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Abstract

Theanomalousheatingandenergizationofionsduringmagneticreconnectionevents

inastrophysicalandlaboratoryplasmashasbeenanongoingresearchtopicfor

decades. Numerousmeasurementshavebeenmadeduringimpulsiveburstsofre-

connectioninthereversed-fieldpinchtofurtherourunderstandingoftheheating

process.Discoverieshavebeenmaderegardingtheconditionsnecessaryforheating,

itsscalingwithvariousplasmaparameters,andtheanisotropiesandotherfeatures

associatedwiththeresultingdistribution;however,noonemechanismforthecon-

versionofmagnetictokineticenergyhasbeendefinitivelyidentifiedthatexplains

alloftheobservedphenomena. Thisworkintroducesnewinformationtotheon-

goingstudybyusinganeutralbeaminjectortostudytheeffectsofreconnection

onawell-knownpopulationofionswithinitialenergiesmuchhigherthanthebulk

population.Theacceleration/energizationofthefastionsismeasuredusinganew

neutralparticleanalyzerwhichcollectsthechargeexchangeproductsofthefastions

andthebackgroundneutralgas. Measurementsindicateanenergygainof1-10keV,

dependingonplasmaconditionsandinitialionenergy(10-25keV).Theacceleration

iswelldescribedbyrunawayinaparallelelectricfieldthatisinductivelygenerated

duetothechangeinglobalmagneticfluxduringreconnection-drivencurrentrelax-

ation.Equilibriumreconstructionsindicatethiselectricfieldcanrangefrom50-100

V/mandtypicallylastsaround200µs.

Theeffectoftheelectricfieldonfastparticleshasbeenmodeledusingatestpar-

ticleformulationandusingtheCQL3DFokker-Plancksolver.Bothmodelspredict

particleaccelerationinagreementwithmeasurements.However,thepredictedevo-

lutionofthebulkandimpurityiondistributionsfromthesameelectricfieldgreatly

differfrompreviousmeasurements.Itiswellknownthat ṽ×b̃ andotherturbulent
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electromotiveforcesareofgreatimportancetothedynamicsofthethermalparticles;

however,thelargegyro-orbitandalteredrotationaltransformofthemagnetically

decoupledfastionsallowthemtolargelyignorethemagneticfluctuationsanddi-

rectlyaccelerateinthepresenceoftheinductiveelectricfield.Thisworkmotivates

theconsiderationofmultiplemechanismsofheatingandenergizationforparticles

indifferentregimesofsusceptibilitytofluctuation-basedtermsintheparallelforce

balance.



iii

Acknowledgements

“Inallyourtravels,haveyoueverseenastargosupernova?No? Well,

Ihave.IsawastarexplodeandsendoutthebuildingblocksoftheUni-

verse.Otherstars,otherplanetsandeventuallyotherlife.Asupernova!

Creationitself!Iwasthere.Iwantedtoseeitandbepartofthemo-

ment.AndyouknowhowIperceivedoneofthemostgloriouseventsin

theuniverse? Witheyesdesignedtoperceiveonlyatinyfractionofthe

EMspectrum. Withearsdesignedonlytohearvibrationsintheair.I

wanttoseegammarays!IwanttohearX-rays!Iwanttosmelldark

matter!Iwanttoreachoutwithsomethingotherthantheseprehensile

paws,andfeelthewindofasupernovaflowingoverme.Icanknowmuch

more.Icanexperiencesomuchmore.”

— BrotherCavil(paraphrased),BattlestarGalactica

Genocidalrobotsaside,Ibelievethequoteabovesummarizestheaspirationsof

allexperimentalphysicists.Physicsishumanity’seternalquesttounderstandand

describethebeautyofthenaturalworld,theunderlyingmathematicalprinciplesthat

arethefoundationofourexistence. Whenwereachthelimitsofourownabilities

toobserve,wemustfindnewways,newinstruments,newtechniquesforlooking

underthehoodoftheuniverse.Thatisthechargeofexperimentalphysics,andIam

extremelyproudandgratefulthatIhavebeengiventheopportunitytocontributeto

suchaprofoundcause.However,Ihavenotdoneitalone.Inadditiontothemany

greatscientistswhoseshouldersIstandupon,Iwouldliketotakeamomenttothank

someofthepeoplewhohavedirectlycontributedtomyjourneyasaphysicistand

asaperson.

First,Iwouldliketothankthemanyteachersandprofessorswhohaveinstructed



iv

meoverthe23yearsI’vebeenastudent.Ifittakesavillagetoraiseachild,thenit

takesasmallcountrytoeducateaphysicist.TherearetwoteacherswhoI’dliketo

thankfortheirexceptionalimpact:Ms. McCormick,thankyouforteachinganentire

generationof5thgraderstorespectandprotectthisbeautifulplanetthatweliveon,

andMr.Krauskopf,thankyouforchallengingme,believinginme,andteachingme

toalwaysgive110%.

Ofcourse,thisworkwouldnotbepossiblewithoutthearrayofoutstanding

scientists,engineers,students,andadministrativestaffthatcomprisetheMSTteam.

Madisonistrulyanoutstandingplacetolearnandpracticeplasmaphysics,and

everymemberofthisresearchgroupcontributestothesuccessofthestudentswho

graduate. ThankyoutotheNSF,DOE,andCMSOforfundingtheoutstanding

sciencethatgoesonhere.

Tomyadvisor,CaryForest,andtheprincipalinvestigatorforMST,JohnSarff:

thankyouforyourguidance,yourleadership,yourextensiveknowledge,andyour

abilitytoplacethisworkincontextwithintheenormousfieldofplasmaphysics.

Tomysupervisorandmentor,JayAnderson:almosteveryideaandresultinthis

thesisoriginatedfromconversationsinyouroffice.Foryourpatienceinteachingand

reteachingmethefundamentalsofplasmaphysics,forournumerousbrainstorming

sessions,andforreviewingeveryposter,talk,andpaperI’veproduced–thankyou.

TothemanyJ’softheNBI/NPAgroup:Jay,Josh,Jon,Jeff,James,Jungha,

Jordan,Jerry(andalsoMark,Deyong,Bill,Eli,Liang,Steve–getyournamesin

order),thankyouforthecountlesshoursoperating,fixing,anddiscussingresultsfrom

theneutralbeamsandNPAs. Whatstartedasasmallhardwaremeetinghasbecome

aforumforideasandscientificdiscussionandadrivingforcebehindasignificant

amountofMST’sresearch.

Deyong,Josh,andJungha-thankyouforyourinstrumentalwork(haha)in



v

thedevelopmentoftheANPA.Diagnosticscanbeficklebeasts,buttogetherwe’ve

managedtotamethisoneandteachittodoourbidding.

TotheotherUWgraduatestudentsinmyyear–fromweekend-longhomework

sessionstoqualifyingexamstocornmazecompetitionstoclosingthebars,youguys

havebeenthroughallofthiswithmeandthathasmadeahugedifference.Solitary

confinementisabummer;havingarag-taggroupofinmatestoplotyourescapewith

isfarmoreentertaining.

Tothe WrightStatecrew–youguysrock.

Tomyparentsandbrother:youraisedmewell,andnoamountofthankscanever

repaythat.Iknowyouareproudofme,butyoushouldalsobeproudofyourselves.

You’vetaughtmekindness,respect,andgenerosity–thingstheworldcouldusequite

abitmoreof.You’vealwaysrespectedandsupportedmydecisions,givenmeadvice

whenI’veaskedforit,andletmefindmyownwaywhenIhaven’t.You’veprovideda

foundationofloveandwarmthfromwhichallofmyendeavorshavestemmed.Thank

you.

Tomycat,Kaylee:thankyouforyourrepeatedattemptstocontributetothis

thesis. Unfortunately,thecommitteedidnotagreewithyourassertionthat“the

mechanismresponsibleforanomalousionheatinginthereversed-fieldpinchis

qqqqqqqqqqqqqwwwwwwwwaaaaaaaaaaaSSSSSSSSSSSS̀`̀`̀`̀`̀`̀ !̀!!eeeeee.”

Finally,tomywife,Crystal–nowordscanexpressmygratitudeforyourendless

understanding,encouragement,love,andsupport. Fewpeoplelookbackattheir

workingraduateschoolas“fun,”butitwillbehardformetorememberthistime

inmylifewithoutrememberingtherelationshipwe’vebuiltandthelaughswe’ve

shared.Thisdegreehasbeenhardattimes,butitwouldhavebeensomuchharder

withoutyou.Thankyousomuch,foreverything.



vi

Contents

Abstract..................................... i

Acknowledgements............................... iii

ListofFigures x

Chapter1:Introduction 1

1.1 Thereversed-fieldpinch......................... 3

1.2 TheMadisonSymmetricTorus..................... 5

NeutralBeamInjection......................... 5

ThesawtoothcycleinMST...................... 9

Magneticreconnection......................... 11

1.3 Previousresults:anomalousionheatingduringMSTsawteeth.... 11

Chapter2: OverviewanddevelopmentoftheANPA 15

2.1 Basicsofneutralparticleanalysis.................... 15

2.2 Hardwaredesign............................. 16

Alignment................................ 20

2.3 Calibration................................ 20

Ionsourcedesign............................ 20

Procedure................................ 24

Results.................................. 26

2.4 Modelingofsignalcontributionsondifferentviewports........ 33



vii

2.5 Initialsurveydataandanalysistechniques............... 43

F=0plasmas............................... 43

“Standard”(F=-0.2)plasmas..................... 44

Enhancedconfinement(“EC”)plasmas................ 45

PPCD.................................. 46

Deconvolvingcontributionsfromchangesinneutraldensity..... 47

QSH/SHAx............................... 49

Bulkplasmameasurements....................... 50

2.6 Noiseanalysisandsubtraction...................... 52

2.7 Summary................................. 55

Chapter3: Modelingofthesawtooth-inducedelectricfield 56

3.1 Ionrunawayphysics........................... 56

3.2 Calculationofplasmafriction...................... 61

3.3 Calculationoftheelectricfieldprofile.................. 63

3.4 Expectedenergizationoffastions.................... 68

Chapter4: Measurementsandanalysisoffastionenergizationdur-

ingreconnectionevents 70

4.1 Analysistechniques............................ 70

Sawtoothensembling.......................... 70

Averageenergyformulation...................... 72

Sawtooth-triggeredbeamturn-off................... 75

Removingcontributionsfromthehalf-energybeamcomponent... 78

Errorestimation............................. 80

4.2 Experimentstocharacterizefastionenergization........... 81

Scalingwithelectricfieldstrength................... 81



viii

Scalingwithinitialionenergy..................... 83

Decelerationincounter-Ipbeaminjection............... 85

DependenceonANPAviewingangle................. 89

4.3 Summaryofresults............................ 91

Chapter5: Bulkionheatingandotherimplications 92

5.1 ModelingwiththeCQL3Dcode..................... 93

TheFokker-Planckequation...................... 93

Modelingthefastiontail........................ 95

Modelingbulkandimpurityions.................... 98

Effectsonthermalelectrons...................... 100

5.2 Discussion................................. 102

Chapter6: Conclusions 107

6.1 Summaryofkeyresults.......................... 107

DevelopmentoftheANPAdiagnostic................. 108

IonrunawayduringreconnectionintheRFP............. 108

Applicabilitytothermalionheating.................. 109

6.2 Suggestionsforfuturework....................... 110

Determiningthethresholdforrunawayapplicability......... 110

Studiesofcoreandedgereconnectionevents............. 110

Investigationofotherenergizationphenomena............ 112

Measurementsofthehigh-energytail................. 113

Developmentofadditionaliondiagnostics............... 114

Bibliography 116

AppendixA:Dαemissionmeasurementsandneutraldensitymodeling127



ix

A.1 Overview.................................. 127

A.2 ExpansionandcalibrationofDαdetectors............... 129

A.3 NENEMonteCarlocode......................... 131

Motivation................................ 131

Descriptionofinputs,outputs,andparticletracking......... 132

FittingtoDαmeasurements...................... 133

Uncertaintyandcomparisontootherestimates............ 137

A.4Summaryandfuturework........................ 139

AppendixB:Signconventionsin MSTFit, MDSPlus,and machine

coordinates 142

B.1Introduction................................ 142

B.2 MSTsignconventions.......................... 143

B.3 SigninconsistenciesintheMDSPlusdatabase............. 145

Reversingthedirectionoftheplasmacurrent(“counter-injection”). 145

B.4 SignconventionsandinconsistenciesinMSTFit............ 146

Theoutstructure............................ 146

Thebfield.proroutine........................ 147

B.5 Calculatingelectricfields......................... 148

UsingmultipleMSTFitfilestostudytimedependence........ 148

Toroidalelectricfieldusingpoloidalmagneticfield.......... 149

Poloidalelectricfieldusingtoroidalmagneticfield.......... 151

Usingfluxesinsteadoffields...................... 152

B.6 Clarificationofgapvoltagedirections.................. 155

B.7 Sawtooth-generatedelectricfieldswithrespecttoNBI-bornfastions. 155

B.8 Summary................................. 156



x

ListofFigures

1.1 AdiagramoftheRFPconfiguration.................... 3

1.2 AtypicalqprofileintheMadisonSymmetricTorus............ 4

1.3 TRANSPmodelingofthefastiondistributioninMST.......... 6

1.4 Energydependenceofthefusioncross-section............... 8

1.5 Thefastionrotationaltransformdiffersfromqm.............. 8

1.6 Fastionguidingcenterinastochasticmagneticfield........... 9

1.7 Thepeakedcurrentdensityprofilerelaxesduringasawtoothevent.... 10

1.8 MagneticenergyistheultimateenergysourceforionheatinginMST.. 12

1.9 Anon-Maxwelliantailisgeneratedatthesawtoothcrash......... 13

2.1 SchematicdiagramoftheANPA...................... 17

2.2 PhotographofSEMdetectors........................ 18

2.3 AnoverheadviewofMSTshowingthelocationsoftheNBI,DNB,and

twoANPAviews................................ 19

2.4 PhotographofmountingstructureforANPAtangentialview....... 21

2.5 SchematicofANPAcalibrationsource................... 22

2.6 Photographofcylindricalmesh(calibrationsource)............ 22

2.7 Modelingofeffectofcoppershieldingonequipotentialsurfaces...... 23

2.8 Photographofcoppershielding(calibrationsource)............ 23



xi

2.9 DiagramofANPAcalibrationsetup..................... 25

2.10ANPAenergycalibrationdata........................ 27

2.11 Molecularcontributionstocalibrationdata................. 27

2.12Channeloutputforvaryingvoltageonthesteeringcapacitor....... 29

2.13EffectsofANPAsteeringcapacitoronenergybinsandrelativegain... 30

2.14Effectsofelectrostaticfocusinglensonenergybinsandrelativegain... 31

2.15DiagramofChanneltronoperation..................... 31

2.16Effectsofdetectorbiasvoltageonenergybinsandrelativegains..... 32

2.17Pathlengthvs.r/aforthetangential,radialANPAviews........ 35

2.18Lineofsightsignalmodeling,radialview.................. 36

2.19Lineofsightsignalmodeling,tangentialview............... 37

2.20Lineofsightsignalmodeling,tangentialviewwithDNB......... 38

2.21Lineofsightsignalmodeling,tangentialviewwithDNB,PPCD..... 39

2.22FastionlossrateduringEPMssuggestcore-localizationofmeasurement 41

2.23Edgeparticleorbitstransitionfromlosttoconfinedinlow-currentdischarges42

2.24SampleANPAdatafromanF=0discharge................ 43

2.25SampleANPAdatafromanF=-0.2discharge............... 44

2.26SampleANPAdatafromanF=-0.3“EC”discharge............ 45

2.27SampleANPAdatafromaPPCDdischarge................ 46

2.28SamplePPCDdatawithDαnormalization................. 48

2.29SampleANPAdatafromaQSHdischarge................. 50

2.30SampleANPAdatafromanECdischargewithnoNBI.......... 51

2.31ScatterplotsshowtherelationshipbetweeneachANPAchannelandthe

noisedetector................................. 53

2.32RadialANPAdatabeforeandafternoisesubtraction........... 54



xii

3.1 ContoursofE∗/Eareplottedvs.Zeffandtrappedelectronfraction.. 60

3.2 TrappedfractionandE∗/EareplottedforMSTparameters....... 61

3.3 FrictionforatestelectronandioninastandardMSTplasma...... 62

3.4 Dependenceoffrictiononplasmaparameters............... 63

3.5 Thetoroidalelectricfieldiscalculatedfromthechangeinpoloidalmag-

neticfluxthroughacirculardiscintheR−φplane............ 64

3.6 Thepoloidalelectricfieldiscalculatedfromthechangeintoroidalmag-

neticfluxthroughacircularsurfaceinther−θplane.......... 65

3.7 Toroidalandpoloidalmagneticfieldprofilesbeforeandafterasawtooth

event...................................... 66

3.8 Coreelectricfieldthroughoutasawtoothcrash.............. 67

3.9 Toroidal,poloidal,andparallelcomponentsoftheelectricfieldatitspeak.67

3.10100predictionsofionenergizationwithMonteCarlovariationinassump-

tions...................................... 69

4.1 Anexampleofsawtooth-ensembleddata.................. 71

4.2 Averageenergycalculationsforsampledistributionfunctions....... 74

4.3 Approximatedistributionfunctionsbeforeandafterasawtooth..... 75

4.4 Averageenergycalculatedthroughoutasawtoothcycle.......... 76

4.5 Sawtooth-triggeredNBIturn-offprovidesaclearerpictureofenergization 78

4.6 Sawtooth-triggeredNBIturn-offinacolderplasma............ 79

4.7 Thefastionscanbeenergizedmultipletimesatsubsequentreconnection

events..................................... 79

4.8 Spreadinindividualsawteethusedforerrorcalculation.......... 81

4.9 Fastionaccelerationscalingwithelectricfield............... 82

4.10Fastionaccelerationscalingwithdropinstoredmagneticacceleration. 83



xiii

4.11Fastionaccelerationscalingwithinitialionenergy............ 84

4.12Beamenergyscansatlowandhighdensity................. 85

4.13Diagramsofelectricfieldorientationinco-andcounter-injection..... 86

4.14Decelerationmeasurementincounter-injection............... 87

4.15Beamenergyscanincounter-injection................... 88

4.16RadialANPAdatashownosawtoothacceleration............. 89

4.17EnsembledradialANPAdatashownosawtoothacceleration....... 90

5.1 CQL3Dresultsforfastionacceleration................... 96

5.2 Evolutionofthefastiondistributionfunction............... 97

5.3 CQL3Dresultsforbulkandimpurityions................. 99

5.4 Evolutionofelectrondensityandtemperatureduringasawtooth.... 101

5.5 ANPAmeasurementsofthebulk(noNBI)fastiontail.......... 105

6.1 Summaryofionrunawayresults....................... 109

6.2 ANPAsignalreductionduringacoreevent................. 111

6.3 EnergizationobservedduringQSHramp-up................ 112

A.1 DiagramoftheDαboxportanddetectors................. 129

A.2 DiagramoftheDαcalibrationsetup.................... 130

A.3 MeasuredtransmissionfunctionofaDαbandpassfilter.......... 131

A.4 σvionizationvs.Te .............................. 132

A.5 FlowchartsummarizingtheinteractionbetweenNENEandDαemission

analysis.................................... 134

A.6 n0andsimulatedDαemissionisplottedforthreebasisprofilesandthe

data-constrainedsolution........................... 136

A.7 Comparisonoffitqualityandn0beforeandafterimprovementoftheDα

arrayandfittingprocess........................... 137



xiv

A.8 AseriesofequilibriumandNENEreconstructionsshowincreasesinn0at

sawtoothevents................................ 138

A.9 Comparisonofn0andχ
2
redwithvariationinthesourcedneutralenergy. 139

B.1 Toroidalandpoloidalcross-sectionsofMSTwithcoordinate,current,field,

andflowdirections.............................. 143

B.2 Diagramshowingthetoroidalelectricfieldgeneratedbyachangeinpoloidal

magneticflux................................. 149

B.3 Diagramshowingthepoloidalelectricfieldgeneratedbyachangein

toroidalmagneticflux............................ 151



1

Chapter1

Introduction

Thetopicofanomalousionheatinginlaboratoryplasmashasbeenstudiedsincethe

earlyyearsoffusionresearch.Initialmeasurementsofiontemperaturesinexcess

ofexpectationsfromcollisionalcouplingtotheOhmicallyheatedelectronscanbe

tracedbacktoresultsfromZETAin1962[1].Sincethen,numerousotherdevices

havereportedsimilarobservations[2–5]:somemechanismwithintheplasmamust

beresponsibleforprovidingadditionalenergytotheionpopulation. Whethertied

tounderstandingaconfinement-threateninginstabilityorpotentiallyharnessedasa

methodforincreasingplasmatemperatureandthusfusionoutput,themechanismor

mechanismsbehindthisanomalousionheatingprocessareofgreatinteresttofusion

research.

Additionally,suchmechanismsareofinterestinastrophysicalresearch,where

problemssuchasheatingofthesolarcoronaandgenerationofhigh-energycosmicrays

havebeenattributedtoself-organizedplasmaprocessesthatarenotfullyunderstood

[6–14].Onesuchprocess,magneticreconnection,wasproposedbySweetandParker

in1956andhasbeenatopicofsubsequentstudyeversince[15]. Manyrevisions

[16,17]havebeenmadetotheoriginalmodel,andallallowfortheconversionoffree
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magneticenergyintokineticorthermalparticleenergy,butnouniversallyapplicable

modelhasbeenproposed(basedsolelyonreconnectionoronotherprocesses)that

explainsalloftheanomalousionheatingobservationsthroughoutthelaboratoryand

thecosmos[18].

Thisthesisaddsyetanotherobservationtothelonglistofionenergizationmea-

surementsinthereversed-fieldpinchconfiguration.Suprathermalionsintroduced

totheplasmavianeutralbeaminjectionareobservedtoacceleratewellabovetheir

initialinjectionenergyduringreconnection-drivenplasmarelaxationevents. While

previousionheatingmeasurementsatthese“sawtooth”eventshavehelpedconstrain

whichheatingtheoriesmaybeapplicableintheRFP,themeasurementsoffastion

accelerationinthisthesiscanbeclearlytracedtothemechanismresponsible:an

inductiveelectricfieldgeneratedduringthelarge-scalemagneticfluxchangeatthe

event.

Perhapsexpectedly,theproposedmechanismcannotexplainallpreviousionheat-

ingmeasurements.However,theconclusionthatthismechanismisatworkinMST

plasmasrepresentsanimportantinsight:multipleheating/energizationmechanisms

mustbeconsideredforparticlesindifferentregimes.Thenotionthatoneprocesswill

explaintheheatingofalltypesofionsinplasmasrangingfromtabletopexperiments

toreactorstotheintergalacticmediumisaestheticallyandscientificallyappealing,

butmustultimatelygivewaytoamorenuancedapproach.

Theremainderofthisthesisislaidoutasfollows:Chapter1providesadditional

historicalcontextandbackgroundinformation;Chapter2detailstheAdvancedNeu-

tralParticleAnalyzer(ANPA)diagnosticthatisusedtomeasuretheacceleration

ofsuprathermalions;Chapter3reviewsthetheoryonionrunawayinanelectric

fieldandtherelevantcalculationsforMSTplasmas;Chapter4presentstheprimary

experimentalmeasurementsandcomparisonwiththerunawaytheory;Chapter5ad-
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Figure1.1:AdiagramoftheRFPconfiguration.Thetoroidalandpoloidalmagnetic
fieldsareofsimilaramplitude,andthetoroidalfieldreversesattheplasmaedge.

dressestheapplicabilityoftherunawaymechanismtobulkandimpurityions;and

finally,Chapter6summarizesthemajorfindingsandsuggestionsforfuturework.

1.1 Thereversed-fieldpinch

Thereversed-fieldpinch(RFP)conceptwasbornoutofanalysisoftheself-organized

magneticfieldconfigurationobservedaftertheexternalpowerdrivewasturnedoffin

theZETAtoroidalpinch[19].In1974,JohnBryanTaylordevelopedthetheoretical

frameworkfortherelaxationoftheplasmaintoaminimum-energystateinwhichthe

toroidalfieldattheedgeoftheplasmaisintheoppositedirectionofthecoretoroidal

field[20].Thisfieldreversalisoneofthedefiningcharacteristicsofthereversed-field

pinch,theotherbeingtherelativelyweakamplitudeofthetoroidalmagneticfield

(Bφ/Bθ≈1)comparedtothetokamak(Bφ Bθ).Aparameterusedtocharacterize

thedegreeofreversalinRFPplasmasisthereversalparameterF,definedastheratio

ofthetoroidalfieldatthewalltotheaveragetoroidalfield:

F=
Bφ(a)

Bφ
(1.1)
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Figure1.2:AtypicalqprofileintheMadisonSymmetricTorus.Tearingmodesare
resonantwheretheqprofileisequaltoarationalfraction(e.g.1/5,1/6,etc..).

ThelowappliedtoroidalfieldmakestheRFPappealingasareactorconceptfrom

anengineeringperspective,asthemagneticfieldattheexternalmagnetsisvery

lowandthussuperconductingmagnetsarenotnecessary.Infact,almostallofthe

magneticfieldintheplasmaisself-generatedbythecurrentwithintheplasma.The

lowtoroidalfielddoeshavesomeconsequences,however.Theplasma“safetyfactor,”

socalledbecauseofitsrelationtohowstabletheplasmaistoaclassofcurrent-driven

tearinginstabilities,isdefinedas:

q=
rBφ
RBθ

(1.2)

where denotesanaverageoftheenclosedquantitiesaroundasurfaceofconstant

poloidalflux.

Inthetokamak,whereBφ Bθ,thesafetyfactorisabove1everywhere.However,

intheRFP,q(r)islessthanonethroughouttheplasma,becomingnegativeatthe

edgeoftheplasmawherethetoroidalfieldflipssign.Pointswheretheqprofileisa

rationalnumber(m/n,withmandnbeingwholenumbers)areknownas“rational

surfaces.”Attheserationalsurfaces,theresonanceconditionk·B=0canbemet

leadingtothegrowthoftearingmodeinstabilities. Anumberofm =1rational
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surfacesareresonantwithinatypical MSTplasma,andthelocationwhereq=0

(referredtoasthe“reversalsurface”)ishosttoamultitudeoftearingmodeswith

m=0.ThedynamicsoftheRFPareheavilyinfluencedbythesetearingmodesand

willbediscussedinmoredetaillaterinthischapter.

1.2 The MadisonSymmetricTorus

TheMadisonSymmetricTorusisareversed-fieldpinchdevicebuiltattheUniversity

of Wisconsin–Madisonin1988[21]. OneofthedefiningfeaturesofMSTisaclose-

fittingaluminumshellthatservesasboththevacuumvesselandasingle-turntoroidal

fieldcoil.The5cmthickwallistreatedasanidealboundaryastheresistivewall

timeislongerthanatypicalplasmadischarge(∼40-80ms).Despiteacarbonlimiter

andgraphitetileskeepingthebulkoftheplasmaoffofthewall,asignificantamount

ofplasma-wallinteractionandfuelloading/recyclingoccurs.

ThevesselitselfhasamajorradiusofR=1.5mandaminorradiusa=0.52m.

Plasmacurrentstypicallyrangefrom200−600kAwithmagneticfieldsaveraging0.2−

0.5Tandparticledensitiesontheordern∼1019m−3.Electronandiontemperatures

canrangefrom200-2000eVdependingonplasmaconditions.“Standard”operation

entailsareversalparameterF∼−0.2withq(0)∼0.2;however,non-reversedand

“deepreversal”dischargeswithrespectivereversalparametersF=0andF≤−0.3

arealsoeasilyachieved.Ifdesired,MSTcanevenbeoperatedatlowcurrentsasa

tokamakwithq(a)>1.

NeutralBeamInjection

Neutralbeaminjectionisacommontechniqueforheatingtokamakplasmas,and

isusedintheRFPforelectronheatingandahostofscientificstudies[22–27]. A



(a) (b)
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Figure1.3:TRANSPmodelingofthefastiondistributioninMST.Themajorityof
thefastionsarecore-localized(a)andhavehighpitch(b).

1 MW(25keV,40A)neutralbeaminjector(NBI)wasdesignedandbuiltbythe

BudkerInstituteofNuclearPhysics(BINP)andinstalledonMSTin2010. Apair

ofarcdischargesionizetheworkinggas,whichcanbehydrogen,deuterium,ora

mixofthetwo.Aseriesofthreehigh-voltagegridsacceleratesandfocusestheions

intoabeam,andtheionbeampassesthroughaneutralizingchamberwherethe

ionsreneutralizeviachargeexchangewithabackgroundneutralgas.Theresultis

abeamofhigh-energyneutralHorDatomsinjectedtangentiallyintoMST.Most

oftheneutralswillbeattheprimarybeamenergy,however,somewillbeatlower

energiesduetothepresenceofH2,H3,andH2Omoleculesinthebeamfuel. At

maximumbeamenergy,thebeamisratedtohaveroughly86%oftheneutralsatfull

energy,10%athalf-energy,2%at1/3energy,and2%at1/18energy. Onceinside

theplasma,theneutralswillreionizethroughelectronimpactionization,ionimpact

ionization,orneutral-ionchargeexchange(thedominantprocessat25keV).Those

thatarenotionizedaremeasuredwitha“shine-through”detectoronthefarwallof

themachine[23].

