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Chapter 1

GeneralIntroduction

1.1 Intr oduction

Throughtheir wide variety of operationalconditions,plasmasourcesoffer a tremendousfree-
dom in the generationof radiationandthe creationof chemicalcompositions.As a result the
field of technologicalandindustrialplasmaapplicationsis expandingstrongly. Severalplasma
applicationsarefoundin theliterature:� High-efficiency light sources.Examplesarethewell-known TL-lamp andthelessknown

QL-lampandS-lamp.BoththeQL- andS-lampareelectrode-lesslamps.For theQL-lamp
theenergy is inductively coupledinto anargon-mercurygasmixture [1], whereasfor the
S-lampmicrowave energy is coupledinto sulphurgas[2]. Anotherexampleof theuseof
plasmasasa light sourceis theplasmadisplaypanel(PDP)[3].� Material processing,suchasdeposition,etching,cutting, welding, cleaningandsurface
modification(seefor exampleFauchais[4] andBoulosetal. [5]). Typicalapplicationsare
thedepositionplasmasusedin thesolarcell industryfor depositinghigh-qualitymaterial,
e.g.thin films of hydrogenatedamorphoussilicon. We maydistinguishherebetweenthe
useof

1. RF-plasmas,usedin plasmaenhancedchemicalvapourdeposition(PECVD)reactors
[6];

2. expandingthermalplasmas(ETP),for instancecreatedby acascadedarc[7, 8], and
3. inductively coupledplasmasor microwave(MW) inducedplasmas[9].

A ratherunexpectedapplicationis thetreatmentof archeologicalartifacts[10] (this could
becharacterisedby etching,cleaningor surfacemodification).Anotherremarkableappli-
cationis thecreationof dustparticlesin plasmas[11].� Spectrochemicalanalysis(analyticalchemistry).Examplesareinductively coupledplas-
mas(ICP) [12] andmicrowave-inducedplasmas(MIP) like theBeenakkercavity [13], the
surfatron[14] andtheTorcheà Injection Axiale (TIA) [15] that canbe usedfor element
detectionwith very low detectionlimits.

1



2 Chapter 1

� Particlesources.Apart from themicrowave plasmasfor theproductionof negative ions,
usedin neutralbeaminjectors[16] for theheatingof Tokamakplasmas,alsothecascaded
arc plasmascanbe usedfor this purpose[10]. An exampleof a positive ion sourcecan
be found in this thesis(chapters4 and5) wherea hydrogencascadedarcplasmais opti-
misedto achievehigh ion powerfluxes,to simulatetheplasmanearthedivertorplatesin a
Tokamak.� Wastetreatment(e.g.detoxification). For this purposethermalplasmatorches[17] and
cascadedarcplasmas[18] or microwaveplasmas[16] areused.

The plasmasreferredto above all have their particularcharacteristics,with differencesin en-
ergy couplingmechanisms,gasmixtures,pressure,flow, andso on. In the next section,their
characteristicswill beclassified.

1.2 Characteristicsof the plasmasconsidered

Thefeaturesandparametersof theplasmasstudiedin this thesiscanbeclassifiedin threemain
groups. First we have the configurationwhich, apartfrom the specificoperationalconditions,
also dealswith the differentways of energy coupling into the plasma. Second,we have the
transportpropertieswith asmaindivisiontheopen(’convective’ driven)versusconfinedsystems.
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 distinguishtheseveralwaysto coupleenergy into a plasma.Thecascadedarc(CA) is
drivenby a directcurrent(DC), theICP andQL-lampareinductively coupledplasmaswhereas
theS-lamp,theplasmausedfor optical fibre production(in the following abbreviatedasPOF)
andtheTorcheà InjectionAxiale (TIA) aremicrowave (MW) inducedplasmas.Especiallyfor
thelattergrouptheskindepthis animportantfeature.

1.2.2 Transport

Transportcanmake a distinctionbetweenconfinedandopenplasmaconfigurations.The con-
fined configurations(the TL-lamp, the low pressureQL- andhigh pressureS-lamp)generate
diffusion-dominatedplasmas.OntheotherhandtheopenICP, theCA, thevacuumchamberand
theMW POFaredominatedby theflow, i.e. they arestronglyconvectiveplasmas.

1.2.3 Composition

The moststriking propertyof a plasma,namelythepresenceof chargedparticlesimmediately
leadsto the main division of the plasmainto two groups: the electronsand the heavy parti-
cle species. In many cases,both groupshave their own temperatures.Only so-calledlow-
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temperatureplasmas,with electrontemperaturesaround 	 eV, areconsideredin this thesis.The
pressurein theplasmasvariesfrom low pressure(around 	�
����
 Pa in a vacuumchamber)to
atmosphericpressuresandhigher(around ����	�
 � Pa at the inlet of a cascadedarcandaround����	�
�� Pa in the S-lamp). As a consequence,the speciesin the plasmasare usually not in
equilibrium,sothattheheavy particletemperaturediffersfrom theelectrontemperature.

We will make a distinctionbetweenthermalequilibrium, a situationin which all thespecies
presentin the plasma(i.e. electronsandheavy particlespecies)have equaltemperatures,and
chemicalequilibrium, a situationin which no net productionor destructionof speciesoccurs,
i.e. the numberdensitiesof all speciespresentin the plasmaobey the Sahaequationfor ioni-
sation/recombinationequilibriumandtheGuldberg-Waageequationfor dissociation/association
equilibrium. Thermalequilibriumdoesnot automaticallyimply chemicalequilibriumandvice-
versa.LocalThermalEquilibrium (LTE) is thesituationwhereboththermalandchemicalequi-
librium areachieved� , thoughtheequilibriumcharacteristics(suchasthe temperature)cande-
pendon thelocation. In orderto reachLTE thepressuremustbesohigh that theelasticenergy
transferfrom electronsto heavy particlespeciesis effective enough.Anotherconditionfor the
presenceof LTE is that theelectronnumberdensityis sohigh that three-particlerecombination
cancompetewith theefflux of chargedparticles.

Anothercharacteristicof aplasmais its dissociationdegree.This impliesadivisionin atomic
(like argon) and molecularplasmas(like hydrogenand oxygen). Thereis a large difference
betweenthesetwo typesof plasmas.In atomicplasmas,the descriptionof kinetics is already
complex, althoughthenumberof transport-sensitive (TS) speciesis limited. Thelatterrefersto
speciesfor which the timescalein which chemicalreactionstake placeis of thesameorderof
magnitudeasthe timescalein which the speciesis transportedto otherregionsin the plasma.
For the TS speciesthe full massbalanceshave to be solved. On the otherhandwe have local
chemistry(LC) species,which aredeterminedby theTS speciesandtheelementaryprocesses.
For theLC species,transportis relatively unimportantandtheir numberdensitiesarerelatedto
thoseof theTS speciesby so-calledCollisional-Radiative (CR) models.For a clarificationwe
takeheretheargonplasmaasanexample.TheTSspeciesaretheargonatomin thegroundstate
andthe argon ion. All excited statesareconsideredasLC speciesandtheir numberdensities
dependon thatof theTS species,theelectrontemperatureandnumberdensity. In dealingwith
anargon-mercurymixture,suchasin theTL- andQL-lamp,it is usefulto treatthefirst excited
statealso asa TS species.By doing so, it is possibleto treat the influenceof diffusion and
radiationtransporton thefirst excitedstate.

Molecular plasmasare even more complicated. Apart from the numberof speciesbeing
higherthanin anatomicplasma,onehasto take into accountdissociation/associationprocesses,
rovibrationalexcitationprocessesandpossiblythemulti-temperaturebehaviour of theheavy par-
ticle species.Apart from a heavy particletemperatureonecandistinguishbetweenexcitation,
rotationandvibrationtemperatureswhich canall bedifferent.However, for themolecularplas-
masconsideredin this thesiswe will assumeonly two temperatures,onefor the electronsand
onefor theheavy particlespecies.

Anotherfactoris theinfluenceof recombinationprocesses.In molecularplasmasdissociative�
Theseplasmasarereferredto asthermalplasmasin literature.
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recombinationprocessescanbe very important,sincethe associatedreactionratescaneasily
overrulethatof thethree-particlerecombination.We will seeanexampleof this in chapter5 of
this thesis,whichdiscussestheinfluenceof themolecularion H �� in thechemistryin ahydrogen
cascadedarcplasma.

1.3 The needfor a plasmasimulation tool

Fromtheconsiderationsin theprevioussection,it is clearthatdueto thewiderangeof operating
conditions,the plasmastateoffers a tremendouschemicalfreedom. This implies that plasmas
are suitablefor a lot of applications,of which a few were discussedin the generalintroduc-
tion. However, improving andoptimisingthe plasmasusedin industry is not carriedout very
efficiently at this moment:� Thechoiceof thechemicalcompositionof plasmasis in many casesa matterof trial and

error.� Optimisingplasmasources,which in nowadayspracticegenerallymeansdesigning,con-
structingandtestingdifferentsources,is not only very time-consumingbut is alsoa sub-
stantialinvestmentin resources.

To avoid excessive empirismanotherapproachis needed.It is generallyrecognisedthat in the
designof efficient industrialprocesses,simulationby meansof computationalmethods,canbe
a powerful approach.Main advantagesof numericalsimulationover experimentscanbefound
in: � A reductionof timeandcosts.� Theability to studythefundamentalphenomenain detailandconsequentlygainimproved

insightinto theprocessesoccurringin theplasmasources.� Thepossibilityto optimisetheplasmasourceandtherewith theindustrialprocessby con-
sideringamultitudeof possibleconfigurationsandconditions.� Thegenerationof detailedlocal information,informationthatmight bedifficult to obtain
in experiments.

Numericalsimulationhasprovenits valuein theaircraftindustry, wherecomputationalmethods
areusednot only in researchgroups,but alsoin thedesignanddevelopmentof for examplean
aircraft and its componentssuchaswings andpropulsioninstallations. In the field of chemi-
calvapourdeposition(CVD) severalcomputationalmethodsareavailablenowadaysto optimise
reactorgeometries[19, 20]. Oneof the morerecentdevelopmentsis the useof computational
methodsto numericallysimulateplasmas.Theexisting commerciallyavailably numericaltools
(PHOENICS,FLUENT, FLOW3D, STAR-CD andCFX) wereoriginally designedfor the nu-
mericalsimulationof flows and/orCVD processes(e.g.PHOENICSCVD). As a consequence,
the typical characteristicsof plasmas,like the multi-temperaturecharacterandthe presenceof
chargedspecies,cannot alwaysbehandledproperlyby thesetools. Sometimes,anoptionis to
link a methodthatcomputestheflow field andheattransferto a methodfor theplasma,which
impliesaweakinteraction.Thereforetheneedexistsfor aplasmasimulationtool which is capa-
ble of handlingplasmasourcesusedin researchandindustrialapplications,i.e.: for equilibrium
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andnon-equilibriumsituationsin atomicandmoleculargasmixturesandin flowing andnon-
flowing configurations.Beforewediscussthedesignof suchamodelin section1.4,wewill take
a look at thetoolsthatalreadyexist in thefield of plasmaphysics.

