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Abstract

InvestigationofDeuterium

PlasmaPropertyVariationby

CarbonImpurityfrom Graphite

Lim Sun-taek

DepartmentofEnergySystemsEngineering

TheGraduateSchool

SeoulNationalUniversity

Spatially andtemporally varying deuterium plasmaproperties

causedbycarbonimpurityinfluxareinvestigatedonthebasisof

morphologicalchangeofgraphitethathasstronginfluenceson

theformationofcarbonimpurities.Thepresentstudyaimsto

provide a new perspective on interpreting plasma-surface

interactionsbyconsideringthesurfacemorphologicalchange.It

isrevealedthattheconsiderationofthevariationsofboththe

plasmaproperty and thegraphitemorphology isnecessary to

understand the deuterium plasma–graphite surface interaction.

Electroncyclotronresonance(ECR)plasmawasusedtographite

targetasthemaininteractionareaandtoaccelerateionswith
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verticalincidenceon thetarget.Experimentswerecarriedout

withaplasmadensityrangeof1–3.5×1011 cm-3,anelectron

temperaturerangeof3.5–5.5eV,andanionenergyrangeof17

–100 eV,which are experimentalconditions similarfor the

KSTARscrape-offlayer(SOL)plasma.

Themorphologicalchangeofthegraphitecausedbydeuterium

plasmairradiation wasanalyzedaccording totheenergy dose,

which is the productofthe energy and dose ofions,and

thereforetheenergydoseindicatesthetotalenergytransferred

ongraphiteperunitarea.Theenergydosedeterminesthedegree

ofthemorphologicalchangeofthegraphiteastheenergyneeded

formotionofcarbonatomscausingthemorphologicalchangeis

proportionaltotheenergy dose.Moreover,energeticdeuterium

ionactivelyreactsandbondswiththecarbon,resultinginthe

C-D bondformation on thegraphitesurface.Accordingly,the

energy dose was applied up to the KSTAR SOL plasma

steady-stateconditiontoanalyzeprogressofthemorphological

changeofthegraphite.Asaresult,thegraphitemorphology

changedfrom aplanesurfacetoaconicaltipastheenergydose

isincreased.Furtherincreasesintheenergydoseenlargedthe

sizeandtheaspectratiooftheconicaltip.Theincreasedsp3

characteron graphiteby theion irradiation isturned outto

induceconicaltipformationonthegraphitesurfacebycontaining

asmallamountofdiamond-likecarbon,which hasaslightly

higherdisplacementthresholdenergythangraphiticatoms.The
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formation of the cone-shaped carbon bundle owing to the

gatheringofsmallconicaltipsoccurswhenthesheathelectric

fieldisstrongerthan3.8×105V/m.Therefore,plasmaphysical

propertiessuch astheenergy dose,sheath electricfield,and

plasmachemicalproperty ofC-D bond formation play crucial

roles in cone-shaped carbon bundle formation.The results

indicatethattheinterpretationoftheplasma-basedphysicsand

chemistryarenecessarytoanalyzethemorphologicalchangeof

graphite.

A sputtering yield modelforthe conicaltip isestablished.

Consideringthatthemorphologicalchangeofthegraphitesurface

entailstheincrementinthelocalangleofionincidenceandthe

additionalcollisionsofbackscatteredions,theRoth’smodelfora

plane surface has been modified. The newly established

sputtering yield modelreflects analyticalanticipation thatthe

morphologicalchangeofgraphitecausedbytheenergyofthe

ions increases the physical and chemical sputtering yields

comparedtothoseforaplanesurface.Themeasuredsputtering

yieldsforthemorphologically changed graphitesurfaceindeed

turnedouttobetwotimeslargerthanthoseestimatedusing

Roth’smodelfora planesurfaceowing to themorphological

changeofgraphite.Theresultsindicatethattheinterpretationof

the plasma physics is necessary to analyze both the

morphological change of graphite and the carbon impurity

formation.
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The inflow of deuterated carbon decreases the electron

temperatureandincreasestheelectrondensityinspace,asthe

deuteratedcarbonismorelikelytobedissociatedorionizedasa

resultofcollisionswithelectronsthanthosefordeuterium.The

spatial variation of deuterium plasma properties was

experimentally analyzed by based on a global model that

calculatesthespatially averagedplasmaproperties.Itisfound

thatincreaseinthesputteringyieldslightlyraisesafew % of

theratio ofdeuterated carbon to deuterium plasma,and this

slightincrementinducesthevariationofthedeuterium plasma

properties.The results indicate thatthe interpretation ofthe

interaction between the carbon impurity and the deuterium

plasmaisnecessarytoanalyzethedeuterium plasmaproperties.

The inflow of deuterated carbon decreases the electron

temperatureandincreasestheelectrondensitywithtime,because

themorphologicalchangeofgraphitewith theoperation time

increasesthesputteringyield.Increasesintheionenergyand

ion flux,i.e.,an increasein theenergy dose,causeasevere

morphologicalchangeofgraphite,resultinginlargevariationsof

thedeuterium plasmaproperties.In addition,theincreasedion

fluxduetothecarbonimpurityinfluxintothedeuterium plasma

causesadditionalcollisionsofbackscatteredions,resultinginthe

re-incrementofthesputteringyield.Therefore,itisdiscovered

thatthevariationofthedeuterium plasmapropertiescausedby

thecarbonimpurityinfluxcanaccelerategraphitewallerosion.
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Inthisstudy,plasmaandgraphiteareanalyzedsimultaneously

inordertoexaminetheinteractionbetweenthedeuterium plasma

andthegraphitesurface.Themorphologicalchangeofgraphite,

inparticular,isfoundtobeamajorfactortobeconsideredin

deuterium plasma–graphitesurfaceinteraction.Themorphological

changeofthegraphitecausedbydeuterium plasmairradiation

increasesthecarbonimpurityinfluxintothedeuterium plasma,

resultinginlargevariationsofthedeuterium plasmaproperties.

New discoveriesdescribedinthisstudywillgreatlycontributeto

understanding ofthe KSTAR plasma,which uses deuterium

plasmawithgraphite,andtheplasmaprocessingforcarbonand

hydrogen gases.Moreover,revealed thatthe variation ofthe

plasmapropertiesaccordingtotheoperationtimecanbecaused

bytheby-products,thisstudyisbelievedtoprovideimportant

basisfortheestimationandcontrolofplasmapropertiesinthe

relatedfieldsofstudy.

Keywords:Deuterium plasma – graphitesurfaceinteraction,

Morphological change of graphite, Sputtering yield, Carbon

impurityinflux,Variationofplasmaproperties

StudentNumber:2010-30257
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Chapter1.Introduction

1.1.Motivation

Thedeuterium plasma–graphitesurfaceinteraction hasbeen

widely investigated asgraphitehasbeen oneofthecommon

materialsusedfortheplasma-facingcomponent(PFC)infusion

devices[1–4].However,in previousstudiesofthedeuterium

plasma–graphite surface interaction, the effect of the

morphologicalchange of graphite on the deuterium plasma

properties was not investigated.Although the morphological

change ofgraphite is determined by the irradiated deuterium

plasma,propertiesofdeuterium plasmaduringitsirradiationon

morphologically changed graphite were not discussed,which

mightbeduetotheabsenceofestablishedrelationshipbetween

the deuterium plasma and graphite surface. In order to

investigateonthisrelationship,themajorfactorsthatgovernthe

linkagebetweenthedeuterium plasmaandgraphitesurfacewere

thoroughlyexamined.

In orderto discovera key factorthatlinks between the

deuterium plasmaandgraphitesurface,acomparativeanalysisof

graphiteand stainlesssteelunderthesameplasmatreatment

conditionhasbeencarriedout(Fig.1.1).Figure1.1(a)showsthe

measured electron temperature and electron density for a
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stainlesssteelandagraphiteinanelectroncyclotronresonance

(ECR)chamberatanionenergyof17eV andmicrowavepower

of400W.Upto60mm from thetarget,theelectrontemperature

foragraphitetargetwaslowerthanthatforastainlesssteel

target,andtheelectrondensityforagraphitetargetwashigher

than thatfora stainless steeltarget.Because the operation

conditionssuch asdeuterium pressure,coilcurrent,microwave

power,andionenergy areconstant,differenttypesoftargets

causespatialvariation ofdeuterium plasma properties.Figure

1.1(b)shows the measured electron temperature and electron

densityaccordingtooperationtimeinanECRchamberatanion

energy of100eV.Themicrowavepowersare400W foran

averageionfluxof1.8×1017cm-2s-1and600W foranaverage

ion flux of 2.8 × 1017 cm-2s-1.The decrease in electron

temperatureandtheincreasein electron density areobserved,

and then both stabilize,demonstrating temporalvariation of

deuterium properties during its irradiation on a graphite.

Considering that the carbon impurity (CxDy),which is the

by-productofthereaction between thedeuterium plasmaand

graphite,isnotgeneratedbytheplasmairradiationonastainless

steel,carbonimpuritycancausethevariationofthedeuterium

plasmapropertiesaccordingtotime.Therefore,inthisstudy,the

carbonimpurityisconsideredasakeyfactorthatlinksbetween

the deuterium plasma and graphite,and the variation ofthe

deuterium plasmapropertiesduringitsirradiationongraphiteis
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analyzedbasedonthelevelsofcarbonimpurity.Inparticular,

thisstudyconsiderstheeffectofthemorphologicalchangeof

graphiteontheincrementofcarbonimpurityformation,which

wasnotconsideredinpreviousstudiesrelatedtothedeuterium

plasma–graphitesurfaceinteraction.Thepresentstudyaimsto

provide a new perspective on interpreting plasma-surface

interactionsbyconsideringthesurfacemorphologicalchange.
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Figure.1.1.(a)Measuredelectrontemperature(squarewithsolid

line)andelectrondensity(circlewithdottedline)withdistance

from thetargetinanECRchamberatanionenergyof100eV

andmicrowavepowerof400W.Emptysymbol:stainlesssteel

target;filled symbol:graphite target.(b) Measured electron

temperature(squarewithsolidline)andelectrondensity(circle

withdottedline)withoperationtimeinanECR chamberatan

ionenergyof100eV.Emptysymbol:microwavepowerof400

W;filledsymbol:microwavepowerof600W.
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1.2.Previous Studies on Interaction between

Deuterium PlasmaandGraphiteSurface

1.2.1.Interaction between Deuterium Plasma and Graphite

Surface

Becausedeuterium,ratherthan hydrogen,isused in fusion

plasma[1–4],thedeuterium plasma–graphitesurfaceinteraction

hasbeenwidelystudied.Untiltheyear2000,studiesfocusedon

atomic-scale interactions [5–7].The irradiated deuterium ion

causes physical and chemical sputtering, resulting in the

formation of carbon (C) and deuterated carbon (CD4),

respectively.Thephysicalandchemicalsputteringyieldsforthe

planesurfacewerewelldefinedbyRoth[8].Sputteredcarbon

hasa strong affinity forthesurrounding deuterium ionsand

redepositstoform adeuterium-richamorphouscarbonlayeron

thegraphitesurface.Themodelingoftheinteractionbetweenthe

deuterium plasmaand theredeposited amorphouscarbon layer

[6],aswellasthemotionofanimpurityparticlethroughthe

plasma[7],wasperformed.Here,thedeuterium plasmaconditions

wereusedastheinitialandboundaryconditions.Forexample,

backgroundplasmawasusedasaninputconditionintheERO

codemodelingofthemotionoftheimpurityparticlethroughthe

plasma[7].Aftertheyear2000,itwasconsideredthatplasma
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propertiesarechangedbytheinteractionbetweentheplasmaand

impurities[9,10].Theeffectsofimpuritieson thedeuterium

plasma,suchasradiativecooling[9],wereconsidered,andthe

effectofthe duston the deuterium plasma properties was

considered [10]. Currently, plasma properties, especially the

plasmafluxonthetarget,arecontrolledusinganintentionally

seeded impurity [11–13].In summary,a carbon impurity can

cause the spatially and temporally varying deuterium plasma

properties.However,previousstudiesofthedeuterium plasma–

graphitesurfaceinteraction considered only theplane surface,

withoutconsidering themorphologicalchange ofthegraphite,

despitetheobservationofmorphologicalchangessuchasconical

tips[14,15],cracks[16],and surfaceerosion [17]in various

experiments.

Theformationofconicaltipsisatypicalchangeinthesurface

morphology ofa graphite targetfacing deuterium plasma ion

irradiation.Balden etal.[14]performed astudy using planar

inductivelycoupledplasma(ICP)withdeuterium ionenergyof30

eV andafluxof3×1017cm-2s-1.Theyobservedtheformation

ofconicaltips with sizes ofa few tens ofnanometers on

graphitewhen thetotaldosewas6.8× 1021 cm-2 at500K.