Thebeamwasprimarilydesignedforheatingandcurrentdriveexperiments,al-

thoughanumberofinterestingphysicsresultshavearisenfromtherelativelywell-

confinedpopulationoffastions.TheTRANSPsoftwareandNUBEAMmodulehave

beenusedtomodeltheneutralbeamdepositionandresultingfastionpopulation
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(Figure1.3).TheTRANSPresultsprovideagoodestimateofthefastiondistribu-

tion,buttherearetwoknownsourcesoferrorinthismodel.First,TRANSPusesthe

toroidalmagneticfluxasaradialcoordinateandthuscannotmodeloutsideofthe

reversalsurfacebecausetheradialcoordinatebecomesmulti-valued.Awork-around

forthisproblemistomodelF=0plasmasorsimplyignoretheouterportionofre-

versedplasmas. TheseconderroristhatTRANSPdoesnotconsidernon-classical

effectssuchasenergeticparticledrivenmodeswhichareknowntobeactiveduring

beaminjectioninMST[26,28]. Thesemodesareshowntolimitthetotalfastion

contenttoaslittleashalf[29]oftheexpectedpopulationatfullinjectioncurrent.

BeforetheinstallationoftheANPA,theprimarymethodofmeasuringfastions

inMSTwasneutrondetection. MSTtypicallyrunswithdeuteriumasitsworking

gas,andeveninthecoldestplasmas,someamountofD-Dfusionoccurs. Because

thefusioncrosssectionisheavilydependentonionenergy(Figure1.4),thenumber

ofneutronsproducedincreasesrapidlyinhotterplasmasoriffastdeuteriumions

arebeinginjectedwithNBI.Unlessanexperimentcallsforafullhydrogenorfull

deuteriumbeam,theNBIistypicallyrunwithafuelmixof95-97%hydrogenand3-

5%deuteriumsothatneutronscanbeusedasroughindicatorofthefastioncontent

intheplasma.

Theneutronsaredetectedusingaplasticscintillatorcoupledtoaphotomultiplier

tube.Thescintillatorisplacedunderapileofleadbrickssothatonlyneutronsare

abletocreateasignal.Thereisnoattemptatcollimation,sothemeasuredsignalis

representativeofthetotalnumberoffastion-thermalioncollisions.Recentwork

hasbeendone(W.Capecchi)toaddadditionaldetectorsandimprovethelinearity

ofthemeasurementinavarietyofplasmaandbeamconditions.

TheconfinementtimeoftheNBI-sourcedfastionscanbemeasuredusingthe

decayoftheneutronfluxsignalaftertheNBIisturnedoff[25,30]. Neglectingthe
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Figure1.4: Thefusioncrosssection(andthustherateofneutrongeneration)is
stronglydependentonrelativeionenergy.InMST,Tiistypically≤10

0keV,whereas
neutralbeaminjectionsourcesionsat∼2×101
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Figure1.5:Thefastionguidingcentersfollowadifferentrotationaltransform(red)
thanthemagneticfieldlines(black).Thisleadstoaspatialseparationofthereso-
nancelocations.
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Figure1.6: Theblackdotsrepresent magneticfieldlinespuncturingthrougha
stretchedoutradial-toroidalplane. Ann=6islandstructureisobservednearthe
coreandahighdegreeofmagneticstochasticitydominatesthemid-radius.Thefast
ionguidingcenter(red)followsann=5orbitatthesamelocationasthen=6
magneticsurface.

populationreductionduetotheEPM-likemodes,theconfinementoffastionsis

nearlyclassical,with(τfi∼20−30ms) (τp∼1ms)instandardMSTplasmas.

Theincreasedgyroradiusandguidingcenterdriftofthefastionsallowthemto

decouplefromthemagneticfieldlinesanddevelopadifferentrotationaltransform

(i.e.qfi=qmag,Figure1.5)[27,31,32]. Thisresultsinaspatialseparationofthe

resonanceoftheguidingcentermotionandthepeakofthemagneticperturbation

(Figure1.6).Inageneralsense,thisallowsthefastionsto“averageover”or“smear

out”themagneticfluctuationsthatlimitthermalparticleconfinement[31,32].

Thesawtoothcyclein MST

TheplasmacurrentinMSTisdriveninductively,usingtheplasmaitselfasthesec-

ondarywindingofatransformer.Resistivityislowestinthehotplasmacore,result-

inginamajorityofthecurrentbeingdepositedthere.Thisleadstoanincreasingly
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Figure1.7:Equilibriumreconstructionsshowtherelaxationofthepeakedcurrent
profileinspace(a)andtime(b). Manysimilarsawtootheventsareaveragedtogether
toreducestatisticalnoise,andtimeaxisisadjustedsothatt=0correspondstothe
peakofthereconnectionevent.

peakedcurrentprofilethatdrivestearinginstabilities. Toredistributethecurrent

andreturntoalowerenergystate(Figure1.7),theplasmaundergoesarelaxation

processinwhichcorepoloidalfluxisconvertedtotoroidalfluxviamagneticrecon-

nection.Thisprocessisfacilitatedbythegrowthoftearingmodesatthenumerous

rationalsurfaceswithintheplasma(Figure1.2).

Theeffectofthissuddenrelaxationisseenthroughouttheentireplasma. The

amplitudeofmagneticperturbationsassociatedwiththenandmnumbersofthe

resonanttearingmodesincreasetovalues∼5%oftheequilibriummagneticfield.

Magneticislandsgrowattherationalsurfacesandeventuallyoverlap,allowingrapid

stochasticradialtransportofthermalparticlesandasubsequentdropinthecore

plasmadensityandelectrontemperature. Thechangesinmagneticfluxgenerate

large,pulsedelectricfieldsoftheorder50-100V/m(detailedfurtherinChapter3).

Manyofthediagnosticsignalsundergoasharppeakordrop,givingthisprocessits

colloquialname,“thesawtoothcycle.”
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Magneticreconnection

Thetopicofmagneticreconnectioncouldfillanentirechapterifitweremoreintegral

totheproposedenergizationmechanisminthisthesis.Reconnectiondoesindeedoc-

curduringMSTsawtoothcrashes,butaswillbedescribedinmoredetailthroughout

thethesis,itistheglobalrearrangementofmagneticfieldsthatisresponsibleforthe

accelerationofsuprathermalionsratherthanthelocalphysicsofthereconnection

layer. However,particleaccelerationduringreconnectionisaveryactiveresearch

topic;anexcellentoverviewofreconnectionphysicscanbefoundinreviewpapers

byZweibel[16]andYamada[17],andrecentpapersbyDrake[33]andEgedal[34]

proposenewmechanismsforparticleaccelerationinthepresenceofreconnecting

fields.

1.3 Previousresults:anomalousionheating

during MSTsawteeth

Amongthemanyeffectsoccurringatthesawtooth,theanomalousheatingofionsis

oneofthemoststudiedandleastunderstood,andisakeypartofthemotivation

forthisthesis.Duringareconnectionevent,theiontemperaturecanrisetoseveral

timesitsequilibriumvaluedespiteadecreaseintheelectrontemperature.Initial

observationsofanomalousionheatingon MSTweremadebyEarlScimein1992

usingadiagnosticverysimilartotheoneusedinthisthesis[35].Inthissection,the

resultsofpreviousionheatingstudiesonMSTwillbesummarized.

Perhapsthemostfundamentalresultistheidentificationoftheequilibriummag-

neticfieldastheultimateenergysourcefortheheatingprocess.Figure1.8shows

theenergystoredinthemagneticfielddropssignificantlyatareconnectionevent
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Figure1.8:Theenergystoredintheequilibriummagneticfield(a)dropsby∼10%
atasawtoothevent. TheC+6 impuritytemperature(b)aswellasthebulkion
temperature(notshown)riserapidly,whiletheelectronsloseasmallamountof
energy.

andiscoincidentwiththeionheating[18]. Thereisastrongstatisticalcorrela-

tionbetweentheiontemperaturegainandthemagneticenergylossacrossalarge

numberofsawtoothevents[36]. Furthermore,theefficiencyofconversionofmag-

netictothermalenergyisobservedtoscalewiththemassofthebulkionspecies

(∆Eion/∆Emag ∝m
0.52
i )[37].

Theiondynamicsspectrometer(IDS)[38]andchargeexchangerecombination

spectrometer(CHERS)[39]havebeenusedtomeasurethetemperaturesofvarious

impurityionspeciesinanumberofexperiments.Impuritiesareheatedmorethan

bulkions[40],andfurtherinvestigationrevealsacharge-to-massratiodependence

forimpurityionheating[41].TheCHERSdiagnosticcanmeasurethecomponentof

impuritytemperaturebothparallelandperpendiculartotheequilibriummagnetic

field,andaheatinganisotropywasfoundwith∆T⊥>∆T afterthesawtooth[42].

Theanisotropybecomesmorepronouncedathigherplasmadensity. Thereisalso

evidencethattheheatingisnottoroidallysymmetric:heatingofC+4ionswasmea-

suredatseveraltoroidallocationsandtheamountofheatingiscorrelatedwiththe

toroidalpositionofthemaximumradialmagneticperturbation[36].

Inadditiontothedependenceontheenergystoredintheequilibriummagnetic
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Figure1.9: Measurementsoftheiondistributionbeforeandafterasawtoothcrash.
ThedistributionisfitwellbyaMaxwellianplusapowerlawtail.Thespectralindex
γofthetaildecreasesatthecrash,indicatinganincreaseinthenumberofparticles
withenergieshigherthanthethermalbackground.

field,ionheatinghasauniquedependenceonthepresenceofthem=0edge-resonant

tearingmodes. During“typical”sawteeth,m =0andm =1modesnonlinearly

coupleandtheamplitudeoftheirmagneticfluctuationsspikedramaticallyatthe

relaxationevent;however,so-called“coreevents”canspontaneouslyoccurinwhich

onlythecore-resonantm=1modesareactiveandtheedge-resonantm=0remains

atrelativelylowamplitude. Duringtheseevents,noionheatingisobserved,and

thereislikewisenodropintheequilibriummagneticfield.Intheinversecase(during

“bursts”inwhichthem=0modeactivityincreasesbutthem=1activitydoesnot),

asmalldropinthemagneticenergyisobserved,andimpurityheatingismeasured

onlyintheedgeoftheplasma[40]. Thus,thepresenceofthem =0modeisa

necessaryconditionforionheating,withthem=1modesgreatlyamplifyingthe

effectthroughnonlinearcoupling.

Finally,aCompactNeutralParticleAnalyzer(CNPA),operatedincollaboration

withFloridaA&MUniversity,hasbeenusedtostudytheenergyspectrumofthe

bulkionpopulationoutto5keV[43,44].Evenawayfromsawtoothevents,thebulk

iondistributionisobservedtohaveanon-Maxwelliantail.Thespectralindexofthe



14

powerlawtaildecreasesatthesawtoothcrash,indicatingthationsareaccelerated

fromthethermalpopulationintothehighenergytail. Thespectralindexisalso

lowerinlowerdensityplasmas,indicatingastrongerenergizationmechanismatlower

densityorhighertemperature.Althoughthediagnosticonlymeasuresupto5keV,

modelingofthemeasuredneutronfluxduringthesawtoothcrashindicatesthatthe

tailshouldextendouttoatleast20keV[42].

ManymechanismsforanomalousionheatingintheRFPhavebeenproposed,

including:

•Stochasticheatingofions(orstochasticheatingofelectronswithwavecoupling

toions)[37]

•Viscousdampingofflows[45]

•Turbulentcascadedrivencyclotronheatingofimpurities(withcollisionalcou-

plingtobulkions)[46]

Asummaryoftheapplicabilityofthesemodelsandhowtheymatchtheobserva-

tionslistedinthissectionisinR.M.Magee’sthesis[18].Aspreviouslymentioned,

noonetheoryisabletoexplainalloftheobservedphenomena.

Inthenextchapter,theAdvancedNeutralParticleAnalyzerwillbedescribedin

detail.InChapter3,theelectricfieldprofileduringsawteethinMSTiscalculated

fromequilibriumreconstructionsandtheconditionsnecessaryforionrunawayare

outlined.InChapter4,ANPAmeasurementsarepresentedandcomparedwiththe

expectationsfromionrunaway. Chapter5discussestheconnectionbetweenthe

inductiveparallelelectricfieldandtheheatingofthermalions.Finally,Chapter6

summarizesthisworkandidentifiesimportantquestionsforfuturework.
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Chapter2

Overviewanddevelopmentofthe

ANPA

2.1 Basicsofneutralparticleanalysis

Neutralparticleanalyzers(NPAs)havebeenusedtostudyplasmassincetheearly

1960s[47]. Theobjectiveofneutralparticleanalysisistocollecttheproductsof

ion-neutralchargeexchangeandanalyzethemtolearnabouttheionsbeforethe

chargeexchangeevent. Thetypeofanalysisperformedvariesfromcasetocase

andtypicallyincludesseparationofparticlesbyenergyand/ormass.NPAscanbe

designedtostudycharacteristicsofthebulkionpopulation,butaremoreoftenused

tomeasurefastionsfromneutralbeaminjectionorotherheatingmechanisms.

WhiletherearemanyvariationsofNPA,thefirststepinmostdesignsisreion-

izationoftheincomingneutralatom.Thisisgenerallyaccomplishedbyoneoftwo

means:agas-filledstrippingcellorathincarbonfoil[47].Gascellshavebettereffi-

ciencyatlowerenergies(<10keV)butrequireadditionalgassuppliesandvacuum

pumpingandcanlimitacceptanceangles.Thepressureinthestrippingcellaffects
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theoverallsignallevelandthusmustalsobemeasuredandaccountedforduring

analysis.Foilsrelaxthevacuumandacceptancerestrictions,buthavepoorefficiency

andhighscatteringatlowenergies. Foilsalsoslowdowntheincomingions;this

effectissmall,butshouldbeaccountedforduringcalibrationandanalysis. After

theincomingneutralatomisreionized,somecombinationofmagneticorelectro-

staticfieldsareappliedtosteertheionsintodetectors(typicallysecondaryelectron

multipliers(SEMs)ormicrochannelplates).Somedesignsuseasingledetectorand

varytheelectricandmagneticfieldssothatthedetectoronlysamplesthedesired

ions,whileotherdesignsincorporateanarrayofdetectorswithstaticfieldstoobtain

simultaneousmeasurementsofmanytypesofparticles.

Becausethemeasuredsignalreliesonion-neutralchargeexchangeandtherefore

dependsonthedensityprofileofneutralatoms(whichisoftenedge-peaked),mea-

surementsofcoreionscanbecomemuddled.Toavoidthis,manyexperimentsmake

useofadiagnosticneutralbeam(DNB)tosourceadditionalneutralsinthecoreof

theplasma.BytakingthedifferenceofdatawiththeDNBturnedofffromdatawith

itturnedon,onecanobtainameasurementthatislocalizedtotheintersectionofthe

DNBandtheNPAsightline. Thisisreferredtoasan“active”NPAmeasurement

(asopposedtoa“passive”measurementinwhichnoadditionalsourceofneutralsis

present).

2.2 Hardwaredesign

TheAdvancedNeutralParticleAnalyzer(ANPA)wasdesignedandbuiltincollab-

orationwiththeBudkerInstituteofNuclearPhysics(BINP)andinstalledonthe

MadisonSymmetricTorusin2011[48].AsimilarmodelwasalsoinstalledontheC2

deviceatTri-AlphaEnergy.
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Figure2.1:AdiagramofMST’sAdvancedNeutralParticleAnalyzerwithprimary
componentslabeled.Atopview(left)showstheenergyseparationoftwohydrogen
ions(green)andonedeuteriumion(blue). Thesideview(right)showsthemass
separationofthetwospecies.

TheANPAisatandem“EB”design,meaningthatbothmagneticandelectric

fieldsareusedforparticleseparationandthetwofieldsareorientedparalleltoeach

otherbutspatiallyseparated.TheANPAwasdesignedtostudyfastionsbornfrom

MST’s25keVneutralbeaminjector(alsoacquiredincollaborationwithBINP).A

diagramoftheANPAisshowninFigure2.1.Incomingneutralparticlespassthrough

eitherafixedapertureoranadjustable,vacuum-sealedaperturewheel(forrun-day

signalattenuation)andarethenstrippedbya10nmthickcarbonfoilsupportedby

anickelmesh. Thefoilcanoptionallybebiasedathighvoltage(upto15kV)to

givethenewlystrippedionsadditionalenergy,effectivelyshiftingtheenergyrangeof

thedetectorsdownward.Afterbeingstrippedandaccelerated,theionsarefocused

bya10-16kVelectrostaticlens.Energyseparationisperformedbya0.6Tmagnet,
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Figure2.2:AphotographoftheANPAchanneltrondetectors.Thetoprowisposi-
tionedtocollecthydrogenionswhilethebottomrowishorizontallyoffsettocollect
deuteriumofsimilarenergies.Channellabelsindicateprogressionfromlowtohigh
energy.

bendingionsintonewtrajectoriesbasedontheirvelocity. A 6-10kVcapacitor

providesaverticalelectricfieldthatseparatesparticlesbymass;heavierparticles

travelsloweratagivenenergy,meaningtheyspendalongertimeintheelectricfield

andarethusdeflectedmore.Finally,theionsarecollectedbyanarrayofMagnum

5900ChanneltronSEMs.

Tworowsof10SEMsarearrangedtodetecthydrogen(toprow)anddeuterium

(bottomrow)ionswithenergiesbetween10-35keV(for0Vaccelerationbias).The

frontsofthedetectorsarenegativelybiasedat1.3-2.0kVtorepelfreeelectronsand

increasesignalgain.Notethatthedifferenceincurvatureradiibetweenmassspecies

meansthathydrogenanddeuteriumdetectorsofthesameenergymustbehorizontally

offsetaswellasvertically(seeFigure2.2).Oneadditionaldetectorhasbeeninstalled

onthehigh-energysideofthedetectorbankabovethehydrogendetectorplane(the

upper-leftofFigure2.2,thoughthedetectorisnotshown).Thisdetectorisplaced

outofthewayofanyiontrajectoriesandisusedtocollectUVorotherstraycharged

particlesignalsfornoiseanalysis. Moreinformationonnoisereductioncanbefound

inSection2.6.

Thedetectorsoutputcurrentthroughsingle-pinvacuumfeedthroughs.Thesig-
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Figure2.3:AnoverheadviewofMSTshowingthelocationsoftheNBI,DNB,and
twoANPAviews.

nalsareamplifiedusingin-houseI-to-VamplifiersoriginallybuiltfortheSXRarray.

Theseamplifierscanbesetviatoggleswitchtoagainof105,106,or107V/A.The

106V/Againismostoftenusedforanoutputsignalinthe0-5Vrange.

Oneoftheprimaryfeaturesofthismodelisitssize. At28cminitslargest

dimension,theANPAisrathercompactforthefeaturesitprovides. Thisallows

relativelyeasymovementandmountingonavarietyofportholesonMST.Todate,

twodifferentportholeshavebeenutilized. The“radialview”at270T,15Plooks

straightthroughapoloidalcross-sectionoftheplasma. The“tangentialview”at

222T,-19Pissubstantiallymorecomplexinitsphysicalriggingandviewingangle.A

customflangeandmountingstructurewereconstructedtoaccommodatethisview,

whichlookstangentiallyattheintersectionoftheplasmacoreandthediagnostic

neutralbeam(Figure2.4).IfnotfortheANPA’scompactsize,thisviewwouldnot

havebeenfeasiblewithoutevenmoresubstantialmodificationstothesurrounding

diagnosticsandsupportstructures.Theimplicationsoftheseviewingangleswillbe

discussedmoreinSection2.4.
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Alignment

Alignmentfortheradialviewportisrelativelystraightforward:adigitallevelisused

toensuretheANPAisatanangleof15◦,andarigidflighttubeconnectstheANPA

totheMSTporthole.Thealignmentofthetangentialviewissignificantlymorecom-

plicated,however.AbellowsisusedbetweentheANPAandMSTtoaccommodate

thegreaterflexibilityinpositioningduetothetangentialviewmountingstructure

(Figure2.4).Smallangledeviationsfrom“perfect”alignmentcanpropagateintoa

largedisplacementfromtheintendedmeasurementlocationfurtherdownthepath.

Ratherthanrelyonexternalmeasurementsofseveraldifferentanglesrelatingthe

ANPAtoMST,amoredirectmethodofalignmentisused. Asimplepenlaseris

mountedontothesparevacuumfeedthroughonthebackoftheANPA(Figure2.1)

suchthatitshinesdirectlythroughtheANPA’sstrippingfoilanddowntheflight

tube,thuslightingthestraight-linetrajectorythataparticlewouldneedtofollow.

WhileMSTisvented,theANPAisadjusteduntilthislaseralignswithatargetprobe

markingtheintersectionoftheDNBandthemagneticaxis.Asecond,ANPA-specific

targetprobewasconstructedtomarkathirdpointonthelaserlineatthefarendof

themachine;thisprobeisinsertedat300T,15P.Becausethisportisbehindavalve,

thesecondtargetprobecanbeusedforalignmentwhileMSTisundervacuum.

2.3 Calibration

Ionsourcedesign

Ahigh-energyionsourceforANPAcalibrationwasadditionallydesignedandac-

quiredfromBINP.Theoriginalionsourcewasdesignedforin-situcalibrationupto

25keV.Thesourceconsistsofacylindricalmetallicmeshonahigh-voltagestandoff,
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Figure2.4:AphotographofthemountingstructurefortheANPA’stangentialview.
Therearefourseparateadjustments:averticalslidingposttosettheheightofthe
mount,ahorizontalslidetosetthedistanceofthemountfromthepost,aswivel
jointtosettheangleatwhichthehorizontalslideextendsfromthepost,andaball
jointtoprovide360◦offreedomandallowconnectionoftheANPAtotheMSTflight
tube.

twocircularmeshendcaps,andafilament. Thecylindricalmeshisbroughtupto

thedesiredionvoltage,Vcal,whiletheendcapsremaingrounded.Thefilamentisset

∼200VbelowVcalandacurrentontheorderof1Aisrunthroughit.Thefilament

willthermallyemitelectronswhichareacceleratedtowardthehigher-potentialgrid.

Here,hydrogenatomswillbeionizedviaelectronimpactionization,andthenewly

formedionswillbeacceleratedfromthehigh-voltagegridtowardthegroundedend-

caps.Anyremainingelectronswillbeabsorbedbythegridandreturnedtoground

throughthepowersupply.Aschematicandphotographofthesourcecanbeseenin

Figures2.5and2.6.

Initialtestsoftheionsourceyieldedverylittleioncurrentoutput.Similaris-

sueswerereportedwiththeANPAandsourceinstalledatTri-AlphaEnergy.After

discussionswithBudkerandTri-Alpha,itwasdiscoveredthatapotentialwellcould

developaroundthefilament,preventingelectronsfromtravelingtothegrid. Model-
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Figure2.5:Aschematicviewofthecalibrationsourcefromtwoangles:(a)looking
downtheflighttube,and(b)lookingnormaltotheflighttube.Inthisfigure,the
voltagesaresetuptogenerate25keVions.

Figure2.6:Aphotographofthecylindricalmeshandendcap.Connectionsforthe
filamentcanalsobeseen,thoughnofilamentisattached.
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Figure2.7:(a)Electricpotentialcontoursshowapotentialwellaroundthefilament.
(b)Abiasedshieldprovidesapotentialpathfromthefilamenttothegrid.(c)
Electronsneedanuphillpotentialpathtothegridwhichisonlypresentwiththe
biasedshield.PlotscourtesyofRyanClary,Tri-AlphaEnergy.

Figure2.8:Aphotographofthebiasedcoppershieldaroundthefilamentandgrid.

ingbyRyanClaryatTri-Alpha(Figure2.7)confirmedthistheory.Byinstallinga

conductingshieldbiasedtothegridpotentialaroundtheoutsideofthefilament,the

potentialwelliseliminatedandthesourcefunctionedasintended.

Duetotheissueswiththeunshieldedfilamentandadesiretocalibrateupto

themaximumANPAdetectioncapabilityof50keV,anewionsourcewasbuilt

andinstalledbyBudker. Thisnewsourceutilizesthesamebasicprinciples,but

incorporatedthebiasedshieldintothedesign,relocatedtheendcapstomakedirect

contactwiththegrid(usingthevacuumchamberitselfasthegroundedtarget),and
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accommodatinghighvoltagestandoffsupto50keV.Duetoarcinghazardstonearby

equipmentaswellasspaceconcerns,thereisnointentionofusingthisnewsource

in-situ.

Procedure

ThereareseveralgoalsofANPAcalibration.Thefirstandforemostisdetermining

theresponseofeachchanneltoionsofvariousenergy. Wewouldalsoliketoknowthe

relativesignallevelsfromchanneltochannel.Ideally,anabsolutecalibrationwould

beobtained,translatingadetectorvoltageintoanabsolutenumberofparticlesinthe

plasma.Inpractice,thisisaverydifficulttask,andthechallengeswillbediscussed

inthissection.Finally,wealsowishtoknowtheoptimumsettingsforthevarious

tunableANPAparameters(thelens,acceleratingpotential,capacitorvoltage,and

detectorbias)andhowoursignalchangesastheseparameterschange.

Throughoutthecalibrationprocedure[49],severalexternalquantitiesaremea-

suredinadditiontothedetectoroutputs. Thevoltageandcurrentdrawonthe

high-voltagepowersupplyismonitoredforanyparameterthatisbeingvaried(accel-

eratinggrid,lens,capacitor,detectorbias).Thevoltageoftheionsourceismonitored

viathepowersupplyoutputaswellasaRosshigh-voltagedividerconnectedinpar-

allelwiththesource. Thepressureintheionsourcechamberismonitoredwitha

convectrongauge,asincreasedfilamentvoltagewillincreasethechamberpressure

andincreasedpressurewillleadtomoreioncurrent.Finally,aFaradaycupisin-

stalledintheflighttubebehindtheionsourcesuchthatonesidepropelsionsinto

theANPAand,assumingsymmetryoftheionsource,theothersidepropelsanequal

numberintotheFaradaycup.TheFaradaycupistypicallybiasedto18Vtoelim-

inatefalsecurrentfromsecondaryelectronemissionbyrecapturingthoseelectrons.

TheFaradaycupisthususedasamonitoroftheoutputcurrentoftheionsourceas
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Figure2.9:AdiagramoftheANPAcalibrationsetupshowingtherelativelocation
oftheionsource,ANPA,Faradaycup,andgassource.

pressureandvoltagevaries.AschematicofthesetupcanbeseeninFigure2.9.

Allcalibrationswereperformedonaworkbenchratherthanin-situ. AUSB

multiplexingdigitizerwasusedinconjunctionwithLabviewtocollectthedatafrom

thedetectors.Highvoltagemeasurementswererecordedonanoscilloscope,triggered

fromtheLabviewroutine.TheHVpowersupplieswerecontrolledusingaGalilRIO-

47100pocketPLCandtheGalilToolssoftware.

Duringcalibrationofthehydrogenchannels,theresidualchambergaswasused

astheionsourcegas.TheH2OandH2moleculesintheresidualairwillleadtotwo

speciesdetectablebytheANPAatnormaloperatingsettings:H+andH+2(whichhas

thesamecharge-to-massandthussametrajectoryasD+).Additionally,theFaraday

cupwillpickupH2O
+,OH−,andanyotherheavyionspecies.Theuncertaintyinthe

ionspeciesmixbeingdetectedbytheFaradaycupisthefirstchallengeinobtaining

anabsolutecalibrationfromthismethod.However,ifoneassumesthatthespecies

mixstaysconsistentthroughoutthecalibrationprocedure(anassumptionthatmay

ormaynotbetrue),theFaradaycupcanstillbeusedasarelativenormalization

factorforthevaryingsourceoutputcurrent.

WhilethedeuteriumchannelscouldintheorybecalibratedusingtheH+2 from

theresidualchambergas,signallevelsareoftenfartoolowtousethismethod.
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Instead,additionalgasispumpedintothechamber.Ultimately,abottleofdeuterated

methane(CD4)waspurchasedfromCambridgeIsotopeandusedastheworkinggas

fordeuteriumcalibrations. WhileusingpureD2mightbeanaturalchoice,itis

morelikelytoproduceD+2 (whichiswillnothittheANPAdetectors)ratherthan

D+.Evaporatedheavywater(D2O)wasalsoconsidered,butthedeuteratedmethane

providedgoodresults,soheavywaterwasneverattempted.

Results

Energyandrelativegaincalibrations

Forafixedcapacitor,lens,grid,anddetectorbiasvoltage,theionsourcevoltagecan

bevariedtodeterminetheresponseofeachdetectortoionsofvaryingenergy.The

ionsourceisslowlybroughttothemaximumdesiredvoltage(ideally50kV,although

duetoarcingacrosstheHVstandoffsorwithintheHVcircuity,lowervalueswere

oftenused).Oncethere,thevoltageisrampeddowninacontrolledfashionandthe

signaloneachdetectorisrecorded.Thisprocesscanberepeatedmultipletimes,and

theresultscanthenbeaveragedtogetherafternormalizingforchangesinFaraday

cupcurrentandpressure.AsampleenergycalibrationisshowinFigure2.10.

