this pointandcon rmed by calculationof the Reynoldsnumber
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Q=P Ciam: (3.2)

whered is the tube bore, L is the tube's lengthand is the gasviscosity The gas
viscosity of helium at a temperaturef 300K is . = 1:924 10 ° Pa:s andthe
molardensityis y.pe = 4:003gram:mol ! [118]. Thegasdensityis givenby
Pm
= — 3.3
KT (3.3)
wherem is themassof aheliumatom,k is the BoltzmannconstanandT thetemper

ature.Theefux of gasfrom thenozzleis givenby

N-= Ciam: Na (3.4)

M;He
whereN, is Avogadros number For areasonablélel signalto bedetectedanef ux
of NL  10* atomsper secondis required[119]. The meanpressuren the pipe is

thereforecalculatedas
" #1=

N 128 LKT wihe

d*mN 4 (3.5)

P  10°Pa= 10mb

P

with a pressurdwice this value,20mb, requiredto sustainthe o w.
This meanghethroughputcorrespondingo anef ux of 10'*° atomsperseconds

Q: I:)Clam:
2 3 1 1 (36)

Q= 414 10 “Pam’s "= 0:414mbil:s
Themearfreepathof theheliumatomsn thegasinjectionnozzlecanbecalculated

as[120

—— =1904 m (3.7)
m

Finally, theKnudsemumber[12], Kn, for the o w throughthe pipe canbe calcu-
latedfrom the meanfree pathas

Kn:a' 6 10°3 (3.8)

which meansmeansthe o w throughthe pipe is viscousratherthan molecular As
mentionedabove, thesecalculationshare assumedhatthe o w is laminar To deter
minewhethertheviscous o w is laminaror turbulentwe mustcalculatethe Reynolds
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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 — —

Table 3.2: Criteria for determiningthe gas o w regime in a pipe of circular cross-
section.

number Re, which gives

dv. Pd 8m
Re= —=— —= 315 (3.9)

andshaws thatthe o w is, indeed laminar Table 3.2 shavs the criteriafor checking
thegas o w regimein a pipeof circularcross-sectiorsuchasthe oneusedin thegas
injectionsystem.

Theheliuminjectionnozzlewasdesignedo sene two distinctpurposesto deliver
the gasto diagnosea shortpulse, 200ms; andbe usedto diagnosdongerpulses

1s. In the caseof the shortpulse,the throughputmustincreaseapidly from zero
anddecayslowly overthe200ms period. Thisis achiezed usinga piezoelectriovalve
atthe entranceo the feedtube,which candeliver a throughputof Q;, = 50mb:l:s ?
whenthevalveis openedor aperiodof approximately8 ms. Thethroughpuis related

to theaveragepressureandvolumeby

d
Q= a PV (3.10)
which becomes
dP
Q=V s (3.11)

sincethe volumeof the apparatuss x edat17:7 cm®. Thedifferentialequationused
to givethetime dependencef P, andhenceQ, is

P 1

dt Vv
wherethe expressiorfor thetube's conductancén the transitionregionis used[11§
seetable3.2:

Qin 2PC (3.12)

Cuv: = Cam: + J Chai: (3.13)

whereC, . is the conductancén the transitionregion, Cj,,: thelaminarconductance,
Cmol: theconductancén themolecularregime,givenby
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Short pulse
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Figure3.1: Evolution of thethroughputQ asafunctionof time afterthe piezoelectric
valveis openedThel 1=eandl=eramp-upandramp-daevntimesaremarked.

Chol: = & 5= — — (3.14)
andJ is givenby

1+ (d=)(m=kT)'?P

J = 1=2
1+ 2:47(d=2 ) (m=kT)*2P

(3.15)
1+ 2:507(d=2 )
1+ 3:095(d=2 )
Equation3.12 was solved numericallyusing a fourth order Runge—HKitta routine
with

) J=

50mb:l:is: 0 t 3ms
— 3.16
Qin Ombil:s::  t>3ms (3.16)

andaninitial valueof P = 0 mb sincethe nozzleis at the MAST vacuumpressure.
Figure3.1shavs how thethroughputvariesfor the shortMAST pulse.
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Thel 1=erisetime of 2.5 msandthe 1=e decaytimeof @ 160ms meanghis
type of gaspuff is well suitedto a shortpulsewherethe useris only interestedn a
temporalrangeof around200ms.

TheaveragethroughputQ, in theranget 2 [0; 200]msis givenby

Qdt' 04mbils? (3.17)

whichis aroundthethroughputalculatecabove, correspondingo a ux of 10'° atoms
persecondeaving thenozzle.

The piezoelectricvalve on its own is not suitablefor deliveringa more sustained
puff of gasbecausehevolumeof thenozzleis suchthatthe 1=e decaytime would be
shorterthanonewould require. It is necessaryo includeareserwoir volumebetween
the piezovalve andthe nozzlefeedtube. For a throughputof 0:4 mb:l:s ! to leave
thenozzle,aninput pressuref 20mb is required,ascalculatecabove in equation3.5.
A reserwir volume of 56 cm?® addedto the gaspuff apparatusieliversa decaytime
of around560ms. A 16 ms pulseof 50mb:l:s ! from the piezowasusedto Il the
reserwir to therequiredpressuref 20mb. A pneumatiovalve wasthenusedto allow
the gasin thereseroir to transitthe nozzleto the vacuumchamber The differential
equationgoverningthe evolution of the pressureandhencethroughputjs

dP 2PC
v (3.18)
andthe numericalsolutionto this equationwith aninitial pressureof 2P = 20mb is
shovnin gure 3.2.
As before theaveragethroughputQ, in theranget 2 [0; 1] sis givenby

Zt 71

Qdt= Qdt' 04mbils? (3.19)
0 0
which, again,givesthenecessaryux into MAST overthe periodof interest.

Figure3.3 shaws the throughputfor MAST shot#12209.For this particularpulse,

the HELI10S diagnosticwas setto recorddatain the temporalranget 2 [50, 370]ms
andthe averagethroughputduring this rangewasQ ' 0:4 mb:l:s 1, asrequired.The
time takenfor thel 1=erampin throughputmeansthatthe gas o w hasreached
the requiredlevel whenthe diagnosticstartstaking dataat 50 ms andthe 1=e ramp
down time shaws thatthe gas o ws at the requiredlevel well after the the region of
interest.Figure3.4shavsthe shotendingafterapproximatel\830ms, comparedo the
muchlongerl=erampdowntimeof 820ms. Theinboardinjectionnozzle,which

1
QT
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Long pulse
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Figure 3.2: Evolution of the throughputQ asa function of time after the pneumatic
valve betweerthereseroir andthe nozzlefeedtubeis opened.The 1=e decaytime is
marked.
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MAST shot #12209

0.5: ‘ ‘ K ]

; ? ]

0.4 - =

; | | ;

D : l S

% 0.3 [ [ —

o - 1 U

g - | AN

N 0.2F l BN

S | N\

0 Jllé : 820ms : E

° r | | B

g 8ms :60ms \

0.0 . e uBoms ]
0.1 1.0 10.0 100.0 1000.0

Pulse time /ms

Figure3.3: Thecalculatecheliumthroughputfor MAST shot#12209.HELI0S wasset
to recorddatain thetemporalregiont 2 [50; 370]ms indicatedby the verticaldashed
lines,andthe averagegas o w in thisrangeis  0:33mb:l:s 1, in thevicinity of the
requiredvalueof Q' 0:4mb:l:s 1. Thel 1=eandl=erampupanddecaytimesare
8 msand820msrespectiely.

is nestedbn the centralcolumnof MAST, canbe usedto inject traceheliumor, aswas
the caseduringthis campaignto inject deuterium.lIt is worth notingthattheinboard
injectorhasafast-iongaugeattachedyhich canaccuratelyneasurehethroughputof
thenozzle[122. Thiswould bea usefuladditionto the outboardsystemhowever, the
outboardnozzles mountingon the RP makesthis moredif cult. Therefore fast-ion
gaugemeasurementserenot availableduringthe campaign.

The gasinjection systemis controlledusing a waveform which drivesthe valve
connectedo thenozzlesfeedtube.Varyingthetime this valve is opendetermineshe
guantityof gasreleasedandthe pro le of thegas o w. Figures3.5and3.6 shaw the
pulsessentto the programmabléogic controller(pPLC) andpiezoelectricvalve. These

gures are presentherefor completenesand were concernedvith avoiding satura-
tion of the HEL10s detectorduringthe experiments Thisissuewasdirectly addressed
duringthe secondohaseof experimentssincesaturationrwvasobsenedduringthe rst
session.The performanceof the piezoelectricvalve wasproblematictowardsthe be-
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MAST shot #12209
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Figure 3.4: The terminationof the MAST plasmafor shot#12209. The upperplot

shows the con ned plasmaenegy which decreaseafter approximately300ms; this

correlatesvith alargebolometrysignal,shonvn in thelower plot, indicatingthe plasma
hasterminated.
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Gas puff waveforms
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Figure3.5: Thelow-voltagewaveformsentto the PLC from the sessiorleaders panel
in the controlroom. This signalis ampli ed andsentto the piezoelectricvalve atthe
openingto the gasinjectionsystemshovn in gure 3.6.

ginning of the secondexperimentalsession.The appliedwaveformsfailed to result
in the properopeningandclosingof the valve. This wasrecti ed by applyinglarger
voltageghanwould regularly bethe caseto forcethevalve fully openandfully closed
asrequired.

This sectionhasoutlined the studiesand work carried out on the gasinjection
systemprior to the executionof the HEL10s validationexperiments Sections3.2,and
3.3 continuethe discussionof the preparatorywork carriedout on the hardware in
readines®f the experimentakessions.

3.2 HELIOS spectrometer & collection optics

The HELI0S diagnostic,ascon gured for the validationexperiments consistsof the
following fundamentatomponents:

18linesof sightthroughthe plasma;
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Gas puff waveforms
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Figure3.6: Theampli ed signalusedto openandclosethe piezoelectriovalve onthe
injectionsystem.
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Quantity Value
focallength,f  85mm
objectdist.,v 2m
imagewidth,U 4.9mm

Table3.3: Valuesfor the known quantitiesof theviewing chords.

an85mm objectve lensgiving aradialcoverageof 110mm;

60 cm Czerry—Turnerspectrometewith 200 m slit;
conjugatepair of lensego match bre andspectrometeapertures;
300mm cylindrical lensto correctintrinsic astigmatism;
a300l.mm 1 diffractiongrating;

quick-responsecp shultter;

ccD detectorPeltiercooledto 200K.

It wasnecessaryor thesedifferentcomponentgo be setup and calibratedprior
to theexperiments.The rst stagein readyingthe systemwasto determinethe radial
coverageof thetokamakgivenby the 85 mm objective lens. The quantitiesknown for
this calculationaregivenin table3.3.

The valueof theimagewidth givenin table3.3is determinedy the physicalsize
of theilluminatedccbD chip, andthe objectdistances determinedoy the focal plane
of thelens. Thelinearmagni cation of thesystemM , canbe shawn to be:

1

M = 1 ' 44 10°? (3.20)

v
f

The magni cation canthen be usedto calculatethe object width, which corre-
sponddo theradialrangeviewedin thetokamak:

= % ' 110mm (3.21)

Therefore the 85 mm objectve lensallows  110mm of radial coveragewithin
thetokamak.

The 110mm coverageover 18 viewing chordsgivesthe systemaradial resolution
of 6 mm. Sincethe region of particularinterestto this work is in the vicinity of
the separatrixthe chordswere setsuchthatthe spectrometeviewed equaldistances
inboardandoutboardof theseparatriXor atypical plasman thecampaignFigure3.7
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Figure3.7: Schematiof theHELI0S viewing chordswithin MAST andtheirorientation
relative to the neutralheliuminjectionnozzle.

shonvsaschematiof the HELI0OS hardwareon the device; the steeringmirror, viewing
chords,andrP-mountedgasinjectionnozzlearenoted.

A brightwhite-light sourcewasattachedo the optical bre bundlein placeof the
spectrometerand shoneinto the machine.A steeringmirror mountedin front of the
objectivelensallowedtheviewing chordsto be orientedwithin thetokamakusingtwo
orthogonalVerniermicrometerscravs. The RP wasadjustedsuchthatthe tip of the
injection nozzlewas at a radial positionof 1.4 m. The steeringmirror was aligned
so the outermostchordwasvisible asa point of white light on the tip of the nozzle.
The micrometerreadingsare givenin table 3.4. This is the con guration shavn in
gure 3.7. TheRrpP wasthenre-positionedsuchthatthe nozzlewasat a radial position
of 1.5m. Thehorizontalmicrometemwasthenadjusteduntil the outermosthordwas,
again,visible on the tip of the nozzle; thesemicrometerreadingsare also givenin
table3.4. Thetwo setsof micrometereadingsallow the corversionof changesn the
steeringmirror's orientationto radial displacementsvithin the device. It is clearthat

the bres were mountedhorizontally at the objective lens sinceno alterationof the
verticalpositionwasrequired.
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Micrometer |Initial value Finalvalue Difference

Horizontal 1.00mm 2.17mm 1.17mm
Vertical 0.19mm 0.19mm 0.00mm

Table3.4: The orthogonalmicrometereadingdor the orientationof the steeringmir-
ror. Thesecanbeusedto cornvertchangesn themirror's positionto changesn radial
positionwithin the machine.Thevaluesin thetableareaveragevaluesobtainedirom
threesetsof readings.