Baldwinetal.[15]observedthatthesizeofthetipsincreased

withadoseofions.InthePISCES-B experiment,agraphite

targetwasexposedtodeuterium ionenergyof40eV andaflux

of6×1018cm-2s-1,andconicaltipswithsizesofafew hundred
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nanometersformedonthegraphitewhenthetotaldosewas2×

1022 cm-2 at600 K.Furthermore,in a study using the ICP

source,Balden observed the effects ofsimultaneous thermal

(atomic)andenergetic(ionic)deuterium impactonmorphological

changes in graphite and compared them to ion beam

bombardment results. The pure and Ti-doped graphites

bombarded with an ion beam hadneedle-likestructures.This

impliesthatthedirectionalimpactoftheenergeticionsenhances

thedepth ofthesputteretch,which isoneofthedominant

physicalreaction processes in these systems.In pure and

Zr-dopedgraphitesexposedtoplasma,thedirectionalstructureis

smeared,andinstead,conicaltipsareobserved.Theseresults

revealthatthe energy and doseofthe irradiation ionsplay

importantrolesintheformationofconicaltipsonthegraphite.

Inaddition,cracksaregeneratedbythesurfacechemicalerosion

mechanism,asdiscussedinourpreviousstudy[16].Yangetal.

[16]performed astudy using ECR plasmawith hydrogen ion

energyof100eVandafluxof6.4×1016cm-2s-1.Theyobserved

theuniform crackingofthesurfaceoftheirradiatedgraphiteby

thedecompositionoftheless-orderedcarbonaceousspecies.

Thepreviousstudiesrevealthatacarbonimpuritycancause

the spatialand temporalvariation of the deuterium plasma

properties.However,previousstudiesofthedeuterium plasma–

graphitesurfaceinteraction considered only theplane surface,

withoutconsiderationofthemorphologicalchangeofthegraphite.
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Because a carbon impurity can cause the variation of the

deuterium plasmaproperties,itisnecessary tounderstandthe

effectsofthemorphologicalchangeofgraphiteonthecarbon

impurity formation,i.e.,thesputtering yield.Forexample,the

incrementoftheionincidenceanglecausedbythemorphological

changeofgraphitecanincreasethesputteringyield[18].Thisis

discussedindetailinthefollowingsection.
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1.2.2.SputteringYieldofGraphite

Impurities are defined as atoms,molecules,and particles

withoutfuelgas[19].Inthisstudy,acarbonimpurityisdefined

asC atomsanddeuteratedcarbon(CxDy)moleculeswithoutthe

fuelgasofdeuterium forthedeuterium plasma–graphitesurface

interaction.The carbon impurity influx from the graphite is

definedas

impurity iYG = G (1.1)

Here,Y isthesputtering yieldofthegraphite,and Γiisthe

incidentionflux.Thephysicalandchemicalsputteringyieldsfor

the plane surface are welldefined by Roth [8].The total

sputteringyieldisexpressedas

(1 )tot phys therm dam surfY Y Y DY Y= + + + (1.2)

Here,Yphysisthephysicalsputteringyield,Ytherm isthethermal

erosionyield,D isaparameterthatdependsonthehydrogen

isotope,Ydam is the enhanced sputtering caused by radiation

damage,andYsurfisthesurfaceerosion.Thesecondandthird

termsontheright-handsideofEq.(1.2)representthe“chemical

sputteringyield.”Thephysicalsputteringyieldisdefinedbyan

energyofions,andthechemicalsputteringyieldisdefinedbyan

energyofions,afluxofions,andsurfacetemperature.Whenthe

ionhasanincidentanglewithrespecttothenormaldirectionof

the surface,the sputtering yield depends on this angle [18],
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whichisexpressedas

2( , )
cos exp[2(1 cos )]

( , 0)

Y E

Y E

q
q q

q
= -

= (1.3)

Here,Eistheenergyoftheion,andθ isthedifferencebetween

theionincidenceangleandnormaldirectionofthesurface.When

amagneticfieldispresent,θ isdeterminedbythemagneticfield

[19].Considering thesurfaceroughness,thelocalangleofion

incidence,σ,isgeneratedbythevariedsurfacemorphologynot

presentintheplanesurface[20].Thedifferenceinthesputtering

yieldsbetweenaplanesurfaceandavariedsurfaceincreases

withtheionincidenceangle[20].Backscatteredionsinaneutral

form leave the surface at an ion incidence point cosine

distributed [20]. Because the number of collisions by

backscatteredionsisdeterminedfrom thelocalincidenceangleof

theions,ionincidenceonthevariedsurfacemorphologycauses

additionalcollisionsofbackscatteredionsonthegraphitesurface.

Thus,the sputtering yield is affected by the morphological

changeofthegraphiteduetotheincreaseofthelocalangleof

theionincidenceandadditionalcollisionsofbackscatteredions.

Theionfluxfornormalincidenceisexpressedas

e i
i e s e

i

kT kT
nC n

m

+
G = =

(1.4)

Here,neistheelectrondensity,CsistheionBohm velocity,kis

theBoltzmannconstant,Teistheelectrontemperature,Tiisthe

iontemperature,andmiisthemassofanion[19,21].Thus,the
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ion flux is a function of the electron density, electron

temperature,iontemperature,andionmass.WhenCH4isadded

totheH2 plasma,thedecreaseofanelectrontemperatureand

theincreaseofanelectrondensitywereobservedwiththeCH4

influx intotheH2 plasma[22].Becausethecross-sectionsof

hydrogen isotopes are similar to each other,the interaction

betweenthedeuterium (D2)plasmaanddeuteratedcarbon(CD4)

issimilartothatbetweentheH2plasmaandCH4gas.Therefore,

theionfluxisaffectedbytheflowedcarbonimpurityproperties.

Thus,thecarbonimpurityinflux(Γimpurity)variesbythegraphite

morphology(Y)andflowedcarbonimpurityproperties(Γi).
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1.3.ObjectiveandScopeofThisStudy

Inpreviousstudiesofthedeuterium plasma–graphitesurface

interaction,theeffectsofthemorphologicalchangeofgraphite

werenotconsideredintheanalysis.Theionirradiation,
,and

carbonimpurityformation,
 ,wereusedtobedetermined

by the initialplasma properties and the initialstate ofthe

graphitesurface,whichisaplane,asshowninFig.1.2(a).For

carbon impurities formed during deuterium ions (D+, D2
+)

irradiation,twotypeswereconsidered,carbon(C)by physical

sputtering anddeuteratedcarbon(CD4)by chemicalsputtering.

However,thegraphitemorphologychangesduringtheinteraction

and the surface no longeris the plane,which should affect

processofthecarbonimpurityformationandpropertiesofthe

plasma as well.Therefore,the effects ofthe morphological

changeofgraphiteon thecarbon impurity formation and on

plasma propertiesneed to beconsidered in thestudy ofthe

deuterium plasma-graphite surface interaction. Figure 1.2(b)

shows a schematic that describes the interaction between

deuterium plasmaandmorphologicallychangedgraphitesurface.

Thecarbonimpurityinfluxisconsideredasakeyfactorthat

linksbetweenthedeuterium plasmaandgraphite.Theinitialion

flux,
,generatestheinitialcarbon impurity influx,

 .

However,the morphologicalchange ofgraphite generates the
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localangle of ion incidence, σ,and additionalcollisions of

backscatteredions,resultinginanincreaseinthesputteringyield

andthereforechangesinitialvalueforcarbonimpurityinflux(i.e.


 ).Moreover,theincreasedcarbonimpurityalsochanges

the deuterium plasma properties, especially an electron

temperatureandanelectrondensity,resultinginthevariationof

theion flux,
,on thesurface.Taking allthesevariations

resultedfrom morphologicalchangeofgraphiteintoaccount,the

carbonimpurityinfluxandtheplasmaionfluxarenewlydefined

in this study.An attemptto understand the effects ofthe

morphologicalchange ofgraphite during deuterium plasma–

graphitesurfaceinteraction isa new approach in therelated

fieldsofstudy.Therefore,thenew discoveriesdescribedinthis

studywillprovideanunprecedentedopportunitiestoinvestigate

plasma-surface interactions with a new perspectives by

consideringthesurfacemorphologicalchange.
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Figure.1.2.Schematicsofpointofview onthedeuterium plasma

andgraphitesurfaceinteraction in (a)previousstudy and(b)

thisstudy.

Thisstudyaimstodeterminetheeffectofthemorphological

changeofgraphiteon thedeuterium plasma–graphitesurface

interaction.The analysis was carried outwith the following

conditions:1.Application ofthemonotonicenergy ofincident

ionswithahighionflux,2.Settingsoftargetareatobea
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graphiteonly,and3.Employmentofverticalincidenceofionson

thetarget.Theirradiationconditionsarepresentedindetailin

Chapter2.InChapter3,theincrementofthecarbonimpurity

formationcausedbythemorphologicalchangeofthegraphiteis

investigated.Themorphologicalchangeofthegraphiteduetothe

deuterium plasmairradiationisanalyzedbyvaryingenergydose,

in which ranges are determined by considering the material

deformation and plasma conditions. A modification of the

sputteringyieldmodelbasedontheRoth’smodelwhichisfora

plane surface is performed to reflect the increment of the

sputtering yield caused by the morphologicalchange ofthe

graphite.In Chapter4,the mechanism fordeuterium plasma

property variation caused by the carbon impurity influx is

investigated.Theinteraction between thecarbon impurity and

deuterium plasmaisstudiedbothexperimentallyandanalytically

using aglobalmodel.Itisrevealed thatthecarbon impurity

influxcausesadecreaseinelectrontemperatureandanincrease

inelectrondensity.InChapter5,themechanism forre-increment

ofthe carbon impurity by the increase ofan ion flux is

investigated.Asaresultoftheinteractionbetweenthedeuterium

plasma and carbon impurity,itis observed thatthere is a

synergeticeffectsbetween ionflux andtheamountofcarbon

impuritiessuchthatcarbonimpurityinfluxincreasestheionflux

andincreasedionfluxre-increasesthecarbonimpurities.Finally,

conclusionsarepresentedinChapter6.
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Chapter2.ExperimentalSetup

2.1.ECR PlasmaSourceforHighDensityIon

Irradiation

A schematicofanECR plasmachamberispresentedinFig.

2.1.Thereactorcomprisesasourcechamberandadownstream

chamber.Thesourcechamberhasaradiusof9cm andaheight

of12cm,anditismadeofaluminum,withaquartzplateonthe

top.Microwave powerat2.45 GHz (SGM-15A,DAIHEN)is

suppliedthroughthequartzatthetopofthesourcechamberto

generate plasma.The tuner(CMC-10,DAIHEN)matches the

impedanceoftheECR plasmaautomatically,whichadjuststhe

reflectedpowertoazerovalue.Thedownstream chamber,made

of aluminum and shaped as a rectangular parallelepiped,is

composedoftwoparts.Theupperoneis40cm inwidth,40cm

indepth,and12cm inheight,anditispositionedcoaxiallyto

thesourcechamber.Theloweroneis70cm inwidth,40cm in

depth,and24cm inheight.Thetwoexternalcoilsareatthe

upperandlowerpositions,respectively,eachseparatedby7cm

from thequartzplate.A circularplateofIG-430isotropicnuclear

gradegraphite45mm inradiusand5mm thickwasprepared
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forthedeuterium ionirradiation.ECRplasmawasgeneratedwith

an operating deuterium gas pressure of1 mTorr,microwave

powerrangeof400–600W,andcoilcurrentof110A.TheECR

zone,whosemagneticfieldwas875G,was∼207mm from the

target,asshowninFig.2.2,anditsareawas∼3.31cm2owing

to the conservation ofthe magnetic flux [23].High energy

electrons thatare generated by resonance heating sustain a

dischargeatalow pressuregas.Theplasmadiffusesalongthe

magnetic field lines into a downstream chamber toward a

graphitetarget.A Langmuirprobewasused to measurethe

plasma properties nearthe centerofa graphite target[23],

recordingaplasmadensityrangeof1–3.5×1011 cm-3 andan

electron temperaturerangeof3.5–5.5eV.Inaddition,theion

energyrangeof17–100eV wascontrolledbythetargetbias,

whichwillbeinterpretedindetailinthefollowingsection.The

ionfluxeswereestimatedaccordingtotheBohm fluxmodelto

bewithintherangeof3.1–4.9×1017cm-2s-1.Thisissimilarto

theionfluxoftheplanar,inductivelycoupleddeuterium plasma

[14],3×1017cm-2s-1,butlowerthanthatofthedivertorplasma

simulatorofPISCES-B:∼6 × 1018 cm-2s-1,with an electron

densityof3×1012 cm-3 andanelectrontemperatureof6eV

[15].Theexperimentalconditionsarepreparedtosimulatethefar

SOL plasma interaction with the graphite PFC in KSTAR,

especially the effects of the ion irradiation energy on the

morphologicalchangesoftheKSTAR divertortarget[24].In
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additiontotheionirradiationenergy,thedoseoftheionswas

controlled by theion irradiation timefortheanalysisofthe

effectofthetotaltransferredenergyonthegraphitemorphology,

asChapter3discussesindetail.Thesurfacetemperatureofthe

graphitewas measured using a pyrometer(MB35,Metis),as

showninFig.2.3.Themeasuredsurfacetemperatureswereused

to calculate the chemicalsputtering yield.The effectofthe

recycleddeuterium ontheplasmapropertieswithrespecttothe

surfacetemperaturewasnotparticularlyconsidered,becausethe

maximum surfacetemperaturewaslowerthan750K,whichis

the firstH2 desorption peak ofisotropic graphite [25].This

conditionmayensurethattheincrementofthesputteringyield

canbegeneratedbythemorphologicalchangesofgraphite.The

partialpressuresofneutralspeciesweremeasured during the

experimentsusing aresidualgasanalyzer(XT300,Extorr).In

particular,thedeuteratedcarbonspeciesthatweregeneratedata

graphitetargetweremeasuredaccordingtothecompensationof

residualgassignalsunderthesameexperimentalconditionsas

usedforthestainlesssteeltarget.Thesputteringyieldsofthe

graphiteweredeterminedaccording totheweightlossmethod

[20,26],by measuring theweightofthegraphitebeforeand

aftertheplasmairradiation using an electronicscalewith an

accuracyof10μg.
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Figure2.1.Schematicdiagram ofanECRchamberfordeuterium

ionirradiationofgraphite.
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Figure2.2.Magneticfield distribution with thedistancefrom

graphitetargetinanECRchamberatacoilcurrentof110A.