1.3.1 Stateof the art

In the field of plasmaphysics,only onecomputationalmethodis commerciallyavailable: the
so-calledSIGLO code� , developedby Boeuf,Pitchford,theCentredePhysiquedesPlasmaset
ApplicationsdeToulouse(CPAT) andKinemaResearch& Software(France).It is softwarefor
non-thermalplasmas,with low ionisationdegree(approximatelybelow 	�
�� � ). Its mainapplica-
tionsarethenumericalsimulationof PDP’s andlow-pressureRF discharges,which botharenot
in thepresentfield of interest.

Several othergroupshave developednumericalsimulationtools for plasmas,for their own
specificgoals.For example,thegroupof GoedheeratFOM-Institute’Rijnhuizen’ (Nieuwegein,
The Netherlands)developeda methodfor the numericalsimulationof two-dimensionallow-
pressureRF-discharges[6, 21]. ThePlasmaTechnologyResearchCenter(CRTP) in Sherbrooke
(Canada)developedsoftwarefor numericallysimulatingaxi-symmetricICP torches.It is based
onamodelwhich includesnon-LTE effects,seefor example[22, 23], andalsoincludesa turbu-
lencemodelfor LTE plasmas[24]. Of theothergroupsin thefield of ICP’s,wementionthevon
KarmanInstitutefor Fluid Dynamics(Rhode-Saint-Geǹese,Belgium),thatdevelopedapowerful
tool for thenumericalsimulationof anaxi-symmetricICP with laminarflow, for LTE/non-LTE
andwith a two-dimensionalelectromagneticfield formulation[25]. In thefield of flowing ther-
mal plasmajets,we have to mentiontheLAVA-code,developedby Ramshaw andChang[26].
LAVA cannumericallysimulateflowing thermalplasmajets in theabsenceof electromagnetic
fields.Furthermore,computationalmethodsfor DC torchesarepopular. Examplesarethework
of Bauchireet al. [27], Suzukiet al. [28] andPaik et al. [29]. TheDC torchesaredifferentfrom
thecascadedarcconfigurationsusedin Eindhoven:plasmaexpansiontakesplaceatatmospheric
conditions,andthemethodsfor thesetorchesareall basedon LTE models.

Themethodsmentionedall have their own specificapplicationfield (exceptfor theSIGLO
code),for which they areperfectlysuitable. However, therearetwo main reasonsto develop
a new numericalsimulationtool. First, due to the diversity of plasmasourcesthat we want
to consider, separatemethodsfor eachplasmasourcecouldbevery inefficient to maintainand
updatein practice. Second,althoughthereare large differencesbetweenthe variousplasma
sources,in the computationalmodelsfor thesesourcesonecanfind also large resemblances.
This will be madeclear in section1.6.2. By utilising theseresemblances,a modularplasma
simulationtool canbedeveloped,whichmeetsall requirements(seesection1.4.1).

1.4 The designof the plasmasimulation tool PLASIMO

Theneedfor a numericalsimulationtool for plasmasdescribedin section1.3 is especiallyfelt
in the Eindhoven region, wherethe university is surroundedby varioushigh-techcompanies�

Internetaddress:http://www.sni.net/siglo/
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that useplasmas(for examplePhilips and PlasmaOptical Fibre). That is why in the group
Equilibrium andTransportin Plasmasof theEindhovenUniversityof Technologytheso-called
PLASIMO-project(PLASIMO standsfor ”PLAsmaSImulationMOdel”) wasinitiatedabouta
decadeago.FirstpioneerswereFey, DeJong[30] andBenoy [31] whonumericallysimulatedthe
openargonICP’s. Thework onconfinedICP’swasperformedby VanDijk [32]. Following this,
theapplicationrangeof PLASIMO expanded,from theQL-lamp[33] to thecascadedarc [34]
(employing theknowledgegainedfromapredecessorof PLASIMO,i.e.thenumericalsimulation
tool of Beulenset al. [35]), TL- andS-lamp,andmicrowave cavities. For a completelist of the
currentPLASIMO applications,seesection1.4.2.

PLASIMO, is ageneralcomputationalmethodbasedonthefinite-volumemethodthatsolves
theconservationequationsfor mass,momentumandenergy (i.e. it is afluid model)in aspecified
computationaldomain.It is set-upin sucha way thatmulti-componentplasmas,in a wide pres-
surerange( 	�
� to 	�
�! Pa), from non-LTE to LTE, andwith differentenergy couplingprinciples
canbenumericallysimulated.We will discussthecapabilitiesandlimitationsof PLASIMO in
section1.4.1. Theapplicationsthatarecurrentlyhandledwith PLASIMO aredescribedin sec-
tion 1.4.2.Herewe referalsoto theinternet-pageof PLASIMO:
http://www.etp.phys.tue.nl/gum/gum.htm.

1.4.1 Designspecifications:
capabilitiesand limitations of PLASIMO

The mathematicalmodel underlyingthe currentversionof PLASIMO hasthe following fea-
tures:� The plasmaunderstudybehavesasa (isotropic)fluid, i.e. asa continuumfor which the

mass,momentumandenergy balancesaresolved. This immediatelyimpliesa limitation:
if the plasmacannot be consideredasa continuum,PLASIMO is not adequateandthe
useof kineticmodelssuchastheparticle-in-cellMonteCarlomodel(PIC-MC)of Birdsall
andcoworkers[36] or hybrid models(i.e. the combinationof a continuummodelwith a
PIC-MCmodel)[37, 38] arenecessary.� The flow mustbe axi-symmetric,steadyandlaminar. If the flow is expectedto become
turbulent,a turbulencemodelhasto beincluded.An exampleis theso-called"#�%$ model
which involvessolving two additionaltransportequations,one for the turbulent kinetic
energy, " , andonefor therateof dissipationof turbulentkineticenergy, $ [39]. Theimple-
mentationof a "&�'$ modelinto PLASIMO wouldbestraightforward,dueto PLASIMO’s
modularstructure,but is not pursuedwithin the presentstudy. An exampleof circum-
ventingthe axi-symmetryconstraintis given in chapter6 of this thesis,in which in the
applicationof PLASIMO to thenumericalsimulationof a plasmain a vacuumchamber,
thepumphasbeenreplacedby anaxi-symmetricalpumpingring. However, comparingre-
sultsof thesimulationswith experimentalresultsrevealsthatthis is nota largerestriction.� Theplasmais quasi-neutral(separationof chargesis not includedin PLASIMO) andchar-
acterisedby at mosttwo temperatures:onefor the electronsandonefor the heavy par-
ticles. This implies that in molecularplasmastherotationalandvibrationaltemperatures
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areequalto theheavy particleor electrontemperature.Thevalidity of thisassumptionhas
to becheckedwhenapplyingPLASIMO to molecularplasmas,seealsochapter5 of this
thesis.� It is assumedthat theequationof state(*),+.-0/ canbeemployed,with ( thepressure,+
themassdensity, - thegasconstantand / the temperature.Note that thegivenequation
of staterestrictstheallowedpressureandtemperaturerange,seeHirschfelderet al. [40].� The plasmais assumedto behave asa Newtonianfluid. If it is not a Newtonianfluid,
then the formulationof the viscousstresstensorwill be morecomplex, sinceonly in a
Newtonianfluid theviscousstressis proportionalto theratesof deformation.� It is assumedthatFourier’s law of heatconduction,which relatestheheatflux to thelocal
temperaturegradientis applicable.� Theplasmasarenot or weakly-magnetised,sothatthemagneticfield doesnot changethe
formulationof thetransportproperties.However, theLorentzforcetermis includedin the
mathematicalmodelunderlyingPLASIMO.� Thekinetic energy distributionsof all (material)speciesin theplasmasareassumedto be
Maxwellian.This restrictionaffectsthecalculationof ratecoefficientsandthecalculation
of the electric conductivity andelectronthermalconductivity using Frost’s formulation
[41]. Theassumptionof a Maxwellianenergy distribution excludesfor examplethecase
of the low-pressurecapacitively coupledRF-discharge usedfor the depositionof hydro-
genatedamorphoussilicon [6]. In thenearfuture,it will bepossibleto usePLASIMO for
the numericalsimulationof plasmasfor which the electronenergy distribution function
canbeapproachedusingtwo or threetemperatures.� Sheath-associatedheatingmechanismsarenot takeninto account.For example,theemis-
sionof secondaryelectronsorcollisionlessheatingwhichplayarolein RFglow discharges
cannotbetakeninto account.

1.4.2 Application field of PLASIMO

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

1. CA plasmasat sub-atmosphericpressure((%12	�
 � to �3�4	�
 � Pa),with a DC power
coupling. Seechapters2 (argon),4 and5 (hydrogen)of this thesisandBurm et al.
[42] (argon).

2. ICPatatmosphericpressure,with inductivepowercoupling.SeeBenoy [43] (argon).
3. MW plasmafor optical fibre productionat low pressure((51 	�
 � Pa), with mi-

crowavepowercoupling.Seechapters7 (argon)and8 (oxygen)of this thesis.
4. Expandingplasmasin avacuumchamberatvery low pressure((617	�
8�9��
 Pa). See

chapter6 of this thesis(argonandargon-silanegasmixture).� Confinedconfigurations
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1. QL-lamp,at low operatingpressure((617	�
 � Pa)with inductivepowercoupling.See
Jonkerset al. [44] andBenoy et al. [45] (argon-mercurygasmixture).

2. S-lamp,athighoperatingpressure((61;:0�<	�
�� Pa)with microwavepowercoupling.
SeeJohnston[2] (sulphur).

3. TL-lamp, at low operatingpressure((41=	�
 � Pa) with DC power coupling(argon-
mercurygasmixture).

Dueto thetransparentmodularstructure(seesection1.6.2)of PLASIMO it is relatively easyto
extendthe existing modelor to broadenthe applicationfield in the future. Currentprojectsto
improvePLASIMO’s capabilitiesare:� The introductionof a radiative transportmodule,which is neededto improve the results

for theQL-, S- andTL-lamp.� Theintroductionof timedependence.� Theintroductionof anon-Maxwellianelectronenergy distributionwhichcanbedescribed
by two or threetemperatures.This is a necessityto improve thenumericalsimulationof
theTL- andQL-lamp.