The outermostviewing chord hadto be positioned 6 cm outboardof the re-
quired positionof the separatrix. One cancalculatethe relation betweenchangesn
thesteeringmirror's position, X, andradialposition, R:

X _117/mm

R 100mm
from the micrometersettingsand positioningof the RP. Therefore,if the separatrix
were positionedat Rsep = 1:35m andthe nozzlepositionwasR,,,; = 1:5m, the
changeo the horizontalmicrometey X, neededo changethe radial positionof the
chords, R = 9cm, would bée?

(3.22)

X = —é R=1:.05mm (3.23)

Sincethe micrometerwas setat 1 mm at a radial positionof 1.5 m, the required
horizontalsettingwasX et =  0:05mm.

With the viewing chordsalignedwithin the device andthe spectrometes entry
slit setat the normalwidth of 200 m, it waspossibleto align the opticsfeedingthe
spectrometerThe slit width of 200 m wasfoundto be the optimumvalueto allow
the leastintenseline at 7283A to be visible without saturatingthe mostintenseline
at6678A. The spectrometewassetsuchthatthe 6678A wascentredon the output
display The heliumglow dischage usedto cleanthe device betweenshotswasthen
usedto aid alignment. The optical bre bundlewas attachedo a translationstage
whichallowedthe bres to bemanipulatedn thetwo planegperpendiculato the optic
axisof thesystem.Thetranslationstagewasusedto maximisethe 6678A line onthe
spectrometes outputdisplay thusoptimisingthe illumination of the spectrometes
entryslit anddiffractiongrating.

The bandwidthof the systemcould thenbe measured.The 6678A line was po-
sitionedat the lower limit of the spectrometes outputdisplay The readingon the
spectrometewas 10760 A. The spectrometewasthenresetsuchthatthe line was

2 R = 9cm becausehe distancefrom the separatrixto the nozzleis 15 cm andhalf the radial
extentof thechordsis 6 cm.

73



Reading Measurement /A  Measuremen2 /A Measuremens /A

Lower limit 1076.0 1075.6 1075.6
Upperlimit 1359.4 1358.8 1359.2

Table3.5: The spectrometereadingausedto determinghe working bandwidthof the
HELIOS spectrometer

at the upperlimit of the spectrometes outputdisplay this valuewas13594 A. This
processvasrepeatedhreetimesto determineanaverageupperandlower limit onthe
spectrometesreading.Thevaluesaregivenin table3.5.

It shouldbenotedthatthesettingsonthespectrometegivenin table3.5correspond
to realwavelengthsf the dispersions dueto a1200l.mm 1 diffractiongrating. The
gratingusedin thiswork had300l.mm ! andthereforethereadingscorrespondo the
realwavelengthsmultiplied by the dispersiornratio of four. The effective bandwidth,
B, of thesystemis thenB = 11323 A. This bandwidthspansa rangeof wavelengths
adequateo measurehethreeHel linesrequiredfor this study

During the calibrationandcon guration describedhusfar, no problemswith the
ccb andLcD shutterwereimmediatelyobvious; however, this wasinvestigatede-
fore carryingout measurementssingthe spectrometerProblemsareknown to have
occurredn thepastwith olderLcb shuttersTheidealliquid crystal Im for useasthe
shutterwould be opaquein its default stateandallow unimpededransmissiorwhen
avoltageis applied. Previous shuttershave sufferedfrom spottedregionsdueto light
not beingabsorbedcrosgshe entiresurfaceareain its relaxed state. The mainadwan-
tagein usingtheLcD shutterratherthanamechanicablternatve, is its rapidresponse
time, which reducessmearingon the ccb during the nite time requiredto bin the
data. The lack of moving partsalsomeansthe LcD shutterhasa longerlifetime due
to lesswearand-tearon the equipment. The uniformity of the shutters opacitywas
determinedvhile calibratingthe spectrometeithoutalteringthe steeringmirror the
objectve lenswith the bres attachedvasconnectedo an integratingspherewhich
providesaknown white-light spectrumThe shotsequenc&asthenrun manuallyand
the dataacquisitionsoftwarecapturecanimageof thewhite-light sourceasshown in
gure 3.8.

A damagedbre is clearly visible towardsthe top of the imagein gure 3.8. It
is alsoclearthat the transmissiorof the shutteris not uniform sincethe right-hand-
side of the imagedoesnot registerasmuch ux asthe left-hand-side. The lack of
uniformity is notamajorconcerrsinceit canbetakeninto accounduringtheabsolute
calibrationof theinstrument.It is alsoevidentfrom gure 3.8 thattheviewing lines
are not horizontalon the ccp. Sincethe bres were mountedhorizontally on the
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Figure3.8: The white-lightimageacquiredoy the ccb while illuminatedby theinte-
gratingsphere Thecolourmapon thisimagehasbeenreversed sotheblacksections
show thelight carrieddown eachof the optical bres. Onecanidentify the damaged
bre atthetop of theimagewhich doesnot passasmuchlight asthe other bres.
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integrating sphereand at the entranceto the spectrometerthis meansthe ccb has
rotatedslightly in its mounting. The deviation was not consideredseriousenough
to disassembléhe ccD andits cooling equipmentso careis takento dealwith the
skewnesswhenmeasuringhe photon ux correspondingo eachof theemissionines
of interest. The ccb was cooledusinga solid-statePeltier device coupledto a heat
sinkto remove thermaldistortionsto the detectegphoton ux.

While the systemwasilluminatedusingtheintegratingspherethe chordpositions
on the chip wererecorded.Figure 3.9 shavs a slice throughthe imagein gure 3.8.
Onecanidentify thethe pixel numbersonthe ccb thatcorrespondo the edgeof the
chordsandto thecentralchordpositionswhich areimportantquantitiesn determining
theintensityof thelines of interest. Thedamagedbre identi ed in gure 3.8is also
clearlyvisiblein gure 3.9. Thesecondchordfrom theright of the gure hasa much
smallertransmissiorthan the others,and the transmissiorof the last chordis also
somevhat reduced;this suggestslamageto the bre bundle after it had beenclad.
This could not be recti ed without removing andre-fabricatingthe bres; therefore,
this hadto be acceptedas a sourceof systematicuncertaintyin the measurements.
Although having damagedbres is notideal, having themat the edgeof the obsened
regionis preferableto having themin amorecentrallocation.

With theapparatugn this con guration, illuminating the ccp with theintegrating
spherethe spectrometecould be absolutelycalibrated.The procedureas not detailed
herebut canbefoundin [123]. After completingtheabsolutecalibrationof theinstru-
ment, the diffraction gratingwasrotatedsuchthatthe D line, which lies at a wave-
lengthof  6550A, wasslightly belowv thelower wavelengthlimit. This removedthe
needfor anintensity Iter atthe outputfrom the spectrometerTable 1.3 shows that
theD line is muchmoreintensethanthe heliumlinesof interestsoits removal from
thewavelengthrangeof interestwasdesirable.

Figure3.10showvs anexampleof the heliumspectrunobtainedaftertheapparatus
wascon guredandcalibrated It canbeseerfrom gure 3.10thatthelinesof interest,
indicatedon the plot, are distinct from the backgroundandlie within the calculated
bandwidthof the HEL10S spectrometer

3.3 Plasmacon guration

A plasmacon guration was chosenthat gave a long period of L-mode followed by
a sustainedH-modesincethe validationexperimentswererelatedto both thesecon-
nementregimes.Figure3.11shovstheD emissionandthe line-integratedelectron
densityfor thetargetshot#12158.It canbe seenthatthereis along L-modephaseo
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Figure3.9: Thepositionof thechordsto theccb. Theedgeof thechordsarerequired
whencalculatingthe intensityof the linesof interest.

1



MAST shot #12209
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Figure3.10: The heliumspectruntaken afterthe con guration andcalibrationof the
apparatushad beencompleted.One canseethatthe Hel lines of interestaredistin-
guishablefrom the backgroundandlie within the calculatedbandwidthof the instru-
ment.
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MAST shot #12158
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Figure 3.11: The upperplot shavs the D emissionand the lower plot the line-

integratedelectrondensityfor MAST shot#12158. It canbe seenthat this shothas

along L-modeperiodto 300 ms followed by an H-modephasewhich lastsuntil
370mscharacterisetdy thedip in D emissionandsharperrisein density

300msfollowedby anH-modephasepersistingior  70ms.

Usingthis shotasa template both L-modeandH-modeplasmasould be studied
simply by alteringthe diagnosticstiming waveforms.Theef ciency of this choiceof
shotsavedtime by remaoving theneedto changeandtestplasmacon gurationbetween
shotswhenmoving between_- andH-modemeasurements.

Taking the target shotinto account,it was decidedthat the separatrixshouldbe
positionedat Rsep = (145 1)cm, asit wasfor shot#12158.Figure3.12shows the
plasmaadiusfor thetargetshot#12158andoneof the rst campaigrshots#12204;it
canbeseenhattheplasmaradiusof thedesiredargetshotwaswell reproducedBoth
plasmashada line integrateddensityof ~ 10°° m 2. The solid linesin gure 3.12
showvs the magnetiaeconstructiorof the plasmaedgeproducedoy EFIT (equilibrium
tting). EFIT translatesneasurementsom the magnetiadiagnosticsnto usefulinfor-
mation, suchasplasmageometry storedenegy, andcurrentpro les, by solving the
Grad—Shafranotokamakequilibriumequation[544]:
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Figure3.12: The upperplot shaws the plasmaradiusfor an early relevant campaign
shot, #12204,and the lower shaws the sameplot for the target shot, #12158. The
plasmaradiusasgivenby EFIT andD is shown.

dp o, df _
R+ ofqg = (3.24)

whereR is themajorradius,p thepressure, thepoloidal ux, j thetoroidalcurrent
density andf a ux functionde ned as:
RB
f()=— (3.25)
0
The detailsof the EFIT methodcanbe foundin [124]. The EFIT reconstructiorof
the ux surfacesof thetargetshot#12158areshovn in gure 3.13asanexampleof
EFIT's generaluseasa post-pulseplasmaanalysisool.
A list of deliverablesrequiredfrom the experimentaltime while measurements
werebeingmadewith the HEL10S spectrometeweredetermined Thesewere:

SetRsep = (145 1)cm;

adjustheliumgaslevel for goodmeasuremerftom R, = 150cm;
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MAST shot #12158, t=130ms
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Figure 3.13: EFIT reconstructionof the MAST ux surfacesduring the target shot
#12158.The separatrixs indicatedin red. The large Shafrane shift associatedvith
sphericatokamakss clearlyevident;the ux surfacesaremorewidely spacednthe

inboardsidecomparedo the outboard.
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TS measuremenis L-modephase;

changdiming on TS, measuremenis H-modephase;
changenozzlepositionto R,,,, = 155cm, TS measurements H-modephase;
changdiming on TS, measuremenis L-modephase;

measuresoL pro les with RP in L-modephase;

measuresoL pro les with RP in H-modephase.

Thesemeasurementaould allow comprehensie datafor comparisorwith the-
oretical modelling, and the inclusion of RP measurementsf the soL would pro-
vide detailedN, and T which could be meiged with Ts measurementsf the core
plasma[125126. Thiswould give anaccurateictureof the plasmaconditionsin the
vicinity of the neutralhelium nozzleand alongthe helium's attenuatiorpathin the
device. With accuratedatafor the pathtaken by the heliumin the plasma,one can
comparethe spectrakemissionobsened,anexampleof whichis shovnin gure 3.14,
with thatanticipatedy thetheoreticakemissiormodel. This comparisons carriedout
in chapter.

Sincetheruby Ts systemtakesonly onesetof spatialmeasurementger pulse,it
cannotbeusedin thetemporaimodellingto comparewith the HEL10OS measurements;
however, thetime resohedNd: YAG systemallows atemporalcomparison.Theissue
of temporalmodellingwill bereturnedo in section4.7.

3.4 Summary of the MAST pulses

To plana detailed,structuredscienti ¢ periodfor the secondexperimentalphaseone
hadto determinehow closetheinjectionnozzlecould cometo the plasmaedgebefore
interactiontook place.Investigatingheinteractionbetweerthe plasmaandthenozzle
wasthe main outcomeof the initial session.Stronginteractionwasobsenred during
MAST shot#10502 asshovnin gure 3.15.