Lookingmorecloselyatasinglechannel(Figure2.11),threedistinctsignalpeaks

areobservedduringtheenergyscan. Thelargestpeaknearthenominalchannel

energy(∼10keVforthiscase)istheexpectedresponsefromH+ionsgeneratedat

theionsource.Thepeaktotherightoccursattwicethenominalenergyandisthe

resultof20keVH+2ionsbreakingapartattheANPAstrippingfoilandsplittinginto

two10keVH+ions,thusbeingdetectedatthe10keVdetector.Thesmallpeakto

theleftoccurswhentheANPAacceleratinggridissettoafinitevalue. Here,the

gridwassettoapproximately5kV.Mostofthesourcedionswilllose5keVasthey
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Figure2.10:(a)Signalleveloneachdetectorthroughoutanionsourcevoltagescan.
(b)Therelativegainofeachchannel,accountingforchangesintheFaradaycup
current.

Figure2.11:ThreepeaksareobservedoneachenergychannelcorrespondingtoH0,
H+,andH+2particleshittingtheANPAstrippingfoil.

approachthegridandthengain5keVaftertheypassthroughforzeronetenergy

change.However,asmallnumberoftheionswillreneutralizeintheflighttubeand

thereforenotbesloweddownastheyapproachthegrid,butwillbestrippedandstill

gain5keVafterpassingthroughthefoil.Theseionsshowupinthecalibrationata

sourcevoltageequaltoVnominal−Vgrid.

Theidentityofthesethreepeakscanbeconfirmedbyadjustingtheaccelerating

gridvoltage.Asthegridvoltageisincreased,thecentralH+peakwillremainsta-
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tionaryastheionscontinuetogainasmuchenergyastheylose.Theleft-mostH0

peakwillshiftfurtherleftaccordingtoVnominal−Vgrid.Theright-mostH
+
2peakwill

shiftrightby1/2VgridsincethelighterH
+ ionspickuptwicethespeedthatthe

heavierH+2lost.

JustasdeuteratedmethaneisusedtoobtainahigherpopulationofD+ ions

(comparedtoD+2),regularmethanecanalsobeusedtominimizetheH
+
2 peak.

However,theerroneouspeakiseasilyfilteredoutofthecalibrationinpost-processing,

somethanewasnottypicallyusedforhydrogencalibrations.

Oncethecalibrationdatahasbeenobtained,aGaussianisfittotheprimary

H+peakforeachchannel.ThecentralenergyoftheGaussianisusedtodefinethe

nominalcentralenergyofthechannel,thewidthisusedtocharacterizethewidthof

theenergybin,andtheheight(normalizedwiththeFaradaycupcurrentorneutral

pressure)isusedtoobtainarelativegaincalibrationbetweeneachchannel. Note

thatthiscalibrationisonlyvalidforthespecificcapacitor,lens,anddetectorbias

settingsthatwereused.

Capacitorcalibration

TheANPA“capacitor”createstheverticalelectricfieldthatcontrolsthedownward

deflectionoftheionstowardthedetectorsandisthusresponsibleformassseparation.

Thegoalofthecapacitorcalibrationistodeterminetheoptimumvoltagesettingto

guidetheprimarybeamofionsintothedesireddetectorsandmaximizesignal.To

determinethis,theionsourcevoltagewasfixedatthecentralenergyofoneofthe

ANPAchannelsandthecapacitorwasscannedfrom0to-15kV.Thiswasrepeated

foreachchannelenergytolookatthegainofeachchannelasafunctionofcapacitor

voltage.TheresultsareplottedinFigure2.12.

Therangeofinterestisapproximately-5to-11V.Hydrogensignalsbetween-2and
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Figure2.12:Resultsofthecapacitorcalibration.Optimalsettingsweredetermined
tobe-8.3kV(blackline)forhydrogendetectionand-7.5kV(redline)fordeuterium.

-5Vresultfromdeuterium(orH+2)ionsbeingguidedintothehydrogendetectors.In

thedeuteriumchannels,signalsinthesameenergyrangelikelyoriginatefromD+2ions.

Thebeginningofsignalsrelatedtohydrogenionsbeingsteeredintothedeuterium

channelscanalsobeseenaround-14kV.Unfortunately,thereisnotasinglecapacitor

settingthatoptimizesthegaininallchannelsatonce. Twodefault“compromise”

settings(-8.3kVforhydrogenchannelsand-7.5kVfordeuteriumchannels)were

establishedthatmaximizethegainonthechannelsofinterestwithoutsacrificingtoo

muchsignalontherestofthechannels.

Additionally,ionsourcevoltagescanswereperformedatseveralfixedcapacitor

values,andtheGaussiancentersandwidthswereobtainedforeachchanneltosee

iftherewasanychange.Theresults(Figure2.13)indicatethatthecentralenergies

remainconstantfrom-9to-6V(afterwhichsignalsbegintodroprapidlyandgood
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Figure2.13: Thecentralenergyofeachchannelremainsconstantforreasonable
capacitorvalues. Thewidthdoesvaryandshouldbeaccountedfor. Eachcolor
representsadifferentenergychannel.Theresultsshownareforhydrogenchannels
only,andonly8channelsareshownduetounreliableperformanceoftheionsource
nearitsmaximumvoltage..

fitscannolongerbeobtained).Thechannelwidthsdoshowsomevariationwhich

shouldbeaccountedforifthecapacitorisusedatnonstandardvalues.

LensCalibration

Thepurposeoftheelectrostaticlensistofocustheincomingionbeamandelimi-

nateanynon-axial(inrelationtotheflighttube)velocitycomponents. Onewould

thereforeexpectthechannelwidthstobeataminimumandsignallevelstobeata

maximumfortheoptimallenssetting.

Similartothesecondcapacitorcalibrationexperiment,anionsourcevoltagescan

wasperformedatseveraldiscretelensvoltagesandtheGaussiansforeachchannel

werecharacterized. Figure2.14showsthetrendsinGaussianheight,center,and

widthasthelensvoltageisvaried. Asexpected,thereislittletonoshiftinthe

centralenergies,widthsdecreaseasthelensvoltageisincreased,andsignallevels

increaseuptoalensvoltageof12kV,afterwhichtheydropoff.Thereisanother

slightincreaseat15kV,butthisisneartheHVstandoffmaximum,sothesafervalue
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Figure2.14:Increasingthelensvoltageincreasesthesignalgain(Gaussianheight)
andlowersthechannelwidth.Thereislittle-to-noeffectonthecentralenergy.

Figure2.15:ThecurvedinteriorofaChanneltronallowshigh-gainmultiplicationof
secondaryelectronemission.

of12kVisused.

Detectorbiascalibration

Inadditiontodeflectingfreeelectronsnearthedetectors,theprimaryfunctionofthe

detectorbiasistoamplifythegainoftheChanneltronSEMs. Whenanincoming

particlehitsaChanneltron,itknocksoffoneorseveralelectrons.Theseelectronssee

alargenegativebiasatthefrontofthedetectorandthusaccelerateintothedetector.

DuetothecurvedinterioroftheChanneltron(Figure2.15),theyquicklycollidewith

thedetectorwall,knockingoffmoreelectronswhichthengetaccelerated,andsoon.

Theamountofnegativepotentialatthefrontofthedetectoraffectsthespeedat

whichtheelectronscollidewiththewallandthusthenumberofadditionalelectrons
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Figure2.16:Increasingthebiasvoltageincreasesthesignalgainexponentially(b)
andalterstherelativecalibration(c). Allofthelinesin(a)overlap,indicatingno
effectonthecentralenergy.

thatwillbeknockedoffandeventuallyformanoutputcurrent.

TherecommendedoperatingvoltagefortheMagnum5900Channeltronsisbe-

tween1.4to2.2kVwhichcorrespondtogainsrangingfrom105to107[50].Aswith

thepreviouscalibrationprocedures,theionsourcevoltagewasscannedatavariety

ofbiassettings. Thechannelenergiesremainconstantthroughoutthescan(Fig-

ure2.16(a))andtheheightsincreaseexponentiallyasthebiasisincreased(b).The

relativegain(normalizedtochannel5)variesdifferentlyforeachindividualchan-

nel.Thiscouldbeduetoslightdifferencesinmanufacturingortheangleatwhich

particlesstriketheChanneltronsurface.

Unfortunately,thecalibrationionsourceputsoutasignalmuchweakerthan

thefluxmeasuredduringanMSTpulsewithNBI.Theminimumbiasvoltagethat

producedusablecalibrationsignalswas1.6kV,whichistypicallythemaximum

voltageusedduringexperimentswiththeANPA’sdefaultaperture.Inthepast,1.3

kVwasusedasthedefaultdetectorbiassettingtoavoidChanneltronsaturation

duringNBI.Relativegaincoefficientswereobtainedforthissettingbyextrapolating

alinearfittothedatainFigure2.16(c).Thisisfarfromideal,asonecanseethat

thereisquiteabitofnonlinearityinthecalibrationdata. Toalleviatetheneed

forthisextrapolation,asmalleraperturehasbeenusedinrecentrunssothatthe
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Channeltronscanberunat1.6kVwithoutsaturation.

Acceleratinggridcalibration

Theeffectsoftheacceleratinggridwerebrieflydescribedearlierinthischapter.

Namely,thevoltageonthegridshouldhavelittletonoeffectonthefinalsignal.

Rather,itshouldsimplyshiftionsupinenergybyVgridsothateachchannel’scentral

energyisshifteddownbyVgrid. Thechannelwidthsaredeterminedbygeometric

effectsandshouldnotbeaffectedbythegridvoltage,unlessthegridcausedadditional

scattering.Thisshouldintheorybenegatedbythelens.

Oneeffectthatshouldbementionedwhendiscussingtheeffectofthegridon

thecalibrationisthatthecarbonfoil,evenwhennovoltageisapplied,slowsdown

anyatomsorionsthatpassthroughit. Theamountofslowingisoftheorder

4.4×10−3d
√
E(keV),wheredisthethicknessofthefoilin̊AandEistheionenergy

inkeV[51].Forour10nmfoil,a25keVionwouldslowdownbyapproximately2.2

keV.However,becausethefoilisinplaceduringcalibration,anyslowingisalready

incorporatedinthemeasuredcentralenergiesofthechannels.

2.4 Modelingofsignalcontributionsondifferent

viewports

TheANPAmeasurestheproductsofafastionpopulationnfiexchangingcharge

withabackgroundneutralpopulationn0. However,onlyafractionoftheneutrals

generatedmakeittotheANPA.Ionsmusthavethecorrectpitchatthelocationof

chargeexchangesuchthattheresultingneutral’sstraightpathleadsintotheANPA

collectionregion.Thiscriticalpitch,γc,varieswiththemagneticfieldstructureand

theorientationoftheANPAwithrespecttoMST.Unlikeinatokamak,thepoloidal
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andtoroidalfieldsintheRFPareofcomparableamplitude,withthetoroidalfield

crossingzeroandreversingneartheplasmaedge.Consequentially,ionsneartheedge

withhighpitchγ≡v||/|v|areactuallytravelinginthepoloidaldirectionandwould

notbedetectedbyatoroidally-viewingNPA.Signalisfurtherreducedbythechance

ofreionizationbeforetheneutralreachestheANPA.Thefractionthatreionize,fr,

iscalculatedfromthesumsofionimpactionization,electronimpactionization,and

ion-neutralchargeexchange.Takingtheseeffectsintoaccount,themeasuredneutral

fluxis

Γmeas=
L

n0nfiσvcxδ(γ−γc)(1−fr)dl (2.1)

fr(l)=e
− 0

l(niσvimpact+neσvimpact+niσvcx)dl/|vfi| (2.2)

whereallquantitiesvarywithdistancealongtheANPAlineofsightl,andthe

pitchγisdefinedas

γ≡
v

|v|
=
vfi·B

|B|
(2.3)

TRANSPmodelingofthefastiondistributiongeneratedbyNBIproducesesti-

matesofthepitchdistributionanddensityoffastions[25,52].Thecriticalpitchγc

andreionizingfractionfrcanbedeterminedfromequilibriumreconstructions,and

theneutraldensityn0iscalculatedfrommodelingofthemeasuredDαlineemission

usingtheNENEMonteCarlocode(discussedfurtherinAppendix1). Duetothe

finitesolidangleoftheANPA,thedeltafunctioninEq.2.1willactuallyhaveafinite

widtharoundthecriticalpitchγc.TheANPA’ssolidanglehasnotyetbeenprecisely

characterized,butduetomultipleaperturesintheflighttube,itisbelievedtobe

well-collimated.Forthismodel,ionswithminorpitchdeviations(|γ−γc|≤0.04)
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Figure2.17:Theradialviewhasamuchshorterpathlengththatfollowsastraight
trajectorythroughtheplasmacore.Thetangentialviewhasasubstantiallylonger
pathlengthandspendsalargerportionofitstrajectoryintheplasmamid-radius
andcore.

areconsidered.Bycombiningthesecalculations,analysisofthesignalcontribution

alongtheANPA’slineofsightcanbeperformed.

WefirstconsiderthesimplersightlinefromtheANPA’sradial(“perpendicular”)

viewport.Figure2.17showsthetrajectoryofthesightlinethroughMST,andFig-

ure2.18showstheresultsofmodelingEquation2.1fora300kA,F=-0.2,ne=0.5e13

cm−3standardMSTdischarge.Panel(a)showstheedge-peakedneutraldensity(es-

timatedbyNENE)andthecore-peakedfastiondensity(estimatedbyTRANSP)as

afunctionofthepathlengthalongtheANPAsightline.Panel(b)showsthatthe

requiredfastionpitchtomakeitintothedetectoris0alongtheentirepathlength

-thismakessensebecausetheANPAisviewingradiallyandBr=0.Inred,the

fractionofionswithγ≈0isseentobehighestintheedgeoftheplasma,particu-

larlytheoutboardedge(closertotheANPA).Ingreen,thefractionofCXneutrals

thatwillbelosttoreionizationisplotted-thosebornclosesttotheANPAhavethe

greatestchancetomakeitintothedetector.Panel(c)showstheresultsofcombining

panels(a)and(b):inblack,thetotalnumberofgeneratedchargeexchangeneutrals

isplotted(n0nfiσv),andinred,thenumberdetectedafteraccountingforpitch
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Figure2.18:ANPAsignalmodelingfortheradialview.Panels(a)-(c)showproperties
oftheneutralandfastionpopulationsalongtheANPAlineofsight.Panels(d)-(f)
showhowmuchofthetotalmeasuredsignaloriginatesfromionsofvaryinglocation,
pitch,andenergy.

andreionizationisplotted. Weseethatonthisview,mostofoursignalcomesfrom

theoutboardsideofthemachine,closesttotheANPA.

Inpanels(d)-(f)welookatthetotalmeasuredsignalasafunctionofradius,

pitch,andenergy.In(d)weseethatthemeasuredsignalisfairlyevenlydistributed

throughoutthemid-radiusandedgeoftheplasma,ψnorm∼0.4-0.9. Asonemight

expectfromtherequiredpitchplottedin(b),(e)showstheallofoursignalcomes

fromthelowestpitchbin.Finally,in(f)weseethatabout25%ofoursignalcomes

fromthebeam’shalf-energycomponentandasignificantportioncomesfromionsthat

havealreadysloweddownbelowthe25keVinjectionenergy.Fromtheseresults,we

concludethattheradialviewisaverypoorrepresentationofthemajorityofthe

beam-injectedionswhichareestimatedtobeverycore-localizedandhighpitch.

However,itcantellusafairamountaboutthehalf-energycomponentandabout
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Figure2.19: ANPAsignalmodelingforthetangentialview. Panels(a)-(c)show
propertiesoftheneutralandfastionpopulationsalongtheANPAlineofsight.
Panels(d)-(f)showhowmuchofthetotalmeasuredsignaloriginatesfromionsof
varyinglocation,pitch,andenergy.

low-pitchfastionsthathavebeguntoslowdownandwanderradiallyoutward.

Thetangentialor“parallel”viewtellsaverydifferentstory.InFigure2.17

and2.19(a)weseethatthisviewhasamuchlargerportionofitspathlengthin

thehigh-nfi,low-n0coreoftheplasma.Thepitchrequiredfordetectionvariessub-

stantiallyalongthepath,withanegativepitchrequiredattheplasmaedgeanda

highpitch(∼0.85)inthecore.Thefastionpitchismostinlinewiththerequired

pitchintheedgeandcore,droppingoffinthemid-radius. Asbefore,thechance

forreionizationgrowswithdistancefromtheANPA.Sincethepathlengthismuch

longerthantheradialview,theattenuationisaslargeas60%atthefaredgeof

themachine.In(c),thegeneratedneutralfluxisfairlyflatalongthesightlineas

theincreaseinnfiisbalancedbythedecreaseinn0. However,thepitchselection

restrictsthemeasuredsignaltotheedgeandcoreregions.
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Figure2.20:ANPAsignalmodelingforthetangentialviewwithDNBinstandard
plasmas.

Lookingattheoverallsignalcontribution,roughly55%ofthemeasuredsignal

originatesfromcore-localized,high-pitch,maximum-energyions,roughly40%comes

fromedge-localized,low-pitchions,andtheremaining15%isspreadacrossthemid-

radiusatavarietyofpitchangles.

OneoftheoriginalintentsofthetangentialviewwasuseoftheDNBforanactive

neutralsourceinthecore.Figure2.20showsthemodeledresultsoftheadditional

DNBneutralpopulationinastandardF=-0.2plasma. Here,averybasicmodel

oftheDNBisusedwithI=4A,E=42keV,andanon-divergingGaussiambeam

widthof3.5cm. WhiletheDNBdoesincreasetheneutraldensityandnumberofCX

productsbyafactorof∼2(bluesymbolsin(a)and(c)),theamountofthetotalpath

lengthspentintersectingwiththeenhancedneutraldensityislow.Inpanels(d)-(f),

thesignalcontributionswithandwithouttheDNBarenearlyindistinguishable.

InPPCDdischarges(describedinmoredetaillaterinthischapter),theback-
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Figure2.21:ANPAsignalmodelingforthetangentialviewwithDNBinstandard
plasmas.

groundneutraldensityissubstantiallylower,sotheadditionoftheDNBneutrals

shouldhaveanevenlargereffect.Figure2.21showsthemodelingresults. Wenow

seeafactorof∼4-5increaseintheneutraldensityandCXproducts,andasmallbut

noticeableshiftinthenumberofcore-localized,high-pitchions(fromroughly∼65%

withoutDNBto∼70%with).

Despitethedifferenceobservedinmodeling,nomeasurabledifferenceshavebeen

seeninexperimentswithandwithouttheDNBinPPCD.Thereareanumberof

possibleexplanations.First,alignmentoftheANPAisdifficult.TheANPAisaligned

bypointingapenlaserthroughthecenteroftheANPAinputapertureandaligning

thatlaserpointtotheDNBalignmentprobe.Intheory,thisshouldguaranteegood

alignment,butinpractice,smallerrorsinthealignmentofthelasertotheANPAbody

ortheinsertiondepthofthealignmentprobecouldresultinonlyapartialintersection

betweentheANPAsightlineandtheedgeoftheDNB.Second,NENEestimatesof
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theneutraldensityinPPCDarebelievedtobeinaccurate.Althoughmostalternative

estimatesindicatethetruecoreneutraldensityislowerthantheNENEestimate(thus

leadingtoalargerexpectedeffectfromtheDNB),theinaccuracyintheedgeprofile

isunknownandcouldmuddlethesignal. Additionally,theTRANSPdistributions

inPPCDcouldbehighlyinaccurateduetoTRANSPsinabilitytomodelportionsof

theplasmawithq<0,whichisnearlyhalftheplasmainPPCD.Finally,itmaybe

possibletoseeadifferenceusingmulti-shotaveragingandsubtractionofdatafrom

non-DNBshots,buttherepeatabilityofplasmaswithgoodPPCD,NBI,andDNB

islow,andsubstantialruntimehasnotbeendedicatedtothispursuit.

Sincemostofthedatainthisthesisisfromstandard,reversedplasmas,noattempt

ismadetoutilizetheDNBforanactiveview. However,theassumptionthatthe

passivetangentialviewprovidesagoodmeasureofthecore-localized,high-pitchNBI

populationhasbeenjustifiedinotherexperimentalresults.

First,duringahelicaldistortionoftheplasmacoreknownasQSHorSHAx

(describedinmoredetailinthenextsection),themeasuredANPAsignaldropsto

lessthanhalfitspre-SHAxvalue. Thisdropinsignalisattributedtoalossin

confinementofthecore-localized,high-pitchfastionsinthepresenceofthehelical

perturbation[27].However,thehelicaldistortiononlyaffectsthecoreoftheplasma;

theouterfluxsurfacesremainaxisymmetric.Thus,theedge-localized,low-pitchions

arenotaffected,accountingforthesmallamountofsignalmeasuredsignalduring

theSHAxstate.

Second,theNBIdrivesanumberofenergetic-particle-drivenmodes(EPMs)that

causenon-classicalfastiontransport[26,28].AreductioninANPAsignaliscorre-

latedwithburstsofEPMactivity,andthespatiallocationofthesemodesisidentified

usingtheFIRinterferometer.Afastionlossratecanbedefinedasthenegativetime

derivativeofthenormalizedANPAsignal,ν=− 1
IANPA

∂IANPA
∂t
. Whenonlyasin-



41

Figure2.22:BeforemultipleEPMsnonlinearlyinteract(blackpoints),thefastion
lossratedeterminedfromtheslopeoftheANPAchannelclosesttotheprimarybeam
energyscaleswith̃b2.2n=5,suggestingstronginteractionbetweenthecore-localizedn=5
modeandthefastions.AfterthegrowthandnonlinearinteractionofotherEPMs
(redpoints),thelossrateishigher.

glemode(n=5)isactive,thelossratescaleswithb̃2.2n=5 (Figure2.22). Afterthe

otherEPMsbecomeunstableandinteractnonlinearly,thelossrateisevengreater;

however,thestrongcorrelationbetweentheANPAsignalandthesingle-modefluc-

tuationssupportsthenotionthatthemeasuredfastionsoriginateinthecore(where

then=5modeisresonant).

Athirdexperimentlendssupporttothemodelededgelocalizationoftheradial

ANPAview.Inlowcurrent,non-reversed(F=0)plasmas,ANPAsignalcorresponding

totheprimaryenergybeamionsisdramaticallyreducedwhenthecurrentislowered

belowapproximately220kA.Thegyroradiusscalesas|B|−1,soastheplasmacurrent

getslower(andthereforethepoloidalfieldmagneticfieldneartheedgeoftheplasma

getslower),thegyroradiuswillincrease.Infieldsthislow,thegyroradiuscanbe
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Figure2.23: Astheplasmacurrentincreasesslowlythroughoutthedischarge,the
full-energybeamcomponentbecomesmoreprominent.Itistheorizedthatparticle
orbitsintheedgearetransitioningfromascrape-offorbittoaconfinedorbitastheir
gyroradiusdecreases.

asbigas20cmormore. Atsomepoint,thegyroradiuswillbecomesolargethat

orbitswilltransitionfromconfinedtolost.Theparticlescomprisingthehalf-energy

componentofthebeamhaveasmallergyroradiusandarethereforenotlost. A

carefulstudyhasnotyetbeenperformed,butFigure2.23showsanexamplein

whichtheplasmacurrentrisesthroughouttheplasma“flat-top”andtheANPA-

measuredbeamsignalgrowsstrongerthroughoutthatrise.Althoughthisdoesnot

directlysupporttheclaimthatthetangentialviewmeasurescoreions,itsupports

themodelingprocedurebyvalidatingthattheradialviewindeedmeasuresionsfrom

theedge.
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Figure2.24:SampleANPAdatafromanF=0discharge.

2.5 Initialsurveydataandanalysistechniques

Inthissection,sampleANPAdataispresentedinavarietyofplasmaconditions.

Unlessotherwisenoted,thisdataisfromthetangentialviewportandminimally

processed,withonlytherelativecalibrationapplied;thatis,thequantityplotted

isstillthefullconvolutionofeffectsdiscussedintheprevioussection,Γmeas =

L
n0nfiσvcxδ(γ−γc)(1−fr)dl. Throughoutthissection,additionalanalysis

techniqueswillbeintroducedtobetterillustratethenficontributionofthesignal.

F=0plasmas

Non-reversedor“F=0”plasmasareformedbypinningthesafetyfactoratthewall

q(a)tozero.Becausethem=0surfaceisremovedfromtheplasma,thesedischargesdo

notexperiencelargesawtoothcrashesandthereforeprovideagoodtargetdischarge

forstudyingbasicdiagnosticbehavior.

InFigure2.24,tangentialANPAdatafromasample200kAF=0dischargewith
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Figure2.25:SampleANPAdatafromanF=-0.2discharge.

NBIisshown.AsNBIturnsonat12ms,ANPAsignalisobservedinthechannels

correspondingtotheinjectedbeamenergy. Thesignalquicklyspreadstochannels

belowthebeamenergyasaslowing-downdistributionisformedintheplasma.Ad-

ditionally,signalfromthehalf-energycomponentofthebeamisobservedinthe

appropriatechannel,althoughinthiscasetheslowingoftheprimarybeamenergy

isdramaticenoughtooverlapwithit.Afterthebeamturnsoff,theslowingofthe

remainingionpopulationisobserved.The95%H5%Dbeamfueldrivesbeam-target

fusionandproducesameasurableneutronfluxthattrackswellwiththeANPAsignal.

“Standard”(F=-0.2)plasmas

Inreversed(orso-called“standard”RFP)discharges,sawtoothrelaxationeventsplay

amajorroleinthedynamicsoftheplasma.InFigure2.25,tangentialANPAdata

isplottedforNBIintoastandarddischargewithF=-0.2.Theclassicalslowingtime
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Figure2.26:SampleANPAdatafromanF=-0.3“EC”discharge.

forfastionsismuchlongerinthis400kAplasmacomparedtothecool200kAF=0

plasmafromFigure2.24,allowingamuchclearerdelineationbetweenthefull-and

half-energybeamcomponents.Inadditiontothefeaturesobservedinthe200kA

F=0discharge,ionaccelerationisobservedatthesawtoothcrash.Thedetailsofthis

accelerationwillbediscussedindetailinChapter4.

Enhancedconfinement(“EC”)plasmas

“EC”or“enhancedconfinement”dischargesoccuratlowdensity(ne≤0.5)and

deepreversal(F≤-0.3).Theseconditionscanspontaneouslyleadtorelativelylong

quiescentperiodsbetweensawteeth,punctuatedbysmallbursts(∼10G)ofm=0

activity.TheresultingsawtoothcrashafteranECperiodisgenerallymuchstronger

thantypicalsawteethin“standard”plasmas.

InFigure2.26,tangentialANPAdataisplottedduringanECdischarge.Fluctu-

ationsinsignalamplitudeandsomeenergizationisobservedduringthem=0bursts

duringtheECperiod,andalargeamountofenergizationoccursattheviolentsaw-
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Figure2.27:SampleANPAdatafromaPPCDdischarge.

toothcrashesbeforeandafterthequiescentperiod.Theenergizationduetothem=0

burstshasnotyetbeencloselystudiedorcharacterized.

PPCD

Pulsedpoloidalcurrentdrive[53]isatechniqueforsuppressingmagneticfluctua-

tionsbydrivingcurrentintheplasmaedge,leadingtoimprovedplasmaconfinement

andperformance.FastionconfinementisalsoenhancedduringPPCD[25]which,

intheory, makesPPCDagoodtargetconditionforfastionsstudiesandANPA

measurements.

Figure2.27showstangentialANPAdataintoasamplePPCDdischarge.Asteady

signalisobservedduringthePPCDperiod,followedbywhatappearstobealarge

increaseinthefastiondensityandenergy. However,itisimportanttoremember



47

thattheANPAsignalisnotadirectmeasureofthefastionpopulation,butrather

ofthechargeexchangeproductsoffastionsandbackgroundneutrals(Equation2.1).

Becauseoftheenhancedconfinement,plasma-wallinteractionsarereducedleading

toamuchlowerbackgroundneutraldensityduringthePPCDperiod(Dαemission

isplottedinFigure2.27asaproxyfortheneutraldensity). AsthePPCDperiod

comestoanend,thelargeoutfluxofhotparticlesresultsinsignificantwallinteraction

leadingtoaquickincreaseintheneutraldensityuptoanorderofmagnitudehigher

thanduringthePPCDperiod.Thesedischargesarethemoststrikingexampleofthe

needtocorrectforbackgroundneutraldensityinANPAanalysis.

Deconvolvingcontributionsfromchangesinneutraldensity

ThischangeinneutraldensitybecomesproblematicwhentryingtouseANPAdata

asameasureofthefastionpopulation. Withperfectknowledgeofthefastionprofile

andtheneutraldensityprofile,onecouldsimplydeconvolvetheneutraleffectsfrom

Equation2.1andobtaintheunderlyingnfidistribution.Attemptshavebeenmadeto

reconstructtheneutraldensityprofileusinganarrayofDαdetectorsandtheNENE

MonteCarlocode[54,55].TheseeffortsarecoveredindetailinAppendixA. While

improvementshavebeenmadecomparedtopreviousmeasurements,theaccuracyof

thesereconstructionsisoftencalledintoquestion,particularlyforPPCDdischarges.

Additionally,TRANSPmodelingofthefastiondensityistroublesomeinPPCD

duetothedeepreversal. BecauseTRANSPusesthetoroidalfluxasaradialco-

ordinate,modelingcanonlybeperformedouttothereversalsurfacebeforethat

parameterbecomesnon-monotonic. Thus,TRANSPmodelinginPPCDforcesthe

usertoignorealargeportionoftheplasmavolume.