1.5 Aim of this work

Weidentify thefollowing goals:� Designof ageneralplasmasimulationtool,PLASIMO,in suchawaythatmulti-component
plasmascanbesimulatedfor a wide pressurerange(approximatelyfrom 	�
� to 	�
�! Pa),
with LTE or non-LTE andwith differentenergy couplingmechanisms.This demandsa
transparentmodularset-upof thePLASIMO-software(in this way, new moduleswith ad-
ditional capabilitiescaneasilybeimplemented).This is explainedin section1.6.2.� Designof a correctself-consistentformulation of diffusion in a plasmain thermaland
chemicalnon-equilibrium.This is anecessityto adequatelysimulatemolecularplasmas.� Applicationof PLASIMO to a few openplasmaconfigurations> :

1. CA plasmas,operatingon argon andhydrogen. This resultedin the designof an
efficient hydrogenplasmasourcebasedon the cascadedarc, for the FOM-Institute
for PlasmaPhysics’Rijnhuizen’ (Nieuwegein,TheNetherlands).

2. Expandingplasmasin avacuumchamberat low pressure.ThePLASIMO resultsare
comparedwith theresultsof thecommercialPHOENICSCVD code.

3. Microwaveplasmasusedfor opticalfibreproduction.This is thework performedfor
PlasmaOpticalFibreB.V. (Eindhoven,TheNetherlands).� Gainmorefundamentalinsightinto thephysicalphenomenaandtheoperationof theabove

plasmasources.

?
Also usewasmadeof confinedconfigurations,becauseof theeasiertestingof molecularchemistryof hydrogen

andoxygen.
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1.6 PLASIMO management

1.6.1 Organisationof the PLASIMO management

In general,PLASIMO managementcontainstwo different aspects:how to deal with a team
of developersandhow to dealwith the complexity of the software? The first questionwill be
handledin this section,thesecondquestionwill bedealtwith in section1.6.2. Also therole of
thePLASIMO-userwill bediscussedbriefly, in section1.6.3.

From the list of applicationsandprojectsto improve PLASIMO, it is clear that this is not
thework of oneperson,but of a team.Currently, thePLASIMO-teamconsistsof 7 people,each
beinga specialistin a certainfield. Consequently, developmentof the PLASIMO-software is
handledby morethanonepersonat thesametime. Themostimportantdangersin thedevelop-
mentof a largecodeare:� Modifying softwareusuallygenerates(new) bugs.� Thechanges,thatotherteam-membersimplemented,canbeoverwrittenby anotherteam-

member.
Fortunately, thesedangerscanbeminimisedby usinga controlsystem.Weuseapublicly avail-
ablesoftwarecontrol systemon Unix platforms,named”ConcurrentVersionsSystem”(CVS),
which providesnetwork-transparentsourcecontrol for groupsof developers@ . Themostimpor-
tantadvantagesof CVS are:� It recordsthehistoryof all changesmadeto thesoftware(eachdirectorytree).Thismakes

thetracingof possiblebugsveryeasy, by retrieving anolderversionof thecode.� Paralleldevelopmentof acode,with morethanonedeveloperworkingonthesamesource
at thesametime, is permitted;thework of eachdeveloperis mergedby CVS.Overwriting
changesmadein thesoftwareby othersis notpossibleanymore.� It providesreliableaccessto its directorytreesfrom remotehosts.This is importantwhen
differenthostsareused,asis thecasein thePLASIMO-team.

In applyingCVS oneshouldonly be carefulnot to ”over-use” it: CVS is not a substitutefor
communicationbetweendevelopers.It provedthatworking with CVS makesthedevelopment
of thePLASIMO-codemucheasier. Also from aprogrammingpointof view, astrictorganisation
is necessaryto distinguishbetweenthedifferent(independent)partsof thePLASIMO-code.We
will focuson this in section1.6.2.

1.6.2 Organisationin the PLASIMO-code

The elementsof PLASIMO are slightly different from the onesof commercialcodes,where
mainlyaverticaldivisionis madeinto apre-processor, asolverandapost-processor. Theseparts
areof coursealsopresentin thePLASIMO-code,but becauseof thediversityof theplasmasthat
haveto bedescribed,wehaveto introducemoreparts.Thestandardpre-processingpartcontains
definition of the computationaldomain,the selectionof the governingphysicalandchemicalA

Availablevia internet:http://www.cvshome.org
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phenomenaandthe definition of the boundaryconditions. The solver containsthe methodfor
solvingtheconservationequations.Thepost-processorgeneratesthedesireddata,oftenby using
sophisticatedgraphicalvisualisationtools.

Apart from a vertical division into an input part, a centralpart andan output part, also a
horizontaldivision is made. This is shown in figure 1.1. The heartis formedby the transport
part,which is comparablewith theusualsolverpart.Dif ferentaretheconfigurationandcompo-
sition partswhich arehorizontallylinkedto thetransportpart. Theconfigurationpartdescribes
theplasmasourceandis subdividedinto modulesfor theelectromagneticenergy coupling,the
boundaryconditionsandthegeometryof theplasmasource.Thecompositionpartcontainsall
informationaboutthegasmixtures.

Thehorizontaldivision is a one-way division: configurationandcompositionareonly input
for thetransportpart,no informationis directedfrom thetransportpartto theconfigurationand
compositionparts.Thereis alsonodirectinformationchannelfrom theinputpartto thetransport
part;all theinformationis passedvia theconfigurationor compositionpartsandis unidirectional.
Although the configurationand the compositionpartscould be seenas merely a part of the
pre-processor, this is not completelytrue: the PLASIMO-userhasonly limited possibility to
changethe configurationand compositionparts. In theseparts, just as in the transportpart,
generalphysicalmethodsareused. For examplethe calculationof transportproperties(in the
compositionpart)or theelectromagneticenergy couplingmechanisms(in theconfigurationpart)
arebasedon standardconcepts.

D iscretization

H ydrodynamic
equations

Equation solver

Boundary conditions

Power input

G eom etry,
G rid generation

Transport
coefficients

C hem istry

G as mixture

Input

O utput

C om positionC onfiguration Transport

Figure1.1: A schematicview of theorganisationin thePLASIMO-code.
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Thesubdivisionof thethreemainpartsinto modulesis shown in figures1.2,1.3and1.4.The
configurationpartcontainssub-modules,shown in figure1.2, thatdescribetheenergy coupling
mechanismsfor eachindividualplasmasource.Sotheenergy couplingis notdividedin type but
in application. For example,theDC energy couplingis describedin themoduleCascadedarc,
whereastheMW energy couplingusedfor POFis describedin themoduleMW-POF.

The transportpart, shown in figure 1.3, forms the heartof PLASIMO. The conservation
equations(mass,momentum,energy), all written asa

�
-equationfollowing Patankar[46], are

describedhere.Thesetof Stefan-Maxwellequations,thatareneededfor thecorrectdescription
of diffusion(seechapter3 of this thesis),arepartof theMassmodule.

Thecompositionpartcontainsthreesub-modules,shown in figure1.4,in whichthechemical
compositionof theavailablegasmixturesaredescribed.Thesubdivisionis asfollows: state, gas
andmixture. A gasis thesetof states(wewill usethenomenclaturespeciesin this thesis)of the
samekind. For example,a hydrogengascanconsistof statesH � , H, H � andH �� . A mixturecan
consistof morethanonegas,for exampletheargongasplus themercurygasplus theelectron
gas.ThePLASIMO-softwarehasmoreor lessthestructureasdepictedin figures1.1to 1.4.

Boundary conditions

Power input

G eom etry,
G rid generation

C onfiguration

Q L

ICP

C ascaded arc

MW -POF

MW -S-lam p

TL

Figure1.2: Themodularsubdivision in theconfigurationpart.

ThePLASIMO-softwareis writtenin theprogramminglanguageC / C�B� . Computationscan
beperformedonUnix or Linux supportingplatformsandwindowspc’s.
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D iscretization

H ydrodynamic
equations

Equation solver

Transport

Mass

Mom entum

Energy

Figure1.3: Themodularsubdivision in thetransportpart.

Transport
coefficients

C hem istry

G as mixture

C om position

G as

State

Mixture

R adiation

Figure1.4: Themodularsubdivision in thecompositionpart.

1.6.3 Usercontrol

PLASIMO employsastronglyimplicit procedurefor solvingthenon-linearsystemof equations
(seechapter2 of this thesis),whichneedssomecontrol.Thiscontrolis offeredvia theinput-file.
Apart from the normaluser-input (operatingconditions,dimensions,grid andinitial guessfor
thesolution),theusercontrols:� Theconservationequationsthataresolved.Termswithin equationsor completeequations

canbeswitchedoff. An exampleis anumericalsimulationof aplasmain LTE. In thiscase
only oneenergy equationhasto besolved(theenergy balanceof themixture)whereasthe
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specificmassbalancesdonotneedto besolved.Thereareanalyticalrelationsbetweenthe
numberdensitiesof all species.Also thermalandchemicalequilibriumcanbe switched
on/off independently, just asthe influenceof thevariousdiffusiontypes(seechapter3 of
this thesis).� Therelaxationfactors(factorsthatcanenhancetheconvergencerateof thesolutionpro-
cess,in principle every plasmaparameterthat is solved hasits own relaxationfactor).
Usually, thesefactorsareadjusteddynamicallyby PLASIMO duringtheiterationprocess.
However, theusercanchoosehisown setof (fixed)relaxationfactors.� The boundaryconditions. For eachplasmasourcea default setof (realisticallychosen)
boundaryconditionsexists. However, the usercan specify a different set of boundary
conditions.

A usermanualis available, which is divided into threeparts: a theoreticalpart, contain-
ing thenecessaryplasmaphysics,a PLASIMO user’s guide,which describeshow theusercan
run numericalsimulationswith PLASIMO, and a numericsand implementationpart, for the
PLASIMO-developerandtheuserwho wantsto contributeto thedevelopingof PLASIMO.

1.7 Thesisoutline

A detaileddescriptionof PLASIMO is presentedin chapter2. It is dividedinto thedescriptionof
thephysicalmodelandthatof thenumericalmethod.Also theapplicationrangeof PLASIMO is
madeclear. As afirst examplePLASIMO is usedto simulateanon-LTE (atomic)argoncascaded
arcplasma.Comparisonof the resultsof thenumericalsimulationswith experimentaldataare
presented.

