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Chapter 1

Generalntroduction

1.1 Intr oduction

Throughtheir wide variety of operationalconditions,plasmasourcesoffer a tremendoudree-
domin the generatiornof radiationandthe creationof chemicalcompositions.As a resultthe
field of technologicalandindustrial plasmaapplicationss expandingstrongly Severalplasma
applicationsarefoundin theliterature:

¢ High-efliciengy light sources Examplesarethe well-known TL-lamp andthelessknown
QL-lampandS-lamp.Boththe QL- andS-lampareelectrode-lesemps.For theQL-lamp
the enepy is inductively coupledinto an argon-mercurygasmixture[1], whereador the
S-lampmicrowave enegy is coupledinto sulphurgas[2]. Anotherexampleof the useof
plasmasasalight sources the plasmadisplaypanel(PDP)[3].

e Material processingsuchasdeposition,etching, cutting, welding, cleaningand surface
modification(seefor exampleFauchaid4] andBoulosetal. [5]). Typical applicationsare
thedepositionplasmasusedin the solarcell industryfor depositinghigh-qualitymaterial,
e.g.thin films of hydrogenate@morphoussilicon. We may distinguishherebetweerthe
useof

1. RF-plasmas,sedin plasmanhance@hemicalapourdepositiofPECVD)reactors
[6];
2. expandingthermalplasmagETP),for instancecreatedoy a cascadedarc|7, 8], and
3. inductively coupledplasmaor microwave (MW) inducedplasmag9].
A ratherunexpectedapplicationis the treatmenbf archeologicabrtifacts[10] (this could

be characterisetdy etching,cleaningor surfacemodification). Anotherremarkableappli-
cationis thecreationof dustparticlesin plasmag11].

e Spectrochemicanalysis(analyticalchemistry). Examplesareinductively coupledplas-
mas(ICP) [12] andmicrowave-inducedplasmagMIP) like the Beenakler cavity [13], the
surfatron[14] andthe Torchea Injection Axiale (TIA) [15] thatcanbe usedfor element
detectionwith very low detectionlimits.
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e Particle sources.Apart from the microwave plasmador the productionof negative ions,
usedin neutralbeaminjectors[16] for the heatingof Tokamakplasmasalsothe cascaded
arc plasmascanbe usedfor this purpose10]. An exampleof a positive ion sourcecan
be foundin this thesis(chapterst and5) wherea hydrogencascadedrc plasmais opti-
misedto achiese highion power fluxes,to simulatethe plasmanearthedivertorplatesin a
Tokamak.

e Wastetreatment(e.g. detoxification). For this purposethermalplasmatorches[17] and
cascadearcplasmag18] or microwave plasmag16] areused.
The plasmageferredto above all have their particularcharacteristicswith differencesn en-
ergy couplingmechanismsgasmixtures,pressureflow, andso on. In the next section,their
characteristicsvill beclassified.

1.2 Characteristics of the plasmasconsidered

Thefeaturesandparametersf the plasmasstudiedin this thesiscanbe classifiedin threemain

groups. First we have the configuratiorwhich, apartfrom the specificoperationalconditions,
also dealswith the differentways of enegy couplinginto the plasma. Second,we have the

transporpropertiesvith asmaindivisiontheopen(’convective’ driven)versusonfinedsystems.
Third, we have the chemicalcomposition which on its mostbasiclevel leadsto the degreeof

ionisationanddissociation.

1.2.1 Configuration

Apart from the global operationconditionsof the plasmas,suchas pressureand power, it is
usefulto distinguishthe severalwaysto coupleenegy into a plasma.The cascadea@rc (CA) is
drivenby adirectcurrent(DC), the ICP andQL-lampareinductively coupledplasmasvhereas
the S-lamp,the plasmausedfor optical fibre production(in the following abbreviatedasPOF)
andthe Torchea Injection Axiale (TIA) aremicrowave (MW) inducedplasmas.Especiallyfor
thelattergroupthe skin depthis animportantfeature.

1.2.2 Transport

Transportcan make a distinction betweenconfinedand openplasmaconfigurations.The con-
fined configurationg(the TL-lamp, the low pressureQL- and high pressureS-lamp)generate
diffusion-dominateglasmasOntheotherhandthe openICP, the CA, thevacuumchambemlnd
the MW POFaredominatedoy theflow, i.e. they arestronglyconvective plasmas.

1.2.3 Composition

The moststriking propertyof a plasma,namelythe presencef chaged particlesimmediately
leadsto the main division of the plasmainto two groups: the electronsand the heary parti-
cle species. In mary cases,both groupshave their own temperatures.Only so-calledlow-
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temperatur@lasmasywith electrontemperaturearoundl eV, areconsideredn this thesis.The
pressuran the plasmasvariesfrom low pressurgaround10 — 20 Pain a vacuumchamber)o
atmospherigressuresindhigher(arounds x 10* Pa attheinlet of a cascadedrc andaround
5 x 10° Pain the S-lamp). As a consequencethe speciesin the plasmasare usually not in
equilibrium,sothatthe heavry particletemperaturaiffersfrom the electrontemperature.

We will make a distinctionbetweenthermalequilibrium, a situationin which all the species
presentin the plasma(i.e. electronsand heary particle specieshave equaltemperaturesand
chemicalequilibrium a situationin which no net productionor destructionof speciesoccurs,
i.e. the numberdensitiesof all speciegpresentin the plasmaobey the Sahaequationfor ioni-
sation/recombinatiorquilibriumandthe Guldbeg-Waageequatiorfor dissociation/association
equilibrium. Thermalequilibriumdoesnot automaticallyimply chemicalequilibriumandvice-
versa.Local ThermalEquilibrium (LTE) is the situationwhereboththermalandchemicalequi-
librium areachieved*, thoughthe equilibrium characteristic§suchasthe temperaturefande-
pendon thelocation. In orderto reachLTE the pressuranustbe so high thatthe elasticenegy
transferfrom electrongo heavy particlespeciess effective enough.Anotherconditionfor the
presencef LTE is thatthe electronnumberdensityis so high thatthree-particlaecombination
cancompetewith theefflux of chagedparticles.

Anothercharacteristiof aplasmais its dissociatiordegree. Thisimpliesadivisionin atomic
(like argon) and molecularplasmas(like hydrogenand oxygen). Thereis a large difference
betweenthesetwo typesof plasmas.In atomicplasmasthe descriptionof kineticsis already
comple, althoughthe numberof transport-sensite (TS) speciess limited. Thelatterrefersto
speciedor which the timescalein which chemicalreactionstake placeis of the sameorder of
magnitudeasthe timescalein which the speciess transportedo otherregionsin the plasma.
For the TS specieghe full massbalancesave to be solved. On the otherhandwe have local
chemistry(LC) specieswhich aredeterminedy the TS speciesandthe elementaryprocesses.
For the LC speciestransports relatively unimportantandtheir numberdensitiesarerelatedto
thoseof the TS speciedhy so-calledCollisional-Radiatie (CR) models. For a clarificationwe
take heretheargonplasmaasanexample. The TS speciesaretheargonatomin thegroundstate
andthe agonion. All excited statesare consideredas LC speciesandtheir numberdensities
dependon thatof the TS speciesthe electrontemperatureandnumberdensity In dealingwith
anargon-mercurymixture,suchasin the TL- andQL-lamp, it is usefulto treatthe first excited
statealsoasa TS species. By doing so, it is possibleto treatthe influenceof diffusion and
radiationtransporton thefirst excitedstate.

Molecular plasmasare even more complicated. Apart from the numberof speciesbeing
higherthanin anatomicplasmapnehasto take into accountdissociation/associatiqrocesses,
rovibrationalexcitationprocesseandpossiblythemulti-temperaturéehaiour of theheavy par
ticle species.Apart from a heary particletemperaturene candistinguishbetweenexcitation,
rotationandvibrationtemperaturesvhich canall be different. However, for the molecularplas-
masconsideredn this thesiswe will assumeonly two temperaturespnefor the electronsand
onefor theheary particlespecies.

Anotherfactoris theinfluenceof recombinatiorprocessedn moleculamplasmaglissociatve

2Theseplasmasarereferredto asthermalplasmasn literature.
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recombinationprocesse€an be very important, sincethe associatedeactionratescan easily
overrulethatof thethree-particlaecombination We will seeanexampleof thisin chapters of

thisthesiswhich discussegheinfluenceof themolecularion H3 in thechemistryin ahydrogen
cascadedrcplasma.

1.3 The needfor a plasmasimulation tool

Fromtheconsiderationg theprevioussection,t is clearthatdueto thewide rangeof operating
conditions,the plasmastateoffers a tremendoushemicalfreedom. This implies that plasmas
are suitablefor a lot of applications,of which a few were discussedn the generalintroduc-
tion. However, improving and optimisingthe plasmasusedin industryis not carriedout very
efficiently atthis moment:

e Thechoiceof the chemicalcompositionof plasmass in mary casesa matterof trial and
error.

e Optimisingplasmasourceswhich in nowadayspracticegenerallymeansiesigning,con-
structingandtestingdifferentsourcesijs not only very time-consumingout is alsoa sub-
stantialinvestmenin resources.

To avoid excessve empirismanotherapproachs needed.It is generallyrecognisedhatin the
designof efficient industrialprocessessimulationby meansof computationamethodscanbe
a powerful approach.Main advantage®f numericalsimulationover experimentscanbe found
in:

e A reductionof time andcosts.

e Theability to studythefundamentaphenomenan detailandconsequentlgainimproved
insightinto the processesccurringin the plasmasources.

e Thepossibilityto optimisethe plasmasourceandtheravith theindustrialprocesdy con-
sideringa multitudeof possibleconfigurationsandconditions.

e Thegeneratiorof detailedlocal information,informationthat might be difficult to obtain
in experiments.

Numericalsimulationhasprovenits valuein theaircraftindustry wherecomputationaimethods
areusednot only in researchgroups,but alsoin the designanddevelopmentof for examplean
aircraft andits componentsuchaswings and propulsioninstallations. In the field of chemi-
calvapourdeposition(CVD) severalcomputationamethodsareavailablenowvadayso optimise
reactorgeometrieg19, 20]. Oneof the morerecentdevelopmentds the useof computational
methodgo numericallysimulateplasmas.The existing commerciallyavailably numericaltools
(PHOENICS,FLUENT, FLOW3D, STAR-CD and CFX) wereoriginally designedor the nu-
mericalsimulationof flows and/orCVD processege.g.PHOENICSCVD). As a consequence,
the typical characteristic®f plasmasJik e the multi-temperatureharacterandthe presencef
chagedspeciescannot alwaysbe handledproperlyby thesetools. Sometimesanoptionis to
link a methodthat computeghe flow field andheattransferto a methodfor the plasma,which
impliesaweakinteraction.Thereforethe needexistsfor a plasmasimulationtool whichis capa-
ble of handlingplasmasourcesisedin researclandindustrialapplicationsij.e.: for equilibrium
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and non-equilibriumsituationsin atomicand moleculargasmixturesandin flowing and non-
flowing configurationsBeforewe discusghedesignof suchamodelin sectionl.4,we will take
alook atthetoolsthatalreadyexist in thefield of plasmaphysics.

1.3.1 Stateof the art

In the field of plasmaphysics,only one computationaimethodis commerciallyavailable: the
so-calledSIGLO codé, developedby Boeuf, Pitchford,the Centrede PhysiquedesPlasmast
Applicationsde Toulouse(CFAT) andKinemaResearcl& Software(France).lt is softwarefor
non-thermaplasmasyith low ionisationdegree(approximatelybelov 10-*). Its mainapplica-
tionsarethenumericalsimulationof PDPs andlow-pressurdrF dischages,which botharenot
in the presenfield of interest.

Several othergroupshave developednumericalsimulationtools for plasmasfor their own
specificgoals.For example the groupof Goedheeat FOM-Institute’Rijnhuizen’ (Nieuwegein,
The Netherlands)evelopeda methodfor the numericalsimulation of two-dimensionalow-
pressurdRF-dischages|[6, 21]. The PlasmalrechnologyResearciCenter(CRTP)in Sherbrook
(Canadapevelopedsoftwarefor numericallysimulatingaxi-symmetrid CP torches.It is based
onamodelwhichincludesnon-LTE effects,seefor example[22, 23], andalsoincludesaturbu-
lencemodelfor LTE plasmag24]. Of theothergroupsin thefield of ICP’s, we mentionthevon
Karmaninstitutefor Fluid Dynamics(Rhode-Saint-Gerse Belgium),thatdevelopeda powerful
tool for the numericalsimulationof anaxi-symmetriclCP with laminarflow, for LTE/non-LTE
andwith atwo-dimensionaklectromagneti@ield formulation[25]. In thefield of flowing ther
mal plasmajets, we have to mentionthe LAVA-code,developedby Ramsha and Chang[26].
LAVA cannumericallysimulateflowing thermalplasmajetsin the absencef electromagnetic
fields. Furthermorecomputationamethodgor DC torchesarepopular Examplesarethework
of Bauchireetal. [27], Suzukiet al. [28] andPaik etal. [29]. TheDC torchesaredifferentfrom
thecascadedrcconfigurationsisedin Eindhoven: plasmaexpansiontakesplaceatatmospheric
conditions,andthe methoddor thesetorchesareall basedon LTE models.

The methodsmentionedall have their own specificapplicationfield (exceptfor the SIGLO
code),for which they are perfectly suitable. However, therearetwo main reasongo develop
a new numericalsimulationtool. First, dueto the diversity of plasmasourcesthat we want
to considey separatanethodsfor eachplasmasourcecould be very inefficient to maintainand
updatein practice. Second,althoughthereare large differencesbetweenthe various plasma
sources,jn the computationaimodelsfor thesesourcesone canfind alsolarge resemblances.
This will be madeclearin section1.6.2. By utilising theseresemblancesa modularplasma
simulationtool canbe developed which meetsall requirementgseesectionl.4.1).

1.4 The designof the plasmasimulation tool PLASIMO

The needfor a numericalsimulationtool for plasmasdescribedn sectionl.3is especiallyfelt
in the Eindhoven region, wherethe university is surroundedoy various high-techcompanies

bInternetaddresshttp://www.sni.net/siglo/



6 Chapter 1

that use plasmas(for example Philips and PlasmaOptical Fibre). Thatis why in the group
Equilibrium andTransportin Plasmasf the EindhovenUniversity of Technologythe so-called
PLASIMO-project(PLASIMO standsfor "PLAsma SimulationMOdel”) wasinitiated abouta
decadeago.FirstpioneersvereFey, De Jong[30] andBengy [31] whonumericallysimulatedhe
openargonICP’s. Thework on confinedlCP’s wasperformedby VanDijk [32]. Following this,

the applicationrangeof PLASIMO expandedfrom the QL-lamp[33] to the cascadedrc [34]

(employing theknowledgegainedirom apredecessaf PLASIMO, i.e.thenumericakimulation
tool of Beulensetal. [35]), TL- andS-lamp,andmicrowave cavities. For a completelist of the
currentPLASIMO applicationsseesectionl.4.2.

PLASIMO, is ageneratomputationamethodbasedn thefinite-volumemethodthatsolves
theconserationequationgor massmomentunandenengy (i.e. it is afluid model)in aspecified
computationatlomain.lt is set-upin sucha way thatmulti-componenplasmasin awide pres-
surerange(10! to 108 Pa), from non-LTE to LTE, andwith differentenegy couplingprinciples
canbe numericallysimulated.We will discussthe capabilitiesandlimitations of PLASIMO in
sectionl.4.1. The applicationghatarecurrentlyhandledwith PLASIMO aredescribedn sec-
tion 1.4.2.Herewe referalsoto theinternet-pagef PLASIMO:
http.//www.etp.phys.tue.nl/gurgmhtm.

1.4.1 Designspecifications:
capabilities and limitations of PLASIMO

The mathematicamodel underlyingthe currentversionof PLASIMO hasthe following fea-
tures:

e The plasmaunderstudy behaesasa (isotropic)fluid, i.e. asa continuumfor which the
massmomentumandenepgy balancesresolved. Thisimmediatelyimplies a limitation:
if the plasmacannot be consideredasa continuum,PLASIMO is not adequatendthe
useof kinetic modelssuchasthe particle-in-cellMonte Carlomodel(PIC-MC) of Birdsall
andcoworkers[36] or hybrid models(i.e. the combinationof a continuummodelwith a
PIC-MC model)[37, 38] arenecessary

e Theflow mustbe axi-symmetric,steadyandlaminar If theflow is expectedto become
turbulent,aturbulencemodelhasto beincluded.An exampleis the so-calledk — £ model
which involves solving two additionaltransportequations,one for the turbulent kinetic
enegy, k, andonefor therateof dissipationof turbulentkinetic enepy, € [39]. Theimple-
mentationof a £k — £ modelinto PLASIMO would be straightforward,dueto PLASIMO’s
modularstructure,but is not pursuedwithin the presentstudy An exampleof circum-
venting the axi-symmetryconstraintis givenin chapter6 of this thesis,in which in the
applicationof PLASIMO to the numericalsimulationof a plasmain a vacuumchambey
thepumphasbeenreplacedy anaxi-symmetricapumpingring. However, comparinge-
sultsof the simulationswith experimentakesultsrevealsthatthisis notalargerestriction.

e Theplasmas quasi-neutra{separatiorof chagesis notincludedin PLASIMO) andchar
acterisedby at mosttwo temperaturesonefor the electronsand onefor the heary par
ticles. This impliesthatin molecularplasmaghe rotationalandvibrationaltemperatures
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areequalto theheavy particleor electrontemperatureThevalidity of thisassumptiorhas
to be checledwhenapplyingPLASIMO to molecularplasmasseealsochapters of this
thesis.

¢ It is assumedhatthe equationof statep = pRT canbe employed,with p the pressurep
the massdensity R the gasconstantandT’ the temperatureNote thatthe givenequation
of staterestrictstheallowed pressurendtemperatureange ,seeHirschfelderetal. [40].

e The plasmais assumedo behae asa Newtonianfluid. If it is not a Newtonianfluid,
thenthe formulation of the viscousstresstensorwill be more comple, sinceonly in a
Newtonianfluid theviscousstresss proportionalto the ratesof deformation.

e It is assumedhatFourier's law of heatconductionwhich relateshe heatflux to thelocal
temperaturgradientis applicable.

e Theplasmasarenot or weakly-magnetisedsothatthe magnetidield doesnot changehe
formulationof thetransporfproperties However, the Lorentzforcetermis includedin the
mathematicainodelunderlyingPLASIMO.

e Thekinetic enegy distributionsof all (material)speciesn the plasmasareassumedo be
Maxwellian. This restrictionaffectsthe calculationof ratecoeficientsandthe calculation
of the electric conductvity and electronthermalconductvity using Frost’s formulation
[41]. Theassumptiorof a Maxwellianenepy distribution excludesfor examplethe case
of the low-pressurecapacitvely coupledRF-dischage usedfor the depositionof hydro-
genatecamorphousilicon[6]. In thenearfuture,it will be possibleto usePLASIMO for
the numericalsimulationof plasmagor which the electronenegy distribution function
canbeapproachedisingtwo or threetemperatures.

e Sheath-associatdgbatingmechanismarenot takeninto account.For example,the emis-
sionof secondarglectronsor collisionlessheatingwhichplayarolein RFglow dischages
cannotbetakeninto account.

1.4.2 Application field of PLASIMO

Theprevioussectionmightsuggesthat,dueto thelimitations,theapplicationfield of PLASIMO
is drasticallyreduced. However, thereis a wide variety in the plasmasthat currently can be
handledby PLASIMO:

e Openconfigurations
1. CA plasmasat sub-atmospheripressurdp ~ 10 to 5 x 10* Pa), with a DC power
coupling. Seechapter (argon), 4 and5 (hydrogen)of this thesisandBurm et al.
[42] (argon).
2. ICPatatmospheripressurewith inductive power coupling.SeeBengy [43] (argon).

3. MW plasmafor optical fibre productionat low pressure(p ~ 10® Pa), with mi-
crowave power coupling. Seechapters/ (argon)and8 (oxygen)of this thesis.

4. Expandingplasmasn avacuumchambeiatverylow pressurép ~ 10 — 20 Pa). See
chapter6 of this thesis(argonandargon-silanegasmixture).

e Confined configurations
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1. QL-lamp,atlow operatingpressurép ~ 10® Pa)with inductive power coupling.See
Jonlersetal. [44] andBenoy etal. [45] (argon-mercurygasmixture).

2. S-lamp,athigh operatingpressurdp ~ 6 x 105 Pa)with microwave power coupling.
SeeJohnstorj2] (sulphur).

3. TL-lamp, at low operatingpressurgp ~ 10° Pa) with DC power coupling (argon-
mercurygasmixture).

Dueto thetransparenmodularstructure(seesectionl.6.2)of PLASIMO it is relatively easyto
extendthe existing modelor to broadenthe applicationfield in the future. Currentprojectsto
improve PLASIMO’s capabilitiesare:

Theintroductionof a radiatve transportmodule,which is neededo improve the results
for theQL-, S-andTL-lamp.

Theintroductionof time dependence.

Theintroductionof anon-Maxwellianelectronenengy distribution which canbedescribed
by two or threetemperaturesThis is a necessityto improve the numericalsimulationof
theTL- andQL-lamp.

1.5 Aim of this work

We identify thefollowing goals:

Designof ageneraplasmasimulationtool, PLASIMO, in suchawaythatmulti-component
plasmascanbe simulatedfor a wide pressureange(approximatelyfrom 10! to 10¢ Pa),
with LTE or non-LTE andwith differentenegy couplingmechanisms.This demandsa
transpareninodularset-upof the PLASIMO-software(in this way, nev moduleswith ad-
ditional capabilitiescaneasilybeimplemented) Thisis explainedin sectionl.6.2.

Designof a correctself-consistenformulation of diffusionin a plasmain thermaland
chemicalnon-equilibrium.This is a necessityto adequatelysimulatemolecularplasmas.
Applicationof PLASIMO to afew openplasmaconfiguration&

1. CA plasmas,operatingon argon and hydrogen. This resultedin the designof an
efficient hydrogenplasmasourcebasedon the cascadedrc, for the FOM-Institute
for PlasmaPhysicsRijnhuizen’ (Nieuwegein, The Netherlands).

2. Expandingplasmasn avacuumchambenmtlow pressureThe PLASIMO resultsare
comparedvith theresultsof thecommerciaPHOENICSCVD code.

3. Microwave plasmasisedfor opticalfibre production.Thisis thework performedior
PlasmeDptical Fibre B.V. (Eindhoven, The Netherlands).

Gainmorefundamentainsightinto thephysicalphenomenandtheoperatiorof theabove
plasmasources.

¢Also usewasmadeof confinedconfigurationsbecaus®f theeasiettestingof molecularchemistryof hydrogen
andoxygen.
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1.6 PLASIMO management

1.6.1 Organisationof the PLASIMO management

In general, PLASIMO managementontainstwo differentaspects:how to dealwith a team
of developersandhow to dealwith the compleity of the software? The first questionwill be
handledin this section,the secondquestionwill be dealtwith in section1.6.2. Also therole of
the PLASIMO-usemwill bediscussedbriefly, in sectionl.6.3.

Fromthe list of applicationsand projectsto improve PLASIMO, it is clearthatthis is not
thework of onepersonjput of ateam.Currently the PLASIMO-teamconsistof 7 people each
beinga specialistin a certainfield. Consequentlydevelopmentof the PLASIMO-softwareis
handledoy morethanonepersonat the sametime. The mostimportantdangersn the develop-
mentof alargecodeare:

e Modifying softwareusuallygenerategnew) bugs.

e Thechangesthatotherteam-membersnplementedcanbe overwrittenby anotherteam-
member

Fortunately thesedangersanbe minimisedby usinga controlsystem.We usea publicly avail-
able software control systemon Unix platforms,named’ConcurrentVersionsSystem”(CVS),
which providesnetwork-transparensourcecontrol for groupsof developer€. The mostimpor-
tantadvantage®f CVSare:

e It recordghehistoryof all changesnadeto the software(eachdirectorytree). This makes
thetracingof possiblebugsvery easy by retrieving anolderversionof the code.

e Paralleldevelopmenibf acode,with morethanonedeveloperworking onthesamesource
atthesametime, is permitted;thework of eachdeveloperis meigedby CVS. Overwriting
changesnadein the softwareby othersis not possibleanymore.

e It providesreliableaccesdo its directorytreesfrom remotehosts.This is importantwhen
differenthostsareused asis the casein the PLASIMO-team.

In applying CVS one shouldonly be carefulnot to "overuse”it: CVS is not a substitutefor
communicatiorbetweendevelopers.It provedthatworking with CVS makesthe development
of thePLASIMO-codemucheasier Also from aprogrammingpointof view, astrictorganisation
is necessaryo distinguishbetweerthedifferent(independentpartsof the PLASIMO-code.We
will focusonthisin sectionl.6.2.

1.6.2 Organisationin the PLASIMO-code

The elementsof PLASIMO are slightly differentfrom the onesof commercialcodes,where
mainly averticaldivisionis madeinto apre-processorasolverandapost-processoil heseparts
areof coursealsopresenin thePLASIMO-code put becaus®f thediversityof the plasmaghat
haveto bedescribedye haveto introducemoreparts. Thestandargre-processingartcontains
definition of the computationaldomain,the selectionof the governing physicaland chemical

4 Availablevia internet:http://www.cvshome.ay
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phenomenandthe definition of the boundaryconditions. The solver containsthe methodfor
solvingtheconserationequationsThepost-processaeneratethedesireddata,oftenby using
sophisticatedjraphicalvisualisatiortools.

Apart from a vertical division into an input part, a central part and an output part, also a
horizontaldivision is made. This is shavn in figure 1.1. The heartis formedby the transport
part,whichis comparablevith the usualsolver part. Differentarethe configurationrandcompo-
sition partswhich arehorizontallylinkedto the transportpart. The configurationpartdescribes
the plasmasourceandis subdvidedinto modulesfor the electromagnetienegy coupling,the
boundaryconditionsandthe geometryof the plasmasource.The compositionpartcontainsall
informationaboutthe gasmixtures.

Thehorizontaldivision is a one-way division: configurationandcompositionareonly input
for thetransportpart,no informationis directedfrom the transporipartto the configurationand
compositiorparts.Thereis alsonodirectinformationchannefrom theinputpartto thetransport
part;all theinformationis passedia theconfiguratioror compositiorpartsandis unidirectional.
Although the configurationand the compositionparts could be seenas merely a part of the
pre-processorthis is not completelytrue: the PLASIMO-userhasonly limited possibility to
changethe configurationand compositionparts. In theseparts,just asin the transportpart,
generalphysicalmethodsare used. For examplethe calculationof transportproperties(in the
compositionpart)or theelectromagnetienegy couplingmechanismgéin the configuratiorpart)
arebasedn standardconcepts.

Configuration Transport Composition

% N (7

N (7

)| [ )| [ )
) H iz Y (oo )
o ) (e )) ()

~

Geometry,
Grid generation

Discretization Gas mixture

Hydrodynamic
equations

Boundary conditions Chemistry

Transport
coefficients

Power input Equation solver

O AN, AN, 4

\ 4

Output

g

Figurel.1: A schematiasziew of the organisationn the PLASIMO-code.
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Thesubdvision of thethreemainpartsinto moduless shavnin figuresl.2,1.3and1.4. The
configurationpartcontainssub-modulesshown in figure 1.2, thatdescribethe enegy coupling
mechanism$or eachindividual plasmasource.Sotheenegy couplingis notdividedin type but
in application. For example,the DC enegy couplingis describedn the moduleCascadeairg
whereaghe MW enepy couplingusedfor POFis describedn the moduleMW-POF

The transportpart, shovn in figure 1.3, forms the heartof PLASIMO. The consenration
equationdmass,momentum enegy), all written asa ¢-equationfollowing Patankar[46], are
describechere. The setof Stelin-Maxwellequationsthatareneededor the correctdescription
of diffusion(seechapter3 of this thesis) arepartof the Massmodule.

Thecompositiorpartcontainghreesub-modulesshavn in figure 1.4,in whichthechemical
compositionof theavailablegasmixturesaredescribedThesubdvisionis asfollows: state gas
andmixture A gasis the setof stategwe will usethenomenclaturespeciesn thisthesis)of the
samekind. For example,a hydrogengascanconsistof statesH,, H, H™ andH; . A mixturecan
consistof morethanonegas,for examplethe argon gasplusthe mercurygasplusthe electron
gas.The PLASIMO-softwarehasmoreor lessthe structureasdepictedn figuresl.1to 1.4.

Cascaded arc

Configuration
Geometry,
Grid generation
Boundary conditions / MW -POF

Power input

\
[

i

—> MW -S-lamp

\J

L

TL

Figurel.2: The modularsubdiision in the configuratiorpart.

ThePLASIMO-softwareis writtenin the programmindanguageC / C*+. Computationgan
be performedon Unix or Linux supportingplatformsandwindows pc’s.
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Figurel1.3: Themodularsubdyisionin thetransporipart.
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1.6.3 Usercontrol

PLASIMO employs astronglyimplicit procedurdor solvingthe non-linearsystemof equations
(seechapter? of thisthesis) which needssomecontrol. This controlis offeredvia theinput-file.
Apart from the normal userinput (operatingconditions,dimensionsgrid andinitial guessfor
thesolution),theusercontrols:
e Theconserationequationghataresolved. Termswithin equation®r completeequations
canbeswitchedoff. An exampleis anumericalsimulationof aplasmain LTE. In thiscase
only oneenepgy equationhasto besolved(the enegy balanceof the mixture)whereaghe
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specificmassalanceslo notneedto be solved. Thereareanalyticalrelationsbetweerthe
numberdensitiesof all species.Also thermalandchemicalequilibrium canbe switched
on/off independentlyjust asthe influenceof the variousdiffusiontypes(seechapter3 of
thisthesis).

e Therelaxationfactors(factorsthat canenhancehe corvergencerate of the solutionpro-
cess,in principle every plasmaparametetthat is solved hasits own relaxationfactor).
Usually, thesefactorsareadjusteddynamicallyby PLASIMO duringtheiterationprocess.
However, the usercanchoosehis own setof (fixed) relaxationfactors.

e The boundaryconditions. For eachplasmasourcea default setof (realistically chosen)
boundaryconditionsexists. However, the usercan specify a differentset of boundary
conditions.

A usermanualis available, which is divided into three parts: a theoreticalpart, contain-
ing the necessarylasmaphysics,a PLASIMO users guide,which describesow the usercan
run numericalsimulationswith PLASIMO, and a numericsand implementationpart, for the
PLASIMO-dereloperandthe userwho wantsto contrituteto the developingof PLASIMO.

1.7 Thesisoutline

A detaileddescriptionof PLASIMO is presentedh chaptel2. It is dividedinto thedescriptiorof
thephysicalmodelandthatof thenumericaimethod.Also theapplicationrangeof PLASIMO is
madeclear As afirstexamplePLASIMO is usedto simulateanon-LTE (atomic)argoncascaded
arc plasma.Comparisorof the resultsof the numericalsimulationswith experimentaldataare
presented.

Switchingfrom anatomicplasmato molecularplasmaghydrogenandoxygen)shovedthat
the treatmentof the particle balancesas presentedn chapter2, wasincorrectin mostcases.
Thereforea studywas performedto treatthe particle balancesnore correctly Theresultwas
the set-upand solution of the so-calledStefan-Maxwell equationswhich solve equationsfor
consered quantities,i.e. the massfractions, insteadof numberdensities. The theory of the
applicationof the Stefin-Maxwellequationgo plasmasjn which thermalnon-equilibriumcan
be presentandelectricfieldsdrive the chagedparticlespeciesis presentedn chapter3.

An efficient hydrogenplasmasourcebasedon the cascadedarc was designedduring the
AlO-2 period. Thiswork wasperformedor the FOM-Institutefor PlasmaPhysicsRijnhuizen’
(Nieuweagein, The Netherlandsndwasbasedon the ideato usea hydrogenCA plasmaasa
sourceof high atomic hydrogenion fluxesfor simulatingthe operationof divertor plasmasn
Tokamaks.The LTE hydrogenmodelis presentedn chapter4 togethemwith a comparisorwith
all availableexperimentadatafor a hydrogencascadearcplasma.

A follow-up projectof numericalsimulationof the hydrogenL TE plasma(chapterd), is the
extensionto anon-LTE hydrogenmodel. This provedto be necessarysincethe LTE assumption
is questionablat sub-atmosphericonditions. The non-LTE hydrogenmodelandthe resultsof
thenumericalsimulationsfor a hydrogenCA plasmaarediscussedn chapters.

€AlIO-2: thetwo-yearprogrammedeadingto the degreeof Masterof TechnologicaDesign.
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Besidesexperimentalvalidation, a different validation possibility is the code-to-codeval-
idation: comparingthe PLASIMO resultswith resultsof a generallyacceptedccommercially
available code. For this purposea vacuumchamberusedin depositionprocessess simulated
by PLASIMO andby PHOENICSCVD. In the comparisorspecialattentionis paidto thermal
diffusion. Theresultsof the code-to-codevalidationanda code-to-&perimentvalidationof an
expandingargon plasmaarepresentedn chapter6.

Thelastone-and-a-halyearapartof themodellingwork wasfocusedon the numericalsim-
ulationof themicrowave plasmausedby PlasmeDpticalFibre B.V. (Eindhoven)for opticalfibre
production.The self-consistendiffusiondescriptionin chapter3 is partof thiswork. Chapters
7 and 8 discussthe first stepstowardsfully modelling the microwave plasma. Chapter7 dis-
cusseghe specialmicrowave enegy coupling modulethat hadto be designedor PLASIMO
and presentgesultsof numericalsimulationsfor argon. The extensionto an oxygenplasma
is presentedn chapter8. The conclusiondrom the presentinvestigationsare summarisedn

chapter.
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PLASIMO, aGeneralComputationaMethod:
| Appliedto anArgonCascadedrc Plasma

G.M. Janssen. van Dijk, D.A. Benoy, M.A. Tas,K.T.A.L. Burm,
W.J. Goedheet, J.A.M. van der Mullen and D.C. Schram

Departmenbdf Applied Physics Eindhoren University of TechnologyP.O. Box 513,5600MB
Eindhoren, TheNetherlands
2 FOM-Institutefor PlasmaPhysicsRijnhuizen’, PO. Box 1207,3430BE Nieuwegein, The Netherlands

Abstract

A non-LTE argon cascadedrc plasmais numericallysimulated,employing the generalplasma
simulationprogramPLASIMO. The structureof PLASIMO is flexible andtransparentso that

apartfrom the study givenin the presentpaperseveral other multi-componensteadyplasmas
in awide pressuregange(10~* to 1 bar),from local thermalequilibrium (LTE) to non-LTE, and

with differentenepgy coupling mechanismgan be simulatedaswell. The strongmodularity

makes PLASIMO easyto handleandeasyto adjustor expand. Resultsof PLASIMO applied

to the cascadedrc arecomparedvith experimentaldataandshowv reasonableagreementThe

influenceof theboundaryconditionson the simulationresultsis discussed.

2.1 Intr oduction
In the groupEquilibrium and Transportin PlasmagETP) at the EindhovenUniversity of Tech-

nology (EUT) a PLAsmaSImulationMOdel (PLASIMO) is underdevelopmentPLASIMO is a
computationatool for numericallysimulatingplasmaswhich is constructedn suchaway that

15
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multi-componenplasmasin awide pressureange(10~* to 1 bar),from non-LTE to LTE, and
with differentenegy couplingprinciplescanbe simulated. Consequentlyapartfrom handling
the cascadedrc[42], it mustbe capableof handlingfor examplethe ICP andQL-lamp. This
is alreadydescribedoriefly in [43] (ICP) and[33, 44] (QL-lamp). It mustbe possibleto study
otherplasmasourcesaswell.

Thestructureof PLASIMO is transparenandcanbedividedin threemajor parts:thetrans-
port, the configurationandthe compositionpart. Eachpartis dividedinto modules.The organi-
sationof the PLASIMO-codeis alreadydiscusseaxtensvely in chapterl.

The main part of this chapteris devotedto a detaileddescriptionof the physicalmodeland
the computationamethod.In section2.2 and2.3 PLASIMO is describedrom a physicaland
numericalpoint of view, i.e. thetransporfpartshown in figure 1.1. Section2.4 and2.5discuss
specificconfiguratioraspectandsection2.6thecompositiorfeatures Finally, asafirst example
theapplicationof PLASIMO to the numericalsimulationof anargon cascade@rc (CA) plasma
is discussedh section®2.7and2.8. In thisrespecit is goodto referto otherresearcltarriedout
for similar plasmaset-ups.Ramsha and Chang[26] developeda method(LAVA) for flowing
thermalplasmajetsin the absencef electromagnetifields. Bauchireet al. [27] consideredan
applicationin which a DC torch andthe resultingplasmajet arecombined. The torch usedby
Bauchireand others,for example Suzuki et al. [28] and Paik et al. [29], is differentfrom the
CA usedin this study In all examplesLTE is assumednd expansiontakes placein air and
notin achambematlow pressure Only the computationamethodof Beulenset al. [35], which
is a predecessoof PLASIMO, describeshe samearc plasma.In Beulens’method,which was
meantfor monatomicgasenly, no wall reactionsveretakeninto accountthe formulationof
the transportcoeficientsandsourcetermswasincomplete andfinally the boundaryconditions
differed,seesection2.7.

This paperis the first in a seriesin which the numericalsimulationis discussef vari-
ousplasmaswith differentgasesand/orgasmixtures. Shortdescriptionsof the applicationof
PLASIMO to thelCP andQL-lamparealreadygivenin [33, 43, 44].

2.2 Physicalmodel

2.2.1 Main assumptions

Theconstructiorof the physicalmodelis basedn thedistinctionbetweerslow andfastplasma
actvities. On the one handwe have fastmicroscopicactwities (collisional and radiatve pro-
cesses)ntheotherhandrelatively slow macroscopi@ctuvities (suchascorvection,conduction
anddiffusion). Sincethe timescale®f thesemicroscopicandmacroscopi@ctuities aretotally
different (a typical timescalefor microscopicactiity is 10~% s, for macroscopiactivity 10~3
s), the plasmacanbe consideredasa fluid in which at every locationplasmaparametergsanbe
defined.

The macroscopior fluid descriptionof plasmass basedon the hydrodynamicatransport
equations. Thesetransportequations,derived by taking velocity momentsof the Boltzmann
equation41], describethe flow field andfor eachplasmacomponenthe spatialdistribution of
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its temperatur@ndconcentrationln this descriptionthe following assumptiongaremade.The
flow is

1.
2.

3.
. quasi-neutral:}", Z,n, = 0, whereZ, andn, denotethe chage numberand number

laminar:it is characterisetdy relatively low valuesof the Reynoldsnumber;

steadystate:% = 0, if anAC field is applied,its frequeng shouldbemuchlargerthanthe
inversemacroscopicelaxationtime;

axi-symmetricthegeometryof theplasmasourceandtheresultingflow areaxi-symmetric;

densityof speciesy, respectiely;

. characterisetby two temperaturesthe electronshave a temperaturd’, andall the heary

particlespecieave onetemperaturd},, in generall, # Tj;
thattheidealgaslaw canbeapplied;

. Newtonian.

Theseassumptiongeadto thefollowing limitations:

1.

Thekinetic enegy distribution of the materialspeciess necessaryor calculatingenegy-
averagedcross-sectiongand rate coeficients. Currently all kinetic enegy distributions
areassumedo be Maxwellian. Although deviationscanbeincorporatedge.g.in the high
enepy tail, PLASIMO is not capableof simulatingplasmasn which large deviationsfrom
Maxwelliandistributionscanbe expected.

. The plasmasconsiderecconsistof the following species:electrons{e} andheay par

ticles {h}, thatis the collection of molecules,atoms,andions in the groundstateor in
variousexcited states At this momentphotonsarenotincorporatedasinteractingspecies
in the model, they are only producedand lost locally by the plasmain radiatve decay
processegfree-free,free-bound,and bound-boundransitions). Consequentlyradiatve
enepy transportfrom oneplasmapartto anotherabsorptiorandre-emission)s not con-
sidered.

. Due to the assumptiorof the existenceof only one heary particletemperatureit is not

possibleto describeplasmasat extremelylow pressuren which neutralsandionsdiffer in
temperature.

. It is not possibleto describesheath-associatdeeatingmechanismsAt low pressureshe

sheatltpotentialin RF or DC glow dischagescanbemorethan100V andsecondarglec-
tronsor collisionlessheatingmay play arole. Theseeffectsarenotincludedin PLASIMO.

. Thenetchagedensityis takento be zero(i.e. Poissons equationis not solved).