Figure 2.3.The variation ofthe surface temperature foran

incidentionenergyrangeof17– 100eVintheECRchamber.
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The experimentalsetup using ECR plasma is employed to

achievethefollowingcharacteristics.Firstly,theincidentionhas

a monotonic energy with a high flux.The ECR plasma is

generated ata relatively low pressure by resonance heating,

whichbringstheadvantageofthecollisionlesssheathcondition

[23].Forthecollisionlesssheathwheretheiongainsenergy[23],

thedeuterium ionsmaintain theirenergy and flux untilthey

reachthetarget.Thisensurestheprecisecontroloftheincident

ionenergybythesheathpotentialandtheprecisecalculationof

the sputtering yield of the graphite. Secondly, the main

interactionareaoftheplasmaisagraphitetarget.Becausethe

plasmaisusuallygeneratedinthestainlesssteelchamber,the

stainlesssteelcanbeamaininteractionareafortheplasma.The

strongaxialmagneticfieldoftheECR plasmasuppressesthe

radialdiffusionoftheplasma[23],resultinginagraphitetarget

beingthemaininteractionarea.Thirdly,theionincidenceangle

isnormaltothesurfaceofagraphitetarget.Thisensuresthe

incrementing of the carbon impurity formation by the

morphologicalchangeofthegraphiteincomparisonwithaplane

surface.
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2.2.DeterminationofIonIrradiationConditions

forDCBiasedTarget

A deuterium ionthatpassesthroughthesheathformedonthe

targetgainsenergyequivalenttothesheathpotential[23],and

theenergyoftheirradiatedioncanbevariedaccordingtothe

biasonthetarget.Theenergyofanionisexpressedas

( )i p t sE e V V eV= - = (2.1)

Here,Eiistheenergyoftheion,Vpistheplasmapotential,Vt

isthetargetbiaspotential,andVsisthesheathpotential.The

measuredplasmapotentialdistributionisshowninFig.2.4(a).

Operationalconditions such as the deuterium pressure,coil

current,andmicrowavepowerremainunchangedasthetarget

biaspotentialisvaried,whichprovidestheindependenceofthe

biaseffectfrom plasmapropertiessuchastheplasmapotential,

electrondensity,andelectrontemperature.Thus,theenergyof

theionsisindependentlycontrolledaccordingtothetargetbias

potential.

Thedeuterium iondosecanbevariedaccording totheion

irradiationtime,asfollows:

e
i i s

kT
D t n t

M
=G =

(2.2)

Here,Diistheiondose,Γiisthefluxoftheion,tistheion
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irradiationtime,ne istheelectrondensity,kistheBoltzmann

constant,Teistheelectrontemperature,andM istheionmass.

Becausethecollisionlesssheathisassumedintheexperimental

setup as Chapter 2.1 discussed in detail,the Bohm sheath

criterion isapplied in thecalculation oftheion flux [23].In

addition,theBohm velocityisusuallyusedwhentheionsare

generatedonlywithinthesourcechamberandflow outofthe

sourceinECR plasma[23].Themeasuredelectrondensityand

electrontemperaturedistributionsareshowninFig.2.4(b).The

iondoseisvariedbychangingtheionirradiationtime,rather

thanbymodifyingthebiaspotentialoroperatingpower,which

indicatesthecapabilitytoindependentlycontroltheiondoseat

constantplasmaconditions.

Becausethecollisionlesssheathwasassumed,andthesheath

potentialrangeof17- 100eV waslargerthan theelectron

temperaturerangeof4- 5eV,thesheath electricfieldwas

calculatedusingChild’sLaw [23]:

3/4
0

4 4

3 3 0.6 (2 )
o o

sh

D e

V V
E

d V Tl
= = ´

(2.3)

Here,disthesheaththickness,andλD istheDebyelength.A

sheathelectricfieldupto4.9×105V/m waschosentosatisfy

thefusionedgeplasmaconditionbecausethesheathelectricfield

nearthelimitersurfaceinTEXTOR isapproximately2× 106

V/m [7].
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Figure2.4.(a)Plasmapotential,(b)electrontemperature(filled

squirewithsolidline)andelectrondensity (empty circlewith

dottedline)inanECR chamberatadeuterium pressureof1

mTorr,acoilcurrentof110A,microwaveof400W.
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2.3.DeterminationofIonIrradiationConditions

forPulseBiasedTarget

Forahighsheathelectricfieldwithalow iondose,apulsed

biasupto1kV wassuppliedtothetarget.AsshowninFig.

2.5,asheathelectricfieldrangeof1.71–4.55× 105 V/m was

selected to satisfy thefusion edgeplasmacondition [7].The

sheathelectricfieldwascontrolledby varying thetargetbias

with thepulsesystem,and thestableplasma wassustained

duringtheoperation.Thepulsesystem wasoperatedfor100ms

(10Hz),andthepulselengthontheloadwasintherangeof

130–200μs,asshowninFig.2.6.Thepulsebiascompriseda

rapidpulserise,longplateau,andslow falltime;theplateautime

wasapproximately80% ofthetotalpulsetime.Here,thesheath

electricfieldwasestimatedusingthebiasvoltageonthepulse

plateau timebecausetheapplied voltagewasalmostconstant

withalongpulseplateautime,comparedwiththeionplasma

responsetime.TheChildLangmuirsheathmodelwasadoptedto

estimateafluxofionandadoseofiononagraphitetarget

duringthepulseplateauperiod[23].Ionswithhighenergiessuch

as300,500,and1000eV,whichcorrespondtohigh-energyion

incidence in the edge-localized mode (ELM),were irradiated

duringtheoperation.Forexample,ionswithenergiesexceeding
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500eV havebeendetectedduringtype-IELMsinatokamak

[27].Notethattheenergyoftheincidentions,whichcorresponds

to the sheath potential,is determined by using the potential

differencebetweentheplasmapotentialandthetargetbias[23].

Itisassumedthattheeffectsofthesecondaryelectronemission

duetothetargetsurfacearenotserious,becausehighenergy

ionswereonlyirradiatedduringthepulseperiodof2msduring

1sofdutytime.Operationalconditionssuchasthedeuterium

pressure,coilcurrent,andmicrowavepowerremainunchangedas

the target bias potential is varied, which provides the

independenceofthebiaseffectfrom plasmapropertiessuchas

theplasmapotential,electrondensity,andelectrontemperature.

Thus, the energy of the ions is independently controlled

accordingtothetargetbiaspotential.Thesurfacetemperatureof

thegraphitesamplewassaturatednear545K after1200s,as

shown in Fig.2.3 for the zero-bias condition.Under these

conditions,theincidention energy wasdetermined as17eV,

which corresponds to the sheath potential.Because the high

energyionswereonlyirradiatedin2msduring 1sofduty

time,thesurfacetemperatureofthegraphitedidnotincrease

remarkablyandwasmaintainedat545K duringtheirradiation.

Theeffectsofionsputtering onthesurfaceareprobably not

significant.Thebulkplasmaisnotvariedandthesheathelectric

field is independently controlled according to the targetbias

potential,resultingintheunconcernofthetemperatureeffecton
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thegraphiteandthechemicalerosion.

Figure2.5.Thevariationofasheathelectricfieldwiththetarget

biaspotential,ascalculatedwithequation(2.3).
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Figure2.6.Thevariationsofthetargetbiaspotentialwithpulse

periodonthetargetforvariouspulsebiasvoltagesshow the

rapid pulse rise and slow falltime.The pulse system was

operatedforadurationof100ms(10Hz)withapulselengthon

loadintherange130to200μs.
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Chapter3.IncrementofCarbonImpurity

Formation by MorphologicalChange of

Graphite

3.1.EnergyDoseforMorphologicalChangeof

GraphiteIrradiatedbyDeuterium Plasma

As already discussed in Chapter1.2,a carbon impurity is

defined as C atoms and deuterated carbon (CxDy)molecules

withoutthefuelgasofdeuterium,andgraphitemorphologyis

variouslychangedbydeuterium plasmairradiation.Inparticular,

variousparameterssuchasionenergy (Ei),ionflux (Γi),ion

irradiation time (t) and temperature (Ttarget) determine the

morphological change of graphite. Thus, a representative

parameter,whichconsidersthematerialdeformationandplasma

conditions,isrequired toanalyzethemorphologicalchangeof

graphite.Except cracks and surface erosion by the binder

material[13]andhighsurfacetemperature[14],respectively,the

energydoseisestablishedbyconsistingoftheplasmaphysical

properties.Theenergydoseisdefinedas
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(3.1)

Theenergydoserepresentsthetotaltransferredenergyonthe

graphiteperunitarea.Theenergydoseisdeducedfrom theour

previousstudy[28]abouttheaveragedenergygainofC atom

byconsideringenergydissipationdepth[29].Theenergydoseis

employed to achieve the following characteristics.Firstly,the

energydoseisusedtodevelopthestandardforanalysisofthe

graphite deformation mechanism.Secondly,the morphological

changeofgraphitewithanoperationconditionisanalyzedonthe

basis of the energy dose. Thirdly, the direction of the

morphologicalchangeisestimatedbyextrapolationfrom itsrate

ofchange.Forexample,morphologicalchangesofgraphiteare

roughlysimilarinenergydosesof60.8MJ/m2and53.8MJ/m2as

shown in Figs.3.1(a) and 3.1(b),respectively.Conical tip

formationon thegraphitesurfaceisshownin both theFigs.

3.1(a)and3.1(b).Becausetheenergydosedoesnotconsiderthe

temperatureeffectonthemorphologicalchangeofgraphite,itcan

notbe applied to analyze severe conditions,especially high

surfacetemperature,suchasELM infusionplasma.Theenergy

doseisusedtoanalyzethedeuterium plasma–graphitesurface

interactionuptoKSTARSOLplasmasteady-statecondition.
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Figure.3.1.SEM imagesofgraphitesamplesafterionirradiation

with(a)anionenergyof40eV andaniondoseof9.5×1020

cm-2,and(b)anionenergyof70eV andaniondoseof4.8×

1020cm-2.Energydosesare(a)60.8MJ/m2and(b)53.8MJ/m2.
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3.2. Morphological Change of Graphite by

Deuterium PlasmaIrradiation

3.2.1.MorphologicalChangeofGraphitewithEnergyDose

Morphologicalchangesofgraphiteby theionirradiationare

showninFigs.3.2(a)-(c).Morphologicalchangesofgraphiteby

theionirradiationandthermalloadareshowninFigs.3.2(d)and

3.2(e).ItnotesthattheenergydoseiscalculatedusingEq.(3.1).

Nanoscaleconicaltipisgeneratedonthegraphitesurfaceatthe

energydoseof0.32MJ/m2 asshowninFig.3.2(a).Microscale

conicaltipisgeneratedonthegraphitesurfaceattheenergy

dose of6.8 MJ/m2 as shown in Fig.3.2(b).The formation

mechanism oftheconicaltipwillbeinterpretedindetailinthe

following section.Cone-shaped carbon bundle owing to the

gathering ofsmallconicaltips is generated on the graphite

surfaceattheenergydoseof152MJ/m2asshowninFig.3.2(c)

andthiswillbeinterpretedin detailin thefollowing section.

Conicaltip with eroded surfaceisgenerated on the graphite

surfaceattheenergy doseof5108MJ/m2 asshown in Fig.

3.2(d).In this condition,the thermalload of15 MW/m2 is

irradiated∼5minafteranionirradiationwithanenergyof100

eV andaiondoseof3.8×1021 cm-2.Conicaltipwitheroded

surfaceisalsogeneratedonthe2011KSTAR divertorgraphite
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targetattheenergydoseof9000MJ/m2asshowninFig.3.2(e).