Becauseofthesedifficulties,arigorousaccountingoftheneutraldensityisnotcur-

rentlyfeasible.However,somesimpleadjustmentscanbemadetomakeanapproxi-
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Figure2.28:SamplePPCDdatawithDαnormalization.

matecorrection.Theline-integratedDαemissionisproportionaltothebackground

neutraldensityaccordingto

ΓDα=
L

n0neσvexcitationdl (2.4)

AlthoughtheDαemissiondetectorsarenotcolinearwiththeANPAsightline,an

approximatecancellationoftheeffectofbackgroundneutraldensitycanbemadeby

dividingtheANPAsignalsbytheDαemissionandmultiplyingbytheline-averaged

electrondensity(crosssections,pitcheffects,andotherconstantshavebeenomitted

forclarity):
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ΓcorrectedANPA = ΓANPA·
ne
Dα

(2.5)

n0nfi·
ne
n0ne

nfi

Aftermakingthiscorrection,thecharacteroftheANPAduringthetransition

afterPPCDisgreatlyaltered(Figure2.28).Insteadofanapparentincreaseinsignal

levelandionenergy,wenowseeamuchmorebelievablereductioninsignalasthe

fastionpopulationexperiencesasuddendegradationinconfinement.

QSH/SHAx

Athighplasmacurrentandlowdensity,thecore-mosttearingmode(forMST,the

n=5)cangrowtoveryhighamplitudesandcauseaspontaneoustransitionfrom

thetypicalaxisymmetricRFPequilibriatoonewithahelicalcore[56].Thisstate

iscommonlyreferredtoastheSingleHelicalAxis(SHAx)orQuasi-SingleHelicity

(QSH)state,dependingonhowmuchlargerthedominanttearingmodeiscompared

tothesecondarymodes.

TwoobservationsabouttheinteractionoffastionswiththeQSHmodecanbe

madefromexaminingtheANPAdatainFigure2.29.First,asthen=5moderamps

uptohighamplitude,aslightaccelerationofthefastionpopulationabovethebeam

injectionenergyisobserved.Second,asthesecondarymodes(n=6,7,etc.)decrease

andtheSHAxstateestablishes,theANPAsignaldecreasessignificantly. Afterthe

SHAxstaterelaxesbackintoamultiple-helicitystate,theANPAsignalreturnsto

previouslevels.Althoughitwasfirstsuspectedthatthefastionsweresimplyunder-

goingaspatialorpitchredistributionandnolongerbeingmeasuredbytheANPA,

recentstudiesusingabeambliptechniqueandanalysisoftheneutronfluxhaveshown
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Figure2.29:SampleANPAdatafromaQSHdischarge. Thepurpleverticalline
denotesthetimewhenthen=6andothersecondarymodesdecreaseandtheSHAx
stateisestablished.

that,althoughfastionsarewell-confinedinthestandardmultiple-helicityRFP,their

confinementtimedecreasessignificantlyinthesingle-helicityregime[27].

Bulkplasma measurements

AlthoughtheANPAistypicallyusedtostudyNBI-sourcedfastions,largereconnec-

tioneventscangenerateasubstantialfastiontailinthebulkplasma[42].Theupper

endofthisfasttailiswithintheenergyrangeoftheANPA,andsomeattemptshave

beenmadetomeasureit.Forexceptionallystrongreconnectionevents(suchasthose

followingaquiescentperiodinECplasmas),ameasurablesignalispresentinthe

lowerANPAchannels(Figure5.5).Someattemptshavebeenmadetocharacterize

theupperendofthetail,butanalysisiscomplicatedbyseveralfactors.

First,thebackgroundneutraldensitychangesdramaticallyatasawtoothcrash,

andwithouttheconsistentNBIfastionpopulation,itisdifficulttotellhowmuch
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Figure2.30:SampleANPAdatafromanECdischargewithnoNBI.Signalcorre-
spondingtothefasttailofthebulkdeuteriumpopulationisobservedatsawteeth,
coincidentwithsharpincreasesinneutronflux. Thisdataisnotnormalizedto
changesinHα,sosomeofthesignalincreasecanbeattributedtoneutraldensity
changes.Thegapinsignalaround18kVisduetopoorcalibrationofthedeuterium
channelsatthetimethisdatawastaken.

signalcomesfromnewly-generatedfastionsandhowmuchcomesfromanincrease

inbackgroundneutraldensity.OnecanusetheDαnormalizationprocedureoutlined

earlierinthischapter,buttheprofileeffectsthatarenotaccountedforinthatmethod

arelikelyimportant.

Second,thesignallevelsfortheseeventsaremuchsmallerthanthelevelsobtained

duringNBI,andthusUVandothernoisebecomesanissue,particularlyatthe

sawtoothcrash. Ontheradialviewespecially,largesignalscorrespondingtoUV

noiseareobservedonallANPAchannelsanddonotexhibitthetypicalslowingtime

behaviorofarealparticlesignal.Techniquesfornoisereductionandsubtractionare

discussedinthenextsection,buthavenotbeenrefinedenoughtomakeconclusive

statementsabouttherealfastionsignal. Thisisanareathatwouldbenefitfrom
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furtherdevelopmentinthefuture.

2.6 Noiseanalysisandsubtraction

SeveralmethodshavebeendevelopedtomonitornoiseontheANPAsignalsfrom

ultravioletlight,straychargedparticles,andelectromagneticpickup.First,acoaxial

cablehasbeenrunfromthedigitizercratestotheANPAalongthesamepathasthe

realsignalcables.Thisallowsmonitoringofanyelectromagneticpickupbythecables

themselves.Additionally,plasmashotscanbetakenwiththegatevalvebetweenthe

ANPAand MSTclosed,blockingallparticlesandlightfromenteringtheANPA

chamber.Bothofthesemethodsindicatenegligiblelevelsofelectromagneticnoise.

NoisefromchargedparticlesandUVlightarehardertomeasureanddiagnose.

AlargepermanentmagnetcanbeplacedalongtheANPAflighttubesuchthatit

bendsthetrajectoriesofanystraychargedparticlesintothegroundedflighttube

wall. Thoroughanalysisandtestingwithandwithoutthemagnethasnotbeen

performed,butcursoryattemptsatusingthemagnettoreducenoisewhenpresent

didnotseemtohaveanyeffect.

TwoprimarymethodsareusedtocharacterizetheUVnoisepickedupbydetec-

tors.First,thesteeringcapacitorcanbeturnedoffsuchthatnorealchargedparticle

signalisincidentonthedetectors.UVshouldbeunaffected,andthuswhateversignal

ispresentistheUVcontributiontotherealsignals. Whilethismethodshouldwork

intheory,thereareadditionalcomplicationsinpractice.Althoughnotbentintothe

detectors,thechargedparticlefluxdoesstillentertheANPAandwillimpactthe

chamberwall,possiblycreatingsecondaryelectronemissionorlightemissionthat

maybepickedupbythedetectors.Indeed,someofthedetectorsmeasurehigher

signalswiththesteeringcapacitoroffthanwithiton(Figure2.31).Byattemptingto
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Figure2.31:ScatterplotsshowtherelationshipbetweeneachANPAchanneland
thenoisedetector.Blackpointscorrespondtosignalataparticulartimesnapshot
foranumberof”noiseshots”inwhichthesteeringcapacitorissetto0. Higher
signalonthenoisedetector(x-axis)correspondstohighersignalsoneachindividual
detector(y-axis).Thehighestsignalsareseenduringsawteeth.Ingreen,asecond-
degreepolynomialisfittotheblackpoints-thisisthevaluethatwillgetsubtracted
fromrealdatadependingonthenoisedetectorsignalateachtimepoint.Inred,
datafromaparticularshotwithNBIisshown,withthesteeringcapacitorsetto
itsnormalvalue.ThebulkoftheNBIsignalliesabovethenoiseinthefirstseveral
channels. However,forthehigher-energychannels,moresignalisobservedinthe
noiseshotthantherealshot,suggestingthatanadditionalnoisesourceispresent
whenthecapacitorissettozero.
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Figure2.32:RadialANPAdatainanF=-0.2discharge. Noiseisseeninpurpleat
thebeggingoftheshot,andinthehigh-energychannelsateachsawtoothcrash.
Acleanersignalisobtainedaftersubtractingsignalproportionaltoeachchannel’s
correlationwiththenoisedetector(seeninFigure2.31).

isolatetheUVnoise,anadditionalnoisesourceiscreatedthatisnotpresentduring

normaloperation.

Becauseofthecomplicationsintheprevioustechnique,asecondandmorereliable

methodofUVnoisemeasurementwasimplemented.AUV-transparentwindowwas

installedintheANPAaperturewheelthatallowsUVtopassthroughwhileblocking

chargedparticles.ThisallowsforameasureoftheUVasitwillbepickedupduring

realmeasurements,withoutanadditionalnoisesourcebeinggenerated.

UsingtheadditionalSEMthatwasinstalledoutsideofthechargedparticlepath,

arelationshipcanbecalculatedbetweenthesignalonthe“noisedetector”andeach

otherdetectorduringdischargeswiththeUVwindowinplace.Then,duringnormal

operationwithoutthewindow,thesignalonthenoisedetectorcanbescaledand
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subtractedfromeachsignal(Figure2.32).

UVnoisecanalsobemitigatedtosomedegreebydesigninglighttrapsandmin-

imizingthenumberofreflectivesurfacesinsidetheANPAchamber,butthiswould

requiresubstantialmodificationtotheinterioroftheANPAandhasnotbeendeemed

necessarythusfar.

2.7 Summary

Thischaptercoversthedevelopmentofapowerfulnewdiagnosticformeasuring

fastionsonMST.Numeroushardwarecontrolsareinvestigated,calibrated,andop-

timized. Modelingofradialandtangentialsightlinesisperformedtoidentifythe

keycontributionstothemeasuredsignal,accountingforbackgroundneutralparti-

cledensity,geometriceffects,andreionization.Noisesourcesarecharacterizedand

subtractiontechniqueshavebeendevelopedandutilizedwhensignal-to-noiselevels

areinsufficient.Allofthesepreparationsarecrucialfortheaccurateinterpretation

ofionaccelerationmeasurementsinupcomingchapters.
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Chapter3

Modelingofthesawtooth-induced

electricfield

3.1 Ionrunawayphysics

In1958,HarryDreicerpresentedworkontheeffectsofastaticelectricfieldonelec-

tronsinaplasma[57].Iftheelectricfieldisgreaterthanthedragduetocollisions,

theelectronsaccelerate.Thedragforatestelectrononotherelectronsandionsde-

creasesasmvν∼1/v2,meaningthatthemotionofslowerelectronswillbedominated

bydragwhilefasterelectronshavelowenoughdragthattheycanbeacceleratedby

theelectricfield.Astheseelectronsareaccelerated,thedragonthemcontinuesto

drop,andthey“runaway”tospeedsmuchhigherthanthethermaldistribution.The

criticalelectricfieldatwhichtheelectronthermalvelocityissufficienttorunawayis

knownastheDreicerfieldandisdefinedas:

ED=
2πnee

3lnΛ

Te
(3.1)

Inafollowuppaperin1960,Dreiceroutlinedtheconditionsforionrunaway
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[58].Inorderforionstoenteracollision-freeregimeandrunaway,they must

haveaspeedmuchgreaterthantheelectronthermalspeed,requiringTi>>Te.

Theseconditionsarenottypicallyrelevantinlaboratoryplasmas.However,in1972,

FurthandRutherfordrefinedthecalculationsandshowedthatinthepresenceof

enhancedresistivityfromhigh-Zimpuritiesand/ormagnetictrappingofelectrons,

ionrunawaycanbeachievedintokamak-relevantconditions[59].Abriefsummary

ofthederivationinFurthandRutherfordfollows.

ConsideraplasmawithuniformmagneticandelectricfieldsBandE.Tosimplify

notationthroughoutthischapter,lettheelectricfieldbeparalleltoB(i.e.E=Eb̂=

E).Theprimaryionspecieshasmassmi,chargeZieanddensityni.Duetohigh-

Zimpurities,theplasmacanbeconsideredtohaveaneffectivechargeZeffesuch

thatthiseffectivechargecanbeinvokedintheoverallquasineutralityoftheplasma,

Zeffni=ne.

Now,consideratestionwithmassmα,chargeqα,andvelocityvα.Theparallel

equationofmotionforthistestionis

mα
dvα
dt
=qαE−F

αe−Fαi (3.2)

whereFαeandFαiarethefrictionaldragtermsforthetestparticleonelectrons

andions,respectively.Eachfrictiontermcanbeseparatedintodriftandrestterms:

Fαe=Fαe0 +F
αe
d (3.3)

Fαi=Fαi0 +F
αi
d (3.4)

Fαe0 isthefrictionthetestparticlewouldfeeliftheelectronswereatrestand

Fαed isthecontributionduetotheelectrondrift(andsimilarforions). Aframeof

referenceischosensuchthatthebulkionsareatrest(Fαid =0).
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Tocalculatethefrictionduetoelectrondrift,considertheforcebalanceforthe

bulkelectronandionpopulations.Fortheelectronstobeinequilibrium,theelectric

forceonelectronsmustbeexactlycanceledbytheirdragonbackgroundions.Thus,

theelectrondriftfrictionfeltbyionsis:

niF
ie
d =neeE (3.5)

ThefunctionaldependenceofthecollisionalfrictiononionchargeisZ2,sousing

Equation3.5,theelectrondriftfrictionforthetestioncanbewrittenas:

Fαed =
Z2α
Z2eff
Fied =

Z2α
Z2eff

nee

ni
E (3.6)

Fromquasineutrality(Zeffni=ne),thiscanbesimplifiedto:

Fαed =
Z2α
Zeff
eE (3.7)

UsingEquations3.3,3.4,3.7,andtheionrestframecondition,theequationof

motionforthetestparticlebecomes

mα
dvα
dt
=qαE−

Z2α
Zeff
eE−Fαe0 −F

αi
0

=qαE 1−
Zα
Zeff

−Fαe0 −F
αi
0 (3.8)

FurthandRutherforddefinean“effective”electricfieldE∗≡E 1− Zα
Zeff

sothe

expressioncanbesimplifiedfurtherto:

mα
dvα
dt
=qαE

∗−Fαe0 −F
αi
0 (3.9)

Consideringonlytheeffectsofimpurities(andnotthetrappedelectrons,which

willbeconsideredfurtherbelow),afewfeaturescanbereadilyidentified. First,
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runawaycanoccuriftheforcefromtheeffectiveelectricfieldovercomesthefriction

fromthebulkelectronsandions.Second,ifthetestparticlechargeisequaltothe

bulkplasmacharge(forexample,ahydrogentestparticleinahydrogenplasmawith

noimpurities),theeffectiveelectricfieldbecomeszeroandthetestparticlecannever

runaway.

Inthisthesis,hydrogentestparticlesinjectedwiththeneutralbeamwillbe

consideredinabackgrounddeuteriumplasmawithimpurities.Zeffisanotoriously

difficultparametertoquantify,butestimatestypicallyrangefrom2to6.Inanycase,

someamountoftheelectricfieldwillbefeltbytheNBI-borntestparticles.

Theeffectoftrappedelectronsisconsideredbyreexaminingtheforcebalancein

Equation3.5.Becausecurrentiscarriedbythepassingelectrons,thoseelectronswill

beinforcebalancewiththeionsandtrappedelectronssuchthat

nuntre eE=niF
ie
d+n

tr
eF

ee,tr
d (3.10)

Carryingthisthroughtherestoftheabovederivation,E∗becomes:

E∗=



1−

Zαnuntre

Zeffne

1+
ntreF

ee,tr
d

neFαed



 (3.11)

P.Helanderetal.haveexaminedtheionrunawayprocessin MAST[60]and

haverewrittentheeffectiveelectricfieldinamoreusable(thoughevenlessvisually

comprehensible)formusingdimensionlessparametersdependingononlyZeffand

thetrappedelectronfractionft:
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Figure3.1:Contoursoftheamountofelectricfieldfeltbyatestionareplottedvs.
Zeffandtrappedelectronfraction.ForthelowerboundofestimatesinMST(Zeff
=2,ft=0),thetestionwillstillfeelover50%oftheelectricfield.

ζ=Zeff−1 (3.12)

x=ft/(1−ft) (3.13)

E∗

E
=
ζ

1+ζ
+
3.96+2.59x+ζ(4.21+3.24x)+ζ2(1+x)

2.59(0.65+x)(1.44+x)+ζ(3.24+ζ)(1+x)2
x

1+ζ
(3.14)

Equation3.14hasbeenplottedinFigure3.1tobetterillustratethedependence

oftheeffectiveelectricfieldfactoronZeffandthetrappedelectronfraction.Note

thatforstandardMSTplasmas,thetrappedelectronfractioncanrangefrom10-60%

fromthecoretotheedge(Figure3.2(a))andestimatesforZeffrangefrom2-6.For

Zeff=4,asliceoftheE
∗contourisplottedinFigure3.2(b)andshowsthattheions

shouldfeelroughly75-85%foranyappliedelectricfield.

ArmedwithEquations3.9and3.14,themotionofatestparticlecanbepredicted

iftheelectricfieldprofile,collisionalfriction,Zeff,andtrappedelectronfraction

areknown.Theelectricfieldprofileandcollisionalfrictionwillbediscussedinthe



E* factor, Zeff = 4

0.0 0.2 0.4 0.6 0.8 1.0
Trapped electron fraction

0.0

0.2

0.4

0.6

0.8

1.0

E
*  
f
ac
t
or

300 kA, F=-0,2, ne=0.5e-13

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Major radius (m)

(a) (b)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Tr
a
p
p
e
d 
el
ec
tr
o
n 
fr
a
cti
o
n

61

Figure3.2:(a)Thetrappedfraction(ascalculatedbyMSTFIT)canrangefrom10-
50%instandardMSTplasmas.(b)ForZeffandthetrappedfractionin(a),atest
ionshouldfeel75-85%oftheelectricfield.

followingsections.

3.2 Calculationofplasmafriction

Thetotalfrictionatestparticleencounters(afterrearrangingthedriftingcomponents

intotheeffectiveelectricfield,asderivedabove)isgivenby:

F=Fαe0 +F
αi
0

=mαvαν
αe
s +mαvαν

αi
s

=mαvα 1+
mα
me

ψ
mev

2
α

2kTe

4πe4Z2αλ
αene

m2αv
3
α

+ (3.15)

1+
mα
mi

ψ
miv

2
α

2kTi

4πe4Z2αZ
2
effλ

αini

m2αv
3
α

=
4πe4Z2α
mαv2α

λαene 1+
mα
me

ψ
mev

2
α

2kTe
+Z2effλ

αini 1+
mα
mi

ψ
miv

2
α

2kTi

whereλαβ=lnΛαβistheCoulomblogarithmandthefunctionψ(x)isthenor-

malizedintegralofaMaxwellianspeeddistribution,definedas:
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Figure3.3:Thefrictionalforceforatestelectron(a)andatestion(b)isplotted
foratypicalMSTplasma. Testelectronslowingisalwaysdominatedbyelectron-
electroncollisions,whiletestionstransitionfromprimarilyiondragatlowenergies
toprimarilyelectrondragathighenergies.

ψ(x)=
2
√
π

x

0

t1/2e−tdt (3.16)

Thefrictionisthusfunctionallydependentontheelectrondensityandtempera-

ture,theiondensityandtemperature,Zeff,andthemassandvelocityofthetestion.

Thefrictionalforceforatestelectronandatestionina300kA,F=-0.2plasmawith

ne=ni=0.7×10
13cm−3,Te=450eV,andTi=400eVisshowninFigure3.3.The

frictionprofileforelectronsismonotonicasthehighspeedofelectronswithrespect

tothethermalionspeedmeansthattheargumentforψ(x)isgreaterthan1for

electronsandions.However,thermalionshaveaspeedmuchlessthanthethermal

electronspeed,meaningthattheargumentofψ(x)transitionsfrommuchlessthan

1tomuchgreaterthan1asionenergyincreases. Thisleadstothedouble-hump

structureseeninFigure3.3(b). TheeffectsofZeff,density,andtemperatureare

illustratedinFigure3.4.

Toimaginetheeffectsofanappliedelectricfieldtothetestparticles,onecandraw

ahorizontallineontheplotsinFigure3.3or3.4attheappropriateeffectiveelectric

fieldstrength.Inregionswheretheelectricfieldisgreaterthanthefriction,thetest
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Figure3.4:Thefrictiononatestionisplottedinvaryingplasmaparameters.In(a),
Zeffisvariedforconstantdensityandtemperature.In(b)and(c),thedensityand
temperaturearevariedrespectively,withne=niandTe=Ti.Varyingtheelectron
andionparametersindividuallywouldshiftoneofthetwohumps,butnottheother.

particlewillaccelerate;inregionswhereitisless,thetestparticlewillslowdown.If

theelectricfieldstrengthliesabovethelocalminimuminthetestionfrictioncurve

butbelowthesecondlocalmaximum,ionswillaccelerateuptoapointwherethe

frictionbalancestheforcefromtheelectricfield.Iftheelectricfieldstrengthishigher

thanthelocalmaximum,theioncanacceleratewithoutboundand“runaway.”

3.3 Calculationoftheelectricfieldprofile

AsdiscussedinSection1.2,thechangingmagneticfieldsduringasawtoothevent

generateinductiveelectricfieldsthroughFaraday’sLaw. Whilethevoltagesatthe

toroidalandpoloidalgapsgiveanindicationofthetotalfluxchange,ameasurement

ofthelocalelectricfieldintheplasmacoreisneededtocalculateitseffectsonthe

core-localizedfastionpopulation.

Withnodirectmeasurementavailable,equilibriumreconstructionsareperformed

usingthe MSTFitGrad-Shafranovsolver[61]. Atimeseriesofequilibriacanbe

constructedthroughoutthesawtoothcycle,andthelocalelectricfieldscanbecal-

culatedfromthefinitedifferencesinthemagneticfieldprofiles. Thedensityand

magneticfieldareconstrainedwithinternalmeasurementsfromtheFIRpolarime-
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Figure3.5:Thetoroidalelectricfieldiscalculatedfromthechangeinpoloidalmag-
neticfluxthroughacirculardiscintheR−φplane.

ter/interferometer[62–64]andedgemagneticcoils,andtheelectrontemperatureis

constrainedwithdatafromtheThomsonscatteringsystem.

Tocalculatetheelectricfieldfromthechangingmagneticfields,webeginwith

Faraday’sLawinitsintegralform:

E·dl=−
d

dt
B·dA (3.17)

IfwewishtocalculatetheelectricfieldinthetoroidaldirectionEφatmajorradius

R(andforsimplicity,Z=0),wecanconsiderthepoloidalmagneticfieldBpcrossing

throughadiscofradiusR:

2π

0

EφRdφ=−
R

0

2π

0

∂Bp
∂t
RdRdφ (3.18)

Here,wehavebroughtthetimederivativeinsidetheintegralbyassumingthat

thesurfaceofintegrationdoesnotchangeintime.Inreality,eachdiscreteMSTFit

reconstructionwillhaveslightlyvaryingfluxsurfacelocations. Tojustifymoving
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Figure3.6:Thepoloidalelectricfieldiscalculatedfromthechangeintoroidalmag-
neticfluxthroughacircularsurfaceinther−θplane.

thetimederivativeinsidetheintegral,asinglesetoffluxsurfacesischosen,andall

relevantquantitiesforeachreconstructionareinterpolatedfromtheirrespectiveflux

surfacesontothefixedset.

Byassumingtoroidalsymmetryandnotingthat−Vpgisthevoltageproducedby

thefluxchangebetweenR=0andR=R0−a,Equation3.18becomes:

Eφ(R,t)=
1

2πR
Vpg(t)−2π

R

R0−a

∂Bp(R,t)

∂t
RdR (3.19)

NotethatgreatcaremustbetakenwiththesignsofVpgandBp,asthesign

conventionsareofteninconsistentbetweentheMDSPlusdatabaseandvarioussub-

routinesinside MSTFit. Foramoredetailedhandlingofthesignsandalternate

derivationsoftheelectricfield,seeAppendixB.

Thepoloidalelectricfieldcanbecalculatedinasimilarmannerfromthechange

inthetoroidalmagneticfield. BeginningagainwithFaraday’sLaw,thechangein

toroidalmagneticfieldthroughacircleinthepoloidalplane(Figure3.6)is:
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Figure3.7:Thetoroidalmagneticfielddecreasesinthecoreandedge,butincreases
throughoutthemid-radiusforanetincreaseintoroidalflux.Thepoloidalmagnetic
fielddecreasesthroughoutthecoreandmid-radius,butincreasesattheedge.

2π

0

Eθrdθ=−
r

0

2π

0

∂Bt
∂t
rdrdθ (3.20)

Theassumptionofpoloidalsymmetrycannotbemadedueto1/Reffectsinthe

toroidalfield,soweareleftwith:

Eθ(r,t)=−
1

2πr

r

0

2π

0

∂Bt(r,θ,t)

∂t
rdrdθ (3.21)

Forpurposesofcalculatingtheeffectoftheelectricfieldonatestparticle,the

componentoftheelectricfieldparalleltothebackgroundmagneticfieldiscalculated:

E||=
E·B

|B|
(3.22)

ResultsareplottedinFigures3.7-3.9foranensembleof318sawteethin300kA,

F=−0.2plasmaswithne=0.5×10
13cm−3.TheMSTFitequilibriawereconstrained

withFIRinterferometryandpolarimetrydata[62–64]andThomsonscatteringmea-

surements[65],andthesolverwasrunwiththeMSTFitalphamodel.Unfortunately,
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Electric field profile at time of sawtooth
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Figure3.8:Thecoreelectricfieldspikesdramaticallyatthesawtoothcrash.Peak
valuescanrangefrom40-100V/minvariousplasmaconditions.

Figure3.9: Toroidal,poloidal,andparallelcomponentsoftheelectricfieldatits
peak.
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theMSEmeasurementofB(0)andRutherfordScatteringdiagnosticswerenotavail-

ableforthisdataset[39,66].

3.4 Expectedenergizationoffastions

Withtheplasmafrictionandfullelectricfieldprofilecalculatedinradiusandtime

throughoutasawtooth,themotionofafasttestioncanbepredictedfromEqua-

tion3.9.First,afewassumptionsaremade:

•BecausetheTRANSP-predictedfastionpopulationiscore-localized[25],the

valueoftheelectricfieldwillbetakentobetheaverageelectricfieldwithin

r/a<0.15±0.05.Estimationsofthefriction,trappedelectronfraction,and

allotherrelevantquantitiesareaveragedoverthesamespatialarea.

•BecausethetypicalTRANSP-predictedpitchforthecorefastionsis∼0.8,

theeffectiveelectricfieldismultipliedby0.8±0.05toestimatethecomponent

paralleltothefastionmotion.Thisalsoservesasanerrorbaronthecalculated

electricfieldmagnitude.

•Zeffisestimatedtobe4±1.5.

•Becausethebackgroundionsareheatedatthesawtoothcashandnoiontem-

peraturemeasurementwasavailable,theiontemperatureisapproximatedas

Ti=1.75Te.

•Becausenoiondensitymeasurementisavailable,theiondensityisapproxi-

matedasni=0.8ne.
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Figure3.10:100predictionsofionenergizationwith MonteCarlovariationinas-
sumptions.Themeanandstandarddeviationoftheresultsareplottedinred.

•TheMSTFit-calculatedni,Te,andTiprofiles(aftertheaboveassumptionsare

made)aregivenerrorbarsof20%. Duetothehightimeresolutioninternal

measurementsfromtheFIR,theneprofileisgivenerrorbarsof10%.

TestionmotionwasevolvedthroughasawtoothusingEquation3.9. Relevant

quantitiesandtheaboveassumptionswerevariedwithintheirerrorbarsusinga

MonteCarlotechniquetodeterminetheuncertaintyinthemodelprediction. The

resultsfortheexpectedgaininenergyofafasttestH+ionina300kA,F=-0.2,ne=0.5

×1013cm−3plasmaareplottedinFigure3.10.Themeanandstandarddeviationof

thecollectionof MonteCarloresultsareplottedinred. Thesepredictionswillbe

comparedtoexperimentaldatainthenextchapter.
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Chapter4

Measurementsandanalysisoffast

ionenergizationduring

reconnectionevents

InChapter2,initialdatafromtheANPAinsawtoothingdischargeswasshown,and

energizationoftheNBI-bornfastiondistributionwasclearlyobserved.InChapter3,

theelectricfieldthroughoutasawtoothwascalculatedandatheoryproposedforhow

thatelectricfieldmightacceleratefastions.Inthischapter,severalexperimentsare

performedtocharacterizethatenergizationprocessandcomparewithpredictions

fromtheionrunawaymodel.

4.1 Analysistechniques

Sawtoothensembling

AlthoughthemacroscopiccharacteristicsofMSTplasmasareveryrepeatable,the

precisedynamicssurroundingeachsawtoothcanvarysubstantiallyfromeventto
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Figure4.1:Acollectionofsignalsarecollectedforeachsawtootheventandaveraged
togethertoreducestatisticalnoise.

event.Itisthereforecommonpracticetocollectan“ensemble”ofsawtoothevents

formorecarefulstudy.AnumberofMSTplasmasaregeneratedwithsimilardensity,

current,andreversalparameter. Atimemarkeristhenchosentoidentifyeach

sawtoothevent.Typically,athresholdissetonthetoroidalgapvoltageVtg,asits

valuespikesdramaticallyateachsawtooth.ThetimeatwhichVtgcrossesthespecified

thresholdisdesignatedas“t=0,”anddataiscollectedfromdiagnosticsofinterest

beforeandafterthistime.Individualeventscanbeexcludedbasedondeviationfrom

thedesiredplasmadensityorotherparameters. Whenanacceptablesetofsawteeth

havebeencollected,themeasurementsfromeachdiagnosticareaveragedtogether

sothata“typical”sawtoothforthetargetconditionscanbestudiedwithminimal

statisticalerror.