Due to the transparenmodularstructureit shouldbe possibleto broadenthe applicationfield
of PLASIMO, e.g.by introducingdifferenttemperaturefor ionsandneutralsor by introducing
radiationtransport.For modellingthe QL-lampradiationtransports very important. Therefore
a starthasbeenmadeto introduceit in PLASIMO, aswaspresentedy VanDijk etal. atLS-8

[47].
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2.2.2 Basicequations

For the given assumptionghe plasmasof interestare macroscopicallyfully describedoy the
following setof equations.

e Particlebalancesquationdor heavy particlespecies:®
6 . (nhﬁ) - 6 : (Dhﬁnh) - Sh (21)

whereD,, andi denotethediffusioncoeficientof speciesh andthe plasmabulk velocity,
respectiely. Thelatteris definedas: i = 3, nomqta/p With p = 3°, man, wherem,,
is the mass,ii, the meanvelocity of speciesx andp is the massdensityof the mixture.
Thenetproductionof species: dueto collisional-radiatve processeandchemistryis rep-
resentedby S,. The numberdensityof electronsis calculatedfrom the quasi-neutrality
assumptionln LTE the particlebalanceequationg2.1) arenot solved,because¢henana-
lytical relationsexist betweerthe numberdensitieof all speciesbasedn theequationof
state(equation(2.7)), SahaandGuldbeg-Waageequations.

e Continuityequationfor the plasmaasawhole,i.e. asa mixture of all components:

—

V- (pid) =0 (2.2)

e Momentumbalancdor themixture (u; - componentwhere; denotegheaxial (z) or radial
(r) component):

=3 —
.

(V : (pﬁﬁ)) =— (WD)Z + (ﬁ 'T)i + (Jq X ]§)

i

i (2.3)
with p the plasmapressureelatedto the numberdensitiesandtemperatureshroughthe

equationof state(2.7). Thecomponents;; of the viscousstressensorr arefunctionsof

i andthe dynamicviscosity u. Underthe assumptiorthat the plasmacanbe considered
asa Newtonianfluid the components;; arewritten asi; = 2u(I'y; — L(V - @)d;;) with

Ty = 2(0u;/0z; + Ou;/0z;) andé;; the Kronecler delta. The dynamicviscosity . is

calculatedusing mixture rules andis treatedin section2.6.3. The termj, x B, with j,

the currentdensity denoteshe time-averagedinfluenceon momentumof an externally
appliedor generateanagnetidield B.

e Enegy balanceor theheary particles{h}:
V- (X pxextl) + Y pxV i+ V-G, =m: Vi + Qy (2.4)
X X

whereex is theinternalenegy perunit massof heavy particlespeciesX. Theheatflux is
d, = —\ VT, andQ), denoteghe enegy gainor lossthroughelastic/inelasticeactions
with electronsand/orchemicalreactionsbetweenthe heavy particles,including the so-
calledinter-diffusionterm. Theviscousdissipation(againNewtonian) : Vi is givenby
Th: Vi = 2u(5y; Tyl — 5(V - @)%).
2Currentlythemasdractionbalancesresolvedinsteadf particlebalancesusingthefull setof Stefan-Maxwell
equationghatdescribediffusionself-consistentlySeechapter3 in thisthesis.
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e Enegy balanceor theelectrons{e}:
V- (pecell) +peV i+ V- d, = Qonm + Qe (2.5)

with q, = ~\VT.. Theelectronviscousdissipationterm, : Vi is neglected.Qonm IS
theenegy gainthroughOhmicheating (). is theenegy loss/gainthroughelastic/inelastic
reactionswith heary particlesandthroughradiatve processes.

Thepowerinput Qonm IS givenby:

Qotm =j, - E (2.6)

with E the electricfield. For AC plasmaghetime averageof jq andE is taken. In LTE
only onetemperaturexists for all particlespeciesjn this casethe enegy balanceof the
mixture (i.e. thesumof equationg2.4)and(2.5))is solved.

e Equationof state givenby Dalton’s law of partialpressureandthe perfectgaslaw:
p= Zpa with  po = naky Ty (27)

with &, the Boltzmannconstant.

The physicalmodelwith its basicsetof equationg(2.1)to (2.7)) formsthe heartof PLASIMO.
To solvethis setof second-ordepartialdifferentialequations numericaimethodis constructed,
which is describedin section2.3. Note that the specific propertiesbelongingto the plasma
configurationandthe chemicalcomposition,chosenby the PLASIMO-user enterthe physical
modelvia the boundaryconditions the enegy couplingterm Qo (€quation(2.6)),the source
termsS), (equation(2.1)), @, (equation(2.4)), Q. (equation(2.5)) andthetransporicoeficients
Dy, 0, M\, Ae andyu. Theseconfigurationrandcompositiorfeaturesaredescribedn section2.4
to 2.6.

2.3 Numerical method

2.3.1 The ¢-equation

In the constructiorof the numericalmethodit is appropriatdo write eachof therelevantdiffer-
ential equationgequationg2.1) to (2.5)) asa particularcaseof the so-calledg-equation. This
meanghatonly oneprocedures neededo solve ageneralised@onserationequation.This pro-
cedurecanthenbeappliedto thevariousplasmaguantitieswhich renderghe programstructure
transparentThe ¢-equationusedin PLASIMO is a modifiedversionof the generafform given
by Patankar[46]. To write the transportequationsn termsof the plasmaparameteran extra
factor f is introduced: . . .

V- (fopig) — V- (AsV9) = S, (2.8)
Thefirst term at the left-handside (LHS) denoteghe corvectionterm andthe secondtermthe
diffusionterm. Thefactorsf, and\4 canbeconsideredsaconvectionanddiffusioncoeficient,



20 Chapter 2

respectrely. Theterm S, attheright-handside(RHS)denoteghe sourceterm. Thecoeficients
fs: g, andSy aredifferentfor eachp-variableandaredefinedn suchawaythattheconseration
equationg2.1) to (2.5) canbe rewritten in the generalform of equation(2.8). Theresultsare
givenin table 2.1. However, the mixture continuity equation(2.2) is treatedseparatelyas a
pressure-correctioaquation.Thisis explainedin section2.3.2.

Table2.1: Expressiongor ¢ and¢-factorsfy, A\, andSy for the equationg2.1)to (2.5), where
« refersto thekind of speciesand: to the spatialcomponentaxial (z) or radial(r)).

¢ fo Ao Sy Eq.
Na 1/p D, Sa (2.1)
1 1 0 0 2.2)
Uj 1 po —(Vp)i+ (64 T)i + (Jq x B); = V- (uVu) — K; (2.3)
Th Yx(cox +Dknx/p  An u- V(EX px)+7h: Vi+ Qp (2.4)
Te 2-5kbne/p )‘e Vpe + QOhm + Qe (25)

The momentunmbalance(2.3) containsa tensorquantity (the divergenceof a dyad)whereas
thegeneralisedorm of equation(2.8) containsdivergencesf vectorquantities.For curvilinear
coordinateghe differenceshave to be compensatetdy changingthe sourcetermsin the RHS.
Thereforeamodificationterm K; isintroduced For component: K; = (V- (pii));—V - (ptiu;).

Notethatin orderto write theenepgy equatlons{z 4)and(2.5)in thegeneraform of equation
(2.8) therateof work dueto expansmn,pav -4, is rewrittenasV - (pod) — U - Vpe. Thefirst
termis thencombinedwith V - (pae, i) = ﬁ(cv,anakaaﬁ) sothat f7, , beingactuallythe heat
capacitychangesrom ¢, o kyn,/p 10 (¢y o + 1)kyna/p. Theseconderm,a - ﬁpa, is regardedas
a sourceterm. To write the momentumbalancean the form of equation(2.8) atermV - (;ﬁui)
is subtractedrom the LHS andRHS of equation(2.3).

2.3.2 The modified SIMPLE algorithm

In orderto calculatethe pressurendflow fields,a combinedsolutionof the mixture continuity
equation(2.2) andthe momentumbalanceg?2.3) is needed For this purposea modifiedversion
of the Semi-Implicit Methodfor Pressure-Linkd Equations(SIMPLE) developedby Patankar
[46] is usedin PLASIMO. This SIMPLE algorithmis basedon the velocity field having to
obey boththe mixture continuity equationandthe momentumbalancesThe modified SIMPLE
algorithmasappliedin PLASIMO consistof thefollowing steps:
1. Fromaninitial guessof the pressurehevelocity field is calculatedusingequation(2.3).
2. Sincethe calculatedvelocity field will in generalnot satisfythe mixture continuity equa-
tion (2.2), the mixture continuity equationcanbe usedto find a correctionfor the velocity
and pressurdields. For this purposethis equationis rewritten into a pressure-correction
equationwhichis treatedasa ¢-equation.
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3. Theotherg-equationghatinfluencetheflow field aresolved.

4. Thewhole sequenc®f stepsl to 3 is repeatediuntil corvergenceis reachedseesection
2.3.6).

In the transformatiorof the mixture continuity equationinto a pressure-correctioaquation
we follow Patankarf46], however with the following modifications:

e Ratherthana staggered-gridhipproachasgivenin [46] (i.e. the velocity componentsare
locatedon the facesof the control volumes),the velocity componentsare definedat the
main grid pointsjust as all other physicalquantities. This co-locatedgrid methodwas
developedby RhieandChow [48] andis usedin PLASIMO togethemwith themomentum-
interpolationschematthecontrolvolumefaceqseesection2.3.4)of Majumdar{49]. The
useof co-locatedgrids insteadof staggeredyrids is moreappropriatevhenthe physical
grid is curved so that no needexists to evaluatethe curvaturetermson the facesof the
controlvolumes.

e To describencompressibleaswell ascompressibldlows the formulationof the pressure-
correctionequationaccordingto Karki and Patankar[50] is used. In this formulation
an extra termis includedwhich accountdor pressure-inducedensitychanges.At low
MachnumberdM < 1), the systemof partial differentialequationss elliptic. Crossing
M = 1, it changedrom elliptic to hyperbolic. The choiceof usingthe pressureasa
primary variablein the modified SIMPLE algorithmis motivatedby the finite pressure
changegin contrastto the massdensitychanges)rrespectve of the flow Mach number
More detailscanbefoundin Karki andPatankaf50].

For confinedplasmaconfigurationge.g.low pressurdamps)the modified SIMPLE-algorithm
is notused sincethenthevelocityfield is takenzero.In this casefrom the conserationof mass
thenumberdensitiesarescaledandthe pressuras calculatedusingthe equationof state(2.7).

2.3.3 Grid generation

To solvethe ¢-equationdor differentplasmageometrieshey arewrittenin ageneralisedound-
ary-fittedorthogonakurvilinearcoordinatesystem.In this coordinatesystemanarbitrarygeom-
etry is mappedontoanequidistancomputationagrid. The mainadwantages thatno restriction
on geometryexists: not only straightcylindrical geometrieqlik e the straightCA or ICP) but
also curved geometrieqlike the QL-lamp [43] or the geometricallypinchedCA [42]) canbe
handled.The maintaskin the grid generatioris the determinatiorof the mappingbetweenhe
grid points(z, y) in the physicalplaneto the grid pointsin the computationaplane(éy, &). A
one-to-onanappingbetweerthe physicalplaneandcomputationaplaneis establishedisinga
two-dimensionatlifferentialequatiormethodbasedn the Poissorequationwhichis described
by Benoy [51]. After constructingn this way a two-dimensionagrid, it may berefinedlocally
in plasmaegionswheresteepgradientsareexpectedollowing themethoddescribedy Mobley
andStewart[52]. More detailsaboutthe orthogonalurvilinearcoordinatesystemcanbe found
in Benoy [51].
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2.3.4 Discretisation

The controlvolume(CV) methodis usedto discretisethe elliptic systemof ¢-equationsin this
methodthe computationatiomainis dividedinto non-overlappingCV’s whereeach(nodal)grid
point is centredin one CV. The field variables¢ are definedat the nodalgrid pointswhereas
the fluxesare definedon the CV-faces. The orthogonalityof the coordinatesystemmalkesthe
calculationof fluxesacrossa CV-facestraightforvard,sincetheflux is directedperpendiculato
thatCV-face. The mostimportantfeatureof the CV-methodis the exactintegral conseration of
massmomentumandenegy over ary groupof CV’s. Thediscretisedequationsareobtainedoy
integratingthe ¢-equationsover a controlvolume. The applieddiscretisatiorschemes hybrid.
The meshPecletnumber(Pe), which is the mesh-sizedependentatio betweenthe magnitude
of the corvection and diffusion terms, determineswhich discretisationschemeis used: first-
orderupwind (corvectiondominance:|Pe| > 2) or second-ordecentraldifference(diffusion
dominance]Pe| < 2). The CV-discretisatiormethodis describedy Patankaf46].

2.3.5 Equation solver

The Modified five-point Strongly Implicit Procedurg MSIP) [53, 54] is usedto solve the dis-
cretisedequationg31]. Sincethis procedures very robust, it is appropriatefor systemshat
arevery sensitve to instabilities. The plasmasourceghatareto be numericallysimulatedwith

PLASIMO aregoodexamplesof suchunstablesystems.The instability occursbecausef the
strongcouplingbetweenthe equationsandthe exponentialcharacteiof the sourceterms. This
renderghe systemof equationssery sensitive for smallchangesn the sourceterms:the system
is stiff.

2.3.6 lIteration scheme

Using the numericalmethodsdescribedabove, PLASIMO solvesthe setof equationg2.1) to
(2.5) iteratively, following the flow chartshavn in figure 2.1. To closethe setof equationghe
PLASIMO-userhasto definethe configurationfeatures. Thatis: the geometryof the plasma
sourcemustbegivenandanappropriatesetof boundaryconditionsmustbe chosen.Thechoice
of the chemicalcompositionof the gasdetermineshe chemicalsourcetermsandtransportcoef-
ficients,andthe chosermplasmaconfigurationdetermineshe enegy couplingprinciple.

Notethatthe particlebalancesquationg2.1) arenot usedfor all heavy particlespeciesOne
neutralparticlespeciess calculatedrom theequatiorof state(2.7). Theelectrommumberdensity
is calculatedrom the quasi-neutralityassumptionaswasmentionecbefore.

In LTE the enepgy balanceof the mixture (the sumof equationg2.4) and(2.5)) is solved.
Theparticlebalanceequationsarenot solved;the numberdensitiesof the speciesarecalculated
usingthe analyticalrelationsthatexist betweerthe numberdensitiesof all speciesthe pressure
andthetemperature.

Corvergencehasbeenachiezedwhentwo stopcriteriaarefulfilled simultaneouslythemax-
imumvalueof therelatve residueandthe changeof therelative residueof all ¢-equationsrebe-
low apresetalue,typically 10-7 and10~4, respectiely. Theseconctriterionis necessaryo ex-
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Figure2.1: Flow chartof PLASIMO.

clude(semi-)conergedsolutionsof whichtheresiduesandconsequentlyhephysicalquantities,
may still changeconsiderablyover a large numberof iterations. To enhancehe stability of the
iterationprocessalinearundetrelaxationof the ¢-variabless used:¢™ = agd" + (1 —apy)p™!
with a4 the underrelaxationfactor of variable¢ (0.1 < a4y < 1) and ¢" the final value of
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¢ at iterationn (i.e. after relaxation). To increasethe cornvergencespeed,in PLASIMO dy-
namicrelaxationis used,which meansthata, changesiuring the iteration procesgdepending
on therelative changein the residue).Note that the dynamicrelaxationis fully determinecdby
PLASIMO andnotby theuser

Theoutputof PLASIMO includestwo-dimensionafieldsof flow propertiegpressureandve-
locity), concentrationgnumberdensities)andtemperaturesAlso variablesdeducedrom these
primaryplasmavariablesareoutput,suchasthe separatéermsin the conserationequations.

Thenumericalmethodis implementedn the programmindanguageC. Thecalculationan
be performedon Unix or Linux supportingcomputersystemsandwindows pc’s.

2.4 Power input

Thepowerinputin theplasmadepend®nthetypeof plasmasourcethatis modelled. PLASIMO
is capableof handlinginductive (e.g.the ICP andQL-lamp),aswell asDC-plasmasourcege.g.
the CA), andin the nearfuture microwave plasmasourceqe.g.the TIA). Thesesourceshare a
totally differentelectromagnetienegy couplingprinciple. As a consequencthe calculationof
the power input, givenby equation(2.6), forms a separatenodulein PLASIMO, with different
sub-moduleslescribingthe electromagnetidield for:

e Inductively coupledsourcesusingMaxwell’'s equationghe electromagnetidield is for-
mulatedin termsof a vectorpotential[43, 55]. Thevectorpotentialequationis anelliptic
equationthatis solvedwith MSIP [53, 54] extendedo solve equationsvith comple vari-
ables[51].

e DC-sources;pbasedon a one-dimensionaélectric field formulation that is discussedn
section2.7.1.

Notethatwhenamagnetidield is presenit resultsin theterqu x B in themomentunbalance
(equation(2.3)). This termis not takeninto accountn this chapterfor applicationin the CA it
is presentedn chapters.

2.5 Boundary conditions

The solutionof the generalp-equation(2.8) is determinedoy the appliedboundaryconditions.
Therefore the PLASIMO-userhasto specify conditionsfor all ¢-variablesat eachof the four

boundarie®f the configuration(north, south,westandeast).Theseboundariesnay be physical
boundarieor symmetryboundaries.Of coursethe boundaryconditionsdependon the chosen
plasmasource.Two kindsof boundaryconditionshave to be considered:

e Dirichlet, characterisethy a known valueof ¢, thatis: ¢, = ®, whered is afixedvalue
or afunction of otherplasmaparametersand K the boundary:W(est),E(ast),S(outh)or
N(orth).

e Neumancharacterisethy a givenflux attheboundary:0¢/on|x = F(¢k). If F is zero
thisis ahomogeneoubleumancondition.
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A specialclassof Neumanconditionsis neededor speciegeactingattheboundariesOnetype
of specieq«) is producedat a boundaryby the reactionof othertypesof specieqs # «). So
the propertiesof the reactingspeciesandespeciallythe numberdensitieshave to be known in
determiningthe boundaryvalue of the numberdensitiesof the createdspecies.Consequently
theNeumanconditionsfor the numberdensitiesof speciesy and s arecoupled.
The flux Fwa of speciesa that reactsat a boundaryK (i.e. destructionof speciesa) is
describeddy [56]: N
in — a,K
Lok = Nk lax 7= - (2.9)
with v, x thereactionprobabilityfor speciesy atthewall K (nostickingis assumed)Themean
thermalvelocity of speciesy perpendiculato K is i x = 1 (8ksTo,x/mma) /2.
Thetotal creationof speciesy atthewall throughreactionof species3 # « is describedy
theflux T
Do = Y Raale (2.10)
Ba
with N, the stoichiometriccoeficient for transformingspeciess into speciesy. For example,
in ahydrogerplasmathereactionH + wall — H, causes flux Mk = %F}:I‘K
Thenetflux of speciesy attheboundaryK equalsts diffusive flux:

— D (O /On) e = T, — T2 (2.12)

wherethederivativein the LHS is takenin thedirectionn (z or r) perpendiculato K. Notethat
in equation(2.11)it is assumedhatatwalls no netflow exists: i = 0.

Usingequation(2.11)thecalculationof theboundaryaluesof thenumberdensitiesnvolved
(i.e.theboundarywaluesof thereactingandcreatedspecies)s performedn themodule’plasma-
wall interactions”(seefigure 2.1) nearlyat the endof theiterationcycle, sinceat that point the
propertiesof all speciesareknown.

2.6 Transport coefficients

2.6.1 Intr oducingtransport coefficientsin PLASIMO

The PLASIMO-userhasthreeoptionsavailablefor incorporatingransportcoeficients:

1. Look-up tables. The disadwantageis the multi-dimensionalityof suchtablessincethey
are at leasttwo-dimensionaltemperatureand pressuredependence)In the caseof gas
mixturesanadditionaldimensions introduced pnamelythedependencenthegas-mixture
ratio.

2. Approximateformulas. Theseformulascanbe basedon the mean-free-paticoncept,see
MitchnerandKruger[41], or the usercandefinehis own formula. For examplefor the
diffusioncoeficient of speciesx hecanuseD,, = %laﬂa, with [, the meanfree pathand
i, the meanthermalvelocity of species. The adwvantageis the relative simplicity and
consequenthhighercalculationspeeda disadwantagds the approximatecharacteof the
formula.
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3. Full modelling basedon Frost mixture rules[57] and Chapman-Engskg-Burnetttheory
(CEB) [40]. This optionis the standardptionin PLASIMO andis discussedn sections
2.6.2and2.6.3for theelectronandheavy particletransportcoeficients.

2.6.2 Electrons

For partially ionisedgaseswith an ionisation degree between10=¢ and 1, the Frost mixture
rules[57] aresuitableto calculatethe electrontransportpropertiesn the absencef a magnetic
field. With theFrostmixturerulestheelectricconductvity (o) andelectronthermalconductvity
(M) canbe calculatedaking into accountthe electron-electronelectron-ionandelectron-atom
interactions.Sincewe areinterestedn the whole rangeof ionisationdegreesthe mixture rules
areusedin PLASIMO. If a magneticfield is presentan extensionof the Frost mixture rules,
proposedy Kruger et al. [58] andSchweitzeandMitchner[59] hasto be used.

2.6.3 Heavy patrticle species

Theheavy particletransportcoeficientsarecalculatedaccordingto CEB [40]. For mixturesthe

formulasaccordingto Hirschfelderet al. [40] and Devoto [60] areusedin which the transport
coeficientsareexpressedn termsof Sonine-polynomiakxpansioncoeficients. In PLASIMO

theviscosityis usedin thefirst-orderapproximationthe electroncontributionis neglected.The

heavy particlethermalconductvity is usedin thethird-orderapproximationthe electron-heay

particlecollisiontermsareneglected.

2.7 Application to an argoncascadecdarc plasma

As afirst applicationof PLASIMO, the cascadedrcis simulated. Following the structureof
PLASIMO givenin figure 1.1, the userhasto definethe configurationaspectqfeaturesof the
source]eft columnin figure 1.1) andthe chemicalcomposition(right column). In this example
thecascadedrcis takenastheplasmasourceargonis usedasthegas.Thefeatureselongingto
anargoncascadedrcplasmaaregivenin section2.7.1(configurationland2.7.2(composition).

2.7.1 Configuration features
Plasmasource and geometry

Theplasmais createdn the CA [61, 62] shovnin figure?2.2.

Thegasis fed via a massflow controllerinto the cathodeside of the arcwhereit is ionised.
Theplasmdlowsthroughthechanneljs acceleratedndexpandsattheanodesideinto avacuum
chambeutlow pressurdtypically 40 Pa). Thedottedline shavn in thefigurerepresentthe part
of thearcthatis numericallysimulated.Thelengthof thechanneis 60 mm;theradiusis 2 mm.
Thewestboundaryis locatedatthefirst cascad@latewhich meanghatthevoltagedropbetween
the (three)cathodesandfirst cascadglateis not accountedor. For describingthe voltagedrop
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Figure2.2: The cascadearc configuration.The dottedline representshe partof thearcthatis
numericallysimulated.

we referto Benilov andMarotta[45]. The eastboundaryis locatedatthe outletof thearc. The
north boundaryis formed by the channelwall. The individual characternf the cascadeplates
is nottakeninto account,.e. in the simulationthe north boundaryis treatedasone continuous
surface. Although this implies that the plasma-vall boundarylayer is not describedproperly
this doesnot affect the descriptionof the major part of the plasma. The southboundaryis the
symmetryaxis. A grid of 30 x 30 pointsis used.

Power input

For the CA a one-dimensionaglectricfield formulationis used. Sincesheatheffects are ne-
glectedin PLASIMO the radial electricfield E, in the CA will be small; it is assumedhat
E, = 0. Theaxial componentE, is independenbf radial positionandis calculatedfrom the
current/ throughthearc(givenby theuser)anda cross-sectionaveragecelectricconductvity
0= 27 JEordr:
I

- 7RG
with R the radiusof the plasmachanneland r the radial position in the channel. An axi-
symmetricalformulationbasedon the gradientof the potentialdistribution is morecomplicated
becaus®f theboundaryconditionat the outletof thearc. Accordingto Gielen[63] apartof the
currentwill reachtheanodeplatevia the vacuumchambemvhich highly complicateghe defini-
tion of acorrectboundarycondition. The simplifiedOhm’s law givesanexpressiorfor thelocal
currentdensityfq:

E,=0, E, (2.12)

jq,r = 07 jq,z = JEz- (213)

Equationg2.12)and(2.13)aresubstitutedn equation(2.6) to obtainthe powerinput Qonm,- In
this exampleno magnetidield is applied.
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Boundary conditions

Theboundaryconditionsfor a flowing argon plasmain the CA arespecifiedoelov. We assume
that the plasmaconsistsof only threedifferentspecies:argon atomsin the groundstate(Ar),
argonions (Art) andelectrons.This implies that only one particle balanceequation(2.1) has
to be considerecand suppliedwith boundaryconditions:the Ar* equation. The argon neutral
numberdensityis calculatedrom the equationof state(2.7).

e West: Theinlet flow velocity profile is assumedo have the following parabolicform:

r 2
ainlr) = |1 - (%
wan) = |1 - (3)

with u2®* the axial velocity componentat the channelaxis calculatedrom a given mass
flow rate. This rateis calculatedirom the inlet flow in sccs™! (i.e. the flow at standard
conditionsof 1 atmand273.15 K) givenby theuser theinlet temperatur@andthe pressure
whichfollows (iteratively) from thesimulation. Thevalueof 2 for theexponentn equation
(2.14) may not be fully correctfor plasmashowever using differentexponentialvalues
up to 5 shows nggligible influence. At theinlet, a zeroaxial componenbf the pressure
gradientis assumetl The uniform inlet temperaturdor electronsandheavy particlesis
300 K andanionisationdegreeof 10~¢ determinegheion numberdensity The effect of
differentinlet valueson the simulationss discussedn section2.8.

e East: With respectto the axial velocity componenton the plasmaaxis we usethe so-
calledM = 1 condition. M = 1 meanghattheaxial velocity equalghe velocity of sound
Usound- Thelatteris definedasu?,  , = (9p/9p)s.q, With subscripts, o denotingaconstant
entroy andconstantonisationdegree. Then,underthe assumptiorthatthe expansionin
the low-pressurevacuumchamberis adiabaticandthat the ionisationdegreeis constant,
ud* is determinedrom a combinationof the enegy balanceof the mixture (equations

out

(2.4) plus(2.5)) andthe continuity equationof the mixture (2.2):

1/2
max _ (9P
Ugut = (g;) (2.15)

, Upin(r) =0 (2.14)

wherewe assumed,/c, = 5/3, with ¢, andc, the heatcapacityat constanipressureand
volume, respectrely. This assumptionmplies that argon is consideredas a calorically
perfectgas.We do nottake into accounthe studyof Burm etal. [64] who shovedthatfor
plasmasgheratioc,/c, is lowerthanfor gasegfor agonat 1 atm,c,/c, ~ 1.16 insteadof
1.67). For the outletvelocity profile a power law is usedof theform of equation(2.14)in
whichtheexponent is replacediy 5. ChangandRamsha [65] usedthe samecondition,
andfound that the bestvalue of the exponentwas5 for their simulations. The effect of
differentexponentss neggligible asis discussedh section2.8. A constantixial component
of the pressuregradientis assumed.‘g—fz’ = (C. This conditionimpliesa Neumanpressure

%It is betterto assumea constantxial componenbf the pressuregradient. This conditionis usedin the restof
thisthesis.
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boundaryconditionwhich value(C') is determinedduringtheiterationprocess.The axial
component®f thegradientsf theotherplasmavariablesaresetto zero.

e North: A no-slipconditionis used:theaxial andradial velocity componentsrezero. The
radial componenof the pressuregradientis zero. Theion numberdensityis determined
from equation(2.11), becauset the channelwall the argonionswill recombineto form
argon atoms. It is assumedhat theseatomswill bein the groundstate. For argonions
the recombinatiorfactory,,+ x is takenas0.8, i.e. 8 out of the 10 argonions colliding
with the channelwall will recombine.In the modelthis sink for theionsis of coursealso
includedasa particlesourcefor the argonatoms(cf section2.5). For thetemperaturethe
following valuesareassumedT}, ,..«n = 500 K (the cascadelatesarewatercooled)and
Te nortn = 6000 K aswasalsousedby Laufer etal. [66]. In contrast,Beulenset al. [35]
usedT; nortn = 1000 K. Simulationsshow thatchangingthis lastboundaryconditionto a
zeroradialderivative hasnot muchinfluenceon theresults,seesection2.8.

e South:Theradialvelocity components zeroandtheradial componentf the gradientsof
all othervariablesaretakenaszero.

Themaindifferencesn theconfiguratiorfeaturedetweerPLASIMO andits predecessanodel
of Beulensetal. [35] arefoundin the boundaryconditions.Beulensusedan overdeterminedet
of boundaryconditions,since besidesthe massflux inlet condition and Mach numberoutlet
condition,theinlet pressuravasspecified(which wasin factan experimentalvalue). Also the
wall electrontemperaturevaluewasfixed at a far too low value (1000 K comparedo the more
correct6000 K).

2.7.2 Compositionfeatures
Transport coefficients

The electric conductvity, the heatconductvity of the electronsand heary particlesand the
plasmaviscosityfor argon are calculatedusingthe standardormulationsdiscussedn sections
2.6.2and 2.6.3. The diffusion coeficient of the ions (D;), usedin equation(2.1), is equalto
theambipolardiffusioncoeficient (D..1)¢ for atwo temperaturglasmagivenby Jonlersetal.
[15]:
_ 3kb (Th + Te)
e 8pQ}\1r+Ar

with Q1L = (3.03 4+ 6.82 x 107#7}, — 3.7 x 10872 + 9.15 x 107 137%) x 10716 (in m* s7?)
a first approximationto the Ar-Ar* collision integral valid for the temperaturgange3000 to
15000K . Thistemperatureangeis sufiicientfor the simulationsof the cascadearc.

(2.16)

Sourceterms

From the particle balanceequations(2.1) only the Art balancehasto be solved sincen, is
determinedrom the quasi-neutralityassumptiorandn, from the equationof state(equation

°In therestof thisthesis themasdractionbalancesresolvedinsteadof the particlebalancesSincewewill use
effectivediffusioncoeficientsfor all speciesthereis nolongertheneedo defineanambipolardiffusioncoeficient.
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Table2.2: Fit coeficientsa; for recombinatiortermacg, for differentn,-values.

ne (m-3) ao a as as a4
10" -16.004 -4.115 -2.043 3.023 -0.851
1020 -11.443 -23219 23.278 -11.401 2.170
102 -10.996 -23431 24.004 -11.891 2.280
1022 -10.096 -23369 23.992 -11.896 2.282

(2.7)). Notethattheoccupatiorof theargonexcited statess notdescribedn themodel. Thereis

no needto simulatethis occupatiorsincetheinfluenceof excited stateson step-wiseonisation
canbetreatedn aseparat&ollisional-Radiatre (CR) modelin suchaway thatthe production
of argon ions canbe expressedn n., n(1) (the numberdensityof argon atomsin the ground
state)and7,. Thesequantitiesarecomputedn this PLASIMO application. Note alsothatthe
CR modeldoesnot form a part of PLASIMO; only the resultsof this CR modelare usedin

PLASIMO. Sothe netproductionterm of Ar* (Sy,+) is deducedrom the CR modelof Bengy

etal. [67] in whichahybrid cut-off techniquedescribedy VanderMullen [68], is used.In this

modelthe numberof excitedlevelsin theamgonatomis reducedo 21. TheresultingAr*-source
termis givenby:

Sart = NenarScr — Nenarracr (M3 s71) (2.17)

with Scr andacgr the CRionisationandrecombinatiorcoeficient, respectrely. The CR model
calculatesScr andacg, for the electrondensityrange10'® - 10%* m=2 which includesthe n,-
valuesfoundin a CA plasma.The CR ionisationcoeficient Scr is implementedn the model
usingfit-functionsof an Arrheniusform: Scg = 7.34 x 10~ ®T/2 exp (—=1.04E; /kyT,) in m=3
s 1, with E; = 1.85 x 10 Jthefirst stepexcitationenegy. For argonthis formulais valid for
ne-valuesin the givenrange.Therecombinatiorcoeficient acg is implementedisinga fourth-
order polynomial expression:acg = 10F (%), with F Te) = Yt oI andT, the electron
temperaturen eV. The fit coeficientsarelistedin table2.2. For evaluatingacg for different
ne-valueslinearinterpolationis applied.

In the momentunbalance(equation(2.3)),thefq x B-termis neglectedsincefor anargon

cascadedrc plasmathis Lorentzforce is muchsmallerthanthe Vp-termin the absencef an
externallyappliedmagnetidield.

The sourceterm (). in the electronenegy balance(2.5) is divided into the elasticenegy
transferbetweerelectronsandheavy particlespeciegQ¢*), the radiationlosseqQ,.q) andthe
ionisationlossegQ;on). QS is givenby MitchnerandKruger[41]:

2
s _ 3~ ( me> 3 by (T, = Th) (ven) (2.18)
h mp 2

where(v,,) is the collision frequeng for e — h collisionswith h = Ar or Ar*, averagedover a
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Table2.3: Fit coeficientsa; for radiationtermss, ande . for differentn.-values.

Ne €1 Et
(m2) | ag ar as as as a ar as a
109 | -2474 7261 -80.27 41.81 -8.302| 4.288 -3.356 -0.601 0.099
10?0 | -2032 5609 -58.25 29.13 -5.627| 7.416 -10.39 6.712 -1.597
10%' | -2039 5609 -58.09 28.98 -5.587| 8.255 -10.40 6.819 -1.638
102 | -2041 5613 -58.12 29.00 -5.589| 9.225 -10.38 6.812 -1.638

Maxwellianelectronenegy distribution. For argonatomsit is written as:
<KefArE>
%kae

Theterm (K, A E), with K. A, thereactioncoeficient for momentuntransferbetweere and
Ar (inm? s7!) andE theelectronenepy (in J),is evaluatedoy usingthecross-sectiodatagiven
by NIST [69] for momentumtransferbetweenelectronsandargon atoms. A fit is usedin the
model: (K,_x.E) = 1.28 x 103273 exp(—0.357,) (in Jm? s~ 1), with 7, in eV. Thisfit is valid
for temperaturedelon 5 eV. For amgonionsthe collision frequeng for e-Ar* collisions,aver
agedover a Maxwellian electronenegy distribution, (v._a,+), is evaluatedusingthe Coulomb
cross-sectioffior collisionsbetweerchagedparticles: (v, _a.+) = 3.638 x 107%n,In A/T}* (in
s1), with In A the Coulomblogarithm. In the applicationof In A the Debyeshieldinglengthip,
is usedwith ion screeningncluded[70]:

1 €2 [Nne Nar+

I aic 2.20

5 coks <Te - Ty, ) (2.20)

The radiationlossterm Q,.q describeghe enegy loss due to the escapeof optically thin

line radiation(Q};.e), free-boundQg,) andfree-freeradiation(Qg). Thelossof optically thick

resonanceadiationis neglected.In argon cascadearc plasmadine radiationis dominant[71].
Theresultsof the CR modelof Benoy areincorporatedn the numericalmethodas:

Qine = nare1 + narver (W m™?) (2.21)

with e the coeficient of radiation(in W) generatediueto the populationof radiatve statefrom
the groundstate(e;) or ion state(e,). In the modelthey aretreatedin the sameway asthe
CR recombinationcoeficient acg, i.e. they arewritten asa polynomial of the order4 and 3,
respectirely. Thefit coeficientsareincludedin table2.3.

The contrikbution of free-freeandfree-boundadiationare conformthework of Benoy etal.
[72]:

<VefAr> = NAr (219)

3
AT 4 Q= 42y fiTE (2.22)
=0

2.5
eAT = grp? (601kb> L™ e ar (1) (2.23)

€ hc o mom
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Table2.4: Fit coeficientsusedin equation(2.23).

C,| 1.026x<103* (Wm?K32srt)
fo | -3.811x100 (W m?)

£ | -1.530¢10~*  (WmP K

fo | 1.330x107% (W mPK2)

£y | 35701078 (W mP K3)

with h Plancks constantc the velocity of light, o the ionisationdegree,and Q¢ A the cross-
sectionfor momentuntransferbetweerelectronsandargonatomsaccordingto NIST [69]. The
fit coeficients f; andC; aregivenin table2.4.

The enegy lossof the electronsdueto ionisationof argon atoms,Q;on, IS givenby Qion =
Sar+e(Ey, —0F), with E1 theionisationenegy of theargonatomsin thegroundstate(15.759
eV) and§ E theloweringof theionisationenepy. For singly ionisedspeciest is written as[73]
§E = 2.086 x 107'1(2n,/T.)"/? (OE in eV).

Thepredecessanodelof Beulensetal. [35] useddifferentformulationsof mostof thetrans-
port coeficientsandsourceterms. The sourceterm S+ in Beulens’modelwasa polynomial
fit of resultsof a CR model,which,comparedo experimentalalueswastoo low at highertem-
peraturegabove 13900 K). Also theradiationlosstermandheary particletransportcoeficients
in Beulenswerecalculatedusingfit functions,whereasn PLASIMO thesearecalculatedusing
themoreaccurateesultsof the CR modelof Benoy etal. [72] andthe CEB-theoryrespectiely.

The simulationresultsfor the argon CA plasma,with the configurationand composition
characteristicglescribedn this section arediscussedn section2.8.

2.8 Resultsand discussion

To validatethe resultsof the simulationsperformedwith PLASIMO for a flowing argon CA

plasmathe computedesultsarecomparedvith experimentaldata.For this purposesxperimen-
tal dataof Kroesen[74] andBeulensetal. [75] areused.To show theinfluenceof the boundary
conditionson the simulations,differentboundaryconditionsare applied. The simulationsare
performedfor a CA ataconstanturrent/ = 50 A, andwith threedifferentargon flow ratesof

50, 100 and200 sccs L.

The pressurdistribution alongthe channelwall wasmeasuredyy Kroesen74] andBeulens
etal [75] andis comparedn figure 2.3 with the resultsof the presentsimulations. Sincethe
pressurds uniform over the arc cross-sectionthis comparisonis allowed. As canbe seenin
figure2.3,PLASIMO slightly underestimatethepressureattheoutletof the CA. Assumingthat
the experimentalresultsare correct,therearethreepossiblereasonsfirst, the implementation
of the pressureboundarycondition could be inaccurate. The influenceof the pressureoutlet
conditionhasto be investigatedn future studies.Secondthe M = 1 conditionat the outlet of
thearccancauseproblems.The effect on the pressurelistribution of Machvaluessmallerthan
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unity is shavn in figure 2.4, wherethe Mach valuevariesbetweer).6 and1.0. It is seenthata
bettermatchexists betweerexperimentsandmodelfor M = 0.7 or M = 0.8 insteadof M = 1.
Thisis not possiblefor anisentropicgas,but for a plasmathe effectsof viscosityandheatinput
canresultin M = 1 locatedin thevacuumchambemndnotatthearcoutlet[76]. Third, thereis
somediscussionf themeasuregbressures the staticpressurer the stagnatiompressuredefined
AaSPstag = Pstatic T %puZ. Assumingthat the measuregressuras the stagnatiorpressureand
usinge,/c, ~ 1.2 cf Burm et al. [64], the stagnatiorpressuregalculatedfrom the numerical
simulationsatthe outletof the CA agreewell with the experimentapressures.

10

Pressure (10° Pa)

0 10 20 30 40 50 60

Axial position (mm)

Figure2.3: The pressurdlistribution alongthe arc for differentargon flow rates. Experiments
(Kroesen74], Beulensetal. [75]): + 50sccs !, @ 100sccs t, sy 200scecs . Presensimula-
tions (PLASIMO): dottedline 50 sccs *; solidline: 100sccs *; dashedine: 200sccs .

BecauseBeulenset al. [35] in the predecessomodel usedthe experimentallyknown in-
let pressureasinput, the axial pressuredistribution in their simulationsshaws a slightly better
agreementvith the experimentaldata.

The axial velocity componenbn the axis of the arc channelis shavn in figure 2.5. Unfor-
tunatelythereare no experimentaldataavailablefor a comparison.The outlet velocity values
for the threedifferentflow ratesdo not differ muchfrom eachothersincethe plasmatempera-
ture (usedin the calculationof the velocity of sound,seeequation(2.15)) at the outletdoesnot
changemuchfor differentflow rates(cf figures2.7 and2.9). Simulationswith differentoutlet
velocity profiles,i.e. with differentexponentvaluesin equation(2.14),rangingfrom 2 to 6, showv
negligible influenceon the results: the ionisationdegreeat the arc exit increasegrom 7.85 to
7.97% for anargonflow rateof 100 sccs™!. Changingtheinlet velocity profile hasa negligible
effectontheoutletresults.