Inthiscondition,itisassumedthatthe∼1300shotswithan

averageirradiationtimeof7secandanaverageheatfluxof1

MW/m2pereachshot[30].Figure3.3showsthemorphological

changeofgraphitewiththeenergydose,correspondingtothe

incrementofconicaltipsizewiththeenergydose.Deuterium ion

irradiation generatesconicaltipson thegraphiteasshown in

Figs.3.2(a,b,c),andconicaltipsanderodedsurfacearecoexist

asshowninFigs.3.2(d)and3.2(e).Consequently,thedeuterium

ionirradiationgeneratestheconicalmorphologyofgraphiteand

thethermalloadgeneratestheerodedsurfaceofgraphite.



- 34 -

Figure.3.2.(a)Nanoscaleconicaltipformation attheenergy

doseof0.32MJ/m2.(b)Conicaltipformationattheenergydose

of76.8MJ/m2.(c)Cone-shapedcarbonbundleformationatthe

energydoseof152MJ/m2.(d)Conicaltipwitherodedsurfaceat

theenergy doseof5108 MJ/m2.(e)Conicaltip with eroded

surfaceattheenergydoseof9000MJ/m2.
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Figure.3.3.Morphologicalchangeofgraphitewith theenergy

dose.



- 36 -

3.2.2.FormationMechanism ofConicalTipsonGraphite

Morphologicallychangingprogressofgraphitebythedeuterium

ionirradiationwasanalyzedusingenergydose,andformationof

conical tips on the graphite surface was a representative

morphology.AsdiscussedinChapter1.2.2,theincrementingof

theionincidenceanglecausedbythemorphologicalchangeof

graphitecan increasethesputtering yield.Thus,thegraphite

morphologybythedeuterium ionirradiationhastobedefinedto

establish the sputtering yield model and to estimate the

sputtering yield at the deuterium ion irradiation condition.

Analysis ofthe formation mechanism ofconicaltips on the

graphitecan be used to definethe graphite morphology,i.e.,

height,diameter,andaspectratioofconicaltip,atthedeuterium

ionirradiationcondition.

Figure3.4showsSEM imagesofgraphitebeforeandafterion

irradiationatadoseof5×1016 cm-2,andFig.3.5showsthe

RamanspectraofgraphiteunderthesameconditionsasinFig.

3.4.Thematerialcharacteristics,includingthein-planecrystallite

size(Lavalue),theout-of-planestackingorder,andthedisorder

ordefectsofthegraphitesamples,canbedeterminedfrom the

peaksoftheso-calledG andD bandsat1582and1350cm-1

respectively.Thepresenceofdisorderinasp2-hybridizedcarbon

system leadsto an increasein theintensity oftheD band.

Figure 3.4(a)shows a SEM micrograph ofpristine graphite,
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whichhasatypicalpolycrystallinemorphology[31,32]andID/IG

of0.255.Afterdeuterium ionirradiationwithasheathelectric

fieldof3.37×105 V/m andaniondoseof5×1016 cm-2,the

surface ofthe graphite sample becomes roughened and then

nanoscaledot-likestructuresaregenerated,asshown in Fig.

3.4(b)andclearlyevidentfrom thecomparisonwiththepristine

graphite.ID/IG oftheionirradiatedgraphitewithasheathelectric

fieldof3.37×105 V/m isincreasedupto0.956incomparison

withthepristinegraphite.TheincreaseinID/IG thatresultsfrom

ionirradiationindicatesthatthereisadecreaseinthein-plane

crystallitesize[33]andanincreaseintheamountofdisorder

and defects.Here,the disorder and defects are due to sp3

characterand hydrogenated bonding.The numberofdot-like

structuresincreasesandtheybecomemoreuniformlydistributed

whenasheathelectricfieldisincreasedto3.83×105 V/m,as

showninFig.3.4(c).ID/IG oftheionirradiatedgraphitewitha

sheathelectricfieldof3.83×105V/m issimilartothatforthe

graphitewith asheath electricfield of3.37× 105 V/m.The

RamanresultsandtheSEM imagesrevealthatthenanoscale

dot-likestructureformedbytheionirradiationconsistsofmixed

sp2-sp3 character and hydrogenated bonding [34,35].Some

portion of the sp3 character originates from nanodiamond

producedbyhighenergyionirradiation,asconfirmedinprevious

reports[36,37].Whenasheathelectricfieldisincreasedfurther

to4.55×105V/m,thesizeofthedot-likestructuresincreasesto
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approximately 35 nm to produce the cone-shaped structures

shown in Fig.3.4(d).Thisstructureprobably growsfrom the

carbon dot-likestructures as a resultoftheplasma–surface

interactiononthegraphite.From theobservationofthedrastic

increaseintheID/IG valueofthesampletreatedwithasheath

electricfieldof4.55×105V/m,weconcludethattheconicaltip

is composed ofmore disordered and defected-carbon bonding

thanthenanoscaledot-likestructure.

Figure.3.4.SEM imagesofgraphite(a)beforeand(b)-(d)after

ionirradiationatadoseof5×1016cm-2.Sheathelectricfields

are(b)3.37×105V/m,(c)3.83×105V/m,and(d)4.55×105

V/m.
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Figure.3.5.Ramanspectraofpristine(beforeirradiation)andion

irradiatedgraphite;aniondosewas5×1016cm-2.

Theconicaltipwasanalyzedtohavethecompositionofmore

disordered and defected-carbon bonding than the nanoscale

dot-likestructure.Whenadoseofionsisincreasedwithion

irradiation time,the size ofconicaltip can be increased as

expectedintheChapter3.2.1duetotheincreasedenergydose

i.e.totaltransferredenergy onthegraphite.Figure3.6shows

SEM imagesofthegraphitesamplesafterionirradiationwith

variousiondosesatasheathelectricfieldof4.55×105V/m.A
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few nanometer-sizedconicaltipsarepresentonthesurfaceof

thegraphitesampleafterirradiationwithaniondoseof1×1016

cm-2,asshowninFig.3.6(a).InFigs.3.6(b)-(e),itisclearthat

thesizeofthetipsincreaseswithincreasesinthedoseofions,

as summarized in Fig.3.6(f).Figure 3.7 shows the Raman

spectraforthesamplesinFigs.3.6(a)-(e).AsindicatedinFig.

3.7,ID/IG doesnotvary significantly with an ion doseandit

impliesthattheconicaltipsareonceformed andnotgrown.

Thisresultalsoimpliesthattheconicaltipsarecomposedof

more disordered and defected-carbon bonding.In addition,it

showsthatthelargertipsareformedthroughatip-tipbonding

process,notthroughtopgrowthorbottom growth.Thisgrowth

modelwillbediscussedinthefollowingsectiontogether.
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Figure.3.6.SEM imagesofgraphitesamplesafterionirradiation

withasheathelectricfieldof4.55×105 V/m andvariousion

doses:(a)1×1016cm-2,(b)5×1016cm-2,(c)1×1017cm-2,(d)

2×1017cm-2,and(e)5×1017cm-2.(f)Thevariationinthesize

oftheconicaltipswithadoseofions.
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Figure.3.7.Ramanspectraofpristinegraphite(beforeirradiation)

andionirradiatedgraphiteirradiatedwithasheathelectricfield

of4.55×105V/m andvariousiondoses:1×1016cm-2,5×1016

cm-2,1×1017cm-2,2×1017cm-2,and5×1017cm-2.
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3.2.3.FormationMechanism ofCone-shapedCarbonBundle

onGraphite

Conicaltipformationonthegraphitesurfacebythedeuterium

ionirradiationwasdiscussedinChapter3.2.2.Theearlystageof

theconicaltipformationwasanalyzedatarelativelylow ion

doserangeof1×1016cm-2-5×1017cm-2byusingthepulse

biasedtarget,asChapter2.3discussedindetail.Becauseanion

doseupto1024 [1-4]andasheathelectricfieldupto2×106

V/m [7]areexpectedin thefusiondevices,themorphological

changeofgraphiteatahighiondoseandahighsheathelectric

fieldwillbeanalyzed in thischapter.Thiswillcontributeto

establish the sputtering yield model and to estimate the

sputteringyieldatthedeuterium ionirradiationcondition.

Figure 3.8 shows SEM images ofthe thirty degree tilted

graphitesamplesafterionirradiationatconstantionfluxof1.8

×1017 cm-2s-1.Ataniondoseof4.8×1020 cm-2 withanion

energyof40eV andasheathelectricfieldof3×105V/m,the

surfaceofgraphitesamplebecomesroughenedasshowninFig.

3.8(a).Whenaniondoseisincreasedupto9.5×1020 cm-2,a

few hundredsofnm sizedconicaltipsaregenerated,asshown

inFig.3.8(b).Similarmorphologywasobservedinthedeuterium

plasmaionirradiationatanionenergyof30eV byBaldenetal

[14]and40eV byBalwenetal[15].Theyexplainedthatthe

conicaltipwasformedbysmearingoutthedirectionalstructure
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bythethermalD from theplasmaexposure[14].Whenanion

energyisincreasedfurtherto100eV withasheathelectricfield

of3.8×105 V/m,thesharpertipsaregeneratedasshownin

Fig.3.8(c).Thesizeoftipisincreasedwithadoseofionas

showninFig.3.8(d).Thisimpliesthatthedirectionalimpactof

the energetic ions enhances the depth ofthe sputter etch,

resultingintheformationofthesharpertipthanthatforthe

irradiatedionenergyof40eV.
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Figure.3.8.ThirtydegreestiltedSEM imagesofgraphiteafter

ionirradiationatconstantionfluxof1.8×1017cm-2s-1.Theion

irradiationconditionsare(a)anionenergyof40eV,asheath

electricfieldof3×105V/m,andaniondoseof4.8×1020cm-2,

(b)anionenergyof40eV,asheathelectricfieldof3×105

V/m,andaniondoseof9.5×1020cm-2,(c)anionenergyof

100eV,asheathelectricfieldof3.8×105V/m,andaniondose

of4.8×1020 cm-2,and(d)anionenergyof100eV,asheath

electricfieldof3.8×105 V/m,andaniondoseof9.5×1020

cm-2.
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Figure3.9showsSEM imagesofthetopandthirtydegree

tiltedgraphitesamplesafterionirradiationwithaconstantion

energyof100eV andasheathelectricfieldof4.9×105V/m.

AsshowninFigs.3.9(a)and3.9(b),theconicaltipsaremore

sharperthanthatfortheionirradiatedgraphiteatanionenergy

of100eV andasheathelectricfieldof3.8×105V/m.Itimplies

thatasheathelectricfieldaffectstheformationofconicaltipson

thegraphitetoalignthedirectionofasheathelectricfield,which

isnormaldirectionofthegraphitesurface.Itisobservedthat

thesizeoftheconicaltipsincreaseswithincreasesinthedose

of ions as shown in Figs. 3.9(c)-(f). In particular, the

cone-shaped carbon bundle formation is generated by the

gatheringofthesmallconicaltips.A sheathelectricfieldanda

doseofionsareimportantfactorforthecone-shaped carbon

bundleformationonthegraphitesurface,whichwasexpectedin

ourpreviousstudyoftheformationmechanism ofcone-shaped

CNTbundles[38].
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Figure.3.9.Top(a,c,e)andthirtydegreestiltedSEM images

(b,d,f)ofgraphiteafterionirradiationatconstantionenergyof

100eV,anionfluxof2.8×1017cm-2s-1,andasheathelectric

fieldof4.9×105V/m.Dosesofionsare(a),(b)9.5×1020cm-2,

(c),(d)1.9×1021cm-2,and(e),(f)3.8×1021cm-2.
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Figure 3.10 shows top-view SEM images ofthe graphite

samplesafteranionirradiationwithvarioussheathelectricfields

atconstantion energy of100 eV.Crack is generated after

irradiationatasheathelectricfieldof1.4×105V/m withanion

doseof2.3×1020cm-2asshowninFig.3.10(a),whichisalso

showninourpreviousstudy[13].Afteranionirradiationata

sheathelectricfieldof3.0×105V/m withaniondoseof9.5×

1020cm-2,afew hundredsofnm sizedconicaltipsaregenerated

asshowninFig.3.10(b).Theconicaltipsonthegraphitesurface

isalsogeneratedatasheathelectricfieldof4.9×105V/m with

an ion doseof9.5× 1020 cm-2 asshown in Fig.3.10(c).In

particular,theformationofthecone-shapedcarbonbundleowing

tothegatheringofsmallconicaltips,whichcorrespondstothe

tip-tipbonding process.Notethatthisshapecan beobtained

throughneitherthetopgrowthnorthebottom growth.Thus,the

cone-shaped carbon bundle formation is generated by the

gatheringoftheconicaltipsinsteadofthecontinuousgrowthof

thesingletipasthegrowthofCNTsfrom themetalcatalystin

chemicalvapordeposition[39].Becauseanionenergyof100eV

isthesameforFigs.3.10(a)-(c),thisresultalsoimpliesthata

sheathelectricfieldisanimportantfactorforthecone-shaped

carbonbundleformationonthegraphitesurfaceasexpectedin

theourpreviousstudy[38].
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Figure.3.10.Top-view SEM images of graphite after ion

irradiationatconstantionenergyof100eV.Thesheathelectric

fieldsare(a)1.4×105V/m ataniondoseof2.3×1020cm-2,

(b)3.0×105V/m ataniondoseof9.5×1020cm-2,and(c)4.9

×105V/m ataniondoseof9.5×1020cm-2.