Sawtooth-ensembleddataillustratingthegaininfastionenergyatasawtooth

eventisshowninFigure4.1.Atthesawtoothcrash,theplasmacurrentanddensity
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havesmalldeviationsupwardanddownward,respectively,butareotherwiseheld

steady.Themagneticfluctuationscorrespondingtovarioustearingmodesspikedra-

matically.Priortothecrash,ANPAsignalsholdatasteadyamplitudearoundthe

beaminjectionenergy(19kVforthiscase).Atthecrash,astrongsignalisseenin

higherenergychannels,indicatingaccelerationofthebeamions.NotethattheHα

emission,aproxyforthebackgroundneutraldensity,alsoincreasesatthesawtooth.

Thishastheeffectofincreasingthenumberofchargeexchangecollisionsandthus

thetotalneutralfluxenteringtheANPA,whichwouldresultinincreasedsignaleven

forafixedfastionpopulation.

Averageenergyformulation

BysimplylookingatthechangesintheANPAsignalsinFigure4.1,itishardto

specifyexactlyhowmuchenergywasgainedbytheANPA-sampledportionofthe

fastiondistribution.Thetimevariationinthebackgroundneutraldensityfurther

complicatestheproblem.Inordertostudyhowthefastionaccelerationscales

withsawtoothstrengthandvariousplasmaparameters,areproduciblemethodof

quantizingtheamountofaccelerationisdesired.

Foragivennormalizeddistributionofparticlesf(U),theaverageenergyofthe

distributioncanbedefinedas:

U = f(U)UdU (4.1)

TranslatingtheANPAdetectoroutputsintoanormalizeddistributionfunction

requiresapplicationoftheenergyresponseofeachdetectorobtainedduringcalibra-

tion. Ateachpointintime,theANPArecords10hydrogenmeasurementsand10

deuteriummeasurements.Consideringonlyonesetofdetectors(say,thehydrogen

detectors),anANPAmeasurementcanberepresentedasa10×1matrixM. This
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measurementisaproductoftheANPA“instrumentfunction”Iandthetruedistri-

butionfunctionbeingmeasured,f.fcanbediscretizedintoanarbitrarynumberof

energybinsnsuchthattheinstrumentfunctionIwillbea10×nmatrixdescribing

theresponseofeachdetectortoanionwithenergyinbinniofthen×1distribution

f.Themeasurementcanthenbewrittenasthematrixequation:

M
10×1

= I
10×n

f
n×1

(4.2)

Toobtainthedistributionfunctionfromthemeasurement,wecansolvetheinverse

problem:

f=I−1M (4.3)

BecauseIisanon-squarematrixwithn>m,wemustcalculatetherightone-

sidedinverse.TherightinverseisthematrixthatwillsatisfyII−1right=Im whereIm

istheidentitymatrixwithmrowsandcolumns.Therightinverseofagenericmatrix

Icanbecalculatedas:

I−1right=I
T IIT

−1
(4.4)

Bycalculatingtheinverseoftheinstrumentfunctioninthismanner,wecanthen

obtainthedistributionfunctionffromasetofmeasurementsusingEquation4.3.

Itisimportanttonotethatthedistributionfunctionreturnedwillnotbeaunique

solution;thereareanumberofdistributionsthatcouldproduceanygivensetof

measurementsM.However,thereturneddistributionwillyieldamoreaccurateap-

proximationfortheaverageenergyU thenusingthemeasurementalone.Figure4.2

illustratestheincreaseinaccuracybycalculatingU forthreesampledistribution

functionsfromtherawmeasurementversustheapproximateddistributionfunction.
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Figure4.2:Threesampledistributionfunctions(aGaussian,aflatdistribution,and
aMaxwelliantruncatedtotheANPAenergyrange)areusedtoillustratetheaver-
ageenergyestimationfromaraw10-pointmeasurementcomparedtoadistribution
functionobtainedfrominvertingtheANPAinstrumentfunction.Foreachcase,the
averageenergyoftheapproximateddistributionisclosertothetrueaverageenergy
thanthe10-pointmeasurement.

Thedistributionfunctionf(U)couldbemorerigorouslycalculatedasalinearcom-

binationofbasisfunctionswithnomorethan10freeparameters;however,sincethe

desiredresultofthisprocessisthescalarU,thismethodisaneffectiveandefficient

alternative.

Toillustratethistechniqueinpractice,twotimesliceshavebeenchosenfromthe

datainFigure4.1:onewellbeforethesawtoothatt=-0.8ms,andanotherright

afterthesawtoothatt=0.17ms.Theapproximatedistributionfunctionfhasbeen

calculatedateachtimeandplottedinFigure4.3.Bycalculatingfateverytimepoint

withintheensemblewindow,theaverageenergy U ofthefastiondistributioncan

beplottedversustime.Theoverallchangeinenergy∆U iscalculatedbytakingthe

differencebetweenthemaximumenergy Umax andabaselineUinitialcalculated

astheaverageU priortothesawtooth(Figure4.4).

Becausethedistributionfunctionusedtocalculate U isnormalized,thisfor-

mulationhastheaddedbenefitofeliminatingfirst-ordereffectsfromthechangein
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Figure4.3: Approximatedistributionfunctionsarecalculatedbeforeandaftera
sawtootheventforasawtoothensemblewith19kVbeaminjection. Beforethe
sawtooth,thedistributionisapproximatelyGaussianandcenteredjustbelowthe
beaminjectionenergyof19kVduetoslowingofthebeamdistribution. Afterthe
sawtooth,ahighenergytailhasbeengeneratedandasubstantialportionofthe
distributionisabovetheinjectedenergy.

neutraldensityatthesawtoothcrash. Moresubtlechangestotheneutraldensity

radialprofilecouldstillhaveanimpactonthemeasuredsignal,butourknowledgeof

thefullfastionandneutraldensityprofilesarenotaccurateenoughtomakefurther

corrections.

Sawtooth-triggeredbeamturn-off

LookingatthetimetraceofaverageenergyinFigure4.4,onemightmistakenlythink

thattheenergizedfastionsslowbackdowndramaticallywithin1msandreachtheir

pre-sawtoothvaluewithin∼3ms.However,previousworkindicatestheslowingtime

forionsofthisspeedshouldbeontheorderof∼20-30ms[25].Bylookingbackto

thefullcontourplot,onequicklyrealizesthatthis“slowing”isjusttheeffectofmany
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Figure4.4:Theaverageenergyprovidesamuchclearerpictureoftheionacceleration.
Thechangeinaverageenergy∆U canbedeterminedfromthemaximum(red
dottedline)minusthebaselinevalue(blackdottedline).
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new,NBI-bornfastionsbeingmeasuredattheinjectionenergy.

Toobtainaclearermeasurementoftheevolutionoftheaveragefastionenergy

withoutthisfalse“slowing,”asystemwasdevisedtoturnofftheNBIatthemoment

asawtoothoccurs. A“sawtoothdetector”circuit,previouslyimplementedbyJ.

Sarff[67],monitorsthetoroidalgapvoltageVtginreal-timeandoutputsa5Vpulse

onatriggerlinewhenVtgexceedsanuser-specifiedthreshold.Ablockingtimecanalso

besettoignoresawteethuntilafteraspecifiedtimeinthedischarge.Thesawtooth

detectortriggercablewaswiredtotheNBIinterlockcircuitthatmonitorstheplasma

currentinrealtimeandturnsoffthebeamiftheshotmisfiresorterminatesearly.

Usingthissetup,thebeamcanbeturnedoffonthefirstsawtoothofaprescribed

strengthafteraprescribedtimeintheplasma.Forthe300kAF=-0.2plasmasused

formuchofthedatainthisthesis,thecircuitwastypicallysetuptoshutoffon

thefirstsawtoothafter30msexceedingVtg∼20V(0.9VontheuncalibratedVtg

signal). Withthebeamsettofirefrom12-35ms,thisoftenresultedin2-3sawteeth

duringthebeampulse,withthebeamshuttingoffonwhatwouldusuallybethelast

sawtoothduringits∼20mspulsetime.

Figure4.5showsresultsfromanensembleof300kA,F=-0.2,ne=0.5discharges

inwhichthebeamwasturnedoffatasawtoothevent.Ratherthanbeingdragged

downbythesourcingofadditional19keVbeamions,theaverageenergyincreases

atthecrashandslowsverygradually. Withthistechnique,itiseveneasierto

characterizetheamountofenergygainedatthesawtoothcrash.Notethatforhigher

densities(ne=1.2inFigure4.6),thecolderplasmahasamuchfasterslowingtime,

resultinginaquickerdecreaseinaverageenergyeventhoughthebeamisoff.

Usingthismethod,ifanothersawtoothoccurssoonafterthebeamturnsoff,the

already-acceleratedfastionpopulationcanbeenergizedtoevenhigherlevels(Fig-

ure4.7). Whilethiscouldbeusedtostudytheeffectsoftheaccelerationmechanism
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Figure4.5:AnothersawtoothensembleusingthesawtoothNBIturn-off.Aclearer
pictureoftheaverageenergyU isobtained.Notethatsmallincreaseinenergyat
theendofthetimewindowisduetotheverylowsignallevelsafterthebeamhas
turnedoff.Analysisinthisthesisonlyusesdatawithinthefirst1msafterturn-off.

onionsatenergieshigherthanthemaximumNBIenergy(25keV),theseeventsare

uncommonandinconsistentenoughthatthiswasnotattempted.

Removingcontributionsfromthehalf-energybeam

component

Onefinaladjustmentisnecessarilytoconsistentlycalculateanaccurateaverageen-

ergyU.Forbeamenergiesabove20keV,thehalf-energybeamcomponent(gen-

eratedfromH2moleculesintheNBIfuel)willbevisibleinthelowerANPAenergy

channels. Whencalculatingtheaverageenergy,thepresenceofhalf-energyionswill

artificiallylowertheaverageenergyfortheseensemblescomparedtocasesbelow20

keVwherethehalf-energycomponentisnotmeasured.Toeliminatethisunwanted
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Figure4.6:Inacolder,higherdensitydischarge,theaverageenergyslowsquicker,
andthesignalreacheslow,unusablelevelsmuchquickerthanthelowdensitycase.
∆ U canstillbeaccuratelycalculateusingthefirst100-300µ
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Figure4.7:Thebeamisturnedoffatthesawtoothoccurringat26ms.Subsequent
sawteethat31and33mscontinuetoratchetuptheenergyoftheremainingfastion
distribution.
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low-energycontribution,eachensemblehasitsapproximateddistributionfunction

ftruncatedatauser-selectedvaluesuchthatthehalf-energycomponentwillnot

contributetotheaverageenergy.Foruniformity,thesamemethodologyisusedto

truncatetheensemblesinwhichthehalf-energycomponentisnotpresent.Thishas

asystematiceffectonboththebaseU andthe∆U.

Severalmethodologiesforchoosingthetruncationenergywereevaluated.Success

wasfoundinmostcasesbyautomaticallytruncatingthedistributionfunctionat

valuesbelow0.8timestheinjectedbeamenergy.However,asbeamenergydecreases,

theamountoftruncationdecreases,potentiallyskewingtheresults. Additionally,

incolderplasmaswithmoresubstantialslowingofthefastions,moreofthe“real”

distributionistruncatedforagivenbeamenergy.Instead,thetruncationenergies

werehandpickedtoliewhereverthemaximumsignaloriginatingfromtheprimary

beamenergybeginstotrailoff(forexample,atthebottomofthegreen“beam”

ofsignalinFigures4.5and4.6). Thisallowsthetruncationtoremainrelatively

consistentwhenvaryinganynumberofparameters.

Errorestimation

Thetwoprimaryquantitiesofinterestforeachensemblearetheaverageenergybase-

lineUinitialandtheaverageenergychange∆U.Eachiscalculatedasaresultof

theanalysisprocedureoutlinedabove(includingmatrixmultiplication,truncation,

andnoisesubtractionifnecessary).Thisproceduremakesdirectpropagationofthe

measurementerrordifficult.Instead,toestimatetheerrorforeachquantity,theav-

erageenergyiscalculatedforeachindividualsawtoothevent.Thereisamoderate

amountofvariabilityfromsawtoothtosawtooth,andfailuresintheaverageenergy

calculationforindividualeventsaremorelikelyduetofluctuatingsignallevels.How-

ever,foreachensemble,thequantitiesUinitialand∆U areindividuallyplottedto
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Figure4.8:Resultsfor Uinitialand∆U foreachsawtoothinagivenensemble.
RedlinesindicatetheoutlierthresholdfromtheGrubbs’outliertest.Thebaseline
energycalculationtypicallyhasmuchlessspreadthanthechangeinenergybecause
itisnotaffectedbytheindividualsawtoothvariability.

checkthattheyformaroughGaussiandistribution.Outliersaredetectedusingthe

Grubbs’testforoutliers[68],verifiedbyhand,andremovedfromthedataset.Atthe

conclusionofthisprocess,astandarddeviationcanbedeterminedfromthespread

inindividualsawtoothevents.AsampleofthetypicalspreadisshowinFigure4.8.

4.2 Experimentstocharacterizefastion

energization

Scalingwithelectricfieldstrength

Themostobviousexperimenttodeterminewhethertheobservedaccelerationofthe

NBIionsisduetotherunawaymechanismdescribedinChapter3istoseeifthe

amountofenergygainisdependentonthestrengthoftheelectricfieldduringthe

sawtoothcrash. Theelectricfieldwasvariedbyadjustingtheplasmacurrentand

reversalparameter.Foreachcase,polarimetrymeasurementswereusedinconjunc-

tionwith MSTFittocalculatetheelectricfieldfromatimeseriesofequilibriaas
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Figure4.9:Theelectricfieldisscannedbyvaryingtheplasmacurrentandreversal
parameter.Frictionissubtractedsothatenergizationcanbestudiedasafunction
oftheelectricfieldonly.Apositivecorrelationisobserved.

describedinChapter3.

Figure4.9showstheresultsoftheelectricfieldscan.They-axisisthefamiliar

changeinmeasuredionenergy,whilethex-axisisthetimeintegralofelectricfield

minusthefriction(onecanimaginetheareaunderthecurveofatimeplotofnet

force). Apositivetrendisobservedbetweentheelectricfieldforceandtheion

energization. However,theelectricfieldstrengthisoneofmanyparametersthat

scaleswiththeoverall“strength”ofthesawtoothasonemovestohighercurrent

anddeeperreversal. Ascatterplotofeachsawtoothintheensemblesdepictedin

Figure4.9showsthattheamountofenergizationalsoscaleswiththedecreasein

storedmagneticenergy,atypicalindicatorofthesawtoothstrengththatisalso

obviouslytiedtotheelectricfieldstrength(Figure4.10).
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Figure4.10:Ionenergygainiscorrelatedwiththedropinequilibriumstoredmagnetic
energy.ThecolorscorrespondtothevariousplasmaconditionslistedinFigure4.9.

Scalingwithinitialionenergy

Anothertestablepredictionfromtheionrunawaytheoryisthattheamountofenergy

gainatareconnectioneventshouldscalewiththeinitialionenergy.Othertheories,

suchasafirst-orderFermiprocessfromamulti-islandreconnectionprocess[33],

predictasimilarscaling. Acarefulstudyoftherelationshipbetweeninitialenergy

andenergygainisnecessarytosupportordisqualifythesetheories.

Totestthis,theinjectionenergyoftheneutralbeamwasvariedfromitsmaximum

energyof25keVdownto10keV,atwhichpointbeamoperationbecomesunreliable.

Initially,thebeamcurrentwasloweredproportionallywiththebeamenergysuchthat

aconstantinjectednumberdensityoffastionswasmaintained;however,theresults

hadnodependenceonthebeamcurrent,sointhefinaldatasets,themaximumbeam

currentateachenergysettingwasusedtomaximizeANPAsignal.

TheresultsofthebeamenergyscanarepresentedinFigure4.11. Apositive
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Figure4.11:Ionenergygainhasapositivedependenceontheinitialionenergyand
agreeswellwithquantitativepredictionsfromtheionrunawaymodel. Notethat
theerrorbarsarecenteredaroundthemeanofthedistributionof∆U’scalculated
foreachsawtooth,andarethusnotnecessarilysymmetricaroundthe∆U ofthe
ensemble-averageddata.

dependenceisobserved,roughlyscalingasE1/2. Thesolidlineistheprediction

fromtheionrunawaytheoryusingtheelectricfieldcalculatedfortheseplasmas(300

kA,F=-0.2,ne=0.5×10
19m−3).Thedottedlinesrepresentuncertaintyintheion

runawaymodeling,calculatedbyvaryingtheassumptionsaboutZeff,core-localization

andpitchofthemeasuredfastions,andTe/Tiratiowithinreasonableranges.The

valueassumedforZeffforthesolidlinesis4,whichprovidedthebestagreement

betweenthedataandthemodel.

Tofurtherexplorethedependenceofboththeinitialionenergyandtheelectric

fieldstrengthontheobservedionacceleration,afullbeamenergyscanwasper-

formedintwodifferentplasmaconditions.Afterasurveyofmanytargetconditions

(e.g.variousplasmacurrents,densities,andreversalparameters),thesingle MST
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Figure4.12:Beamenergyscansperformedatlowandhighdensitiesbothscalewith
initialionenergy.Lessaccelerationisobservedathigherdensityduetoincreased
resistivity(leadingtoalowerelectricfield)andincreasedfriction.Allmeasurements
agreewithionrunawaymodelpredictions.

operationalparameterthatcausedthelargestchangeinmeasuredionenergization

wastheplasmadensity. Higherplasmadensityresultsinlowertemperatureand

thereforehigherresistivity(foragivenplasmacurrent).Additionally,thefrictionis

highercreatingalargerdragforcethatmustbeovercomebytheenergizationpro-

cess. Figure4.12showstheresultoftheenergyscansin300kA,F=-0.2plasmas

withline-averagedelectrondensitiesof0.5×1013cm−3and1.2×1013cm−3.

Decelerationincounter-Ipbeaminjection

Thedirectionofthetoroidalelectricfieldissuchthatitreinforcesthecoreplasma

current(itisinductivelyfightingthedecreaseincorecurrentduetotheflattening

ofthecurrentdensityprofile).Byflippingthedirectionoftheplasmacurrentwith

respecttothe MSTvacuumvessel,wecanthenflipthedirectionoftheelectric
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Figure4.13:Byflippingthedirectionoftheplasmacurrent,theorientationofthe
sawtoothelectricfieldandthefastionvelocitycanbereversed.

fieldwithrespecttothefastions,whicharealwaysinjectedinthe+̂φdirection

(Figure4.13).Thecurrentisflippedbysimplyreversingthedirectionofthecurrent

flowingthroughthepoloidalfieldwindings. Becausethepoloidalmagneticfieldis

generatedbytheplasmacurrent,itisalsoflippedinthisconfiguration. Usingthe

NBIwiththecurrentinthereverseddirectioniscommonlyreferredtoas“counter-

injection.”

Figure4.14showsANPAdataduringasingle,standard MSTdischargewith

thecurrentdirectionflipped. Ratherthanthespikeinsignallevelsinthehigher

energychannels,arapiddecelerationoftheionpopulationisobservedateachsaw-

toothevent. Uponvaryingthebeamenergyandensemblingmanysimilarevents

(Figure4.15),theamountofdecelerationobservedisproportionaltotheinitialion

energyandplasmaparameters,mirroringtheeffectseeninFigure4.11.

TheionrunawaypredictionfordecelerationinFigure4.15doesnotmatchthe

dataaswellastheco-injectionprediction.Theelectricfieldwascalculatedfromthe

sameequilibriumreconstructionsastheco-injectioncasewiththeassumptionthat

Bcounterp (R,t)=−Bcop(R,t). Thediscrepancybetweenthedataandmodelisnot
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Figure4.14: Decelerationofthefastionsisobservedatsawteethduringcounter-
currentbeaminjection

yetfullyunderstood,butseveraldiagnosticeffectscouldcauseerrorinthedatathat

isnotaccountedfor. First,becauseofhighpromptlossesandlowerconfinement,

signallevelsarelowerincounter-injection,makingtheanalysismoresusceptibleto

noise(particularlyatlowbeamenergiesandhigherdensities).Second,thespatial

andpitchdistributionofNBI-bornfastionsislikelydifferentincounter-injection,

buthasnotbeenextensivelymodeled.Suchchanges,ifsignificant,wouldaffectthe

ANPAmeasurementspaceaswellastheassumptionsusedtopredicttheparticle

behaviorintherunawaymodel. Third,theconstantslowingduetodragandthe

increasedlossesatthesawtoothgetmixedinwiththedeceleratingions.Inco-

injection,truncationisusedtogetridofthehalf-energybeamcomponentandalso

tomasktheseeffectsfromtheanalysis;however,incounter-injection,thedistribution

isnottruncatedsincetheionsofinterestarethosebelowthebeamdistribution.In

thehighdensitycases,theslowingduetodragisverysignificantandperhapsgreater

thanthedecelerationduetotheelectricfield(whichisweakerinthehighdensity
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Figure4.15:Theamountofdecelerationincounter-injectionscaleswiththeinitial
ionenergyandtheelectricfieldstrength. Thedatadoesnotmatchthemodelas
closelyincounter-injection;thiscouldbeduetoanumberofdiagnosticeffects.

plasmas).Becauseofextensiveuncertaintyduetothesecomplications,nomodelis

presentedforthehigh-densitycounter-injectiondata.

ChangestothedistributionduringdecelerationcouldalsoaffecttheANPA’s

abilitytomeasurethedeceleratedions.Forthelowestenergyensembles,theANPA

acceleratinggridisusedtolowertheANPA’senergyrangeandcaptureasmuch

ofthedecelerationaspossible,buttheionslikelycontinuetodeceleratebelowthe

rangeoftheANPA.Thiseffectwouldbelesssignificantinthehigh-energyinjection

ensembles,astheionshavemore“room”todeceleratewithintheANPAmeasurement

range.Thiswouldresultinatruedecelerationthatisgreaterthanthemeasurable

decelerationforthelow-energycases(possiblybringingthosedatapointsinlinewith

themodel).Additionally,thepitchoftheionswillbeloweredastheyloseparallel

energy,andtheymayalsobegintomoveoutwardinradius[31];botheffectscould

causethemtonolongerbewithintheANPAmeasurementspace.Thiseffectwould
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Figure4.16:Nosignificantaccelerationisobservedwhentheionpopulationisviewed
fromtheradialANPAport.

alsodisproportionallyaffectthelow-energydatapoints.

Anyorallofthesefactorscouldbeatplayandcausethediscrepancybetweenthe

dataandthemodel. However,despitethedisagreement,themeasurementsclearly

showthattheionsdecelerateratherthanaccelerateincounter-injection.Thesemea-

surementsprovethatthefastionaccelerationisdirectlytiedtotheparallelinductive

electricfield.Noneoftheothertheoriesconsideredforanomalousionheating(ion-

cyclotronheating,stochasticheating, multi-islandorx-pointreconnection)would

exhibitsuchadependence.

DependenceonANPAviewingangle

Afinaltesttodeterminetherelationshipbetweentheparallelelectricfieldandthe

observedincreaseinionenergyistousetheradialANPAviewporttosamplethe

perpendicularcomponentofthefastionenergythroughoutthesawtoothcrash.Since

theelectricfieldwillprimarilyinfluencetheparallelcomponentoftheionvelocity,

littleornoaccelerationshouldbeseenontheperpendicularmeasurement.
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Figure4.17:Dataensembledfrommanysawteethindicatenoperpendicularacceler-
ationofthefastionpopulationacrossseveralbeamenergies.

Figure4.16showsradialANPAdatafromasingledischarge,andindeed,no

obviousaccelerationisobserved. NotethatUVandparticlenoiseismuchworse

ontheradialview,sothenoisesubtractionmethodsdetailedinSection2.6areused

(noisesubtractionwasnotnecessaryforthetangentialviewdata).Atsomesawteeth,

itappearsasifthepopulationisdeceleratingasincounter-injection.Thisislikelya

combinationofparticleloss,imperfectnoisesubtraction,andanincreaseinneutral

densityresultinginhigherfluxatallmeasuredenergies.

Performinganensembleanalysisofmanyeventsattwodifferentinjectionenergies

(trianglesinFigure4.17)confirmsthattheaverageionenergydoesnotchangewithin

theerrorofthemeasurement.
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4.3 Summaryofresults

ThebehaviorofNBI-bornfastionsduringMSTsawteethwasstudiedinavarietyof

plasmaconditions.Inallcases,themagnitudeofaccelerationordecelerationwasde-

pendentontheinductiveelectricfieldgeneratedfromthemagneticfluxchangeduring

reconnectionaswellastheinitialionenergy.Inco-injection,ionsareacceleratedand

agreewellwithpredictionsfromtheionrunawaymodel.Incounter-injection,ions

aredecelerated.Otherionheatingmodelsaresymmetricandwouldnotpredictsuch

adependenceontheplasmacurrentorelectricfielddirection.Inaddition,whenthe

ANPAsamplestheperpendicularcomponentofthefastiondistributionfromaradial

viewport,nosignificantaccelerationordecelerationisobserved,furthersupporting

thetheorythatthesourceofenergizationistheparallelinductiveelectricfield.
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Chapter5

Bulkionheatingandother

implications

Inthepreviouschapter,evidencewaspresentedthattheinductiveelectricfieldgen-

eratedfromglobalchangesinthemagneticfluxduringreconnectioneventsinthe

RFPisresponsiblefortheobservedaccelerationofsuprathermalparticles.Thenext

logicalquestionis:canthismechanismexplainpreviousmeasurementsofbulkand

impurityionheating?

Byrevisitingplotsoftheexpectedfriction(Figure3.3)andrunawayacceleration

(Figure3.10),onemightguessthatthermalionswillbeoverwhelmedbythelarge

frictionalforceatlowenergiesandthereforeexperiencelittleornoaccelerationfrom

theelectricfield.Theproblemwiththisinterpretationisthattheionrunawayfor-

mulationinChapter3centersaroundtheforcesonatestparticle. Whenconsidering

thermalparticles,thedragonourlow-energytestioncomesfromotherionsofsimi-

larenergies,sotheenergylosttodragwilllargelyremainintheionpopulation.To

properlymodeltheeffectofthesawtoothelectricfieldontheentireiondistribution

function,amorecomplexphysicalmodelisnecessary.Inthisthesis,theCQL3D
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Fokker-Planckcode[69]isusedtoperformthesecalculations.

5.1 ModelingwiththeCQL3Dcode

TheCQL3Dcodewasdesignedtostudytheevolutionofparticledistributionsina

numberoftoroidalapplications,includingRFheating,neutralbeaminjection,and

electronrunawaystudies.Inthissection,theFokker-PlanckequationandCQL3D

codearedescribed,andresultsfromthecodearepresentedtoshowtheeffectsofa

large,pulsedelectricfieldonfastandthermalparticledistributionsinMST.

TheFokker-Planckequation

ThegeneralformoftheFokker-Planckequationinamagnetizedplasmais:

df

dt
=
∂f

∂t
+v·

∂f

∂x
+
q

m
[E+v×B]·

∂f

∂v
=C(f)+... (5.1)

Simplyput,itdescribesthetimeevolutionofaparticledistributionfunctionfin

thepresenceofelectricandmagneticfields.ThetermC(f)isthecollisionoperator,

andothertermscanbeaddedtorepresentparticlesources,sinks,diffusion,andother

modifierstothedistributionfunction.Theequationissix-dimensional(threevelocity

andthreespatialdimensions),whichcanbecomputationallyburdensome. Asone

mightpredictfromthename,CQL3Dreducesthedimensionalitydowntothree

independentvariables(theCQLportionstandsforCollisionalQuasi-Linear). Only

abriefdescriptionofthemodelingprocedureisgivenhere;forthefullderivation,

pleaseseetheCQL3DUser’sManual[70].

Threeassumptionsareinvokedtoreducethedimensionality:first,thetypical

assumptionofspatialsymmetryinthetoroidaldirection;second,thegyroperiod

issmallcomparedtoacollisiontime(ω−1c τcoll);andthird,thetoroidaltran-
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sit/bouncetimeissmallerthanthecollisiontime(τb τcoll).Ingeneral,thelasttwo

assumptionsarevalidiftheplasmaisconsideredtobeinalow-collisionalityregime.

Atagivenradius,thesethreeassumptionsensureanequaldistributionofparticles

toroidallyalongafieldlineandazimuthallyaroundafieldline. Withknowledgeof

thefieldlinegeometry,thevelocityvectorvcanbebrokendownintothecomponents

v,v⊥ ,oralternativelyaspeedandpitch.Thus,thethreedimensionsconsidered

inCQL3Daretheradialcoordinateρ,themomentumperrestmassu,andthepitch

anglewithrespecttothefieldlineθ0.