From gures 3.15(a)and3.15(b)onecanseethatthe plasmareducesn sizedra-
maticallyat 250msandis precededindaccompaniethy alargeincreasen emitted
power. OnecanalsoseethattheD emissionshavnin gure 3.15(c),spikesat this
point; this indicatesa large enepgy/particlelossto the edgeandis veri ed by the de-
creasean plasmadensityshovn in gure 3.15(d). A comparisornof the D andsoft
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Figure 3.14: The spatialand temporalevolution of the emissionlines of interestas
measuredby the HEL10S spectrometer
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Figure3.15: Theinteractionbetweerthe plasmaandthe neutralheliuminjectionnoz-
Zle duringMAST shot#10502duringthe rst experimentalperiod. Seetext for details.
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x-ray emissiorshavsthatthereis a strongnegative correlationbetweerthesetwo sig-

nals.A steadydecreasén theD emissionfeaturesshovnin gure 3.15(c)is accom-
paniedby a steadyincreasen thesoftx-ray emissiorfeaturesshovnin gure 3.15(e).
Figure 3.15(f) shavs the neutralbeamheatingpower throughoutthe pulse;in there-

gion of particularinterestthe heatingpower is relatively constantwhich is ideal for

thesestudies.lt is clearfrom gure 3.15thatasavtoothcausedheplasmaoimpacton

the HEL10S RP causingalarge densityloss,correspondingnepy loss,anda possible
risk to the heliuminjection hardwaremountedon the Rp. This wasa usefuloutcome
asit allowedthe minimumdistancebetweemozzleandseparatrixo bejudgedfor the
typesof plasmasusedin thevalidationexperiments Dueto this result,theradial posi-
tion of the plasmaseparatrixvasdecreasetly 3 cm, moving it avay from thenozzle.
In asawtooth,aslow risein plasmaemperaturés followedby arapidcrash triggered
by a plasmainstability[127. In the crashphasehot plasmafrom the centreis thrown

out into the colderouterplasmaregions. This processanbe usedto remove helium

ashandotherimpuritiesfrom the plasmahowever it canbe a dangerto apparatust

theedge.The sawvteeth therefore have to betailoredto the speci ¢ requirement®f a

particularexperiment[128129 130Q.

With the positionof the plasmaseparatrixalteredby 3 cm dueto the useful out-
comeof MAST shot#10502 thelastshotof the rst periodprovidedagoodbasefrom
which to move on with the structuredscienti ¢ phaseof the validation experiments.
Figure 3.16 shaws similar plotsto thosein gure 3.15, but thereare someimportant
differences.

Onecanseethat gure 3.16(a)doesnot containthe multiple peaksn power output
evidentin gure 3.15(a);nordoestheD emissionshavnin gure 3.16(c)exhibit the
spike foundin gure 3.15(c),meaningtherehasnot beena large lossof particlesto
the edge. Sustainedsawntooth structureis evidentin gure 3.16(c),with theinverted
featuresobseredin gure 3.16(e).Theline plasmadensityof 1:5 10°°m 2 shown
in gure 3.16(d)is closeto thedensitysoughtfor thiswork, andthe stablebeampower
in gure 3.16(f) is very suitable,driving sawteethwhenit reaches 1.3 MW. If
onelookscloselyattheD emissionsoftx-ray emissionandtheplasmadensityin the
vicinity of thesawteeth,onecanseethatthe plasmagoesinto avery brief H-modeafter
the sawtooth, but it cannotbe sustaineddueto the plasmas proximity to the central
column. A close-upview of a savtoothandbrief H-modefrom MAST shot#10504is
shovnin gure 3.17. Figure3.16(b)shaovs adecreasén plasmaradiusat 215ms,
but thereis no densityloss shaovn in gure 3.16(d); this contraststhe obsenations
of MAST shot#10502,wherethe changen plasmaradiusis accompaniedby a clear
densitydrop. The plasmaequilibriumreconstructiorby EFIT producedavaluefor the
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Figure 3.16: Measurementsaken during MAST shot#10504 after optimisation of
plasmaparametersSeetext for details.
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MAST shot #10504
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Figure3.17: A close-upview of a savtoothobseredduringMAST shot#10504.0ne
canseethedecreasén D emissioncorrelatedwith anincreasen in plasmadensity
The H-modeis not sustainedlueto the plasmas proximity to the centralcolumn.

positionof the inboardplasmaedgewhich suggestedhe plasmamoved towardsthe
centralcolumn,explainingthe changen plasmaradiuswithout a correspondinglrop
in density This movementof theplasmais consistentvith thetestingof plasmaradial
controlundertalenduringthis period.

This preliminaryexperimentaperiodwasencouragingndthereweresereralout-
comeswhich allowed a con dent thrust at the structuredscienti ¢ programfor the
secondexperimentalphase. The importantissuesraisedabove were coupledwith
otherobsenationsmadeduringthe sessionDatawastakenby the HEL10s diagnostic
throughoutthe commissioningperiod. Fromthe rst plasmaproducedjn MAST shot
#10490,mprovementsveremadeto the setup,andtheseimprovementsvereaccom-
paniedby clear HELIOS measurementsFigure 3.18(a)shaws the LOs densitiesfor
the rst threeplasmagroducedn the session.lt canbe seenthatthe line integrated
densityincreaseso avalueof approximately1:5 10°°m 2, appropriatdor thiswork.

The emissiondetectedby HELIOS shavn in gure 3.18(b)is around60% of that
shavn in gures 3.18(c)and 3.18(d). This is asexpectedsince,from gure 3.18(a),
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rst experimentakessiorandtheintensitiesof thewealestemissionine asmeasured
by the HELI10s diagnostic. The con gurationis improvedto producethe densityand

durationrequired.
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onecanseethatthe plasmadensityin shot#10490reachests steadyvaluein atime
similarto thelatershots but the plasmas underdenseby afactorof 40 50%dueto
theinboardfuelling injectornot deliveringenoughdeuteriumto the plasma.

The secondexperimentalsessiorprovided mary resultswithin the structuredoro-
gramdiscussedhn section3.3. For MAST shot#12202 the HEL10s diagnostiovasset
to begin taking results50 ms after the pulsestarttime, andtake 16 framesat 20 ms
intenals. The plasmain shot#12202impactedon the helium injection nozzleand
causedheplasmato disruptat 260ms. HELI0S continuedtaking datathroughthis
periodandacquireddatafrom a hot plasmabeforethe plasma—nozzlnteractionand
from a plasmawith large edgeemissionduringtheinteraction.Figure3.19showvs the
radialD prole for shot#12202. The radial position of the outboardplasmaedge
is visible asthe pealed curve in the gure. Onecanseeat the outboardedgeof the
plasmathereis alargeincreasen D emissionafter200 300ms; this is emission
dueto theplasma—nozzlenteraction.ThelargeD emissionatsmallradialpositionis
theinboardplasmaedge whichis relatively constanthroughouthe pulse.

Figure 3.20 shavs a HELI0S spectrumtaken 150 ms into the pulseand another
at 230ms. Onecanseethe Hel lines clearly on the upperplot, but the lower plot
shaws a large continuumwhich obscureghe emissionlines of interest. The small
impurity peaksvisible ontheupperplot aregreatlyintensi ed in thelower plot during
interactionbetweerin the plasmaandtheinjectionnozzle.

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 achived after  330ms, as per the plan and target shot speci cations. This
shotprovided one of the mostsuitable,stableL-mode plasmador further studyand
analysis. The rst sawvtooth impactedon the nozzle causingthe plasmato disrupt;
however this occurredafter the main period of interestin this shot. For maximum
ef ciency two similar plasmasvererequired bothwith long L-modeperiodsfollowed
by extendedH-mode. Figure 3.21 shavs a comparisonof MAST shot#12241and
#12242;,0necanseethatthe plasmaconditionswerewell replicated.

The ruby Ts wassetto re at 350 ms for MAST shot#12242,in the region of
decreased emissionindicatingH-mode,asshovn in gure 3.21(a),andHELIOS
wassetto take datafrom 100 ms. Shot#12242goesinto H-modeslightly later than
#12241 butit is beforetheTs res.

With goodL- and H-modeshotsobtainedfor analysis,the next pointin the plan
wasto captureLangmuirRP datain the soL to give comprehensie N and T, data
over the region of interestin the plasma. The resultsof the Langmuir probe mea-
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Figure3.19: TheradialD pro le duringMAST shot#12202.0necanclearly seethe
increasen emissiorattheoutboardedgeafter200 300msdueto theplasma—nozzle
interaction. The positionof the outboardplasmaedgeis visible asa function of time

asthepealedcurve ontheplot. The plasma—nozzleteractionsubsequentlyesultsin
aplasmadisruption.
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MAST shot #12202
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Figure3.20: Spectrecapturedoy the HEL10S spectrometeduringMAST shot#12202.
The upperplot shawvs the spectruncapturedl50ms into the pulseandthe lower plot

showvsthe spectrumat 230ms. TheHel emissionlinesareclearlyvisible in theupper
plot, but areobscuredn thelower plot by theintensecontinuumradiationemitteddur-

ing the interactionbetweerthe plasmaandthe heliuminjectionnozzle. Theimpurity
lines,dueto CIl at6784A, 7116A, 7236A andClII at 7037A, barelyvisible in the
upperplot, areintensi ed in thelower plot[51].
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Figure3.21: Comparisorof the plasmaf MAST shot#12241and#12242.0Onecan
seethatthe plasmaconditionsarereplicatedwell from oneshotto the next.
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surementsverelimited dueto stronginteractionsbetweenthe probeandthe plasma
causingdisruptionsput nonethelesprovide ausefulN andT, baselinegn the soL for
augmentationvith the Ts measurementdJseful Langmuirprobedatawastakendur-
ing L-mode,but wasnot possibleduring H-modedueto disruptionscausedy severe
plasma—probateraction.
Sofarthissectiorhaspresente@nddiscussethemeasuredesultsobtainedduring
the experimentalsessions.With this in place,it is timely to discussthe analysisof
the HELI10S spectrometes measurementwhich canallow diagnosticdeductionsof
plasmaconditionsto be made. L- andH-modeplasmaswill be usedto comparethe
HELI0S resultswith the otherdiagnosticsusefulplasmasandtheir conditions are:

L-mode: MAST shot#12241

NBI  1.5MW;

ruby 7S red at260ms;

goodHELI0Ss measurement®r full period,;

enteredH-mode 70msafterperiodof interest.
H-mode:MAST shot#12242

NBI  1.5MW;

ruby 7S red at350ms;

HEL10S startedtakingdataat 100ms,goodmeasurementiiroughout;

enteredH-mode 10msprior to periodof interest.
RP dataduringL-mode: MAST shot#12245

- NBI 1.5MW;
— ruby Ts red at260ms;
— HELIOS startedtakingdataat 100ms,goodmeasurementiiroughout;

— goodRP movementthroughthe plasmagatafor R 2 [1:46; 1:51]m.

Taking a HEL10S spectrumthe lines of diagnosticimportance asre-statedn ta-
ble 3.1, areidenti ed onthe ccb. The pixel numberscorrespondingo the edgesand
peaksof the lines areusedto identify the lines. From gure 3.8 onecanseethatthe
chordsare skewed sslightly on the chip, thereforethe edgesandpeaksof thelinesare
determinedor eachchordat eachtime-slice.

93



The numberof countsdetectedyy the spectrometebetweerthe upperandlower
limits of thelinesis determinedanda backgroundcountis subtracted.Thesecounts
arethendivided by the calibrationfactorfor the particularviewing chordto give the
numberof photonscorrespondindo the countsregistered.Theseadjustedcountsare
usedto calculatetheline ratiosat the particulartime-slicefor the viewing chords.

The predictve modelling of the Hel emissiondiscussedn chapter4 detailsthe
plasmamodelnecessaryo understandully theemissionprocessetakingplace;how-
ever, at this stage,a simplelook-up of the line intensityratioscangive a crudeindi-
cationof the diagnosticsensitvity of theline ratios. It shouldbe notedthatthereare
certainassumptionshat mustbe madeto apply a simplelook-up of the ratiosrather
than consideringa full plasmamodel. One mustassumehat the emissiondetected
by the spectrometers not affectedby the viewing geometryand that the groundto
metastableelative populationsarein local equilibrium. Thesearetwo large assump-
tions consideringthe collimation of the nozzleis not known. With no knowledgeof
the collimation, the spatialdistribution of the heliumwithin the viewing chordsis not
known. Also, the large temperature@nddensitygradientsat the edgeof the con ned
plasmacanleadto regions of non-equilibriumin the helium metastablgopulations
wherethey are of mostinterestto this study Theseissueswill be discussedn more
detailin chapter.

Theline ratiosof interestwerediscussedn chapter2: theratio of the two singlet
transitiongn table3.1beinganelectrondensitydiagnosticandthesinglet—tripletratio
beinganelectrontemperatureliagnostic.

The simplelook-up of the line ratiosis accomplishedy taking a contourof the
line ratios as functionsof electrontemperatureand density splining the line ratios
to nd their positionin parametespace deducingthe valueof temperatureandden-
sity thatwould resultin theratio pair. This is the methodusedwith somesucces®n
TEXTOR[36], COMPASS-D[40] and Alcator C-Mod®[131], but hasgenerallynot pro-
vided suchgoodresultson MAST[132] or NSTX%. A new prototypesupersoni@as
injection systemon NSTX is expectedto improve measurementsigni cantly, dueto
improvedcollimationandpenetration[13B

Figure3.22shawvs the Ts datafor the L-modeMAST shot#12241andthe HELIOS
valuesobtainedusingthe simplelook-upmethod..