Wedevelopedtheformationmechanism ofcone-shapedcarbon

bundlesasshowninFig.3.11,whichissimilartotheformation

ofcone-shapedCNT bundles[38].Figure3.11(a)showsthatan

ion irradiation resultsin theinitialstageoftheformation of

nanoscaleconicaltipsonthetopsurfaceofthegraphitesample.

This can be caused by the formation ofnanoscale dot-like

structureswhichwerepartiallycomposedofdiamond-likecarbon
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[36],orthedepositionofmetalatomsfrom innerwallofthe

chamber[40,41].Diamond-likecarboncanbegeneratedatthe

topsurfaceofthegraphite,whichwasirradiatedbyhighenergy

ion[36].Diamond-likecarbonhasamuchhigherdisplacement

thresholdenergythangraphiticcarbon[42]suchasmetalatom.

So the nanoscale dot-like structures which contain a small

amountofdiamond-likecarbonareconsideredtohaveaslightly

higherdisplacementthresholdenergythangraphiticatoms.The

nanoscaledot-likestructuresandmetalatomsactasaprecursor

dueto theirsmallersputtering yield and they grow to form

conicaltipswithincreasesintheiondose,asrepresentedinFig.

3.11(b).Whentheiondoseisincreasedfurther,conicaltipswith

greaterheightaregeneratedbecausethesputteringeffectonthe

shoulderoftheconicaltipislargerthantheweldedapexesof

theconicaltip[38].Ifaconicaltipisconsideredasapoint

dipole,assuggestedin ourpreviousstudy ofCNTs[38],the

apexesoftheconicaltipsaregatheredbyattractivedipoleforces

andweldedbythecontinuousirradiationofions.Theattractive

dipole force increases with a sheath electric field,so the

cone-shaped carbon bundle formation is achieved with the

increaseofasheathelectricfield.Inaddition,thepolarizabilityof

the conicaltip increases with its size,which results in the

increasesinthesizeofthecone-shapecarbonbundleswitha

doseofions.
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Figure.3.11.Schematic diagram of the cone-shaped carbon

bundle formation on the graphite:(a)formation ofnanoscale

dot-likestructures by ion incidenceordeposition ofimpurity

atom from sample holder/inner wallof chamber act as a

precursor;(b)initialconicaltipformation isgenerated dueto

differenceofsputteringyields;(c)conicaltipswithgreaterheight

are generated by increases in an ion dose; and (d) the

cone-shapedcarbonbundleformationthroughthecollectionand

weldingofadjacentconicaltipsduetoattractivedipoleforces.
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A modelbased on thescenariodescribed in Fig.3.11was

developedforthecaseofthedeuterium ionirradiations.Many

C-Dbondsatthegraphitesurfaceorthetinysizeoftheconical

tip enhancethepolarizability ofthegraphite,resulting in the

enhancementoftheinduceddipolemomentalongtheaxisofthe

conicaltip.Thustheinduceddipolemomentalongtheaxisof

theconicaltipisincreasedwiththenumberofC-D dipolesat

thegraphitesurface,i.e.,doseofdeuterium ions.Notethatthis

modeldoesnotconsiderthepermanentC-D dipoleanditrather

considerstheinduceddipolemomentalongtheaxisoftheconical

tip.Inaddition,thismodelcanbeadaptedinboththeCNTs[38]

and conicaltipson thegraphitesurfacebecausetheinduced

dipoleforeachCNTsorconicaltipsisconsideredasapoint

dipole.Theinteractionforceoftheconicaltipunderasheath

electricfieldisdescribedinFig.3.12.AsshowninFig.3.12,the

induced dipole momentalong the axis ofthe conicaltip is

  ,hereα isthepolarizabilityandEshisanappliedsheath

electricfield.ThedipoleinteractionenergyU betweentheconical

tip1andtheconicaltip2isasfollows[38]:

2
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Here,α1 is the polarizability ofthe conicaltip 1,α2 is the

polarizabilityoftheconicaltip2,θ istheanglebetweentheaxis

oftheconicaltip2and asheath electricfield,and risthe

distancebetweentheconicaltip1andconicaltip2.From Eq.
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(3.2),thedipoleforcebetweentheconicaltip1andtheconical

tip2is
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Considertheinduceddipolemomentalongtheaxisoftheconical

tip2as

2 cosshp Ea q= (3.4)

Thecorrespondedtorque,τ,ontheconicaltip2underthesheath

electricfieldis

2
2 sin cossh shp E Et a q q= ´ =

ur uuur

(3.5)

Then the aligning force,Falign,ofthe conicaltip 2 can be

describedas

2
2/ sin cos /align shF L E Lt a q q= = (3.6)

Here,L istheheightoftheconicaltip.From Eqs.(3.5)and

(3.6),thenetforceontheconicaltipcanbeobtainedas
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HerethefirstandsecondtermsmeantheattractiveforceFdipole

and the repulsive aligning force Falign in the radialdirection,

respectively,whichshouldbebalancedtoform thebundle.The

forceinthenormaldirection(thethirdterm inRHSofEq.3.7)

istheforcebalancedwiththesurfaceadhesionofgraphite.
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Figure.3.12.Schematicoftheinteractionbetweentheconicaltip

1andtheadjacentconicaltip2.Eshisasheathelectricfield,


istheinduceddipolemomentalongtheaxisoftheconicaltip2,

Falign isthealigningforce,Fdipole isthedipoleforce,θ isthe

anglebetweentheaxisoftheconicaltip2andasheathelectric

field.

Theappliedforceontheconicaltipisproportionalto α and

Esh
2,asderivedinEq.(3.6).Forthesheathelectricfieldupto

3.8 × 105 V/m,thecone-shaped carbon bundleformation by

gatheringofthesmallconicaltipsisnotgeneratedduetoalow

sheathelectricfield.Forasheathelectricfieldof4.9×105V/m,

however,theappliedforceontheconicaltipisenoughtobend

theconicaltipsduetotheattractivedipoleforce,resultinginthe

cone-shapedcarbonbundleformationbygatheringofthesmall

conicaltips as shown in Fig.3.10(c).The polarizability of
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cone-shapedcarbonbundles,whichcorrespondtoFig.3.9,canbe

calculatedfrom theirdiametersandheightsbyusingEq.(3.7),

5 2 2 2
0

18 2 2 2 2 2

4 1 4[ ( / 2) ]

10 12[ ( / 2) ] 1 3 8[ ( / 2) ]

D D H D

H D D H D

pe
a

- +
= ´

+ - + (3.8)

Here,D andH arethediameterandheightoftheconicaltip

respectively.TheunitsofD andH areμm andthoseofα are

Cm2V-1.ByusingEq.(3.8),thepolarizabilityofacone-shaped

carbon bundlecan beestimatedfrom itsdiameterandheight,

whichcanbeobtainedwithexperimentalmeasurements.

TheunitsofthepolarizabilitywereconvertedtoÅ3 since α

(Å3)=(1030/4πε0)×α(Cm
2V-1).The polarizabilities of cone-shaped

carbonbundlesareintherangeof2.1×108– 9×109Å3fora

sheath electricfield of4.9 × 105 V/m.Theincreasesin the

polarizabilitywiththeiondoseresultinincreasesinthesizeof

cone-shapedcarbonbundles.Theappliedforceoncone-shaped

carbon bundles on graphite can be compared with the

cone-shapedCNT bundleswhichareintherange6.3×1010–

2.5×1013 Å3 forasheathelectricfieldof6.1×103 V/m [38].

The applied force on conical tips is proportional to the

polarizability, α, and a sheath electric field, Esh
2, so the

cone-shaped carbon bundle formation on the graphite is

generatedatlargersheathelectricfieldthanthatfortheCNTs,

whichhavelargepolarizabilitiesbecauseoftheirintrinsictube

structuresandverticalorientations[38].

Theseresultsindicatethattheformationofconicaltipsonthe
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graphiterequiresasheathelectricfieldof3×105V/m andthe

cone-shapedcarbonbundleformationbygatheringofthesmall

conicaltipsrequiresasheathelectricfieldof4.9×105V/m.The

edgeplasmaofERO-TEXTOR wasestimatedtohaveasheath

electricfieldof2× 106 V/m [7],sotheconicaltipsandthe

cone-shaped carbon bundles could form on the carbon-based

walledfusiondevice.Thisobservationwouldberelatedtothe

enhancementofthesputteringyieldofgraphiteinfusiondevices

because the cone-shaped morphology may increase the local

angleofionincidence[20].
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3.3. Increment of Sputtering Yield by

MorphologicalChangeofGraphite

3.3.1.SputteringYieldModelwithConsiderationofGraphite

Morphology

Becausethemorphology ofgraphitesurfaceisnotconstant

duringionirradiationasdiscussedinChapter3.2,itisrequired

to deduce a representative morphology forthe calculation of

sputteringyield.Conicaltipformationonthegraphitesurfaceby

deuterium ion irradiation is chosen as a representative

morphology in thisstudy.Foraconstantenergy ofion,i.e.,

constantsheath electricfield,thediameterand heightofthe

conicaltipareincreasedwithadoseofionswhilemaintaining

almostconstantaspectratioasshowninFig.3.13.Accordingto

theresults,itisassumedthattheconicaltiponthegraphite

surfacekeepsitsaspectratioduringthemorphologicalchangeof

graphitewithoperationtime.Foraconstantdoseofions,the

diameterand heightoftheconicaltip areincreased with an

energyofionwhileitsaspectratioisincreasedasshowninFig.

3.14.Accordingtotheresults,itisassumedthataspectratioof

theconicaltip,whichdeterminesthelocalangleofionincidence,

canbecontrolledbyanenergyofion.Inotherwords,graphite

morphologies including the localangle of ion incidence are
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controlledbythedeuterium ionirradiationconditions.

Figure.3.13.Diameters(filledsquare)andheights(emptycircle)

oftheconicaltiponthegraphiteafterionirradiationatconstant

ionenergyof100eV.Ionfluxesare(a)1.8×1017cm-2s-1and

(b)2.8×1017cm-2s-1.

Figure.3.14.Diameters(filledsquare)andheights(emptycircle)

oftheconicaltiponthegraphiteafterionirradiationatconstant

ionfluxof2.8×1017cm-2s-1.Iondosesare(a)4.8×1020cm-2

and(b)9.5×1020cm-2.
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Sputtering yield modelforthe conicaltip on the graphite

surface is developed as depicted in Fig.3.15.Because the

magneticfieldeffectontheangleofionincidenceisremovedby

usingtheperpendicularmagneticfieldonthegraphite,thelocal

angleofionincidenceisdeterminedbythegraphitemorphology.

Localangleofionincidence,σ,isdeterminedfrom coneangle,φ,

of graphite morphology with relation of σ = 90 – φ.

Backscatteredionsinaneutralform leavethesurfaceatanion

incidencepointcosinedistributed[20].Inthepresentmodel,itis

assumed that the backscattered ions are irradiated on the

neighboring conewith localangleof|π - 3σ|forsimplicity.

Numberofcollisionsbybackscatteredionsisdeterminedbythe

localangleofincidention.Thecontributionofthesecondand

theothercollisionsbyre-backscatteredionisverylow dueto

its low energy in comparison with the first collision by

backscatteredion.Thus,asinglecollisionbybackscatteredionin

addition to thecollision by incidention is considered in the

presentmodel.
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Figure.3.15.Schematic illustration of the trajectory of ion

incidence on the conicalshaped graphite morphology.Ion is

irradiated with localangle of σ due to cone angle of φ.

Backscattered ion with form ofneutralis irradiated on the

neighboringconewithlocalangleof|π -3σ|.

Physical and chemical sputtering yields for normal ion

incidenceongraphitearecalculatedfrom theRoth’sformula[8].

Angulardependence on physicalsputtering yield is calculated

from Wei’sformula[18]as

2 2
1 1 1

2

sin
( , ) ( , 0) cos exp

2
st st Roth st
phys i phys i

a
Y E Y E

s
s s s

a

æ ö
= = ´ ç ÷

è ø (3.9)

Here,
 isphysicalsputteringyieldbyincidenceofinitialion,


 isanenergyofinitialion,

 isphysicalsputteringyield

ofRoth modelby incidenceofinitialion,a istheprojected

energy rangeand α istheenergy rangestraggling along the

longitudinaldirection.Energyranges(aandα)arecalculatedby
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TRIM [29]asshowninFig.3.16.

Figure.3.16.(a)Projectedenergyrange,a,and(b)energyrange

stragglingalongthelongitudinaldirection,α,withangleofion

incidenceforanionenergyrangesof17– 100eV.

Backscattered ion ratio,Rb-s,iscalculated using theMonte

Carlo simulation code TRIM [29]as shown in Fig.3.17(a).