Thecodealsomakesanassumptionofzerobananawidth.LetρpolL betheLar-

morradiuscalculatedusingthepoloidalmagneticfield(inotherwords,theeffective

bananawidth);then,δ=ρpolL/awillbeasmallparameter. Withtheseassumptions

inplace,theleft-handsideofEquation5.1becomes:

df

dt
=
∂f

∂t
+v̂b·

∂f

∂x
+qEv

∂f

∂
+O(δ) (5.2)

where =(γ−1)mc2isthekineticenergyoftheparticle. Thev×Btermfrom

Equation5.1isincludedintheO(δ)termbecausev⊥∼vD∼δ.Byinvokingthelow

collisionalityassumptionandorderingtermsaccordingtoasecondsmallparameter

ζ=τb/τcoll(suchthatf=f0+f1(ζ)+f2(ζ
2)+...),thefirst-ordercomponentofthe

distributionfunctioncanbesolvedas:

∂f0
∂t
+

qE

m

∂f0
∂u

= C(f)+... (5.3)

Here, α denotesthebounceaverageofquantityα:

α ≡

αdτ

dτ

;τ≡
dB
|v|

(5.4)
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andtheintegralistakenalongtheparticleorbitfromthepointofminimumBto

eithertheturningpoint(fortrappedparticles)orpointofmaximumB(forpassing

particles).

Theright-handsideofEquation5.3cancontainanumberofoptionaltermsbased

onwhattheuserismodeling.Ingeneral,theright-handsidecanberepresentedas:

C(f)+Q(f)+H(f)+S(f)+R(f)+S (5.5)

whereC(f)istheCoulombcollisionoperator,Q(f)isanRFquasilineardiffusion

operator,H(f)isasynchrotronradiationterm,R(f)isaradialdiffusionoperator,

andSisaparticlesource/sinkterm.Forthemodelinginthisthesis,onlyC(f)is

used.

Modelingthefastiontail

BeforecheckingwhetherCQL3Dpredictsthepreviouslymeasuredionheating,a

testwasruntoseeifitcanaccuratelyreproducetheresultsforfastionrunaway.

WhileCQL3DdoescoupletotheneutralbeaminjectionmodelingcodeNFREYA[71]

andalsohasavirtualNPAdiagnostic,asimplerapproachwasusedtomakeuseof

existingmodelingefforts.Theapproachtakenistodefinethetotaliondistributionas

f=fM+ffiwherefM isaMaxwellianatthebulkiontemperatureandffiisthefast

iondistributionoutputfromtheTRANSPcode[52].Thisdistributionisevolvedvia

theFokker-PlanckequationandinteractswithsimplestaticMaxwelliandistributions

fortheelectronsandimpurities.ImpuritiesincludedareC+6,C+5,C+4,B+5,and

O+5withdensitiesandtemperaturesapproximatedfrompastCHERSmeasurements.

Theelectricfieldprofile,equilibriummagneticfieldprofile,andbulkparticledensity

andtemperatureprofilesareobtainedfromMSTFitreconstructionsofthe300kA,

F=-0.2,ne=0.5×10
13cm−3dischargespresentedinChapters3and4. Forthe
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Figure5.1:(a)Thecoreelectricfieldrampsupto40V/mover100µsanddecaysback
tozero.(b)TheaverageenergyofionsintheANPAmeasurementspacematches
theactualANPAmeasurement.

CQL3Dsimulation,onlytheelectricfieldprofileandiondistributionareevolved

throughtime;allotherquantitiesareheldstatic.

TheresultsoftherunareplottedinFigure5.1.ToobtainavirtualANPAmea-

surementfromtheCQL3Ddistributionfunction,thefulliondistributionistruncated

tothepitchesandenergiesmeasuredbytheANPA(asmodeledinChapter2)and

thenrenormalized.Thus,theCQL3DcurveinFigure5.1(b)istheaverageenergyof

thecore-localized,high-pitchionsbetween20-40keV(representingtheenergyrange

oftheANPAafterthehalf-energytruncationprocedureusedinChapter4). The

ANPAmeasurementplottedinredistheaverageenergy U fromthe24keVNBI

datapointinthecorrespondingne=0.5×10
13cm−3dataset.TheCQL3Dmodel

matchesthemeasurementwell,providingfurtherconfirmationthattheacceleration

mechanismfortheseionsisthepulsedinductiveelectricfield.

SeeingthattheANPA-measuredportionofthedistributionmatches,therestof

theCQL3Ddistributionfunctioncanbeexaminedtogainabetterunderstandingof

howtheelectricfieldaffectsthefastionpopulation.InFigure5.2,thedistribution



Before electric field pulse After electric field pulse

Ion phase space

-1.0 -0.5 0.0 0.5 1.0
V||

0.0
0.2

0.4

0.6

0.8

1.0

V
⊥

  
 

 

 

 

 1020

1010

100

10-10

10-20
  
 

 

 

 

 

-1.0 -0.5 0.0 0.5 1.0
V||

0.0
0.2

0.4

0.6

0.8

1.0

V
⊥

1020

1010

100

10-10

10-20

Ion phase space

0 20 40 60 80 100
Energy (keV)

1.0

0.5

0.0

-0.5

-1.0

Pit
c
h

  
 

 

 

 

 1020

1010

100

10-10

10-20

Pitch, energy distribution

Ion energy distribution(a)

0 20 40 60 80 100
Energy (keV)

10
8

10
10

10
12

10
14

10
16

10
18

10
20

0 20 40 60 80 100
Energy (keV)

10
8

10
10

10
12

10
14

10
16

10
18

10
20

Ion energy distribution

0 20 40 60 80 100
Energy (keV)

1.0

0.5

0.0

-0.5

-1.0

  
 

 

 

 

 

Pit
c
h

1020

1010

100

10-10

10-20

Pitch, energy distribution

(b)

(c)

(d)

(e)

(f)

97

Figure5.2: Theiondistributionfunction(bulk+NBIcontributions)ismodeled
inCQL3D.Plots(a),(b),and(c)depicttheenergy,velocityspace,andpitchdis-
tributionsbeforethesawtoothelectricfieldisapplied;(d),(e),and(f)depictthe
samedistributionsafter.Alldistributionsaretakenfromthecore-mostfluxsurface
(r/a=0.05).Notethelogarithmiccolorscalesforparticledensity;thehigh-energy,
low-pitchfeaturein(f)isalow-significanceartifactfromthebounce-averagedcolli-
sionoperatorthatenforcessymmetryacrossthetrapped-passingboundary. Given
enoughtime,pitch-anglescatteringwillfillinthetrappedregion.
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functionisplottedinthreedifferentwaysbeforeandaftertheelectricfieldpulse.

Beforethesawtooth,theinputiondistributioncanclearlybebrokenupintothehigh-

energy,high-pitchNBIdistributionontopoftheisotropicbackgroundMaxwellian.

Aftertheelectricfieldpulse,thefastionsareacceleratedtoevenhigherenergies,

andtheaccelerationoccursathighpitch(i.e.theaccelerationisparallel).Some

accelerationofthebulkcomponentisalsoobserved.

Modelingbulkandimpurityions

Duetotroubleswiththecorrespondingneutralbeams,neithertheRutherfordScat-

tering[66]orCHERS[39]diagnosticswereavailabletotakedataforthisthesis.

Instead,thecomparisonforbulkandimpurityionheatingismadeusingasetof

well-diagnosedMSTFitequilibriainJ.AReusch’sthesis[72].Theseequilibriacome

fromanensembleofsawteethin400kA,F=-0.2,ne=1.0×10
13cm−3dischargesand

includeRutherfordScatteringdata.CHERSmeasurementsoftheC+6temperature

evolutionaretakenfromworkdonebyR.M.Magee[18,42]insimilardischarges.

CQL3DwassetuptotrackboththeD+(withnoaddedNBIdistribution)and

C+6iondistributionsthroughtimeusingstaticMaxwellianpopulationsfortheelec-

tronsandotherimpurities. ResultsareshowninFigure5.3. Directquantitative

comparisonwiththeRutherfordScatteringandCHERSdataisdiscourageddueto

alargerangeofpotentialinputerror(e.g.densityandtemperatureprofilesforevery

impurityisnotwellknown,diffusionandlosstermsmaynotbeproperlyconfigured).

Additionally,itshouldbepointedoutthattheCQL3Doutputistheenergyofthe

(non-Maxwellian)distributionfunctionratherthantheMaxwelliantemperaturemea-

suredbythediagnostics.However,severalimportantqualitativedifferencescanstill

beidentified.

First,thetimehistoryoftheRutherfordScatteringmeasurement(ameasurement
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Figure5.3: CQL3Dmodelingofbulkandimpurityenergyevolution. Thepulsed
electricfieldin(a)isbasedonthe MSTFitresultsin(d). TheCQL3D-predicted
timebehavioroftheD+ energyin(b)doesnotmatchtheRutherfordScattering
measurementoftheperpendicularD+temperature(e).CQL3Dpredictsanisotropy
forC+6(T>T⊥,panel(c))oppositeoftheCHERS-measuredanisotropy(T⊥>T,
panel(f)).
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ofT⊥)doesnotmatchtheCQL3Dmodel.Asmightbeexpected,theparallelelec-

tricfieldinCQL3Dprimarilydrivesaccelerationintheparalleldirection,andthis

energycouplesintotheperpendiculardirectiononamuchslowertimescale. With

additionaldiffusion,itmaybepossibletosharpentheCQL3DW decaytime,but

thetruecomparisonwiththeW⊥curveshowsnosimilarities.Unfortunately,noT

measurementcurrentlyexistsforthebulkions.

TheC+6temperaturetellsamoreintriguingstory.Here,measurementsdoexist

forbothparallelandperpendicularcomponentsofthetemperature,andanimportant

previousresultisananisotropyintheheating,withT⊥>T.InCQL3D,theopposite

istrue. Whiletheionrunawaymodelwasabletocloselymatchthemeasurementsof

fastionaccelerationinboththetestparticleandFokker-Planckmodeling,itisclearly

notabletocaptureallofthedynamicsofthebulkandimpurityheating.Potential

consequencesandreasonsforthedisagreementwillbediscussedinthelastsectionof

thischapter.

Effectsonthermalelectrons

Onemightwonder,ifthesawtoothelectricfieldcanaccelerateionssoreadily,what

happenstotheelectrons?Intheabsenceofcollisionsorotherforces,a50V/melectric

fieldwouldaccelerateathermalelectrontorelativisticspeedswithinafewmicrosec-

onds. However,nosignificanthardx-rayflux(indicativeofrunawayelectrons)is

measuredatasawtoothcrash;infact,theThomsonscatteringmeasurementofTe

typicallygoesdown.

Theansweristwo-fold. Thefirstexplanationistiedintothediscussionofwhy

theiontemperaturedoesnotagreewiththerunawaymodel,andwillbediscussed

inthenextsection. Theotherreasoninvolvesthegreatlyenhancedstochasticity

ofthemagneticfieldlinesatthesawtoothcrash.TheRechester-Rosenbluthmodel
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Figure5.4:Electrontemperatureanddensitybehaviorthroughoutatime-seriesof
MSTFitequilibria(constrainedbyThomsonscatteringandFIRinterferometermea-
surements).Theelectrontemperature((a)and(b))decreasesthroughouttheentire
profile,whiletheelectrondensity((c)and(d))decreasesinthecoreandincreasesat
theedge.

forelectronheattransportandfieldlinediffusioninastochasticfieldstatesthat

DM ∝b̃
2,andmeasurementshaveshownthatinMST,heatdiffusionindeedscales

asχ∼vDM ∼ṽb
2[73,74].Notonlydoes̃b2increasedramaticallyatthesawtooth

crash,butiftheelectronparallelvelocityisincreasingduetotheelectricfield,the

transportofheatfromtheplasmacorewillbethatmuchfaster.

Ifthiswerethewholepicture,onewouldthenexpectacorrespondingdecrease

intheelectrondensity. Whilethereissomeloss,itisbalancedbythelargeinfluxof

neutralgasandimpuritiesfromtheedgeoftheplasma,providinganincreaseinthe

electronsourceterm.RadialprofilesofelectrondensityfromtheFIRinterferometer

indeedshowadecreaseinthecoreelectrondensityandanincreaseintheedge
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(Figure5.4).

ThesedynamicscouldinpracticebemodeledwithCQL3D;however,greater

precisionisneededinourcurrentestimatesofelectrondiffusionandlossparameters.

Trialruns(notpresentedhere)indicatethemodelingisverysensitivetotheseinputs

andoftenpredictsextremedegreesofelectronrunawayifnotproperlybalancedby

diffusionandloss. Moreover,asdiscussedinthenextsection,additionalforcesare

likelyatplaythatreducetheeffectiveelectricfieldfeltbytheelectrons.

5.2 Discussion

Ionrunawayinapulsed,parallelelectricfieldcanfullydescribethemeasuredaccel-

erationoffastions,butfailstomatchobservationsofthebulkions,impurities,and

electrons. Whatdiffersbetweenthefastionsandthethermalparticles?

AsmentionedbackinChapter1,alargegyro-orbitcombinedwith∇Bandcur-

vaturedriftsallowfastionstodecouplefromthemagneticfieldlinesanddevelop

adifferentrotationaltransform,qfi. Thisimprovestheirconfinementcomparedto

thermalparticles,asthefastionmotionisnotinresonancewiththetearingmode

magneticfluctuations.Thishasasecondaryeffectwhenconsideringtheparallelforce

balanceoftheparticles. Mean-fieldOhm’sLawstates:

E + ṽ×B̃ −
1

en
J̃×B̃ =ηJ (5.6)

IfE 50V/mandηJ 1V/m,theimportanceofthefluctuation-driven

termsimmediatelybecomesapparent. Modelingandmeasurementsindeedshowthat

thedynamoandHalltermsareextremelyimportanttotheoverallforceandmomen-

tumbalance[75–77]. CQL3Ddoesnotincludeafluctuating̃btermandthusdoes

notincludethephysicsnecessarytoself-consistentlygeneratetheseforces.Because

thefast,magneticallydecoupledionsignorethefluctuations,theycanbemodeled
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accuratelybybothCQL3Dandthetestparticlemodelusingonlythelarge-scale

E .However,anyattempttomodelthethermalparticlesmustincludetheinter-

playbetweentheelectricfieldandtheotherfluctuation-drivenelectromotiveforces.

Ionrunawayhasalsobeenobservedinthe MASTsphericaltokamak[60],and

differencesbetweentheirobservationsandthosemadeonMSTfurtherillustratethe

importanceofthecorrelatedfluctuationsintheRFP.InMAST,theiondistribution

developsahigh-energytailafteraninternalreconnectionevent(acurrentdriven

instabilitysimilartotheRFPsawtooth). Theelectricfieldassociatedwiththese

eventslastsabout1msandpeaksaround40V/m.Hardx-rayswithenergiesgreater

than80keVarealsomeasured.UnlikeinMST,alloftheobservedchangestotheion

distributionfunctioninMASTareexplainedbytheionrunawaymodel. Although

magneticfluctuationsarepresentduringMASTreconnectionevents,thesignificant

contributionofthe ṽ×b̃ dynamotermisuniquetotheRFPandlimitsthedirect

accelerationofthethermalparticles. Thus,ionrunawayalonecannotexplainion

heatingintheRFP.Additionally,becauseelectronsarethemostcloselycoupledto

themagneticfieldlines,electronrunawayfromthesawtoothelectricfieldisexpected

tobeminimalintheRFPeventhoughitisobservedinMAST.

Thisraisesseveralnewandinterestingquestions:atwhatenergydoesaparticle

become“decoupledenough”toignorethefluctuatingelectromotiveforcesandexpe-

riencerunaway?Canregimesbedefinedthatdeterminetherelativeimportanceof

otherheating/energizationmechanisms? Whatrelevancedoesthishaveforreconnec-

tionheatingtheoriesconcerningveryhighenergyastrophysicalparticles?

Asmentionedabove,thedeviationofthefastionrotationaltransformfromthe

magneticfieldrotationaltransformmaycausethefastionstohavearesonantn

numberthatdoesnotmatchtheresonanceofthemagneticfield.Supposethatthe

fastionandmagneticfluctuationscanbedescribedas:
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b̃∼sin
n1
R
φ (5.7)

ṽ∼sin
n2
R
φ+δ (5.8)

Thenafteronetoroidaltransit,

2π

0

ṽ×b̃=0 forn1=n2 (5.9)

Inreality,thefluctuationswillconsistofasumovermanynnumbers,butthis

simplifiedexampledemonstrateshowtheseparationofqfifromqm mayleadtoa

reductionincorrelatedfluctuationeffectsforthefastions.Othertheoriesthatmay

shedlightonthedecouplingconditionincludeworkby Mynickongyroaveraging

effectsduetolargeLarmorradii[78]andworkbyHegnaontheseparationofthefast

particleguidingcenterfromanequilibriummagneticfieldline[79].

Finally,todevelopapictureencompassingawiderrangeoftheheatingobserva-

tionsinMST,firstconsiderpreviousresultsfromMageeandKumar[18,41].Inboth

references,amodelispresentedinwhichtheimpuritiesareheatedbyaperpendicular

mechanismsuchasioncyclotrondamping,andparallelheatingisachievedthrough

collisionalisotropization. Thismodelsuccessfullyreproducesanumberofprevious

measurements,suchastheTC+6⊥ >TC+6 anisotropy,thescalingofthatanisotropy

withplasmadensity,andtheZ/mdependenceofparallelimpurityheating.

AlthoughthereiscurrentlynomeasurementofTfortheprimaryionspecies,there

arepreliminaryANPAmeasurementsonboththetangentialandradialviewportsof

thenon-Maxwelliantailgeneratedatasawtoothcrash(Figure5.5). Mageepredicted

thistailshouldextendouttoatleast20keVtoaccountforthemeasuredneutron

flux[18],andANPAmeasurementsindicatesignaluptothatapproximateenergy

range(thoughthenoisefloorisnotwelldefinedforthesemeasurements). Without
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Figure5.5: WithoutNBI,signalsaremeasuredduringsawteethonboththetangential
(a)andradial(b)views.Thesefiguresshouldnotbedirectlycompared,astheplasma
conditionsaredifferentandthetangentialdataismucholder(fromatimewhen
theANPAbehaviorandcalibrationwasnotaswellunderstood). Amorecareful
comparisonofradialandtangentialdatashouldbeconducted.

thelarge,core-localizedNBIpopulation,interpretationofthetangentialviewdata

becomesmuchharder,asthesignalislikelydominatedbychangeexchangeinthehigh

neutraldensityedgeoftheplasma,andtheionsthatsourcethosechargeexchange

productswouldneedtohavelow(thoughnonzero)pitch.Thus,thetangentialview

cannotbeinterpretedasapurelyparallelmeasurement,butratherasaconvolution

ofhightolowpitchmeasurementsfromthemidradiustotheedge.Nevertheless,the

tangentialviewdatasuggeststhatthereissomedegreeofparallelenergizationfor

thebulkdistribution,andindeedMageespeculatesthatE runawaycouldexplain

theobservednon-Maxwelliantail[18].

Thus,apossibleexpansionoftheMagee/Kumarpicturewouldentailtheperpen-

dicularheatingofthebulkdeuteriumdistributionthroughsomereconnection-based

mechanism. Althoughthermaldeuteriumisnotabletorunawayintheparallel

inductiveelectricfieldduetoopposingfluctuation-basedelectromotiveforces,ifa

particlewereabletopickupenoughperpendicularenergytosufficientlydecouple
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fromthemagneticfluctuations,theparallelrunawaymechanismcouldtakeover,

draggingthoseparticlesoutintothenon-Maxwelliantail.

Muchofthisdiscussionsectionisspeculative,andmanyquestionsareleftas

futurework.Thosequestionsarestronglymotivatedbythefindingsofthisthesis:a

strong,parallelelectricfieldclearlyacceleratesfast,NBI-sourcedionsbuthaslittle

ornoeffectonthermalions. Multipleenergizationmechanisms,perhapsworking

synergistically,mustbeactiveandrelevantfordifferentclassesofparticles.
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Chapter6

Conclusions

6.1 Summaryofkeyresults

Decadesaftertheinitialobservations,themechanismresponsibleforanomalousion

heatingduringreconnectioninlaboratoryandastrophysicalplasmasremainselusive.

Manyexperimentalmeasurementshavebeenmadeidentifyingkeyfeaturesofthe

processinthereversed-fieldpinch,includingscalingwithionmassandcharge-to-

mass,directionalanisotropy,andahigh-energy,non-Maxwelliantail. Despitean

abundanceofpossibletheoriesexplainingtheprocess,nosingletheoryhasbeenable

tofullydescribeallofthemeasurements.

Thisbodyofworkcontributesanadditionalexperimentalobservationandguides

futurediscussionofreconnectionheatingmechanismsbydefinitivelyidentifyingone

ionenergizationprocessthatisactiveduringreconnectionintheRFPwhilealso

showingthatitmustnotbetheonlyactiveprocess.Multipleheatingandenergization

mechanismsmustbeactiveforionsindifferentregimesofmagneticcoupling.
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DevelopmentoftheANPAdiagnostic

AkeypartofthisworkhasbeenthedevelopmentoftheAdvancedNeutralParti-

cleAnalyzerdiagnostic.TheANPAutilizesarelativelycompactandportableEB

designthatiscapableoftime-resolvedmeasurementsofHandDenergydistribu-

tionsbetween10-45keV.Substantialworkwasrequiredtocalibrateandcharacter-

izethediagnostic,includingin-depthmodelingofconvolutedsignalcontributions

alongtheANPA’slineofsight.ThemodelindicatestheANPAprimarilymeasures

core-localized,high-pitchNBI-sourcedionsonitstangentialviewportandlow-pitch,

spatiallydistributedfastionsontheradialviewport.

TheANPAhasalreadybeenusedinseveralotherimportantstudiesoffastion

dynamicsintheRFP,includingmeasurementsoffastionlossratesassociatedwith

energetic-paticle-drivenmodes[26],measurementsofclassicalconfinementforfast

ionsinstandardandPPCDdischarges[25],andareductionoffastionconfinement

inthe3DhelicalSHAxequilibrium[27].

IonrunawayduringreconnectionintheRFP

Theprimaryexperimentalresultofthisthesisistheconclusivemeasurementoffast

ionrunawayduringreconnectionintheRFP.TheANPAwasusedtomeasurethe

changeintheaverageenergyofthefastiondistributionthroughoutasawtooth

reconnectionevent.Largequantitiesofdatawereobtainedtocharacterizetheenergy

gaininavarietyofplasmaandbeamconditions. Figure6.1(a)summarizesthese

measurements. Whenthedirectionoftheelectricfieldisreversedwithrespectto

thefastionmotion,theionsdecelerateratherthanaccelerate;thismeasurement

rulesoutmanyotherenergizationmechanismsandfurtherdemonstratestheintimate

relationshipbetweenthefastionenergyandtheinductiveelectricfield.
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Figure6.1:(a) Measurementsagreewellwithtestparticlerunawaymodelingina
varietyofconditions.(b)TheCQL3DFokker-Planckcodeevolvestheentirefastion
distributionthroughthesawtoothelectricfield,alsodisplayinggoodagreementwith
ANPAmeasurements.

TheMSTFitequilibriumreconstructioncode[61]wasusedtocalculatetheparallel

electricfieldinducedbytheglobalmagneticfluxchangeduringasawtoothevent.

ThiselectricfieldwasusedwithFurthandRutherford’sformulationofionrunaway

toestimatetheexpectedaccelerationofafasttestparticle[59]. Theionrunaway

modelagreesverywellwithmeasurements(Figure6.1(a)).Theevolutionofthefull

fastiondistributionundertheeffectsofalargepulsedelectricfieldwasalsomodeled

usingtheCQL3DFokker-Planckcode[69];thismodelalsoshowsgoodagreement

betweenmeasurementsandelectric-field-inducedionrunaway(Figure6.1(b)).

Applicabilitytothermalionheating

FurthermodelingwithCQL3Dshowsthationrunawayinaparallelelectricfield

cannotexplainpreviousthermalionheatingmeasurements,particularlytheT⊥>T

anisotropicheatingofC+6 impurities. Thisiscontrarytoasimilarexperimentin

MASTinwhichionrunawaywasdeterminedtobefullyresponsibleforallobserved

ionaccelerationduringinternalreconnectionevents[60]. Whilethesphericaltokamak

alsoexperiencesmagneticfluctuationsduringreconnection,thesignificantcorrelation
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of ṽ×b̃ isuniquetotheRFP.Additionalfluctuation-drivenelectromotiveforces

mustbeconsideredforthermalparticles,whereasthelargeorbitdriftsofthefastions

allowthemtoignoresuchforces.Becausethedirectrunawayofthethermalionsis

inhibited,theirheatingmustbecausedbysomeotherreconnection-relatedprocess.

6.2 Suggestionsforfuturework

Determiningthethresholdforrunawayapplicability

Themostobviousquestionmotivatedbythisresearchis:whatistheconditionthat

separatesmagneticallycoupledions(forwhichfluctuation-basedelectromotiveforces

mustbeconsidered)fromdecoupled,“fast”ionsthatcanrunaway?Isthereasharp

orgradualtransitionbetweenthetworegimes? Amorecarefulscanoflowbeam

energiescouldbeperformed,butthedatainthisthesisalreadypushesthelower

boundsoftheNBIandtheANPAmeasurementrange. Anupcomingmodification

totheCNPA[44]couldallowforahigh-resolutionmeasurementattheenergyrange

ofinterest(roughly1-10keV).Aninvestigationshouldalsobelaunchedfromthe

computationfront. Full-orbitmodelingusingRIO[80]orin-houseorbittracking

codesmaybeabletoilluminatetheenergyatwhichionorbitsbegintodecouple

fromfieldlinesandmagneticperturbations.

Studiesofcoreandedgereconnectionevents

Previousstudieshaveshowndrasticallydifferentbehaviorbetweenthe“normal”saw-

teethstudiedinthisthesisandtwoothercases:“coreevents”inwhichonlythem=1

tearingmodesareactive,and“edgeevents”inwhichonlythem=0modesareac-

tive.Ionheatingisabsentduringcoreeventsandissmallandedge-localizedduring
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Figure6.2:Acoreeventoccursat24msasthen=6modeactivityfallssharplyafter
agradualrise.Thereisnochangeinm=0activity.TheANPAsignalcorresponding
tobeam-energyionsalsodropsoffrapidly,andnoaccelerationisobserved.Notethat
theamplitudesofthen=5andn=6modeamplitudeshavebeenmultipliedby5for
visibility.

edgeevents[40].

ANPAsignalscorrespondingtobeam-energyionstypicallydropinsignallevel

afteracoreevent(Figure6.3). ThisisreminiscentofthebehavioroftheANPA

signalduringQSH/SHAx[27].Itisunclearwhetherthisisduetoalossoffast

ionconfinementorashiftinmagneticgeometryyieldingfewerorbitswithfavorable

pitchesforANPAmeasurement.Noaccelerationofthefastionsisobserved;thisis

consistentwiththeionrunawaymechanismasthereisnochangeinstoredequilibrium

magneticfieldenergyandnochangeinmagneticflux. Acarefulensembleofthese

eventsshouldbecollectedandcharacterizedtolearnmore.

Duringedgeburstsofm=0activityinECandF=0plasmas,someenhancement

ofsignalandsmallamountsofaccelerationareobserved,butnocarefulstudyhas

beenperformed. Withsmallerdegreesofacceleration,morecareneedstobetaken
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Figure6.3:AfterNBIshutsoffat32ms,then=5amplitudebeginstogrowand
significantionaccelerationisobserved.Thedecayinneutronfluxhesitates,reaching
zeroonlyaftertheremainingenergizedparticlesleavetheplasma.

toproperlyeliminatenoiseandcontributionsfromanyincreasesinneutraldensity.

Nevertheless,furtherstudyoftheseeventsisaverytractableproblem.

Investigationofotherenergizationphenomena

AttheendsofSHAxandPPCDperiods,accelerationofNBI-sourcedionsisoccasion-

allyobserved. Theobservationsareinconsistentandoccurmostfrequentlyduring

theramp-downoftheplasmacurrent,aperiodthatistypicallynotstudieddueto

therapidlychangingequilibrium.Itispossiblethatthedecayingequilibriumgener-

atesaninductiveelectricfieldsimilartoasawtoothevent. Theseincidentsshould

becatalogedmorethoroughly,andequilibriumreconstructionsmaybebeneficialin

determiningwhethersubstantialelectricfieldsarepresent.

Additionally,accelerationisobservedduringtheramp-upphaseofQSH/SHAx,
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asshowninChapter2. Again,thiscouldbetheresultofanequilibriumchange

inducinganelectricfield,oritcouldbeanotherprocessentirely. Morestudyis

neededtobetterunderstandthesemeasurements.

Measurementsofthehigh-energytail

ANPAmeasurementsofthesawtooth-generatedfastiontail(withoutNBI)mayyield

additionalinformationaboutthemechanismthatformsthetail.UsingtheANPA’s

acceleratinggrid,thelowerboundoftheANPAenergymeasurementcanbebrought

aslowas5keV,aligningnicelywiththeupperlimitoftheCNPA.Somemeasurements

ofthehigh-energytailwerealreadyshowninChapter2.Thoroughanalysisofthese

measurementsisdifficult,however. Withoutthelargepopulationofcore-localized

NBIions,signallevelsaremuchlowerandtheoriginofmeasuredparticlesislikely

fromthehigh-neutral-densityplasmaedge.Becauseofthelowsignallevels,noiseisa

muchbiggerissue.Thechangeinthebackgroundneutraldensityisalsomuchmore

integraltotheanalysis.

Toproceedwiththesemeasurements,furtherdevelopmentofnoisesubtraction

techniquesandneutraldensitynormalizationisstronglyencouraged. Withoutcore

NBIfastions,aparallelmeasurementisexceptionallydifficult,butcomparisonsof

databetweentheradialandtangentialANPAviewsmayyieldinterestingdifferences.