Taking the N, measurements gure 3.22 as an example,the deviation of the
HEL10S calculatedvaluesfrom Ts at the extremesof therangecanbe explained. The
discrepang atR & 146cm could be dueto the low densityof the plasmaresulting

3Massachusettsistituteof TechnologyUSA.
4National SphericalTokamakeXperimentPrincetonPlasmaPhysicd_aboratory USA.
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Figure 3.22: The electrontemperatureand densityfor the L-mode period of MAST
shot#12241.The HEL10S resultsareobtainedusinga simplelook-up of the emission
line ratios calculatedfrom the measuredel spectrum.Two valuesof the separatrix
are marked on the plots: Rgeps is the value given by the D diagnostic,and Rsep2
is given by EFIT. The disparityis due to plasmainteractionwith the nozzlebut is
within the acceptabldimit of 1 cm. Thelarge separatiorbetweerthe separatrix
plasmaboundaryand the magneticpickup coils canresultin relatively large errors
of asmuchasa few centimetresn the separatrixpositionfrom the EFIT magnetics
reconstructions[134

Onecanseethatthereis very goodagreemenin N in thevicinity of the separatrix,
with lessagreemenbbseredin T, measurementslhe large uncertaintybarson the
Te valuesof Ts shouldbe noted.
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in little Hel emissionin this region, or be causedoy wrap-arouncemissionobsened
by the spectrometerThe divergenceof HELIOS from TsatR . 141cmis because
theneutralheliumhasbeenmostlyionisedin thisregion, again,resultingin alow Hel
signalandpoordiagnosis.

The relatively pooragreemenodf HELIOS T in gure 3.22for R 143cm may
be dueto the viewing geometry As statedabove, this simple look-up of the emis-
sionline ratiosdoesnot containa plasmamodelandthereforedoesnot take geometry
into account. In this case,the innermostviewing chordshave lines of sightthrough
low-densitylow-temperaturesoL plasmabeforereachingthe con ned plasma. The
collimation of the nozzlecould thereforeleadto emissionfrom colderplasmabeing
detectedy thesdannerviewing chordsandmaskingthehotemissiorfromthecon ned
plasma.Thisis anissuethatwill be dealtwith in moredetailin chapter.

3.5 Utilising resultantHel | emission

The primarymeasurement®adeduringthis work weretheemissionlinesdueto Hel;

however, oncethe neutralheliumhasionised,the H-like ion is in uenced by the elec-
tromagneticforceswhich permeatehe plasma. It is thereforeworth mentioningan
additionaldiagnosticthat canbe made“for free” usingthe HELIOS systems neutral
gasinjectionsystem.Thesmeareddel | emissioncanbeobsenedusingthe CELESTE®

Dopplerspectrometer[135 CELESTE shareshesameopticsasHEL10S andhashigher
spectral spatialandtemporalresolution.The Dopplershift of theHel | spectrunlines
allows the speedof the H-lik e ions, the plasmarotation,to be measuredThe thermal
broadeningf the spectralinesalsoallowstheions' temperaturéo be measuredThe
visible spectralregion aroundHe™ (n = 4! 3) at 4685A is generallyusedby
CELESTE for plasmarotationmeasurements.

Thecombinationof usingHEL10s for edgeN andTe measuremen@ndCELESTE
for Doppler o w velocity measuremenigascarriedoverto MAST from the COMPASS-
D tokamak[4( whereit wasusedfor detailedstudiesof edgetransportoarrierforma-
tion andtheirtemporalevolution[136. The pairingof HELIOS andCELESTE is agood
exampleof thediagnosticsynegy highly soughtafterfor implementatioron ITER.

3.6 Conclusions

Thischapteihassummarisedhework carriedoutin measuringheHel emissiorusing
the HEL10S multi-chord spectroscopisetup. Therewere several main partsto this

SChageExchangé.ight EmissionSpectroscopfor Temperaturé&valuation.
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experimentalwork, which led to measurementf both L- and H-mode plasmasfor
comparisorwith thetheoreticaimodelwhichwill beoutlinedin chapter4, namely:

work carriedoutin tailoring the neutralhelium puff;
con guration of the hardwareto optimisethe measurements;
alignmentof the collectionopticsto complementhetargetplasmas;

con guration of plasmato obtainthe measurementgquiredin minimumnum-
berof shots.

Theresultsobtainedfrom the experimentalwork discussedn this sectionprovide
abaseonwhich comparisonsvith theoryandmodellingcanbemade.Theaimsstated
atthebeaginningof this chapterequiredmeasurements differentplasmaconditions,
bothL- andH-modeplasmasandLangmuirprobemeasurementsf N, andT, pro les
in the soL. Resultsweretaken for a variety of plasmasandweresufcient to allow
an examinationof the physicalprocessesesultingin emissionin the vicinity of the
separatrixof amagneticallycon ned fusionplasma.

Thenext chapternof thethesiswill outlinethetheoreticawork carriedoutto model
the Hel emissionresultingfrom the thermalgaspuff employed by the HELI10S diag-
nostic,underpinnedy thefundamentatlataandprocessingliscussedh chapter2 and
evaluatedby the experimentalwork summarisedn this chapter
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Chapter 4

Prediction and deductionusing an
emissionmodelfor MAST

TheGcr modellingof neutralheliumcarriedoutaspartof thiswork, soughtto answer
questionssurroundingthe experimentalsetupand diagnosticutilisation of a thermal
heliumgaspuff onamagneticallycon ned fusionplasma.The mainissuesealtwith
in this chapterare:

representinghe soL in predictve modelling;
effect of non-equilibriummetastablg@opulationson predictedemission;

determininghecollimationof theinjectionnozzlefrom measure@pectrakemis-
sion;

the problemof the actualpro les of line emissionalongthe lines-of-sightfor
localiseddeductionsvherethereis a spatiallyextendedgaspuff;

determiningtemperatur@nddensityradial pro les from the spectraline ratios
with non-equilibriummetastablg@opulationfractions.

This chapterwill begin with a computationabverview in section4.1, highlight-
ing the main computercodesusedin this work, but with emphasion the underlying
physics. Sections4.2 and4.3 will continueby coveringthe tting andprocessingf
Ts Te andN measurementsecessaryor modellingthetheoreticakemissiorfrom the
plasma.The tted pro les arethenusedto investigatethe localisationof the emission
expectedrom theHELI0S spectrometeusinga spatiallyresohedemissiormodelout-
linedin sections4.4and4.5. Modelling thetemporalbehaiour of the neutralhelium
in thepresencef anELM is describedn section4.7,with the limits onthemodelling
detailedin section4.8. Combiningmary of the modellingtechniqueslescribedn this
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chapter section4.9 discussesleductionof predictedradial N and T, pro les based
ontheHELIOS spectraline ratio measurements.

4.1 Computational overview

The predictve modellingsoftwaretakesN, and T, diagnosticdatafrom Ts, andpos-
sibly other available sourcessuchas Langmuir probemeasurementsynd calculates
the metastablgpopulationsfrom the injection nozzleto a speci ed distanceinto the
plasma.The neutralhelium puff is discretisednto a numberof beamletswhich have
anangulardistributionaroundtheradialvectordeterminedy theinjectorcollimation.
Thetime takenfor a calculationvarieslinearly with thenumberof beamletspeci ed;
approximatelythirty beamletss foundto be adequatéo describehe systemandwill
beusedhereunlessotherwisestated.

Dueto therelative timescale®f the HEL10S spectrometes measuremen@ndthe
helium'stransittime throughthe plasmathe systemcanbe consideredndependenof
time; thatis, theindividual time slicescanbetreatedseparatelywith no consideration
of history. Therefore the illustrative resultsin this chapterare generallyfor a single
time slice of the pulse. The time usedfor display of resultsis thatfrom the ruby TS

ring time,unlessotherwisestated.

The computationalmodelis built on a numberof parametersa few numerical
which arenot physicalin nature,andsomephysicalwhich affect the calculation.The
numericalparameterare:

numberof beamlets;
numberof pointsin thequadrature;

distanceanto the plasmabeforestoppingquadrature.

Figure4.1shavs a schematiof theemissionmodelling.

Thestructureshavnin gure 4.1usesthe Ts andrp dataobtainedfor a particular
MAST shot,andpredictsthe Hel emissiondueto the HEL10S injection nozzle. This
emissionmodel is useful for investigatingfeaturesof the predictionwhich are not
easilymeasuredaxperimentally;namely spatiallynon-equilibriumemission.

Theinitial settingsshavnin gure 4.1includethenumericalparametergheradial
position of the injection nozzleandthe atomicdatato be used. With thesesettings,
thecodethenaccessethe ADAS atomicdata,the MAST non-spectroscopiexperimen-
tal dataandthe HELI0s calibrationdatanecessaryo carry out the spatiallyresohed
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Figure4.1: A schematicof the main body of the emissionmodel. This will bethe
basisfor the modellingwork in this chapterand will be built uponand modi ed in
subsequergectiongo deliverthetheoreticallyanticipatecemission.
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Figure4.2: 4.2(c)and4.2(d)shav theradialvariationof the heliummetastablegiven
the densityandtemperaturero les shovn in 4.2(a)and4.2(b) usingthe procedure
prescribedn gure 4.1.
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metastablg@opulationattenuatiorcalculation.Figure4.2 shavs theradialevolution of
the metastablgopulationdor givenTs N andT, pro les.

From the radial pro les showvn in gures 4.2(a)and4.2(b), it is evident thatthe
N. and T, datataken from the ruby Ts diagnosticare of low quality at the plasma
edge. The uncertaintiesarising from the Ts datameanthat the edgeplasmais an
areaof concernwhich is addressedh this chapter As mentionedin chapter3, the
Langmuirrp datacanbe helpful in determiningthe conditionsin the soL; however,
RP measurementsould not be takenin H-mode,asexplainedin section3.4, soit is
not a universalsolutionto the problem.Dueto differing quality of Ts diagnosticdata
from shotto shot, it is necessaryo usegenericparameterisationfor providing data
for theedge.This meanghatthedatafrom differentsourcesanbe meigedwhenthey
areavailable,andahelpful, smoothedunctionalform canbedeliveredto theemission
modelling. Thisis detailedin section4.2.

4.2 Functional tting of non-spectioscopicNe and Te
pro le data

The edgeradial pro les shavn in gure 4.2 indicatethe advantageof combiningdif-
ferentsourcef datawhende ning the plasmaconditionsat the edgeof the plasma.
Theuncertaintyin the pureTs dataatthe edgecanleadto non-physicaparametridN ¢
andT, pro les. An alternatve to relyingon 7s attheedgewasdiscussedn chapter3;
theLangmuirrRP measurementsansupplementhe Ts datain the soL.

Therearecertaincaveatswhendealingwith RP comparedo TS measurementsn
MAST. Firstly, TS is a standardplasmadiagnosticwhich is usedduring every shot.
In contrastRP measurementsiustbe speci cally requestegbrior to the experimental
sessionandthe pathof the probethroughthe plasmade ned to give the bestrepre-
sentatiorof theradial pro les. Althoughthe RP measurementgive usefulN, andT,
diagnosisat the plasmaedge,the irregularity of probemeasurementis problematic
for this application.SecondlysinceTs is a standardplasmadiagnostic the dataheld
in the centralMAST repositoryis in a standardorm: in the caseof the Nd:YAG Ts,
N. andT, asafunctionof time andposition. The Rp datais not heldin sucha useful
form; extraad hoc processings necessaryo extractthe diagnosticdatarequired.

Figure4.3(a)shaws the raw signalfrom the LangmuirRP measuremendf T, in
MAST. It is dif cult to discernthe averageT, variationfrom this plot dueto the high
frequeny noiseon the signal. Figure 4.3(b) showvs the samedataafter being pro-
cessedhroughlow passlters with 1 kHz and100Hz cut-off frequencies[13]7 The
frequeng responsef thelow passlter was,in this casegivenby:
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MAST shot #12245
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Figure4.3: 4.3(a)shaws the raw signalfrom the Langmuir RP measuremendf T, .
4.3(b)shows the samesignalpassedhroughalow passlter with 1 kHz and100Hz
cut-off frequencies.The low-frequeng componenbf the signal givesa far clearer
pictureof the T variation.

G(f)=r—> (4.1)

2
1+

_,,|_h

Cc

wheref isthefrequeng andf . the cut-off frequeng[138].

As shavnin gure 4.3(b),theLangmuirrRp measuremenirethendoyield useful
data.lt hasbeenthe practiceduringthis work to make useof the Rp dataif it existsby
meiging it with the Ts data,andsolelyusingthe Ts whenRp datais unavailable.

Whetherthe RP datais available or not, one cantake advantageof the pedestal
modelof the tokamakedge[139,14(. Sincethereis a well-known shapefor the N
andT, pro les, onecanusethe dataavailablein a tting routineto parameteris¢he
plasmaedge. The pro le shapessuggesthe useof a modi ed hyperbolictangent
function. Theoriginal parameterisatiois[141]:

a @& (1+az)exp(z) exp( 2)

2 exp(z) + exp( 2) A (4.2)

mtantbrig.(z;a) =
where:

z= (au r)=(2as);

r is theradialpositionin thedevice;

a, is therelative heightof the pedestal,

a, isthe soL densityor temperature;
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az is thelinearcoreslope;
a4 is thepositionof thetransportarrier;

as is thewidth of thetransportarrier

During this work therewere somedif culties in usingthis particularparameter
isation, especiallyfor the electrondensityasit often returneddensitieswhich were
lessthanzero. The representationlecideduponinsteadis that usedto parameterise
theedgeof ASDEX-U[142], which appliesseparatenodi cations on eithersideof the
separatrix:

f= bl; %, B S % taniy, (22 b 10) (4.3)
where:
0 by r
Z o (4.4)
and:
mtanhy; (2% 10) = 1+ b2+ z® + b,z® exp(29)
1+ bz%+ byz® + bz® exp( 29 (4.5)
1

exp(z) + exp( 29

This parameterisatiomworkswell giventhe detailedfeatureobsenedfrom therel-
atively high-resolutiomon-spectroscopidiagnosticsThe useof theoriginal parame-
terisationin thedeductionof N andT, radialpro les will bediscussedh section4.9.