Energyofbackscatteredionisdeterminedbytheratioofenergy

reflection coefficientand particle reflection coefficient[19]as

showninFig.3.17(b)whichisfollows:
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Here,
 isanenergyofbackscatteredion,γ istheratioof

energytransferfrom incidentionandtocarbonatomsinthe

graphite.Theratioofenergytransferfrom incidentionandto

carbonatomsinthegraphiteisassumedastheaveragedenergy

transferforhead-oncollisionas
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( )
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Here,M1andM2arethemassesofincidentionandtargetatom,

respectively.A fluxofbackscatteredionisdeterminedbyRb-sas

2 1nd st
b s b s iR- -G = G (3.12)

Here, 
 isafluxofbackscatteredionand 

 isafluxof

ininialion.

Figure.3.17.(a)Backscattered ion ratio,and (b)energy of

backscatteredionwithangleofionincidenceforanionenergy

rangesof17– 100eV.

Thetotalsputteringyield,Ytot,canbeexpressedasfollows:

1 1 2 2
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Here, 
 is physical sputtering yield by incidence of
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backscatteredion,
 ischemicalsputteringyieldbyincidence

ofinitialion,
 ischemicalsputteringyieldbyincidenceof

backscattered ion,and Tsurf is surface temperature.Calculated

physicalsputteringyieldbyincidenceofinitialion,andchemical

sputteringyieldbybackscatteredionwithangleofionincidence

atanionenergyrangesof17– 100eV areshowninFigs.

3.18(a)and(b),respectively.

Figure.3.18.(a)Physicalsputteringyieldbyincidenceofinitial

ion,and(b)chemicalsputteringyieldbybackscatteredionwith

angleofionincidenceatanionenergyrangesof17– 100eV.

AccordingtotheFig.3.17(b),anenergyofbackscatteredionis

intherangeof2.6– 41.3eV,resultingintheaveragedvelocity

rangeof1.78×104– 7.09×104m/s[23].Becausethediameter

andheightoftheconicaltipisafew μm asshowninFigs.3.13

and3.14,timeofflightforbackscatteredioninaneutralform is

∼0.1 msec.Residencetimeofneutral,which isthechamber
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volumedividedbypumpingspeedinanECR chamber,is∼0.1

sec.Thousanddifferencebetween timeofflightandresidence

timeofneutralensuresthatthecollisionsofbackscatteredion

are occurred. In particular, existence of collisions by

backscattered ion can be a reason forthe incrementofthe

sputteringyield.
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3.3.2. Increment of Sputtering Yield by Morphological

ChangeofGraphite

Morphologicalchangesofgraphiteafterion irradiation with

energyrangeof17– 100eV areshown in Fig.3.19.Local

angleofion incidence,σ,isassumedas∼0,45,60,and 60

degrees with the ion energies of17,40,70,and 100 eV,

respectively,from thegraphitemorphologiesasshown in Fig.

3.19.Physical,chemicalandtotalsputteringyieldsofgraphitein

Eq.(3.13)from Rothmodelforplanesurfaceandmodifiedmodel

forconicalshapedsurfacewithionenergyrangeof17-100eV

are summarized in Table.3.1.Physicalsputtering yield by

incidenceofinitialion,
 ,isincreasedwithanenergyofion

asexpectedbyRoth[8].Increaseoflocalangleofionincidence

duetothemorphologicalchangeofgraphitewithanenergyof

ionincreasestheincrementof
 from Rothmodelforplane

surfaceasshown in Fig.3.20(a).Itimpliesthatthephysical

sputtering yield is more increased at the sharp tip,which

provides large localangle ofion incidence.In addition,this

incrementcanbeincreasedwithanenergyofionbecauseaspect

ratio ofthe conicaltip is increased with an energy ofion.

Physicalsputtering yield by incidence of backscattered ion,

 
 , is almost negligible because an energy of

backscatteredionisbelow 30eV,eveninhighenergyionof100
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eV as shown in Fig.3.17(b).Chemicalsputtering yield by

incidenceofinitialion,
 ,issamewithRothmodelbecause

thechemicalsputteringyieldisnotvariedwithlocalangleofion

incidence.However,chemicalsputtering yield by incidence of

backscatteredion,
 ,isincreasedwithanenergyofion

because the backscattered ion ratio, Rb-s, an energy of

backscatteredion,
,andafluxofbackscatteredion,

,

areincreasedwiththelocalangleofionincidence,i.e.,aspect

ratiooftheconicaltip.Thus,increaseofadditionalcollisionsby

backscatteredionincreasestheincrementofchemicalsputtering

yieldfrom RothmodelforplanesurfaceasshowninFig.3.20(b).
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Figure.3.19.ThirtydegreestiltedSEM imagesofgraphite(a)

beforeand(b)-(e)afterionirradiationataconstantionfluxof

2.7× 1017 cm-2s-1 andadoseofion is9.5× 1020 cm-2.Ion

energiesare(b)17eV,(c)40eV,(d)70eV,and(e)100eV.
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Table.3.1.Physical,chemicaland totalsputtering yields of

graphitein eq.(3.13)from Roth modelforplanesurfaceand

modifiedmodelforconicalshapedsurfacewithanion energy

rangeof17-100eVataconstantionfluxof2.7×1017cm-2s-1.

Figure.3.20.(a)Physicaland(b)chemicalsputteringyieldsof

graphitewithanionenergyrangeof17– 100eV.Planesurface

model(Roth)representsthesputteringyieldforplanesurfaceand

modifiedmodelrepresentsthesputteringyieldforconicaltip.
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Figure3.21showsthetotalsputteringyieldsofgraphitewith

energyofionfrom theRothmodelforplanesurface,modified

modelforconicalshapedsurface,andmeasuredvaluesbyweight

loss method.The measured sputtering yields by weightloss

methodare∼2timeslargerthansputteringyieldsfrom theRoth

modelforplanesurface.Thesputteringyieldsfrom themodified

modelwhichconsidersthegraphitemorphologyareclosetothe

measuredvaluesbyweightlossmethod,especiallyforthehigh

energyionincidencewheretheconicaltipsonthegraphiteare

clearlygenerated.Thisimpliesthatthegraphitesurfacedoesnot

maintainitspristinesurfaceasaplanesurfacewhichcausesthe

incrementofsputteringyield.Asaresultofthis,carbonimpurity

influxintothedeuterium plasmawillbeincreasedwithoperation

condition,especiallyoperationtime.Thiscanbethesourceofthe

spatiallyandtemporallyvaryingdeuterium plasmapropertiesof

whichdetailsarediscussedinthefollowingsection.
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Figure.3.21.Totalsputtering yields ofgraphite with an ion

energy range of17 – 100 eV.Plane surface model(Roth)

representsthesputteringyieldforplanesurface,modifiedmodel

representsthesputteringyieldforconicaltip,andmeasurement

representsthesputteringyieldbyweightlossmethod.
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Chapter4.VariationofDeuterium Plasma

PropertiesbyCarbonImpurity

4.1. Global Model for Spatially Averaged

Deuterium PlasmaProperties

Theincrementofsputteringyieldbythemorphologicalchange

ofgraphitefacingdeuterium plasmawasdiscussedinChapter3.

Becausethecarbonimpurityinfluxisdefinedbytheproductof

thesputteringyieldandanionfluxasEq.(1.1),theincrementof

thecarbonimpurityinfluxowingtothemorphologicalchangeof

graphiteisexpected.Toinvestigatethevariationofdeuterium

plasmapropertiesowingtothecarbonimpurityinflux,areaction

mechanism betweenthecarbonimpurity anddeuterium plasma

should be analyzed.In particular,the effect of the carbon

impurityinfluxonthevariationofdeuterium plasmaproperties

should be quantitatively analyzed.In order to approach this

subject,aspatiallyaveraged(global)modelhasbeendeveloped

to analyze the interaction between the carbon impurity and

deuterium plasma, and to compare with the experimental

measurement. The direction of deuterium plasma property

variationisestimatedbyextrapolationfrom itsrateofchange.
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In the global model for D2/CD4 plasma, H2 and CH4

cross-sectiondataareusedinsteadofthoseforD2andCD4due

tothelackofdeuterium reaction cross-section dataatalow

temperature plasma.Because the cross-sections of hydrogen

isotopesaresimilartoeachother[43],theinteractionbetween

theD2 plasmaandCD4 gasissimilartothatbetweentheH2

plasma and CH4 gas.Theglobalmodelcomposed ofbalance

equationsforradicalneutrals,neutrals,andions,andthenthe

powerbalancewasformulatedtoconsidertheenergylosttothe

electron-neutralcollisionprocessesincludingionization,excitation,

andelasticcollisions.Reactionsintheref.[44]areusedinthe

model.Table4.1showstheconsiderednonradicalneutrals,ions,

radicalneutrals,andstickingcoefficientsincludedinthemodel.

Consideredelectronreactionswithatomsandmolecules,neutral

– neutralreactions,andion– neutralreactionsaresummarized

inTables4.2,4.3,and4.4,respectively.

Table.4.1.Ionspecies,neutralspeciesandstickingcoefficients

[44]intheglobalmodel.
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Table.4.2.Electron reactionswith atomsand molecules.Rate

coefficientsareusedinRef.[44-51].
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Table.4.3.Neutral– neutralreactions.Ratecoefficientsareused

inRef.[44,52-55]andTisthegastemperature.
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Table.4.4.Ion– neutralreactions.Ratecoefficientsareusedin

Ref.[44,55-58].

Theelectronenergydistributionfunction(EEDF)isassumed

asMaxwellianwhichisexpressedas
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Here,ε istheelectronenergy.Theoverallchargeneutrality

i e
i

n n=å
(4.2)

isimpliedwith theassumption ofsingly charged ion species.

Here,niistheiondensity.

Thesetofbalanceequationsisestablishedfordeuterium,
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deuteratedmethane(CD4),
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andotherradicalandnonradicalneutralspecies,
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Here,ID2,ICD4aretheinflow,OD2,OCD4,andOraretheoutflows

oftheD2,CD4,andotherradicalandnonradicalneutralspeciesr

perunittime,respectively,kistherateconstant,andKwallisthe

numberofspeciesgainorlostonthewallsperunittimeand

unitvolumeasaresultofthesurfacereactions.Inflow ofD2is

ID2[cm
-3/s]≈ 4.4×1017JD2[sccm]/VwhereJD2isdeuterium gas

inletflow rateandV isthechambervolumeincm3.Inflow of

CD4is

4

graphite

CD D

A
I Y

V
+= G

(4.6)

Here,Y isthesputtering yieldofgraphite.Thesputtering of
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graphiteisconsideredasformationofCD4.Outflow ofspeciesis

O =vpumpn/V wherevpumpisthepumpingrateincm
3/s.Number

ofspeciesgainorlostonthewallsisKwall=γvthrSsurf/4Vwhere

γ isthewallsticking coefficient,vthr istheaveragethermal

velocityofspecies,andSsurfisthechambersurfacearea.

Thebalanceequationsfortheionspeciesis

, , , , ,
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Here,νiz,iistheionizationfrequencyfortheproductionofion

species,hL andhR aretheratiosofthedensitiesofionspecies

ontheaxialandradialdirectionstothebulk,respectively,AL

andAR aretheareasofaxialandradialdirections,respectively,

uB,iistheionBohm velocity,andthekcxisthecharge-exchange

rate coefficient.The strong axialmagnetic field ofthe ECR

plasmasuppressestheradialdiffusionoftheplasma[23].

Thepowerbalanceequationis

in ev wP P P= + (4.8)

Here,Pinisthetotalpowerdepositedtotheplasma.Theenergy

losttotheelectron-neutralcollisionprocessesis
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Here,εL isthetotalcollisionalenergylossfortheproductionof

theelectron-ionpair,εizisthethresholdionizationenergyforthe

productionofionspecies,νexcistheexcitationfrequency,εexcis
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the threshold excitation energy, νelas is the elastic collision

frequency,and Teff is the effective electron temperature.The

energylosttothelossofkineticenergyofchargedspecieson

thewallsis

,
1

( )( )
g

w i B i L L e i
i

P env h A w we e
=

» +å
(4.10)

Here,εeω and εiω arethemeanelectronkineticenergylostper

electronandthesum ofenergygainedbytheionasittraverses

thesheath,respectively.

Becausetheinflow ofdeuteratedmethane(CD4)isdetermined

asequation(4.6),calculationofthesputteringyieldisnecessary

to estimate the carbon impurity influx. According to the

morphologicalchangeofgraphiteasdiscussedintheChapter3.2,

thesputteringyieldiscalculatedbyusingthemodifiedsputtering

yieldmodelasdiscussedintheChapter3.3.Deuteratedmethane

(CD4)which is caused by the sputtering ofgraphite facing

deuterium ionirradiationreactswithdeuterium plasma,resulting

intheformationofvariousdeuteratedcarbonspecies.Figure4.1

showstheneutraldensitiesofdeuterium anddeuteratedcarbon

species(CxDy)bytheglobalmodel.Becausethesputtering of

graphiteisconsideredasformationofCD4,aneutraldensityof

CD4 islargestincomparisonwithotherdeuteratedcarbons.In

addition,increasesofdeuteratedcarbondensitiesareexpectedas

thesputteringyieldwasincreased.Theincrementofdeuterated

carbon densities by the sputtering ofgraphite can also be
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estimatedby themeasurementofthepartialpressureofCD4,

whichismeasuredbyRGAasshowninFig.4.2.Foranincident

ion energy of17 eV,the partialpressure ofCD4 is almost

constantwithalittleincreaseattheendoftheoperationtime.