The electrontemperatures comparedwvith experimentaldataof [74] and[75] for anargon
flow rateof 100 sccs™! in figure2.6. In thisfigurethe cross-sectionadveragedr, distributionis



34 Chapter 2

Pressure (10° Pa)

1 A 1 A 1 A 1 A 1 A 1 A
0 10 20 30 40 50 60

Axial position (mm)

Figure2.4: The pressurddistribution alongthe arc (at 100 sccs') for differentvelocity outlet
conditions.ExperimentgKroesen74], Beulensetal. [75]): o. PresensimulationgPLASIMO)
with differentMachnumbers:solid grey line (thick), M = 0.6, dashedine, M = 0.7, solidline,
M = 0.8; dottedline, M = 0.9, dashedjrey line (thick), M = 1.0.

plottedfor threedifferentinlet temperatureonditions.Besideghe conditionT, = T}, = 300 K,
two otherinlet conditionsareshown: (1) 7, = 8000 K and7}, = 300 K and(2) T, = T}, = 3000
K. It is concludedhatthe useof differentinlet valuesfor the temperaturetiasan effecton 7,
only in thefirst 25% of the arc channelandno effect at all on the outletvalues. The simulated
valuesfor T, aresomavhathigherthanthe experimentalvalues but the behaiour alongthearc
is approximatelythe same For the predecessanodelof Beulensetal. [35] the sameconclusion
applies.Thisis notunexpectedsincetheinaccuratdormulationof theradiationlosstermin that
model,doesnot have a big effect on the resultsbecausen strongly flowing arcsthe radiation
losstermis relatively small. The differentinlet temperaturebave a substantialnfluenceon the
cross-sectionadveraged!}, attheinlet region of the plasma,asis shavn in figure2.7. In order
to studythe effect of differentradial 7, boundaryconditionswe plotted 7, in figure 2.8 with
Te wan = 6000 K (Dirichlet) and(%fe)wan = 0 (homogeneoubleuman)for threedifferentaxial
positions:z = 16 mm, z = 46 mmandz = 60 mm. The effect of this different7, boundary
conditionon T}, is shavnin figure2.9. It is concludedrom figures2.8 and2.9thatthe condition
(%%)Wau = 0 influencesT, closeto the channelwall up to 30%, at half radiusthe influenceis
diminishedto a maximumof 2%. The effecton T}, is below 10% everywhere. Thatthe argon
CA plasmas notin thermalequilibriumis seerfrom comparisorof figures2.6and2.8(7,) with
figures2.7and2.9(7},). Especiallyattheinlet of the CA strongdeviationsfrom LTE exist. The
sameappliesfor the plasmacloseto the channelwall.

The simulatedelectrondensitydistribution alongthe arcis comparedvith the experimental
results[74, 75 in figure 2.10. The global behaiour correspondsvith the one foundin the
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2.5

Axial velocity (10°m s™)

Axial position (mm)

Figure 2.5: The axial velocity componentalong the arc axis for different argon flow rates
(PLASIMO). Linescf figure2.3.

experimentsalthoughdifferencesexist in thelocal values.In the predecessamodelof Beulens
et al. [35], the global behaiour was slightly worse, whereasthe local valueswere closerto

the experimentalones. The wrong valuesof S+ at highertemperaturegabove 13900 K, not

reachedwith a currentof 50 A) affect the resultsof the simulationsconsiderablywhen using
higherpower inputwith arccurrentsabove 100 A.

To checkthe power inputin the CA the computecelectricfield is comparedo experimental
values[74, 75] in figure2.11.It is concludedhatthe numericallysimulatedelectricfield agrees
well with the experimentalvaluesand that the behaiour is correct, so that we can conclude
that the assumptiorof a one-dimensionaélectricfield is allowed. The predecessomodel of
Beulenset al. [35], althoughusingthe sameformulationof the electricfield, shovs a somavhat
too high electricfield in thearc. Thereasoris foundin Beulens’boundaryconditionfor 7, atthe
wall: T, ,, = 1000 K, which reducedhe effective radiusof the plasmachannel. Togetherwith
approximatelythe sameo this givesa higherelectricfield.

2.9 Conclusions

Theplasmamodellingtool PLASIMO is developedfor simulatingmulti-componenplasmasin
awide pressurgange(10~* to 1 bar), in LTE aswell asnon-LTE, andwith differentenegy
couplingprinciples.As afirst example,PLASIMO is appliedto aflowing argonplasmain a cas-
cadedarc (CA) with a straightplasmachannel. The resultsof the numericalsimulationsagree
well with the experiments. The influenceof differentboundaryconditionsat the inlet andthe
channelwall show thattheinlet conditionsarenot veryimportantfor theresultatthe outlet,and
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Figure 2.6: The electrontemperaturedistribution averagedover the cross-sectiorof the arc
channel(argon flow rate: 100 sccs ). ExperimentsgKroesen[74], Beulenset al. [75]): e.
Presensimulationg(PLASIMO) with differentinlet valuesof T, andT},: solid grey line (thick),
T, =T, = 300 K; dottedline, T, = 8000 K, T}, = 300 K; dashedineT, = T}, = 3000 K.
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Figure2.7: The heary particletemperatureveragedover the cross-sectiorof the arc channel
(argonflow rate: 100sccs™!) for differentinlet valuesof the temperature$PLASIMO). Lines

cffigure2.6.
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Figure2.8: The effect onthe electrontemperaturef a differentboundaryconditionat the chan-
nel wall (PLASIMO): lines denotethe 0T, /0r = 0 boundarycondition; dottedline, z = 16
mm; solid line, = = 46 mm; dashedine, = = 60 mm. Markersdenotethe boundarycondition
T, wan = 6000 K; +z = 16 mm; <7 z = 46 mm;, e z = 60 mm (argonflow rate:100sccs *).
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Figure 2.9: The effect on the heary particle temperatureof a different electrontemperature
boundaryconditionat the channewall (PLASIMO): linesandmarkerscft figure 2.8.

thatthe boundaryconditionsat the channelwall only influencethe plasmabehaiour nearthat
wall. Differentoutletboundaryconditionsfor the axial velocity component(i.e. differentMach
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Figure2.10: Theelectrondensityaverageaverthe cross-sectioof thearcchannefor different
argonflow rates.Linesandmarkerscft figure 2.3.
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Figure2.11: Theelectricfield distribution alongthearcaxisfor differentargonflow rates.Lines
andmarkerscf figure2.3.

values)shaw thatthe plasmais influencedin thewhole CA, asis seenfrom the pressuredlistri-

bution. Finally, theenegy couplingin the plasmais simulatedvery well with a one-dimensional
modelfor theelectricfield.
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Abstract

A completedescriptiorof self-consistentulti-componentiffusionin non-equilibriumplasmas
is presented.It is basedon the exact solution of the Stefan-Maxwell equationsas discussed
by Sutton[77] andthe descriptionfor plasmasby Ramsha [78, 79]. In the applicationof
the Stean-Maxwell equationson the plasmasourcesmodelledby the plasmacomputational
methodPLASIMO, we concentratenainly on theflowing systemslt is shavn thattheinelastic
collision termin the specificmassand momentumbalancesnot treatedby others,doesindeed
have noinfluencein the Stein-MaxwellequationsTherelative importanceof thevarioustypes
of diffusion,i.e. pressurethermalandforceddiffusion,comparedo ordinarydiffusionis studied.
This studyprovesthatin mostplasmadorceddiffusioncannot be neglected whereaghe effect
of pressurdiffusion and thermaldiffusion on the simulationsis limited in mostcases.As an
examplethe effect of forceddiffusionin a hydrogencascadearc plasmais studied.lt is found
that forced diffusion mainly hasan effect on the plasmacompositionin the arc. The effect on
temperatur@andflow fieldsis negligible.

41
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3.1 Intr oduction

Thediffusionof speciesn multi-componentonisedgas-mixturefasalargeimpactonthephys-
ical processem non-floving (e.g.the QL, TL andHID-lamps)andflowing (e.g.the hydrogen
cascadedrcplasma)plasma-configurationg:or exampledemixing,thatis the partialseparation
of gasesor speciespccursin the presencef temperaturer pressurgygradientsor in the pres-
enceof externally appliedor self-inducedelectricfields. Thusthe following driving forcesare
importantingredientsan the descriptionof the segregationbetweerthevarioustypesof particles
in a plasmamixture: the gradientin concentrationgleadingto ordinarydiffusion), the gradient
in pressurgpressureadiffusion), the gradientin temperaturgthermaldiffusion) and (external)
forces(forceddiffusion). For instancethe applieddirect current(DC) may causesegregationin
constituentsn high- or low-pressurédamps,with asaresultthatthe emissionof thelampis non-
uniformalongits axis,whereasn high-pressuréampsthe presencef thegravitationalfield may
leadto a visible vertical segregation. Furthermorewe have the examplesof the segregationin
plasmasn adepositionchambemherethe heary speciegendto moveto colderregions,forcing
thelighter particlesto the hotterpartsof the plasmg80]. Many moreexamplescanbegivenand
the diversity of this subjectmalkesit understandabléhat the varioussub-disciplinesf plasma
physicseachhavethereown approachesOnonehandthereis theclassicabas-dischayephysics
wherethe concepiof ambipolardiffusionis developedandwhereFick’s law (ordinarydiffusion)
is usedcombinedwith the Einsteinrelation betweendiffusion and mobility [81, 82]. On the
otherhandwe have thefield of aerothermodynamiosherefor instanceattentionis paidto the
phenomenassociateavith the re-entryof spacevehiclesin earths atmosphereThe studiesin
thesefieldsarebasedon a solutionof the so-calledStefan-Maxwellequationsyhich describea
relationbetweerthe diffusive fluxesandthe responsiblaliffusionaldriving mechanisméor all
speciesn themixture.

In this contribution we attemptto bridge the gap betweenthe various applicationfields.
Thereforewe will be guidedby the descriptionasusedin the field of aerothermodynamiosf
Sutton,Ramsha (andMurphy), whereasn the appendixX’translations”to thefield of classical
gas-dischaye physicswill bemade.

Our approachis basedon the studiesof (amongothers)Sutton[77], Murphy [83, 84] and
Ramshwa [26, 78, 79, 85, 86, 87, 88]®. Suttondescribedn [77] a way to solve the Stefan-
Maxwell equationsexactly and consistentlyfor ordinarydiffusion. Therebyhe limited the dis-
cussionto an equi-temperaturenixture of neutralgasegthis alsoexcludesdiffusion driven by
anelectricfield).

In the approachof Murphy [83, 84] multi-componendiffusionin plasmasn thermalequi-
librium wasdescribedn termsof a combineddiffusion coeficient formulation,thatis diffusion
formulatedin termsof gasegelative to oneanotheyratherthanof species However, the main

2Kolesnilov andTirskii [89] presentedalreadyin 1979in Russiaan accurateand completeself-consistenset
of Stefan-Maxwellequationgor multi-componendiffusionin atwo-temperatur@lasma.The Englishversionwas
presenteanly recently in 1999[90, 91] andcouldnotbetakeninto accountn this thesis.Consideringhe Sonine-
polynomialexpansiononly up to first order, the modelof Kolesnilov andTirskii reducego the modelof Ramshav
andChang[78].

5The term gasis definedhere as consistingof all speciesderived from one element;hencea hydrogengas
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differencewith Suttonis thatapartfrom the ordinarydiffusionalsothe effectsof thermal,pres-
sureandforceddiffusiorf wheretakeninto accountseefor example[92, 93].

Onthecontrary Ramsha [78, 79, 85, 87] developeda self-consistengffective binary diffu-
sionapproximatiorfor multi-temperaturgasmixtures. The extensionto plasmasvasmadeby
Ramshav in differentarticlesin which he describedorceddiffusion[78] andthermaldiffusion
[79] in ionisedgasmixtures. His approachis an approximateone, sincethe linear systemof
equationdor the diffusive massfluxesrelative to the mass-aeragedvelocity of the mixture is
notsolvedexactly. Instead aneffective binarydiffusionapproximations used.

In thegroupEquilibrium andTransportin Plasmasat the Eindhoven University of Technol-
ogy acomputationaimethodfor the numericalsimulationof plasmasPLASIMO, is usedfor the
investigatiorof variousplasmasourceg$34], rangingfrom theflowing cascadedrc(CA), induc-
tively coupledplasmagICP) andmicrowave inducedplasmago confinedplasma-systenasthe
QL-lamp[47] andthe Sulphurlamp[2]. Dueto thediversityin plasmasourcesith their specific
characteristicthataremodelledwith oneandthe samemethoda completemulti-componentlif-
fusion descriptionhasto be usedfor multi-temperatureonisedgasmixtures. We have chosen
to combinethe exactsolutionof the Stelan-Maxwellequationgdescribedy Suttonwith the ex-
tensionto plasmasasdescribedoy Ramsha. This studydescribeghe resultandthe effect of
the differentdiffusiontypesin plasmaswith the hydrogencascadedrc plasmaasanexample.
Thefull setof Stelan-Maxwellequationgor a multi-componenmulti-temperatureonisedgas
mixture with the solutionmethodaredescribedn section3.2. In section3.3 the calculationof
thediffusion coeficientsis discussedTheimplementationn PLASIMO is presentedn section
3.4. The boundaryconditionsnecessaryor the setof Stefin-Maxwell equationsare givenin
section3.5. A simpleestimationof therelatve importanceof thevariousdiffusiontypesis given
in section3.6. The effect of forceddiffusionin a hydrogenCA plasmais shovn in section3.7.
Conclusionsarepresentedn section3.8.

3.2 Self-consistentmulti-component diffusion

Basicallya weakly-magnetise¢dsteadyplasmais drivenby two externalcontrol parametersthe
massflow andthe electric current(power). In orderto determinehow the currentevolvesin

the plasmawe needa combinationof Ohm'’s law andthe currentconseration, whereaghe de-
velopmentof the massflow is basicallydescribedoy a combinationof the massbalanceand
the momentumbalancedor the mixture asa whole. The power supplyis linked to the enegy
balancesvhich will not be consideredn this study It is supposedhatthesebalancegonefor

the electronsandonefor the heary particlespecieswill giveriseto, in principle,two different
temperaturdields, which on their turn may determinethe valuesof the varioustransportcoef-
ficientsin the massand momentumbalances.As we will see,a currentconseration equation
togethemwith Ohm'slaw canbeusedto describetheelectronfluxes,whereaghe setof massand

containshydrogermoleculesatomsandions (atomic/molecular).
“Thisis theso-calledcataphoresisdemixing(i.e. partialseparatiorof differentspeciesyrivenby electricfields.
IMagnetisatioreffectswill be neglected for examplein the formulationof thetransportcoeficients.
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momentumbalanceswill be usedto derive the behaiour of the heary particles. We will first
concentrat®n thelattertopic.

3.2.1 The motion of the plasmabulk

Thedevelopmentof the massflow in the plasmais describedy a combinationof the consera-
tion of massandmomentumIn a steadyandinviscid plasmatheseread:

V-(pii) = 0 (3.1)
V- (piii) = —Vp+ ) pF; (3.2)

with p = >, p; the massdensityof the mixture, p; = m;n; the partial massdensitywherem;
andn; arethe massandnumberdensityof specieg, respectiely; p is the pressureandﬁi is the
body force perunit massactingon species. The mass-aeragediluid (or bulk) velocity of the
mixture, u, is givenby:

i=3 %ﬁi (3.3)

with 1, the mean(or systematic)elocity of species. In equation(3.2) we negglectedthe influ-
enceof viscosity For the solutionof the setof equationdormedby (3.1) and(3.2) a modified
versionof Patankars SIMPLE algorithmis usedin PLASIMO [34, 46]. In this procedurethe
influenceof theviscositycanbetakeninto account.

3.2.2 The motion of the various plasmaconstituents

In orderto describethe particularbehaiour of the variousspeciesve have to usethe specific
massandmomentumbalanceor species:

V- (pit;) = S (3.4)
V- (pilisis) = —Vpi+ S+ pF; + Y Fy (3.5)
J
with p; the partial pressurewhereasthe sourceterm S; representshe net volumetric rate of
productionof species (in kg m~2 s7!) dueto collisional-radiatve processesThis sourceterm
is notfoundin theworksof Sutton,Murphy andRamsha. Suttononly consideredion-reacting
gaseoudliffusionand Murphy usedan LTE assumptionjmplying that.S; = 0. However, also
Ramshw neglectedthe influenceof S; in reactingplasmas.We will seelater on, thatindeed
termsinvolving S; dropout of the Stean-Maxwellequations.

At this point we have to make a remarkaboutthe specificmomentumbalanceasgivenin
equation(3.5). Summingover all specificmomentumbalancestheresulthasto bethe momen-
tum balanceof the mixture,equation(3.2). It caneasilybe shavn thatthis appearsiotto bethe
casehere.However, onehasto take into consideratiorthatin the momentumbalanceof species
"I”, the pressuras referredto the meanvelocity of that speciesji;, whereasn the momentum
balanceof the mixture, the pressuranustbe referredto the mass-aeragediuid velocity of the
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mixture,d. Thereforethespecificmomentunmbalancesasgivenin equation(3.5) includingthe
pressurdgerm,have to berewritten in termsof d, beforesummations performed.

Sincewe considerhereonly the casewhered; =~ i, we are not interestedin the exact
formulationof the summatiorof thespecificmomentunbalancesFor this procedureve referto
Holt andHaslell [94] (pp.151-174).0f coursefor aderivationof the Stefan-Maxwellequations,
whichis valid whend; differsconsiderablfrom i, in principletheexactroutepresentedby Holt
andHaslell hasto befollowed.

Therelationbetweerp; andp; is givenby the equationof state:p; = p;, R,1;/M; = n;kyT;,
with M; the molarmassof specieg, k;, the Boltzmannconstant; thetemperaturef species
and R, theuniversalgasconstan{in Jmol~! K~'). Themeanforce perunit volumeexertedby
speciesj on species is F;; = —F,;. We assumehatF;; is a linear combinationof frictional

—therm

andthermophoreticforcesﬁgiCt andF,;  [87]%

F‘ij _ F‘Zict i ﬁ;;lerm (36)
—frict Pzizi , N
Ryt = (- ) (37)
—therm 1 = 1 =
ij = By TjVTj - /Bjif_VTi (3.8)

The pressurdractionis z; = p;/p. Notethat}",; z; = 1 andthatfor the partial pressurep; the
relationp = 3°; p; holds. The thermaldiffusion factor 3;;/ andthe (ordinary)binary diffusion
coeficient D;; will bedescribedn section3.3.

Sincetheflow of themaswf themixtureis alreadydescribedy thecombinatiorof equations
(3.1)and(3.2)it is usefulto relatethe flow of the variousconstituentgo the plasmabulk flow.
This is doneby introducinga diffusive massflux J; (in kg m~2 s7!) of species:

=

Ji = pi(d; — 1) (3.9)
Y J, = 0 (3.10)

—

withd;, — i = ﬁf thediffusionvelocity of species. Accordingto this corventionall the differ-
enceshetweenthe meanvelocity of a plasmaconstituentandthe bulk aredenotedasdiffusion.
Thuseventhedrift of electronsascreatedoy anelectricfield is denotedasdiffusion. Note that
for ann componengasmixtureonly n — 1 diffusive massfluxesareindependentsincedueto
the definition of the plasmabulk velocity (equation(3.3)), the n diffusive massfluxessumup
to zero,conformequation(3.10). Togetherwith the factthat}", S; = 0 (thereis no creation
nor destructionof massin chemicalprocessesthis impliesthatthe n massbalancesumup to
the continuity equationof the mixture (3.1), This meanghattherearen — 1 independeniass

¢In the formulationof equation(3.7) the pressure follows from the assumptiorthatwe dealwith idealgases.

fIn contrastto Ramshav [87] we will notcall 3;; (in kg m~! s~2) a thermaldiffusion coeficient becausets
dimensionis differentfrom the corventionalmulti-componenthermaldiffusion coeficient (in kg m=2 s~1) given
by Hirschfelderetal. [40]. Insteadwe will call 8 athermaldiffusionfactor
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balanceslintroducingthe diffusive massflux into the specificmassbalancg3.4) we get:

V- (pi)+V-J, = S (3.11)
—_—— ~~
convection diffusion source

The specificmomentumbalanceof the variousspecieds neededo getinsightin their ve-
locities. However, theseequationsof the form (3.5) do not provide direct information on the
behaiour of J;. Instead,informationis given on the velocity differencesetweenthe various

plasmaconstituentsi,e. d; — ;. Thisis aresultof thefriction term]?‘f;1Ct in equation(3.7),which
becaus®f its centralrole will berewrittenin amorefundamentaform. We will usetheformula
of thebinarydiffusioncoeficient D;;, whichwill begivenin equation(3.29),which revealsthat
thisfriction force canbewritten as:

Fi;-la = C’nzmm (l_]tj — ﬁz) Vij (312)
with »;; the collision frequeng, n; the numberdensityof species, C' a constanbf orderunity
andm;; = m;m;/(m; + m;) the reducedmassof the (¢, j) system. Equation(3.12) states
that the momentumtransferper unit volume from species; to species is proportionalto the
productof the numberdensityof species, theamountof momentunrecevedby i (from j5) per
collision, m;;(d; — 4;), andthe collision frequeny v;; = u!?*™g;;n;. In this expressiony;; is

)
the cross-sectiofior momentuntransferbetweerspecies and; Whereamg?erm = |u; —u | =

(8kyT;;/mm;;)'/? is thethermalvelocityin the (4, j) systemwhichis determinedy the effective
temperaturef thebinarymixture: 7;; = (m;T; + m;T;)/(m; + m;).

Soinsteadof relatingthe velocitiesof the variousspeciedo the plasmabulk velocity, they
will be relatedby meansof the friction termsin equationsof the type of (3.5). In treatingthe
balancebetweernthis friction term andthe otherdriving forceswe will follow Ramsha et al.
[87], who usedthe so-calledlarge-frictionlimit, thatis |4; — 1| < |d|. We will first presenta
shortdescriptionof this approachanddiscussts applicability afterwards.

In thefollowing we male useof thefactthatV - (p;ii;d;) = (piti; - V)id; + @,V - (p;i;) and
V - (pidi) = (pii- V)i. Sincetd; ~ i for all species, theterm (p;i; - V)i; in theleft-handside
(LHS) of the specificmomentunmbalance(3.5) canberegardedasp;/p = y; (with y; the mass
fraction)timestheterm (pﬁﬁ)ﬁ in theLHS of themomentunbalanceof themixture(3.2). This
malesit possibleto replace(p;d; - V)i, in equation(3.5) by ; timestheright-handside (RHS)
of equation(3.2). After somealgebrawe obtainthe generalisedbstefan-Maxwellequations:

Z ]% (U; —t;) = é: (3.13)
g i
R 314
J
% = = 1= -
H, = -Vpi+uyVp+ Z <5ij_VTj - 5ji_VTi> (3.15)
iz N L L

whereG; is the volumetricfriction force and H, representshe volumetric driving forcesfor
ordinary(concentration)pressureandthermaldiffusion.
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The Stefan-Maxwell equationg3.13) are written in a slightly differentform thanusedby
Ramshw. The relation betweenG, usedin this study and G; usedby Ramshav is: G, =
—pG9. ForH, wehave: H, = —pH,. Thenotationwe usehereis closerto thatof theclassical
gas-dischage physics. However for the definition of the varioustypesof diffusionwe stick to
Ramsha/’s approach:

1 — % 1 — % 1 = =
-G, = -H,+-|pF;i—vy 1 (3.16)
» » D (P %:F’J ])
forceddiff.
1 . 1o 1 1= 1
“H, = — V2 —(z —yi) =Vp+ =) <ﬂij—VTj - /Bji_VTi> (3.17)
p S~ piz\ T T
ordinarydiff. ~~———"" ~ d
pressureliff. thermaldiff.

In the expressiorfor the diffusive massflux the following diffusion mechanismsretakeninto
accounin theterm G, :

¢ Ordinarydiffusion®, dueto gradientsn the partialpressure.

e Pressurdiffusion,dueto apressurgradientwhichseparatespeciewvith differentmolec-

ularweightsandtemperature.

e Thermaldiffusion (Soreteffect), i.e. dueto temperaturgyradientsa separatiorof the gas

mixture canoccut

e Forceddiffusion, dueto forcesacting on the species. Theseforcesinclude gravitation,

externallyappliedelectricfields]?)e andthe (ambipolar)electricfield E’ thatariseshecause
of thetendeng of the electrongo diffusemorerapidly thanions.
Of coursenotall four diffusionmechanismsreequallyimportant.In various(plasma)configu-
rationsdifferentmechanismsanplay aleadingrole, aswill beshavn in section3.7.

Thesetof equationg3.13)to (3.15)aregenerallyusedin literaturefor variousapplications.
Note however thatviscouseffectsareneglectedandfurthermorethattheinelasticcollisionterm
droppedout, andfinally, that the equationg3.13)to (3.15) are derived for the approximation
u; =~ u.

Introducingthe diffusionmassfluxes(equation(3.9)) in the Stean-Maxwellequation(3.13)
we getthefollowing expression:

yraEs (4 di g (3.18)
i Dij \pi  pj

Usinganeffective diffusioncoeficient DS = (3°,_; 2,/ D;;) ", equation(3.18)canberewritten

9Theminussign,becausé¢heleft-handsideof equation(3.13)is written as(id; — ;) insteadof (d; — ;).
hThis diffusion type is often called concentratioriffusion. We usethe adjective ordinarysincethis diffusion
typeis alwaysincludedin the massractionbalances.
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to give anexpressiorfor the diffusive massfluxesJ;:

Di"G; +yDy" Y S
j#i Yitii

m;

- kT,

J; (3.19)
This expressionshaws that the diffusive massflux of species is the resultof the driving dif-
fusionforcesactingon specieg (first termin the RHS) andthe friction of 7 with otherplasma
constituent§secondermin the RHS). Thefactorm,; D$T / (k,T;) canbe seenasa generalisation
of themobility x;, whichrelationwith thediffusioncoeficientfollows from the Einsteinrelation

[95]:
D,  kT;

M e

(3.20)

with e theelementarychage.

Equation(3.19)representa setof n equationsyith »n thetotal numberof speciepresenin
themixture. Dueto equation(3.10)only n — 1 of theseequationsareindependentSolvingthis
systemconsistentlyis pursuedollowing Sutton[77], seesection3.4.

3.2.3 Forceddiffusion

If theonly bodyforcesaregravity andelectricforces(actingonthechalgedspecies)thenf‘,- =
g+4q; (Ee + Ea) , with g theacceleratiorof gravity andg; = Z;e/m; thechage perunit massof
species with Z;e andm; its chageandmassyrespectrely. Notethatfor theelectrons?Z, = —1.
The electricfield is E and consistsof an externaland ambipolarcomponent.Note thatin this
studythe Lorentzforcetermj'q x B is neglected with Iq thecurrentdensityandB theexternally
appliedor generateanagneticfield. Thisis avalid assumptionn cascadedrc plasmas.In an
ICP or lampsthe Lorentzforce hasto betakeninto account.
We cannow rewrite é: by usingthe quasi-neutralityassumptiorny"; ¢;p; = 0 (i.e. no net
chagedensity)as:
G, =H; +qp: (B +E") (3.21)

In section3.2.2it wasnotedthatif d; differsmuchfrom u, the specificmomenturmbalances
have to be rewritten in termsof 4d. In the caseof a confinedconfiguration,for whichd = 0,
it canbe shavn from the specificmomentumbalancewith the assumptiorthat for eachheary
particlespecieshediffusionvelocity is muchsmallerthanthethermalvelocity, thatthefollowing
(approximatepquationsold:

— x,confined — x, confined o e —a

G; = H; + pi€ + qipi (E +E ) (3.22)

— x confin = 1= 12

H, omined —Vpi + Y | Bz VT — Bim= VT, (3.23)
J#i T} T;

For electronghe Stetan-Maxwellequationsarenot used.Insteadthe currentconserationequa-
tion will be usedfor the calculationof the diffusive massflux of the electrons. This will be
explainednext.
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The currentdensityjq in the plasmais relatedto the diffusive massfluxesvia the current
density:

i, = Z%jz = Z%‘Piﬁi (3.24)
This equationcanbe usedto determinehe electrondiffusive massflux:
Je = — -]q — Z(]j.]j (325)
Qe ie

In steadystate,f)a slows down the diffusion of the electronsandspeedsup the diffusionof ions
in suchaway thatchage neutralityis maintained.The currentdensityon its turn is prescribed
by the simplified Ohm’s law *:

j,=oE (3.26)

with o the electricconductvity. If E =0we gettheambipolarconditionf = 0. Seealso[83].
An expressiorfor o canbe obtainedby substltutlngequatlons(s 19), (3 21)and(3.24)into
equation(3. 26)andequatlnghetermscontalnlngE in theLHS andRHS. This gives:

G oM en
= D 3.27
D (3.27)
Notethatusingthe Frostmixturerulesfor theelectricconductvity [41] (whichis oftendone)is
not possiblehere,sinceit couldleadto an igconsisten;z. Theothertermsin the LHS andRHS
give anexpressiorfor theambipolarfield E :

i q 1 G o 3 P z]
E =— D3 H + Dy 3.28
o ; kyT; Zqzyz % yJD ( )
We will showv in the appendixthat for %three-speciemixture, consistingof atoms, positve
ions and electronsthe formulationof E reduceso the well-known expressiongyivenin the
literature[81]. For thesetypesof mixturesalsothe well-known ambipolardiffusion coeficient
canbederivedfrom the expressiongivenabove.

3.3 Diffusion Coefficients

The binary diffusion coeficient D;; for a multi-temperaturemixture is definedto the first ap-
proximationby Ramshav [79]:

3 fk2TT;

3.29
16me]Q(1 Y (T3) ( )

U

iThegeneralise®hm’slaw is givenby [96]:

- L.V VT,
jq:a<E P g ”Z )

ene

Thelasttwo termsin theright-handsidearenggligible in mostcases.
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Note that when speciesi and j have the sametemperaturel’, 7;; reducesto T’ QQI is the

collisionintegralin first approximationgivenin Hirschfelderet al. [40]. We will write Q(l Ya
[40]:

1/2
1,1 8kyT; 1,1)%
Oy = <7rm”]> 20 (3.30)
(1,1)« [Qll)]
Q" = —a——
[Q@] ]rigsph

with d;; therigid-spherebinary collision dlameterwhereaiz * denoteghe deviation of ary

particularcollision modelfrom the idealisedrigid- spheremodel e.g.for no deviation this term

is 1. Notethatfor all typesof collisions(neutral-neutralpeutral-chagedandchaged-chaged,
so also for Coulomb collisions) the collision cross-sectiongare translatedinto a rigid-sphere
cross-sectionf theform ;7dZ;.

The correctionfactor f;; in equation(3.29) (andlateronin equation(3.33))is necessaryor
describingchagedspeciegairsinvolving electronslf theelectronis notinvolvedthenf;; = 1.
If oneof thechagedspecies, j isanelectronthenf;. = f.; = f(Z;) with Z; thechagenumber
of species: f(1) = 1.97, f(2) = 2.33 and f(3) = 2.53. For ion-ion pairsequation(3.29)is
usedwith f;; setto 1, i.e.thestandardexpressiorfor D;; is thenused.

Equation(3.29)with equation(3.30)substitutedyives:

10~ 36fijT/( mZJ)I/Z
pd2. Qb

LV}

Dij = 7.67486 X (m2 Sﬁl) (331)

For the thermal diffusion factor 3;; we have to make a distinction betweenneutral-neutral,
chaged-neutraland chaged-chaged pairs (i.e. eitherions or electrons). For neutral-neutral
pairs 3;; is givenby [88]. For chaged-neutrapairsg;; is muchsmallerthanthatfor chaged-
chagedpairs[79], sowe neglectit. For chaged-chagedpairsg;; is givenby [79]. Theequations
read:

. 1 pziz;j my; ko1
neutral-neutrapairs: 5;; = L 3.32
ap Bii 2 D;; m? T ( )

. 3 fijpziziTj Mij ka-2
chaged-chagedpairs: 5;;, = -2~ 1Y _—J 3.33

with 7; the meantime betweencollisions of a particle species; with all other particles,i.e.
particlesof ary speciesincluding speciesj, given by Ramsha [78]. Especiallyin plasmas
with adistinctdifferencebetweerelectronandheavy particletemperaturéhe multi-temperature
descriptioncan be of importance. Also when there are temperaturalifferencesbetweenthe
variousheavy particle speciegnot includedin PLASIMO at this moment),thermaldiffusion
becomesmportant.
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3.4 Implementation into PLASIMO

To includethe diffusive massfluxescorrectlyin the particlebalanceequationg3.11),the diffu-
sive fluxesJ; of all species haveto becalculated Dueto the mutualdependenciemeji’s are
calculatedteratively. For all heary particlespeciesequation(3.19)is usedandfor the electrons
equation(3.25). As a first guessof J; of the heary particle speciesthe first termon the RHS
of equation(3.19)is used. After iteration N in the Stefan-Maxwelliterationcycle, we will in

generalfind that despiteof equation(3.10) ", jf-v # 0. Thisresidualvaluewill be distributed
over the constituentsaccordingto their relatve massdensityy;, sothatJ; for iteration N + 1

will be:
N+1 =N

AR S (3.34)
J

Notethatin equation(3.34)the summations performedover all particlespecieg includingthe
electronsTheprocesss repeatedor auserspecifiechumberof iterationsusually10 is enough).
Soduringeachmainiterationcycle (i.e. solutionof mass,momentumand enegy balancespf

PLASIMO, asub-iteratiorcycleis performedfor solvingthe Stefan-Maxwellequations.

If therearen heavy particle speciesan the mixture, in principlen — 1 heary particlemass
fraction balanceg3.11) needto be solved, becausef the constrainty", y; = 1. Thelastheary
particle specieshouldthenbe a neutralspeciessincethe massfraction of the electronsy,, is
calculatedfrom the quasi-neutralityassumptionyewritten as: p ¥, ¢;y; = 0. However, faster
cornvergenceis achieved by usinga similar procedurefor the massbalancesasfor the Stefan-
Maxwell equationssolve all heavry particlemasshalancesgalculatey, from thequasi-neutrality
assumptionandcorrectthenall massfractionsy; accordingto: vV = v,/ >, y;.

1

Themainassumptionandlimitationsof PLASIMO, togethemwith adescriptionof the phys-
ical model and numericalmethod,are givenin [34]. With respectto the implementationof
self-consisteniulti-componendiffusionin PLASIMO it is importantto notethatin the con-
structionof the numericalmethodeachof the hydrodynamidransportequationds written asa
particularcaseof the so-calledp-equation46], thatreads:

V- (foplig) = V - (AsV6) = S, (3.35)

with thefactorsf, and )\, acorvectionanddiffusioncoeficient, respectrely andS, thesource
term.

To write the particle balance(3.11)in the form of equation(3.35)it is written in termsof
massdfractionsy;. In theLHS a corvectionanda diffusiontermhave to be presentthereforethe
expressiorof thediffusive fluxes,i.e. equation(3.19)combinedwith equation(3.34)is rewritten
sothata diffusive termconformthe secondermin the LHS of equation(3.35)appearstherest
of thediffusiveflux is addedo the RHS. It canbeshown thatthe ¢g-equatiorfactorsfor themass
fractionbalancebecomes = y;, f, = 1, A, = pD¢F, andS, = —V - J, + S; with J; thepartof
thediffusive massflux .f, thatcannot bewritten in termsof ﬁyi.
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3.5 Boundary conditions

e At walls, the nettotal massflux of the species’i” normalto the wall mustequalthe net
massflux R; dueto productionor consumptiorof the speciesatthewall:

n- (pyiﬁ + jz) = R; (3.36)

with i1 the unit vector perpendiculato the wall. In the configurationsdiscussedn this
thesis,the velocity componentsiormalto (ary) surfacearetakento be zero(no-slipand
nonetgaseougroductionatsurfaces)sothatequation(3.36)reducego: i-J; = R;, with
R; givenby:

Ry =m; (Tg% —T71,) (3.37)

with T';,, theflux (in m~2?s™!) describingthe gain or lossof species atthewall w, dis-
cussedn chapter2. In theabsencef consumptioror productionof chemicalspeciesi.e.
nomassroduction/destructioatthewall, thediffusive fluxesof thespecieperpendicular
to thewall mustbezero:n - ji =0.

e At inlets,thetotal massflow of species mustcorrespondo theinlet flow ;. If theinlet
flows ; aregivenin sccs™t, themassflow perspeciegin kg s™!) is givenby:

— psth' —
(I)massi = 10 65t i kg s 1
: R, Tw” (kgs™)
Rin —
= 1n- l27r/ (pﬁyi —I—Ji) rdr] (3.38)
0

R;, is theradiusof theinlet openingpy, andTy; arethe pressureandtemperaturet stan-
dardconditions:1 atmand273.15 K.
Equation(3.38) is satisfiedby taking eachof the massfractionsover the inlet opening

fixed: Y
i¥i
Y= ———— (3.39)
25 Mjp;
andby prohibiting diffusionof species throughtheinlet opening:
i-J=0 (3.40)

e At outlets,thegradientof y; perpendiculato the outletplaneis assumedo bezero:

fi-Vy; =0 (3.41)

3.6 Relativeimportance of the four diffusion types

We can estimatethe importanceof the four typesof diffusion (ordinary (OD), pressurgPD),
forced (FD) andthermaldiffusion (TD)), by looking at the ratios of them. Sinceordinary dif-
fusionusuallyis the dominantdiffusiontype, we will look attheratiosPD/ OD, FD/ OD and
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TD / OD. For this purposeheexpression®f thefour diffusionsasgivenin equationg3.16)and
(3.17) aresimplified by introducinggradientlengthsA°P, APP, AFP andA™. TheratiosPD/
OD, FD/ OD andTD / OD arethenwritten for specieg as:

PD AOD

o = (1__) e (3.42)

FD 1 e

b = %Zi(E + |E"[) A°P (3.43)

D 1 AOD

oD = ;;(&j_ﬁji) AT (3.44)
zjl

with 7} the temperaturef species in eV. Equations3.42), (3.43)and(3.44) provide a tool to
estimateheimportanceof the diffusiontypesin a plasmasource.

3.7 Results

We will investigatethe influenceof forceddiffusionon a hydrogencascadedrc (CA) plasma.
Sincein a CA theradial pressurdlistribution is ratheruniform, PD will not play arole in that
direction. In axial directionPD canhave a smalleffect (for anargonarcthe pressurelifference
betweerin- andoutletcanreachd x 10* Pa). Thermaldiffusionwill only play animportantrole
if themasdifferencebetweerthespeciess large. An exampleof its influencein anargon-silane
gasmixturein avacuumchambeiatlow pressures presentedn chapter6 of this thesis.

We will focuson the effect of forceddiffusionon the behaiour of the hydrogenCA plasma
for the standarcconfigurationappliedin chapterst and5 of this thesis. Summarisedthe oper
ationconditionsare: a straightCA channebwith radiusR = 2 mm, lengthL = 25 mm, current
I =50 A andinlet flow ¢ = 100 sccs™*.

The radial profiles of the massfractionsat an axial positionof 11.8 mm with and without
forceddiffusionincludedareshawn in figure 3.1. In thecentralregion of the plasmathe effects
onH andH* arethehighest:including FD increasegy with 3% whereagy+ is decreasedtyy
11%. In the outerplasmaregion, nearthe channelwall the effectson H, andH3 arethehighest:
yu, decreasewith 5%, whereasym decreasewith 12%. Theradial profilesof 7, andT}, are
shawn in figure 3.2. The effect of forceddiffusion on the temperaturdieldsis negligible: it is
lessthan0.1% atary positionin the arc. Thisis a resultalsofound by Murphy [93]. Also the
influenceon theflow field (notshawvn) is very small.

Onecanconcludethat forceddiffusion hasits influenceon the compositionin the arc, but
doesnot alter the otherarc propertiessignificantly We gave a recipeto estimatethe possible
influenceof forceddiffusionin section3.6, which provedthatundercertainconditionsit could
beof thesamemportanceasordinarydiffusion. Murphy[93] shavedthatforceddiffusioncould
be of influenceespeciallyin gasmixtureswherethe gaseshave differentionisationenepies.