4.3 Levenberg—Marquardt algorithm

A modi ed versionof the Levenbeg—Marquardialgorithm[143 is usedto t theTs
and Langmuir RP datato the modi ed hyperbolictangentfunction given in equa-
tion 4.5.

The rst stepin tting thediagnosticdatato the requiredfunctionwasto evaluate
thefunctionfor aninitial setof tting parameterd, asde nedin sectiord4.2. Thedata
pointshave anuncertaintyassociatedvith them, vy, whichis usedto determinghe
weightingattributedto the datapoints,wy, suchthat
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1
Wk = —ylf (46)
Theindividualfree parameterdy, arethenvariedby anamount by independently
andsetsof similar solutionsarefound. Fromthesedifferentsolutionsets thevariation
of the tting functionwith respecto the parametersanbe calculated:

@ _ 2 fi
@ b
wheref, andf? arethe initial and alteredvalue of the tting function dueto the
parametechange b, respectiely.
A matrix, M , andvector ¢, canthenbeformed

4.7)

X @ @«
Mi' = — — W, (48)
L@@
X
G = % (Ve fi) wk (4.9)

andimprovementanbe madeto thefree parameterdy solvingthelinearsystemfor
b

Mb =c (4.10)

where kI arethechangego be madeto the individual parametersuchthattheim-
provedparameterarelf= b + .
This proceduras iterateduponuntil 2, de ned as

= (W i) wi (4.11)
k=1

corvergeson its minimal value'. Thenumberof degreesof freedomd, in the tting is

de nedin termsof thenumberof experimentadatapoints,N , andthe numberof free
parametersy, as

d=N n (4.12)

which allows thenormalised 2 to bede ned as

IStrictly speakingthe Levenbeg—Marquadtroutineiteratesto alocal, ratherthanglobal, minimum
of 2.
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2
2= r (4.13)
which is usefulin modelling. 2 = 1 meansthereis a “perfect' t to the data,and

2 < 1 meansthe datahasbeenover- tted; thatis, therearetoo mary parameters
representinghe data.

Theimplementatiorof the tting methodusedin this work madeuseof damping
factors, , to aid corvergence. ThreedifferentM matriceswere calculatedsuchthat

theleadingdiagonalwasalteredto

MP = Mi (1+ ) (4.14)

where 2 f0:0;0:1;0:2g. The 2 quantityis calculatedfor eachof the valuesof
andthe bestdampingfactoris selectedWhen 2 is far from corvergence the larger
dampingfactoris used andasthesystemapproachetheoptimalsolution,thedamping
factoris removedby setting = 0:0.

The percentagerror in a parameteican found from the leadingdiagonalof the
covariancematrix

cC=M1 (4.15)

andthe correlationbetweentwo parameterdy andh canbe de ned in termsof the
covariancematrix as
cor(b;h) = pc#i (4.16)
Cii G

where 1 cor(hb;h) 1. If two parametersrelinearly independentthey will
have a correlationof zero. This meansthe effect inducedby alteringone parameter
cannotbe undoneby alteringanothemparameterlf cor(h;h) > O0thentheeffectof
increasingparameteh canbeundoneby decreasingarameteb . Thetwo parameters
would be consideredcorrelated. If cor(b;h) < 0 thenthe effect of increasing
parametel canbe undoneby increasingparametely. The two parametersvould
be consideredanti-correlated. The degreeof correlationbetweentwo parameterss
importantsinceonewould preferthe tting parameterasedo belinearlyindependent.
For thiswork, jcor(b;h)j < 0:4wasconsideredreasonableorrelationwith which
towork, sinceit resultsn an“explainedvariance”of 16%. Thatis, 16%o0f thevariance
in oneparameters explained,or predictedpy the otherparameterThisis appropriate
giventheapproximateglobaluncertaintyof the system.

Anotherimportantuseof thecovariancematrix, C, is to give theuncertaintyin the
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Figure4.4: EdgeTs measurement®r MAST shot#12209.0necanseethattheuncer
tainty in thetemperatureneasuremerns relatively large atthe plasmaedge.
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Figure 4.5: MAST shot#12209. 4.5(a) shavs the original and alternatefunctional
ttings for theTs edgetemperatur@nd4.5(b)shovs asimilar plot for thedensity For
thedensity: 2 (orig)' L1:51and 2(alt)' 1:37 Forthetemperature: 2 (orig.) "
2:44and 2 (alt)' 2:19

tting function,f , attheexperimentabbscissae:
U
XX @ @
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Figure4.4 shavs the edgeTs measurement®r MAST shot#12209.0necansee
that the uncertaintyin the temperatureneasuremernis relatively large at the plasma
edge.

TheTs datawas tted usingthe original mtanhfunctiongivenin equatior4.2 and
with the alternatefunction givenin equatiord.5. Both thesefunctions,with the given
parameterisationgyreshavnin gure 4.5.

Thebehaiour of thealternatetting functionin thesoL, asshovnin gure 4.5(a),
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may appeaistrangefollowing erroneougoints; however, this givesa goodindication
that the alternatefunction will follow the more accuraterp datain the soL without
compromisingthe t on the other side of the separatrix. A comparisonof the 2

guantityfor both parameterisationshows thatthe alternatefunction more accurately

ts theexperimentaldata:
density:

— original parameterisation: 2 ' 1:51;

— alternateparameterisation:2 ' 1:37,
temperature:

— original parameterisation: 2 ' 2:44;

— alternateparameterisation:2 ' 2:19,

In practice,if the Ts datawereaserraticasthatin gure 4.5(a),andtherewasno
sourceof supplementarglata,suchasRP measurements simpleexponentialdecay
formulationwould be usedwith perhapswo decaylengthsover the extentof the soL.
If RP datais available,the datasourcesare meiged andthe resultantbestdiagnostic
representatiof the plasmaedgeis used. MAST shot#12245is an exampleof the
meiging and tting procedure.

To memge the TS and RP diagnosticdataone has rst to assignan uncertaintyto
the RP data. Figure4.3 shovs theraw and Itered RP data. The Itered datacanbe
usedto estimatethe uncertaintyin the measurementThe signal Itered at 100Hz in
gure 4.3(b)givesagoodindicationof the variationof thetemperature@asmeasured,;
the signal Itered at 1 kHz canbe usedto determinethe uncertaintywhich forms an
ernvelopearoundthe measuredemperature.

The Ts measurementwith high uncertaintynearthe edgewerediscardedvhere
the RP datawastaken. This melgeddata,with associatedincertaintiesthenformed
thedatasetwhichwas tted with thealternatentanhfunctionde ned in equatior4.5.
The memgedexperimentaldataandthe tted functionareshavnin gure 4.6. The 2
for thefunctional t onthemegeddatasetis 2' 2:41

Thevalueof 2 for themegeddatais largerthanthatof theun-megeddata. This
is asexpectedsincetherelative uncertaintyin the Rp datais muchsmallerthanthatof
theTs atthesameradialposition. Thelargeruncertaintyin the Ts malkesit easietto t
the functionto the un-megeddatasincethe weightingof the datapointsis inversely
proportionatlto the squareof the uncertainty
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Figure4.6: MAST shot#12245.The RP measurementisave beenmeigedwith theTs
datato give acompositadataset. This meigeddatais then tted usingtheLevenbeg—
Marquardtroutine,with 2 ' 241 Thisvalueof 2 is larger thanthatof the un-

n
memgeddatadueto therelative uncertaintyin the RP measurementseingmuchlower

thanthe corresponding s data.

It is clearfrom gure 4.6(a)thatthe parameterised of the melgeddatasethas
adequatelyollowedthe measuremenisboardof theseparatrixaswasthecasen the
un-mepgedcase. It is alsoclearfrom gure 4.6(b)thatthe function properlyfollows
the soL temperatureas measuredy the Langmuirrp. The meging of the density
datawasalsosuccessful; 2' 1:77andthe t isshavnin gure 4.7.

Theincreasedegularity of theparameterisationf the meigeddensityandtemper
aturedataallows for a morereliablepredictve modelof theradial metastablgopula-
tions. The tted functionis lessvariable,but is closerto the reality regardingneutral
helium transportat the plasmaedge. Figure 4.8(a) shavs the parameterisedensity
function,shavn with theexperimentadatain gure 4.7,and4.8(b)shavsthetemper
aturefunction,asshavnin gure 4.6. Figure4.8(c)shavs thevariationof the 1s* 1S
and1s2s’S statesascalculatedradially usingthe predictive model. Onecanseethat
the 1s2s®S populationincreasessthe temperaturén the soL increasesalthoughit
doesnotreachequilibriumwith thegroundstate beforedecayingexponentiallydueto
theincreasedemperatur@nddensityof thecon ned plasma.Figure4.8(d)shonsthe
variationof the 1s2s’S staterelative to the groundstate.

A comparisorof gures 4.2(d)and4.8(c)shavsthattheevolutionof themetastable
populationis far smoothemwhenusingthe melgeddatasetratherthanthe un-meped,;
this is due to the smoothandrealistic variation of the temperatureand densityover
the entireregion whenboth Ts andrp dataareused. It shouldbe notedthatthereis
amarked changen deriative of the curve in gure 4.8(d), which correspondso the
changein densitygradient;clearly thisis dueto the largerionisationcross-sectiomf
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Figure4.7: MAST shot#12245.Thedatahasbeenmeigedin asimilarwayto gure 4.6
with 2' 1.77.
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Figure4.8: MAST shot#12245.Shaws the variationof the metastablg@opulationsdue
to thefunctional tting of the melgeddiagnosticdata.Seetext for details.
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1s2s’Scomparedo 15 1S,

Theradialvariationof themetastabl@opulationgs calculatedisinganattenuation
modelbasedon ADAS theoreticalcollision data. In section4.4, the spatiallyresohed
populationstructures calculatedwith uncertaintiesn theN, andT, pro les included
by applyinga Monte Carlo statisticalsamplingmethod. Thesepopulationswill then
beusedto calculatespatiallyresohedemissionfrom thelinesof interestin sectiord.5
with uncertaintybars. Thensection4.6 will discusswork to representhe HELI0OS
spectrometes viewing geometryso asto determinewhetherlocal T andN. predic-
tions can be extractedfrom the spectra. By comparingthe theoreticallyanticipated
emissioncalculatedby the modelwith thatmeasuredthe collimation of the HELI10S
injection nozzlewill be determinedandthe toroidal localisationof emissionwill be
determinedisingthe Levenbeg—Marquardtroutinedescribedabore.

4.4 Calculating spatially resolved metastable popula-
tions

The Monte Carlo statisticalsamplingmethodwasemployedto calculatethe spatially
resohedmetastabl@opulationsandtheirassociatedncertaintiesisingthemeigedTs
andRrp datafrom MAST shot#12245describedabore. Figure4.9 shavs the different
stagegequiredin calculatingthe 1> 'S and1s2sS populationsanduncertaintiesor
aradialattenuatiorof neutralhelium.

The metastabl@opulationschangewith positionsuchthat

" # " #" #
E Ng — Sg! + Gyt m On! g Ng Ne (4.18)
dr Nm Cb! m Sm! + On! g Nm VIOU

whereS representshe ionisationrate coefcient de-populatinga stateandq the rate
coefcient which populatesone statefrom the other Theserate coefcients areim-
plicitly functionsof temperatur@anddensity

As shovnin gure 4.9,the melgedtemperaturenddensitydiagnosticdatais ac-
cessedandtheionisationandcross-couplingate coefcients aredeterminecbn this
meshof temperatur@anddensity A randomtemperatur@nddensityareselectedrom
within a Gaussiartistribution de ned by the uncertaintyat the point of interestanda
fourth orderRunge—Kittaroutineis usedto solve the systemabove[144. A bilinear
interpolationroutineis usedto nd thevaluesof theratecoefcients attheintermedi-
atepointsrequiredby the Runge—Kittaalgorithm.A comparisorof differentnumbers
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Figure4.9: Thedifferentstagegequiredin calculatingthe 1 *Sand1s2s®S popula-
tionsandtheir associatedincertainties.
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of iterationsandthe effectontheuncertaintieproducedvascarriedout andit wasde-
terminedthat 10* iterationsand 100 binswasadequatéo deducethe uncertainty The
processvasiterated10* timesoverall radialpositions.The10* valuesof the 1$'Sand
1s2s'S populationgerpositionwerethenputin 100binsanda Levenbeg—Marquardt
procedurewasusedto t a Gaussiarto the two datasets. The peakpositionof the
Gaussiarindicatedthe valueof the population,andthe half-width indicatedthe uncer
tainty. Figure4.10(a)shows a histogramof the binnedpopulationdataalongwith the
Gaussiant usedto extractthe populationand uncertaintydata. Figures4.10(b)and
4.10(c)shaw the radial variation of the metastablgoopulationswith their associated
uncertaintieg

To calculatethe spatially resoled metastablepopulations,a similar structureto
thatshovn in gure 4.9 wasused,but moved throughthe differentbeamletsusedto
representhe gaspuff. The ux of gasfrom the nozzleis setasaninitial condition,
andthe collimation of the nozzleis usedto calculatetheinitial helium populationon
a particularbeamlet. For this pieceof work, the angularvariationof the nozzlewas
takenascos ( ), andtheinitial 1 'S populationof a beamletat an angle ; to the
device radiuswasnormalisedo thetotal input population Py , by

2 3,
772 (i*Zi+1)=2

P ()= Put 8 cos dé cod d (4.19)

=2 (i+ i 1)=2

Equatior4.19shavsthegeneraform of theangularcollimation;cos' ( ) ispresent
ratherthanthecos ( ) usedin this case This generaform will beusedwhenattempt-
ing to determinethe angularcollimation of the injection nozzle;that is, the search
parameteis n.