Switchingfrom anatomicplasmato molecularplasmas(hydrogenandoxygen)showedthat
the treatmentof the particlebalances,aspresentedin chapter2, was incorrectin mostcases.
Thereforea studywasperformedto treatthe particlebalancesmorecorrectly. The resultwas
the set-upand solution of the so-calledStefan-Maxwell equationswhich solve equationsfor
conserved quantities,i.e. the massfractions, insteadof numberdensities. The theory of the
applicationof theStefan-Maxwellequationsto plasmas,in which thermalnon-equilibriumcan
bepresentandelectricfieldsdrive thechargedparticlespecies,is presentedin chapter3.

An efficient hydrogenplasmasourcebasedon the cascadedarc was designedduring the
AIO-2 periodC . Thiswork wasperformedfor theFOM-Institutefor PlasmaPhysics’Rijnhuizen’
(Nieuwegein, The Netherlands)andwasbasedon the ideato usea hydrogenCA plasmaasa
sourceof high atomichydrogenion fluxesfor simulatingthe operationof divertor plasmasin
Tokamaks.TheLTE hydrogenmodelis presentedin chapter4 togetherwith a comparisonwith
all availableexperimentaldatafor ahydrogencascadedarcplasma.

A follow-up projectof numericalsimulationof thehydrogenLTE plasma(chapter4), is the
extensionto anon-LTE hydrogenmodel.Thisprovedto benecessary, sincetheLTE assumption
is questionableat sub-atmosphericconditions.Thenon-LTE hydrogenmodelandtheresultsof
thenumericalsimulationsfor a hydrogenCA plasmaarediscussedin chapter5.D

AIO-2: thetwo-yearprogrammeleadingto thedegreeof Masterof TechnologicalDesign.
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Besidesexperimentalvalidation, a differentvalidation possibility is the code-to-codeval-
idation: comparingthe PLASIMO resultswith resultsof a generallyacceptedcommercially
availablecode. For this purposea vacuumchamberusedin depositionprocessesis simulated
by PLASIMO andby PHOENICSCVD. In thecomparisonspecialattentionis paid to thermal
diffusion. The resultsof thecode-to-codevalidationanda code-to-experimentvalidationof an
expandingargonplasmaarepresentedin chapter6.

Thelastone-and-a-halfyearapartof themodellingwork wasfocusedonthenumericalsim-
ulationof themicrowaveplasmausedby PlasmaOpticalFibreB.V. (Eindhoven)for opticalfibre
production.Theself-consistentdiffusiondescriptionin chapter3 is partof this work. Chapters
7 and8 discussthe first stepstowardsfully modelling the microwave plasma. Chapter7 dis-
cussesthe specialmicrowave energy couplingmodulethat hadto be designedfor PLASIMO
andpresentsresultsof numericalsimulationsfor argon. The extensionto an oxygenplasma
is presentedin chapter8. The conclusionsfrom the presentinvestigationsaresummarisedin
chapter9.



Chapter 2

PLASIMO, aGeneralComputationalMethod:
I Applied to anArgonCascadedArc Plasma

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

Departmentof Applied Physics,EindhovenUniversityof Technology, P.O.Box 513,5600MB
Eindhoven,TheNetherlands�

FOM-Institutefor PlasmaPhysics’Rijnhuizen’, P.O.Box 1207,3430BE Nieuwegein,TheNetherlands

Abstract

A non-LTE argoncascadedarcplasmais numericallysimulated,employing thegeneralplasma
simulationprogramPLASIMO. Thestructureof PLASIMO is flexible andtransparent,so that
apartfrom the studygiven in the presentpaperseveral othermulti-componentsteadyplasmas
in a wide pressurerange( 	�
 � � to 	 bar),from local thermalequilibrium(LTE) to non-LTE, and
with differentenergy coupling mechanismscanbe simulatedaswell. The strongmodularity
makesPLASIMO easyto handleandeasyto adjustor expand. Resultsof PLASIMO applied
to thecascadedarcarecomparedwith experimentaldataandshow reasonableagreement.The
influenceof theboundaryconditionson thesimulationresultsis discussed.

2.1 Intr oduction

In thegroupEquilibrium andTransportin Plasmas(ETP)at theEindhovenUniversityof Tech-
nology(EUT) aPLAsmaSImulationMOdel (PLASIMO) is underdevelopment.PLASIMO is a
computationaltool for numericallysimulatingplasmas,which is constructedin sucha way that

15
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multi-componentplasmas,in a wide pressurerange( 	�
.� � to 	 bar),from non-LTE to LTE, and
with differentenergy couplingprinciplescanbesimulated.Consequently, apartfrom handling
the cascadedarc [42], it mustbe capableof handlingfor examplethe ICP andQL-lamp. This
is alreadydescribedbriefly in [43] (ICP) and[33, 44] (QL-lamp). It mustbe possibleto study
otherplasmasourcesaswell.

Thestructureof PLASIMO is transparentandcanbedividedin threemajorparts:thetrans-
port, theconfigurationandthecompositionpart.Eachpart is dividedinto modules.Theorgani-
sationof thePLASIMO-codeis alreadydiscussedextensively in chapter1.

Themainpartof this chapteris devotedto a detaileddescriptionof thephysicalmodeland
thecomputationalmethod.In sections2.2 and2.3 PLASIMO is describedfrom a physicaland
numericalpoint of view, i.e. thetransportpartshown in figure1.1. Sections2.4and2.5discuss
specificconfigurationaspectsandsection2.6thecompositionfeatures.Finally, asafirst example
theapplicationof PLASIMO to thenumericalsimulationof anargoncascadedarc(CA) plasma
is discussedin sections2.7and2.8. In this respectit is goodto referto otherresearchcarriedout
for similar plasmaset-ups.Ramshaw andChang[26] developeda method(LAVA) for flowing
thermalplasmajets in theabsenceof electromagneticfields. Bauchireet al. [27] consideredan
applicationin which a DC torchandthe resultingplasmajet arecombined.The torchusedby
Bauchireandothers,for exampleSuzukiet al. [28] andPaik et al. [29], is different from the
CA usedin this study. In all examplesLTE is assumedandexpansiontakesplacein air and
not in a chamberat low pressure.Only thecomputationalmethodof Beulenset al. [35], which
is a predecessorof PLASIMO, describesthesamearcplasma.In Beulens’method,which was
meantfor monatomicgasesonly, no wall reactionsweretaken into account,theformulationof
thetransportcoefficientsandsourcetermswasincomplete,andfinally theboundaryconditions
differed,seesection2.7.

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

2.2 Physicalmodel

2.2.1 Main assumptions

Theconstructionof thephysicalmodelis basedon thedistinctionbetweenslow andfastplasma
activities. On the onehandwe have fastmicroscopicactivities (collisional andradiative pro-
cesses),on theotherhandrelatively slow macroscopicactivities(suchasconvection,conduction
anddiffusion). Sincethetimescalesof thesemicroscopicandmacroscopicactivities aretotally
different(a typical timescalefor microscopicactivity is 	�
 ��F s, for macroscopicactivity 	�
 � �
s), theplasmacanbeconsideredasa fluid in which at every locationplasmaparameterscanbe
defined.

The macroscopicor fluid descriptionof plasmasis basedon the hydrodynamicaltransport
equations. Thesetransportequations,derived by taking velocity momentsof the Boltzmann
equation[41], describetheflow field andfor eachplasmacomponentthespatialdistribution of
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its temperatureandconcentration.In this descriptionthefollowing assumptionsaremade.The
flow is

1. laminar: it is characterisedby relatively low valuesof theReynoldsnumber;

2. steadystate: GGIH )J
 , if anAC field is applied,its frequency shouldbemuchlargerthanthe
inversemacroscopicrelaxationtime;

3. axi-symmetric:thegeometryof theplasmasourceandtheresultingflow areaxi-symmetric;

4. quasi-neutral:KMLON L�PQL )R
 , where N L and PQL denotethe charge numberandnumber
densityof speciesS , respectively;

5. characterisedby two temperatures:theelectronshave a temperature/ C andall theheavy
particlespecieshaveonetemperature/UT , in general/ C V)W/QT ;

6. thattheidealgaslaw canbeapplied;

7. Newtonian.

Theseassumptionsleadto thefollowing limitations:

1. Thekineticenergy distributionof thematerialspeciesis necessaryfor calculatingenergy-
averagedcross-sectionsand rate coefficients. Currently all kinetic energy distributions
areassumedto beMaxwellian. Althoughdeviationscanbeincorporated,e.g.in thehigh
energy tail, PLASIMO is notcapableof simulatingplasmasin whichlargedeviationsfrom
Maxwelliandistributionscanbeexpected.

2. The plasmasconsideredconsistof the following species:electronsX eY andheavy par-
ticles X h Y , that is the collectionof molecules,atoms,and ions in the groundstateor in
variousexcitedstates.At this momentphotonsarenot incorporatedasinteractingspecies
in the model, they are only producedand lost locally by the plasmain radiative decay
processes(free-free,free-bound,andbound-boundtransitions). Consequently, radiative
energy transportfrom oneplasmapartto another(absorptionandre-emission)is not con-
sidered.

3. Due to the assumptionof the existenceof only oneheavy particle temperature,it is not
possibleto describeplasmasatextremelylow pressurein whichneutralsandionsdiffer in
temperature.

4. It is not possibleto describesheath-associatedheatingmechanisms.At low pressuresthe
sheathpotentialin RFor DC glow dischargescanbemorethan100V andsecondaryelec-
tronsor collisionlessheatingmayplayarole. Theseeffectsarenot includedin PLASIMO.