JNotethatif forceddiffusionis switchedoff, in PLASIMO the effect of the externally appliedelectricfield is
still takeninto accountonly theambipolarinfluenceis neglectedin thatcase.
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Thegenerate@mbipolarelectricfield andthedifferencen electricconductvity usingFrost
formulationandthe self-consistenformulation presentedn this studyareshown in figures3.3
and3.4, respectiely. Theradialcomponenbf theambipolarelectricfield, E¢, shavn in figure
3.3is nearthechannelvall in thesameorderof magnitudeastheexternallyappliedelectricfield:
E, =~ 5 x 10 V m~! andcancertainlynot be neglectedin thatregion. Fromthe comparison
of the self-consistenformulationof the electricconductvity, equation(3.27) andthe formula-
tion accordingo Frost,we canconcludethatthatit is really necessaryo usethe self-consistent
formulation, sinceotherwisea seriouserror is introducedin the arc behaiour: a wrong elec-
tric conductvity implies a wrong electricfield andhasconsequentha seriousinfluenceon the
compositionin thearc.

3.8 Conclusions

We presenteda completedescriptionof self-consistentnulti-componendiffusionin plasmas.
Includedare the two-temperatureharacterf a plasmaandthe influenceof the varioustypes
of diffusion. It is basedon the exact solution of the Stefan-Maxwell equationsas discussed
by Sutton[77] andthe descriptionfor plasmashy Ramsha [78, 79]. Combiningthe work of
Sutton,Ramsha andMurphy [83, 84] the influenceof ordinary pressureforcedandthermal
diffusionaretakeninto account.Theinelasticcollisiontermin the specificmassandmomentum
balancesnot treatedby others,doesindeedhave no influencein the Stelin-Maxwellequations.
A recipeis givenfor estimatingheinfluenceof the varioustypesof diffusionin applicationsin
this way, only the mostimportantdiffusion typescanbe takeninto accountin the simulations,
whichis time-saing.

Theinfluenceof forceddiffusionon a hydrogencascade@rcplasmais investigated Forced
diffusiondoesnotaltersignificantlythetemperaturalistributionin thearc. A biggerinfluenceis
seenin theradialdistribution of themassfractions(maximum11%). It is to be expectedthatfor
gasmixtures(for exampleargon-mercuryin a TL-lamp) with significantly differentionisation
enegies (argon: 15.76 eV, mercury: 10.44 eV) the effect of forced diffusion is larger The
influenceof thermaldiffusioncanbe large whenthe massdifferencedetweerspeciesarelarge
(for examplein an argon-hydrogermplasmaor in an argon-silanegasmixture, seechapter6 of
thisthesis).
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Figure3.1: Theradialprofilesof themassfractionsof H,, H, H* andH; in ahydrogercascaded
arcplasmaatz = 11.8 mm, for two caseswith (OD + FD) andwithout (OD) forceddiffusion.

%:e:e:azaze: Ny OD: |
1y Uy 5—5—5:5:5:5:5\ T
12} \&B{&E\ o T, |
< - B OD + FD: |
mo 10 + A % T 7
2 - e
o sl v T, |
=] L
[oR L
£ 4l
- I
2 -
0 L 1 L 1 L 1
0.0 0.5 1.0 15

Radial position (mm)
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Appendix of chapter 3

In section3.2 we madea remarkaboutambipolardiffusion. The motion of {e} and{h} are
closely coupled,in view of the quasi-neutralitycondition. Diffusion at conditionsfor which
the fluxesof the chaged speciesareequalandj, = 0 (i.e. no externally appliedelectricfield:

E = 0) is commonlyreferredto asambipolardiffusion, seefor exampleMitchnerandKruger
[41] and especiallyGolant et al. [81]. In this casean ambipolardiffusion coeficient D, IS
formulated,which relatesthe diffusion of the chagedspeciedo eachother In mary textbooks
the exampleof athree-speciemixture,containingonly neutralatoms(” A”), positveions(”I1”)

andelectrong”e”) canbefound. Unfortunatelyin amulti-componenimixturetheformulationof
anambipolardiffusion coeficientis muchmorecomplicatedhanthe relatvely straightforward
three-speciesxample. For instancejf negative ions comeinto play (for examplein anoxygen
plasma)the motionof positiveionsis drasticallychanged.

In the treatmentof diffusion, presentedn this study no longer a needexists to calculate
an ambipolardiffusion coeficient; useis madeof effective diffusion coeficients, whereaghe
ambipolarconstraintis alreadycapturedn the formulationof the diffusive massfluxesandthe
currentconseration.

We will demonstratderethatthe applicationof the theoryfrom section3.2 to the standard
textbookexampleof athree-speciemixture givesthe sameresult.

We starpévith equation(3.18) appliedto the positive ion 7, with equation(3.21)substituted.
AssumingE = 0, thatthe electrondiffusive massflux (dueto J, = %JI) andthe inelastic
collisiontermcanbeneglected we get:

aza (T4 i =, - ZPIge (A.1)
Dig \ pa P1

Usingequation(3.10),statingthat , = —J;, we get:

- D — =31
3, = _ Prpalia (HI _ WPy ) (A.2)
PRIZA p

wherewe alsoneglectedtheelectroncontritutionto thetotal massdensityp sothatp* + p; ' =
p/(papr)-

kRamshav [86, 78] did the sameexercisefor his self-consisteneffective binarydiffusionapproximationwhich,
in the derivationof ambipolardiffusionin athree-speciemixture,is notdifferentfrom thediscussiorhere.
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An expressiorfor theambipolarelectricfield E" canbefoundfrom equation(3.28). For this
purposewe alsoneedan expressiorfor the electricconductvity ¢. Dueto their large mobility
thediffusionof electronswill bedominantandit canbeshawvn thatfor thethree-speciemixture
consideredhat:
€ Ne pye A.3)

T e (A.
Substitutingthe expressiorfor D this reducesafter somealgebrato the well-known expres-
siono = e?n./(mevennyQu) givenin the textbooks,with v, = n,Qu whereq is the cross-
sectionandu = (8k71'/mm;;)*/? the meanrelative velocity of the particles.Here,m.;, = m..

An expressionfor the ambipolarelectricfield E’ cannow be found by rewriting equation
(3.28)for the three-speciemixture. However, thisimpliesalot of tediouswork, which we will
not presenthere. A moresimpleapproachs the following. First we sumequation(3.18)over
the heary particles! and A. Knowing thaty",_.. H; = —H, and¥,_.. ¢ip; = —¢epe it follows
that:

[

E' =L H, (A.4)

 Gepe
This expressiorreducedo the standardormulationgivenin literature[41, 81] if oneassumes
zerogradientdn T}, andT. Usingy. < z. in equation(3.17)gives:

L T,V
g o _KlVne (A.5)

ene

whichis exactly thetextbookresult.
Substitutionof equation(A.4) in equation(A.2) gives:

_ p1paDia
PZIZA

I = (H; + H,) (A.6)

If we limit ourselesto thecasewherethegradientsn p, T, andT, arezerowe arrive at:

— Te —
Jr = _LipA (1 + —) DraH; (A.7)
PZIZA T

This equationstatesthat due to the ambipolarelectricfield the ion diffusionis enhancedy a
factorof 1 + T, /Ty, whichis exactly theresultgivenin literature[41, 81].
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Abstract

The plasmasimulation method PLASIMO is usedto investigatethe hydrogencascadedarc
plasmaandto determingheoptimalconditionsfor theproductionof atomichydrogenon fluxes.
For this purposeahighionisationdegree dissociatiordegreeandenegy efficiency arerequired.
Thesecharacteristiparametersre monitoredfor the caseof a flowing hydrogencascadeérc
(CA) plasmain local thermalequilibrium and comparedwith available experimentalresults.
Optimisedare operatingconditions(inlet flow andappliedcurrent)aswell asthe geometrical
configuration(arc length, radiusand shapeof the arc channelwall). It is concludedthat the
prospectarevery goodto usea hydrogenCA plasmafor the studyof divertorlike plasmas.

4.1 Intr oduction

A generalplasmasimulationmodel, PLASIMO [34], is constructedn the group Equilibrium
and Transportin Plasmasat the Eindhoven University of Technology It is a fluid modelfor
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multi-componenplasmasjn a wide pressureange(10* to 10° Pa), from LTE (Local Thermal
Equilibrium) to non-LTE, andwith differentenegy couplingmodes.Consequentlyapartfrom

the numericalsimulationof plasmasn the cascadedrc (CA) [34] which is driven by a direct
current,it canbe usedalso for numericalsimulationof inductively coupledplasmagICP, see
[43]), the QL-lamp [33, 44] and microwave inducedplasmas. The main assumptionsithin

the PLASIMO methodarethattheflow is axi-symmetric steadyandlaminar Furthermorethe
plasmas assumedio bequasi-neutralAn extensve descriptiorof thephysicalmodel,numerical
implementationand the iteration procedures givenin [34]. It alsoprovidesa descriptionof

PLASIMO'’s capabilities limitations and an applicationto an argon cascadedrc plasma. For

the CA applicationa one-dimensionaglectricfield formulationis used.

In this studythe sameconfigurationis consideredCA) for a differentfeedgas: hydrogen.
We will limit oursehesto anLTE description.Thereasondor this arethe following. For argon
in [34] deviationsfrom LTE wereobsenedonly closeto thewall. Furthermoreassuming_.TE
reduceghe compleity of the mixture considerablyFinally, the enegy exchangebetweerelec-
tronsandhydrogerspeciess moreeffective thanbetweerelectronsaandargonspeciesdueto the
smallermassof hydrogencomparedo argon. This implies thatthermalequilibriumis a better
approximationin a hydrogenCA thanin anargon CA. However, the small hydrogenmasshas
the disadantagethatthe ambipolardiffusion coeficientis largerthanfor argon. Consequently
it is to be expectedthat deviationsfrom the ionisation-recombinatioequilibrium asprescribed
by Sahawill belargerthanin theargoncase.A fundamentatiscussioraboutnon-equilibrium
aspectsfocusedon ICP andMIP plasmascanbefoundin [97]. Since,in contrastto the argon
CA, theradialtemperaturerofile in ahydrogenCA plasmais mainly determinedy theassoci-
ation/dissociatiorequilibrium, possibledeviationsfrom Sahaarenot expectedto be a problem.
Therefore this studyis confinedto the radial temperatureorofile and how this determinegshe
dissociatiordegree.

Comparedo argon the radial temperatureprofile in the hydrogenarc will not be approx-
imately parabolicbut will be thermallyconstricted,.e. it consistsof onecentralpeakandone
plateawattheperiphery We will usetheterm”sombrero-like profile” for thistypeof distribution.
This profile is primarily dueto the changan thermalconductvity, for whichin thetemperature
rangeof interest,two peaksexist: onedissociationpeak(H, — 2H) andoneionisationpeak
(H — HT). Thishasconsequencesr theplasmacompositionn thearc. For agonthe effective
radiusfor the active plasmazone(i.e. wherethe enepgy couplingtakesplace)is almostequal
to the channekadius[98], whereador hydrogenthe active plasmazonewill be constrictedo a
smallregion aroundthe symmetryaxis. The remainingnon-actve zonecanbedividedinto two
regions: a region wheremainly atomic hydrogenexists and a region wheremainly molecular
hydrogenrexists. Thelastregion is locatednearthe channelall, the atomichydrogenregionis
locatedbetweerthe active zoneandthe molecularhydrogerregion. Experimentallythethermal
constrictionwasobseredby Kesselset al. [99] who looked at the effect of admixinghydrogen
in anargon CA plasma.Otherauthorswho mentionthe”sombrero”profile arefor exampleVer-
boom[100] whoinvestigatedheenegy balanceof ahightemperaturarcdischagein hydrogen,
Qing etal [101] andDresvin[102]. The"sombrero”profile is not seenin for examplethethe-
oreticalwork of ScottandIncropera103] who did notincludemoleculesandasa consequence
sawv a parabolic-like temperaturerofile (like in agon, see[34]).
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Theinvestigationin this studyis motivatedby the CA beinganinterestingsourcefor anex-
pandinghydrogenplasma. In sucha configuration,a CA plasmaexpandssupersonicallyn a
chambematlow pressureSucha plasmaproducesigh densitiesandhigh flow velocities,result-
ing in high particlefluxes. Therefore expandinghydrogenCA plasmasanbeusedin avariety
of applications.They canproduceatomichydrogenwhich is importantfor the chemicaltreat-
mentof surfacesand archeologicakrtifacts[10]. Furthermorethey canproducehigh atomic
hydrogenon fluxeswhich canbe usedfor approximatinghe operationof divertorplasmaspne
of thefieldsof interestof the FOM-Institutefor PlasmaPhysicsRijnhuizen’. Thisinstitutepar
ticipatesin theEuropeamnresearclprogrammeonthegainof enegy outof nuclearfusion. To this
enda Tokamak-plasmas used[104]. The Tokamakconsistsof a toroidal vacuumchambelin
which hydrogengasis injectedwhich is ionisedto form the plasma.The plasmais confinedby
anexternally appliedmagneticfield. Oneof the mainconcerndor the future useof a Tokamak
reactoris the exhaustof heliumandimpuritiesfrom thereactorf105]. For this purposetheout-
ermostzoneof the plasmais divertedinto the so-calleddivertorchamberHere,highion power
fluxes (~ 10 MW m~—2) onto materialin contactwith the plasmawill leadto strongevapora-
tion of surfacematerial,which considerablyeduceghedivertorlifetime. Thisis anintolerable
situation,which may be relieved however, by the generatiorof a strongly radiatingplasmaof
high densityand low temperature.Sincea divertor is not easyto accessjn-situ experiments
onit in a Tokamakreactorarenot possible.It may be an optionto usea hydrogenCA plasma
(which alsoapproximates deuterium-tritiummixture) thatexpandssupersonicallyn avacuum
chamberat low pressurg< 10 Pa) to investigatethe influenceof high power fluxesonto the
divertor surface. For this purposethe plasmacreatedoby the CA shouldhave anion power flux
comparablavith the Tokamaksituation:10 MW m~2. Up till now, it wasnotknown whetheror
not this is possible. To investigatethis possibility PLASIMO is usedto predictan optimalion
power flux in a hydrogenCA plasmaby optimisingenegy efficiency, dissociationdegreeand
ionisationdegree. Optimisationof theseparameterss achieved via differentsetsof operating
conditionsandgeometricaparametersf the CA. Thesecaneasilybe handledwith themodular
PLASIMO-code se€[34]. This studyis limited to thedifferencedrom [34]. Thefeaturesof the
CA configurationaregivenin section4.2 (configuration)andsection4.3 (composition).In that
sectionthe principle of transitiontemperatureandhow they determinghethermalconductvity
profile andconsequentlyheradialtemperaturgrofile in the CA is discussedTheresultsof the
numericalsimulationsarevalidatedwith availableexperimentaldatain section4.4in which also
alimited sensitvity analysids presented.

4.2 Configuration features

4.2.1 Plasmasourceand geometry

The wall-stabilisedCA [61, 62] is usedas a plasmasource. A CA with a conically-shaped
channelis depictedin figure4.1. It consistsof threecathodegpositionedin a cathodehousing,
a stackof electricallyisolatedcascadeglates,andananodeplate. The cathodesaresharpened
pins of thoriatedtungsterandarepositionedconcentricallyin the cathodehousing.The copper
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cascadeplates,with athicknessof 5 mm, have a centralborewhich formsthe plasmachannel.
Theplatesareelectricallyisolatedby boronnitride spacingringswith athicknessof 1 mm. The
modularset-upof the CA (basicallyjustastackof cascad@lates)makesit very easyto designan
arcof differentlengthor with avaryingchannediameter Thelengthof the CA canbevariedby
varyingthenumberof cascad@latesbetweerthe cathodeéhousingandtheanodeplate. By using
CA plateswith differentboreradii thechangingchannetdiameteiis achieved. In figure4.1afour
plateCA is depictedwith a plasmachannelengthof 25 mm andwith varyingchanneldiameter
In the anodeplatethe nozzleplug is scraved, which bore canhave differentshapegto change
the shapeof thejet asit expands).An additionalpoint of concernis the thermalstressendured
by the cascadeplates,sincedifferentbore radii imply differentsizesof the cascadeplatesand
consequentlgifferentcoolingcapacity For adetaileddiscussiorof this subject seePijpers[18]
who madea modelto predictthe heatload of the CA platesfor high powerarcs.

: cathode housing: copper

: cathode holder: copper

: cathode tip (3x): thoriated tungsten
:isolation: see 9 - 12

: cascade plate: copper

: anode plate: copper

: nozzle plug: copper

. gas entrance dannel: copper

O~NO U, WN B

Computational domain

1f 9: spacing ring: PolyVinylChloride (PVC)
12 10: vacuum seal: Viton O-ring
10 11: shielding ring: boron nitrid

12: plasma channel

Figure4.1: A four-plate cascadedrc configurationwith differentboreradii. The dottedline
representghe partof thearcthatis consideredn the numericalsimulations.

During operationhydrogengasis fed througha massflow controllerinto the cathodesideof
thearc. A currentis dravn from the cathodego the anodeplate. Dueto this currenta plasma
is createdinside the CA. The plasmaflowing throughthe channelis acceleratednd expands
supersonicallyatthe anodesideinto achambematlow pressure.

The configurationconsideredn the numericalsimulationswasalreadydiscussedn [34]. A
uniformgrid of 29 (axial) x 113(radial)grid pointsis used.Theconfiguratiorthatis usedasthe
"standardconfiguration”in this studyis givenby radiusR = 2 mm (straightarcchannel))ength
L = 25 mm, current/ = 50 A (currentis input parameternot power), andinlet flow ¢ = 100
sccs L. In this studythe CA configurationis optimisedby tuningthe lengthandradiusof the
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plasmachannelthe shapeof the channelwall, theinlet gasflow, andtheappliedcurrentthrough
the CA. Althoughin practicediscontinuousdgesexist betweenCA plateswith differentbore
radii, in thenumericalsimulationghe channelwall will be keptcontinuousFor this purposeuse
wasmadeof a polynomialfunctionto describethe shapeof the channelwall.

4.2.2 Boundary conditions

The appliedboundaryconditionsfor the hydrogencascadedrc plasmaarelistedin table4.1.
As canbeseenin table4.1we assumeéhatthe velocity profilesatinlet andoutlethave a simple
power law shap€l — (r/R)"]. At theinlet we assumehatn = 2. Themaximuminlet velocity
attheaxis(r = 0) u* is dictatedby the massflow ®;, andmassdensityp;, attheinlet:

Rin T 2
b, = 27ru$ax/ Pin [1 — < ) ] rdr (4.2)
0 Rin

wherer is the local radial positionand R;, the radiusof the plasmachannelat the inlet of the
CA. Themassflow ®;, in equation(4.1)is calculatedrom theflow, temperatur@andpressuret
theinlet. Theinlet temperaturd?, = 2000 K. Themaximumvelocity at the axisof the outletis
gt Sincethehydrogerplasmaexpandssupersonicallynto avacuumchambegtlow pressure,
attheoutletatr = 0 aMachnumber(M) of oneis assumedThe exactvalueof M attheoutlet
doesnot have a large influenceon the numericalresults,aswasshavn in [34]. FromtheM =1

conditionu23* is calculated:M = u, /usound, With the velocity of soundug,.,q definedas:

out
op
ugound = (8_/)) . (42)

with p the massdensityof the plasmaandp the pressure The subscriptson theright handside
of equation(4.2) denoteconstantentropy (s) andconstantonisationdegree(a). The effect of
differentexponentiafactors: in thevelocity powerlaw structures negligible, aswasalsoshovn
in [34]. ChangandRamsha [65] alsofoundthatn = 5 wasbestfor their simulations.For the
pressuretinlet andoutleta constantxial componenbdf the pressuregradientis assumedThe
constant' is updatedduringtheiterationprocess.

As canbeseenin table4.1the heary particletemperaturat the channelwall T.; is deter
minedfrom the equality of the heatflux from the plasmato the wall andthe heatflux from the
wall to the coolingwater(with temperaturd’,,); R is thelocal radiusof the plasmachannelj.e.
a constantin the caseof a straightplasmachannelanda function of axial positionin the case
of avarying channelradius. We do not take into accountthe whole cascadeplate but only the
partbetweerthe plasmachannelandthe cooling waterchannelinsidethe cascadelate, repre-
sentedby distanced,, = 12 mm (whereasl.0 mm < R < 3.0 mm). The temperatureof the
coolingwateris estimatecat 7, ~ 320 K, which is the experimentallydeterminecupperlimit
asmeasuredby Qing [106]. Abovethislimit meltingof theplastictubesconnectinghecascade
platesandthewatersupply wasobsered. Thethermalconductvity of the copperchannelwall
is almostconstantn thetemperatureangeof interes{107): A, ~ 360 W m~! K=!. Thethermal
conductvity of theplasmal, is determinecatthewall reciprolely following Patankaf46]. The
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differentapproactof Bourdinetal. [108] using\ = L__ [l X\(T)dT leadsto temperatures

Too —Twall wall

above themelting point of copper(1356K [107]).

Table4.1: Boundaryconditionsappliedto the LTE hydrogencascadedarc plasma. The pres-
sureis p, u, andu, arethe axial andradial velocity componentsyespectrely, T is the plasma
temperature.

Par. | Inlet Outlet AXis Channelall

n-ai=20
U | U =0 % =0 u, =0
— 1 (9_T — 6_T — B_T — )\w(Taquwall)
T T =T 8z — 0 ar — 0 )\Plan - Rln(%)

4.3 Composition features

4.3.1 Equilibrium composition

Molecularhydrogengas(H,) is injectedat the cathodesideof the cascade@rc. Downstreanof

this pointamultitudeof reactionscantake place resultingin variouspossiblereactionproducts.
In this studyweinitially takeinto accounthespeciedd, H,, H*, H=, andH3 . In LTE thenumber
densitiesof the electronsand different hydrogenspeciesare coupledthroughthe analytically
prescribeddegreesof ionisationand dissociationvia the Sahaequationand Guldbeg-Waage
equationrespectiely. Both arereactionsof the sametype. This s illustratedconsideringthe
following generalisedeactionbalance:

AB+ (E) < A+B (4.3)

whereAB is the'dissociating’molecule,A andB arethe’dissociation’productsand E is the
reactionenengy. If equation(4.3)is usedto describeheionisation/recombinatiobalanceA can
betheH™ ion andB theelectron.Thereactionenegy E canplay therole of dissociatiorenegy
(Hz+ (En,52n) <+ 2H), ionisationenegy (H+ (Enen+) < HY +e, Ho+ (Ey, 1) € Hi +e)
or detachmenenegy (H + e + (Egen-) < H).

In equilibriumthe elementarymassactionlaw [68, 109 leadsto therelation:

h ", ( b ) (4.4)
= _———— X e — .
AR = AT\ skl ) P\ kT
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with 7; = n;/Q;, n; the numberdensityand@; the partitionfunction of species (i.e. AB, A or
B), k; is Boltzmanns constanaindh is Plancks constantThetermV = (h/v/2mmagk,T)? rep-
resentghe thermalde Broglie volume. It is the cubeof de Broglie wavelengthh //2mmagksT
in which/2mmagk,T canbeseemsanaveragedmomentunof thereducedmassmag (map =
mamg/(ma + mg)).

Togetherwith the equationof state(p = Y, n;kyT;) andthe assumptiorof quasi-neutrality
(> Zin; = 0, with Z; the chage numberof species), equation(4.4) analytically relatesthe
numberdensitiesof all the speciegpresenin the hydrogemmixture.

For the partitionfunctions@ of the specieshe sameformulationwasusedasgivenby Chen
andEddy[110]. Therotationalandvibrationalconstantsisedn thesesxpressionsretakenfrom
RadzigandSmirnor [111]. We assumeéhattherotational vibrational,electronicexcitationaland
translationatemperaturesf theelectronsandheary particlespeciesareequal.ln thesimulations
the pressuraangesfrom approximatelyl0® to 10* Pa. The equilibrium compositionfor these
two valuesof the pressureasa function of temperaturés shovnin figure4.2.

As canbeseenin figure4.2,thedominantspeciesat low temperature§l’ < 7000 K) areH,
andH andat highertemperature$§7000 K < 7' < 20000 K) HandH™*. TheH™ ion is by farthe
mostdominantion, with theH* ande densitiesn figure4.2almostequal. Thenumberdensities
of Hf andH~ areapproximatelyfour ordersof magnituddower thanthe electrondensity Due
to thelow dissociatiorenegiesfor heavier molecularionsH; andH; (notshawn in figure4.2)
andthe relatively high plasmatemperaturesthe exponentin equation(4.4) is small, implying
that theseions (aswell asHJ) are destructedvery rapidly and very easily Therefore,in the
following it is justifiedto considemnly the speciedH,, H, HT ande.

4.3.2 Transition temperatures

We will now take a closerlook at equation(4.4). SiNCE€ MR jonization <K MAB,dissociation 10T
ionisationof H (H + e <+ H™ + 2e, thesameis truefor theionisationof H; ) anddissociatiorof
Hy (He + X < 2H + X, with X = e, H or Hy) andapplyingequation(4.4),immediatelyreveals
that at the sametemperaturé/onization => Vaissociation- AS & direct consequencey, /munmn <
nu/nu+ne, Neglectingatthis pointthe differencebetweerionisationanddissociatiorenegy. We
canconcludethatat the sametemperaturdandsamereactionenegy), thedissociatiordegreeis
muchlargerthantheionisationdegree.

Furthermore,a statemenican be madeon the temperaturevaluesat the transition points
Tiransition (@lSOshavn in figure4.2),i.e. the pointsthataredefinedby nag = na with AB ~ H,
andA, B ~ H for thedissociatiorof H, andAB ~ H andA ~ H*, B ~ e for ionisationof H.
Substitutingnag = na in equation(4.4) gives:

_ _Qas
QAQB

Thereare two dominantfactorsin the right handside: first, obviously the exponent. Since
theionisationenegy of H (13.6eV) is muchhigherthanthe dissociationenegy of H, (4.478
eV) the ionisationtransitionpoint is locatedat much highertemperaturehanthe dissociation
transitionpoint. Secondpf importanceas thereducednassappearingn V', which, asdiscussed

1

ngV exp (L) (4.5)

kbﬂransition
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Figure 4.2: Equilibrium compositionin a hydrogenplasmaatp = 10® Pa (top) andp = 10*
Pa (bottom). The transitiontemperaturdor the dissociation/associatioequilibrium of Hy is
Tiransition1, fOr theionisation/recombinatiosquilibriumof H it iS T ansition2-

before,differs ordersof magnitudefor dissociationandionisation. Finally, ascanbe seenin
figure4.2,thenumberdensityn g is approximatelyconstanin the temperatureangeof interest:
ng+r ~ 102! m=3 andny ~ 10%® m=3, bothatp = 10* Pa, sothatequation(4.5) is only very
weaklydependenonnp.

By rewriting equation(4.5) anexpressiorfor thetransitiontemperaturés derived,usingthat
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for thedissociatiorof Hy, andtheionisationof H nag = na = ng, sothatng ~ p/3kT"

E

(4.6)

ﬂransition =

A roughestimationfor the averagevolume V' andthe ratios of the partition functionscanbe
made,which togetherwith the reactionenegy, givesus anestimationof the transitiontemper
atures.As aresult,it is easilyshowvn thatthe H, dissociationpeakis locatedat a muchlower
temperaturehanthe H ionisationpeak.

Due to the weak dependenc®f the transitiontemperaturel; . sition ON the pressurgsee
equation(4.6)) the valuesof T, ..sition @re almostthe samefor the two pressureshovn. The
transitiontemperaturesarevery important,sincethey determinethe locationof the peaksin the
thermalconductvity profile. This will be clearuponcomparingfigure 4.2 with figure 4.3 in
section4.3.3. The thermalconductvity profile determineghe radialtemperaturerofile in the
CA, whichwill bemadeclearin section4.4.1.

4.3.3 Transport coefficients

The electricalconductvity ¢ is determinedusing Frost’s mixture rules[57]. Thethermalcon-
ductity of the mixture Ay, IS written asthe sumof a frozencontribution A (if the chemical
reactionsare’frozen’), anelectroncontritution A, andareactve contribution A, (dueto chem-
ical reactiondeadingto a shift of the equilibrium). The frozencontritution (andthe viscosity)
is calculatedwith the mixture rulesgivenby MitchnerandKruger[41] usinghard-sphereross-
sections.Also the electroncontribution is calculatedusingthe mixture rule given by Mitchner
andKruger, its contritutionin anLTE plasmaatthetemperatures/e expectandatthelow pres-
sureused|jsrathersmall. Thereactve partis calculatedusingtheapproachof ButlerandBrokaw
[112]. In this approaclthe binary diffusion coeficientsarecrucial. In principle,they arebased
on collision integrals. However, we usehard-sphereross-sectionbecausef greatdifferences
in reported), whendifferentcollision integralsare used[5]. Due to this "confusion” we use
hard spheresand save computationakffort [2]. A limited sensitvity analysisis performedon
ourfinal resultsto gaugethepossibleinfluenceof usingdifferentcollisionintegrals(i.e. potential
parameters)The pressuralependencef A, is shovn in figure 4.3 for pressuresf 10 Pato
105 Pa.

Comparingfigure 4.2 with figure 4.3 revealsthatthelocationsof the transitiontemperatures
determinghelocationsof the dissociation/ionisatiopeaksof the thermalconductvity. In turn,
the thermalconductvity will determinethe radial temperatureprofile in the CA. This will be
discussedn sectior4.4.

4.3.4 Sourceterms

The total enegy balanceof an LTE plasmarequirestwo sourceterms,the Ohmic power input
Pyput @andtheradiationloss Pr,q. Pyt IS calculatedn the sameway asin [34]. Theradiation
losstermis dividedin threeatomiccontrikbutions, free-freeradiation(i.e. BremsstrahlungPg,
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Figure4.3: The temperatureglependencef the thermalconductvity A.a Of anLTE hydrogen
mixturefor threevaluesof the pressure.

free-boundadiationPy, andline radiationP;,... Py and Py, aretakenfrom MitchnerandKruger
[41]. By, istakenfrom VanderMullen [68], with the populationsof all excited statesof atomic
hydrogengovernedby the Boltzmannrelation, whereasthe density of the ground stateof H
is determinedin the numericalmethod(seesection4.3.1). It is assumedhat the plasmais
optically thin, exceptfor strongabsorptionn the Lymanserieswhich is usuallycloseto actual
experimentalconditionsaccordingo Drawin [113]. The choserescapdactorsA for theLyman
seriesaretaken constanandread[114]: Ay; = 1074, A3y = 1073, Ay; = 1072, A5y = 1071,
Ag1 = 0.3. For all othertransitions(including free-bound)A = 1. SincetheH™ densityis much
higherthanthe HJ densityit is reasonabléo neglecttheradiationlossesn theH, - Hj system.

4.4 Resultsand discussion

4.4.1 Number density and temperature distrib ution

In figure4.4theradialprofilesof thenumberdensitieof Hy, H andH ™ areshavn attheoutletof

the CA, for the standardcconfigurationdescribedn section4.2.1. In the centreof the hydrogen
CA plasma(in all simulations)a high concentratiorof hydrogenions exists, from the central
region to the channelwall a high concentratiorof atomichydrogenis found, whereagowards
thechannelvall theconcentratiorof molecularydrogerbecomesiominant.Theradialtemper

atureprofile atthe outletof the CA is presentedh figure4.5. The”’sombrero”profile, consisting
of a strongcentralpeakanda plateauat the periphery s clearlyvisible. This thermalconstric-
tion is causedy the strongdissociatve peakof thethermalconductvity ataround3000K. The
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temperaturg@rofile is almostfully determinedy the heatconductvity of the hydrogemmixture,
sinceradiationlossesaresmallandthereforethe heattermin theenepgy balancds thedominant
sourceerm. Comparingigures4.4and4.5shavsclearlythatthe exponentialdecreasef theH,
numberdensityaroundr = 1 mm coincideswith the transitionfrom thelow-temperatureegion
nearthe peripheryto the high-temperatureegion aroundthe symmetryaxis, wheredissociation
is almostcomplete.

4.4.2 Optimal fluxes

Thetaskis now to find thoseconditionsfor which the effective power coupledinto the plasmais
large andfor which the molecularhydrogerregion is unimportantsothatthe H andH™ yield is
large. For this purposehe following parametersveremonitoredat the outletof the CA:

e Enepy efficiengy n, definedasn = Ppiasma/ Pinput, With Pinpue the Ohmicinput powerand
Plasma the power effectively coupledinto the plasma: Pjasma = Pinput — Ploss: Herethe
total powerlossis Poss = Prag + Puater, thatis thesumof the power lossdueto radiation
P..q andthelossdueto heattransferto thechannewall P, ,;e;.

e Dissociationdegree, definedas = ¢n out/Protal,ont, With @ieal the protonflux, thatis
thetotal numberof protonsin H, H* plusthe protonsthatareboundin H, leaving the CA
perunit of time. Soin factwe arelooking atthefractionof incominghydrogeratomsthat
arenot boundin moleculesbut exist asfreeradicals(¢sotar.ont = 2¢H, in)-

e lonisationdegreec, definedasa = @u+ out/ Ptotal out-

To optimisethe CA for high ion power flux, n, o and 5 have to be as high as possible. An
approximaterelationshipbetweenc, 5 and Pp,sma Was previously derived by De Graaf et al.
[115] assumingthat the power effectively coupledinto the plasmais balancedby the power
neededor heatingof theflowing plasmapP,..;, for dissociationPy;s; andionisationP,:

Pplasma = Bieat + Paiss + Pion (47)

An upperlimit for P, iIs madeconsideringhethermalenegiesof thespecies:

) 3 3 3
Pheat = S0H2,out§kbATH2 + QOH,outEkbATH + §0H+,0ut§kbATH+ + Pe,out EkbATe (48)

Thepowersusedfor dissociationPy;s; andionisationP,,, aregivenby:

Piiss = 590H2,inEdiss (4-9)
Pion = 2Of(sz,inE’ion (410)

Themoleculesareassumedo beatatemperaturef 0.4eV sincedissociations almostcomplete
above this temperature.The atoms,ions and electronsare assumedo be at 1 eV. Combining
equationg4.7)to (4.10)gives:

Piasm
—Plemd _ 4 1 6.58+32.2a  (eV) (4.11)
€PH,,in
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Figure4.4: Radialprofile of thenumberdensitiesat the outletof the CA for the standardatonfig-
uration:I = 50 A, L = 25 mm, R = 2 mmandy = 100 sccs!.
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Figure4.5: Radialtemperaturerofile atthe outletof the CA asa functionof inlet flow (I = 50
A, L = 25 mm, R = 2 mm, straightCA). Sincethe transitiontemperaturgs only weakly
dependenbn numberdensity the temperaturen theregionr > 1.2 mm s approximatelyequal
for all flows.

with e theelementarychage. Thisrelationshipvasusedby De Graafetal. [115 andQing[116]
to determines. For this purposel,,sm, Was calculatedfrom the measuredP,py; and Pyater
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whereasy wasusedasa parameteto determineanupper(a = 0%) andlowerlimit (o« = 2.5%)
of 5. Theavailableresultsof thesecalculationsare plottedtogetherwith the simulationsin the
next figures.

The LTE modelasdescribedn this study canbe usedfor anoptimisationstudy Therefore,
simulationsareperformedfor a straightarcwith different

e radiusandlengthof the plasmachannel;

e appliedcurrent;

e inlet gasflow.
Theresultsarepresentedn figures4.6to 4.11.
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Figure4.6: Paver balanceasa function of theinlet flow (I = 50 A, L = 25 mm, R = 2 mm).
Experimentscross:Pipys; PIUS: Pyater bothaccordingto De Graafetal. [115].

Comparingthe simulationresultswith the experimentalresultsof De Graafand Qing in
figures4.6to 4.8 shavsthat:

o Thevaluesof P,y and Py, resultingfrom the simulationsincludedin figure 4.6 com-
parevery well with the experimentalalues.

e Thepredictedenegy efficiency n, shavnin figure4.7,is in the samerangeasthe experi-
mentalvalues.

e The predictedvaluesof the dissociationdegree 3 (seefigure 4.8) aretoo low compared
with the valuesmeasurediy Qing and De Graaf. Of coursethe calculationof g from
the experimentsj.e. by usingequation(4.11),is not without dangerbecausef the bold
assumptiorusedin its derivation, thatatoms,ions andelectronshave a temperaturef 1
eV. Thismaybetruein thecentreof the CA plasmafor theatomsandions(in thestandard
conditionfor r < 1 mm), but certainlynot outsidethatregion (seefor examplefigure 4.5).
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Figure4.7: Enegy efficieng/ n asa functionof theinlet flow (I = 50 A, L = 25 mm, R = 2
mm). Experimentscross:De Graafetal. [115]; diamond:Qing [116].

Whatspeaksagainsthe predicteds is that,asa consequencef assumind-TE in the CA,
the predicteds will probablybe too high. This is becausahe wall associatiorprocess
H + H — H, (wherethewall senesasthethird particle)is expectedto increasethe H,
numberdensitynearthewall considerablyandthereforewill reduces.
Concluding,asfar asexperimentaresultsareavailable,the trendsfor the predictedpowersand
enepy efficiengy aresatishctory exceptfor thedissociatiordegree.
For anoptimal«, 5 andn thefollowing conclusioncanbedravn:

e It is difficult to determineoptimal flow conditionssinceflow hascontrastingeffectsonn
(seefigure4.7)ande;, 3 (figure4.8). At low flow ratethepowerinputpersccs! hydrogen
gasis maximumandthereforehighestvaluesfor o and areachieved(flow < 20sccs™).
At higherflow ratesthe Ohmicinput power Py, remainsconstantwhereasheheatloss
to thewall P, decreaseslightly. Thereforehigh n requireshigh flow rates.However,
the decreasen « is larger thanthe increasein n, which meansthat the ion power flux,
definedas anP,,,ui /A with A the areaof the outlet opening,would drop for high flow
rates. Therefore usinglower flow rates(< 50 sccs™!) is moreeffective to produceions
thanhigherflow rates.

e By applyingmorecurrentwe seein figure4.9thatthemagnitudeof Pi,put, Puater 2N Prag
increase. However the ratio betweenthemdecreaseslightly. Thereforehigher current
meansa higherpowerinputwithoutabetterefficiengy. Neverthelessathigh currenta. and
B increasesoit is still preferableo have ahigh current(preferably= 70 A).

e Fromfigure 4.10 we seethat the channelradiusshouldbe small (< 2 mm) but not too
small, sincethe smallestpossibleradiusdepend®n the heatload of the plasmachannel
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Figure4.8: Degreeof ionisationa: anddissociations asfunctionsof theinlet flow (I = 50 A,
L =25 mm, R = 2 mm). Experimentscross:De Graafetal. [115]; diamond:Qing[116]. The
errorbarsdenotethe upper(a = 0%) andlower limit (o = 2.5%) for (.

wall. This load increasessignificantly (and consequently; decreasesyvith decreasing
channekadius.lIt is alsoto be expectedthat possiblenon-LTE effectsplay a moreimpor-
tantrole for smallradii.

e Thepower neededo generateandsustainthe plasmais determinedy the arclength: the
longerthearcthemoreinputpoweris neededasis seenn figure4.11. Combinedwith the
smallincreaseof n for smallarclength,thearclengthshouldbechosersmall( preferably
< 25mm).

Simulationshave alsobeenperformedfor two differentconically-shaped¢hannelwalls and
arecomparedwith the resultsof the simulationsfor the straightarcwith R = 1.5 mm, which
we call configurationA. The polynomialboundaryfunctionsusedarefor configurationB: R =
1.5 + 3£2 — 2.1€3 andfor configurationC: R = 1.5 + 4.5¢? — 3¢3 with R in mmand¢ = z/L
the normalisedaxial coordinate(z is the local axial position). They areshown in figure 4.12.
Theradialtemperaturgrofilesattheoutletof the CA asafunctionof normalisedadialposition
7/ Rout fOr the threeconfigurationsare comparedwith eachotherin figure4.13. It is seenthat
theactive plasmazonedecreasegelatively with increasingateof changeof the channeradius.

The power balancedor thethreeconfigurationsareshown in figure 4.14. The characteristic
parametersy, 5 andn areshown in figure4.15. Theseresultsshawv the following: simulations
performedusingdifferentchannelgeometrieshow thatthe heatload of thewall decreasewith
increasingrate of changeof the channelradiuswhereaghe input power is almostconstantso
thatn increasesHowever, 3 anda decreassignificantly 3 from 42.2% for configurationA to
36.3% for configurationC, anda from 1.7% to 0.7%. Thisimpliesthatusinga conically-shaped
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sccs™!, L = 25 mm, R = 2 mm). ExperimentsDe Graafetal. [115].

arc channelis not an option unlessthe increasen the output power perion is larger thanthe
decreasén theionisationdegree.ComparingconfigurationA with configurationC, o decreases
a factorof 2.4 whereas increasea factorof 1.4, so a conically-shapedrc channelis not an
option.