Figure4.11shavsthemetastablg@opulationsn thevicinity of theinjectionnozzle
asa function of radial positionandanglefrom the device radiusassuminga cos ( )
angularvariation. As onewould expect,the groundstatepopulationdeclinessharply
alonga curwe of the surface;this shavs the separatrixwherethe densitybeginsto in-
creasesubstantiallyfrom its soL value.Onecanalsoseethe populationof the 1s2s*S
statein the soL dueto the low densityand subsequentlyow de-populatiormecha-
nisms. This spatiallyresohed pictureshaws thatthereis a signi cant amountof neu-
tral heliumatrelatively large anglesfrom the device's radial vector;it is worth noting
that,assumingaco® variation,the 1=e anglefor theinitial populationis ' 35.

The calculationof the metastablgpopulationsand their associateduncertainties

21t is notedat this point thatthis methodassumeshereis no uncertaintyin the atomicreactionrate
coefcients. In principleit would notbedif cult to includetheseuncertaintiesarigorousprocedurdor
propagatinganuncertaintyin  to thederivedcoefcients is currentlyundervay.
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115



1111111

/4

;I

A0
PSS

SN
==

S
D

S

-

1111111

2z
=

fons®

L=

SN
=
T

TN
N
e

1

1\

Hzz
I

NS~
5

Population
JSONSS

SRS
.
1
==

S

e ——
N

]}
)
77
=’l
e
5
xS

X
77

\WAN
.

(a) Spatiallyresohed1s’ 1S population (b) Spatiallyresohed1s2s*S population

Figure4.11: Thespatiallyresohedmetastabl@opulationsalculatedisingthemeiged
diagnostiadatafrom MAST shot#12245.

allows the theoreticallyanticipatedemissionto be calculatedfor the threediagnostic
linesof interestwhichwill bediscussedn section4.5.

A simpletalular look-up methodwas discussedowardsthe end of section3.4;
this entailsan assumptiorthat the groundto metastableelative populationsare in
local equilibrium. It is clearfrom the metastableemissionmodelling carriedout in
this sectionthat the 1s2s3S stateis not alwaysin equilibrium with the groundstate.
Thereis aregion of non-equilibriumthroughouthe soL wherethe 1s2s’S statetends
towardsan equilibrium value but doesnot necessarilyreachthat value. This means
thata simplelook-uproutineis generallyinadequatéo deducethe radialtemperature
anddensityvariationin the soL; this leavesaregion in the vicinity of the separatrix
wherethe simpletechniqueagreeswith Ts; see gure 3.22.

4.5 Calculating spatially resolved emissvities

Using GCR modelling, the spatially resolhed metastablgopulationscan be usedto
calculateheemissiorof thethreelinesof interestasgivenin table3.1onpage6l. The
emissiondueto a particulartransitioncanbewritten in termsof the photonemissvity
coefcient, introducedn section2.4:

X
"ij = N Ne PEC (i (420)

wherethe summationis over the numberof metastable# the ionisationstagé. In
the caseof theneutralheliumof interestin this work, the emissionthereforeexplicitly

3Section2.4 mentionsthe excitation and recombinationcomponentof the emission;however, as
recombinatiorwasfoundto be nggligible, the excitationspeci cationhasbeendroppedior brevity.
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becomes

"i = Ne(NgPEGCyj + NnPEGy;) (4.21)

The radial variation of the groundand metastablgoopulationsNg andN,, was
calculatedn the previoussectionthereforeall thatis necessaryo calculatetheemis-
sionon thelines of interestarethe P EC ratecoefcients for thetwo metastableand
therelevanttransitions.

The P ECs usedin this work were calculatedusingthe distribution-averagedcol-
lision strengthsdiscussedn section2.2.1, basedon the RMPS calculationdiscussed
in section2.1, andthe interval-averagingand memging techniguediscussedn sec-
tions 2.2 and2.3. A codefrom the ADAS package ADAS 208, wasusedto produce
theP ECdata les. Figure4.12(a)shonstheradialvariationof thethreelinesof diag-
nosticinterestdueto thetemperatureanddensitypro les in 4.8(a)and4.8(b)andthe
metastablgoopulationsshovn in gure 4.8(c). Figures4.12(b)and4.12(c)shaw the
contritution dueto thetwo metastableto the 6678A and7067A linesrespectiely.

One canseethat the threelines reachtheir peakemissionat approximatelythe
sameradial position, but the 7067A line, dueto the triplet transition,emitsmorein
the soL thanthe two singletlines. Figure4.12(b)shows thatthe 6678A emission
drivenby thegroundis aroundtwo ordersof magnitudegreaterthanthatdrivenby the
3S metastable.In contrast, gure 4.12(c)shows that the oppositeis the casefor the
7067A line. Eventhoughthe triplet populationis far lower thanthat of the ground
state,the contribution to the emissvity from the 3S is greaterthan that driven from
theground. This is aninteresting nding sincethe majority of this line's emissionis
drivenby apopulationthatis not necessarilyn equilibriumwith thegroundstate.This
would thereforesuggest simplelook-up of line ratioswould give a poortemperature
diagnosticin this case. Thatis exactly whathasbeenobsenedin the shotshavn in

gure 3.22. The structureof the triplet emissionis noted;the effectsof the differing
temperatur@anddensitygradientsarevisible asfeatureson thepro le.

In a similar way to before,the anticipatedemissionfrom the threespectrallines
canbe calculatedwith their associatedincertaintiesisingthe Monte Carlotechnique
mutatismutandis The electrontemperaturenddensityareiteratively sampledrom
within a Gaussiardistribution determinedoy the uncertaintylimits anda bilinearin-
terpolationprocedurds usedto nd therelevantvaluesof the P ECs. The metastable
populationsarethensampledfrom within their uncertaintylimits and usedto calcu-
late the resultantemission. The dataarethen tted with a Gaussiarat eachpoint to
determingheemissvity andtheassociatedincertainty

A spatially-resoledemissiormodelclari es speci ¢ unknovnsrelatingto the ex-
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Radial emission profiles
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perimentaketup.Theseare:

wrap-around— quantify cold emissionseenby the spectrometer;
provide datato form LOS integrals;

ultimately, allow a Levenbeg—Marquardtroutineto be usedto determinethe
nozzlecollimation.

The secondand third items on the above list will be dealtwith in section4.6;
the wrap-aroundcan be quanti ed using the spatially-resoled emissioncalculated
above andtechnicalschematicof the MAST device. Figure4.13 shavs contoursof
thetriplet line emission.The anglebetweenhe nozzlepositionandthe viewing port
iIs' 51 [145]. Onecanseefrom thelines of sight marked on gure 4.13thatthere
is signi cant off-radiusemissionseenby the detectorhowever, the contribution along
theviewing line cannotbe determinedatthis stagejt is notedthattherelatvely broad
tripletline, gure 4.12(a),couldbeaffected.Thiswill betackledin section4.6.

Althoughline-of-sightintegralsarerequiredto studyquantitatvely thecontribution
totheobsenedemissioralongthepath,aqualitative studyis possiblerom gure 4.13.
One canseethat the majority of viewing chordscan obsenre off-axis emission;that
is, emissionwhich is not localisedat = 0. The lines of sight centredaroundthe
separatrixview the mostintenseemissiomeartheradial vector but somechords like
the oneviewing furthestinto the plasma,obseresthe mostintenseemissionfar off
axis. This demonstrateshe existenceof “wrap-around”emission;that is, off-axis
emissionthat can be credulouslyinterpretedas local emissionfrom further into the
plasma.Thiseffect,coupledwith theincreasingattenuationyouldtendto deliverpoor
diagnosticdatafor the viewing chordsobservingfurthestinto the plasmaif a simple
ratio look-uptechniquevereemployed. This divergenceagreewith the experimental
obsenationshavnin gure 3.22.

This non-localisedemissiorsuggestshatacomprehensie plasmamodelis essen-
tial if diagnosingplasmasusinga gaspuff. The agreemenbetweernthe HELI10S line
ratio look-up methodandthe Ts datacould beimprovedif onecould reducethe off-
axisemissiondueto “wrap-around”. Yet again,this highlightsthe crucialimportance
of knowing the collimationof the neutralheliumgasinjectionsystem.

4.6 Simulating HELIOS lines-of-sight

Calculatingspatially-resoled metastablgoopulationsandline emissionpro les is of
greatusein investigatingfeaturesof the setupthat areinaccessibléo measurement,
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Triplet line emission
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Figure4.13: Thecontoursonthisplot arelinearly spacedwith themaximumemission
localisedin the centralregion of the plot. Onecanseethatthe lines of sight, which
appearcurveddueto theangularabscissagasshroughregionsof signi cant off-axis
emission.lt is not possibleat this stageto determinethe contrikbution of theseoff-axis
component$o thelinesvisible to thedetectorbut thiswill bedealtwith in sectior4.6.
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suchasthe issueof wrap-aroundemissiondiscussedn the previous section. It is
necessanhowever, to acknavledgethatthe experimentahardwaredoesnot measure
thespatially-resoledquantitiescalculatedsofar. In orderto confrontdirectlythe GCR
modellingandmeasuremengnemustconsidetthe spectrometesview of theplasma,;
it detectgadiationalongaline of sight,notfrom a singlepositionwithin the plasma.

The line-integratedemissvities are calculatedfrom the grid of spatiallyresohed
emissvities from the GCR modeldescribedibove:

A <
.'Lij = 4 2 "ij (r) d (422)

0
whereA is the collection areaof the opticsand " is the positionalongthe viewing
chord. Thequadraturavascarriedout usinga trapezoidatoutine,dueto theirregular
grid spacing[14& A supportfunction, , is usedto take theemissvitiesto theedgeof
thedevice by tting thelasttwo datapointsto anexponentialdecay:

¢ o=aexpl :(C o)l (4.23)

where ' is on the last beamletand ¢, are tting coefcients. In equation4.22,
representshe total pathlengthof the integral. In this work, wastakento be the
distanceatwhich

@

@ 1 phcm *s t (4.24)

The contribution to the line-of-sightintegrals along the path, mentionedqualita-
tively in the previous section,cannow beinvestigatedisingthe computationamodel.
From gure 4.13it is clearthatthe chordscanview oneof threeregions:

1. aregionwith nosigni cant emission— the outermosthordviewsthesoL;

2. aregion with signi cant on-axisemission— the chordsin the middle of the
bundleview emissionin the vicinity of the separatrixandlessintenseoff-axis
emission;

3. aregionwith signi cant off-axis emission— the innermostchordviews practi-
cally no on-axisemissionput doespassthrougharegion of off-axis emission.

Thenave assumptiorthatthe Hel emissionis localisedalongtheradiusof MAST
canbetestedn thesethreedifferentcasesThecontributionto theintegratedemission
is shavn in gure 4.14. In the rst case,onewould expectthe peakemissionto be
on-axis, but very weak; in the secondcaseonewould, again,expect peakemission
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Localisation of triplet emission
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Figure4.14: MAST shot#12245. One canseethatthe mostintense ux is predicted
on the centralviewing chord, marked "Chord #9' on the plot. The peakpredicted
emissionis on theradial vectorof the device; this canbe seenfrom gure 4.13. Most
of the chordsanticipatetheir 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.Thisis the casefor thepredictedcontributionsshovnin gure 4.14.

It is evidentfrom the calculatedcontritutionsto theline-integratedemissvities in
gure 4.14thattheinnermosthordis predictedo view its peakemissionwell off-axis.
This meanghe chordis viewing "behind' the region of peakemissionanddetectinga
wrap-aroundsignal. It would thereforebe inappropriatdo interpretall of the spectra
detectedby the HEL10S spectrometeasrepresentindocally emittedradiationgiven
the outcomeof this theoreticalstudy; this further emphasisethe needfor a plasma
emissionmodelif diagnosticdatais to be extractedreliably from the system. The
pro les in gure 4.14take the solid angleinto account,so the relatively intenseoff-
axisemissionshavnin gure 4.13is shavn to be diminishedby the smallsolid angle
dueto theviewing geometry

Up to this point, the modelling has delivered the theoretically anticipated
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metastablgopulationsand resultantemissionbasedon an applicationof GCR mod-
elling whichis underpinnedy the melgedTs andrP diagnosticdatafrom MAST shot
#12245. With the line-integratedemissvities, *; , calculated,one can comparethe
anticipatedemissionwith thatmeasuredyy the HEL10S spectrometer

A direct comparisonof the measuredand theoreticalemissvities allows one to
deducethe mostimportantparametein the neutralheliuminjection system:the col-
limation of the injection nozzle. The importanceof this parametefies mainly in the
dif culties presentedn measuringt accuratelythereforea computationabpproach
to the problemis valuable.