Foran incidention energy of40eV,theincreaseofpartial

pressureofCD4withoperationtimeisobserved.Foranincident

ionenergyof100eV,therapidincreaseofpartialpressureof

CD4isobservedattheearlyionirradiationperiod,andtheslow

increaseisobservedattheendoftheoperationtime.Thisresult

canbeexplainedthatthemorphologicalchangeofgraphiteis

remarkablewithenergyofion,whichcorrespondstotheresults

intheChapter3.2.

Figure. 4.1. Computed neutral densities of deuterium and

deuteratedcarbonspeciesbytheglobalmodelwithmicrowave

powerof400W andanionenergyof40eV.
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Figure.4.2.Partialpressureofdeuteratedmethane(CD4)with

operationtimeforanincidentionenergyrangeof17– 100eV

inanECR chamber.A deuterium gaspressureof1mTorrand

microwave power of 400 W are maintained in the whole

operationtime.
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4.2. Spatially Varying Deuterium Plasma

PropertiesbyCarbonImpurity

4.2.1.Decrease ofElectron Temperature and Increase of

ElectronDensityinSpace

Figure 4.3 shows the measured electron temperature and

electrondensityforastainlesssteeltargetandagraphitetarget

with axialdistance from the targetin an ECR chamberat

microwavepowerof400W.Plasmapropertiesweremeasured

after20minutesfrom theignition.A stainlesssteeltargetwas

chosen for comparison with a graphite target because the

secondaryelectroncoefficientsoftwomaterialsarealmostsame

[59],and there is no carbon by-productata stainless steel

target.An electron temperatureforagraphitetargetislower

thanthatforastainlesssteeltarget,andanelectrondensityfor

agraphitetargetishigherthanthatforastainlesssteeltarget.

Becausetheoperationconditionssuchasdeuterium pressure,coil

current,microwavepower,andionenergyareconstant,different

typesoftargetcausethisspatially varying deuterium plasma

properties.Rate coefficients ofdissociation and ionization of

deuterated methane(CD4)arelargerthan thosefordeuterium

(D2),respectively[42]asshowninFig.4.4.Thus,formationof

carbon (C) and deuterated methane (CD4) by physicaland
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chemicalsputtering,respectively,causes the decrease of an

electrontemperatureandtheincreaseofanelectrondensity.For

anionenergyof17eV,differencesinthespatialvariationof

deuterium plasmapropertiesareshownwithin∼60mm from the

target.Becausethecarbonimpurityisgeneratedatthesurface

ofagraphitetarget,variation region ismorefocused neara

graphitetarget.Foranionenergyof40eV,differencesinthe

spatialvariationofdeuterium plasmapropertiesareshowninthe

wholeareaofplasma,i.e.bulkplasma.Thus,thebulkplasma

propertiescanbevariedbytheincreaseofthecarbonimpurity

influx,andthiswillbediscussedindetailinfollowingsection.
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Figure.4.3.Measured electron temperature (square with solid

line)andelectrondensity(circlewithdottedline)withdistance

from thetargetinanECRchamberatanionenergyof100eV

andmicrowavepowerof400W.Emptysymbol:stainlesssteel

target;filledsymbol:graphitetarget.Ionenergiesare(a)17eV

and(b)40eV.



- 84 -

Figure.4.4.Rate coefficients ofdissociation and ionization of

deuteratedmethane(CD4)anddeuterium (D2).
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4.2.2.BulkPlasmaVariationbyIncreasedCarbonImpurity

Influx

Theincreaseofdeuteratedmethane(CD4)withanenergyof

ionwasshowninFig.4.2andthepossibilityofthebulkplasma

variationwasshowninFig.4.3.Figure4.5showsthemeasured

electrontemperaturesandelectrondensitiesforagraphitetarget,

whicharenormalizedbythoseforastainlesssteeltargetinan

ECR chamber.Foranionenergyof40eV,thedecreaseofan

electrontemperatureandtheincreaseofanelectrondensityare

intensifiedwithaxialdistancefrom thetargetincomparisonwith

thoseforanionenergyof17eV.Allcarbonimpuritiesdonot

ionizedintheplasmanearthetargetwhenthesputteringyieldis

increased,i.e.,an ion energy is increased.This causes the

penetrationofthecarbonimpuritiesintothebulkplasmawhere

anelectrontemperatureishigherthanthatfortheplasmanear

thetarget.Thus,dissociationandionizationofdeuteratedcarbon

aremoreoccurredinthebulkplasma.
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Figure.4.5.(a)Measuredelectrontemperaturesand(b)electron

densitiesforagraphitetargetwhicharenormalizedbythosefor

astainlesssteeltargetinanECRchamberatmicrowavepower

of400W.

Figure 4.6 shows the computed and measured electron

temperaturesandelectrondensitieswithsputtering yieldatan

ion energy of40eV.Computed valuesarecalculated by the

globalmodelwhichwasexplainedintheChapter4.1.Thosedata
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show similartrendwithin∼10% differencesinabsolutevalues.

Thisindicatesthattheincreaseofsputteringyieldscausesthe

decrease ofan electron temperature and the increase ofan

electron density in the space.This also indicates that the

variation ofthedeuterium plasmapropertiesiscausedby the

carbonimpurityinflux.Thisshowsthatthebulkplasma,which

isrelativelyfarfrom agraphitetarget,canbeaffectedbythe

carbonimpurityfrom graphite.Thus,thereisapossibilitythat

thebulkplasmapropertiesareaffectedbywallcondition.Ifthe

previous sputtering yield modelfora plane surface is used,

variationwidthsoftheplasmapropertiesareunderestimated∼35

%.Inotherwords,theconsiderationofthemorphologicalchange

ofgraphiteisnecessarytoanalyze,andtoestimatethevariation

ofdeuterium plasmaproperties.
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Figure. 4.6. Computed and measured electron temperatures

(squarewithsolidline)andelectrondensities(circlewithdotted

line)withsputtering yieldatanionenergy of40eV.Empty

symbol: computed values; filled symbol: measured values.

Measured valuesarepositioned atsputtering yieldsof0and

0.029forstainlesssteeltargetandgraphitetarget,respectively.
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4.3. Temporally Varying Deuterium Plasma

PropertiesbyCarbonImpurity

4.3.1.Decrease ofElectron Temperature and Increase of

ElectronDensitywithOperationTime

Spatiallyvaryingdeuterium plasmapropertieswereanalyzedin

Chapter4.2.Asaresultofthemorphologicalchangeofgraphite

bydeuterium plasmairradiation,increasedsputteringyieldcauses

thevariation ofbulk plasma properties.Because the graphite

morphology is also changed as operation time is increased,

temporallyvaryingdeuterium plasmapropertiescanbecausedby

temporallyvaryinggraphitemorphology.Figure4.7(a)showsthe

measured electron temperature and electron density with

operationtimeforanionenergyof40eV,whichareobtained

from theaverageofthemeasuredprobedatainanECRsource.

Fora stainless steeltarget,an electron temperature and an

electrondensityarealmostunchangedwithoperationtime.Fora

graphite target, however, sudden decrease of an electron

temperatureandincreaseofanelectrondensityareobservedin5

min, and then both stabilize. This indicates that the

morphologicalchangeofgraphiteisremarkablewithin5min,and

this variation may be closely related to the formation of

deuteratedmethane(CD4),whicharesimilartothevariationsof
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plasmaproperty asobservedintheH2 plasmawithinflow of

CH4[22].TheeffectofCD4additiononthebulkplasmaproperty

is evaluated by using the globalmodel,which contains the

energy lostto the electron-neutralcollision processes.Figure

4.7.(b)shows the comparison ofthe computed and measured

electrontemperaturesandelectrondensitiesforagraphitetarget

with sputtering yieldatan ion energy of40eV.Thosedata

show similartrendwithin∼8% differencesinabsolutevalues.

Thisindicatesthattheincreaseofsputteringyieldscausesthe

decrease ofan electron temperature and the increase ofan

electrondensity.Inparticular,itprovidesthatthevariationof

deuterium plasma properties is influenced dominantly by the

inflow ofCD4.
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Figure.4.7.(a)Measuredelectrontemperature(squarewithsolid

line)andelectrondensity(circlewithdottedline)withoperation

timein an ECR chamberatan ion energy of40eV.Empty

symbol:stainlesssteeltarget;filledsymbol:graphitetarget.(b)

Computedandmeasuredelectrontemperatures(squarewithsolid

line) and electron densities (circle with dotted line) with

sputtering yield atan ion energy of40 eV.Empty symbol:

computed values; filled symbol: measured values.Measured

valuesarepositioned atsputtering yieldsof0and 0.029 for

operationtimesof0and1800sec,respectively.
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Figure 4.8 show the measured electron temperature and

electrondensityforagraphitetargetwithoperationtimeata

constantionenergyof100eV,andmicrowavepowersof400

and600W.Thedecreaseofan electron temperatureandthe

increaseofan electron density with operation timearemore

remarkably observed than those in Fig.4.7.In addition,the

decrease ofan electron temperature and the increase ofan

electrondensityareobservedin15min,andthenbothstabilize.

This indicates thatthe morphologicalchange ofgraphite is

remarkable within 15 min because the severe morphological

changesareexpectedinahighenergyionincidence.Itnotes

thatthe variation ofdeuterium plasma properties atan ion

energyof40eV isobservedin5minasshowninFig.4.7.

When microwavepowerisincreasedto600W in comparison

with400W,thevariationdepthofanelectrondensityandthe

saturationtimearelargerthanthosefor400W,respectively.A

highionfluxcausesseverechangesofthegraphitemorphology,

resultingintheincrementingofthecarbonimpurityinfluxand

variationofdeuterium plasmaproperties.Thiswillbeinterpreted

indetailinfollowingsection.
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Figure.4.8.Measured electron temperature (square with solid

line)andelectrondensity(circlewithdottedline)withoperation

timeinanECR chamberatanionenergyof100eV.Empty

symbol:microwavepowerof400W;filledsymbol:microwave

powerof600W
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4.3.2.IntensifiedVariationofPlasmaPropertiesbyGraphite

Morphology

Figure4.9showsnormalizedelectrondensity,whichisdivided

byanelectrondensityatoperationtimeof0min,withoperation

timeinanECRchamberationenergiesof40and100eV and

microwavepowersof400and600W.Graphitemorphologiesfor

anionenergyof40eV andmicrowavepowerof400W,anion

energyof100eV andmicrowavepowerof400W,andanion

energyof100eV andmicrowavepowerof600W areshownin

Figs.3.8(a),3.8(c),and3.9(b),respectively.Variationwidthand

timeforsaturationofthenormalizedelectrondensityforanion

energyof40eV andmicrowavepowerof400W are∼3% and

∼3min,respectively.Whenanionenergyisincreasedto100

eV,variationwidthandtimeforsaturationofnormalizedelectron

densityareincreasedto∼15% and∼10min,respectively.In

addition,variationwidthandtimeforsaturation ofnormalized

electron density are increased to ∼30 % and ∼15 min at

microwavepowerof600W,respectively.Thus,severechanges

ofthe graphite morphology by high energy and flux ofion

incidence,i.e.,theenergydose,causethelargeincrementofthe

carbonimpurityinflux,resultinginlargevariationofanelectron

density.
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Figure.4.9.Electron density which isdivided by an electron

density atoperation timeof0min withoperationtimein an

ECR chamberationenergiesof40and100eV andmicrowave

powersof400and600W.
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Chapter 5.Re-IncrementMechanism of

Carbon Impurity Formation by Increase

ofIonFlux

Thevariation ofdeuterium plasmapropertiesby thecarbon

impuritywasdiscussedinChapter4.AsshowninFig.1.2(b)

anddiscussedinChapter1.3,theflowedcarbonimpuritychanges

the deuterium plasma properties, especially the electron

temperatureandelectrondensity,resultinginthevariationofthe

ionflux,
,onthesurface.Becauseanionfluxisincreased

withoperationtimeasshowninFig.5.1(a),theeffectofthe

increasedionflux ontheincrementing ofthesputtering yield,

i.e.,re-incrementofthesputtering yield,should beevaluated.

Inaddition,surfacetemperaturesofgraphitearemoreincreased

withoperationtimeduetotheincreasedionfluxasshownin

Fig.5.1(b).Increasesofbothanionfluxandsurfacetemperature

are expected to increase the chemical sputtering yield by

additionalcollisionsofbackscatteredionasshownEq.(3.13).
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Figure.5.1.(a)Ionfluxand(b)surfacetemperatureofgraphite

withoperationtimeformicrowavepowersof400and600W at

aconstantcoilcurrentof110Aandanionenergyof100eV.
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AsexpectedinthesputteringyieldformulainEqs.(3.12)and

(3.13),chemicalsputteringyieldsbyinitialionandbackscattered

ion dependon theinitialion flux andbackscatteredion flux,

respectively.Thelocalangleofionincidence,σ,isassumedas

∼60and67.5degreeswithmicrowavepowersof400and600W,

respectively,from thegraphitemorphologiesasshown in Fig.