For a CA thatprovidesoptimal conditionsmentionedabove (we have chosen:R = 1.5 mm,
L =25mm,I = 70 A andy = 30 sccs!), theion power flux at the outlet of the CA is
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approximatelys0 MW m~2.¢ Anotherideafor changingthe channelgeometryis geometrically
pinchingthe arc by usinga corvergent-dvergentnozzle: the plasmachannelcorvergesto the

pinchlocationanddivergesafterwards. The consequencest this approacHor anargon plasma
areshovn by Burm et al. [42]. Theapparentesultfor anargonplasmais a significantincrease
of theionisationdegree.

2The effect of the expansionof the CA plasmainto a vacuumchamberon theion power flux is not part of the
presenstudy It is to be expectedhattheion powerflux of the plasmawill belower atthedivertorplate.
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4.4.3 Sensitvity analysis

Sincethe thermalconductvity A IS the mostimportantparameteiin the simulations,and
becausehereis someconcernaboutthe validity of the actualvalueused,we will now focuson
the sensitvity of the characteristiparametersy, 3, 1, Pnput and Pyager t0 Variationsin Agopa-
The major contrikbution to A1 IS the reactve thermalconductvity ), thatis the contribution
to the thermalconductvity dueto chemicalreactions(ionisation,dissociation). Thereforewe
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investigatethe sensitvity of the simulationresultson varying the heightsof the dissociation
andionisationpeakof ),. The dissociationpeakwasindependentlyincreaseddecreasedpy
decreasindincreasing)the neutral-neutratollision diameterd,, by 50%. The samewasdone
for the ionisation peak by changingthe collision diameterd; for collisions involving one or
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two chaged speciesagainby 50%. The only other parametethat could have someinfluence
is the thermalconductvity of the copperwall )\,,. Thereforealsothe influenceof varying A,
by 50% on the characteristigparameterss investigated. Increasing(decreasing)\,, by 50%
decrease@ncreasespP,.i.. andconsequentljncreasegdecreases) (maximumincreases 11%
for n). Varyingthe heightof the dissociationrandionisationpeaksof A\, hasa largerinfluence:
decreasindincreasing}the peaksncreasegdecreases) andr (variationin « is approximately
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50%, for 7 it is 25%). Thevariationin £ is smaller(around10%).

4.5 Conclusions

TheplasmasimulationmethodPLASIMO hasbeenusedto studythecompositionin ahydrogen
CA plasmaandfor finding anoptimisedCA configurationwhich produceshydrogenon power
fluxes of at least10 MW m~2. High ionisationdegree «, dissociationdegree 3 and enegy

efficiengy n arerequired. It is found thatfor this purposethe arc shouldbe short( < 25 mm)

andhave asmallchanneradius(< 2.0 mm). Not too small,becausé¢he heatloadof thechannel
wall increasesindtheefficiency decreasewith reducingthe channeradius.Theappliedcurrent
shouldbehigh (~ 70 A), but nottoohighsincethenthedecrease 7 is largerthantheincreasen

«. Theflow rateshouldbe smallsincetheincreasen « for low flow rateshasalargerimpacton

theion power flux thanthedecreasén n. Theestimatedon power flux is 50 MW m~2 for aCA

thatsatisfiegheseconditions(R = 1.5 mm, L = 25 mm, I = 70 A andy = 30 sccs!), which

is above thedemandof 10 MW m~2. A possiblefurtherincreasen theion power flux hasto be
foundin geometricallypinchingthe arcinsteadof usinga conically-shapedhannelgeometry
In conclusionthe CA presentstself asanexcellentcandidatdor divertorexperiments.
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Abstract

The multi-componentfluid computationaimethodPLASIMO is usedto simulatea hydrogen
cascadedrc plasmafor local thermalnon-equilibrium(non-LTE) conditions. The resultsare
comparedwith the resultsof the LTE simulationspresentedn our previous paper[117]. It is
found that especiallyin the centralplasmaregion thermalnon-equilibriumis presentwhereas
in thechannelwall region thermalequilibriumis reachedIn contrasto [117], only theelectron
temperatureshavs a "sombrero”profile. The differencedetweernresultsof LTE andnon-LTE
simulationsare a resultof the assumptiongndrestrictionsof the non-LTE modelor the non-
validity of the LTE assumptiorof [117]. Furthermoreijt is foundthatH; playsamajorrolein
the hydrogenplasmaasan "intermediate”’speciesalthoughits numberdensityusuallyis very
small comparedo the numberdensitiesof the other species. Especiallyits influenceon the
numberdensitiesof H andH, is huge. Thewall reactioncoeficient vy, for thewall association
processH + H + wall — H, hasa large influenceon the dissociationdegreein the cascaded
arc. Decreasingyy increaseshe dissociationdegreesignificantly Consequentlydue to the
higherH densityalsothe H* densityincreasesalthoughthe effectis muchsmallerthanfor the
dissociatiordegree.

81



82 Chapter 5

5.1 Intr oduction

The generaplasmasimulationmethodPLASIMO [34], which hasbeendevelopedin the group
EquilibriumandTransportttheEindhosenUniversityof Technologywasusedn apreviouspa-
perto modelaflowing LTE (i.e. local thermalequilibrium) hydrogencascadearc (CA) plasma
[117]*. An importantreasonfor the LTE assumptioris the resultof a study of the degree of
departurefrom equilibriumin a CA in argon asreportedin our paper[34]°. In that paperit
wasshawn thatonly at the wall a significanttemperaturenequalityof (7, /7, — 1) ~ 0.5 can
be found. Sincethe low massof the hydrogenatomsandmoleculesmakesthe enegy transfer
from the electrongo the heary particlesmuchmoreeffective thanin the argon case,it is to be
expectedthatthermalequilibriumis betterapproximatedn a hydrogenCA thanfor examplein
anargonCA.

However it wasalsopointedout in [34] that deviationsfrom the ionisation-recombination
equilibrium (Sahabalance)may be present.Due to the samereasonthatis the low massof H
andthusits high mobility, the H* ions will diffuse more easilytowardsthe wall thanthe Ar*
ionsin a argon plasma. At the wall, recombinationwill take placeandthis drain of chaged
particlesmight influencethe Sahabalancen theinner partof the plasmaaswell. In general jf
the characteristidiffusiontimesor transportimesfor thevarioushydrogenspeciesaresmaller
thanthe characteristiaeactiontimes, local deviations from chemicalequilibrium can be ex-
pected. This alsoappliesto wall associationH + H + wall — H,, which might disturbthe
association/dissociatioequilibrium. Thereforewe will studythe influenceof non-equilibrium
behaiour on thetemperaturegrofile, theionisationdegreeandthe dissociationdegreein a hy-
drogenCA plasmaandcomparet with theresultsof the LTE simulationsin [117].

Recently Silakov et al. [118] presentedan extensive study on the kinetic modelling of a
flowing hydrogencascadedrc plasma. In that study the emphasisvas on the kinetic mod-
elling; for the plasmadynamicsa one-dimensionaset of hydrodynamicequationswvas used.
The plasmaparametersvere assumedo be uniform over the cross-sectiomf the CA. As was
alreadyshown in [117] this assumptiors certainlynot correct,bothfor thetemperatureandfor
the numberdensitiedmassfractions). The presencef thewall hasa hugeeffect on the plasma.
Apart from actingasa cooling low-temperaturdathit will alsopresentan extensve recombi-
nation/associatiofocation, having a large reducingimpacton the ionisationand dissociation
degreein the adjacentplasmaregion. Theresultingdeparturgrom equilibrium canpropagate
towardsmorecentralregionsin the plasma.

From a kinetic point of view the modelin the presentstudy is not as extensve asthat of
Silakov andthe collisional-radiatve modelof Pigarov andKrasheninnilov [119]¢; however, the
plasmadynamicss solvedfor anaxi-symmetricconfigurationassumingaxi-symmetricflow. In
thiswaytheradialdependenciesf theplasmaparameterandconsequentlyheinfluenceof wall
reactionsaretakeninto accountmorecorrectly

The main assumption®f PLASIMO arethat the flow is axi-symmetric,steadyand lami-

2Chapters of thisthesis.

bChapter2 of thisthesis.

¢Pigarar and Krasheninnilov [119] developeda generalisedcollisional-radiatve atomic-moleculahydrogen
model,whichthey appliedto arecombiningdivertorplasma.
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nar Furthermorethe plasmais assumedo be quasi-neutral.For an extensve descriptionof
PLASIMO'’s capabilitiesas well asits limitations togetherwith a descriptionof the physical
model,numericalimplementatiorandtheiterationprocedureve referto Jansseret al. [34].

For a correctdescriptionof anon-equilibriumhydrogerplasmajt is importantto includethe
rovibrationalexcitation (de-eccitation) of the hydrogenmoleculein the electronicgroundstate
Hy (X! Z;) dueto bothelectronandheavry particleimpact. As we will seethe presencef (ex-
cited) molecularstateswill notonly changethe chemicalprocesseandcompositiondrastically
it will alsooffer anefficienttransferchannefor thekinetic enegy from the electrons{e} to the
heavry particles{h}. In orderto understandherole of someparticularstatestheir presencevill
be artificially "switchedoff”. Sofor instancewe will studya purely atomichydrogenplasmaa
plasmawithout molecules.Comparingthis merelyacademidd plasmawith the actualH,, Hy,
H, H™ mixture,will giveinsightin therelevanceof thevariousmolecularandatomicprocesses.

This studyis organisedasfollows: the hydrogencompositioncharacteristicayhich involves
the hydrogenspeciesH, H,¢, H* andH;, will be discussedn section5.2. The configuration
characteristicawill be discussedriefly in section5.3. The simulationresultsfor an atomic
hydrogerandamoleculamydrogercascadedrcplasmaarepresente@ndcomparedvith results
of theLTE simulationsfrom [117] in section5.4 togethemwith theinfluenceof wall reactionson
thedissociatiorandionisationdegree.

5.2 Composition features

Thehydrogerplasmeaconsideredontainghesamespeciesasusedn theLTE treatmentn [117]:
H, H,, H*, andH; . We do not considerH; andH~ but will discussheir possibleinfluencein
section5.4.3. Thefour consideredpeciesaretransport-sensite (TS) speciesywhich meanghat
transportphenomenare importantin the correspondingnassbalances. The densitiesof the
otherspeciesthe local chemistry(LC) speciesdirectly dependon thoseof the TS speciesvia
elementaryollisionalandradiative processeslogethemwith thefour TS speciestheLC species
canbegroupedn threequasi-separatkinetic systems:
e Theatomicsystemjnvolving atomicexcitation/de-&citationandionisation/recombination
processegjiscussedhn section5.2.1.
e Therovibrationalmolecularsystemjnvolving electronandheavy particleassistedovibra-
tional excitationof molecularhydrogenin the electronicgroundstate seesection5.2.2;
e Theelectonic molecularsystemjnvolving Hy processeseesection5.2.3;
The coupling betweernthe threesystemss shavn in figure 5.1. The completelist of included
reactionsis givenin table5.1. The division in thesequasi-separatkinetic systemswill be a
guidelinein discussinghe variouselementaryprocessesApart from the effect on the composi-
tion we will alsoconsidertheimpactof the variousinteractionson the kinetic enegy exchange

4In the rest of this study the hydrogenmoleculein the electronicgroundstateis denotedas H, insteadof
Ha (X1 E;). Electronicallyexcited hydrogenmoleculesare unstable[119] and are not separatelyncluded; Hy
denoteghe molecularhydrogenion in the electronicgroundstate;H denotegshehydrogeratomin the groundstate
andH™ representtheatomichydrogenion in the groundstate.
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between{e} and{A}.

E(eV) A
13.6 |- H
109 | H
102 L - H
0
2.6 Hy(V=4) wadegernnnndonnnns
T RVE EAD, MAD
45 | H,

Figure5.1: A schematiosziew of the couplingbetweerthe atomic, the electronicmolecularand
rovibrational molecularsystem. The symbolsare explainedin sections5.2.2and5.2.3. The
groundstateof atomichydrogen(H) is taken asenepy referencdevel. The massfractionsof
thelevelsrepresentedly dottedlinesarenotcomputedn PLASIMO but aredeterminedy local
chemistryprocesseg@.e. they areassumedo be nottransportsensitye).

5.2.1 The atomic system

The influenceof the excited statesof atomic hydrogenon step-wiseionisationis treatedin a
separateCollisional-Radiatre (CR) modelin sucha way thatthe productionof hydrogenions
H* canbe expressedn the electronnumberdensityn., the numberdensityof hydrogenatoms
in the groundstaten(1) andthe electrontemperaturel,. Thesequantitiesare calculatedin
PLASIMO. We usethe CR modelof Hartgerset al. [124]¢ in which a hybrid cut-off technique,
describedby Van der Mullen [68], is used. This reduceshe numberof excited levelsin the
hydrogenatomto 15. For the collision cross-sectionshe formulation of Vriens and Smeets
[125]is used.Thehydrogerplasmais assumedo beoptically thin, exceptfor strongabsorption
in the Lyman series. The chosenescapdactorsA are the sameasthoseselectedoy Drawin
andEmard[114] (which werealsousedto computethe radiatve enegy lossin [117]), namely:
Aoy = 1074, Ayy = 1073, Ayy = 1072, A5y = 10°%, Ag; = 0.3. For all othertransitions

€Thisis ageneralisedersionof the CR modelof Benoy etal. [67].
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Table5.1: An overview of the setof reactionsandrateswhich areusedin this studyto simulate
anon-LTE hydrogenCA plasma.Symbols:M = H orH,; X = e, HorH".

Process Ratecoef.
Name Reaction Reference
M Molecularlonisation Hy+e« Hj +e+e [120]
CT | ChageTransfer Hy(v > 4)+H" - Hj +H [115]
DR Dissociatve Recombination Hf +e — H+ H* [12Q]
DEI | Dissociationby Electronimpact Hf +e—sH"+H+e [120]
EAD | ElectronAssistedDissociation Hy +e< 2H+e [121]
HAD | Heavy particleAssistedDissoc. Hy+ M+ 2H+M [12]]
RVE | RoVibrationalExcit. HY" =" + X & HyY + X [120, 122, 123]
H(n) + e <> H" + 2e
H* +e— H(n) e
CRmodel: H(n) +e < H(n') + e [124]
H(n) — H(n' < n) + hv
H(n) + hv — H(n') + hv + hy

(includingfree-bound)A = 1. ThenetH™' productionterm Sy+ in the atomicsystemis given
by:

SH+ = mH+ne(nHJ1,+ - TLH+J_|_,1) (51)

with the coeficient of netionisation,.J; . andof recombination/, ; (bothin m* s '). The J;
coeficient, ascalculatedwith the CR modelof Hartgerset al. [124], is shavn in figure5.2. For
J 1, theformulationof Thomson[126] is used:J, ; = 2.6 x 107397 *5n,, with 7, in eV. Due
to the assumptiorthat the plasmais almostoptically thick for Lymanradiation,the ionisation
coeficient J; , is independenof n. for n, > 10 m~>. It is implementedn PLASIMO using
anArrheniuslikefit-function: J; , = 1.948 x 10779758 exp(—9.556/T,) (m* s71).

Theline radiationis alsocalculatedwith the CR model. Theresultsareincorporatedn the
numericalmodelasanenepgy losstermin the electronenegy equation:

Qiine = MHEL + NH+EL (5.2)

with e (in W) the coeficient of radiationgeneratediueto the populationof radiatve statefrom
the groundstate(e;) or ion state(s,). In PLASIMO ¢, ande, arewritten asa polynomial of
orderd: ¢ = 107T) with F(T,) = Sk, a/T" with differentfit parameters;, for differentn,.
For n.-valuesbetweentwo polynomialfits, linear interpolationis applied. They are depicted
in figure 5.3. Free-freeandfree-boundradiationare includedusingthe formulationsgiven by
MitchnerandKruger[41].

An otherimportantenegy losstermin the electronenegy balancds the oneexpressinghe
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Figure5.2: lonisationcoeficient J, . from the CR modelof Hartgerset al. [124] togethemwith
the excitationrate K»3, which is approximatelyequalto the ionisationrateof level p = 2.

elasticenegy transferfrom {e} to {h}, givenby:

g =03 (22 S (T, - To) () 53

x “Mx

with the Maxwellian-averagectollision frequeny (vex) = nx(K.xE)/(3k,T.), whereK,x is

theratecoeficient for momentumenegy transferbetweerelectronsandheary particlespecies
X. Figure5.4 givesa comparisorof theratio < K.xE > /(1.5k,T,) (i.e. < vex > /nx) for

elasticenepy transferbetweenelectronsandargon atoms(X = Ar), electronsand hydrogen
atoms(X = H) aswell aselectronsandhydrogenmolecules X = H,). Theratefor agonis

takenfrom NIST [69], thehydrogenratesaretakenfrom Michel etal. [127]. It is seenin figure

5.4thatat7, < 1 eV, theratesfor hydrogenare considerablyhigherthanthe rate for argon.

Combinedwith thesmallermassof hydrogenthe elasticenegy transferfor a hydrogenplasma
will bemuchhigherthanfor anargonplasmaalthoughtheelectrondensitywill belower). Using

theresultsin [34], wherea non-equilibriumargon CA plasmais consideredthis suggestshatin

hydrogenplasmasat comparableonditionstherelation(7, /T, — 1) < 1 will hold.

5.2.2 Therovibrational molecular system
The hydrogenmolecule-hydrogenatom coupling

ThehydrogemmoleculeH,; andhydrogeratomH arecoupledwith eachothervia:
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Figure5.3: Resultsfrom the CR modelof Hartgerset al. [124]. Coeficient of radiationdueto
the populationof radiative statesfrom: top: the groundstate,s; bottom: the ion state, ., as
functionof n, for differentT,. In the modela polynomialfit is usedfor eachn...

e ElectronAssistedDissociation(EAD):

EAD

Ho+e =2 H+H+e

EAA

(5.4)
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Figure5.4: Comparisorof enegy-averagedatesfor momentuntransfer< K.xE > /(1.5k,T)
betweerelectronsand hydrogenatoms(squares)electronsand hydrogenmolecules(opencir-
cles)aswell aselectronsandargon atoms(crosses).

in which H is in the groundstate. The reactionratesfor the creationof excited hydrogen
atomsarenggligible for the electrontemperaturefoundin the hydrogenCA plasma,see
for example[120]. Thereactionratefor thereverseprocesgElectronAssistedAssociation
(EAA)) is calculatedvia detailedbalancing.

e Heavy particle AssistedDissociation(HAD) andits reverseprocessHeavy particle As-
sistedAssociation(HAA):

HAD

H,+M = H+H+M (5.5)
HAA

with M = H, H,. In figure5.5theratesfor EAD andHAD accordingo Kruger[121] areshown,
theratefor HAA is calculatedvia detailedbalancing.

The molecular rovibrational system

In an atomic hydrogenplasma,the mostimportantenegy transfermechanismbetweenelec-
tronsand heavy particlesarethe enegy transferdueto elasticcollisionsanddueto stepwise
ionisation/recombinationHowever, in a molecularhydrogenplasma,besideshe extra disso-

fIn the applicationof equation(5.5) we neglectthe factthat the H, moleculecould be rovibrationally excited
[118].
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Figure 5.5: The reactionratesfor Electron AssistedDissociation(EAD) and Heavy particle
AssistedDissociation(HAD) accordingto Kruger[121].

ciation enegy transferterm, animportantmechanisnof enegy transferis thatvia the internal
statesof themolecularspecieg128]; in this casethe RoVibrationalExcitation(RVE) of H,:

H, + X B HY + X (5.6)

with X anelectron(e) or anheavy particlespeciegH, H*). First, we concentrate®n the vibra-
tional excitation of H,. Consideranisolatedmoleculartwo-level system consistingof only the
groundstateandthefirst excited stateof H,, with numberdensitiesh, andny, respectrely. As-
sumingthatthe for- andbackwardtransitionsareinducedby {e} and{Ai} andthattheradiatve
transitionsandtheladderlik e dissociatiorcanbe neglected we find for the balancesquationof
n; that

(noneK§, — nmineK7,) + (nonhK{)‘l — nlnhKfO) =0 (5.7)

with n;, the numberdensityof heary particlespecieH or H™.
Fromequation(5.7),theration; /ny, canbeexpresseds:

m_ neKg + Kl

= 5.8

SinceT}, is not expectedto be muchsmallerthanT, andsincen;, > n, whereask}, > K¢
(comparefigures5.6 and5.7) we may assumehatn, K, > n.K¢, andconsequentialsothat
ny, Kl > n.K¢,. Thisimpliesthatthedistribution of vibrationallevelsis almostthe sameasif



90 Chapter 5

{e} wereabsentConsequentlytheration; /ny givenin equation(5.8)is written as

n Kk AEy®
— = — 5.9
Ny K{Lo P ( kyTh, 9)

meaninghatthevibrationaltemperature@qualshe heary particletemperaturé Thelaststepin
equation(5.9)is basedn the principle of detailedbalancing(DB) appliedto the heary-particle-
inducedforward and backward processes.For the enegy transferfrom {e} to {h} via this
moleculartransitionwe thenfind that

QY = (ngn K¢ — nmin KS) AEYP (5.10)
ABP AE&%"D

= nengK§AEDP (1 — exp l— (5.11)

WL | kT
whereDB for the electron-inducegrocesseprescribeshat K¢,/ K¢, = exp(+AEP/k,T,).
Anticipatingon theassumptiorthat (7, /7, — 1) < 1 we canusethefollowing approximation:

exp(—z) & 1 — z, with z = AE}" (- — 7). Herewith equation(5.11)reduceso:

0,01 ib]2 1 1
Qi = nenas, [AE) (o - ) (5.12)
Until now we only consideredhe first vibrational statesof H,. However, the other stepwise
vibrationaltransitionsmight also be of importance[129]; we considerhereonly singlevibra-
tionaltransitionsthatis Av = 1. An expressiorfor thetotal vibrationalenegy transferbetween
electronsand heavy particlesis derved assuminghatthe ratio of numberdensitiesor consec-

utive transitionsare equal,thatis n;/ny = ns/n; = n3/ny = ..... = ~, thatthe vibrational
enegy spacingis constantj.e. AEY> = AEYP = ... = AFE,, = 0.5457 eV andthattherate
coeficientsareequal.This gives:
. 1 1 1
vib e 2
~ neno K¢ [AEy; ( - ) 5.13
eh TeTl 01 [ b] kah, kae 1— v ( )

wherewe madeuseof theassumptiorthat1 + v + 7% + +* + ... = 1/(1 — ), whichis valid for
~ < 1. This conditionis fulfilled sincengy > n;.

A similar approacltanbe usedfor therotationalexcitation,exceptthattherotationalenegy
spacingcannot be assumedo be constant.In fact, AE[,, = (41 + 6) Ey, With therotational
enegy constantt,; = 7.54 x 103 eV [130] and! thenumberof therotationallevel. Becaus®f
thesamereasonssthosegivenabove for thevibrationalexcitation,we mayalsoassumehatthe
rotationaltemperaturdl, equalsthe heary particletemperature The rotationalenegy transfer

't betweerelectronsandheavy particlescannow bewritten as:

ro e 2 1 1
oh Zl:nenﬂ2,1Kl,z+2 (41 + 6) Evoy] <@ = ka) (5.14)

9Normally it is assumedhatfor low pressurehe relationsT,, = T, andT, = T}, hold, with T;. the rotational
temperaturdwhich we will uselater); for higherpressurave madeplausiblethattherelationT, = T, = T} is
moreappropriate.
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Figure5.6 showvs the ratesfor four rotationalexcitations(!l =0 — 2,1 — 3,2 — 4 and3 — 5)

accordingto Englandet al. [131] andtwo vibrational excitations(v = 0 — 1 and0 — 2)

accordingto Morrison et al. [122] andJane et al. [120], respectrely. It canbe shovn from a
comparisorof the elasticenegy transfergivenin equation(5.3) with Q' (equation(5.13))and
Q™ (equation(5.14)) that Q¥I> and Q¢ are more efficient than Q2 in the hydrogenplasma
considered.

K (m3 s'l)

/
-20 Q . N

0.1 1
T, (eV)

Figure5.6: Thereactionratesfor rotationalexcitation(l = 0 — 2,1 — 3,2 — 4 and3 — 5)
accordingto Englandet al. [131] andvibrationalexcitation(v = 0 — 1 and0 — 2) according
to Morrisonetal. [122] andJane et al. [120], respectrely, of the moleculeH, dueto electron

interaction.

5.2.3 The electronic molecular system

Themolecularion Hj is formedvia:
e Molecularlonisation(Ml):
Ho+e L Hf +e+e (5.15)
Thereactionrateis taken from Jane et al. [120]. The reverseprocesss alsotakeninto
accountjts rateis calculatedusingDB.
e ChageTransfer(CT):
Hy(v>4)+H" 5 Hf +H (5.16)

wherethereactionratefor CT is takenfrom De Graaf[115]. Theionisationenegiesof H*
andHj are13.595 eV and15.422 eV, respectiely, sothatthe CT reactionis mostlikely
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Figure5.7: The reactionratesfor rotationalexcitation (! = 0 — 2 and1 — 3) accordingto
Phelpd123] of the moleculeH, dueto heary particleinteraction.

to take placevia the H, moleculein the vibrationallevel v = 4 (1.89 eV)". We assume
a Boltzmanndistribution over the vibrationally excited statesof Hy, which is ruled by the

vibrationaltemperaturd’,, which almostequalsthe heavy particletemperaturd’, aswas

shawvn in the previoussection:

. E(v
nuy = Ny Céqtot exp (—%) (5.17)

with ni! thetotal numberdensityof H, in the electronicgroundstate.Thisis a TS species
in PLASIMO, which meangthatit is calculatedby solving its massbalance.The vibra-
tional partitionfunction Q°* of H, is givenby [132]:

ot _ o= E(v)
QY = 2:% g(v) exp <— kah) (5.18)

With vy = Faiss/ Evib = 14, Eqiss IS the dissociatiorenegy of Hy and E, is thevibra-
tionalenepgy spacingwhichis assumedo beconstantin amoreaccuratalescriptionthe
enegy of vibrationallevel v is givenby: E(v) = hw,(v — zv?) (in J) with thevibrational
constantsor H, [130] w, = 2339 cm™! andz = 57/2339 = 0.0244.

hIn principlealsoH, moleculesn vibrationallevelsv = 2 andv = 3 arepossiblejf they arerotationallyexcited
or if they have higherkinetic enegy. Thisimpliesthatthe CT reactionrateincreases.
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TheMI andCT ratesaredepictedn figure5.8.
TheH; molecularion is destryedvia:

e Dissociatve Recombinatior{DR):

Hf +e 25 H+H =X H+H +e
X, H+H (5.19)

If Hy is not rovibrationally excited, thenthe highestreachablenydrogenatom level H*
is that with principal quantumnumberp = 2 (10.2 eV).. A branchingratio is usedfor
the two follow-up reactionsdenotedby 1 — x (for reactionH* + e — H™ + 2e) and
x (for reactionH* — H(1) + hv). The chancefor the ionisationof H* is 1 — x =
neKo; /(ne Ko + Aa1 Asr) andthe chanceor (radiatve) recombinatiorto thegroundlevel
iS x = Ao1As1/(neKo; + Ag1 Agr). Herein Ky; representsheionisationratefor thep = 2
level of the hydrogenatom. This is not the directionisationratefrom 2 — + but should
be a combinationof stepwiseexcitation rates,which is dominatedby K,;. This rateis
calculatedusing the Vriens formulae [125] andis fitted with an Arrheniusfit: Ky =

1.724 x 10-37,"* exp(—1.84/T,) (m? ™). It is shawn for comparisorin figure 5.2
togetherwith the effective ionisationrate J; ;. from the CR model. The escapédactorfor
radiative decayto the H groundstateis takenasAy; = 107*, and 4y, = 4.699 x 108 s7!
is the transition probability For n, > 1022 m3 and Ky, = 103 m? s! (at7, ~
1 eV), the radiatve branchcan be neglectedcomparedto the ionisation branch,since
Aoy A9 /(neKo3) = 5 x 1073, However, in outerplasmapartswhereT, is smallerand Ay,
is larger, the branchingratio and consequenthalsothe enegy transferwill be different.
Theenepgy gain/lossof the variousspeciesdueto reaction(5.19),is asfollows:

3
QER = —(1 — X)nenH‘;KDRAEl—X - XnenH;-KDRikae (520)
gR = XnenH;'KDRAEX (521)
RJR = XnenH;‘KDRAE12 (522)

with AE;_, = (10.2+3.395) — (15.422 — 4.476) = 2.649 eV, AE, = (15.422 —4.476) —
10.2 = 0.746 eV, AE;, = 10.2 eV.

The electronicmolecularsystemhasnot only a large influenceon the composition,but
also on the radial electrontemperaturedistribution, in spite of the small concentration
of Hy. As we will seein section5.4, without inclusion of the Hy reactions,especially
the chage transferreaction(5.16), the "sombrero” profile suchasobsened in the LTE
hydrogensimulationsn [117], will notbe presenin thenon-LTE simulations.

e Dissociationby Electronimpact(DEI):

Hi +e 22 H" +H+e (5.23)

i1t wasshavn by Mitchell [133] thatfor vibrationally excitedHy the H* atomswill be predominantlyin p = 3
or above.
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Figure5.8shavsthedestructiorratesfor DR andDEI accordingo De Haanetal. [134] and
Jane etal. [120], respectiely. As onecansee the mostdominantreactionis DR, especiallyat
low enegies. We will seelaterthatbothratesaremuchhigherthanall otherreactionratesin a
hydrogernplasma.
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Figure 5.8: The reactionratesfor destructionof Hj : Dissociative RecombinationDR) [134]
and Dissociationby Electronimpact(DEI) [120] and productionof Hy : Molecularlonisation
(Ml) [120] andChage Transfer(CT) [115].

5.2.4 Transport coefficients

The electronthermalconductvity ). is calculatedusingFrosts mixture rules[57]; the electric
conductvity ¢ is calculatedconform the self-consistensetof the Stefan-Maxwell equations,
which is explainedin chapter3 of this thesis. The frozen part of the heavy particle thermal
conductvity A, s andthe viscosity ;. are calculatedwith the mixture rulesgiven by Mitchner
andKruger[41]. In contrasto [117], thereactve partof the heary particlethermalconductvity

Anr i Notincludedin the thermalconductvity calculation.Instead,t entersthe heavy particle
enepy balanceasareactve heatsourceterm,seesection5.2.5.
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5.2.5 Sourceterms

The massproductiontermsof the speciesn the massfraction balancesare calculatedrom the
reactionggivenin sectionss.2.1- 5.2.3andaregivenby:

f
Si=mi ) (Nfc - Nzﬁ.) (K,{ II nz‘k - K] n?z’j> (5.24)
J

k J

with X, ; the stoichiometriccoeficient of species in reactionk; the superscriptf andb denote
theforwardandbackwardprocessrespectiely; K is thereactionrate.
In the momentumbalanceof the mixture, the influenceof the generatednagneticfield B,

—
.

j, x B, isincludedasfollows:
& (i,xB) =0 (5.25)

2
& (1, xB) = —uon (=) (5.26)
whereit is assumedhat the currentdensityfq = I/(wR?) is uniform over the cross-section
of the CA; R is theradiusof the arc channel,/ is the appliedcurrentand ., is the magnetic
permeabilityof vacuum.

In the electronenegy balancethe following sourcetermsare included: the Ohmic input
power, the radiationlosses,the elasticenegy transferbetweenelectronsand heary particles
andthe reactve heatsourceterm. For calculatingthe elasticenegy transfer(equation(5.3)),
the cross-sectionor momentuntransferbetweerelectronsandneutralsH andH, (usedin the
collision frequeng) are needed;they aretaken from Michel et al. [127]. The radiationloss
termis conform[117] with thefree-freeandfree-boundcontribution accordingto Mitchnerand
Kruger[41] andtheline radiationconformsection5.2.1for anoptically thin plasmagxceptfor
a strongabsorptionin the Lymanseries. The HAD (HAA) andCT reactionsareaddedin the
reactve heatsourcetermin the heary particleenegy balance.

5.3 Configuration features

5.3.1 Plasmasourceand geometry

Theusedplasmasourceas thewall-stabilisecdcascadedrc(CA) [61,62], andis alreadydiscussed
in [117]. Wewill focusonthe”standardconfiguration”,astraightCA channelwith radiusRk = 2
mm, length L = 25 mm, current! = 50 A andinlet flow ¢ = 100 sccs™*.

5.3.2 Boundary conditions

The boundaryconditionsthat are appliedon the non-LTE hydrogenCA plasmaare partly the
sameasin [117] andarelistedin table5.2 below.
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Table 5.2: Boundaryconditionsappliedto the non-LTE hydrogencascadedrc plasma. The
pressures p,; u, andu, aretheaxial andradialvelocity componentsiespectrely;T;, andT, are
the heavy particleandelectrontemperaturesespectrely; y; is the massfractionof species.

Par. | Inlet Outlet AXis Channebwall
w _ p _ p _ p _
p |E=C 5 =C or=0 |5 =0
2 5
w fu=u |1 ()] [w= e L= ()] | =0 w=0
Uy U, =0 68“;:0 U =0 |u,=0
A (Taq—Thw
Ty | Th =Thin &h =0 Pn =0 | \Er = W
— oTe __ e __ 0T __

T, Te—Te,in E_O 7_0 W_C

) Mip; Oyi _ Oyi __ = R 2 Y >
Yi 2 Mjp; o: =V or =0 | @ (pyzu + JZ) =R

n-J,=0

Par. Value Par. Value
7 100 sccs! Tein 2000 K
fu, 0.99 Taq 320 K
fu 0.009 Aw 360 Wm~! K~!
fu+ 0.0009 R 2 mm
fH2+ 0.0001 Ow 12 mm
Thin 2000 K

As explainedin [117] the maximuminlet velocity at the axis, un*, is dictatedby the mass
flow andmassdensityat the inlet. The plasmaexpandssupersonicallyn a vacuumchamberat
low pressurejn theoutletplaneatr = 0 the velocity u%4* is determineddy the Mach number
valueof one(see[34]). A constanixial componenbdf the pressureggradientis assumedt inlet
andoutlet. Thevalueof thesegradientsaredeterminedduringtheiterationprocess.The heavy
particletemperaturet the channelwall, 7}, ,,, is determinedrom the equality of the heatflux
from theplasmato thewall andtheheatflux from thewall to thecoolingwater(é,, is thedistance
betweerchannelwall andcoolingwater thetemperaturef thecoolingwateris 7,,). At theinlet
the compositionof the hydrogenmixture is fixed, with fractions f; of thetotal inlet flow ¢ for
eachindividual specieg (i.e. theinlet flow of species is definedasy; = f;¢). Thefractions

aregivenin table5.2. At thewall, the total massflux of species’i” perpendiculato the wall
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mustequalthe net massflux R; dueto productionor consumptiornof the speciesat the wall:
R, = mi(F;?,‘;} — Fg‘w) with T'; ,, theflux (in m—2?s™!) describingthe gain or lossof specieg at
thewall w. It is dependenbn the wall reactionprobability v; (no stickingis assumedandis
describedn chapter2 of this thesis. Wall reactionprocessesanplay animportantrole in the
plasmachemistry aswasshowvn in earlierstudieslike [16, 135 136, 137, 138,139]. Thewall
reactionprocessemcludedin this studyarelistedin table5.3/

Table5.3: Thewall reactionprocessescludedin this study

Reactingspecies| Reactants
H+wall — ZH,
H* +wall — H
Hy + wall — H,

The reactionprobabilitiesyy+ and Vi for ionic neutralisationat the wall are assumedo
be 1, the wall reactioncoeficient vy for the wall associatiorprocesof H dependson thewall
temperaturethe wall materialandthe surfaceconditionsof the wall. For example,passvation
of the surfaceof thewall hasa largeinfluenceon vg: the moremonolayersaredepositedn the
wall, thelowerthe~. Consequentlyin theliteraturedifferentvaluesof vy canbefound,ranging
from approximatelyl0—2 to 1 [135, 141, 142,143,144, 145. Thereforewe will investigatethe
influenceof vy on the dissociationdegreein the arc, by varying v in the range10—2 to 0.5.
Since~yy is materialdependenfl135], the densitiesof H andH, canbevariedby changingwall
materials.Consequentlyalsotheionic speciesdensitieswhich areinfluencedconsiderablyby
theresultingH andH, concentrationsarechanged.This providesanalternatve mechanisnfor
optimizingthe CA asanion source.This couldbethetopic of afollow-up study

5.4 Results

For all numericalsimulationsperformedin this study we usethe standardconfiguration,de-
scribedin section5.3. We first considerthe resultsof the numericalsimulationof a pureatomic
hydrogerplasmagconsistingof speciedH, H™ ande. Theradialtemperaturalistributionsof the
electronsandthe heavy particlesare depictedin figure 5.9. As onecanseein figure 5.9, the
temperaturealistributionsfor an atomichydrogenplasmahave the sameshapesasthosefor an
argon CA plasmapresentedn [34]. Theradialdistributionsof the massfractionsof H andH™
areshown in figure 5.10. The reactioncoeficient for ionic neutralisationat the wall is taken
yu+ = 1.0. ThemaximumH™ densityat the channelaxisis 4.86 x 10?' m~3, theionization
degreeattheoutletis o = 9.5%. In theintroductionwe aguedthatthe elasticenegy transferin
ahydrogenplasmais moreefficientthanin anargonplasma.However, in figure 5.9 we seethat

IThe relaxationof vibrationally excited hydrogenmolecules Hy, at the wall, which may be of importancein
low-pressuralischages(p ~ 150 Pa) [118, 140, is neglectedhere. This would decreasé¢he dissociatiordegreein
thearc.
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the differencebetweenl, and7}, for hydrogenis higherthanfor argon (for thosetemperature
profiles,seg[34]). Thisseemso bein contradictionwith theanalysisof theelasticenegy trans-
fer. The answeris foundin the higherthermalconductvity andhigherdiffusion coeficientsof
hydrogen.

Now theresultsfor a molecularhydrogenplasma consistingof speciesH,, H, H*, HJ and
e, Will begiven. Theradialprofilesof temperatureandmassractionsareshown in figures5.11
- 5.12with chage transferincludedand5.13- 5.14without chage transfer As onecanseein
figures5.11and5.12in the centralregion, we mainly have an atomicsystemwith differences
between’, and7}, in accordanceavith the pure atomic hydrogenplasma. In the outerregion
of the plasmawe have mainly a molecular/atomigegion, ruled by the association/dissociation
equilibriumandthe rovibrationalexcitation via heary particlecollisions. In this region thermal
equilibriumexists.

If we comparethe resultsof the non-LTE hydrogensimulationswith the LTE simulations
performedn [117] we obsene thefollowing:

e Althougha "sombrero”profile is seenin the non-LTE simulations(figure 5.11),it is not
aspronouncedasin the resultsof the LTE simulations. The heary particletemperature
profile is notsombrero-lile.

e It provesthatthermalnon-equilibriumexistsin the centralregion, conforma pureatomic
hydrogenplasma. Due to the efficient rovibrationalenegy exchangebetweenelectrons
andhydrogemmoleculesijn theouterpartof the plasmaalmostthermalequilibriumexists.

e Onehasto keepin mindthatthedescriptiorof thenon-LTE hydrogerplasmaaspresented
here,is far from accurateFirst of all, assumptionsveremadeon the rovibrationalexcita-
tion, whereamongsbtherstheinfluenceof stepwisealissociatiorwasneglected.Secondly
not all thereversereactionsareincludedin the model(for examplethe reversereactions
of DR andDEIl). Consequentlythe LTE simulationspresentedn [117] cannot be exactly
reproducedy thenon-LTE simulations.

The large influenceof the chage transfer(CT) reaction(5.16) on the simulationsis clearly
seenby comparingfigures5.11- 5.12with 5.13- 5.14. Without CT a parabolictemperature
profile is seen,whereasCT induceda "sombreroprofile”. Comparingfigure 5.12 with 5.14
shavsthatHJ is a very importantintermediatespeciesn the hydrogenplasma.Note the huge
influenceon the atomic hydrogenand molecularhydrogenmassfraction. The effect of HJ is
alsoseerclearlyin theenegy managemeritty comparingfigure’5.11with 5.13;H3 introducesa
sombrerdn especiallyT,. This provesthatalthoughthe numberdensityof Hy is small,it plays
amajorrole asan”’intermediate”speciesn the compositionandin the enegy management.