5. Thenetchargedensityis takento bezero(i.e. Poisson’sequationis not solved).

Due to the transparentmodularstructureit shouldbe possibleto broadenthe applicationfield
of PLASIMO, e.g.by introducingdifferenttemperaturesfor ionsandneutrals,or by introducing
radiationtransport.For modellingtheQL-lampradiationtransportis very important.Therefore
a starthasbeenmadeto introduceit in PLASIMO, aswaspresentedby VanDijk et al. at LS-8
[47].
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2.2.2
Z

Basicequations

For the given assumptionsthe plasmasof interestare macroscopicallyfully describedby the
following setof equations.� Particlebalanceequationsfor heavy particlespecies[ : �\]_^.` P T \acb � \]d^Begf T \] P T�h);iQT (2.1)

where
f T and

\a denotethediffusioncoefficientof species[ andtheplasmabulk velocity,
respectively. Thelatter is definedas:

\a ) K L PQLkj<L \a L.l + with +m) K L j<LnPUL where j<L
is the mass,

\a L the meanvelocity of speciesS and + is the massdensityof themixture.
Thenetproductionof species[ dueto collisional-radiativeprocessesandchemistryis rep-
resentedby iQT . The numberdensityof electronsis calculatedfrom the quasi-neutrality
assumption.In LTE theparticlebalanceequations(2.1)arenot solved,becausethenana-
lytical relationsexist betweenthenumberdensitiesof all species,basedontheequationof
state(equation(2.7)),SahaandGuldberg-Waageequations.� Continuityequationfor theplasmaasawhole,i.e. asamixtureof all components:\]7^�` + \aob )p
 (2.2)� Momentumbalancefor themixture( qsr - component,wheret denotestheaxial ( u ) or radial
( v ) component): e \]7^�` + \a \aob h r )w� e \] (xh r�y e \]_^{z h rxy e \|�} � \~ h r (2.3)

with ( the plasmapressurerelatedto the numberdensitiesandtemperaturesthroughthe
equationof state(2.7). Thecomponents

z r�� of theviscousstresstensor
z

arefunctionsof\a andthedynamicviscosity � . Undertheassumptionthat theplasmacanbeconsidered
asa Newtonianfluid thecomponents

z r�� arewritten as
z r���)5��� `�� r����  � ` \]�^ \aob�� r�� b with� r��M)  � `�� qBr l �x� � y � q�� l �x� r b and � r�� the Kronecker delta. The dynamicviscosity � is

calculatedusingmixture rulesand is treatedin section2.6.3. The term
\| } � \~

, with
\| }

the currentdensity, denotesthe time-averagedinfluenceon momentumof an externally
appliedor generatedmagneticfield

\~
.� Energy balancefor theheavy particlesX�[QY :\]7^�`���� + �8��� \acb y ��� (
� \]7^ \a y \]7^ \� T ) z T� \] \a y�� T (2.4)

where

���
is theinternalenergy perunit massof heavy particlespecies� . Theheatflux is\� T )��0�BT \] /UT and � T denotestheenergy gainor lossthroughelastic/inelasticreactions

with electronsand/orchemicalreactionsbetweenthe heavy particles,including the so-
calledinter-diffusionterm.Theviscousdissipation(againNewtonian)

z T#� \] \a is givenbyz T� \] \a );��� ` K r�� � r�� � r��O�  � ` \]7^ \a�b � b .�
Currentlythemassfractionbalancesaresolvedinsteadof particlebalances,usingthefull setof Stefan-Maxwell

equationsthatdescribediffusionself-consistently. Seechapter3 in this thesis.
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� Energy balancefor theelectronsX���Y :\]7^�` + C
�
C \acb y ( C \]7^ \a y \]7^ \� C ) �#���¡ �y�� C (2.5)

with
\� C )5�0� C \] / C . Theelectronviscousdissipationterm

z C � \] \a is neglected. �#���g  is
theenergy gainthroughOhmicheating,� C is theenergy loss/gainthroughelastic/inelastic
reactionswith heavy particlesandthroughradiativeprocesses.
Thepower input �¢���g  is givenby:

�¢���g  ) \|�} ^ \£ (2.6)

with
\£

theelectricfield. For AC plasmasthe time averageof
\|�}

and
\£

is taken. In LTE
only onetemperatureexists for all particlespecies;in this casetheenergy balanceof the
mixture(i.e. thesumof equations(2.4)and(2.5)) is solved.� Equationof state,givenby Dalton’s law of partialpressuresandtheperfectgaslaw:

(<) � L ( L with ( L ) PUL " � / L (2.7)

with " � theBoltzmannconstant.
Thephysicalmodelwith its basicsetof equations((2.1) to (2.7)) formstheheartof PLASIMO.
To solvethissetof second-orderpartialdifferentialequationsanumericalmethodis constructed,
which is describedin section2.3. Note that the specificpropertiesbelongingto the plasma
configurationandthe chemicalcomposition,chosenby the PLASIMO-user, enterthephysical
modelvia theboundaryconditions,theenergy couplingterm �¢���g  (equation(2.6)), thesource
terms iQT (equation(2.1)), � T (equation(2.4)), � C (equation(2.5))andthetransportcoefficientsf T , ¤ , �sT , � C and � . Theseconfigurationandcompositionfeaturesaredescribedin sections2.4
to 2.6.

2.3 Numerical method

2.3.1 The ¥ -equation

In theconstructionof thenumericalmethodit is appropriateto write eachof therelevantdiffer-
entialequations(equations(2.1) to (2.5)) asa particularcaseof theso-called

�
-equation.This

meansthatonly oneprocedureis neededto solveageneralisedconservationequation.Thispro-
cedurecanthenbeappliedto thevariousplasmaquantitieswhich renderstheprogramstructure
transparent.The

�
-equationusedin PLASIMO is a modifiedversionof thegeneralform given

by Patankar[46]. To write the transportequationsin termsof the plasmaparametersan extra
factor ¦ is introduced: \]7^�` ¦�§¨+ \a � b � \]7^�` �B§ \] � b );iQ§ (2.8)

Thefirst termat the left-handside(LHS) denotestheconvectiontermandthesecondtermthe
diffusionterm.Thefactors¦¨§ and �B§ canbeconsideredasaconvectionanddiffusioncoefficient,
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respectively. Theterm iQ§ at theright-handside(RHS)denotesthesourceterm.Thecoefficients¦�§ , �B§ , and iQ§ aredifferentfor each
�
-variableandaredefinedin suchawaythattheconservation

equations(2.1) to (2.5) canbe rewritten in the generalform of equation(2.8). The resultsare
given in table 2.1. However, the mixture continuity equation(2.2) is treatedseparatelyas a
pressure-correctionequation.This is explainedin section2.3.2.

Table2.1: Expressionsfor
�

and
�
-factors¦�§ , �B§ and iQ§ for theequations(2.1) to (2.5),whereS refersto thekind of speciesand t to thespatialcomponent(axial ( u ) or radial( v )).

� ¦¨§ �s§ iQ§ Eq.PQL 	 l + f L i L (2.1)
1 1 0 0 (2.2)qsr 1 � � ` \] ( b r y ` \]7^�z b r y ` \| } � \~ b rs� \]7^�` � \] qBr b �4©ªr (2.3)/UT K � `�«¬I® � y 	 b " � P

� l + �sT \a ^ \]*` K � ( � b y z T#� \] \a y�� T (2.4)/ C ��¯°�n" � P C l + � C \a ^ \] ( C y��#���g ±y�� C (2.5)

Themomentumbalance(2.3) containsa tensorquantity(thedivergenceof a dyad)whereas
thegeneralisedform of equation(2.8)containsdivergencesof vectorquantities.For curvilinear
coordinatesthe differenceshave to be compensatedby changingthe sourcetermsin the RHS.
Thereforeamodificationterm ©3r is introduced.For componentt : ©ªrU) ` \]%^²` + \a \a�b¡b r¡� \]%^²` + \a qBr b .

Notethatin orderto write theenergy equations(2.4)and(2.5)in thegeneralform of equation
(2.8) therateof work dueto expansion,( L \]d^ \a , is rewritten as

\]5^�` ( L \a�b � \a ^ \] ( L . Thefirst
termis thencombinedwith

\]_^�` + L � L \a�b ) \]*`�«I¬® LkPUL " � / L \aob sothat ¦�³µ´ , beingactuallytheheat
capacity, changesfrom

«¬I® L " � PQL�l + to
`�«I¬® L y 	 b " � PQL�l + . Thesecondterm,

\a ^ \] ( L , is regardedas
a sourceterm. To write themomentumbalancein theform of equation(2.8)a term

\]d^�` � \] qBr b
is subtractedfrom theLHS andRHSof equation(2.3).

2.3.2 The modified SIMPLE algorithm

In orderto calculatethepressureandflow fields,a combinedsolutionof themixturecontinuity
equation(2.2)andthemomentumbalances(2.3) is needed.For this purposea modifiedversion
of the Semi-Implicit Methodfor Pressure-Linked Equations(SIMPLE) developedby Patankar
[46] is usedin PLASIMO. This SIMPLE algorithm is basedon the velocity field having to
obey boththemixturecontinuityequationandthemomentumbalances.ThemodifiedSIMPLE
algorithmasappliedin PLASIMO consistsof thefollowing steps:

1. Fromaninitial guessof thepressurethevelocity field is calculatedusingequation(2.3).

2. Sincethecalculatedvelocity field will in generalnot satisfythemixturecontinuityequa-
tion (2.2),themixturecontinuityequationcanbeusedto find acorrectionfor thevelocity
andpressurefields. For this purposethis equationis rewritten into a pressure-correction
equationwhich is treatedasa

�
-equation.
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3. Theother
�
-equationsthatinfluencetheflow field aresolved.

4. Thewholesequenceof steps1 to 3 is repeateduntil convergenceis reached(seesection
2.3.6).

In thetransformationof themixturecontinuityequationinto a pressure-correctionequation
we follow Patankar[46], howeverwith thefollowing modifications:� Ratherthana staggered-gridapproachasgiven in [46] (i.e. the velocity componentsare

locatedon the facesof the control volumes),the velocity componentsaredefinedat the
main grid points just as all other physicalquantities. This co-locatedgrid methodwas
developedby RhieandChow [48] andis usedin PLASIMO togetherwith themomentum-
interpolationschemeatthecontrolvolumefaces(seesection2.3.4)of Majumdar[49]. The
useof co-locatedgrids insteadof staggeredgrids is moreappropriatewhenthe physical
grid is curved so that no needexists to evaluatethe curvaturetermson the facesof the
controlvolumes.� To describeincompressibleaswell ascompressibleflows theformulationof thepressure-
correctionequationaccordingto Karki and Patankar[50] is used. In this formulation
an extra term is includedwhich accountsfor pressure-induceddensitychanges.At low
Machnumbers( ¶ ·¸	 ), thesystemof partialdifferentialequationsis elliptic. Crossing¶ ) 	 , it changesfrom elliptic to hyperbolic. The choiceof using the pressureas a
primary variablein the modifiedSIMPLE algorithm is motivatedby the finite pressure
changes(in contrastto the massdensitychanges)irrespective of the flow Mach number.
More detailscanbefoundin Karki andPatankar[50].

For confinedplasmaconfigurations(e.g. low pressurelamps)the modifiedSIMPLE-algorithm
is notused,sincethenthevelocityfield is takenzero.In thiscasefrom theconservationof mass
thenumberdensitiesarescaledandthepressureis calculatedusingtheequationof state(2.7).