Theadditionofamorepowerfuldiagnosticneutralbeamthatwouldprovideenough

coreneutraldensityforanactiveNPAmeasurementwouldbeanexpensivebut

effectivewaytoenhancethismeasurement.Theplannedadditionofanaccelerating

gridtotheCNPAwouldalsobebeneficialforthisstudysothatitsenergyrangewill

betteroverlapwiththeANPAandallowcross-calibration.
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Developmentofadditionaliondiagnostics

Finally,theadditionordevelopmentofnewiondiagnosticsisencouraged,though

budgetaryconstraintsareanobviouslimitation. The mostbeneficialdiagnostic

wouldbeameasureoftheparallelbulkiontemperaturetodeterminetheheating

anisotropyfortheprimaryionspecies. AdditionalRutherfordScatteringdetectors

couldbeinstalledwithtoroidalseparationaroundtheRSbeaminjector,allowing

directmeasurementofthecoreparalleltemperature;however,thisadditionwould

requirenewholestobedrilledinthevacuumvessel.

Severalotherdiagnosticswouldofcoursebeuseful.Intheabsenceoffunding

limitations,afullwishlistofdiagnosticimprovementswouldinclude:

•Asmentionedabove,aparallelRutherfordScatteringmeasurementisessential

tofullycharacterizingreconnection-drivenionheating.

•Additionalneutrondetectorswithcollimationwouldbeusefultostudythe

symmetryofneutronproductionduringreconnectionevents.

•Anarrayofsolid-stateNPAdetectorscouldbeusedtogainmoreinformation

aboutthespatialdistributionoffastions(withalossinenergyresolution).

•AnimprovedmountingapparatusfortheANPAwouldallowreproducible,fine-

tunedcontroloftheANPAsightlinetobetterstudyspatialpropertiesofthe

fastiondistribution.

•Improvedmeasurementandmodelingoftheneutraldensityprofilewouldraise

confidenceintheoriginofmeasuredNPAsignals.

•AFastIonLossDetector(FILD)couldbeusedtostudylossorbitsduring

magneticactivity.
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•ADNBwithhighercurrentcouldprovideanactiveANPAview(eithertangen-

tialorradial),greatlyenhancingthespatiallocalizationofthemeasurement.

•Anoff-axisNBIwouldallowsourcingofdifferentfastiondistributions. This

wouldhavenumerousscientificapplications,oneofwhichwouldbemorecontrol

overthe“testparticles”usedinenergizationstudies.



116

Bibliography

[1] B.JonesandR. Wilson.SpectroscopicstudiesofionenergiesinZETA.Nuclear
FusionSupplement,3:889–893,1962.(Citedonpage1).

[2] R.B.HowellandH.J.Karr.Spectroscopicmeasurementsoftheplasmatem-
peratureintheZT1toroidalpinch.PhysicsofFluids,19(12),1976.(Citedon
page1).

[3] R.B.HowellandY.Nagayama.Ionenergymeasurementsonareversedfield
pinchexperimentusingDopplerbroadening. PhysicsofFluids,28(2),1985.
(Citedonpage1).

[4] G.A. Wurden,P.G. Weber,K.F.Schoenberg,A.E.Schofield,J.A.Phillips,
C.P. Munson,G. Miller,J.C.Ingraham,R.B.Howell,J.N.Downing,and
Others.IonheatingstudiesintheZT-40Mreversedfieldpinch.Technicalreport,
LosAlamosNationalLab.,NM(USA),Dubrovnik,1988.(Citedonpage1).

[5] T.Fujita,K.Saito,J.Matsui,Y.Kamada,H.Morimoto,Z.Yoshida,andN.In-
oue.AnomalousionheatinginREPUTE-1ultra-lowqandreversedfieldpinch
plasmas.NuclearFusion,31(1):3,1991.(Citedonpage1).

[6] J. W.Dungey.LXXVI.Conditionsfortheoccurrenceofelectricaldischargesin
astrophysicalsystems.PhilosophicalMagazineSeries7,44(354):725–738,1953.
(Citedonpage1).

[7] E.G.Zweibel.Themicrophysicsandmacrophysicsofcosmicrays.Physicsof
Plasmas,20(5):055501,2013.(Citedonpage1).

[8] M.Øieroset,R.P.Lin,T.D.Phan,D.E.Larson,andS.D.Bale.Evidence
forElectronAccelerationupto300keVintheMagneticReconnectionDiffusion
RegionofEarthsMagnetotail.PhysicalReviewLetters,89(19):195001,October
2002.(Citedonpage1).



117

[9] R.P.LinandH.S.Hudson.10100keVelectronaccelerationandemissionfrom
solarflares.SolarPhysics,17(2):412–435,1971.(Citedonpage1).

[10]A.A.Abdo,M.Ackermann,M.Ajello,A.Allafort,L.Baldini,J.Ballet,G.Bar-
biellini,D.Bastieri,K.Bechtol,R.Bellazzini,B.Berenji,R.D.Blandford,E.D.
Bloom,E.Bonamente,A. W.Borgland,A.Bouvier,T.J.Brandt,J.Bre-
geon,A.Brez, M.Brigida,P.Bruel,R.Buehler,S.Buson,G.A.Caliandro,
R.A.Cameron,etal. Gamma-RayFlaresfromtheCrabNebula. Science,
331(6018):739–742,2011.(Citedonpage1).

[11]F.S.MozerandP.L.Pritchett.Spatial,temporal,andamplitudecharacteristics
ofparallelelectricfieldsassociatedwithsubsolarmagneticfieldreconnection.
JournalofGeophysicalResearch:SpacePhysics,115(A4),2010.(Citedonpage
1).

[12]H.S.Hudson. GlobalPropertiesofSolarFlares. SpaceScienceReviews,
158(1):5–41,2011.(Citedonpage1).

[13]E.N.Parker.IntrinsicmagneticdiscontinuitiesandsolarX-rayemission.Geo-
physicalResearchLetters,17(11):2055–2058,1990.(Citedonpage1).

[14]E.R.Priest,C.R.Foley,J.Heyvaerts,T.D.Arber,J.L.Culhane,andL. W.
Acton. Natureoftheheatingmechanismforthediffusesolarcorona. Nature,
393(6685):545–547,June1998.(Citedonpage1).

[15]E.N.Parker. Sweet’smechanismformergingmagneticfieldsinconducting
fluids.JournalofGeophysicalResearch,62(4):509–520,1957.(Citedonpage1).

[16]E.G.Zweibeland M.Yamada. MagneticReconnectioninAstrophysicaland
LaboratoryPlasmas.AnnualReviewofAstronomyandAstrophysics,47(1):291–
332,2009.(Citedonpages1,11).

[17] M.Yamada,R.Kulsrud,andH.Ji. Magneticreconnection.ReviewsofModern
Physics,82(1):603–664,March2010.(Citedonpages1,11).

[18]R.Magee.Ionenergizationduringtearingmodemagneticreconnectioninahigh
temperatureplasma.PhDthesis,UniversityofWisconsin-Madison,2011.(Cited
onpages2,12,14,98,104,104,105).



118

[19]D.C.RobinsonandR.E.King.FACTORSINFLUENCINGTHEPERIODOF
IMPROVEDSTABILITYINZETA.Technicalreport,UnitedKingdomAtomic
EnergyAuthority,Abingdon,Eng.,1969.(Citedonpage3).

[20]J.Taylor.RelaxationofToroidalPlasmaandGenerationofReverseMagnetic
Fields.PhysicalReviewLetters,33(19):1139–1141,1974.(Citedonpage3).

[21]R.Dexter,D.Kerst,andT.Lovell. THEMADISONSYMMETRICTORUS.
FusionTechnology,19,1991.(Citedonpage5).

[22]J. Waksman,J.K.Anderson,M.D.Nornberg,E.Parke,J.a.Reusch,D.Liu,
G.Fiksel,V.I.Davydenko,a.a.Ivanov,N.Stupishin,P.P.Deichuli,and
H.Sakakita.NeutralbeamheatingofaRFPplasmainMST.PhysicsofPlasmas,
19(12):122505,2012.(Citedonpage5).

[23]J. Waksman.Neutralbeamheatingofareversed-fieldpinchinthemadison
symmetrictorus.PhDthesis,Univerisyof Wisconsin-Madison,2013.(Cited
onpages5,6,137).

[24]H.Sakakita,S.Kiyama,Y.Hirano,Y.Yagi,H.Koguchi,T.Shimada,Y.Sato,
andK.Hayase. FirstNeutralBeamInjectionExperimentsintheTPE-RX
Reversed-FieldPinch.In30thEPSConferenceonContr.FusionandPlasma
Phys.,numberJuly,St.Petersburg,2003.(Citedonpage5).

[25]D.Liu,A.Almagri,J.Anderson,V.Belykh,B.Chapman,V.Davydenko,P.De-
ichuli,D.DenHartog,S.Eilerman,G.Fiksel,C.Forest,A.Ivanov,M.Nornberg,
S.V.Polosatkin,J.Sarff,N.Stupishin,andJ. Waksman.Fastionconfinement
studiesinthe MSTreversedfieldpinch.In38thEPSConferenceonPlasma
Physics,volume35G,pageP2.101,Strasbourg,France,2011.(Citedonpages
5,7,34,46,68,75,108,137).

[26]L.Lin, W. Ding, D.Brower,J. Koliner,S.Eilerman,J.Reusch,J. An-
derson, M.Nornberg,J.Sarff,J. Waksman,andD.Liu. Measurementof
energetic-particle-drivencoremagneticfluctuationsandinducedfast-iontrans-
port.PhysicsofPlasmas,20(3):030701,2013.(Citedonpages5,7,40,108).

[27]J.Anderson, W.Capecchi,S.Eilerman,J. Koliner,L.Lin, M.Nornberg,
J.Reusch,andJ.Sarff.Fastionconfinementinthe3DhelicalRFP.Plasma
PhysicsandControlledFusion,56((accepted)),2014.(Citedonpages5,9,40,
50,108,111).



119

[28]J.Koliner,C.Forest,J.Sarff,J.Anderson,D.Liu,M.Nornberg,J. Waksman,
L.Lin,D.Brower,W.Ding,andD.Spong.Fast-Particle-DrivenAlfv́enicModes
inaReversedFieldPinch.PhysicalReviewLetters,109(11):115003,September
2012.(Citedonpages7,40).

[29]L.Lin,J.Anderson,D.Brower, W.Capecchi, W.Ding,S.Eilerman,C.Forest,
J.Koliner,D.Liu, M.Nornberg,J.Reusch,andJ.Sarff. Energetic-particle-
driveninstabilitiesandinducedfasti-iontransportinthereversed-fieldpinch.
PhysicsofPlasmas,21(5),2014.(Citedonpage7).

[30]J.Anderson,A.Almagri,D.DenHartog,S.Eilerman,C.Forest,J.Koliner,
V.Mirnov,L.a.Morton,M.Nornberg,E.Parke,J.Reusch,J.Sarff,J.Waksman,
V.Belykh,V.Davydenko,A.Ivanov,S.V.Polosatkin,Y.Tsidulko,L.Lin,
D.Liu,G.Fiksel,H.Sakakita,D.Spong,andJ.Titus.Fastionconfinement
andstabilityinaneutralbeaminjectedreversedfieldpinch.PhysicsofPlasmas,
20(5):056102,2013.(Citedonpage7).

[31]G.Fiksel,B.Hudson,D.DenHartog,R.Magee,R.OConnell,S.Prager,a.Bek-
lemishev,V.Davydenko,A.Ivanov,andY.Tsidulko.Observationof WeakIm-
pactofaStochasticMagneticFieldonFast-IonConfinement.PhysicalReview
Letters,95(12):125001,September2005.(Citedonpages9,9,88).

[32]B.Hudson.FastIonConfinementinTheReversed-FieldPinch. PhDthesis,
Univerisyof Wisconsin-Madison,2006.(Citedonpage9,9).

[33]J.F.Drake, M.Opher, M.Swisdak,andJ.N.Chamoun. A MagneticRe-
connection MechanismfortheGenerationofAnomalousCosmicRays. The
AstrophysicalJournal,709(2):963–974,February2010.(Citedonpages11,83).

[34]J.Egedal, W.Daughton,anda.Le.Large-scaleelectronaccelerationbyparal-
lelelectricfieldsduringmagneticreconnection.NaturePhysics,8(4):321–324,
February2012.(Citedonpage11).

[35]E.Scime,S.Hokin,andN. Mattor.Ionheatingand Magnetohydrodynamic
DynamoFluctuationsintheReversed-FieldPinch. PhysicalReviewLetters,
68(14),1992.(Citedonpage11).

[36] M.S.Cartolano,D.Craig,D.DenHartog,S.Kumar,andM.Nornberg.Sta-
tisticalanalysisofvariationsinimpurityionheatingatreconnectioneventsin



120

theMadisonSymmetricTorus.PhysicsofPlasmas,21(1):012510,January2014.
(Citedonpage12,12).

[37]G.Fiksel,A.Almagri,B.Chapman,V.Mirnov,Y.Ren,J.Sarff,andP.Terry.
Mass-DependentIonHeatingduring MagneticReconnectioninaLaboratory
Plasma. PhysicalReviewLetters,103(14):145002,September2009.(Citedon
pages12,14).

[38]D.DenHartogandR.Fonck.Afastspectroscopicdiagnosticforthemeasure-
mentofplasmaimpurityiondynamics.Reviewofscientificinstruments,65(10),
1994.(Citedonpage12).

[39]D.Craig,D.DenHartog,G.Fiksel,V.Davydenko,andA.Ivanov.Firstcharge
exchangerecombinationspectroscopyandmotionalStarkeffectresultsfromthe
MadisonSymmetricTorusreversedfieldpinch.ReviewofScientificInstruments,
72(1):1008,2001.(Citedonpages12,68,98).

[40]S.Gangadhara,D.Craig,D.Ennis,D.DenHartog,G.Fiksel,andS.Prager.
IonheatingduringreconnectionintheMadisonSymmetricTorusreversedfield
pinch.PhysicsofPlasmas,15(5):056121,2008.(Citedonpages12,13,111).

[41]S.Kumar,A.Almagri,D.Craig,D.DenHartog, M.Nornberg,J.Sarff,and
P.Terry. Charge-to-mass-ratio-dependentionheatingduringmagneticrecon-
nectionintheMSTRFP.PhysicsofPlasmas,20(5):056501,2013.(Citedon
pages12,104).

[42]R. Magee,D.DenHartog,S.Kumar,A.Almagri,B.Chapman,G.Fiksel,
V. Mirnov,E.D. Mezonlin,andJ.Titus. AnisotropicIonHeatingandTail
GenerationduringTearingModeMagneticReconnectioninaHigh-Temperature
Plasma.PhysicalReviewLetters,107(6):1–5,August2011.(Citedonpages12,
14,50,98).

[43]E.D. Mezonlin,S.Roberson,C.Raynor,R.Appartaim,J.A.Johnson,V.I.
Afanasyev,S.S.Kozlovsky,J.M.Moller,D.N.Hill,E.B.Hooper,H.S.McLean,
andR.D. Wood.NeutralparticleanalyzermeasurementsontheSSPXsphero-
mak.ReviewofScientificInstruments,78(5),2007.(Citedonpage13).

[44]J.Titus,E.D. Mezonlin,andJ.A.JohnsonIII. LowEnergyIonDistribu-
tionMeasurementsinMadisonSymmetricTorusPlasmas.JournalofApplied
Physics,Submitted,2014.(Citedonpages13,110).



121

[45]V.A.Svidzinski,G.Fiksel,V.Mirnov,andS.Prager. Modelingofionheating
fromviscousdampingofreconnectionflowsinthereversedfieldpinch.Physics
ofPlasmas,15(6),2008.(Citedonpage14).

[46]V.Tangri,P.Terry,andG.Fiksel.AnomalousimpurityionheatingfromAlfv́enic
cascadeinthereversedfieldpinch.PhysicsofPlasmas,15(11),2008.(Citedon
page14).
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AppendixA

Dαemission measurementsand

neutraldensity modeling

A.1 Overview

Whilemostplasmadynamicsofintereststemfromthechargedelectronsandions,

thebackgroundneutralatomsandmoleculesplayseveralimportantroles;notably,

theyserveasasourcetermforthermalelectronsandions,andtheyareanimportant

losstermforfastionsviathechargeexchangeprocess.Knowingthesourceandloss

termsisvitalforcalculatingtheparticleconfinementtimeτpandparticlediffusivity,

importantfiguresofmeritforfusionplasmas.Knowingthebackgroundneutralden-

sityandthesubsequentchargeexchangerateisalsocriticalfortheanalysisofseveral

diagnostics,notablyneutralparticleanalyzers(seeSections2.4and2.5). Neutral

particlesalsofactorintocollisional-radiativemodelingofimpuritiesandinfluencethe

thermalconductivityoftheplasma.

Despitetheimportanceofanaccurateneutraldensitymeasurement,fewdiag-

nosticsaredesignedtomeasureit. Thetechniqueusedon MSTandmanyother
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magneticconfinementdevicesisbasedonmeasurementsoftheDαorHαemission

line.Dαemissioncanoccurwhenaneutraldeuteriumatomreachesanexcitedstate,

typicallybycollisionwithanelectron. TheBalmer-alphaline(n=3ton=2)isthe

mostcommonvisibletransition.TherateofDαphotongenerationperunitvolume

γDα canbecalculatedas:

γDα=n0neσvexcitation (A.1)

wheren0istheneutralparticledensity,neistheelectrondensity,andσvexcitationis

thereactionrateforelectronimpactexcitationintothen=3state.

IftheDαemissionisknown,onecaneasilyobtaintheelectronsourcetermfrom

thesamemeasurement.ThesourcetermSefromelectronimpactionizationcanbe

definedas:

Se=n0neσvionization=γDα·
σvionization
σvexcitation

(A.2)

Theratioofionizationstoexcitationsisroughlyconstant( 11.8)forMSTparam-

eters. Undertheassumptionthatneutraldeuteriumionizationistheonlyelectron

source(i.e.neglectingimpurities),alossrateLeandparticleconfinementtimecan

alsobecalculated:

Le = Se−
∂n

∂t
(A.3)

τp =
nedV

LedV
(A.4)

Byconsideringtheradiallossratethroughagivenfluxsurface,aradialdiffusion

coefficientcanalsobeobtained:

ΓerdA = LedV (A.5)

Dr =
Γer
∇ne

(A.6)

Aspartofthisthesis,severalmajorimprovementsweremadetotheestimate

ofneutraldensityinMST.ThenextsectiondescribesDαhardwareandcalibration
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FigureA.1:(a)Thebremsstrahlung/Dαarrayhas17viewingchords.5havematching
portsontheoppositesideofMST(currentlypluggedwithviewdumps).Thefour
outer-mostchordsarenotontheboxportandareseparated5◦toroidallyfromthe
boxportchords.(b)TheDαdetectorsconsistofaseriesoffocusingoptics,asilicone
photodiode,andanI-to-Vamplificationcircuit.

improvements,andSectionA.3detailsanewmodelingcodeusedtopredictthe

neutraldensitybasedonDαemissionmeasurements.

A.2 ExpansionandcalibrationofDαdetectors

DαemissionismeasuredonMSTusinganarrayofsiliconphotodiodedetectorswith

bandpassfilterscenteredontheDαline(656.3nm)[81,82].Theboxportforthearray

islocatedat210T,∼10-100PandwasoriginallyusedforbothDαandbremsstrahlung

emissionmeasurements. Becauseofthesharedboxport,only7ofthe17available

viewingchordswerefittedwithDα detectors. Throughthecourseofthiswork,

additionalDαdetectorswereconstructedandusedinplaceofthebremsstrahlung

detectors,greatlyenhancingthespatialresolutionofthemeasurement.16detectors

arenowavailable,thoughatthetimeofwriting,oneisofflineandanotherhasbeen

temporarilyreplacedwithIDSoptics. AdiagramoftheboxportandDαdetector
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FigureA.2:DiagramoftheDαcalibrationsetup

housingisshowninFigureA.1.

Fulldetailsofthedetectorhardwareandcalibrationprocedureareincludedin

Anderson’sthesis[82];abriefsummarywillbepresentedhere. Thedetectorsare

absolutelycalibratedusingacommercial,calibratedintegratingsphereandamockup

ofthepathbetweenMST’sinneredgeandthedetector(FigureA.2).Theintegrating

sphereemitsarelativelyuniformintensityoflightacrossawidewavelengthspectrum

andthebandpassfiltershavenonzerotransmissionfromroughly645-665nm.This

willcauseerrorinthecalibrationiftheintendedmeasurementispreciselyat656nm

andthefulltransmissionfunctionisnotaccountedfor. Thetransmissionfunction

foroneofthefiltersintheinitialbatchofdetectorswasmeasuredbyAnderson,

andinitiallythistransmissioncurvewasusedforalldetectors. However,itwas

discoveredthatthefilterspurchasedforthenewbatchofdetectorshadsignificantly

differenttransmissionfunctions,andtherewasalsovariationfromfiltertofilter.

Ahigh-resolutionOceanOpticsHR200+spectrometerwaspurchasedtoprecisely

measurethetransmissionofeachindividualfilter(FigureA.3),providingasignificant

improvementintheaccuracyofthecalibration.
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FigureA.3: Thebandpassfilterhassignificanttransmission(blue)aroundtheDα
line(purple).

A.3 NENE MonteCarlocode

Motivation

Priortothiswork,anAbelinversion[83]wasusedtotransformthecollectionofline-

integratedDαemissionmeasurementsintoaradialemissionmap.Duetoaconsistent

inboard-outboardasymmetryandtheassumptionthattheoutboardcarbonlimiter

wouldsourceadditionalneutralatoms,anadditionalad-hocsourceofemissionatthe

outboardmidplanewasaddedtotheinversionresults.

Neutraldensityprofilescalculatedwiththismethodwereconsistentlyhigherthan

expected.Theextremelyedge-peakedneutraldensityposesseveralproblems:first,

thecorechordswillbedominatedbyedgeemission,causingdifficultiesinthein-

versionprocess.Second, σv isflatforalargerangeof MSTparameters[84,85],

butfallsoffbyseveralordersofmagnitudeatthecoldplasmaedgewheren0is

highest(FigureA.4). Whencalculatingn0fromEquationA.1,σv willappearin

thedenominator,anddivisionbyarapidly-changingsmallnumbercanleadtohigh
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FigureA.4: σvionizationisrelativelyflatthroughoutmostofMSTparameterspace,
butfallsoffdrasticallyatthecoldplasmaedge.

uncertainties.

Theseconcernsmotivatedanewmethodofestimatingtheneutraldensityfromthe

measured,line-integratedDαemission.TheNENEcode,developedbyR.Lorenzini

andF.AuriemmaatRFX,isaMonteCarlocodefortrackingneutralparticlesthrough

aplasma[54,86].Byadjustingtheinputparameters,anumberofrealisticneutral

densityprofilescanbecalculatedbasedonphysicalneutralsources. Theseprofiles

canthenbecomparedagainstasyntheticDαemissiondiagnostic,discussedlaterin

thissection.

Descriptionofinputs,outputs,andparticletracking

NENErequiresradialprofilesofthreeplasmaquantitiesasinput:ne(r),Te(r),and

Ti(r).NENEhasbeenintegratedwiththeMSTFitequilibriumreconstructioncode,

andthusthenecessaryprofilesaretakenfromthe MSTFitoutput.niisassumed

equaltonebyquasineutrality,andtheplasmaisassumedtobetoroidallysymmetric.

Alongwithaninputfiledescribingbasicmachinegeometryandparameters,the
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usermayalsospecifythesourceprofileofneutralparticlesforeachsimulation.The

sourcecanbepoloidallyuniformorlocalizedatasinglepoloidallocation,andthe

neutralscanbesourcedwithauniformenergyortheenergycanbecalculatedfrom

plasma-wallinteraction.Energyandparticlereflectionparametersmustbeinputfor

thedesiredwallmaterial;theseparametersaretypicallycalculatedusingtheTRIM

(TransportofIonsinMatter)code[87].Theusermayalsospecifytheratioofatomic

tomolecularneutrals;forthiswork,onlyatomicneutralsareconsidered.

Asdescribedinreference[86],eachofthesourcedparticlesistrackedthrough

theplasma,whichisdividedintomanyzones.SubtleMonteCarlotechniquesare

usedtoimprovecomputationalefficiency,butageneralizeddescriptionoftheparticle

trackingisprovidedhere.Ineachzone,themeanfreepathiscalculated,andthusthe

probabilityofcollisionwithinthatzonecanbefound.Arandomnumbergenerator

determinesiftheparticlehasacollisionandwhattypeofcollisionoccurs(scattering

orionization).Theparticleisfollowedthroughaseriesofcollisionsuntilitisionized

orescapestheplasma.Theparticlecontributesstatisticalinformationtoeachzone

itpassesthrough,notjustitsfinallocation.

AftertheMonteCarloprocessiscomplete,thecodeoutputstheneutraldensity

onatwo-dimensionalpolargrid. Additionalinformationsuchascrosssectionsfor

chargeexchangeandexcitationareoutputonaradialgrid.

FittingtoDαmeasurements

FigureA.5summarizeshowNENEisusedinconjunctionwithDαemissionmeasure-

mentstoestimatetheneutraldensityprofileinMST.Foreachfit,NENEisrunthree

timeswithdifferentneutralsourceprofiles:

1.Apoloidallyuniformsourcewithneutralenergydeterminedbyedgeplasma
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FigureA.5: FlowchartsummarizingtheinteractionbetweenNENEandDαemission
analysis.

interactionwithaluminum

2.Apoloidallylocalizedsourceattheoutboardlimiterwithneutralenergydeter-

minedbyedgeplasmainteractionwithcarbon

3.Apoloidallyuniformsourcewithuser-specifiedneutralenergy(typically1-25

eV,discussedlater)

ThefirstsourceisobviouslyamodelofMST’saluminumwall,andthesecond

modelsthecarbonlimiter.Thethirdsourceisanad-hocsourcethatproducesneutrals

withenergieshigherthansource1forincreasedcorepenetration. Whileitdoesnot

correspondtoatruephysicalsource,itallowsgreaterflexibilitywhenmatchingto

theDαdata.

Threeseparateneutraldensityprofilesareoutputforthethreesources.Theseare

convertedfromthe(r,θ)polarNENEgridtothe(R,Z)gridusedbyMSTFit.The
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threeprofilesarethenusedasneutraldensitybasisfunctionsandlinearlycombined

suchthat:

n0(R,Z)=β

3

i=1

αin0,i(R,Z) (A.7)

whereα1,α2,andβarefitparametersthatwillbevaried,andα3=1−α1−α2.

ThephysicalgeometryofeachDαchordismappedontoboththe(R,Z)gridandthe

poloidalflux(ψ)gridusedbyMSTFit,andthesimulatedDαemissioniscalculated

alongeachdetectorchord:

ΓDα=
L

n0(R(l),Z(l))ne(ψ(l))σv(ψ(l))excitationdl (A.8)

ThesimulatedDαemissioniscomparedtothemeasuredDαemissionforeach

detector,andthereducedχ2iscalculated:

χ2red=
1

(Nmeas−3)

ΓmeasDα −ΓsyntheticDα

2

σ2meas
(A.9)

where(Nmeas−3)isthenumberofdetectorsusedinthefitminusthethreedegrees

offreedominthefit. Thisprocedureisrepeatedanumberoftimes,varyingthe

mixingcoefficientsofthethreeNENEprofiles(αi)andthetotalnumberofneutral

particles(β)untilχ2redisminimized.AfterabestfittotheDαdataisfound,the2-D

solutionfortheneutraldensityiscalculatedfromEquationA.7.

FigureA.6illustratesthefittingprocess.Theneutraldensity,2-DDαemission,

andline-integratedDαemissionareplottedforeachbasisprofile.Thelastcolumn

showsthesolutionafterlinearlycombiningtheprofilesandminimizingagainstthe

Dαdata(blackpointsinbottom-rightplot).NotethateventhoughtheDαemission

ishigherontheoutboardside,thefittingprocedureoftendoesnotneedsubstantial

amountsofthepoloidallylocalizedprofile;theShafranovshift[88]oftheelectron
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FigureA.6:n0andsimulatedDαemissionisplottedforthreebasisprofiles(first
threecolumns)andthedata-constrainedsolution(lastcolumn,datainblack).

densityandtemperaturecombinedwithapoloidallysymmetricneutraldensityprofile

isoftenenoughtoreproducetheasymmetryinemission.

TheincreaseinaccuracyoftheneutraldensityestimateissummarizedinFig-

ureA.7.Theimprovementsinspatialresolution,calibration,andthetransitionfrom

thedirectAbelinversiontotheNENEfittingprocedureallimprovetheaccuracyof

thecalculatedneutraldensityprofile.

Althoughcomputationallytimeconsuming,MSTFitandNENEcanberunfora

seriesofequilibriatostudythetimebehavioroftheneutraldensity.Asampleshot

isshowninFigureA.8.Boththecoreandedgeneutraldensityincreaseatsawtooth

eventsandtrackwellwiththeline-integratedDαemission.
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FigureA.7:Comparisonoffitqualityandmidplanen0beforeandafterimprovement
oftheDαarrayandfittingprocess. Withonly7detectorsavailable,NENEdoesnot
matchtheDαemissiondatawell(a),butstillproducesareasonableprofile(b,black)
whencomparedtothefailedAbelinversionofthedata(b,blue). Whenmoredetectors
areavailable,NENEproducesaprofilemuchclosertothemeasurements(c),andthe
resultingprofile(d,black)hassubstantiallylowercoreneutraldensitythantheAbel
inversion(d,blue).