5.4.1 Influence of the wall reactioncoefficientyy

Theeffect of thewall reactioncoeficient vy (whichwasdiscusseadh section5.3)onthedissoci-
ationdegrees andionisationdegreec, areshown in figure5.15°. With decreasingy, themass
fraction of H increaseand consequenthalsothe massfraction of H* increases.The resultis
thatboth the dissociationdegreeandionisationdegreeincreasealthoughthe increasen « is a

kTheexactdefinitionsfor 3 anda aregivenin chapter4 of this thesis.
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Figure5.9: Theradialtemperaturelistribution of the electrongsquaresandthe heavy particles
(opencircles),atz = 11.8 mm, for anatomichydrogernplasma.
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Figure 5.10: The radial massfraction distribution of H (squarespndH* (opencircles)atz =
11.8 mm, for anatomichydrogernplasma.

maiginal one: from 8.8% atyy = 0.5 t0 10.1% atyg = 0.001. An accurateknowledgeof the
wall reactioncoeficientyy is thereforea necessityto performrealisticsimulations.
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Figure5.11: The radial temperaturalistribution of the electrongsquarespndthe heary parti-

cles(opencircles),at = = 11.8 mm, for a molecularhydrogenplasma,with chage exchange
included.
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Figure5.12: Theradialmassdfractiondistribution of H, (squares)H (opencircles),H" (crosses)

andHj (down triangles)at = = 11.8 mm, for a molecularhydrogenplasma,with chage ex-
changancluded.



Modelling of a Hydrogen Cascaded Arc Plasma for ... 101

Temperature (103 K)

0 I L 1 L 1
0.0 0.5 1.0

Radial position (mm)

Figure5.13: Theradialtemperaturélistribution of theelectrongsquaresandthe heary particles
(opencircles),atz = 11.8 mm, for amolecularhydrogerplasmawithout chage transfer
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Figure5.14: Theradialmassfractiondistribution of atz = 11.8 mm, for a molecularhydrogen
plasmawithout chage transfer Markersconformfigure5.12.

5.4.2 Anomalousrecombinationin a hydrogenplasmajet

Rovibrationally excited hydrogenmoleculescancausean anomalougastrecombinatiorof H*
in anexpandinghydrogenplasmajet. aswasshavn by De Graaf[10]. The chainof reactions

!A hydrogenplasmacreatedn a cascadedrcis expandingin a vacuumchamberat low pressure The experi-
mentalset-upusedby De Graaf[10] is comparabléo the depositionset-upin figure6.1in chapter6.
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Figure 5.15: The dissociationdegree 5 and ionisationdegreea as function of wall reaction
coeficientyy for amolecularhydrogernplasma(standaratonfiguration).

thatleadsto thislossof H is formedby chage transfef”:
HY + HY — H+ Hf (5.27)
followedby dissociatve recombinatiorvia:
Hf +e— H+H* (5.28)

Accordingto De Graaf,for low ionisationdegreeanotherdissociatve recombinationchannel
will bedominantoverreaction(5.28),namely:

Hy +Hy, — Hf + H (5.29)
followedby:
Hf +e—-H+H+H (5.30)
or:
Hf +e— HY + H (5.31)

The reactionratefor dissociatve recombinatiorof Hi (5.31)is probablyof the sameorderof
magnitudeasthe ratefor dissociatve recombinatiorof Hy, reaction(5.28)[146]. De Graafs
argumentfor this alternatve dissociatve recombinationchannel,was that massspectrometry
measurementshaved a significantamountof H; anda total absenceof H [115). Boththe

™Note that the hydrogenmoleculeshave to be rovibrationally excited, since the chage transferreactionis
endothermic.
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dissociatve recombinatiorchannelgvia Hy andvia Hy) arevery effective. Note thattwo- (i.e.
radiatve) andthree-particleecombinatiorcannot accountfor the experimentallyobsenedloss
of H* (in therangeof threeto four ordersof magnitude)sincethesereactionsaretoo slow.

Thenumericalsimulationspresentedn this study suggesthattheamountof H, in theouter
plasmaregion is sufficient to quenchcompletelythe H* emanatingrom the CA, without the
necessityof formationof rovibrationally excited H, atthe walls of the vacuumchambewia the
reactionH + H(adsorbed) — Hi¥(desorbed) followed by re-entryinto the plasmabeamvia
recirculationanddiffusion.

5.4.3 Influenceof H and H~

The molecularion Hf andthe negative ion H= arenot includedin the numericalsimulations.
Remainsthe possibleinfluenceof Hf andH~ on the plasmabehaiour in the arc. The outer
plasmaregion nearthe channelall is the only region whereHj is significantlypresentThisis
alsotheonly regionwhereH, is thedominantspeciesThis suggestshatapartfrom thedissocia-
tive recombinatiorof H; (reaction(5.28)),alsothe formationof Hi by reaction(5.29)is areal
possibility. TheH; molecularion is thendestryedvery fastvia thedissociatve reactiong5.30)
and(5.31), seesection5.4.2. Especiallyin the outer plasmaregion Hi canplay animportant
role, sincein thatregion ny, > n. sothatreaction(5.29)will bedominantoverreaction(5.28).

We thenhave anextra mechanismo remove H, from the plasmalevenwhenreaction(5.31)
is dominant,the formedH5” will mostlikely dissociate so that effectively oneH, moleculeis
removed from the plasma). As a result, the dissociationdegreewould becomehigherthanthe
valuesfoundin the presenstudy

Thenggativeion H™ is formedvia dissociatve attachment:

HY +e — H+H" (5.32)

wherethe hydrogenmoleculeshouldbe vibrationally excited to at leastv = 8 [147]. This
reactioncantake placeonly in theouterplasmaregion dueto thelack of H, in the centralplasma
region. The negative ionsrecombineast(justasH; andH;)":

H +H" — H*+H (5.33)
H™ +Hj — H" +H, (5.34)

whereH** denotes highly excitedhydrogeratom(p > 3). In thisway alsoahydrogermolecule
is removedfrom the plasmasothatthe dissociatiordegreeincreases.

"To comparaheimportanceof thedifferentrecombinationmeactionsave givethereactionrates(for atemperature
of 2000K) cf [147]:

reaction rate(in m? s 1)

(5.19) Ix10
(5.30,5.31) 6 x 104
(5.33) 2 x 10~14

(5.34) 2 x 10718
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For both speciegH; andH ) the sameargumentsholds: the dissociationdegreeincreases
(removal of Hy) andtheionisationdegreedecreasefonsareremoved). Consequentlythe low-
temperaturshoulderf the"sombrero”movestowardsthe axis. Theinfluenceof H andH ™~ on
theresultsof the simulationscanbe a partof future study

5.5 Conclusions

In this chapterresultsof PLASIMO simulationsfor a hydrogencascadedrc plasmaat non-
LTE conditionsare presented.It is shavn that the non-LTE simulationsdo not reproducethe
resultsof theLTE simulationgpresentedh [117]. Especiallyin thecentralplasmaregionthermal
non-equilibriumis presentwhereasn the outerplasmaregions,nearthe channewall, thermal
equilibriumis reachedThe pronouncedsombrero”profile asfoundin [117] is reducedo only
a slight thermalconstrictionfor the electronswhereador the heavy particlesno "sombrero”
profile is obsened. Thereareseveralreasongor the differencedetweertheresultsof the LTE
andnon-LTE simulations Firstly, the mostlogical reasoris thatit is notallowedto usethe LTE
assumptionespeciallyat the low pressuresn the hydrogenCA. Secondlythe non-LTE model
is far from completebecausef severalassumptionandrestrictions.For example,assumptions
were madeon the rovibrational excitationsand several forward reactionsare not balancedoy
backward reactions.Furtherimprovementof the non-LTE modelis necessaryo performmore
accuratenon-LTE simulationsandto judgeif theLTE assumptiorirom [117]is allowed. If more
processesreincluded,it is to be expectedthat the resultsof the numericalsimulationswill be
closerto thosefoundin the LTE simulations.

The major role of Hf asan "intermediate”speciesin the hydrogenplasmais madeclear
Althoughthe numberdensityof H in a hydrogenplasmais very small comparedo the num-
ber densitiesof the otherspeciesneglectingthe reactionsinvolving Hy (especiallythe chage
transferreaction),changeshe profilesof the massfractionsof the speciedrastically especially
thoseof H andH,.

The wall reactioncoeficient vy, for the associatiorof 2 H at the wall to H, hasa large
influenceon the dissociationdegreein the CA. Decreasingyy from 0.5 to 0.001 increaseshe
dissociationdegreefrom 46% to 80%. Consequentlydueto the higherH density alsothe H
densityincreasesalthoughthe effect is muchsmallerthanfor the dissociationdegree. To find
realisticvaluesof the dissociatiordegree,anaccurateknowledgeof vy is required.
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Abstract

The plasmasimulationmethod PLASIMO is validatedby the commercialcode PHOENICS
CVD, by simulatinga non-reactre argon-silanegasmixturein adepositionchamberTheagree-
mentof the resultsis very good,with the behaiour of the pressureat theinlet beingcomputed
moreaccuratelyoy PLASIMO thanby PHOENICSCVD. Themoreapproximatelescriptionof
thermaldiffusion, usedby PLASIMO, givesreasonableesultswhencomparedvith the results
of PHOENICSCVD.

Validationof PLASIMO by experimentaldatais performedby simulatingan argon plasma
in a depositionchamber The comparisonof simulationand experimentis rathergoodif the
principle of an expansionangleof 45° is not applied, althoughmore experimentalpoints are
neededo validatein detailthe simulatedemperatur@andvelocity profiles.

6.1 Intr oduction

In modernsocietythereis a growing interestin nev materials,which increaseghe needfor
surfacetreatmentand depositiontechniques.Typical applicationsare the productionof fibres

105
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[9] andsolarcells[7]. In bothapplicationsdepositionprocesseglay animportantrole. High-
guality, well-definedandreproducibldayer propertiesarerequired,while from an economical
point of view, a highthroughputandlow costsarerequired.

Thereareseveraltechniquedo depositmaterial. On the onehandwe have the plasma-less
chemicaldepositiontechniquedik e evaporation peamsputteringandChemicalVapourDeposi-
tion (CVD). Fromtheseechnique<VD is generallyconsideredo bethemostpromising[148].
It is capableof producinguniform films with relatively high growth rates( typically 0.5 nms™)
with goodcontrol of film structureandcomposition.Basically moleculescontainingthe atoms
which have to be depositedare introducedas a gasinto a depositionchambercontainingthe
substrat@nwhich depositiontakesplace.Chemicalreactionsn thegas-phasaswell assurface
reactionson the substrateoccur with film depositionasa result. The enegy requiredto drive
thechemicalreactionds essentiallythermal.

On the otherhandwe have the plasmatechniquespne of themis PlasmaEnhancedCVD
(PECVD), which mostly usesRF-plasmag6]. Anothertechniques thatof remoteplasmade-
positionin which the plasmacreatedat one positionis transportedowardsthe substrate.In
thegroupEquilibrium andTransporin Plasmast EindhovzenUniversity of Technology(EUT),
a remoteplasmadepositiontechniqueis used: the ExpandingThermalPlasma(ETP) process
[7, 8,149 in which a DC operateccascadearc createsa high-flow (argon or argon/hydrogen)
plasmeof highionisationdegree(typically 5—10%) which expandssupersonicallynto adeposi-
tion chambemtlow pressuré< 100 Pa). In thechambethegasege.g.silane:SiH,) areinjected
into the plasmavia aninjectionring. Dueto a chainof elementaryprocessegnainly consisting
of hydrogenabstractiorandthe combinationof chage transferanddissociatve recombination,
the plasmabreaksdown the molecularbondsin the gases. The plasmaflow actsasa carriet
which transportghe remainingproducts(radicalsandions) towardsthe substrate.In this way,
anorderof magnitudehigherdepositionrates(typically 10 nm s—!) canbereacheccomparedo
CVD [7].

To understandhe depositionmethodbetterso that an optimisationof the depositionpro-
cesscanbe effectuatedthe needexiststo studythe influenceon the depositionprocesf flow
patterngincludingrecirculationvortices),gas-phasehemistryandwall reactions.For this pur-
posethe methodof numericalsimulationwaschosenusingtwo codeshamelythe commercial
codePHOENICSCVD (abbreriatedasPHO.CVD in this study)andthe codePLASIMO, de-
velopedat EUT. PHO.CVD is especiallydesignedo numericallysimulateCVD processeslit
containsa huge databasdor the materialpropertiesof variousgasesusedin CVD processes
(like silanegas),suchasthe propertiesof the speciesthe reactionratesin gas-phaseeactions,
andanextensve descriptionof surfacereactionslts featureswill bedescribedriefly in section
6.2. The PLASIMO-codedevelopedin Eindhosen[34] is originally developedfor numerically
simulatingvariousplasmasourcesandnot for CVD processesyhich meansthatcomplicated
surfacechemistryis not yet included. For its characteristiceand detailswe referto Jansseret
al. [34]. Oneof thedranvbacksof usingPHO.CVD in modellingthe ETP processs thatit lacks
the ability to dealwith chagedspecies.Therefore,describinga recombiningplasmaflow in a
vacuumchamber(not necessarilyusedfor deposition)canbe handledbetterby PLASIMO, but
this shouldbe validatedexperimentally

Thiswork is basicallydividedin two studiesfirst, we will presenta code-to-codevalidation
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betweenPLASIMO and PHO.CVD usinga simplified depositionchamberset-upwith a non-
reactinggasmixture consistingof neutralspecies Secondlya comparisons madeof theresults
of numericalsimulationsusing PLASIMO with experimentalresults,for a plasmaflowing in
thevacuumchamberThemaindifferencedetweerthe numericalsimulationsusingPHO.CVD
andPLASIMO for thechoserchambeiset-up which resultfrom adifferenttreatmenof thermal
diffusion,will bediscussedh section6.3.

Thecharacteristicef thechambeiconfigurationsandgascompositiongor the code-to-code
validationandthosefor the plasmasimulationaregivenin sections6.4 and6.5. Theresultsfor
thetwo studiesarepresentedn sectionss.6.1and6.6.2.

6.2 The PHO_CVD and PLASIMO codes

PHOENICSCVD (abbreviatedin thefollowing asPHO_CVD) is oneof thecommerciallyavail-
ablenumericalflow simulationmethodg150]. Its mainapplicationis the numericalsimulation
of CVD processesFor this purposea detaileddescriptionof chemicalprocesseshat leadto
the depositionof thin films, aswell asthe transportof the gaseouseactantghroughthe CVD-
reactorare implementedin PHO.CVD. To describethe CVD processPHO CVD solvesthe
setof hydrodynamicequationdor transportof mass,momentumandenegy, supplementedy
an extensve descriptionof gas-phasandsurfacechemistry The applicationof PHO.CVD to
different CVD processest widely varying processconditionsin differentreactorgeometries,
togethemwith a detaileddescriptionof the methodis presentedby Kleijn [151].

The characteristicof PLASIMO, developedat EUT, are alreadyextensvely describedn
[34], sowe will not discussthem hereand focus on the differenceshetweenPLASIMO and
PHO.CVD. In short,bothPLASIMO andPHO_CVD solve numericallythe samesetof transport
equationswith the sameprocedureo obtainthe flow field: the SIMPLE algorithmof Patankar
[46]. One of the main differencesbetweenPLASIMO and PHO_CVD is that PLASIMO is
aimedat the numericalsimulationof plasmas Plasmasare gaseousnixtureswhich contain
chaged speciesn temperaturenon-equilibrium,i.e. electronsand heary particle speciesmay
have differenttemperaturesis aconsequencealsotwo enegy equationdave to besolved,one
for the electronsandonefor the heary particles.In contrast,oneof the main characteristicef
PHQO.CVD istheuseof only neutralspeciesywhichall havzethesameemperatureAnothermajor
differencebetweerthe two methodss the sophisticatediescriptionof the enegy dissipationin
PLASIMO, necessarfor the plasmasourceghatareconsiderede.g.inductive plasmasik e the
ICP andQL-lamp,or directcurrentplasmasik e the cascade@drcplasma).Thisis not necessary
for the CVD processheretheenegy is thermal.

To be able to use both codesfor the sameproblem, the flow of a non-reactingsingle-
temperaturegasmixture* consistingof argon (Ar) andsilane(SiH,) is considered.The main
differenceremainingbetweenPLASIMO and PHO.CVD is the modelfor the thermat mass

%In the useof the ETPfor depositionpurposeschemicalreactiondbetweerthe speciegplay a majorrole, but for
acode-to-codevalidationtheseprocessesanbe omitted.

bThermalmeanshere: diffusiondueto tempeature gradientsin contrasto thermalequilibriumwherethermal
refersto anequi-temperaturgystem.
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diffusionaswill beshown in section6.3.

6.3 Thermal diffusion

To describethe relation betweerthe diffusive massfluxes J; of speciesi andthe correspond-
ing driving forcesfor ordinary(concentrationliffusion, pressureaiffusion,forceddiffusionand
thermaldiffusionthe Stefin-Maxwellequationanustbe used[87]¢. Neglectingpressureiffu-
sionandforceddiffusion(asis donein PHO_CVD), thediffusive massfluxesJ; of species can
be separatedh two partsas:

= =conc =td

3, =37 +7, (6.1)

with jfonc the diffusive massflux driven by concentratiorgradientsand jzd the diffusive mass
flux drivenby temperaturgradientqthe thermaldiffusionterm).
In thermalequilibrium (i.e. thetemperaturesf all speciesareequal)J,  is givenby:

—conc

=conc

— ]_ —
J; = —pD§"Vy; — pyi D" —V M + y;D§" (6.2)

1

with p the massdensity y; = p;/p the massfraction of species, wherep; = m;n; with m; the
massandn; the numberdensityof species. The reciprocal-aeragedreducedmolar massof
the gasmixtureis M = (¥, y;/M;)~" with M; the molar massof speciesj (in kg mol="). In
thermalequilibriumthe effective diffusioncoeficient DS of species reads:

1 2 T
AP 63

J# U g T

The laststepin this equationis justified sincein thermalequilibriumthe pressurdraction z; =
pi/p equalghemolefractionz; = y,;M/M;.

The binary diffusioncoeficient D;;, which is a function of pressuretemperatureandmass,
is givenby Hirschfelderetal. [40] andis presentedn theappendixfor anAr - SiH, gasmixture
at20 Pa:

3

33\ 1/2
D=2 (27;/?? ) d”; : (6.4)
ij pra;sip (T )

with k;, Boltzmanns constant,I” the temperaturem;; = m;m;/(m; + m;) the reducedmass.
ThesymbolQ2p, refersto thedimensionlessollisionintegralwhichrepresentghedeviationfrom
theidealisedrigid-spheremodel. It dependsn the normalisedemperaturd™ = kT /e;; with
eij = (ei;)"/2. The binary collision diameterof the (i, j) systemis d;; = 1(d; + d;). The
Lennard-Joneparameter$or species areg; (in J) andd; (in m) [40], ¢; is the potentialenegy
andd; is the collision diameterof the species.

¢A completedescriptionof the Stefin-Maxwellequationgor a multi-componenmulti-temperaturgonisedgas
mixtureis presentedn chapter3 of thisthesis.
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The expressiondor the diffusive massfluxes (equation(6.2)) and binary diffusion coefi-
cients (equation(6.4)) implementedin PHO_.CVD and PLASIMO are the same. In thermal

equilibrium, the expressionfor the thermal diffusion term jzd is differentin PHO_.CVD and

PLASIMO. PHO.CVD usesfor jzd the approximatesxpressionof Clark Joneq152], whereas
PLASIMO usesanapproximatdormulationdescribedextensiely by Ramsha [88], i.e.

=td

J i,PHO_CVD — _DZPHO_CVD TﬁT (6.5)
Dz'T,PHo_CVD = Z pyiyiDijaij (6.6)
J#i
—td
JipLasmmo = Dz PLASIMO TVT (6.7)
Diprasmio = ks TDeH > (Bij — Bji) (6.8)
J#i

wherethe DI’s (in kg m™! s1) areconstrainedby 3°; DI = 0. The thermaldiffusion factor
a;; is anextremelycomplicatedunctionof temperaturethe binary mixture compositionandthe
assumedntermoleculampotential. It is a dimensionlessiumber;if species movesto the cold
region thana,;; > 0, if speciesj movesto the cold region a;; < 0, seeKleijn [151]. For a
binarymixturethe Clark-Jonespproximations exact. In the PLASIMO formulationof thermal
diffusion, 5;; (in kg m~! s~2) is the thermaldiffusion factorfor neutralspeciesairs,given by

Ramshav [88]:
1 p:vi:chjkamij
B’L] = _5 2
It is illustratedin the appendixfor an Ar - SiH, gasmixture at a pressureof 20 Pa. Themean
time betweercollisionsof a particlespecies is 7;:

L (20,77
(Znﬂrd (mij> ) (6.10)

It canbeshown, usingthe expressiorfor §;; (equation(6.9)),thatfor abinarysystem(whichwe
will considetin this study)[88]:

(6.9)

pyiy kT (%Tj - %Tz)
2 (m; +m;)

This hasto be comparedio the PHO_.CVD expression(which is exact for a binary mixture),

equation(6.6). In the derivation of ;; meanfree path agumentswere used,insteadof the

more correctChapman-Ensig theory (seeHirschfelderet al. [40]). Therefore the resultwill

beinaccuratealthoughthe behaiour seemsorrect,aswasobseredby Ramsha. Thiswill be

confirmedin section6.6.

Summarising differencesbetweenresultsof PHO.CVD and PLASIMO will be expected
mainly dueto theinfluenceof thermaldiffusion. It is known from CVD processeshatin cold-
wall reactorghermaldiffusion phenomena&anbe very important,especiallyin thewall region.
Thereforetheinfluenceof thermaldiffusiononthe computationss investigatedn section6.6.

DZPLASIMO = (6.11)
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6.4 Configuration features

6.4.1 Assumptions

For the mathematicaimodelof the flow underlyingthe PHO.CVD andPLASIMO methodsthe
mixture shouldbe suchthatit canbe consideredasa continuum.A measurdor the validity of
the continuumassumptiorior the gasmixturein thechambeiis the Knudsemumber:

3

Kn = T (6.12)
with ¢ the meanfree pathof the moleculesin the chamberand L a typical lengthscaleof the
smallestetailin thechambethatneedgo beresohedin thenumericalsimulation.In this study
thesmallesdetailin the vacuumchambeis the outletopeningwhichis shavn in figure6.1. In
general,a continuumapproachs certainlyvalid for Kn < 0.01 [153]. If Kn approachesinity
theflow entergheregimeof transitionalflow. Significanterrorsin thepredictionof thetransport
coeficientsin the continuumapproachoccurat Kn > 0.1 accordingto Coronell[154]. From
kinetic theory¢ is estimatedy [40]:

1 kT
- V2prd?

with d againthe collision diameter Using equation(6.13) andassumingd ~ 3 x 10 !° m,
T =500 K, p = 20 PaandL = 102 m, equation(6.12)givesKn < 0.1. Soevenattheselow
pressure# is allowedto usethe continuumapproachalthoughwe arecloseto the limit of the
validity criterion.

The gasflow in the depositionchambeis assumedo be axi-symmetric steadyandlaminar
This latterassumptions relatedto the valueof the Reynoldsnumber definedas:

3 (6.13)

_ pul
1

Re (6.14)

with L acharacteristitengthscalefor thegradientan thegeometryusuallythereactorscale u
thevelocity andy thedynamicviscosity For theflow in thechamberi.e. afreejet flow, Re has
to besmallerthan1.5 x 10% in orderto have laminarflow [155]. For the subsonidlow region of
thechamberwhereu < 1000 s, L=10"2m,p < 2 x 107 kgm=3 andy < 4 x 10~° kg
m~! s 1, equation(6.14)gives Re ~ 50 sothatthelaminarflow assumptions valid.

In principle,the vacuumchambeiis not axi-symmetric dueto thelocationof the pump(see
figure 6.1). However, the computationadlomainis takento be axi-symmetric,with the pump
replacedoy a pumpingring, seefigure6.1. Thisis a perfectlyvalid assumptiorfor the goalsof
this study
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Figure6.1: The vacuumchambeusedfor comparingresultsof PLASIMO andPHO.CVD with
experimentakesults. Top: actualconfiguration,bottom: computationatiomain. The partabose
the symmetryaxis representshe chambeirset-upfor the code-to-codevalidation;the partbelov
the symmetryaxis representshe chamberfor the plasmasimulation(code-to-e&perimentvali-
dation). In both caseghe simulationdomainis at the westsideboundby the dotted/ solid line.
Notethatthe axial scaleof the upperandlowerchambeiarenotthe same.Dimensionsaregiven
incm.
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6.4.2 Computational domain

We will only considerthe subsonidlow region of the depositionchambershown in figure 6.1.
The gasmixture expandssupersonicallyfrom the cascadedrc into the vacuumchambemwith
anexpansionangled of approximatelyt5°. A normalshockis formed(which positiondepends
on the ratio of stagnatiorpressuran the arc andthe backgroundoressuran the chambey see
later) anddownstreamof the shockthe gasmixture flows with subsonicspeednto the vacuum
chamber The gasmixture will diffusetowardsthe walls of the chamberwhile moving further
downstream. To remaincloseto the experimentalconditions,the dimensionsof the subsonic
flow region have to be estimated.For this purposethe positionof the shockis calculatedrom
the empiricalrelation obtainedby Ashkenaset al. [156] for the position of a stationaryshock
front afterthe supersoniexpansionof afreejet:

1/2
Lo _ 67 <M> (6.15)
D Pback

in which L,, is thedistanceof the Machdiskto the position L, of thevirtual sourcefrom which
the streamlinesn the vacuumchambemppeaito originate. We assumehat L is locatedat the
outlet of the cascadedrc, seefigure 6.1. The constant0.67in equation(6.15)is only weakly
dependenbnthegasmixtureusedaccordingo Young[157]. Thestagnatiorpressuren thearc
IS Pstag, While ppac IS thebackgroundgressuren thechamberandD is the diameterof theoutlet
openingof the cascadedrc. For the presentchamberconfigurations,D = 4 mm, ppaac = 20
Pa (code-to-codevalidation) or ph.x = 10 Pa (plasmasimulation)and psa; ~ 7 x 10° Pa,
wegetL,, ~ 50 mmandL,, ~ 70 mm, respectrely. This meansthatthe axial extensionof
the computationaldomainis equalto the chamberengthminus L,, = 50 mm (code-to-code
validation)or L,, = 70 (plasmasimulation). The"inlet” of the simulationregionis givenby an
apertureof radiusR;,,. For the code-to-codevalidation, R;, = 50 mm, exactly matchingthe 45’
expansionangle.For the plasmasimulationR;, is chosersuch thatthe experimentakonditions
arematchedseesection6.6.

In the lower part of figure 6.1 the computationaldomainsfor the code-to-codevalidation
andthe code-to-&perimentvalidationareshown: code-to-codevalidationabove the symmetry
axis, code-to-gperimentvalidation, i.e. a plasmasimulation,belov the symmetryaxis. Both
computationaldomainsare axi-symmetric. The dimensionsof the domainsare given in the
figure. The boundarieof the subsonicflow region are depictedwith a continuousline. The
two computationakdomainsare differentfrom eachother becausdor the plasmasimulation,
experimentakesultswereavailablefor a differentchamberset-upwith differentdimensionsand
differentlocationof the pump (seefigure 6.1). In both casesa non-uniformgrid of 55 (axial)
x 32 (radial) grid pointsis usedwith grid refinemenin the pumpingregion. However, it did not
seempossibleto useexactly the samegridsin PHO.CVD andPLASIMO, sofor a comparison
the PLASIMO resultsareinterpolatedo matchthe PHO_CVD grid locationsexactly.
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6.4.3 Boundary conditions
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The boundaryconditionsappliedin PLASIMO for both the argon-silanegas mixture andthe
argon plasmain the vacuumchamberare the sameandarelisted in table6.1. The boundary
conditionsusedin PHO CVD areslightly differentaswill beexplainedattheendof this section.
Also listedin table6.1 arethefixedparameteratinlet, pumpandwall locations.

Table6.1: PLASIMO Boundaryconditionsappliedto argon-silanegasmixture (for code-to-code
validation)and argon plasmasimulations(for code-to-&perimentvalidation)in the deposition
chamberNotethatT, is only usedfor the plasmasimulationsfor whichT = Tj,.

Par. Inlet Outlet AXxis walls
p & =C ¢ g | &=y
max r 2 ouy
U, Uy = Uiy [1—<Rm)] u, =0 =0 u,=0
Uy U, =0 Up = Upymp | Ur =0 | u, =0
T T ="Ty T = Tpump (?9_3.1 =0 |T= Twall
T, | T.=Th e =0 |L=0|d-VI,=0
) — _Mipi Oyi _ Oyi _ = ST —
Yi Yi __,ZJ M;p; ar — 0 or — 0|n (pyzu + Jz) =0
n-J,=0
Par. Code-to-codevalidation Code-to-&perimentvalidation
OAr 50 sccst 16.67 sccst
OsiH, 10 sccs™!
R, 5.0cm 1.5—-2.5¢cm
Lpump 2.0cm l.4cm
T 3000 K 4500 — 5500 K
Tyan 500 K 300 K
Toump 400 K 300 K
Upump 17.5ms™! 9.62ms™!

As can be seenin table 6.1 we assumethat the velocity profile at the inlet hasa simple
parabolicshape Themaximuminlet velocity attheaxis(r = 0) u*** is dictatedoy themasslow

in
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®;, (in kg s!) andmassdensityp;, (in kg m—3) attheinlet:

Rin r 2
Oy = 2y / oo [1 _ ( ) ]rdr (6.16)
0 Rin
= 102 S Ao, (kgs? 17
0 RgTst; i (kgs™h) (6.17)

with r the local radial positionand R;, the radiusof the inlet openingin the computational
domain;py; andTy; arethepressurandtemperaturatstandarconditions:1 atmand273.15 K.
Theinlet flow ¢; is givenin sccs™ and R, is the universalgasconstaniin Jmol~* K=!). The
inlet massflow of eachspecies, givenby ®;;, = 27 [y 1 - (py;u + ji)rdr, mustcorrespond
to ¢;. Thisis doneby settingthe boundaryconditionfor y; andthe additionalconstrainton J;
aslistedin table6.1. At the non-reactingvalls a no-slip boundaryconditionis imposed. The
dimensionf the stainlesssteeldepositionchamberare suchthat (water) cooling of the walls
is not necessary Thereforean isothermalboundaryconditionis imposedon the temperature.
Sincethe walls areassumedo be non-reactingthe massflux vectornormalto the walls (with
i the normalvector)is zerofor all species.Fromthis conditionandequationg6.1) to (6.8) an
expressiorfor ﬁyi is found.

Thedepositionrchambeis pumpedoy a systemof rootsblowerswith amaximumcapacityof
Vinax = 1200 m? hr-! (code-to-codevalidation)and V.« = 1000 m? hr! (code-to-&periment
validation). The pumpingcapacityusedin the simulationsis adjustedto achieve the required
experimentalbackgroundpressuran the chamber:p,,.. = 20 Pa for the code-to-codevalida-
tion andpy.c = 10 Pafor the code-to-@&perimentvalidation. Fromthe known outlet pressure,
outlettemperaturendinlet massflow the actualpumpingcapacityV is calculated.The veloc-
ity at the outlet, uyump, is thencalculatedrom V' andthe areaof the outlet. This leadsto the
outletvelocitieslisted in table6.1. In practicethe outlet(i.e. the pump)is locatedat onefixed
azimuthalposition. However, sinceoneof therestrictionsof PLASIMO is axi-symmetryof the
configuration(this is not a restrictionof PHO_.CVD), the outletin the computationatlomainis
in factaring, but with the sameareaasthe outletin the experiments. The width of the ring,
L ,ump, is calculatedfrom A,y = 27 Rehamb Lpump, With Apump the known areaof the outlet
openingin the chamber Note thatthe gradientof the pressureat the inlet andthe outletis as-
sumedto be constant,which valueis determinedduring the iteration process. Finally, in the
directionperpendiculato theoutflow openingzerogradientdor the masdractionsof all species
areimposed.

PHO.CVD can not use exactly the sameset of boundaryconditions,since only standard
boundaryconditionsareallowed(aDirichlet valueor aNeumarcondition:azerodervative). For
example,a constanfirst derivative for the pressureanda quadraticprofile for the inlet velocity
arenotpossible.Thereforethevelocityattheinletin PHO.CVD mustbetakenuniform,whereas
thepressurattheinletis given(21.4 Pa). At theoutleta zerodervative for p is specified.
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6.5 Compositionfeatures

6.5.1 Code-to-codevalidation

A non-reactinggas mixture consistingof the neutralspeciesAr (argon) and SiH, (silane)is
used.Becausef the"black box” charactef somepartsof PHO.CVD, it waschoserto usein
PLASIMO the sameformulationsfor the transportcoeficientsasareusedin PHO.CVD (valid
for neutralspeciesvith all thesameemperature)ln thisformulation,theviscosityu andthermal
conductvity A aregivenby [158]:

po= Y h (6.18)

DT
1+ <&> v (%)1/4 2
I M;

wo= 18 1+% o

o E(ﬂ'mika)l/Q
Hi = 16 rd2Q, (T7)
A =

22j$j¢§\j

i

\7-1/2 N 1/2 17472
> g1+ 14 (N <%>
J Mj )‘j MZ
1. ;i — 1.
A = l2.5 ( 5k”> +1.32 (Cif’k”ﬂ "
my; my;

with ¢, ; thespecificheatcoeficientatconstantolumeof species. Thedimensionlessollision
integral €2, is givenby [158]:

(6.19)

A C E
Q, (T") = = = = 2
w (1) T*B + exp[D,T* * exp[F,T*] (6.20)
with A, = 1.16145, B, = 0.14874, C,, = 0.52487, D, = 0.77320, E, = 2.16178 and F, =
2.43787. Thenormalisedemperaturés denotedoy 7* = k,T'/¢;;. Thedimensionlessollision
integral Qp usedin the expressiorfor the binary diffusion coeficient (equation(6.4)) is given
by [158]:

* AD C1D ED CYVD

W (T") = 75, + exp[DoT"] © exp[FoT] * exp[HpT"]

with Ap = 1.06036, Bp = 0.15610, Cp = 0.19300, Dp = 0.47635, Ep = 1.03587, Fp =
1.52996, Gp = 1.7644 and Hp = 3.89411.

The Lennard-Joneparametergor the argon-silanemixture usedin the simulationsfollow
from Svehla[159] andaregivenin table6.2.

Sincethespeciesn thegasmixturedonotreact,thesourcetermsin theparticlebalancegsee
[34]) arezero. Combinedwith thefactthatno enepy is dissipatednto the systemandradiation
lossesare ngglected,alsothe sourcetermsin the total enegy balance(alsogivenin [34]) are
zero;viscousheatingandheatconductionaretakeninto account.

(6.21)
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Table6.2: Lennard-Joneparameter$or theargon-silanemixture. Datafrom Svehla[159].

Species| o; (A) | &;/ky (K)
Ar 3.542 | 93.3
SiH, 4.084 | 207.6

6.5.2 Code-to-experimentvalidation

For the recombiningargon plasmathe heavy particletransportcoeficientsarecalculatedusing
themixturerulesof MitchnerandKruger[41]. Theelectrontransporicoeficientsarecalculated
usingFrostmixturerules[57]. In thesubsoniaegion of anargon plasman avacuumchambey
ionisationprocessegan be neglecteddue to the low electrontemperatureand density The
two mostimportantprocessesvill bethree-particlaecombinatiorandradiatve recombination
[160,161]:

Arf fede 5% Arge (6.22)
Art+e %% Arhw (6.23)

wherethe argon atomAr canbe excited. Three-particlerecombinatiorheatsthe electrongas,
becaus¢heremainingelectrongainsa partof theionisationenegy (in the de-ecitationflow to

the argongroundstate).In the radiatve recombinatiorreaction(6.23) oneelectronis lost with

theaverageelectronenegy of %kTe. Themainlossmechanisnfor electronsandionsis diffusion
to thewalls of thechamberThemassbalancesourceterm S, .+ andelectronenepgy sourceterm
Q. originatingfrom reactiong6.22)and(6.23)areasfollows:

SAr+ = —Mart (Krec,?)nznAr'*‘ + Krec,2nenAr+) (624)
3
Qe = +ngnAr+Krec,3AErec,3 - nenAr+Krec,2§kae (625)

whereit wasassumedhat the plasmais optically thin (escapdactorequalsl) exceptfor the
resonanceadiationfor which it is assumedhat the plasmais completelyoptically thick, and
thatin theradiatve recombinationreactionathermalelectronis lost. Therateconstanfor three-
particlerecombinationk,.. ; is takenfrom VanderMullen [68], theenepgy gainof theelectrons
equalsapproximatelytheionisationenegy of thefirst excitedstateof argon,the metastabletate
Ar*: AE..3 =~ Ey = 4.2 eV. Thecontrikution of free-freeandfree-boundadiationis conform
thework of Benoy etal. [72]°.

dAccordingto Capitelli et al. [162] the combinationof alarge concentratiorof metastablergonstatesogether
with low T, values(belov 3000 K) is ideal for animportantcontribution of superelasticelectroniccollisionsto
the heatingof the electrongas: Ar* + e — Ar(1) + e, with Ar(1) theargonatomin the groundstate.Dueto the
superelasticcollisions,an extra electronenegy sourcetermwould exist: Qsyp = nenar KsupAEsyp. Theenegy
gainof theelectrondn thisreactionis A Eg,, = 11.55 eV. Theinfluenceof this reactionis notdiscussedhere.
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6.6 Resultsand discussion

6.6.1 Code-to-codevalidation for a non-reactingAr - SiH, gasmixtur e

The pressureandthe flow field in the depositionchamberare shown in figures6.2 - 6.3 (axial
fields) andfigures6.4 - 6.6 (radial fields). The pressuredistribution in the inlet region of the
simulationdomainis shovn enlagedin figure 6.2. We seethatPLASIMO andPHO_CVD give
the samebehaiour for the pressuregxceptnearthe inlet region. It seemghatthe fixed inlet
pressureysedby PHO.CVD, givesawrongbehaiour attheinlet. The differencedetweerthe
pressurédrom PLASIMO andPHO.CVD neartheinlet regionis alsoseenn theradialprofile, for
z = 0.9 cm. For higherz valuestheradial profilesof the pressureagreevery well. Thevelocity
profiles(axially aswell asradially) obtainedrom PLASIMO andPHO_CVD agreewell.

Theaxial andradialtemperaturgrofilescomputedoy PHO.CVD andPLASIMO areshavn
in figure6.7. It is seenin thefigure thatthe agreemenbetweenthe PLASIMO andPHO.CVD
axialandradialtemperaturerofilesis very good.

Theaxialandradial profilesof the masdractionsof agonandsilaneareshovn in figures6.8
and6.9. Onecanseen figures6.8and6.9thattheheavier speciegAr) hasahigherconcentration
in thecoldregionsnearthechambemvalls, whereaghelighterspeciegSiH,) hashigher(relative)
concentrationsn the hot centre. This behaiour found in boththe PHO.CVD and PLASIMO
resultsjs expected We saw in section6.3,thatin generalJargeandheary moleculesaccumulate

in cold regionsof the reactor(jt-d x —VT, seeequation(6.5)), whereaghe smallandlight

i,heavy
moleculesconcentraten the hot regionsof thereactor(j:-ight x +§T). Notealsothat,dueto

alimited accurag of the outputdata,the massfractionsfrom PHO.CVD shaw discreteprofiles
insteadof a smoothprofile.

Fromthe resultsof the numericalsimulations,it canbe found thatthe Mach numberat the
inlet is belowv 0.89. Comparingthe PHO CVD profileswith thoseof PLASIMO shows thatthe
resultsagreevery good. This is true even for the spatialdistribution of the massfractionsfor
which we expectedsomedifferencesdueto the differentformulationsusedby PHO_CVD and
PLASIMO for the thermaldiffusion. Concluding,both codesgive resultswithin a bandwidth
of a few percent. However, this doesnot meanthat the numericalsimulationsgive the results
that areactually obsered. Thereforeresultsof a numericalsimulationwith an argon plasma,
performedwith PLASIMO, will becomparedvith experimentakesultsnext.