As mentionedpreviously, the populationmodel usedto calculatethe metastable
populationamustbe givena parameten which describeshe the angularvariationof
the initial helium population. This angularvariationis givenin equation4.19. It is
clearthatthis parametewill determingheamountof wrap-aroundcemissionobsered
by the spectrometerthis canbe usedto help determindts value.

The calculationof the predictedline-integratedemissvities can be usedwithin
a Levenbeg—Marquardtileast-squaresting procedureto determinethe collimation
factor n. It wasfoundthatthebestt totheexperimentatlataoccurredatacollimation
factormuchlessthanexpected.Figure4.15shows the calculatedine emissionratios
for differentvaluesof n; it wasfoundthatthebestt occurredforn' 1:2. It is noted
that the value expected,basedon similar apparatusisedon other experiments,was
n' 5

Thisis aninteresting nding andpossiblyexplainsthe dif culty in measuringhe
nozzlecollimation. The measurementvas attemptedoy positioninga o w gaugeat
differentpositionsaroundthe nozzles aperture. The more diffuse the gas o w, the
more dif cult to measurehe collimation; this is clear sincethe 1=e anglefor cos
is 68, comparedo avalueof 35 for co® . The smallerangulargradient
makesthe measurememhoredif cult, andtheattempto measurehecollimationwas
inconclusve.

Giventhelargedifferencebetweertheexpectedandcalculateccollimationfactors,
it is appositeto concludethat the neutralheliuminjection nozzlewasdamaged.An
alternatve conclusiorwould be erroneou®perationof the tting procedurehowever,
thisis not consistentvith the outcomeof the study The proceduredoescornvergeon
a solution, andthis solutionhasbeenveri ed in isolationfrom the tting procedure
usingtheemissionmodel.

With the bestagreemenbetweerthe modelandthe measuredine intensityratios
occurringforn ' 1:2, amoreaccurateontourmplot canbemadeof thespatialvariation
of the emission. Figure4.13 shaws the variationassuminghe expectedcollimation
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Figure4.15: Theeffectof thecollimationfactorn onthesimulatedine intensityratios.
The experimentallymeasuredine ratiosareindicatedby the datapoints.
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factorof n = 5; arevision of this plotis givenin gure 4.16(a).

It is importantto note that the contourson both gure 4.13 and4.16(a)areon
the samelevels. Therefore,a comparisonof gures 4.13 and 4.16 shows that the
collimationwhichbest ts theexperimentablataleadsto lessintenseemissioron-axis,
with it extendingfurther aroundthe edgeof the MAST plasma,asonewould expect.
Figure4.16(b)shaws the predictedocalisationof emissionalongthe viewing chords
usingtherevisedcollimationfactorandcanbe comparedirectly with the theoretical
variationin gure 4.14. Onecanseethatthe peakcontritutionsarelessthanin the
morecollimatedassumptionandthattheoutermosthordsseefar moreemissiorfrom
theplasmaedgethanthatshavnin gure 4.14.Thelackof localisationassociatewvith
thebestt totheexperimentadataimpliesthefollowing:

inferenceof local density/temperaturigom theline ratioscanhave unsafecon-
nectionto the actuallocal density/temperaturia the soL alongthe centralaxis
of the gaspulff;

the pealed on-axis emissionof the centralviewing chordsindicatesthat the
simple look-up techniquewould have more connectionto axial local den-
sity/temperaturéor thesechords;

the innermostchordsexhibit off-axis emissionandit would thereforebe inap-
propriateto usethe simplelook-up method;however, the lack of signaldueto
attenuations afar moresigni cant effect on thesechords.

Theseimplicationsof the GCR emissionmodelresonatestrongly with what was
obseredusingthethe simpleline ratio look-upmethodexempli ed in gure 3.22.

4.7 Temporal variation

As mentionedpreviously, the systemwas consideredtime-independensince the
atomicprocessesesponsibldor the excited populationstructureandemissionasde-
ducedin section2.4,occuron atimescalanuchshorterthantypical plasmaimescales

1. and ., asde nedin equationl.4. Thatis, oneneednotconsidetthehistoryof the
gaswhendeducingthe spatialvariationfor a particulartime slice. In orderto model
temporabehaiour, suchasplasmaboundaryariationwith ELM activity, onerequires
additionalmeasurear known data. Theseare:

initial neutralheliumpopulation;

N andT, benchmark$rom ruby Ts;
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temporalvariationof N and T, from Nd:YAG Ts.

Theinitial neutralheliumpopulationcanbedeterminedisdiscussedh section3.1,
wherethe throughputevolution of the nozzlewas modelled. The spatialvariation of
the puff canthenbe calculatedasin equationd.19usingthe appropriatenormalisation
valueof Py;. Theruby Ts systemis usedto take a high resolutionbenchmarkmea-
suremenbf spatialtemperaturend densityvariation,with the temporalvariation of
the plasmaparametersleducedrom the Nd: YAG system.

The temporalmodelis evaluatedat time-slicescorrespondindo thetriggertimes
of theNd:YAG laser TheNd:YAG con gurationusedin theexperimentajperiodsdis-
cussedn chapter3 had68 time slices,from aninitial triggerat approximately20 ms,
runningto approximately350ms.

Therehasbeenconsiderableffort in the theoreticalmodellingand experimental
measurementf the radial extent and spatiallocalisationof ELMs. Researcltarried
outon MAST[147] andASDEX-U[148] hasattemptedo comparethe spatialstructure
of type-1 ELMs onthe smallsphericalandlarger corventionaltokamaks[14P Studies
on DII1-D have shown large, rapid, variationsin the soL parametersand fastradial
propagationof the ELM pulse[15(. Datahasbeenobtainedon MAST from a mid-
planerP[151], mid-plandinearD cameraandTs[152]. OnASDEX-U, measurements
have beenmadeusing mid-planemanipulatorprobes[153154 andlimiter heat- ux
studies[15h

Large radial ef ux esof chaged particleshave beenobsered on several devices,
andit would have beeninterestingto carry out a thoroughinvestigationof the effect
of edgevariationon the contritutionsto line-of-sightintegrals; however, this investi-
gationwaslimited becauséheNd:YAG Ts radialresolutionwasinsufcient. Initially,
the modelwasusedto simulatethe temporalbehaiour of the Hel emissionat times
determinedyy the HEL10sS clock pulse.This studyshovedthatthe predictedvariation
agreedwell with theline ratiosmeasuredisingthe HELI10S spectrometeiin a similar
way to thatshovnin gure 4.15.

The modelwasmanipulated to simulateedgedensityandtemperaturevariations
which onecouldexpectduringaneLM[156]. Theincreasen densityandshorteningpf
the distancebetweerthe injection nozzleand plasmaedgemeantthe emissioncould
be consideredocalisedalongthe radial vectorof the device. Theincreasdan density
wastakento bethe particlesreleasedrom the con ned plasmaduringthe ELM crash.
Developinga predictve modelis a notableadwantagein this particularinvestigation
since,unfortunatelythe timescale®f the transientemperatur@nddensityincreases

4Thisinvestigationwascarriedout usingthe melgeddatafrom MAST shot#12245asa basewith a
simulatedeL M crashbasedntheworkin [150] and[156], superimposed.
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arefar shorterthanthe HEL10S spectrometecanmeasure.The modelallows oneto
hypothesisen the behaiour of the emissioneven thoughthe measurementthem-
selvesarenot possible.However, a lack of experimentalmeasuremennalkesthis of
lesspracticalusethanthe spatialmodellingdiscussedbove. The methodof usingthe
thermalneutralgaspuff to characteris@roperlythe edgebehaiour is highly inappro-
priate andthe effects of edgemodeson the measuredpectrais minimal dueto the
shorttimescales 100 s. Thebandwidthgequiredto measureheseshorttimescales
have beenimplementedn the ASDEX-U diagnostics[15]{ but suchsystemsvereun-
availableduringthis work.

4.8 Limits onthe modelling

The largestlimit to the modelling discussedn this chapterwas encounteredn the
simulationof temporalvariationdiscussedn the previous section. This wasin part
dueto thelimited radialresolutionof the Nd: YAG Ts. This did not causdansurmount-
abledif culties; theoreticalsimulationsmadeuseof the ruby Ts asa benchmarkior

theradial electrontemperature@nddensity andthe variationin time wasinferred by

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

practicalterms,thelimit to themodellingwasreachedincethetimescalesnvolvedin

aneLM crashwereordersof magnitudeshorterthanthosemeasurabléy the HELI0OS

spectrometer Therefore,althoughpredictionscould be made,therewas no way to

con rm theseby measurement.

TheverticalTs systemon ASDEX-U[158] is amoresuitablecon gurationfor mea-
suringthetime-dependentariationof plasmaparametersT his systenmcanbeoperated
in a burstmode',whichallows six measurements bemadein 2 sandwould pro-
vide goodinputto the GCR modelon aresolutionhigh enoughto resole detailedeL M
actiity. Eventhisrelatively shorttimescaldas aroundtwo ordersof magnitudeslower
thanthoseof the excitation andionisationprocessesThe 3 MHz TS measurements
shouldbe comparedvith the200Hz measurementsossibleon MAST, asdiscussedhn
sectionl.5.1.

Most of themodellingdetailedin this chaptethasmadeuseof MAST shot#12245,
which hasaccuraters datasupplementetty RP measurements the soL. Thisis an
idealarrangemenfior suchpredictve modelling,althoughrP measurementsf MAST
plasmasarenotroutine.In casesvhereaccuratesoL measurementgrenot available,
uncertaintiesn theedgeplasmgparametersanbelargeenougho hinderinvestigatve
useof the GCR model. A pertinentexampleof thisis thatdeterminingthe collimation
of the neutralheliuminjectionnozzlewould have beenimpossiblewithout RP data.
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Anotherlimit on the work, slightly disconnectedrom the modelling,is the colli-
mationof the nozzle. A comparisorof gures 4.14and4.16(b)shov how the colli-
mationof the nozzleaffectsthe predictedcontribution to the line-of-sightintegrals,or
viewing chords.Onecanseethatthe muchnarraver contribution curvesof gure 4.14
lendthemselesto beinginterpretedaslocal emissionalongtheradiusof the device;
in contrastthewider pro les, whichwereidenti ed asthosebest tting themeasured
data,cannotbe so interpreted. A more collimatedsupersonimozzlehasbeenused
with somesuccessn the paston TEXTOR[115].

4.9 Improved deduction of N and T, proles from
measured HELIOS spectra

This chaptethasdetailedwork carriedout to determinemetastablg@opulationdynam-
ics at the low- eld edgeof the MAST device, however, the modelhastaken Ts and
RP dataasinput. Whatremainsto be determineds whetherthe predictve modeland
Levenbeg—Marquardprocedureanbeamalgamatetb deliverradialtemperaturand
densitypro les conditionalon the HELIOS measuredpectraalone. The comparisons
presentedherearebasedn MAST shot#122009.

This tting procedurdiffers from thosediscussedbore, becausehe tting pa-
rametersdo not describedirectly the measurediataof interest. Rathey the parame-
terisationdescribesheradialelectrondensityandtemperaturero les whichareused
to computethetheoreticalkpectraline emissionratiosasobseredalongthe HELI0OS
lines-of-sight. Theseratios are then comparedwith thoseobtainedfrom the actual
HEL10S measuremenigeratively in aglobaloptimisation.

Sincethe HELI10S spectrometehaseighteenviewing chords,the numberof pa-
rametersusedto representheradialpro les hadto belimited. Thenumberof viewing
chordspreludedthe alternatve modi ed hyperbolictangentparameterisatiogivenin
section4.2 of the thesis. The numberof parametersisedto representhe electron
temperaturenddensitypro les waslimited to ten, leaving eight degreesof freedom
for the t. Thesetenparametergorrespondo a temperature@nddensityparameteri-
sationgivenby the original modi ed hyperbolictangenfunctiongivenin sectior4.2.

The rst stageof this studyconsistedf allowing all ten parameterso vary freely
from their initial conditions. The mostin uential of theseparametersthe radial po-
sition of the separatrixwassetat 1.4 m. The electrondensityandtemperaturets
obtainedfrom theinitial studyareshovnin gure 4.17andthe parameterareshovn
in table4.1.