2.3.3 Grid generation

To solvethe
�
-equationsfor differentplasmageometriesthey arewritten in ageneralisedbound-

ary-fittedorthogonalcurvilinearcoordinatesystem.In thiscoordinatesystemanarbitrarygeom-
etry is mappedontoanequidistantcomputationalgrid. Themainadvantageis thatno restriction
on geometryexists: not only straightcylindrical geometries(like the straightCA or ICP) but
alsocurved geometries(like the QL-lamp [43] or the geometricallypinchedCA [42]) canbe
handled.Themain taskin thegrid generationis thedeterminationof themappingbetweenthe
grid points(

�
, ¹ ) in thephysicalplaneto thegrid pointsin thecomputationalplane( º  , º � ). A

one-to-onemappingbetweenthephysicalplaneandcomputationalplaneis establishedusinga
two-dimensionaldifferentialequationmethodbasedonthePoissonequation,which is described
by Benoy [51]. After constructingin this way a two-dimensionalgrid, it mayberefinedlocally
in plasmaregionswheresteepgradientsareexpectedfollowing themethoddescribedby Mobley
andStewart [52]. More detailsabouttheorthogonalcurvilinearcoordinatesystemcanbefound
in Benoy [51].
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2.3.4
Z

Discretisation

Thecontrolvolume(CV) methodis usedto discretisetheelliptic systemof
�
-equations.In this

methodthecomputationaldomainis dividedinto non-overlappingCV’swhereeach(nodal)grid
point is centredin oneCV. The field variables

�
aredefinedat the nodalgrid pointswhereas

the fluxesaredefinedon the CV-faces.The orthogonalityof the coordinatesystemmakesthe
calculationof fluxesacrossaCV-facestraightforward,sincetheflux is directedperpendicularto
thatCV-face.Themostimportantfeatureof theCV-methodis theexactintegral conservationof
mass,momentumandenergy overany groupof CV’s. Thediscretisedequationsareobtainedby
integratingthe

�
-equationsover a controlvolume. Theapplieddiscretisationschemeis hybrid.

The meshPecletnumber(Pe),which is the mesh-sizedependentratio betweenthe magnitude
of the convection anddiffusion terms,determineswhich discretisationschemeis used: first-
orderupwind (convectiondominance: »�¼¾½�»À¿Á� ) or second-ordercentraldifference(diffusion
dominance:»�¼¾½�»�Âp� ). TheCV-discretisationmethodis describedby Patankar[46].

2.3.5 Equation solver

The Modified five-pointStronglyImplicit Procedure(MSIP) [53, 54] is usedto solve the dis-
cretisedequations[31]. Sincethis procedureis very robust, it is appropriatefor systemsthat
arevery sensitive to instabilities.Theplasmasourcesthatareto benumericallysimulatedwith
PLASIMO aregoodexamplesof suchunstablesystems.The instability occursbecauseof the
strongcouplingbetweentheequationsandtheexponentialcharacterof thesourceterms. This
rendersthesystemof equationsverysensitive for smallchangesin thesourceterms:thesystem
is stiff.

2.3.6 Iteration scheme

Using the numericalmethodsdescribedabove, PLASIMO solvesthe setof equations(2.1) to
(2.5) iteratively, following theflow chartshown in figure2.1. To closethesetof equationsthe
PLASIMO-userhasto definethe configurationfeatures.That is: the geometryof the plasma
sourcemustbegivenandanappropriatesetof boundaryconditionsmustbechosen.Thechoice
of thechemicalcompositionof thegasdeterminesthechemicalsourcetermsandtransportcoef-
ficients,andthechosenplasmaconfigurationdeterminestheenergy couplingprinciple.

Notethattheparticlebalanceequations(2.1)arenotusedfor all heavy particlespecies.One
neutralparticlespeciesis calculatedfrom theequationof state(2.7).Theelectronnumberdensity
is calculatedfrom thequasi-neutralityassumption,aswasmentionedbefore.

In LTE the energy balanceof the mixture (the sumof equations(2.4) and(2.5)) is solved.
Theparticlebalanceequationsarenot solved;thenumberdensitiesof thespeciesarecalculated
usingtheanalyticalrelationsthatexist betweenthenumberdensitiesof all species,thepressure
andthetemperature.

Convergencehasbeenachievedwhentwo stopcriteriaarefulfilled simultaneously:themax-
imumvalueof therelativeresidueandthechangeof therelativeresidueof all

�
-equationsarebe-

low apresetvalue,typically 	�
���Ã and 	�
.� � , respectively. Thesecondcriterionis necessaryto ex-
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Figure2.1: Flow chartof PLASIMO.

clude(semi-)convergedsolutionsof whichtheresidues,andconsequentlythephysicalquantities,
maystill changeconsiderablyover a largenumberof iterations.To enhancethestability of the
iterationprocessa linearunder-relaxationof the

�
-variablesis used:

�BÄ{Å )�Æ.§ �BÄ y ` 	Ç�%Æk§ b �sÄ �B 
with Æk§ the under-relaxationfactor of variable

�
( 
�¯È	É·ÊÆ.§pÂ 	 ) and

�BÄ Å
the final value of
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�
at iteration P (i.e. after relaxation). To increasethe convergencespeed,in PLASIMO dy-

namicrelaxationis used,which meansthat Æk§ changesduring the iterationprocess(depending
on the relative changein the residue).Note that thedynamicrelaxationis fully determinedby
PLASIMO andnotby theuser.

Theoutputof PLASIMO includestwo-dimensionalfieldsof flow properties(pressureandve-
locity), concentrations(numberdensities),andtemperatures.Also variablesdeducedfrom these
primaryplasmavariablesareoutput,suchastheseparatetermsin theconservationequations.

Thenumericalmethodis implementedin theprogramminglanguageC. Thecalculationscan
beperformedonUnix or Linux supportingcomputersystemsandwindowspc’s.

2.4 Power input

Thepowerinput in theplasmadependsonthetypeof plasmasourcethatis modelled.PLASIMO
is capableof handlinginductive(e.g.theICPandQL-lamp),aswell asDC-plasmasources(e.g.
theCA), andin thenearfuturemicrowave plasmasources(e.g.theTIA). Thesesourceshave a
totally differentelectromagneticenergy couplingprinciple. As a consequencethecalculationof
thepower input, givenby equation(2.6), formsa separatemodulein PLASIMO, with different
sub-modulesdescribingtheelectromagneticfield for:� Inductively coupledsources;usingMaxwell’s equationsthe electromagneticfield is for-

mulatedin termsof a vectorpotential[43, 55]. Thevectorpotentialequationis anelliptic
equationthatis solvedwith MSIP [53, 54] extendedto solveequationswith complex vari-
ables[51].� DC-sources;basedon a one-dimensionalelectric field formulation that is discussedin
section2.7.1.

Notethatwhenamagneticfield is presentit resultsin theterm
\| } � \~

in themomentumbalance
(equation(2.3)). This termis not takeninto accountin this chapter, for applicationin theCA it
is presentedin chapter5.

2.5 Boundary conditions

Thesolutionof thegeneral
�
-equation(2.8) is determinedby theappliedboundaryconditions.

Therefore,the PLASIMO-userhasto specifyconditionsfor all
�
-variablesat eachof the four

boundariesof theconfiguration(north,south,westandeast).Theseboundariesmaybephysical
boundariesor symmetryboundaries.Of coursetheboundaryconditionsdependon thechosen
plasmasource.Two kindsof boundaryconditionshave to beconsidered:� Dirichlet, characterisedby a known valueof

�
, that is:

�UË )ÍÌ , where Ì is a fixedvalue
or a functionof otherplasmaparameters,and © theboundary:W(est),E(ast),S(outh)or
N(orth).� Neuman,characterisedby a givenflux at theboundary:

� � l � P » Ë )7Î ` �ÏË b . If Î is zero
this is ahomogeneousNeumancondition.
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A specialclassof Neumanconditionsis neededfor speciesreactingat theboundaries.Onetype
of species( S ) is producedat a boundaryby the reactionof othertypesof species( Ð V)�S ). So
thepropertiesof thereactingspecies,andespeciallythenumberdensities,have to beknown in
determiningthe boundaryvalueof the numberdensitiesof the createdspecies.Consequently,
theNeumanconditionsfor thenumberdensitiesof speciesS and Ð arecoupled.

The flux
� r ÄL ® Ñ of speciesS that reactsat a boundary © (i.e. destructionof speciesS ) is

describedby [56]: �ÓÒ�ÔL ® Ë ) PUL ® ËÕq L ® Ë � L ® Ë	Ö�×� L ® Ë l � (2.9)

with � L ® Ë thereactionprobabilityfor speciesS atthewall © (nostickingis assumed).Themean
thermalvelocityof speciesS perpendicularto © is

Õq L ® Ë )  � `�Ø " � / L ® Ë l�ÙÚj<L b  �Û � .
Thetotal creationof speciesS at thewall throughreactionsof speciesÐ V)pS is describedby

theflux
�ÚÜÞÝ�ßL ® Ë : � ÜÞÝ�ßL ® Ë ) �àkáâ L�ã à L � Ò�Ôà ® Ë (2.10)

with ã à L thestoichiometriccoefficient for transformingspeciesÐ into speciesS . For example,
in a hydrogenplasma,thereactionä y4åçæ�èéèsê  � ä � causesaflux

�ÚÜÞÝ�ß��ë ® ì )  � � Ò�Ô� ® ì .
Thenetflux of speciesS at theboundary© equalsits diffusiveflux:

� f L `�� PUL�l � P b Ë ) � ÜÞÝ¡ßL ® Ë � � Ò�ÔL ® Ë (2.11)

wherethederivative in theLHS is takenin thedirection P ( u or v ) perpendicularto K. Notethat
in equation(2.11)it is assumedthatat wallsno netflow exists:

\a ) \í
.

Usingequation(2.11)thecalculationof theboundaryvaluesof thenumberdensitiesinvolved
(i.e.theboundaryvaluesof thereactingandcreatedspecies)is performedin themodule”plasma-
wall interactions”(seefigure2.1) nearlyat theendof the iterationcycle, sinceat thatpoint the
propertiesof all speciesareknown.

2.6 Transport coefficients

2.6.1 Intr oducing transport coefficientsin PLASIMO

ThePLASIMO-userhasthreeoptionsavailablefor incorporatingtransportcoefficients:
1. Look-up tables. The disadvantageis the multi-dimensionalityof suchtablessincethey

areat leasttwo-dimensional(temperatureandpressuredependence).In the caseof gas
mixturesanadditionaldimensionis introduced,namelythedependenceonthegas-mixture
ratio.

2. Approximateformulas.Theseformulascanbebasedon themean-free-pathconcept,see
Mitchner andKruger [41], or the usercandefinehis own formula. For examplefor the
diffusioncoefficient of speciesS hecanuse

f L )  ��î L Õq L , with î L themeanfreepathandÕq L the meanthermalvelocity of speciesS . The advantageis the relative simplicity and
consequentlyhighercalculationspeed;a disadvantageis theapproximatecharacterof the
formula.
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3. Full modelling basedon Frost mixture rules [57] and Chapman-Enskog-Burnetttheory
(CEB) [40]. This option is thestandardoption in PLASIMO andis discussedin sections
2.6.2and2.6.3for theelectronandheavy particletransportcoefficients.