6.6.2 Code-to-experimentvalidation for arecombiningargon plasma

Theresultsof the numericalsimulationof anargon plasmain the chamberset-up,discussedn
section6.4, arecomparedvith experimentalresultsof Brussaard163] (alsoshown in the next
figuresy. Unfortunately both 73, and R;,, were not experimentallydetermined.Therefore,to

¢In the experimentsperformedby Brussaard163], the velocity and gastemperaturavere determinedusing
resonant.aserinducedFluorescencen the 4s-4ptransitionof Ar. Also the electrontemperaturevasdetermined
experimentally(using single cylindrical probemeasurementsjhut becausef the large uncertaintyin thesemea-
surementg~ 40%) it doesnot make sensdo comparemeasure@ndcomputedr,.
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Figure6.2: The pressuralongthe symmetryaxis; PHO.CVD: solid squaresPLASIMO: open
circles. The pressuran theinlet region is shavn enlagedandrevealsa spuriousbehaiour of
the PHO.CVD results. This resultsfrom the factthat PHO.CVD doesnot allow % = C asa
boundarycondition. Insteadp = 21.4 Pawasused.
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Figure6.3: Theaxial velocity alongthe symmetryaxis.

achieve a goodagreemenbetweerresultsof simulationsand experimentsthe two parameters
Ti, (it is assumedhatT},;, = T.;,) and R;, arevariedin the simulations. Note that varying
theinlet radiusis allowed sincethe expansionanglecanbe differentfrom 45° dueto a different
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shapedozzlein the cascade@drcwhile also,atthe endof the shock,the Machdisk contractgo
asmallerdiametertthanpredictedby the expansiorangleof 45°. An inletradiusof 1.5 — 2 cmis
compatiblewith M = 4 beforethe shock,whichis reasonableThe experimentalandcomputed
axial profilesof theaxial velocity andthe heavy particletemperaturareshavnin figure6.10and
6.11,respectrely. As canbeseenn figures6.10and6.11ahigherinlettemperaturékeepingR;,
constant)ifts, apartfrom thetemperatur@rofile,alsothevelocity profile neartheaxis. Thesame
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Figure6.6: Theradial profile of the radialvelocity componenat threeaxial positions(z).

effect (i.e. increasingvelocity) is achieved by decreasing?;, (keeping7;, constant).However,

the higher7;, or the lower R;,, the higherthe Mach numberM will be. For the simulation
resultsshovnin figures6.10- 6.11,theagreemenbetweerexperimentandnumericalsimulation
appeato bereasonablgood,for R, = 1.5 cmandT;, = 5500 K. However, thisimpliesavalue
of M;, = 1.5 atthe "virtual” inlet, which is too high sincethe computationaldomain starts
downstreanof theshock,whereM mustbe smallerthanone.Only for thenumericalsimulation
with R;, = 2.5 cmand7;, = 4500 K, M =~ 1 attheinlet of the computationadomain. All

the othernumericalsimulationsgive M =~ 1.5 — 2. Oneof the problemsencounteredn the
simulationsthatmay be relatedto the Mach number is the "virtual” wall atthe westsideof the
computationatlomain.In reality, thereis no wall atthatlocationandthereforetherecirculation
vorticesin the flow field would be not fully locatedin the computationaldomain. Also the
boundaryconditionfor thetemperaturatthevirtual” wall, T' = T,,.;1, IS notrealistic.

Anotherpoint of attentionis the three-particleecombinatiorrate K. ;. Differentauthors
[68, 161, 164 foundthatthe experimentalaluesfor K, ; arehigherthantheratefrom Thom-
son[68]. A factorof two differences no exception.However, sincethethree-particlaecombi-
nationis notvery effective in the subsoniaegion of the expansionjncreasingi,.. ; will barely
increasdaheelectronandheavy particletemperatures.

Theradialprofilesof u, and7}, areshavn in figure6.12.

Although the agreemenbetweenthe computationandthe experimentis rathergood, more
experimentalpointscloserto theinlet of the chamberare neededo validatethe computedde-
creasen temperatur@andvelocityin theregion downstreanof theshock.Also in radialdirection
moreexperimentapointsarenecessary
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Figure6.7: The temperaturalistribution computedby PHO CVD andPLASIMO. Top: profile
alongthe symmetryaxis; bottom: radial profile at threeaxial positions.

6.7 Conclusions

Thecode-to-codealidationof PLASIMO by thecommerciatool PHO.CVD shavsgoodagree-
mentbetweertheresultsfor thetestcasechosenn this study:the flow of a non-reactingargon-
silanegasmixturein the subsoniaegion of adepositionchamberAlso theinfluenceof thermal
diffusionon the resultsof the numericalsimulationcomparesvell, althoughthe formulationof

thermaldiffusionin PHO.CVD andPLASIMO is quitedifferent.
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Figure6.8: The massfractiony, computedby PHO.CVD andPLASIMO. Top: profile along
the symmetryaxis; bottom: radial profiles at threeaxial positions. It canbe seenthatthe con-
centrationof the heaviestspeciedAr is higherin the cold region, i.e. closeto thewall. Notethat
the plateausn the PHO.CVD resultsoriginatefrom the limited accurayg with which the results
aresavedinto files.

The code-to-&perimentvalidationshavs a reasonableagreementif the principle of anex-
pansionangleof 45° is not applied. More experimentalpoints, especiallycloserto the inlet
openingof thechamberareneededo confirmtheaccurag of the computedprofiles.
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Figure6.9: The massfractionys;, accordingto PHO.CVD andPLASIMO. Top: profile along
the symmetryaxis; bottom: radial profiles at three axial positions. Since SiH, is the lightest
speciesn theAr - SiH, gasmixtureits relatve concentrations largerin the hot centralregion.
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Appendix of chapter 6

Thebinarydiffusioncoeficient D;; is givenin equation6.4). It hasthepropertythatD;; = Dj;,
andis shavn in figure A.1 for anAr - SiH, gasmixtureatapressuref 20 Pa.
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FigureA.1: Binary diffusioncoeficient D, _gu, (in m? s ') asafunctionof temperaturd for
anAr - SiH, gasmixtureatapressuref 20 Pa (Dsin,—ar = Dar—sin,)-

Thethermaldiffusionfactor 3;; asusedin PLASIMO, is givenin equation(6.9). Note that
Bi; # Bji, in contrasto the parameteusedin PHO.CVD: a,; = a;; (seeKleijn [151]). For the
Ar - SiH, gasmixture, usedfor the comparisorof the resultsof PLASIMO with the resultsof
PHO.CVD, 3;; andg;; areshovn in figure A.2 for apressuref 20 Pa.
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NumericalSimulationof Microwave Plasmas
Usedin Optical Fibre Production

G.M. Janssen, M.J.N. van Stralen?, J.A.M. van der Mullen!
and A.H.E. Breulg

! Departmenbf Applied Physics Eindhoven University of TechnologyP.O. Box 513,5600MB
Eindhoren, TheNetherlands
2 PlasmaDptical Fibre B.V., PO. Box 1136,5602BC Eindhoen, The Netherlands

Abstract

The multi-componenplasmasimulationmethodPLASIMO will be usedfor numericallysimu-
lating the microwave plasmausedin opticalfibre production.For this purposeanew microvave
enepgy couplingmodulewasdevelopedandaddedio PLASIMO. As a first steptowardsa com-
pletesystemwhich mustincludethe complex chemistrybetweerO,, SiCl, andGeCl,, anargon
microwave plasmais numericallysimulatedwith PLASIMO. The resultsof the simulationsare
comparedvith experimentabbsenationsandhave agoodqualitatve agreementA quantitatve
validationwill be performedn thefuture.

7.1 Intr oduction

Productiorof opticalglassfibresfor telecommunicatiogonsistanainly of two separat@roduc-
tion steps:

e manuhcturinga preform;
e drawing aglassfibre from this preform.

129
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The interestof this studyis in the manufcturingof a preform, and especiallythe plasmade-
positionprocesausedin the manubcturingprocess.Sincel975,a powerful depositionmethod
for manufcturinga preformhasbeendeveloped[9, 165 166]: the so-calledPlasma-actiated
ChemicalVapour Deposition (PCVD) proces$, showvn in figure 7.1. The substratetube is
mountedbetweera gassupplysystemanda pump. Thegasmixturethatis fed into the substrate
tube consistsof O,, SiCl, andGeCl, andflows throughthe tubeunderrelatively low pressure
(p =~ 10 — 20 mbar). Usinga moving resonatgrwhich is mountedinsidea furnace,microvave
(MW) enepy is coupledinto the substratéube. Consequentlya plasmaof a reactve substance
is createdresultingin depositionof (doped)glas$ on the inner side of the substrateube. The
temperaturef thesubstrates keptconstantduringthedepositiorprocessatapproximatelyl 500
K by usingafurnace.After the PCVD processby which the substrat@ubeis internally covered
with a few thousandf depositedylasslayers,the substrateubewill be subsequentlgollapsed
into apreformrod. Fromthis preformrod a glassfibre is drawn.

Advantage®f the PCVD processover otherwell-known methodsarefoundin the high de-
position efficiengy, precisecontrol of the refractive index profile of the depositedayers(very
thin layersof a few micron canbe deposited)the lack of enegy transferthroughthe wall of
the substratdube (i.e. the MW enepy is coupleddirectly into the plasmaregion) andthe high
depositiorrates(~ 4 x 10 5 kgs1).

r

SiCl,
+
Ge(Cl, .
+
0 ™ Furnace (1200 °C)
2
Resonator
\| Plasma

Silica tube

N\

Magnetron Pumping system

Figure7.1: The PCVD set-upusedfor manugcturingpreforms.

In brief, the overallchemicalreactionghat musttake placein the plasmafor the deposition
to take placeare:

O4 + SiCly — SiOq + 2Cl;

“ThePCVD procesdor glassfibre depositionvasintroducedoy PhilipsGmbHForschungslaboratoriudachen
in Germaly [165]. An overview of similar plasmadepositiontechniquedor manufcturingfibre-preformscanbe
foundin [167].

5The Si0, layeris eventuallydopedwith GeG;.
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Og + GeCly — GeOq + 2Cly

Experimentshow thatSiO, is notformedvia volumereactionsput is formedvia awall reaction
of SiO, formedin the volumereactionO + SiCl; — SiO + 2Cl,, with oxygensticking at the
wall [168].

For moredetailsontherecentstateof theartof thePCVD procesdor opticalfibre production
we referto VanBergenandBreuls[9].

As apartof theongoingprocesf improving this depositiormethod,moreinsightis needed
in the plasmaphysics.A powerful tool for increasinghis insightis by meansof computersim-
ulations. In the 1980sthe oxygenmodelof RauandTrafford [169] wasusedfor this purpose.
They presented simplemodelto calculatethe electromagnetiieldsin theresonatoandelec-
tron numberdensities, andtemperatured. in the plasma.Thefield strengthsverecalculated
by solvingthe Maxwell equations.The gasflow profile, the massbalancefor the electronsand
the electronenegy equationwerenot solved. Instead the distributionsof n, andT, werecal-
culatedusingapproximateelationsassuminga constanpressuren the tubeandneglectingthe
influenceof theflow. For detailsof themodelsee[169].

For gaining more insight in the plasmaphysics,a more accurateand completemodel is
needed. Thereforeit was chosento use an alreadyexisting generalplasmasimulationtool,
which solvesall the relevanttransportequationsPLASIMO [34]. It is afluid modelfor multi-
componenplasmasgdevelopedat Eindhosen University of Technology The mainassumptions
underlyingPLASIMO arethattheflow is axi-symmetric steadyandlaminarandthatthe plasma
is assumedo be quasi-neutral. It is meantfor simulatingplasmasat LTE (i.e. Local Ther
mal Equilibrium)/non-LTE, from low to high pressureaindfor differentenegy coupling prin-
ciplessuchasDC (cascadedrc) andinduction (ICP, QL-lamp). For an extensve description
of PLASIMO'’s capabilitiesaswell asits limitations togethemwith a descriptionof the physical
model, numericalmethodand iteration procedurewe refer to [34], in which alsoasan argon
cascadearcplasmawassimulated.

For simulatingthe PCVD plasmawith PLASIMO, anovel microwave enegy couplingmod-
uleis developedandadded.This will be describedn section7.2. The configurationcharacter
isticsaregivenin section7.3. The argon compositioncharacteristicare briefly summarisedn
section7.4, sincethey weredescribedn a previous paper[34]. As afirst steptowardsa more
completesimulationof the plasmadepositionprocessanargonplasmais consideredecausef
theprovenaccuray of theagonmodelin PLASIMO. Thisis presentedh section7.5. In chapter
8 of thisthesistheresultsof a numericalsimulationof a pureoxygenplasmaarediscussed.

7.2 Micr owave energy coupling module

7.2.1 Computational domain

The experimentalconfigurationis shavn in figure 7.1. The partof the configurationconsidered
is axi-symmetric seefigure 7.2. Here,we notethatthe electromagnetifields will be calculated
in thecomputationalomainasawhole,whereaghe hydrodynamiequationsn PLASIMO are
solvedonly in the plasmaregion.
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The plasmaregion (with a radiusRy,) is surroundedy a glasssubstrat@ube (outerradius
Ry, length L;), anair gap (outerradius R,;;) anda microvave resonator(length L..). A slit
(width b) is constructedn the microwave resonatarallowing high power microwave enegy
originatingfrom a magnetron{o be coupledinto the plasmaregion. The magnetroris operated
atafrequeny of about2.46 GHz.

L,

N
Ll

A

B EE——

Lres
b resonator
" slit
r air
T 7 glass % 7 T
z 7_» o plasma ) Rrplﬁ ,RQ', ,Ra"

gas mixture

Figure7.2: Geometryof the set-up:the plasmais surroundedy a substratéubeandresonatar

7.2.2 Formulation of the electromagneticproblem

The descriptionof all electromagnetiproblemsare basedupontwo of Maxwell's equations.
Theseequationsn the space-timelomain(z, y, 2, t) read

— aﬁ —
E — 7.1
V x + = 0 (7.1)
-1 ) o
H-J--—— =0 7.2
V x 5 (7.2)

with E andH theelectricandmagnetidield strengthrespectiely; D andB aretheelectricand
magnetidlux density respectiely; Jis the currentdensity

In orderto solve theseequationswe needthe constitutve relations.Theserelationsdescribe
the macroscopi@ropertiesof the media. The computationatonfigurationconsideredcontains
glass,air anda plasma(argon) atlow pressureThesemediaareassumedo beisotropic,linear,
time-invariant,non-permeablenstantaneouslyeactingandlocally respondingThecorrespond-
ing constitutverelationsare

J = oE (7.3)
D = eoE (7.4)
B = uH (7.5)

with g9 = p, ey ? the permittivity in vacuum,e, the relative permittivity of the media, i1y the
permeabilityin vacuum,o the electric conductvity of the mediaand ¢, the speedof light in
vacuum.
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Theelectromagnetiformulationis basedn a quasi-stationargnalysiswhich assumeshat
all field quantitiesdepencharmonicallyontime with acommonrealangularfrequeny w = 27 f
(f is the correspondingrequeng). Thenevery realquantity A is associateavith the complex
representationl throughA(z, y, z, t) = R[A(z, y, z, jw) exp(jwt)], with ) denotingtherealpart
andj = /—1. Substitutionof the complex representationms the time-dependeniaxwell’s
equationg7.1)- (7.2),i.e. replacingthe differentiationd/dt by a multiplication by jw, dividing
by thecommontime factorexp(jwt) andomitting the” (exceptfor &), yields:

V x E—i—jwuoﬁ =
V x H - juebE =

(7.6)
(7.7)

oLl

The relative complex permittivity &, is givenby ¢, = ¢, + o/(jweg)¢. The relative complex
permittivity of the naturalquartz(glass)at 1500 K equalg169:

Er.glass = 3.93 — j0.22 (7.8)

Substitutingthe complex electric conductvity (Lorentz expression)o = 50w§/(1/ + jw),? the
relative complex permittiity of the plasmais foundto be[170]:

N ’
€r,plasma = € plasma — Jg ,plasma (79)
with

2

w

! _ P
<C:r,plasmau = 1- w2 + 12 (710)

2

14 W

" _ p
€rplasma — ; <w2 + l/2> (711)

Thereal partof therelative permittivity, ! is the permittivity of the equivalentnon-conducting
or losslesgplasmé. Theimaginarypart,s”, is a measureof the power lost to the plasma. We
introducedthe electroncollision frequeng v andthe plasmafrequeny w,. Thelatteris given

by:
2\ 1/2
Wy = <"ee ) (7.12)
MeEo
Theelectroncollision frequeny is givenby [70]:
v = niar (Koo pr) + —— At “ VA (7.13)
= NAr e—Ar (27rmek3T3)1/2 67T8 .

“Therelationbetweerg, andthecomple permittivity € oftenusedin thetextbooks(e.g.BadenFuller[170]) is:
E= Eoér.

INotethatfor low frequenciesy < v, ande — opc, With opc = 60w;‘;/1/ = e2n,/(m.v), whichis thesame
aspresentedn chapter3.

¢Thetermlosslesgefersto the casewherethe electronsarecompletelyfree to move, sothatthereis no enegy
transferfrom the electrongo the heavy particles.
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wherem, is theelectronmassg is the elementarychage, &, is Boltzmanns constanty x is the
numberdensityof speciesX, with X =Ar or Art; (K._a,) istheratecoeficientfor momentum
transferbetweerelectronsaandargonatoms averagedver a Maxwellianenegy distributionand
In A is the Coulomblogarithmwith ion screeningncluded(seechapter2).

For the axi-symmetricconfigurationand the axi-symmetricenegy in-coupling considered,
thefield components’,, H, andH, vanish.TheMaxwell equationg7.6)and(7.7)thensimplify
to

OoE, OFE, . .

% or +jwpeHy = 0 (7.14)
0H
=% 4 jweec By = 0 (7.15)
0z

12(H) jweebrE, = 0 (7.16)

Multiplying equationg7.15)and(7.16)with thecharacteristiempedancef vacuum definedas
¢ = (uo/e0)*?, normalisingH,, as H), = ( H, andintroducingthe wave number(propagation
constantjn vacuumk, = w/c,, we get:

OE, OE, .
5~ +ikoHy = 0 (7.17)
aHé’nijéE = 0 (7.18)
aZ ocrtir .
10 _
—;E(TH;&)Jr iké,E, = 0 (7.19)

From a microwave point of view, the interestis the scatteringpropertiesof the field incident
on the plasmaregion. In particular microwvavesenteringthe plasmaregion throughthe slit will
partly bereflectedpartly beabsorbedn the plasmaandpartly betransmittedo theervironment.
The MW field attheslit is describedn the next section.

7.2.3 MW field at the slit

The microvavesaregeneratedn a magnetrontransmittedhroughsomemicrowave waveguide
componentandcoupledinto the configuration(the plasmaplus glassplusair) via theslit. This
slit is consideredo be a shorttransmissiorline of cylindrical shape:a radial waveguide. The
radialwaveguideis only ableto guidethetrans\erseelectromagneti¢cTEM) mode.In principle,
someof the higherordernon-guidingmodeshave to betakeninto account.

In orderto focuson the plasmaregion itself, we decouplehe plasmafrom the resonatoby
definingproperboundaryconditionsat theslit. Thisis adifferentapproacthanthatof Rauand
Trafford [169], who consideredheplasmaplusresonatarWe will formulatetheelectromagnetic
field attheslit asaninfinite sumof local radialwaveguidemodes.Dueto PLASIMO’srestriction
to axi-symmetricalconfigurations,only rotationally symmetricmodesare consideredwhich
meansthat only trans\erseelectric(TE) and TM fields are presentin the plasmaregion. We
will confineourselhesto a discussiorof the fundamentallEM mode.
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Froma spectralanalysis,it canbe shovn (seeMarcuvitz[171]) thatthe fundamentatrans-
verseTEM modefield is representeds:

E, = @ (7.20)
I(r)
H,=—= 7.21
¢ 2nr ( )
E. =0, Ey=0 (7.22)
H,. =0, H,=0 (7.23)

ThemodeamplitudesyoltageV andcurrent/, obey theradialtransmissiorine equations

aa_‘: = —jkoZI (7.24)
I
o= horv (7.25)

where Z (V) is the characteristidmpedance(admittance)of the radial waveguide: Z(r) =
1/Y (r) = ¢b/(2nr). Thesolutionsof theradialtransmissioriine equation(7.24)aretheHanlel
functionsHS? (ker) andHSY (ker). They represenwavestravelling in thedirectionof increasing
anddecreasingadius,respectrely, andareanalogue®f the exponentialfunctionsencountered
in uniform transmissiorines’.

Equationg7.20)and(7.21)togethemith thesolutionsof equationg7.24)and(7.25)describe
theboundaryconditionfor the electromagnetifields at theslit:

—bE,(r) = V™HP (kor) + VI H{" (kor), (7.26)
PpHYr) = VH? (kor) + V" H{" (kor), (7.27)

whereVi*¢ andV ™ arethecomplex amplitudesof theincidentandreflectedvaves,respectiely.
Theextensionto higherordermodess straightforvard.

fTheHankel functionsaredefinedas[171]:

HY(@) = Jm(@)+Nm(z)
HP (@) = Ju(@) = jNm(2)
with J,,, and V,,, two independentstanding-vave, Besselfunctionsof orderm of the first and secondkind (i.e.

a Neumannfunction), respectiely. This canbe written analogouslyto the exponentialfunctionsencounteredn
uniform transmissiodinesas:

HT(,%)(.’IZ) = (_j)mhmexp[+j77m]
HP(@) = ()™hmexp[=jnm]

Nom
T

with by, = (J2,(z) + N2,(z))'/2 theamplitudeandn,, = 2= + tan™! ;)) the phaseof the Hankel functions.
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7.2.4 Discretisation

In orderto staycloseto thediscretisatiorusedin PLASIMO, the Maxwell equationsarediscre-
tised by the finite-differencemethod. The threeelectromagnetid¢ield components,, E,. and
H, arethendefinedon threedifferentgrids, similar to Yee’s algorithm[172]. The grids are
shavn in figure 7.3. Comparedo the E, grid, the Hy grid is shiftedover a distance%Az, with
Az the axial distancebetweerelectromagneti¢EM) grid points. Comparedo the H,, grid, the
E, gridis shiftedoveradistance%Ar, with Ar theradial distancebetweernEM grid points. As
is seenin figure 7.3, the E,. grid is composedn sucha way thatgrid pointsarelocatedat left
andright boundaryof the computationatlomain,the E, grid is composedn sucha way thatits
grid pointsarelocatedat the plasma-glassterface,glass-airinterfaceandthe air-metallicwall
interface.By doingso,the boundaryconditions(BC) atthe metal,interfacesandsymmetryaxis
arenaturallyincluded.TheinterfaceBC correspondso anequivalentmediumsmoothing173],
the permittivity is only averagedatthe F, grid.

The numericalboundariesat the endsof the computationawindow aretaken to be metal
walls. The electricfield componentgparallelto a metallicwall vanish,so E, = 0 atthe north
metallicwalls and £, = 0 atinlet andoutlet (which werealsotaken asmetalwalls in the EM
description).At theinterfacesbetweermediaof differentdielectricconstantsf,, ¢, F, andH,,
have to be continuousatthesymmetryaxis E, = 0 andH, = 0.

The numberof grid pointsusedin the microwave EM calculationis closelyrelatedto the
numberof grid pointusedby PLASIMO in the plasmaregion. For the computationgperformed
in this thesis,a uniform PLASIMO-grid is usedwith 62 axial and 17 radial grid points,which
resultsin 60 axial and 30 radial grid points(plasmaplus glassandair region) for the EM-grid.
For reason®f simplicity, an equidistantEM-grid is showvn in figure 7.3; a non-equidistangrid
canbeused.

b8 .8 o o o Opsmed g

Az

Figure7.3: Simplifiedrepresentationf the equidistangrid for the EM-module;0: E, grid; x:
E, grid; o: H, grid. Notethatthe scalein radial directionis not the sameasin figure 7.2, that
E, grid pointsarelocatedat the northboundaryandthatE, grid pointsarelocatedatthe south,
westandeasthoundaries.

Now thatthe relevant electromagnetiequationsare describedthe setof equationg7.17),
(7.18),(7.19),(7.26)and(7.27))andthata choiceis madefor the grid, the solutionmethodcan
bediscussedhext.
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7.2.5 Solution method

Usingthe Maxwell equationg7.17)- (7.19) plusthe equationdor E, and H, thatfollow from
the boundaryconditionsat the entranceslit, equationg7.26)and(7.27),the matrix equationto
be solvedis givenby:

Mll M12 M13 M14 H:b Rl
My My 0 0 E. | | o
My 0 My 0 E, |7] o0 (7.28)
My 0 0 My/) \ Vel Ry

Equation(7.28)is a sparsamatrix equationthatis solved usingthe routineswritten by Kundert
and Sangiovanni-Vincentelli [174]. The matrix componentsl/;; are given by (for the listed
differentialoperatorghefinite-differencematrix representatiors taken):

My =1 (7.29)
jo
My = —o 7.30
2 koaz ( )
_ i
My = 15 (7.31)
My = —-3 H? (ko Rai: ) (7.32)
koAr "
jo
My = —o 7.33
21 P (7.33)
My = & (7.34)
i1o
My = ——— 7.35
3 korarr ( )
M3 = & (7.36)
My =1 (7.37)
My = jH?® [ko (Rar — Ar/2)] (7.38)

with Ar the (equidistant)grid spacingin radial direction. Also the vectorcomponents?; area
resultof theboundaryconditionsatthe slit andaregivenby:

j Vinc (1)
— H, air 7.39
R, Ar o (ko Rair) ( )
'Vinc
Ry = —j=—H" [ko (Rux — Ar/2)] (7.40)

At the physicalendsof the resonatara specialboundaryconditionis introducedto take ac-
countfor MW reflections At the othernumericalboundariesspecialboundaryconditionsarein
development.
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7.2.6 Coupling with PLASIMO

The microwave EM-moduleandthe restof PLASIMO are coupledvia the Ohmic input power
andthe comple relative permittiity, equation(7.9). The MW power dissipatedn the plasma,
i.e.the Ohmicinput power, is givenby the complex Poynting vector:

Ptaoma = %8‘% (/V i Edv) - %m (0 \Ef) (7.41)

wherethe notation P, 1.sm. denotesthe time-averagedpower in the plasma,® denoteshe real
partandx denoteshe complex conjugate;V’ denoteghe volumeover which the integrationis
performed,i.e. a control volumefor the local Ohmic input power andthe total volume of the
computationabdomainfor the total Ohmic input power in the plasma;|E? = E,E; + E,E;.
Notethatagainthe harmonicquasi-stationargnalysiss used.

The MW power dissipatedn the configurationj.e. plasmaplusglass,is givenby:

1/2
2 (e .
Ptotal = % (,U_(())) <‘V1nc

Dueto thediscretisatiorof the radialtransmissiodine equation(7.24),with Bessefunctionsas
solutions,the calculatedP;,.,; candiffer from Pjusma. The amplitudeof the inward travelling
wave, V*¢, is adjustedteratively until thetotal dissipated\W power, givenby equation(7.42),
equalsthe desiredinput power P,y (Whichis choserto be aninput parametefor this plasma
configuration):Vin¢ = Vinc( Py, o/ Poar) /2.

Therearetwo maindifferencesn thediscretisecconfigurationbetweerthe microvave EM-
moduleand PLASIMO. First, the computationadomainis different: in the calculationof the
electromagnetifields, it existsof the plasmaregion plusthe glassandair region. In PLASIMO,
it containsonly the plasmaregion shown in figure 7.2. Secondlythe PLASIMO-grid, on which
the mass,momentumandenegy balancesn the plasmaregion are solved, andthe microwave
EM-grid, asshown in figure 7.3, are not the same. SincePLASIMO andthe EM-moduleare
coupledvia the permittivity (asgivenin equation(7.9)) andthe Ohmicinput power (asgivenin
equation(7.41)),betweernthetwo gridslinearinterpolationis appliedfor thesevariables.

2 _ ‘Vref

2) (7.42)

7.3 Configuration characteristics

We will now concentrateon the configurationcharacteristicshat are usedin PLASIMO. The
configurationof interestis takensimilar to theoneusedby RauandTrafford [169], andis shavn
in figure 7.2. The computationalomainusedin PLASIMO consistsof the plasmaregion only.
The electromagnetienodulewith its boundaryconditionswerediscussedbove, the boundary
conditionsfor the computationablomainof PLASIMO andthe configurationcharacteristicare
givenin table7.1. A uniform (plasma)grid is usedwith 62 axialand17 radialgrid points.

The maximuminlet velocity at the axis, un®*, is determinedby the massflow and mass
densityattheinlet, aswasexplainedin [34]. Thetubeis pumpedat the outletside,the pressure
at the outlet, p,, IS taken asfixed. A constantaxial componentof the pressuregradientis
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Table7.1: Boundaryconditionsfor the computationalomainof PLASIMO, appliedto thenon-
LTE amgon MW plasmaplus the configurationcharacteristic§the sameas thoseof Rau and
Trafford [169]). The pressuras p; u, andu, arethe axial and radial velocity components,
respectiely; T, andT, arethe heary particle andelectrontemperaturerespectrely; y; is the
massfractionof species.

Par. Inlet Outlet AXis Tubewall
p %:C P = Pout %:0 %:0
2
Us uz=u{gaX[1—(RLl)] iz = i =0 |u, =0
Uy u, =0 %L;:o u, =0 |u.=0
T | Th =T o — I — () | )y 2 = 2 (Tf“;‘ﬁ:)
By ln< pll{pl )

_ oT. _ e _ . _
T, Te =Tein Se=0 Se=0|5==0

M;p; Oy; 9y __ . A
v | s i — () w=0 |6 (pyii+J;) = R;

n-J,=

Par. Value Par. Value
© 5scecs ! Thin 500 K
far 0.999 Tein 2000 K
fart 0.001 Ttur 1500 K
L, 300 mm Aw 1.047Wm-tK-!
Loes 100 mm b 10 mm
Ry 7.5 mm slit asymmetry —5mm
Ry 9 mm Ow 1.5 mm
Rair 15 mm DPout 1000 Pa

Piput 400, 1000, 2000 W

assumedat the inlet of the tube. The value of this gradientis determinedduring the iteration
processTheheary particletemperaturatthetubewall, T}, ,, is determinedrom the equalityof
the heatflux from the plasmato the tubeandthe heatflux from the tubeto the furnace,which
temperatures keptconstantt 73, = 1500 K. At theinlet the compositionof the argonmixture
is fixed, with fractions f; of the total inlet flow ¢ for eachindividual speciesi (i.e. the inlet
flow of species is definedasy; = f;p). Thefractionsaregivenin table7.1. At thewall, the
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total massflux of species’i” perpendiculato the wall mustequalthe net massflux R; dueto
productionor consumptiorof the speciesat the wall. This R; is describedn chapter2 of this
thesis.For amgontheresultis:

Rae = —ma+ D, (7.43)
Rar = maldyy (7.44)
with T¢, | andTq¥  thefluxes(in m~2s™") describingatthewall w thelossof argonionsAr*
andtheproductionof argonatomsAr, respectrely:
i _ YAr+,w
= A U g —— 7.45
Artw = TArUArT, L — Yar+w/2 (7.45)
FOAL;t,W = ililr"‘,w (746)

With @a+ = 1(8kyT/mma,+)'/? themeanthermalvelocity of Art perpendiculato thewall.
For argon only the ionic neutralisationArt + wall — Ar is taken into account,its reaction
probability is assumedo be v+ = 1. The slit asymmetrydenoteghatthe slit is not located
exactly in the middle of the resonatarbut thatit is shifted (in this caseto the left, towardsthe
inlet).

7.4 Composition characteristics

For the chemicalandtransportpropertiesof argon we referto Jansseret al. [34], whereall the
armgoncharacteristiceeededn PLASIMO arediscusse@xtensvely. Here,we mentiononly the
rate coeficient, K, _ 5., for momentumtransferbetweere andAr, neededn the calculationof
the electroncollision frequeng, sincethis is part of the couplingbetweenPLASIMO andthe
microwave EM-module. For calculatingK._ . the cross-sectiomatagiven by NIST [69] are
used.

7.5 Results

The configurationof Rau and Trafford [169] is usedto perform numericalsimulationsof an
argon MW plasmaat microwave powersof 400, 1000 and 2000 W. Here,we will presentthe
resultsfor the MW power absorbedn the plasmathe electronandheary particletemperatures,
the velocity, the massraction of theargonionsandtheradiationlosses.

The microwave power absorbedn the plasmais showvn in figure 7.4, from which it canbe
seenthat the microwave enegy couplingto the plasmais mainly locatedat the plasma-tube
interface. This is dueto the smallskin depth,whichis definedasé = (2/wpua)'/2. It represents
the depthbeyond which thefield strengthbecomesggligible. For higherfrequeng andlarger
electricconductvity, § decreases.

The profile of the electrontemperaturd’, is shovn in figure 7.5. The T, profile reflectsthe
standingmicrowave patternin the plasmaregion thatis createddue to reflectionsat the inlet
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Figure7.4: ComputedVIW power in the plasmaregion. Top: peakvalueof the MW power, as
functionof input power at aradialpositionof r = 7.25 mm, thelocationof theslit is denotecby
thetwo grey lines; bottom: contourplot for Pinpy, = 1 KW.

andoutletopeningof the substrateubewhich areconsiderecasmetalwalls in the presentMW
module. The location of the first peakof 7, correspondgo the first (small) peakin the MW
powerin figure7.4. This peakis expectedo vanish,by usingthe new EM boundaryconditions,
asnotedin section7.2.5.

The heavy particletemperaturd}, is shavn in figure 7.6 for a MW power of 400 W. Com-
paredto T, theT},-profile is smearedut towardsthe symmetryaxis, while nearthe tubewall a
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Figure7.5: ComputeckelectrontemperatureTop: atfour differentradii in the plasmaregion, for
Piput = 400 W, bottom: valuesatthe axis asfunctionof input power.

coolingeffectoccursdueto heattransferithevalueof 7}, atthewall is coupledvia theboundary
conditionswith thetemperaturef thefurnace whichis keptat 1500K. Thelower valuesof T},
in theinlet region of thetubearea consequencef theinlet gastemperaturef 500K. Theeffect
of differentinput power is alsoshaowvn in figure 7.6. ComparingT. (figure 7.5) with T}, (figure
7.6) revealsthatthereis a strongnon-LTE behaiour in the centralplasmaregion,i.e. T), < T,.
The pressurdifferencebetweeninlet and outletis small, Ap = 65 Pa, which meansthat
Rau’s uniform pressureassumptions permitted. However, the computedaxial velocity profile,
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Figure 7.6: Computedheary particle temperature.Top: at four differentradii in the plasma
region, for Py, = 400 W; bottom: valuesat the axis asfunctionof input power.

shownin figure 7.7, suggestshat corvectionis importantin theregion wherethe MW poweris
coupledinto the plasmajconvectionwasnot takeninto accountoy RauandTrafford.

The computedAr™ massfractionin the plasmaregion is shown in figure 7.8. Oneclearly
seestwo influences:the profile of y.+ IS smeareddut towardsthe centerof the tube. This is
dueto diffusion. Secondly closerto the axis of the configuration,the axial profile of ya,+ is
moveddownstream Thisis dueto corvection. Theelectronnumberdensityatr = 5.25 mm for
Pipus = 400 W is n™® = 6.6 x 1020 m~2 (na, = 1.6 x 1022 m~3).
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Figure7.7: Computedaxial velocity profile. Top: at four differentradii in theplasmaregion, for
Piput = 400 W, bottom: valuesatthe axis asfunctionof input power.

Thecomputedadiationlossesaregivenin figure 7.9. It appearshatespeciallydownstream
of theslit anafteilglow canbeseen.Theprofile of theradiationlossess expectedsinceradiation
losseswill mainly appearin regionswhereT, is low andn, is high, i.e. downstreamfor this
plasmaconfiguration. A comparisornof the radiationlossesfor low and high MW powersis
shown in figure 7.9. It is seenthat at high microwave powers,the afteiglow is stronger Both
effectswerealsoverified by obsenations.

Theresultsof thenumericalsimulationsagreewell with obsenations,althoughdetailedval-
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Figure7.8: Computednassfractionof Art. Top: atfour differentradii in the plasmaregion, for
Piput = 400 W, bottom: valuesatthe axis asfunctionof input power.

idation of the resultsof the simulationof the MW plasmausedin opticalfibre production,can
only be achieved by experimentalresults. Due to the complicatedset-upof the MW configu-
ration usedby PlasmaOptical Fibre B.V., especiallythe moving resonatorand the furnaceat
high temperatureit is difficult to performexperimentsvhich candeterminetherelevantplasma
parametersHowever, somequantitatie validationswill be performedn thenearfuture.
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Figure 7.9: Computedradiationlosses. Top: at four differentradii in the plasmaregion, for
Piput = 400 W, bottom: valuesatthe axis asfunctionof input power.

7.6 Conclusions

The first stepin modelling the microwvave plasmausedin the productionof optical fibreshas
beencarriedout: a nev microwave enegy coupling modulehasbeendesignedand addedto
the plasmasimulationtool PLASIMO. Thefirst resultsof the numericalsimulationof anargon
microvave plasmaare presented. The verification by qualitatve obsenationsshowvs a good
agreemenbetweersimulationsandobsenations. The resultsof the numericalsimulationswill
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be quantitatvely validatedby experimentan the nearfuture. The implementatiorof absorbing
boundaryconditionsfor the electromagnetidields at inlet and outlet of the tube, will improve
theresultsfor theelectrontemperature.
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NumericalSimulationof Microwave Plasmas
Usedin Optical Fibre Production:the
Non-LTE OxygenPlasma
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Abstract

The multi-componenplasmasimulationmethodPLASIMO is usedto numericallysimulatean
oxygenplasmaallowing local thermalnon-equilibrium(non-LTE) conditionsin the microwave
configuration,usedfor optical fibre production. This is the secondsteptowardsnumerically
simulatingthe completesystem which eventuallywill includethe complex chemistrybetween
O, SiCl, andGeCl,. Theresultsof the numericalsimulationsarecomparedvith theresultsfor
argonpresentedn chapter7 of thisthesis.It provesthattherearemajordifferencedetweerthe
argonandoxygenplasmasyvhich all areexplained. Comparedo the hydrogenon-LTE model
presentedn chapters, the currentoxygenmodelis relatively simple. Possibleaxtensionsof the

oxygenmodelarerecognisedandit formsagoodbasisfor the next stepstowardsthe numerical
simulationof the opticalfibre productionprocess.

149
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8.1 Intr oduction

In the previous paper(chapter?7 of this thesis),a startwas madewith describingthe deposi-
tion procesausedin optical fibre production. For this purpose the generalplasmasimulation
tool PLASIMO [34], which hasbeendevelopedin the group Equilibrium and Transportat the
Eindhoven University of Technologyis used.As a first stepa nev microwave enepgy coupling
modulewasdesignedgndimplementedn PLASIMO. In theprecedingchapteysimulationsvere
performedor anargonMW plasmawhichleadto encouragingesults.Thoughno experimental
dataareavailableon the configurationof interest,the resultswereasexpected andagreedwith
obsenations.

For simulatingthe completedepositionprocessa mixture of O,, SiCl, and GeCl, hasto
be studied. The next steptowardsthis goal is the simulationof a pure oxygenplasma. This
will becarriedoutin the sameconfigurationasin the previouspaper{169]. Experimentswill be
performedn thenearfuture,atthismomentwewill comparewith theresultsof theargonplasma
simulationspresentedn chapter7 andanalysepossibledifferencesandthe obseredtrends.

This chapteris organisedas follows: the configurationcharacteristicavill be discussed
briefly in section8.2. In section8.3 the oxygencompositioncharacteristicsyhich involves
the oxygenspecie,, O, 0", O andO~, arediscussedComparedo hydrogen(seechapters
of this thesis)the maindifferenceis the larger electrongativity: in anoxygenplasmamoreO~
is presenthanH ™ in ahydrogenplasma.Theresultsof thenumericalsimulationsfor anoxygen
microwave plasmaarepresentedndcomparedvith theresultsof chapter7 in section8.4.

8.2 Configuration features

Theconfiguratiorconsidereds thesameastheoneusedoy RauandTrafford [169]. It is depicted
in figure8.1.

L,

N
Ll

A

B EE——

Lres
b resonator
. slit
r air
z 7_» o _ plasma % ) Rrplﬁ ,RQ', ,Ra"

gas mixture

Figure8.1: Geometryof the set-up:the plasmais surroundedy a substratéubeandresonatar

As wasexplainedin chapter7, we make a distinctionbetweerthe computationatiomainfor
the calculationof the microvave (MW) electromagneti¢EM) field andthatof PLASIMO. For
the MW EM field computationjt containsthe plasmaregion, the glassandair regions. For the
PLASIMO computationst containsonly the plasmaregion shavn in figure 8.1. The boundary
conditionsfor the PLASIMO computationatiomainaregivenin section8.2.1.
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For the descriptionof the computationatlomainfor the MW enegy couplingcalculationwe
referto chapter?.