Uncertaintyandcomparisontootherestimates

Despitethesubstantialimprovementintheaccuracyofneutraldensityfitting,there

isstillsignificantuncertaintyinthecalculatedresults,particularlyinPPCDplasmas.

InadditiontotheNPAmodelinginthisthesis,NENEneutraldensityprofileshave

beenusedinseveralotherMSTstudies,includingcollisional-radiativemodelingof

impuritiesbyKumar[89,90],andthecalculationoffastionlossratesduetocharge

exchangebyLiu[25]and Waksman[23].Inordertomatchotherdata,reductionof

theNENEcoreneutraldensitybyfactorsof2-30wereneeded.

ThereareseveralpossiblereasonsfortheinaccuracyoftheNENEprofiles.The
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FigureA.8:Thecore(d)andedge(f)neutraldensity(asreconstructedbyNENE
atmanytimepoints)areplottedalongwithseveralotheroperationalsignals.Both
quantitiesincreasesharplyatsawtootheventsandgenerallyfollowtheline-integrated
Dαemission(b).Theincreaseattheedgeoftheshotisduetoincreasedpuffingand
ramp-downoftheplasmacurrentandtemperature.

firstisthesameproblemthatwasencounteredwiththeAbelinversion:whenline-

integrated,thesmallamountofcoreDαemissionsimplygetslostundertheedge

emissionwhichisseveralordersofmagnitudehigher.FigureA.9showsthecoreneu-

traldensityandχ2redforseveraldifferentNENErunsinwhichtheneutralenergyfrom

themonoenergeticsourcewasvaried. WhilebetterfitstotheDαdataareobtained

forhigherneutralenergies,theenergiesusedareunrealisticallyhigh;it’spossiblethat

theprofilescorrespondingtolowerneutralenergiesproducemorerealisticprofiles,

andthedataissimplynotagoodconstraint.

TheproblemislikelyexacerbatedbythelowsignallevelinPPCD.Neutralden-

sityandDαemissiondropssubstantiallyinPPCDasthebetterconfinementlimits

plasma-wallinteractions. Theproblemofcoreneutraldensityinformationbeing



1 10 100 1000 10000
Neutral source energy (ev)

0

1

2

3

4

5

R
e
d
uc
e
d 

2

Standard F=-0.2
Standard F=0
PPCD

1 10 100 1000 10000
Neutral source energy (ev)

0

2•109

4•109

6•109

8•109

C
or
e 
n
e
ut
r
al 
d
e
ns
it
y 
(c
m
- 3
)

Standard F=-0.2
Standard F=0
PPCD

(a) (b)

139

FigureA.9: Withhigherneutralsourceenergy,thecoreneutraldensityincreases(a)
andthefitmatchesthedatabetter(b).However,thehighneutralenergyandcore
densitymaybeunrealistic.Adefaultof50eVisusedtocompromisebetweenfitting
thedataandmodelingarelativelyrealisticneutralenergy.

buriedinanedge-peakedmeasurementisevenhardertounravelwhensignallevels

approachthenoisefloor.

AnotherpossiblereasonfortheinaccuracyisthatNENEmaynotbeabletofully

modelMST’sneutraldensityprofile.Itisoftensuspectedthattheneutraldensity

profileistoroidallyasymmetricduetothepoloidalgapandavarietyofportholes

anddiagnosticsscatteredaroundthemachine. TheDαmeasurementisatasingle

toroidallocationwhichmaynotberepresentativeoftheplasmaasawhole.Dueto

complicationswiththecodeandlackofmeasurementcapabilities,NENEisnotused

tomodelmolecularhydrogenwhichmayfactorintotheobservedemission. More

complexphysicslikerecombinationandimpurityinteractionsarealsonotmodeled.

A.4 Summaryandfuturework

Largestepshavebeentakentoproduceamoreaccurateestimateoftheneutral

densityprofileinMST.Thenumberofactivedetectorswasincreasedfrom7to16,
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nearlydoublingthespatialresolutionofthemeasurement,andtheNENE Monte

CarlocodewasintegratedwithMSTFittoproducesimulatedneutraldensityprofiles

constrainedbytheavailableDαemissiondata.Bothoftheseimprovementscontribute

tomoreconsistentandaccurateestimatesofthecoreneutraldensity.Unfortunately,

thereisstillsignificantuncertaintyintheestimate,particularlyinPPCDplasmas.

Severalsuggestionsforfutureworkareofferediffurtherrefinementoftheestimate

isdesired.

TheDEGAS2code[91]hasbeenlicensedfromPPPLbuthasnotyetbeen

implementedfor MST.DEGAS2isa MonteCarloneutralparticletrackingcode

similartoNENE,buthasseenextensiveuse(andthusdevelopment)inthetokamak

community. Asecondestimationoftheneutraldensityfromamoresophisticated

physicsmodelwouldbeextremelyusefulforcomparisonwithNENE.

AnotherrefurbishmentoftheDα detectorarraywouldalsobebeneficial.In

particular,thedetectorsneedalargerdynamicrange. Thiscouldbeaccomplished

viaimprovedamplificationcircuitsorsomemethodofadjustablegain(eitheran

apertureoramplifieradjustment)sothatthedetectorscouldbetunedforparticular

run-dayneeds. Thegainiscurrentlysetforamiddle-of-the-roadapproachwhich

resultsincompletesaturationofthedetectorsinhigh-densityplasmasandextremely

lowsignalsinPPCDplasmas. Anadjustablegainwouldmakecalibrationmore

challenging,butwouldgreatlyenhancetheusefulnessofthearray. Additionally,

thedynamicrangevariesfromdetectortodetectorduetomixingofoldandnew

hardware,andsomedetectorshavealsodevelopedoscillatorynoisewhichshouldbe

diagnosedandrepaired.

Otherdiagnosticscapableofconstrainingtheneutraldensitywouldobviously

beadvantageous. Oneexample,theTALIFdiagnostic[92],iscapableoflocalized

neutraldensitymeasurements. Adirectmeasurementofthecoreneutraldensity
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orevenstrongmeasurementconstraintsonthegradientinthemid-radiusandedge

wouldbetheidealmethodforfurtherconstrainingtheneutraldensityprofile.

Finally,theuseofBayesiananalysistechniquesorintegrateddataanalysiscould

facilitateamoreaccurateestimateneutraldensityprofileaswellasabetterunder-

standingoftheuncertaintyintheestimate.
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AppendixB

Signconventionsin MSTFit,

MDSPlus,and machine

coordinates

B.1 Introduction

Thisappendixisintendedtoprovidesomeinsightandclarificationaboutsigncon-

ventionsusedinMSTandMSTFitformagneticfields,electricfields,andvoltages.

Itisnotintendedtobeacomprehensivedocument,butratheracollectionofnotes

thatothersmayfindusefulshouldtheyneedtoperformcalculationsinwhichthe

directionsofthefieldsbecomeimportant.

First,aquicknoteonplasmacurrentnomenclature.Inmanycases(MDSPlus

database, MSTFitvariablenames,generaldiscussion,etc.)theabbreviationIpis

usedtorepresentthe“plasmacurrent”orthetotalcurrenttravelinginthetoroidal

direction.InthenextsectionandinFigureB.1,IwilltakeIptobethepoloidalplasma

currentandIttobethetoroidalplasmacurrent,tomatchthetypicalabbreviations
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FigureB.1: Toroidalandpoloidalcross-sectionsof MSTwithcoordinate,current,
field,andflowdirections.Notethattheθ̂directionistheoppositeoftheconvention
usedforportholelabels.

usedforthemagneticfield(BtandBp).Attimes,especiallywhendiscussingsignal

andvariablenames,itwillbeunavoidabletouseIpfortheplasmacurrent;Iwilltry

tobeasexplicitaspossibleincaseswherethemeaningisnotclear.

B.2 MSTsignconventions

Wewillfirstdefinethe(R,θ,φ)coordinatesystemthatwillbeusedthroughoutthis

appendixandistheagreed-uponcoordinatedefinitionforMST.ThemajorradiusR

isdefinedasonewouldexpect,withthecenterofthetorusbeing0,theouter-most

pointontheshellbeing2.52m,andthedirectionR̂pointingoutwardfromthecore.

Thepoloidalcoordinateθis0◦rightabovetheinboardmidplane,360◦rightbelow
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theinboardmidplane,andthedirection̂θpointsclockwise(right-handed)ifyouare

travelinginthe+̂φdirection.Thetoroidalcoordinateφ̂is0◦totheleftofthepoloidal

gap(fromanoverheadperspective),360◦totherightofthepoloidalgap,andthe

directionφ̂pointscounter-clockwiseifyouarelookingfromabove.

Itisimportantatthispointtonotethatadifferentconventionforθ̂iscom-

monlyusedwhendiscussingphysicalportholelocations. Theportholesarelabeled

suchthatθis0◦rightabovetheoutboardmidplane,360◦rightbelowtheoutboard

midplane,andthedirectionθ̂pointscounter-clockwise. Althoughmorecommonly

usedinconversation,these“machinecoordinates”createaleft-handedrelationship

between(R,θ,φ)andthusarenottypicallyusedforscientificcalculations.

Withourcoordinatedefinitionsinplace,wecanidentifythedirectionsofthe

primaryplasmacurrentsandmagneticfieldsduringnormalMSToperation.During

plasmastartup,currentisdrivenintheconductingshelltoproducethetoroidal

magneticfieldBtinthe+̂φdirection.Oncethemaincapacitorbanksfire,atoroidal

currentItisinductivelydriveninthe−φ̂direction,creatingapoloidalmagneticfield

Bpinthe−θ̂direction.Duringthisprocess,thevoltageacrossthepoloidalgapVpg

issuchthattheelectricfieldinthegappointsinthe−φ̂direction(correspondingto

aninductiveloopvoltagereinforcingtheplasmacurrent).

Awayfromsawteeth,thetoroidalgapvoltageVtgisnegativeasthetoroidalmag-

neticfluxdecreases,meaningthattheelectricfieldinthetoroidalgappointsinthe

+̂θdirection.Duringasawtooth,Vtgbecomespositiveasthetoroidalmagneticflux

increases,meaningthattheelectricfieldinthetoroidalgappointsfrom+to-,orin

the−θ̂direction.Furtherclarificationonthegapvoltagesisprovidedlaterinthis

appendix.
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B.3 Signinconsistenciesinthe MDSPlus

database

Atthispoint,Iwillexplicitlymentionseveralquantitiesthatare“backwards”inthe

MDSPlusdatabaseandopsscopes.Oftenthesequantitiesaremoreintuitiveintheir

“backwards”form,butitisofcourseimportanttoknowwhetherapositivedatabase

signalcorrespondstoapositiveornegativecoordinatedirection. Pleasenotethat

thislistisnotcomprehensiveorcomplete,butsimplyincludesthesignalsrelevantto

thisthesis.

•“Ip”(thetoroidalplasmacurrent)ispositiveinthedatabasealthoughittravels

ina−φ̂direction.

•TheconventionusedforVpgissuchthatapositivevalueinthedatabasecorre-

spondstoanin-gapelectricfieldpointinginthe−φ̂,co-Ipdirection(+to–in

FigureB.1).

•TheconventionusedforVtgissuchthatapositivevalueinthedatabasecorre-

spondstoanin-gapelectricfieldpointinginthe−θ̂,direction(+to–inFigure

1).

•Magneticmodevelocities(e.g.bpn06vel)arepositiveinthedatabasealthough

theyactuallytravelwiththeplasmaflowinthe−φ̂direction.

Reversingthedirectionoftheplasmacurrent

(“counter-injection”)

ThedirectionofthetoroidalplasmacurrentinMSTcaneasilybeswitchedbyre-

versingthepolarityofthecurrentflowingthroughthePFwindings. Thissetupis
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oftenreferredtoas“counter-injection”becausethefastionsinjectedwiththeNBI

travelcountertotheplasmacurrent.

Incounter-injection,theneutralbeaminjectorisfixedandstillinjectsionsinthe

−φ̂direction,butthedirectionof“Ip”(It)isreversed(+̂φ).Since“Ip”generates

thepoloidalmagneticfieldBp,itisalsoreversed. Whenwereverse“Ip”,polarity

invertersaretypicallyinstalledforIp,Ipri,andVpg.Therefore,thesignalsinthe

MDSdatabasedonotchangedirectionin“counter-injection”eventhough

therealdirectionsdochange. Besuretoidentifyandflipthesignsofanyof

thesepolarity-invertedsignalswhenusedforcalculations.

B.4 Signconventionsandinconsistenciesin

MSTFit

Theoutstructure

Letusfirstexamineseveralelementsoftheoutstructure,whichisdefinedona101-

point1-Dfluxsurfacegridandisusedformanypost-fitcalculations.outcontains

flux-surface-averagedquantitiesasafunctionofnormalizedpoloidalflux,andincludes

aneffectiveradialcoordinateρVbasedonthesquare-rootvolumeofatoroidprojected

fromeachpoloidalfluxsurface.

•out.ipisasinglepositivenumberrepresentingthetoroidalplasmacurrent“Ip”

whichisactuallyinthe−φ̂direction.

•out.iphiisanarrayofpositivevaluesrepresentingthetotaltoroidalplasma

currentenclosedbyeachfluxsurface.Likeout.ip,apositivevaluecorresponds

toacurrentinthe−φ̂direction.
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•out.jphiisanarrayofvaluesfortheparallelcurrentdensity,J||=J·B.These

valuesarenegative,whichiscorrectsinceItandBt(aswellasIpandBp)are

inoppositedirections.

•out.bpisanarrayofvaluesforthepoloidalmagneticfieldoneachfluxsurface.

Thesevaluesarepositiveandrepresentthemagnitudeofthepoloidalfield,

althoughthedirectionoftherealpoloidalfieldisnegative(Bpisinthe−θ̂

direction).

•out.bphiisanarrayofvaluesforthetoroidalmagneticfieldoneachfluxsurface.

Thesevaluesarepositive,whichiscorrect(Btisinthe+̂φdirection).

•out.psiisanarrayofvaluesforthepoloidalmagneticfluxenclosedbyeach

fluxsurface.ThesevaluesarenegativewhichimpliesadAelementpointingin

the+̂θdirection.

•out.phiisanarrayofvaluesforthetoroidalmagneticfluxenclosedbyeach

fluxsurface.ThesevaluesarepositivewhichimpliesadAelementpointingin

the+̂φdirection.

Thebfield.proroutine

Theroutinebfield.proisanusefulroutinethatwillfetchthemagneticfieldatan

(R,Z)pointspecifiedbytheuser,takingintoaccounttheinboard-outboardasym-

metryduetotoroidaleffects.TheroutinereturnsastructurewiththeR,Z,andφ

componentsofthemagneticfield. WhiletheBφcomponentiscorrect,theBRand

BZcomponentsarebackwards. Whenusingthisroutine,ifthecorrectdirectionof

theRandZcomponentsisimportant(i.e.youarenotjustgoingtosquareandadd
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themtogetBp),youshouldbesuretousecodesimilartothefollowing:

bfield=bfield(in_r,in_z)

br=-bfield.r

bz=-bfield.z

bphi=bfield.phi

IfyoudosquareandaddthemtogetBp,youshouldrememberthattheresult

willbepositiveeventhoughBppointsinthe−θ̂direction.

B.5 Calculatingelectricfields

Thetaskofcalculatingtheelectricfieldanditsdirectionatasawtoothiswhatmoti-

vatedthiscarefulaccountingoffieldsigns.Anabbreviatedversionofthisderivation

isgiveninChapter3,butamoredetailedderivationisincludedhereaswellasan

alternatederivationusingmagneticfluxesinsteadoffields.

Using multiple MSTFitfilestostudytimedependence

MSTFitisasingle-time-pointequilibrium,sothetimederivativeinthefollowing

equationswillinpracticebeafinitedifferencebetweentwodifferentequilibria.How-

ever,wemustbecarefulhere,astheoutarrayindicesfortwodifferentequilibria

willnotnecessarilycorrespondtothesamefluxsurfaces.Indeed,Ihavefoundthat

throughoutasawtoothcrash,theout.areavalue(whichisameasureofthearea

enclosedbyagivenfluxsurface)changessubstantially,enoughtoturnadropinthe

coreBintoapositivefluxchange. Tocircumventthis,oneshouldinterpolate

thevaluesforthesecondequilibriumontoequivalentfluxsurfacesfrom
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FigureB.2: Diagramshowingthetoroidalelectricfieldgeneratedbyachangein
poloidalmagneticflux.

thefirstequilibrium.out.rhovorout.areaaregoodquantitiestouseforthe

interpolation.

Toroidalelectricfieldusingpoloidal magneticfield

WebeginwithFaraday’sLawinitsintegralform:

E·dl=−
d

dt
B·dA (B.1)

IfwewishtocalculatetheelectricfieldinthetoroidaldirectionEφatmajorradius

R(andforsimplicity,Z=0),wecanconsiderthepoloidalmagneticfieldBpcrossing

throughadiscofradiusR:

2π

0

EφRdφ=−
R

0

2π

0

∂Bp
∂t
RdRdφ (B.2)

Assumingtoroidalsymmetryandnotingthat-Vpgisthevoltageproducedbythe

fluxchangebetweenR=0andR=R0−a,
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Eφ(R,t)=
1

2πR
Vpg(t)−2π

R

R0−a

∂Bp(R,t)

∂t
RdR (B.3)

Thisiswherewemustbeginbeingcarefulwithsignsandtheinformationthat

weuse. IfweobtaintheVpgsignalfromthe MDSdatabase, weneedto

rememberthatapositivevalueisindicativeofanelectricfieldintheco-

current−φ̂direction. Weshouldalsobecarefulifweareusingthebfield.pro

routinefrom MSTFitandmakingassumptionsaboutthemidplane:forexample,

youcouldsaythatBp|Z=0=Bz,butifyouusetheBzoutputfrombfield.pro

withouttransformingitintoaproperBp,thesignwillbeincorrect.Thus,

acorrectexpressionforthetoroidalelectricfieldwouldbe:

Eφ(R,t)=
1

2πR
−VMDSpg (t)+2π

R

R0−a

∂Bbfield.proz

∂t
(R,t)RdR (B.4)

Onefinalsigncorrectionmustbemade.OnceyoucrossthemagneticaxisRm,Bp

atthemidplanechangesfromthe−̂ztothe+̂zdirectionbutoursurfaceofintegration

remainsinthesameorientation. AlthoughthedirectionBpremainsthesame,the

quantityB·dAchangessign.Bymakingourequationpiecewise,wearriveatafinal

expressionforthetoroidalelectricfieldintermsofMDSandMSTFITquantities:

Eφ(R,t)=






R<Rm:
1
2πR

−VMDSpg (t)+

2π
Rm
R0−a

∂Bbfield.proz

∂t
(R,t)RdR+2π

R

Rm

∂Bbfield.proz

∂t
(R,t)RdR

R>Rm:
1
2πR

−VMDSpg (t)+

2π
Rm
R0−a

∂Bbfield.proz

∂t
(R,t)RdR−2π

R

Rm

∂Bbfield.proz

∂t
(R,t)RdR

(B.5)
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FigureB.3: Diagramshowingthepoloidalelectricfieldgeneratedbyachangein
toroidalmagneticflux.

Poloidalelectricfieldusingtoroidal magneticfield

Wenowwishtocalculatethepoloidalelectricfield.BeginningagainwithFaraday’s

Lawandconsideringthechangeintoroidalmagneticfieldthroughacircleinthe

poloidalplane:

2π

0

Eθrdθ=−
r

0

2π

0

∂Bt
∂t
rdrdθ (B.6)

Theassumptionofpoloidalsymmetrymaynotalwaysbeagoodonedueto1/R

effects,soweareleftwith:

Eθ(r,t)=−
1

2πr

r

0

2π

0

∂Bt(r,θ,t)

∂t
rdrdθ (B.7)

Onecanobtainthetoroidalmagneticfieldfromthebfield.proroutineorthe

outstructure;bothshouldhavethecorrectsign,andthetoroidalcorrectionfrom

bfield.prowillbeaveragedoutintheintegral.
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NotethatwhileweusetheboundaryconditionVpginthetoroidalelectricfield

calculation,Vtgdoesnotexplicitlygetusedinthepoloidalfieldcalculation.However,

youcanstilluseitasaboundaryvaluetocheckyourwork:

Eθ(a,t)=−
1

2πa

a

0

2π

0

∂Bt
∂t
rdrdθ=Vtg(t) (B.8)

Usingfluxesinsteadoffields

BecauseMSTFithasthetoroidalandpoloidalmagneticfluxconvenientlycalculated,

onemaybetemptedtousethesequantitiesandskipsomeoftheintegrationinthe

previoussections.Iwillbrieflyderivetheelectricfieldintermsofthesefluxesand

thenexplainwhyusingthefieldsisthepreferablemethod.

WebeginagainfromFaraday’sLawintermsofthetotalmagneticfluxΦB:

E·dl=−
dΦB
dt

(B.9)

IfwewishtocalculatetheelectricfieldinthetoroidaldirectionEφatmajorradius

R(andforsimplicity,Z=0),wecanconsiderthepoloidalmagneticfluxψcrossing

throughadiscofradiusR:

2π

0

EφRdφ=−
dψ

dt
(B.10)

Ourgoalistousetheout.psivaluesfrom MSTFit. Thesevaluesaredefined

onfluxsurfacescenteredatout.rsurfwithminorradiusout.rminor.out.psiis

definedtobezeroatthewall,soweneedtoaddthecontributionfromoutsidethe

vessel,whichwealreadyidentifiedasVpg.Asareminder,theoutstructuresshould

allbeinterpolatedtoasinglesetofradialcoordinates.IwillusethenotationR∗to
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indicatethefluxgridthatweintendtouse,andψ∗willindicatethatthefluxhas

beeninterpolatedontoanewfluxsurfacegrid. Wenowarriveat:

Eφ(R,t)=
1

2πR
[(Vpg(t2)−Vpg(t1))−(ψ

∗(R∗,t2)−ψ(R
∗,t1))] (B.11)

Wecancleanupthenotationbyusing∆toindicatethedifferencebetweentwo

timespointst2andt1:

Eφ(R,t)=
1

2πR
[∆Vpg(t)−∆ψ

∗(R∗,t)] (B.12)

ObtainingVpgfromtheMDSdatabase(andrememberingtoflipthesign),

wecancalculatethetoroidalelectricfieldasafunctionofoutboardminorradius

as:

Eφ(r>R0,t)=
−∆VMDSpg −(out.psi∗(i∗,t2)−out.psi(i

∗,t1))

2π(out.rsurf(i∗)+out.rminor(i∗))
(B.13)

whereiistheindexoftheoutarraycorrespondingtoradiusr.Ifwewishto

lookattheinboardsignofthemachine,wesimplyneedtochangethesigninthe

denominator:

Eφ(r<R0,t)=
−∆VMDSpg −(out.psi∗(i∗,t2)−out.psi(i

∗,t1))

2π(out.rsurf(i∗)−out.rminor(i∗))
(B.14)

Theproblemwiththismethodarisesfromtoroidaleffectsandfluxsurfaceaverag-

ing.Because1/Risnotconstantaroundafluxsurface,theexpression(out.rsurf−

out.rminor)isaccurateinanaveragesensebutnotalocalsense(infact,thedevia-

tionisworstbetweenthetwomidplanecrossingswhicharethelocationsofinterest).

Usingthefluxsurfaceaveragedvalueψalongwiththefluxsurfaceaveragedradiifrom

outinEquationsB.13andB.14willproduceapproximatebutultimatelyincorrect
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valuesofthetrueB·dAasafunctionofR.Thisdifferencewasdiscoveredbecausethe

valueofthecalculatedelectricfielddidnotreachtheappropriateboundarycondition

(Vpg/2πR)attheplasmaedge.

Followingasimilarderivationastheoneweusedforthetoroidalelectricfield,one

couldobtainthefollowingexpressionsforthepoloidalelectricfieldusingthetoroidal

magneticfluxφ:

Eθ(r,t)=
1

2πr
(φ∗(r∗,t2)−φ(r

∗,t1)) (B.15)

Eθ(r,t)=−
(out.phi∗(i∗,t2)−out.phi(i

∗,t1))

2πout.rminor(i∗)
(B.16)

Becauseout.rminorisconstantaroundafluxsurface,wedonothavethesame

fluxsurfaceaveragingproblemthatwehadwiththetoroidalelectricfield.However,

thereareadditionalcomplicationsfromthechangeinthefluxsurfacepositionsfrom

oneequilibriumreconstructiontothenext. Untilnow,wehavebeeninterpolating

eachequilibriumontoasingleMSTFITgrid. However,thereisanadditionalterm

inEθrelatingtotheshiftinfluxsurfacepositionthatcomesfromtakingthetotal

timederivativeofφ.Formoreinformation,seeequations6.11-6.13inJayAnderson’s

thesis(though,likeeverywhereelseinlife,severalsignandalgebraerrorshavebeen

discoveredinthatderivation)[82].Ithasbeenshownthatformostcasesthisterm

isnegligible,thoughitwouldbewisetoconfirmthisforyourparticularcase.

Duetothesecomplications,Ihavechosentousethemagneticfieldsfromthe

bfield.proroutineanddothefullintegrationsforboththepoloidalandtoroidal

electricfields.
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B.6 Clarificationofgapvoltagedirections

Oneofthemostconfusingthingswhilewritingthisdocumentwastheconventions

usedforthegapvoltagesVtgandVpg. Myinstinctwhenlookingattheoverhead

layoutofMSTandthe+/–labelsatthegapswastointerpretitasacircuitinwhich

avoltagewasappliedatthegapwithcurrentflowingalongtheshellfrom+to–.

Whilecurrentsdoflowintheshell,thegapsarelabeledsuchthattheelectricfield

inthegappointsfrom+to–. Onecanderivethesefielddirectionsbyconsidering

integralformofFaraday’slaw(Eqn.B.9).

Forexample,toderivethedirectionofVtg,considertheincreaseintoroidalflux

atasawtooth.FromEqn.B.9,theloopintegralofE·dlmustthenbenegative.If

weconsiderdltobepositiveaswetravelacrossthegapinthe+̂θdirection,Emust

thenbepointinginthe−θ̂direction.

B.7 Sawtooth-generatedelectricfieldswith

respecttoNBI-bornfastions

Theendgoalforthisworkwastodeterminewhetherelectricfieldsgeneratedby

magneticequilibriumchangesatasawtootheventwouldaccelerateordeceleratefast

ionsgeneratedvianeutralbeaminjection(NBI).Instandardoperation,NBIfastions

areinjectedco-It(counter-Bt).TheANPA-measuredfastionsarecore-localizedand

haveahighnegativepitch(γ≡v/|v|);inotherwords,theywillfeelmostofE(0)

whichwillbelargelytoroidal. AmorerigorouscalculationofE anditseffectson

fastionsisincludedinChapter3;herewewillbrieflygetaqualitativesenseofthe

fielddirections.

WefirstconsiderthetoroidalelectricfieldinEquationB.13(althoughtheflux
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derivationisnotusedinpractice,itisabiteasiertodigestintermsofoverallfield

signs).VMDSpg isapositivequantityandundergoesanegativethenpositivespike

throughoutthesawtooth,givingasmallnegativeoverallcontributiontoEφ.out.psi

increasesatthesawtooth,givinganothernegativecontributiontoEφ.Thus,Eφisin

the−φ̂directionwhichwillacceleratetheNBIionstravelinginthe−φ̂direction.

Ifwewanttoalsoconsiderthecontributionofthepoloidalelectricfield,we

examineEquationB.16.AlthoughBtinthecoredecreasesatthesawtooth,out.phi

ispositiveandincreasesatthesawtooth,soEθwillbeinthe+̂θdirection.Themore

detailedresultsinChapter3indicatethattowardstheedgeoftheplasma,Eθcrosses

zeroandbecomesnegative.

Incounter-injection,theneutralbeaminjectorisfixedandstillinjectsionsinthe

−φ̂direction,butthedirectionof“Ip”(It)isreversed(+̂φ).Since“Ip”generatesthe

poloidalmagneticfield,itisalsoreversed. Thus,theabsolutedecreaseinpoloidal

fluxψproducesanegativenumberratherthanapositiveone,resultinginapositive

contributiontoEφduetothenegativesigninFaraday’sLaw.Thiswilloutweighthe

contributionfromVpg,resultinginanEφinthe(+̂φ)direction.Thiswilldecelerate

NBIfastions.ThismatchesANPAobservationsincounter-injection.

B.8 Summary

•Magneticfieldsandelectronflowstravelinthepositive-coordinatedirections.

•Currentsandionflowstravelinthenegative-coordinatedirections.

•Electricfieldsatasawtoothpointco-currentandaccelerateNBIionsinstandard-

directiondischarges.
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•Ip,Vpg,andmodevelocitiesarepositiveintheMDSPlusdatabaseeventhough

theytravelinnegative-coordinatedirections.

•InMSTFit,theRandZcomponentsfrombfield.proaredefinedbackwards,

andcaremustbetakenwhenusingthevariouselementsintheoutstructure

toensuretheproperdirectionisunderstood(particularlywithrespecttothe

dAareaelementusedforthefluxes).

•Whentakingadifferenceof out.psiandout.phifluxestogetanelectricfield,

youmustfirstinterpolateoneoftheequilibriaontothesamefluxsurfacesas

theother.
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