5.2. Larger local angle of ion incidence provides larger

backscattered ion ratio than lowerone.Thus,theproductof

backscatteredionratio()andchemicalsputteringyieldby

incidenceofbackscatteredion(
 )fortheFig.5.2(a)islarger

thanthatfortheFig.5.2(b)asshowninFig.5.3(a).Thus,the

totalsputteringyieldwithoperationtimefortheFig.5.2(a)is

alsolargerthanthatfortheFig.5.2(b)asshowninFig.5.3(b).

Figure5.4showsthetotalsputtering yieldsofgraphitewith

microwave powerfrom the Roth modelfora plane surface,

modifiedmodelforaconicalshapedsurface,andmeasuredvalues

by weightloss method.The measured sputtering yields by

weightlossmethodare∼2timeslargerthansputteringyields

from theRothmodelforaplanesurface.Thesputteringyields

from the modified model,which considers the incrementof

 
 ,are close to the measured values by weightloss

method.Thisindicatesthatthevariationofthedeuterium plasma

propertiescausedby thecarbonimpurity influx canaccelerate

graphite wall erosion. Consequently, the consideration of
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variationsinboththegraphitemorphologyanddeuterium-plasma

properties is essentialin orderto understand the interaction

betweendeuterium plasmaandagraphitesurface.

Figure.5.2.ThirtydegreestiltedSEM imagesofgraphiteafter

ionirradiationataconstantionenergyof100eV.Microwave

powersof(a)400W and(b)600W.
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Figure.5.3.(a)The productofbackscattered ion ratio and

chemicalsputteringyieldbyincidenceofbackscatteredion,and

(b)totalsputteringyieldwithoperationtimeataconstantcoil

currentof110 A,an ion energy of100 eV,and microwave

powersof400W and600W.
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Figure.5.4.Totalsputtering yields ofgraphite with an ion

energyof100eV.Rothmodelrepresentsthesputteringyieldfor

planesurfaceandmodifiedmodelrepresentsthesputteringyield

forconicaltip.
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Chapter6.Conclusions

The deuterium plasma–graphite surface interaction is

investigatedbyconsideringthesurfacemorphology,whichisa

new perspective on interpreting plasma-surface interaction

studies. The morphological change of graphite during the

deuterium plasmairradiationisturnedouttoincreasethecarbon

impurityinfluxintothedeuterium plasma.Thecarbonimpurity

causes spatialand temporalvariations of deuterium plasma

properties,and these variations are furtherincreased by the

morphologicalchangeofgraphite.Thus,theconsiderationofthe

surfacemorphologyisfoundtobecriticalintheanalysisofthe

plasma–surface interaction including the deuterium plasma–

graphitesurfaceinteraction.

Thedegreeofmorphologicalchangeofgraphiteduring the

deuterium plasma irradiation is determined by both physical

properties(i.e.theenergy doseand sheath electricfield)and

chemicalproperties(i.e.C-D bondformation)oftheplasma.As

the energy ofincidentions induces atomic motions in the

graphite,thetotalenergy transferred tothegraphiteperunit

area, i.e., the energy dose, determines the degree of its

morphologicalchange.Theformationofsheathonthegraphite

surfaceduringthedeuterium plasmairradiation,generatesforce,

whichisaninteractionbetweentheinduceddipoleandsheath
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electricfield,therebyshaping thegraphitemorphology.Asthe

sheathpotentialandC-D formationdeterminestheintensitiesof

the sheath electric field and the induced dipole respectively,

plasmapropertiesaretheimportantfactorstobeconsideredin

thestudyofmorphologicalchangeofgraphite.

The morphological change of graphite has increased the

sputteringyieldbycausingincreaseinboththelocalangleof

incidentionsandcollisionsofbackscatteredions.Thephysical

sputteringyieldfortheCformationandthechemicalsputtering

yieldfortheCD4formation,inparticular,areincreasedwiththe

morphological change of graphite. This indicates that the

sputtering yields are determined by physical and chemical

properties of the plasma,energy dose and the C-D bond

formationrespectively.Therefore,thelevelsofplasmairradiation

determinesthelevelsofthemorphologicalchangeofgraphiteas

wellasthecarbonimpurityformation.

Thevariationofthedeuterium plasmapropertiesisturnedout

tobethedecreaseinelectrontemperaturesandtheincreasein

electron densities with an influx of the carbon impurity.

Considering that the higher energy dose,the more severe

morphologicalchangesarefoundinthegraphite,therangeofthe

deuterium plasma variation is determined by the plasma

irradiationconditions.Theincreaseinionfluxduetothecarbon

impurity influx during deuterium plasmairradiation isthekey

reasonforthere-incrementofthesputteringyield.Therefore,the
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considerationofvariationsinboththegraphitemorphologyand

deuterium plasmapropertiesisessentialinordertounderstand

thedeuterium plasma–graphitesurfaceinteraction.

Thepresentstudywillcontributetotheunderstandingofthe

KSTARplasma,whichusesdeuterium plasmawithgraphite,and

totheunderstanding oftheplasmaprocessing forcarbonand

hydrogen gases.In particular,anew discovery describedhere

regardingthattheby-productgeneratedfrom plasmairradiation

canleadtothetemporalvariationoftheplasmapropertiesis

believedtobehighlyusefulinthefieldsofstudyingestimation

andcontrolofplasmaproperties
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초 록

중수소 플라즈마를 대면하는 흑연의 형상 변형이 탄수 불순물 생

성량 증가에 미치는 영향에 대한 이해를 기반으로,탄소 불순물 유

입에 의한 중수소 플라즈마의 공간적 및 시간적 특성 변동을 연구

하였다.본 연구는 중수소 플라즈마 – 흑연 표면 상호작용 분석뿐

아니라 일반적인 플라즈마 – 표면 상호작용 해석에도 표면 형상을

고려하는 새로운 관점을 제시하고자 하였다.중수소 플라즈마 – 흑

연 표면 상호작용을 해석할 때 흑연 형상과 플라즈마 특성 변동 모

두를 고려하는 것이 중수소 플라즈마 – 흑연 표면 상호작용 분석

을 위해 필수적임을 밝혀내었다.전자 사이클로트론 공명 플라즈마

실험 장치를 이용하여 주된 반응 영역이 흑연에 한정되고 타겟으로

이온이 수직 입사하도록 하였다.1– 3.5×1011cm-3의 전자밀도,

3.5– 5.5eV 의 전자온도,17– 100eV 의 이온 에너지를 갖는

조건에서 실험을 수행하였으며,이 조건은 중수소 플라즈마와 흑연

벽면을 가지는 KSTARscrape-offlayer(SOL)플라즈마에 유사한

조건이다.

중수소 플라즈마에 의한 흑연의 형상 변형을 플라즈마의 물리적

인자들인 이온 에너지,이온속,조사 시간을 하나로 묶은 개념인 에

너지 조사량,다시 말해서 단위 면적당 흑연에 전달된 총 에너지를

인자로 활용하여 해석을 수행하였다.흑연의 형상 변형을 야기하는

탄소 원자가 이동하기 위해 필요한 에너지가 에너지 조사량에 비례

할 것이므로,에너지 조사량은 흑연의 형상 변형 정도를 결정한다.

또한 고에너지 중수소 이온이 탄소와 반응하고 결합을 형성하여,흑
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연 표면에 C-D 결합을 형성한다.이를 통해 중수소 플라즈마와 흑

연 벽면을 사용하는 KSTARSOL플라즈마의 정상 상태 조건까지

의 흑연 형상 변형 추세를 분석하였다.에너지 조사량 증가에 따라

흑연 표면의 형상이 평면에서 원뿔팁으로 진행함을 관측하였고,원

뿔 형상의 크기가 커지는 동시에 원뿔팁의 종횡비가 커지면서 뾰족

한 원뿔팁이 형성되는 것을 관측하였다.이온 입사에 의해 흑연 내

부에 증가된 sp3 구조의 일부가 나노 다이아몬드를 함유하여 주변

흑연 원자들과의 스퍼터링율의 차이로 원뿔팁이 형성될 수 있음을

밝혀내었다.원뿔팁들이 3.8×105V/m 이상의 쉬스 전기장 내에 있

을 때 원뿔 형상의 다발로 성장함을 관측하였고,이는 플라즈마의

물리적 특성인 에너지 조사량 및 쉬스 전기장과 함께 플라즈마의

화학 반응에 의한 탄소-중수소 결합의 형성이 원뿔 형상의 다발을

형성하는 메커니즘임을 밝혀내었다.이로부터 흑연의 형상 변형을

분석할 때 플라즈마 물리 및 화학 반응 기반 해석의 필요성을 제시

하였다.

원뿔 형상을 갖는 흑연에 대한 스퍼터링율 모델을 수립하였고,이

는 기존 Roth의 평면에 대한 스퍼터링율 모델과 비교하여 형상 변

형에 의한 이온 입사각 증가와 후방산란된 이온의 추가적인 입사를

고려하는 특징을 갖는다.이온 에너지 증가에 따른 흑연의 형상 변

형은 평면을 고려한 모델에 대비해서 물리적 및 화학적 스퍼터링율

이 증가함을 분석하였다.이로부터 실험적으로 측정된 스퍼터링율이

평면에 대한 스퍼터링율 예측값보다 최대 2배까지 큰 현상이 흑연

의 형상 변형으로부터 야기함을 밝혀내었다.이로부터 입사하는 플

라즈마에 대한 해석이 흑연의 형상 변형 뿐 아니라 탄소 불순물 유

입량 분석을 위해 필요함을 제시하였다.
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탄소 불순물이 유입됨에 따라 공간 내 중수소 플라즈마의 전자

온도가 감소하고 전자 밀도가 증가하는 현상을 관측하였다.이는 유

입된 탄화중수소가 주 방전 기체인 중수소에 비해 전자와의 충돌에

의해 분해되거나 이온화될 확률이 높기 때문에 나타나는 현상임을

분석하였다.공간 평균된 플라즈마 특성을 계산할 수 있는 글로벌

모델을 사용하여 탄소 불순물 유입에 의한 플라즈마의 공간 특성

변동을 실험적 진단값과 함께 분석하였다.스퍼터링율의 증가가 중

수소 플라즈마 내 탄화중수소 분자들을 수 % 정도까지 증가시킬 것

이고,탄소 불순물의 유입이 이러한 중수소 플라즈마 변동을 야기하

는 인자임을 분석하였다.이로부터 플라즈마의 특성 변동을 해석할

때 반응부산물의 유입 특성과 유입된 반응부산물과 플라즈마의 상

호작용을 해석해야 하는 필요성을 제시하였다.

탄소 불순물이 유입됨에 따라 시간에 따라 중수소 플라즈마의 전

자 온도가 감소하고 전자 밀도가 증가하는 현상을 관측하였다.이는

운전 시간에 따른 흑연의 형상 변형이 스퍼터링율을 증가시켜서 야

기된 현상임을 분석하였다.즉,이온 에너지와 이온속이 높아지는

경우인 에너지 조사량이 큰 경우에 흑연의 형상 변형이 더 크게 나

타나고 이것이 더 큰 플라즈마 변동을 야기함을 분석하였다.또한

중수소 플라즈마로의 탄소 불순물 유입에 의하여 운전 시간에 따라

증가하는 이온속이 후방산란된 이온의 추가적인 입사를 야기하여

스퍼터링율이 재증가하는 메커니즘을 밝혀내었다.즉,탄소 불순물

유입으로부터 야기된 플라즈마 변동이 벽면 침식률을 더 가속화시

킬 수 있음을 예측할 수 있었다.

본 연구는 중수소 플라즈마와 흑연의 상호작용을 해석할 때 플라

즈마와 흑연의 연구를 함께 수행해야 하며,특히 흑연의 형상 변형
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을 주요 인자로써 고려해야 함을 밝혀내었다.플라즈마를 대면하는

흑연의 형상 변형이 플라즈마로의 탄소 불순물 유입량을 증가시켰

고,이것이 전자 온도 감소 및 전자 밀도 증가 현상을 심화시키는

것을 분석하였다.이는 중수소 플라즈마와 흑연 대면재를 사용하는

KSTAR또는 탄소와 수소를 포함하는 공정 플라즈마에서의 플라즈

마 – 표면 상호 작용 자체에 대한 이해에 적용될 것이다.또한 반

응부산물이 플라즈마 특성에 영향을 미치는 것을 분석함으로써,시

간에 따른 플라즈마 특성 변동의 원인이 반응부산물에 의해 기인할

수 있음을 판단할 수 있는 기반을 제시하였다.이를 기반으로 플라

즈마 특성에 대한 예측,더 나아가 플라즈마 특성을 제어하는 것에

기여할 것으로 기대된다.

주요어 :중수소 플라즈마 – 흑연 표면 상호작용,흑연 형상 변형,

스퍼터링율,탄소 불순물 유입,플라즈마 특성 변동

학번 :2010-30257
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