Thefunctionsshovn in gure 4.17 areencouragingor aninitial calculation,and
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Figure4.17: Parameterisationf the radial electrondensityandtemperaturero les
usingthe HELIOS-basedten-parametert. All of the parametersvere free to vary,
leadingto arelatively poorrepresentatioof the pro les. The datapointson the plots
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Parameter Initial Final

1 10 7:.48 10
2 10 538 104
3 1.0 4.59

4 1.4 1.43

5 0.5 0.052

6 10° 794.23

7 50.0 34.05

8 1.0 510 107
9 1.4 1.32

10 1.0 0.030

Table4.1: Theinitial and nal parametersisedandobtainedfrom the rst HELIOS-
basedredictive study

it is evidentfrom table4.1 thatthe ten parametersre ableto vary over an adequate
range.Theinitial t totheline ratiosmeasuredisingtheHEL10S spectrometeresulted
in 2' 65, whichis muchlargerthanthe previous ts discussedn this chapter As
mentionedpreviously, the Levenbeg—Marquardtprocedureiteratesto a local mini-
mumof 2, which could causeproblemswith tting. It wasnot uncommonduring
this studyfor the tting routineto converge on alocal minimumof 2 which did not
correspondo theglobalminimum, requiringmanualinput to allow the t to continue
to the global minimum, and hencethe requiredsolution. A possiblesolutionto this
problemis highlightedin section4.10.

Althoughtheinitial investigationresultedin a reasonableepresentationf thera-
dial densityandtemperaturegro les, therewere indicationsof whereimprovements
couldbemade.Giventhetemperatur@anddensitypro les describedhe sameplasma,
it wasconsideredeasonabléo usethe sameseparatrixpositionfor boththe temper
atureanddensityparameterisationd?arametenumberninein table4.1 corresponds
to the separatrixpositionusedin the electrontemperaturdunction; it is evidentthat
this parameterdid not corverge on a reasonablevalue, which was characteristicof
theinitial investigation By implementingthis changeandconstraininghe symmetry
point of the tting function,in this casecorrespondingo the separatrixposition,to a
reasonableéangeof Rse,  1:4 m, theimproved t resultedin the pro les showvn in
gure 4.18andthe parametergivenin table4.2.

The constraintson the tting parametersallowed the improved t to obtain

2" 4:0, substantiallybetterthantheinitial study Again, onecanseefrom table4.2
thattheparameterareableto vary overawide range.Themostsubstantiatiifference
betweerthetwo setsof ts isin theelectrondensitypro le. Figure4.17(a)shonsthat

131



Constrained fit

2.0x10¥ 7 ]
i TS measurements ¥——x ||
: HELIOS fit :
1.5x10" —
C?S
U 1.0x1017 -
Z@
5.0x10'% -
O | | | | | | | | | | | | |
1.35 1.40 1.45 1.50
Radial position /m
(a) Electrondensity
Constrained fit
200 ‘ ‘ ‘ ‘ ! ‘ ‘ ‘ ‘ !

TS measurements x——x
HELIOS| fit 7

oL .

1.35 1.40 1.45 1.50
Radial position /m
(b) Electrontemperature

Figure 4.18: Parameterisationf the radial electrondensityandtemperaturero les
usingthe HELI10s-baseddatawith constrainegparametersSeetext for details. These
plotsuseaninitial separatrixpositionof 1.4m.
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Parameter Initial Final

1 10%  1:.36 108

2 108 1:36  10'
3 1.0 778.25

4y 1.4 1.45

5 0.5 0.010

6 10° 38.53

7 50.0 -38.53

8 1.0 1:.06 1¢°

o 14 1.45

10 1.0 -0.090

Y indicatesparametersaretied.

Table 4.2: The initial and nal parametersisedand obtainedfrom the constrained
HELI0OS-basedpredictive study

thepro le consistsof onecurve throughthe region of interest;this indicatesthatthe
modi ed hyperbolictangenfunctionis notbeingusedto besteffect. Thisis contrasted
by gure 4.18(a)wherethe parameterisatiohasallowedthe soL to be tted asarel-
atively constantegion, with thedensitygradienttted asaseparatéeature.Giventhe
HELIOS measurement@vailable,this densityparameterisatiois of optimalform.

Figures4.17(b)and4.18(b)shaw thatthe electrontemperaturgersistsaasa single
curve aftertheconstraintgplacedontheparametersThisis notanidealoutcomesince
it suggestghe reductionin 2 from the initial to improved studyis predominantly
dueto theimprovementin the electrondensitypro le. Evenalthoughthe form of the
electrontemperaturdéunction hasnot beenimprovedto the samelevel asthe density
it still comparesvell with the Ts measurements.

This illustrateshow the analysisand modelling methodsoutlinedin this chapter
canbe combinedto deducethe electrondensityandtemperaturgadial pro les of a
MAST plasmausingspectraline emissiorratiosmeasuredby theHEL 10S spectrometer
from aspatiallyextendedyaspuff withoutassumingequilibriummetastabl@opulation
fractions.Thereforethediagnosticsensitvity of thesystemandtheunderlyingmodels
have beensubstantiatedjiven the extensionto the analysisoutlinedin this chapter
Chapters suggestsurtherwork thatcanbe carriedoutin this eld.

4.10 Conclusions

This chapterhassummarisedhe work carriedout in exploiting a GCR modelfor the
metastablg@opulationf neutralheliumandtheemissiondrivenby thesepopulations
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in deductionof density/temperatunedialpro les usingmultiple line-of-sightspectral
line ratio measurementsf a poorly collimatedhelium gaspuff. Therewereseveral
partsto this modellingwork, with therelatedmethodsllustratedthroughouthis chap-
ter. Themainpointsof noteare:

developmentof a Levenbeg—Marquardalgorithmto t memgeddiagnosticdata
setsto representhe soL ;

developmentof a GCR modelto calculatethe helium metastablgpopulationsn
thevicinity of thenozzle;

usingthe fundamentatlatadiscussedh chapter2 to calculatephotonemissvity
coefcients for thetransitionsof interest;

usingtheseP ECs to determinespatialandtemporalemissionpro les;
highlightthe effect of non-equilibriummetastablg@opulations;

developmentof a Monte Carlo statisticalsamplingsimulationto determinethe
uncertaintyassociateavith the metastablg@opulations;

estimationof the localisationof emissiongiven Ts density/temperatureadial
pro le data;

utilising the meilged TS and RP data,the measuredspectraldataand the GCR
modelto deducehe collimation of the neutralheliuminjectionnozzle;

identi cation of nozzledamagen the neutralgasinjectionsystem;

improveddeterminatiorof radialN, andT, pro le parameterfrom spectraline
ratiosmeasuredisingthe HEL10S spectrometer

Usingthe techniquesievelopedin this chapter spectraline emissionratiosmea-
suredusingthe HEL10sS spectrometehave beenusedto optimisea standardpedestal
functionto deliverradialelectrondensityandtemperaturro les. Therewasadegree
of manualsteeringin the searchfor a global minimumof 2, however, it is possible
that this processcould be improved in future by utilising a geneticalgorithmwhich
candeterminewhetherthe tting procedureéhascorvergedon the globalminimum of

2 Suchalgorithmshave beenstudiedin optimisationproceduresvith somesuccess
andcouldbeavaluableadditionto thiswork[159.
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Chapter 5
Conclusionsand futur e work

Spectraline emissionratiosmeasuredisingthe HEL10S spectrometeon MAST have
beenanalysedisinga GCR emissionmodel,allowing improved deductionof electron
densityandtemperatureadial pro les.

A state-of-the-artRmps calculation was carried out in support of this work
which resolhed the resonancestructurein the collision strengthbelow the ionisation
threshold[69. The “interval-averaging' techniquewas developedto allow the large
quantityof dataproducedoy an R-matrix calculationto be reducedo a sizemanage-
ableundera databasestructure,suchasthe one which forms part of ADAS, without
compromisingthe additionalphysicaldataprovided by the resonancetructure.This
carefultreatmenbf the collision strengthgs particularlyimportantwhenconsidering
relatively low-temperaturgolasmassuchasthoseencounteredt the edgeof a toka-
mak.

The electron-collisionexcitation datafor neutralhelium wasreappraisedo pro-
ducethe mostreliable dataset over the widestrangein enegy. The takulation of
collision strengthsyratherthan Maxwell-averagedcollision strengthswas extended.
Handlingcollision strengthdasthe adwvantagehatthedataareopento wider scrutiry;
non-physicafeaturessuchasoscillationsin the collision strengthdueto the presence
of pseudostatesan be objectively analysed. One disadwantageto this takulationin
the pastwasthe expenseof computerstoragenecessaryo archive thelargerdata les,
whichis lessof anissuewith currenthardware.

A framework wasestablishedio estimateheuncertaintyassociatedvith acollision
strength.This uncertaintywastahkulatedwithin an ADAs dataformatwhich mirrored
the parentdataset. Thesepaireddataprovide the startingpoint for an uncertainty
propagatioranalysiswhich cantake the uncertaintyon the fundamentakatomic col-
lision data,andderve the resultantuncertaintyon a physicalobsenable suchasan
emissvity. Thiswork is on-goingat the University of StrathclydeandJeT. Theresult
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of the reappraisabnduncertaintyestimationis currentlythe premierelectron-impact
datasetavailablefor neutralhelium,valid from the excitationthresholdhroughto the
asymptoticregion, which shouldbe utilisedin ary futurework.

The electrontemperatureanddensityregime of the MAST outboardedgeandthe
neutralgaspuff systemwasanalysedo determinethe dominantphysicalprocesses.
It wasfoundthatthe electron-dwenprocessesarepreponderantFurthermorejt was
foundthatthe excitation/ionisatiorreactionshappenean a timescalefar shorterthan
thatof recombinationtherefore secondaryecombinatiorof the neutralheliumneed
not be consideredas a large emissionmechanism. This quantitatve evaluation of
the atomicreactionprocessesllowed a detailedformulation of the variation of the
metastabl@opulationswithin the MAST edgeplasma.

The detailedformulation of the neutralhelium populationdynamicsallowed the
developmenbf acompletespatialandtemporaimodelof theneutralheliummetastable
predictedpopulationsat the plasmaedge. This was extendedto provide spatialand
temporalresolutionon the predictedemissionof thethreelines of diagnostidnterest,
givenin table3.1.

Dedicatedexperimentaimeasurementserecarriedout on the MAST tokamakus-
ing theHEL10s experimentalmulti-chordspectroscopisetup with extensveindepen-
dent supportdiagnostics suchas Ts electrondensity and temperaturepro les, and
LangmuirrP measurementsl he experimentalsessiongprovidedthe detailedts and
RP measurementsecessaryo develop the predictve GCR model,andalsoprovided
spectrakmissioriine ratiosfrom HEL10s usedn thedeductiorof electrondensityand
temperatureadialpro les.

Studieswere carried out on the neutral gas puff systemto determinethe gas
throughput.This wasimportantin boththe spectraimeasurement$o avoid line satu-
rationon the ccp, andin the spatialandtemporalmodellingto provide initial helium

ux andthroughputvariationduring the pulse. Saturationwas an issuein the rst
phaseof experimentsthereforethis wasarealin uence onthesucces®f thework.

By combiningthe HEL10S spectralmeasurementwith the Ts andrRP densityand
temperatureadial pro les andthe GCrR emissionrmodel,the collimationof the neutral
gasinjectorwasdeducedThiswasanimportantresultsinceit proveddif cult to mea-
sure. The puff wasfound to be spatially extendedbeyond the approximatesxpected
valuefor the collimation. It wasconcludedrom the meiging of the experimentaland
theoreticaktudiesthatthe nozzlewasdamagedtesultingin amoredispersegulff.

The HEL10S spectralmeasurement&ere usedwithin a global optimisationpro-
cedurewhich allowedimproved deductionof electrondensityandtemperatureadial
pro les from the spatially extendedneutralhelium gaspuff independenof ary non-
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spectroscopieneasurementsThe optimisationrequireda degreeof manualsteering
in thesearcHor aglobalminimumof 2, however, it is clearfrom thework presented
in thethesisthatthe methodof parameterisingadial electrondensityandtemperature
pro les is more productve than attemptingto deducelocal plasmapropertiesfrom
individual line-of-sightmeasurementslhis point is given prominencesincesuccess-
ful deductionsverepossiblesupporteddy superiorelectron-impacexcitation data,a
completeGCRr treatmenbf the metastablg@opulationswithin a theoreticakpatialand
temporalemissionmodel,in spiteof a poorly collimatedgaspuff. The work of this
thesissuggestshatthis is the way forward for the helium gaspuff diagnosticin the
generakxperiment.

Therearesomeissuedor futurework in this eld. Firstly, the manualsteeringof
the global optimisationis not completelysatisfictoryfor routine useof the HELIOS
diagnostic.A geneticalgorithmwhich ensureghe tting procedureéhascorvergedon
thetrue globalminimumof 2, andhencethe requiredsolution,would be a valuable
additionto this work[16(. Suchalgorithmshave beenstudiedin optimisationproce-
dureswith somesuccessn a wide rangeof elds[161, 162]. Secondlythe success
of the analysismethodologiesandtheir applicationto combiningspectroscopitea-
surementswvith GCR modelling are encouraginghowever, further experimentswith
varying collimation and edgeconditionswould add con denceto the proceduresin
particular theMAST experimentsneedto bereworkedwith areplacementozzle. The
presenstudydoesindicatethatthe nozzlewasdamagedSeveralgroupshave worked
on morecollimatedsystemsn machinesuchasTEXTOR[26, 115, however, the pre-
dictive and deductve analysisframeavork outlinedin the thesiscould addto these
analysesOf particularinterestwould be work carriedout on NSTX. A new prototype
supersoniijectionsystems expectedo improve spectrameasurementsgni cantly
dueto improvedcollimationandplasmapenetration[133
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