2.6.2 Electrons

For partially ionisedgaseswith an ionisationdegreebetween 	�
 ��! and 	 , the Frost mixture
rules[57] aresuitableto calculatetheelectrontransportpropertiesin theabsenceof a magnetic
field. With theFrostmixturerulestheelectricconductivity ( ¤ ) andelectronthermalconductivity
( � C ) canbecalculatedtaking into accounttheelectron-electron,electron-ionandelectron-atom
interactions.Sincewe areinterestedin thewholerangeof ionisationdegreesthemixture rules
areusedin PLASIMO. If a magneticfield is presentan extensionof the Frostmixture rules,
proposedby Krugeret al. [58] andSchweitzerandMitchner[59] hasto beused.

2.6.3 Heavy particle species

Theheavy particletransportcoefficientsarecalculatedaccordingto CEB [40]. For mixturesthe
formulasaccordingto Hirschfelderet al. [40] andDevoto [60] areusedin which the transport
coefficientsareexpressedin termsof Sonine-polynomialexpansioncoefficients. In PLASIMO
theviscosityis usedin thefirst-orderapproximation;theelectroncontribution is neglected.The
heavy particlethermalconductivity is usedin thethird-orderapproximation;theelectron-heavy
particlecollision termsareneglected.

2.7 Application to an argoncascadedarc plasma

As a first applicationof PLASIMO, the cascadedarc is simulated. Following the structureof
PLASIMO given in figure 1.1, the userhasto definethe configurationaspects(featuresof the
source,left columnin figure1.1)andthechemicalcomposition(right column). In this example
thecascadedarcis takenastheplasmasource;argonis usedasthegas.Thefeaturesbelongingto
anargoncascadedarcplasmaaregivenin sections2.7.1(configuration)and2.7.2(composition).

2.7.1 Configuration features

Plasmasourceand geometry

Theplasmais createdin theCA [61, 62] shown in figure2.2.
Thegasis fed via a massflow controllerinto thecathodesideof thearcwhereit is ionised.

Theplasmaflowsthroughthechannel,is acceleratedandexpandsattheanodesideinto avacuum
chamberat low pressure(typically ïk
 Pa). Thedottedline shown in thefigurerepresentsthepart
of thearcthatis numericallysimulated.Thelengthof thechannelis :�
 mm; theradiusis � mm.
Thewestboundaryis locatedatthefirst cascadeplatewhichmeansthatthevoltagedropbetween
the(three)cathodesandfirst cascadeplateis not accountedfor. For describingthevoltagedrop
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1: end-on viewing window
2: Tungsten-Thorium cathode (3x)
3: cascade plate
4: anode plate
5: nozzle plug
6: gas inlet
7: plasma channel
8: cathode housing

6 5

7 3 41 2

8
Computational domain

  

Figure2.2: Thecascadedarcconfiguration.Thedottedline representsthepartof thearcthat is
numericallysimulated.

we refer to Benilov andMarotta[45]. Theeastboundaryis locatedat theoutletof thearc. The
north boundaryis formedby the channelwall. The individual characterof the cascadeplates
is not taken into account,i.e. in thesimulationthenorthboundaryis treatedasonecontinuous
surface. Although this implies that the plasma-wall boundarylayer is not describedproperly
this doesnot affect thedescriptionof the major part of theplasma.The southboundaryis the
symmetryaxis.A grid of ðnñ3ò�ðnñ pointsis used.

Power input

For the CA a one-dimensionalelectricfield formulation is used. Sincesheatheffectsarene-
glectedin PLASIMO the radial electric field óÖô in the CA will be small; it is assumedthatóõôªö�ñ . The axial componentóÖ÷ is independentof radial positionandis calculatedfrom the
currentø throughthearc(givenby theuser)andacross-sectionalaveragedelectricconductivityùú ö ûü�ý�þ¨ÿ�� � ý� ú������ :

óÖôçöJñ
	 óÖ÷õö ø���� ùú (2.12)

with � the radiusof the plasmachanneland � the radial position in the channel. An axi-
symmetricalformulationbasedon thegradientof thepotentialdistribution is morecomplicated
becauseof theboundaryconditionat theoutletof thearc.Accordingto Gielen[63] apartof the
currentwill reachtheanodeplatevia thevacuumchamberwhich highly complicatesthedefini-
tion of acorrectboundarycondition.ThesimplifiedOhm’s law givesanexpressionfor thelocal
currentdensity ���� : � ��� ôOöJñ�	 � ��� ÷8ö ú óÖ÷�� (2.13)

Equations(2.12)and(2.13)aresubstitutedin equation(2.6) to obtainthepower input ������� . In
this examplenomagneticfield is applied.
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Boundary conditions

Theboundaryconditionsfor a flowing argonplasmain theCA arespecifiedbelow. We assume
that the plasmaconsistsof only threedifferentspecies:argon atomsin the groundstate(Ar),
argon ions (Ar � ) andelectrons.This implies that only oneparticlebalanceequation(2.1) has
to be consideredandsuppliedwith boundaryconditions:the Ar � equation.The argon neutral
numberdensityis calculatedfrom theequationof state(2.7). West:Theinlet flow velocityprofile is assumedto have thefollowing parabolicform:

! ÷ � "$#&% �(' ö ! ��)+*"$# ,+-/.10 ��32 �4 	 ! ô � "$#�% �&' öpñ (2.14)

with ! ��)+*"$# theaxial velocity componentat thechannelaxiscalculatedfrom a givenmass
flow rate. This rateis calculatedfrom the inlet flow in sccs5 û (i.e. the flow at standard
conditionsof

-
atmand ÿ&6 ð�� -�7 K) givenby theuser, theinlet temperatureandthepressure

whichfollows(iteratively) from thesimulation.Thevalueof ÿ for theexponentin equation
(2.14) may not be fully correctfor plasmas,however usingdifferentexponentialvalues
up to

7
shows negligible influence. At the inlet, a zeroaxial componentof the pressure

gradientis assumed8 . The uniform inlet temperaturefor electronsandheavy particlesisðnñ�ñ K andanionisationdegreeof
- ñ 5:9 determinesthe ion numberdensity. Theeffect of

differentinlet valueson thesimulationsis discussedin section2.8. East: With respectto the axial velocity componenton the plasmaaxis we usethe so-
called ; ö -

condition. ; ö -
meansthattheaxialvelocityequalsthevelocityof sound!=<?>?@BA�C . Thelatteris definedas ! DFEHG #JI ö %?K&L=M(KON ' < � P , with subscriptQ&	SR denotingaconstant

entropy andconstantionisationdegree.Then,undertheassumptionthat theexpansionin
the low-pressurevacuumchamberis adiabaticandthat the ionisationdegreeis constant,! ��)+*EHGJT is determinedfrom a combinationof the energy balanceof the mixture (equations
(2.4)plus(2.5))andthecontinuityequationof themixture(2.2):

! ��)+*EHGJT öVU 7ð L N�W û?X  (2.15)

wherewe assumedY[Z M Y]\0ö 7 M ð , with Y^Z and Y]\ theheatcapacityat constantpressureand
volume, respectively. This assumptionimplies that argon is consideredasa calorically
perfectgas.Wedonot take into accountthestudyof Burmetal. [64] whoshowedthatfor
plasmastheratio Y^Z M YS\ is lower thanfor gases(for argonat 1 atm, Y[Z M Y]\`_ - � -ba insteadof
1.67).For theoutletvelocity profile a power law is usedof theform of equation(2.14)in
which theexponentÿ is replacedby

7
. ChangandRamshaw [65] usedthesamecondition,

andfound that the bestvalueof the exponentwas
7

for their simulations.The effect of
differentexponentsis negligible asis discussedin section2.8.A constantaxialcomponent
of thepressuregradientis assumed:c Zc ÷ öed . This conditionimpliesa Neumanpressuref

It is betterto assumea constantaxial componentof thepressuregradient.This conditionis usedin therestof
this thesis.
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boundaryconditionwhich value( d ) is determinedduringtheiterationprocess.Theaxial
componentsof thegradientsof theotherplasmavariablesaresetto zero. North: A no-slipconditionis used:theaxialandradialvelocitycomponentsarezero.The
radialcomponentof thepressuregradientis zero. The ion numberdensityis determined
from equation(2.11),becauseat thechannelwall theargon ionswill recombineto form
argon atoms. It is assumedthat theseatomswill be in the groundstate. For argon ions
the recombinationfactor g:h
ikj � l is taken as ñ
�nm , i.e. m out of the

- ñ argon ions colliding
with thechannelwall will recombine.In themodelthis sink for theionsis of coursealso
includedasaparticlesourcefor theargonatoms(cf section2.5). For thetemperaturesthe
following valuesareassumed:oqp � # E i T � ö 7 ñ�ñ K (thecascadeplatesarewatercooled)andosr � # E i T � ö a ñnñnñ K aswasalsousedby Lauferet al. [66]. In contrast,Beulenset al. [35]
usedosr � # E i T �#ö - ñnñnñ K. Simulationsshow thatchangingthis lastboundaryconditionto a
zeroradialderivativehasnotmuchinfluenceon theresults,seesection2.8. South:Theradialvelocitycomponentis zeroandtheradialcomponentof thegradientsof
all othervariablesaretakenaszero.

Themaindifferencesin theconfigurationfeaturesbetweenPLASIMO andits predecessormodel
of Beulenset al. [35] arefoundin theboundaryconditions.Beulensusedanoverdeterminedset
of boundaryconditions,sincebesidesthe massflux inlet condition and Mach numberoutlet
condition,the inlet pressurewasspecified(which wasin factanexperimentalvalue). Also the
wall electrontemperaturevaluewasfixedat a far too low value(

- ñ�ñnñ K comparedto themore
correct

a ñnñnñ K).

2.7.2 Composition features

Transport coefficients

The electric conductivity, the heatconductivity of the electronsand heavy particlesand the
plasmaviscosityfor argonarecalculatedusingthestandardformulationsdiscussedin sections
2.6.2and2.6.3. The diffusion coefficient of the ions ( tvu ), usedin equation(2.1), is equalto
theambipolardiffusioncoefficient ( tw)x�qy ) z for a two temperatureplasmagivenby Jonkerset al.
[15]: t{)x�sy0ö ð�| 8 % osp`}~oqr 'm N�� ûÞûh
i j h
i (2.16)

with
� ûÞûh
i j h
i ö % ð�� ñnð/} a ��m ÿ ò - ñ�5���oqp . ð�� 6 ò - ñ:5:��o p }���� -�7 ò - ñ�5 û�� o �p ' ò - ñ:5 û 9 (in m� s5 û )

a first approximationto the Ar-Ar � collision integral valid for the temperaturerange ðnñnñnñ to-�7 ñ�ñnñ&� . This temperaturerangeis sufficient for thesimulationsof thecascadedarc.