8.2.1 Boundary conditions

The boundaryconditionsfor the computationadomainof PLASIMO appliedto the non-LTE
oxygenMW plasmaaresimilarto theonesgivenin chapter7. Theonly differencesarefoundin

thefractionsf; of theoxygenspecieattheinlet of thesubstrateéube. At theinlet thecomposition
of the oxygenmixture is fixed, with fractions f; of the total inlet flow ¢ for eachindividual
specieg (i.e. theinlet flow of species is definedasy; = f;). Thefractionsof the different
oxygenspeciesarechosenasfollows: fo, = 0.99, fo = 0.009, fo+ = 0.0009, for =5 x 107°

and fo- = 5 x 10°°. At thewall, the total massflux of speciesi” perpendiculato the wall

mustequalthe netmassﬂux R; dueto productionor consumptionof the speciesat the wall:

R; = my(I9s — T,) with T, the flux (in m~2s™') describingthe gain or loss of speciesi

at the wall w, which dependson the wall reactionprobability v;. For the formulation of the
fluxesT§y and Fm we referto chapter2. As wasshowvn before(seechapters of this thesis),

wall reactlonprocessesan play animportantrole in the plasmachemistry The wall reaction
processescludedin this studyarelistedin table8.1. Thereactionprobabilities,yo+, Yot and
~Yo-, for ionic neutralisatiorat thewall areassumedo be 1. Gousseetal. [175,176 foundthat
thewall associatioproces<) + O +wall — O, hasareactionprobabilityof yo ~ 5 x 1073 for

their plasmaconditions;a low-pressureDC glow dischage with p < 10? Paanda DC current
of I < 10! A. Theseconditionsarevery differentfrom the conditionsencounteredh our set-
up. Thesameagumentsaswereusedbeforefor vy (seechapters of this thesis)areapplicable
to vo: the wall reactioncoeficient dependsn the wall temperaturethe wall materialandthe
surfaceconditionsof thewall, seealsoMatsushitg177]. Therefore thereis a large uncertainty
in the valueof ¢ to be used. We have choseny, = 0.1. Sinceit is well known that surface
reactionsof O play animportantrole [177] (comparealsowith the role of vy in the hydrogen
plasmain chapters), experimentalinvestigationof v, for plasmaconditionssimilar to the ones
encounteredhere,could be partof a follow-up study

Table8.1: Thewall reactionprocessescludedin this study

Reactingspecies| Reactants
O+ wall — %OQ
Ot +wall - O
0F +wall — O,
O +wall - O
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8.3 Composition characteristics

We assumehatthe oxygenplasmacontainsthefollowing speciesO, 0,2, Ot, O andO~—. We

do not considerthe metastablestatesO*(* D), O3(a'A,) andO3(b" :°F) but will discusstheir

possibleinfluenceon the chemistryandthe simulationresultsin section8.4.2. We do not make

useof adetailedCollisional-Radiatre (CR) modelor anadwancedkinetic modelfor oxygen.The

mainreasondor this arethe following. The moretransport-sensite (TS) specieswve take into

accounthelongerthenumericalsimulationswill take. Comparedo atwo-speciegargonplasma
(Ar, Art), for afive-speciesxygenplasmaO, O,, Ot, OF, O), threeextramasshalancesnd

threeStefan-Maxwellequationshave to be solved, at eachPLASIMO iteration. Therefore we

try to limit thekinetic schemeasmuchaspossible.

For thefive-specie®xygenplasmawe distinguishthreequasi-separateinetic system&

e Theatomicsystemjnvolving atomicionization/recombinatioprocessegsjiscussedh sec-
tion 8.3.1.
e Themolecularsystemjnvolving association/dissociatiggrocesseandO; processesee
section8.3.2;
e TheO systemjnvolving chemistrywith O, seesection8.3.3.
For simplicity, we do not considertheinfluenceof rovibrationalexcitation, althoughit is recog-
nizedthatit canbe of majorinfluencein the presentype of plasma(seefor examplechapters
of thisthesis).

8.3.1 The atomic system

For atomicoxygen,electronicionizationis included(El):
O+e— 0" +2e (8.1)

The reactionrateis taken from Lee et al. [178], the ratefor the reverseprocesss calculated
via detailedbalancing.Figure 8.2 shaws the reactionratefor El from the groundstateandthe
first excited state togethemwith the ratesfor excitationof O to O(* D) andO('S). If excitation
to O(' D) is followed by step-wiseionisation(like in a hydrogenplasma,seechapters5 of this
thesis)we shouldusethis excitationratefor theionisationrate.

At this moment,we do not usea CR modelto calculatethe net production/destructionf O
andO™ andtheline radiation.This will be partof afuture project.

8.3.2 The molecular system

TheoxygenmoleculeO, andoxygenatomO arecoupledwith eachothervia:

2The oxygenmoleculein the electronicgroundstateis denotedasO, insteadof O, (X? 20 )
bThis is to a certainextentanalogougo the non-LTE hydrogenplasmain chapters of this thesis,althoughthe
systemsaredefineddifferentlyhere.
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Figure8.2: The reactionratesfor Electroniclonisation(El) from the groundstateandthe first
excited stateaccordingto Lee et al. [178], togethemwith the ratesfor excitation of O to O(* D)
andO('S).

e ElectronAssistedDissociation(EAD) andits reverseproces<£lectronAssistedAssocia-
tion (EAA):
EAD

Os+e = O+O0+e (8.2)
EAA

Thereactionratefor EAD is takenfrom Leeetal. [178] andis shavnin figure8.4,therate
for thereverseprocesgEAA) is calculatedvia detailedbalancing.

e Heavy particle AssistedDissociation(HAD) andits reverseprocessHeary particle As-
sistedAssociation(HAA):

HAD

Os+M = O0+0+M (8.3)
HAA

with M = O or O,. Thereactionratefor HAA is taken from Eliassonand Kogelschatz
[179] andis showvn in figure 8.3. Thereverserateis calculatedvia detailedbalancing.

e Dissociatve lonisation(Dl):
Oy +e 25 0+0" +2e (8.4)

Therateis takenfrom EliassomandKogelschatf179]. Seefigure8.4.
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Figure8.3: Thereactionratesfor HAA, for X = O, O,, accordingto EliassonandKogelschatz
[179].

Themolecularion O5 is formedvia:
e Molecularlonisation(Ml):
Oy +e 50 +e+te (8.5)
Thereactionratefor Ml is takenfrom Lee etal. [178]. The ratefor the reverseprocess,
MolecularRecombinatior{MR), is calculatedusingdetailedbalancing.
e Chage Transfer(CT):
0, +0" <505 +0 (8.6)
Thereactionrateis takenfrom EliassonandKogelschat179]. It appearshatthis rateis
very small,whencomparingt for examplewith the CT ratein ahydrogerplasmachapter
5 of thisthesis)whichis around2.5 x 10~'* m? s~*. For oxygen,CT from the O, ground
stateis exothermic(ES" = 12.075 eV, E§" = 13.61 eV) in contrasto ahydrogerplasma
in which it is endothermid £}y = 15.42 eV, Ey" = 13.56 eV). If vibrationally excited
oxygenmoleculesplay animportantrole in the oxygenplasma,he CT ratesfrom these
stateshave to betakeninto account.This canbe partof afuture study
O7 is destryedyvia:
e Dissociatve Recombinatior{DR):

Of +e 25 0+0 (8.7)

Thereactionrateis takenfrom Hasted 180].
In figure8.4theratesfor EAD, Ml [178], CT, DI [179] andDR [180] areshaown.
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8.3.3 The O~ system

The neggative ion O~ (with AEq-_o = 1.463 eV) is formed via the following Dissociatve
ElectronAttachmentDEA) andPolarDissociation(PD) reactions:

Oy +e 222 0 40 (8.8)
Or+e £5 O 40t +e (8.9)

The negative O™ is destred via ElectronimpactDetachmen{EID) and positve-nejative ion
recombinationgPIR):

O +e 2B 0O0+2e (8.10)
O +0t & 20 (8.11)
O-+0; & 0+0, (8.12)

PR 30 (8.13)

Thereactionratesaretakenfrom Lieberman181], andareshown in figure 8.5.

8.3.4 Transport coefficients

The electronthermalconductvity ). is calculatedusingFrosts mixture rules[57]; the electric
conductvity o is calculatedconformthe self-consistenset of the Stefan-Maxwell equations,
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Figure8.5: Thereactionratesfor productionanddestructiorof thenegativeion O~ . Thereaction
ratesarefrom Liebermanf181].

which is explainedin chapter3 of this thesis. The frozen part of the heavy particle thermal
conductvity A\, r andtheviscosityy arecalculatedvith themixturerulesgivenby Mitchnerand
Kruger[41]. Thereactve partof the heavy particlethermalconductvity )\, is includedasa
reactve heatsourcetermin the heavy particleenegy balance.

8.3.5 Sourceterms

The net productiontermsin the massbalancef the speciesare calculatedfrom the reactions
givenin sections8.3.1- 8.3.3. In the momentumbalanceof the mixture, the time-averaged
influenceof thegeneratednagnetidield B, j, x B, with j, thecurrentdensity is neglected.The
sourcetermsin the enegy balancednclude the elasticenepgy transferbetweenelectronsand
heavy particlespeciestheradiationlossesandthereactve heatsourceterm.

For the calculationof the elasticenepgy transferterm (for its formula, seechapter5 of this
thesis)andthe calculationof the complex permittivity usedin the MW enegy couplingterm
(i.e. the Ohmicinput power, seechapter7 of this thesis)the electroncollision frequeng v for
momentumntransferfrom electrondo theheavy particlesis neededTheexpressiorfor v is more
complicatedasfor theargonplasmapresentedh chapter7 of this thesis.For amulti-component
plasmawith morethanoneion, v is givenby Shkarofsly etal. [70]:

v=> n, (Ke)+ ! ( e:) > niZIn A (8.14)

(27rmek§’Te3)1/2 b6mes/)
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wherethe subscript n’ denotesieutralparticlespeciesandthe subscripti’ denotesonisedpar
ticle speciesin, is theelectronmassg is theelementarychage, k; is Boltzmanns constantyx
is thenumberdensityof speciesX, with X = n ori; (K,,) is theratecoeficientfor momentum
transferbetweenrelectronsand neutrals,averagedover a Maxwellian enegy distribution, Z; is
thechagenumberof ionisedspecieg, andln A is the Coulomblogarithmwith ion screeningn-
cluded.TheDebyeshieldinglengthl, usedin the Coulomblogarithm,for the multi-component
oxygenplasmais givenby [70]:
1 62 nZZZZ

—_—=— 8.15
5 eoks ; T; (8.15)

which is a total Debyelength,in which the influenceof all chaged speciess included. The
rate coeficientsfor momentumtransferbetweenthe electronsandthe neutrals,0 and O,, are
computedoy usingthe cross-sectionlataof Itikawa[182] (for O) andLawton andPhelpg183]
(for O,). Theradiationlosstermis conform[117] with thefree-freeandfree-bounccontrikbution
accordingto MitchnerandKruger[41].

8.4 Results

8.4.1 Numerical simulations

The sameconfigurationis usedas the one presentedn chapter7 for a microvave power of
400 W. We presenthe computationgor the power absorbedn the plasmaregion, the electron
andheavy particletemperaturesindthe dominantmassfractions. A comparisons madewith
theargonresultsof chapter7.

The comparisonof the computedMW power coupling for oxygenand argon is shown in
figure 8.6. The peakvaluein oxygenis lower thanin argon. A contourplot of the MW power
absorbedn the oxygenplasmais also shawn in figure 8.6. One can seethatin the oxygen
plasmathe MW power couplingis smearedut towardsthe axis,whereasn argonthe poweris
very locally absorbedfigure 7.4). This canbe understoody looking at the skin depth,defined
asé = (2/wuo)'/?. In the oxygenplasman, is muchlower (explainedbelon) and7, is much
higherthanin the agon plasma:n&" ~ 2.0 x 10'? m=3 andn2™®" ~ 2.3 x 102! m=3. Since
theelectricconductvity is o ~ e*n, D¢ /(k,T,), it follows thato®ve < ga&n whichimplies
that the skin depthfor oxygenis larger thanthat for argon. The location of the MW power
couplingfor oxygenis furtherdownstreanthanin argon. This is alsoexplainedby the different
o of oxygen,whichinfluenceghe MW field via the complex permittivity (seechapter?).

Thecomputedorofile of theelectrontemperaturd, is shavnin figure8.7andcomparedvith
T, in theargon plasmacomputationgrom chapter7. It is seenthat7, in the oxygenplasmais
higherthanin theargonplasma.A possiblereasorfor thisis thatrecombinations moreeffective
in the oxygenplasmathanin the argon plasma. Sincen, in the oxygenplasmais muchlower
thanin theargon plasmathe couplingbetween{e} and{A} will belessstrongerin the oxygen
plasma(via the elasticenepgy transfef), sothat7, hasto behigherin the oxygenplasma.

¢For theformulaof the elasticenegy transferseechaptel5 of thisthesis.
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Figure8.6: ComputedW power in the plasmaregion. Top: comparisorof the peakvaluesfor
the argon (presentedn chapter7 of this thesis)and oxygenplasmaspottom: contourplot for
the oxygenplasma.

The computedheary particletemperaturel}, is shown in figure 8.8 andis comparedwith
theargonresultsof chapter7. Like T,, T}, is alsohigherin the oxygenplasmathanin theargon
plasma.Theratio of thepeakvaluesof theelectronandheavy particletemperatures] ™ /T2,
is slightly largerin the oxygenplasmathanin the argon plasma:7,"**/T;"** ~ 3.2 for oxygen
and2.9 for argon. This meanghat, with respecto the thermalcouplingbetween{e} and{A},
in the oxygenplasmathereis a strongemon-LTE behaiour in the centralplasmaregion thanin
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Figure 8.7: Computedelectrontemperature.Top: at four differentradii in the plasmaregion;
bottom: comparisonof the computedmaximumvalues,locatedat the symmetryaxis, of the
oxygenandargonresults(seechapter7).

theargonplasma.

The computedmassfraction of the dominantoxygenion, O is shown in figure 8.9. One
canseethatin the molecularoxygenplasma,the ionisationdegreeis substantialljower than
in the atomicargon plasma(comparewith figure 7.8). Thetop value of the oxygenatomicion
fractionis yo+ ~ 7.7 x 10~*, for the amgon resultsof chapter7 the maximumargonion mass
fractionis ya+ &~ 3.9 x 10~2. Corvertedto numberdensities e ~ 2.0 x 10 m~2 and
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Figure 8.8: Computedheary particle temperature.Top: at four differentradii in the plasma
region,; bottom: comparisorof the computedoeakvalues,locatedat the symmetryaxis, of the
oxygenandargonresults(seechapter7).

naeon ~ 2.3 x 102! m=3. Thenumberdensityn. beinglowerin a molecularplasmacompared
to anatomicplasmacanbe explainedby the moleculardissociatiorprocessegjivenin sections
8.3.2and8.3.3.

Thethreemostdominantmasdtractionsin the oxygenplasmayo,, yo andyo+ areshavnin
figure8.10.lt is clearlyseenthatattheusedlow input power, namely400 W, mainly molecular
andatomicoxygenarepresent.
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Figure 8.9: Computedmassfraction of Ot. Top: at four differentradii in the plasmaregion;
bottom: comparisorof the computedpeakvalues,locatedat the symmetryaxis, of the oxygen
andamgonresults(seechapter7).

8.4.2 The influenceof metastablestates

We will now focuson the possibleinfluenceof two metastablestateson the behaiour of the

oxygenplasma.A future projectcouldbeto includethe metastables the oxygenmodel.

Themostimportantpopulatiormechanisnfior themetastablenoleculeO,(a*A,) (theenegy
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Figure8.10: Computeddominantmassfractionsin the oxygenplasma(for r = 0).

differencewith the O, groundstateés AEy, xs 5~ _0,(a1a,) = 0-98 €V)is:
02(X3 Z) +e— Og(alA) +e (816)

Without goinginto too muchdetail, the destructiorof Oy (a'A,) cantake placein variousways,
themostimportantonesare[175]:

Oz(a'A)+e = O(X*>)) +e (8.17)
— O0(b' ) +e (8.18)
— O™ +0(P) (8.19)
— O('D) + O(CP) +e (8.20)
0y(a'A)+ 0~ — Osz+e (8.21)
02(a'A) + 03 — 20(X*>)+ O('D) (8.22)

FurthermoreGoussetet al. [175] identified a possiblequenchingmechanisnfor O,(a'A) via
Oz(c'Y), 02(A3 ) andO,(C3A). It is possiblethatincluding Oy (a'A,) in the model,would
increasdahedissociatiordegreein the oxygenplasmayia reaction(8.19)or (8.20).

The other metastablethat hasour attentionis O(' D) (with AEq@sp)—ocp) = 1.968 eV).
Its possibleimportancefor the oxygenplasmacan be illustratedby the following setof reac-
tions. Apart form the productionmechanisnlisted above (reactiong8.20)and(8.22))we have,
following Vialle etal. [184]:

0:(X*Y)+e — O('D)+O(°P) +e (8.23)
OCP)+e — O('D)+e (8.24)
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Apartfrom thereverseprocessest is mainly destroyedvia [184]:

O('D)+0:(X*>) = OCP)+02(b" D)) (8.25)
— O(*P) + 0y(a'A) (8.26)
O('D) +O0(P) — O(*P) +O0(®P) (8.27)

This suggestshatinclusionof the metastablé(! D) couldalsoincreasehedissociatiordegree
in the oxygenplasma,via possibledissociationof O,(a'A,) (reactions(8.19) and(8.20)) and
O,(b' Y).

Not all of the above reactionsarevery fast[175, 184], which suggestshatif O,(a'A,) and
O(' D) aretakeninto accounin themodelthey have to beincludedasTS species.

8.5 Conclusions

Thefirst resultsof the numericalsimulationsof the oxygenplasmaat thermalnon-equilibrium
conditionshave beenpresented@ndcomparedvith theresultsof theargonsimulationspresented
in chapter7. Large differencesexist betweenthe resultsfor the oxygenand argon plasmas,
which canbe explained. The developedoxygenmodelis relatively simple,comparedwith the
non-LTE hydrogenmodelpresentedn chapters. Togethemwith the possibleextensionghatare
recognisedit will form a goodbasisfor the next stepin the numericalsimulationof the optical
fibre productionprocess.

Acknowledgements

This work was financially supportedby PlasmaOptical Fibre B.V. (Eindhoven, The Nether
lands). It wasperformedasa partof a designprojectfor the StanAckermandnstituteat Eind-
hovenUniversityof Technologyandis embeddedh the framewvork of the 'Stichting Technische
Wetenschappe(STW)’, which is financially supportedby the 'NederlandseOrganisatievoor
WetenschappelijonderzoeKNWO)'.



164 Chapter 8



Chapter 9

GeneralConclusions

Thepresentesearchadthreemaingoals.

Thefirst goalwasto designa generaplasmasimulationtool, PLASIMO, capableof numer
ically simulatingplasmasfor a wide pressurgange(approximately10! to 10¢ Pa), from LTE
(i.e. Local ThermalEquilibrium) to non-LTE andwith differentenegy coupling mechanisms.
By splitting the softwareinto threemain parts,namelya configuratiornpart,a transporgpartand
a compositiorpart,amodularset-upwasobtained.In this way it waspossibleto developatool
for thenumericalsimulationof variousplasmaconfigurations (Chaptersl and?2).

The secondyoalwasto designa correctformulationfor the self-consistendliffusionof plas-
masin thermalandchemicalnon-equilibrium,which is neededor the numericalsimulationof
molecularplasmasA completedescriptionis presenteaf self-consistenmulti-componentif-
fusionin plasmadncluding the two-temperatureharactef a plasmaandthe influenceof the
varioustypesof diffusion: ordinary pressureforcedandthermaldiffusion. It is basedntheso-
lution of thesetof so-calledStefan-MaxwellequationsTheinfluenceof forceddiffusion,which
is expectedo play animportantrole (apartfrom ordinarydiffusion)in aplasmawasfoundto be
limited in a hydrogencascadearcplasma.lt is to be expectedthatfor gasmixtureswith (large)
differencedn ionisationenegy andmassof the particles,the influenceof forceddiffusionand
thermaldiffusioncanbelarge,especiallyin casethesesystemsarein non-LTE (Chapter3).

The third goal was to apply PLASIMO to a few openplasmaconfigurations. The main
conclusiondor thevariousapplicationsarethefollowing:

e The resultsof the numericalsimulationof a flowing atomic argon cascadedarc (CA)
plasmaagreewell with experimentalresults. It provesthatthe argon CA plasmais sim-
ulatedadequatelywith a one-dimensionamodelfor the electricfield. A studyhasbeen
performedon the influenceof the boundaryconditionson the resultsof the simulations.
Only the outletboundaryconditionsinfluencethe plasmabehaiour in thewhole CA, the
influenceof inlet andwall boundaryis limited (Chapter2).

e A thoroughstudyis performedof the hydrogenCA plasma.An efficienthydrogenplasma
sourcebasedon the CA is designedfor LTE conditions.The designedconfigurationpro-
duceshydrogenion power fluxes of at least10 MW m~2, which implies thatthe CA is
an excellentcandidatefor the study of divertorlike plasmas.A studyof a hydrogenCA
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plasmaor non-LTE conditionsrevealsthatespeciallyin the centralplasmaregionthermal
non-equilibriumis presentwhereasn the outer plasmaregions, nearthe channelwall,
thermalequilibriumis reached.The pronouncedsombrero”profile asfoundin the LTE
hydrogenCA plasmais lesspronouncedn the non-LTE simulations.

Themajorrole of H asan”intermediate”speciesn the hydrogenplasmais recognised.
Althoughits concentratiorns very small, the (fast)H3 reactionsarevery importantin the
destructionof H,. Accurateknowledge of the wall reactioncoeficient vy is required,
becausehe associatiorof 2 H at the wall to H, hasa large influenceon the dissociation
degreein the CA (Chapterst and5).

ThePLASIMOtoolis validatedn acode-to-codeomparisorwith thecommerciallyavail-

abletool PHOENICSCVD for theflow of a non-reactingargon-silanegasmixturein the
subsonicregion of a depositionchamber The code-to-codesalidationshaws very good
agreemenbetweernthe resultsof thetwo tools. Theinfluenceof thermaldiffusiononthe
resultsof the numericalsimulationis very similar, althoughthe formulation of thermal
diffusionin PLASIMO is more approximatethanthatin PHOENICSCVD. A code-to-
experimentvalidationis performedor anargonplasman thesubsoniaegion of adeposi-
tion chamberThereis areasonablagreemenbetweerexperimentsaandthe resultsof the
numericalsimulations|f the principle of an expansionangleof 45° is not used,although
moreexperimentainformationis neededo confirmtheaccurag of thecomputedorofiles
(Chapter6).

Thefirst two stepsin modellingthe microwave plasmausedin the productionof optical
fibres (i.e. a plasmaconsistingof O,, SiCl, and GeCl,) have beentaken. The first step
is the realizationof a microwave enegy coupling moduleand addingit to PLASIMO.

The first resultsof the numericalsimulationof an argon microwave plasmaagreewith

visual obsenations. The secondstepis formedby non-LTE oxygenplasmasimulations.
Large differencesexist betweenthe resultsof the numericalsimulationsfor the oxygen
and argon plasmas,which are a consequencef the different characteristicof oxygen
andargon. Theresultsof the numericalsimulationshave to be validatedquantitatvely by

future experiments.The developedoxygenmodel,with its possibleextensionswill form

a good basisfor the next stepsin the numericalsimulationof the complec optical fibre

productionprocesgChapters’ and8).
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Summary

Thisthesisdescribeshedesignof ageneraplasmasimulationtool, PLASIMO (which standgor
PLAsmaSImulationMOdel) andits applicationto severalopenplasmaconfigurations PLASI-
MO solvesthe conserationequationdor massmomentumandeneny (i.e. it is a fluid model)
in a specifiedcomputationaldomain. To be applicableto plasmasfor a wide pressurerange
(approximatelyl0! to 10° Pa),underLTE (Local ThermalEquilibrium) andnon-LTE conditions
andwith differentenegy couplingmechanismsthe designof the PLASIMO-softwareis made
modular

ThePLASIMO-softwareis splitinto threemainparts,namelya configuratiorpart,atransport
part and a compositionpart. The configurationand compositionparts consistof modulesin
which the characteristic®f the individual plasmasourcesand variousgases/gasixturesare
stored,respectrely. The transportpartformsthe heartof PLASIMO and containsthe toolsto
solve the setof equationgor the conserationof massmomentunmandenegy consistently The
configurationrandcompositionpartsprovide input for thetransporipart.

Main limitations of PLASIMO arethatthe plasmasunderinvestigationshave to behae as
guasi-neutrafluids andthatthe flow is axi-symmetric steadyandlaminar Dueto the modular
structureof the software, it is ratherstraightforvardto addnev modules.This is provenby the
variousapplicationdescribedn this thesis.

To beableto describanolecularplasmasn which differentspeciesaredominantn different
plasmaregions,a correctformulationof the diffusionfor plasmasn thermalandchemicalnon-
equilibrium,is needed.Therefore,a completedescriptionis presenteaf self-consistenmulti-
componentdiffusion in plasmasncluding the two-temperatureharacterof a plasmaand the
influenceof the varioustypesof diffusion: ordinary pressureforcedandthermaldiffusion. It is
basedon the solutionof the setof so-calledStefin-Maxwellequations Fromthe four diffusion
types,ordinary diffusion usually is the mostdominant. The influenceof forced diffusion and
thermaldiffusionis studiedin a hydrogencascadedrc (CA) plasmaanda non-reactingargon-
silanegasmixturein the subsoniaegion of a vacuumchamber They werefoundto be of little
influence.However, it is to beexpectedhatfor gasmixtureswith (large)differencesn ionisation
enegy andmassof the particles,the influenceof forceddiffusionandthermaldiffusioncanbe
large, especiallyif thesesystemsarein non-LTE.

In the presentresearchPLASIMO is appliedto strongly flowing CA plasmagargon and
hydrogen)expandingetsin thesubsoniaegion of avacuumchambeiamgon-silanegasmixture
and argon plasma)and flowing microwave plasmag(argon and oxygen)usedfor optical fibre
production.PLASIMO is alsocapableof numericallysimulatingthe QL-, TL- andS-lamp,but
theseconfigurationsaarebeyondthe scopeof this thesis.

The atomicargon CA plasmacanbe simulatedvery well with PLASIMO. The one-dimen-
sionalmodelfor the electricfield in the arc provedto be adequatéo obtaingoodagreemenof
theresultsof the numericalsimulationswith thoseof experiments.

ThehydrogenCA plasmas numericallysimulatedor LTE andnon-LTE conditions.Purpose
of this work wasto designan efficient hydrogenplasmasource basedon the CA. This source
will be usedfor the studyof divertorlike plasmasn Tokamaksn the FOM-Institutefor Plasma
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Physics'Rijnhuizen’ in Nieuweagein. From the LTE simulationsa configurationwas designed
that fulfilled the requirementof anion power flux of at least10 MW m~2. In the resultsof
the non-LTE computationsthe "sombrero-like” cross-sectionalemperaturegrofile in the arc,
whichis very dominantin the LTE computationsappearso belesspronouncedThis canpartly
be explainedby the assumption®f the non-LTE hydrogenmodel. In this respect,important
aretherovibrational processeghe completenessf the reactionkinetics,andthe wall reaction
probability for associatiorof 2 H atthe wall to H,. In the reactionkinetics,an importantrole
is playedby H;, althoughits numberdensityis small. It is alsoshavn thatthe wall association
probabilityof H hasalargeinfluenceon the dissociatiordegreein thearc.

An expandingnon-reactingargon-silanegas mixture in the subsonicregion of a vacuum
chamberis usedto performa code-to-codecomparisonwith the commerciallyavailable tool
PHOENICSCVD. It is shavn thattheresultscomparevery well, whichis alsotruefor theinflu-
enceof thermaldiffusion. The expandingargonplasmais usedto performa code-to-&periment
validation of PLASIMO. The resultsof the numericalsimulationsagreewell with the experi-
ments,if the principle of anexpansionangleof 45° is not used.

Thefirst stepsin the numericalsimulationof the microwvave plasmausedin the production
of opticalfibresby PlasmeOptical Fibre B.V. in Eindhoven,arepresentedA microwave enegy
couplingmoduleis designedandaddedto the PLASIMO-software. By usingthis new module,
numericakimulationsof argonandoxygenplasmasreperformedandcomparedvith qualitatve
obsenations(argon) andwith eachother Theresultsof theargoncomputationsgreewell with
the obsenations. The differencesbetweenthe argon and oxygencomputationsare explained.
Comparedo the non-LTE hydrogenmodelpresentedn this thesis,the usedoxygenmodelis
relatvely simple. Therefore possiblewvaysto extendit arerecognisedWhethertheseextensions
arenecessarymustbe madeclearby a quantitatve comparisonn thefuture.
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Samenmatting

Dezestudieheeftbetrekkingop hetontwerpvaneenalgemeerplasmasimulatiemodel,PLASI-
MO (PLAsmaSImulationMOdel) endetoepassinglaananop verschillendestromendelasma
configuratiesin PLASIMO wordenin eengespecificeerdomeindebehoudswettemoor massa,
momentumenenegie opgelost(hetis duseenviloeistofmodel).Om plasmasin eengrootdruk-
bereik (vanongereer10! tot 10¢ Pa), van LTE (Lokaal ThermischEvenwicht)tot niet-LTE en
metverschillendeenegie-inkoppelingsmechanismene kunnensimuleren,is hetontwerpvan
de PLASIMO-softwaremodulairgemaakt.

De PLASIMO-codeis ondenerdeeldn drie hoofddelenpnamelijkeenconfiguratieleel,een
transpordeelen eencompositieleel. De configuratieen compositiedelenbestaaruit modules
waarin de eigenschappenan de individuele plasmabronnern verscheidengassenen gas-
mengselszijn opgeslagen.Het transportgedeelteormt het hart van PLASIMO en bevat de
gereedschappeym de vergelijkingenvoor massa-momentum-enenegiebehoudonsistentp
telossen.De configuratieencompositiedelenlevereninvoervoor hettransporigedeelte.

De belangrijkstebeperkingervan PLASIMO zijn dat de bestudeerdglasmas beschouwd
wordenals quasi-neutralerzloeistofen en dat de stromingaxi-symmetrischtijdsonafhanklijk
enlaminairis. De toevoegging vannieuwemodulesaanPLASIMO is relatiefeervoudig,hetgeen
onderanderenvordtaangetoondoordetoepassingedie beschrgenwordenin dit proefontwerp.

Omiin staatte zijn moleculaireplasmas te beschrijenwaarinverschillendedeeltjessoorten
in verschillendegebiederdominantaanwezigzijn, moetgebruikgemaaktvordenvan eencor-
recte beschrijvingvan diffusie onder omstandighedemvaarbij afwijkingen van thermischen
chemischevenwicht optreden. Dit is de redenwaaromeenvolledige beschrijvingvan zelf-
consistentenulti-componendiffusiein plasmas wordt gepresenteerdHierin is hettwee-tem-
peratuurkaraktervan eenplasmaen de invloed van de verschillendesoortendiffusie, namelijk
gewone (concentratigedreren), druk, geforceerdesn thermischediffusie, meeggenomen.Deze
beschrijvingis gebaseerap de zogenaamdé&tean-Maxwell vergelijkingen. Gewoonlijk is
concentratigedreven diffusie dominant. De invloed van geforceerdeen thermischediffusie is
bestudeerdn respectigelijk eenwaterstofcascadeboogplasmen een niet-reagerendargon-
silaangasmengseh hetsubsongebiedvaneenvacuumkamerHetblijkt datbeidediffusiesoor-
tenweiniginvloedhebberop desimulaties.Echter deverwachtingis datin gasmengselwaarin
(grote)verschillenoptredenn ionisatieenagie endeeltjiesmassa@eforceerdenthermischedif-
fusiewel eenbelangrijle rol kunnenspelenjn hetbijzonderals dezesystemerafwijkingenvan
LTE vertonen.

In dit proefontwerpwordenals toepassingenan PLASIMO, eenaantalstromendeplasma
configuratieggesimuleerdcascadeboogplasnsgargon en waterstof),expanderendgetsin het
subson@ebiedvaneenvacuumkame(argon-silaargasmengsetnargon plasma)enhetmicro-
golfplasma(argon en zuurstof)dat gebruiktwordt voor de productievan optischefibers. Daar
naastis PLASIMO ook in staatom de geslotenconfiguratieQL-, TL- en S-lampnumeriekte
simuleren.Dezetoepassingewmallenechterbuiten hetbestekvandit proefontwerp.

Het atomaireargon cascadeboogplasnkan zeergoednumeriekgesimuleerdvordenmet
PLASIMO. Door gebruikte maken van eenéén-dimensionaainodelvoor het elektrischeveld
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in de boog, wordt goedeovereenstemmindpereikt tussende resultatenvan de simulatiesen
experimenten.

Hetwaterstofcascadeboogplasmardt numeriekgesimuleerdvoor LTE enniet-LTE condi-
ties. Eenvandehoofddoelervandit onderzoeks hetontwerpvaneenefficiéentewaterstofplas-
mabron,gebaseerdp de cascadebooddezebronzal doorhet FOM-Instituutvoor PlasmaFys-
ica’Rijnhuizen’ in Nieuweagein gebruiktgaanwordenvoor de bestuderingran divertorachtige
plasmas in Tokamaks.Met behulpvande LTE simulatiesis eenplasmaconfiguratientworpen
die voldoetaande eis van eenionervermogensfluwan 10 MW m~2. Het "sombrero-achtige”
profiel van de radialetemperatuurserdeling,dat sterkaanwezigs in de LTE bereleningen,is
minderaanwezign de niet-LTE bereleningen.Dit resultaakan gedeeltelijkverklaardworden
doorde aannameg hetniet-LTE model. In verbandhiermeezijn derovibrationeleprocessen,
de volledigheidvan de reaktiekinetieken kennisvan de wandreactiekangoor waterstoéssoci-
atieaandewandbelangrijk.In dereactiekinetielspeeltH; , ondanksijn lagedeeltjesdichtheid,
eenbelangrijle rol. De wandassociatiekansnatomairwaterstofheefteengroteinvioed op de
dissociatigraadin deboog.

Om eencode-codevalidatievan PLASIMO uit te voerenmet hetcommercele beschikbare
pakket PHOENICSCVD is eenniet-reagerendrgon-silaangasmengseah het subsonegebied
vaneenvacuumkamenumeriekgesimuleerdnetbeidepakketten.Aangetoondvordtdatdere-
sultatervandesimulatieszeergoedmetelkaarovereenkbmen.Dit geldtook voordeinvioedvan
thermischaliffusie. Tevensis eencode-&perimentvalidatie uitgevoerddoor eenexpanderend
argon plasmanumeriekte simulerenin nagenog dezelfdevacuumkamerDe resultatervande
bereleningerkomengoedovereemmetde experimentenmits hetprincipevaneenexpansiehoek
van45’ wordtlosgelaten.

De eerstestappereijn gezetin de numeriele simulatievan het microgolf plasmadat door
PlasmaOptical Fibre B.V. in Eindhoven wordt gebruiktin het productieprocevan optische
fibers. Eenmicrogolfenegie-inkoppelingsmodulés ontworpenen toegevoegd aanPLASIMO.
Met behulpvandezenieuwemodulezijn numeriele simulatiesuitgevoerdvanargonen zuurstof
plasmas, die verwlgenszijn vergelelenmetelkaarenmet(kwalitatieve) experimentelevaarne-
mingen(voor argon). Hetblijkt datde overeenstemmingetde waarnemingemgoedis. Tevens
zijn deverschillentusserde bereleningenvoor algonenzuurstofverklaard.Vergelelen methet
waterstofmodevoor niet-LTE conditiesdatook in dit proefontwerpwordt gepresenteerds het
gebruiktezuurstofmodetelatiefeervoudig. Vandaadatmogelijke uitbreidingenvordenaange-
dragen.De noodzaakrandie uitbreidingerzal pasblijk ennakwantitatieve validatiemetbehulp
vanexperimenten.
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OnderhetinspirerendéeiderschayanJoostvanderMullen hebik ruim drie jaarmogen’proef-
ontwerpen”.Zijn praktischemanierom metfysischeproblemeromte gaanspreekimezeeraan,
zijn apartgevoel voor humor zorgde menigmaaloor schaterlachedoor de gangenin tijden
dat het allemaalwat minder ging warenzijn vaderlijke adviezenzeerwelkom. DaanSchram
wil ik vooral bedankenvoor zijn interessen hetwaterstofgebeurenis de dissociatigraadnu
wel of niet 100% ? Opmerlelijk is, dat Daanvrijwel elk PLASIMO-resultaatlatdoor mij op
het computerschermverd getoverd fysisch kon verklaren,ook al was de correctheidvan die
resultatervaakver te zoelen. Wim Goedheer’the bestof North-WesternEurope”, heeftme
vanuit FOM-Nieuweagein op zeerprettigewijze begeleid. Hij is niet alleeneenabsolutekei in
zijn vakgebiedvaananik veelhebopgestokn, maarook zijn zeeraangenameersoonlijkheid
enderustdie hij uitstraalthebbengroteindruk op me gemaakt.Mathé van Stralenwasnamens
PlasmaOptical Fibre (POF)mijn opdrachtgeer in de afgelopenanderhalfaar. Hij is hetbrein
achterde nieuwemicrogolf enegie-inkoppelingsmodulewaarwor ik hemzeerdankbaatben.
Onzesamenwerkinghebik als zeerprettig ervarenen de "POFfertjes” die we samenhebben
genuttigdwarenerg lekker!

Dit proefontwerpwvasnooit tot standgekomenzonderde hulp vanhet PLASIMO-team die
samendediversefysischeennumeriele problemerte lijf gaan.Jongensbedanktensuccesnet
PLASIMO in detoekomst! Daarnaasbok eenwoord vandankaanJeroenJonlers,waarmeeak
samerhebgekekennaarde modelleringvanhetICP (waananoverigensnietsis terugte vinden
in dit proefontwerp) Mijn kamegenoten ik heber nogalwat versletervanafhetbegin vanmijn
AIO-2 tijd tot heteind vanmijn proefontwerp endie vrijwel allemaaldeeluitmaaktervanhet
PLASIMO-team,hebbende sfeeraltijd heelgezelliggemaakt.In de begintijd warendat Darny
"roepi roepi” Benoy, Marnix "zullen we evenvechten’Tas,Jeroer’ik hebgeenscheegelaten”
Jonlersenlaterdejongeregeneratie Colin JohnstonJanvanDijk, Bart Hartgers Kurt Garloff
en Karel Burm: jongens,zonderjullie washet stukken vervelendergewveest! De sfeerbinnen
ETPis jarenlangerg goedgeweest,andershadik heter zeler niet zolanguitgehoudenbij deze
allemaalbedankt!lk heber danook heelwat vriendenaanover gehouden.

Naasthet natuurkundigeavereldje,bestaakr gelukkig ook nog zoietsals je directe(sociale)
omgeving. Vandaaeenbijzonderwoordvandankaanmijn (snel)schaakkameradepdeuniver-
siteit, Alain LerouxenArjeh Tal: ik hebaltijd erg genotervanonzekrachtmetingenDe talloze
schaaktoernooiedie ik hebafgelopen,samenmet enkele clubgenotenvan schaakclubit Pio-
nnele uit Roermondmaakterhetheelmoeilijk voor me om steedsveerterugte kerennaarhet
computerschernsanmijn workstation.De "donderdagaond-club”,die voornamelijkbestaatiit
Eindhovensenatuurkundigenwil ik bedankenvoor develegezelligeenontspannendaren;om
op vrijdagochtendchoogstaandéysicate bedrijven wastelkensweereengigantischeuitdaging.
De bijeenlomstenmet mijn makkersuit militaire dienstwarensteedsrg amusanenvormden
eenwelkomeafwisseling.

Tot slot eenwoord van dankaanmijn familie, voor hun belangstellingen steun,enin het
bijzondermijn vriendin, Astrid, die me niet alleengepushecdeeftin de laatstemaandenvan
mijn promotie,maardie ook hetzonnetjen mijn levenis geworden.
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