Sourceterms

From the particle balanceequations(2.1) only the Ar � balancehasto be solved since �qr is
determinedfrom the quasi-neutralityassumptionand � h�i from the equationof state(equation�

In therestof this thesis,themassfractionbalancesaresolvedinsteadof theparticlebalances.Sincewewill use
effectivediffusioncoefficientsfor all species,thereis nolongertheneedto defineanambipolardiffusioncoefficient.
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Table2.2: Fit coefficients �&u for recombinationterm R���� for different �sr -values.�qr ( m 5 � ) � � � û �  � � � �- ñ û�� -16.004 -4.115 -2.043 3.023 - 0.851- ñ  � -11.443 -23.219 23.278 -11.401 2.170- ñ  û -10.996 -23.431 24.004 -11.891 2.280- ñ H -10.096 -23.369 23.992 -11.896 2.282

(2.7)).Notethattheoccupationof theargonexcitedstatesis notdescribedin themodel.Thereis
no needto simulatethis occupationsincetheinfluenceof excitedstateson step-wiseionisation
canbetreatedin a separateCollisional-Radiative (CR) modelin sucha way that theproduction
of argon ions canbe expressedin �qr , � % - ' (the numberdensityof argon atomsin the ground
state)and osr . Thesequantitiesarecomputedin this PLASIMO application.Notealsothat the
CR modeldoesnot form a part of PLASIMO; only the resultsof this CR modelareusedin
PLASIMO. Sothenetproductiontermof Ar � ( � h�i j ) is deducedfrom theCR modelof Benoy
etal. [67] in whichahybridcut-off technique,describedby VanderMullen [68], is used.In this
modelthenumberof excitedlevelsin theargonatomis reducedto ÿ - . TheresultingAr � -source
termis givenby: �sh
ikj ö��sr�� h�i ����� . �qr[�sh
ikj�R���� (m 5 � s5 û ) (2.17)

with ����� and R���� theCR ionisationandrecombinationcoefficient, respectively. TheCRmodel
calculates����� and R���� for the electrondensityrange

- ñ û�� -
- ñ  � m 5 � which includesthe �qr -

valuesfound in a CA plasma.TheCR ionisationcoefficient ����� is implementedin themodel
usingfit-functionsof anArrheniusform: �����%ö 6 � ð(� ò - ñ 5 û�� o û?X r �B�
� % .�- � ñ(�kó`u M | 8 osr ' in m 5 �
s5 û , with ó`uÓö - �nm 7 ò - ñ:5 û � J thefirst stepexcitationenergy. For argonthis formulais valid for�qr -valuesin thegivenrange.Therecombinationcoefficient R���� is implementedusinga fourth-

orderpolynomialexpression: R����Jö - ñ(� %(���� ' , with �¡ £¢osrJ¤�ö¦¥ �§�¨ � � § ¢o §r and ¢osr the electron
temperaturein eV. The fit coefficientsarelisted in table2.2. For evaluating R���� for different�qr -valueslinearinterpolationis applied.

In themomentumbalance(equation(2.3)), the ��b� ò �© -term is neglectedsincefor anargon

cascadedarcplasmathis Lorentzforce is muchsmallerthanthe �ª L -term in theabsenceof an
externallyappliedmagneticfield.

The sourceterm �«r in the electronenergy balance(2.5) is divided into the elasticenergy
transferbetweenelectronsandheavy particlespecies( �«¬® ) Dr?p ), theradiationlosses( � i ) I ) andthe
ionisationlosses( � " E # ). �¯¬® ) Dr+p is givenby MitchnerandKruger[41]:

� ¬® ) Dr+p ö°�qrO± p 0 ÿ�² r² p 2 ð ÿ | 8 % oqr . oqp '´³xµ r+p�¶ (2.18)

where ³xµ r+p�¶ is thecollision frequency for · .¹¸
collisionswith

¸ ö Ar or Ar � , averagedover a
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Table2.3: Fit coefficients �&u for radiationtermsº û and º � for different �sr -values.�sr º û º �
(m 5 � ) � � � û �  � � � � � � � û �  � �- ñ û�� -24.74 72.61 -80.27 41.81 -8.302 4.288 -3.356 -0.601 0.099- ñ  � -20.32 56.09 -58.25 29.13 -5.627 7.416 -10.39 6.712 -1.597- ñ  û -20.39 56.09 -58.09 28.98 -5.587 8.255 -10.40 6.819 -1.638- ñ H -20.41 56.13 -58.12 29.00 -5.589 9.225 -10.38 6.812 -1.638

Maxwellianelectronenergy distribution. For argonatomsit is written as:³xµ r 5 h�i ¶Àö�� h
i ³ �»r 5 h
i óv¶� | 8 oqr (2.19)

Theterm ³ �»r 5 h
i óv¶ , with �¼r 5 h
i thereactioncoefficient for momentumtransferbetween· and
Ar (in m� s5 û ) and ó theelectronenergy (in J),is evaluatedby usingthecross-sectiondatagiven
by NIST [69] for momentumtransferbetweenelectronsandargon atoms. A fit is usedin the
model: ³ �»r 5 h
i óv¶Çö - � ÿ m ò - ñ:5 �  ¢o �r �]��� % . ñ
� ð 7 ¢oqr ' (in J m� s5 û ), with ¢oqr in eV. Thisfit is valid
for temperaturesbelow

7
eV. For argon ions thecollision frequency for · -Ar � collisions,aver-

agedover a Maxwellianelectronenergy distribution, ³xµ r 5 h�i j ¶ , is evaluatedusingtheCoulomb
cross-sectionfor collisionsbetweenchargedparticles: ³xµ r 5 h
i j ¶Çö�ð
� a ð(m ò - ñ 5:9 �sr�½F¾`¿ M o ûHÀ �r (in
s5 û ), with ½F¾`¿ theCoulomblogarithm.In theapplicationof ½Á¾`¿ theDebyeshieldinglength ÂÄÃ
is usedwith ion screeningincluded[70]:-Â Ã ö · º � | 8 0 �srosr } � h�i josp 2 (2.20)

The radiationloss term � i ) I describesthe energy lossdue to the escapeof optically thin
line radiation( �  "$# ¬ ), free-bound( ��Å�y ) andfree-freeradiation( ��Æ ). The lossof optically thick
resonanceradiationis neglected.In argoncascadedarcplasmasline radiationis dominant[71].
Theresultsof theCR modelof Benoy areincorporatedin thenumericalmethodas:�  "$# ¬ ö°� h
i º û }Ç� h�i j:º � (W m 5 � ) (2.21)

with º thecoefficientof radiation(in W) generateddueto thepopulationof radiativestatesfrom
the groundstate( º û ) or ion state( º � ). In the model they are treatedin the sameway as the
CR recombinationcoefficient R���� , i.e. they arewritten asa polynomialof the order � and ð ,
respectively. Thefit coefficientsareincludedin table2.3.

Thecontribution of free-freeandfree-boundradiationareconformthework of Benoy et al.
[72]: � r 5 h
i jÆ }���Åny ö � � � r �± u ¨ �ÉÈ uÁo ur (2.22)

� r 5 h�iÆ ö � � � r U a d û | 8¸ Y W o  À �rR � r 5 h�i� E � % osr ' (2.23)



32 Chapter 2

Table2.4: Fit coefficientsusedin equation(2.23).d û 1.026ò - ñ:5 � � (W m K 5 �^X  sr5 û )È � - 3.811ò - ñ û (W m� )È û - 1.530ò - ñ:5�� (W m� K 5 û )È  1.330ò - ñ:5:� (W m� K 5  )È � - 3.570ò - ñ:5 û�� (W m� K 5 � )
with

¸
Planck’s constant,Y the velocity of light, R the ionisationdegree,and � r 5 h
i� E � the cross-

sectionfor momentumtransferbetweenelectronsandargonatomsaccordingto NIST [69]. The
fit coefficients È u and d û aregivenin table2.4.

Theenergy lossof theelectronsdueto ionisationof argonatoms,� " E # , is givenby � " E # ö�sh�i j · % ¢ó û � .ËÊ ¢ó ' , with ¢ó û � theionisationenergy of theargonatomsin thegroundstate(
-�7 � 6 7 �

eV) and
Ê ¢ó theloweringof theionisationenergy. For singly ionisedspeciesit is written as[73]Ê ¢ó,ö ÿ � ñ&m a ò - ñ 5 ûÞû % ÿ �sr M osr ' û?X  (

Ê ¢ó in eV).
Thepredecessormodelof Beulensetal. [35] useddifferentformulationsof mostof thetrans-

port coefficientsandsourceterms. Thesourceterm �sh
ikj in Beulens’modelwasa polynomial
fit of resultsof aCRmodel,which,comparedto experimentalvalues,wastoo low athighertem-
peratures(above

- ð&�nñnñ K). Also theradiationlosstermandheavy particletransportcoefficients
in Beulenswerecalculatedusingfit functions,whereasin PLASIMO thesearecalculatedusing
themoreaccurateresultsof theCRmodelof Benoy etal. [72] andtheCEB-theory, respectively.

The simulationresultsfor the argon CA plasma,with the configurationand composition
characteristicsdescribedin this section,arediscussedin section2.8.

2.8 Resultsand discussion

To validatethe resultsof the simulationsperformedwith PLASIMO for a flowing argon CA
plasma,thecomputedresultsarecomparedwith experimentaldata.For thispurposeexperimen-
tal dataof Kroesen[74] andBeulenset al. [75] areused.To show theinfluenceof theboundary
conditionson the simulations,differentboundaryconditionsareapplied. The simulationsare
performedfor a CA at a constantcurrent ø<ö 7 ñ A, andwith threedifferentargonflow ratesof7 ñ , - ñnñ and ÿ ñnñ sccs5 û .

Thepressuredistributionalongthechannelwall wasmeasuredby Kroesen[74] andBeulens
et al. [75] andis comparedin figure 2.3 with the resultsof the presentsimulations.Sincethe
pressureis uniform over the arc cross-section,this comparisonis allowed. As canbe seenin
figure2.3,PLASIMO slightlyunderestimatesthepressuresattheoutletof theCA. Assumingthat
the experimentalresultsarecorrect,therearethreepossiblereasons:first, the implementation
of the pressureboundaryconditioncould be inaccurate.The influenceof the pressureoutlet
conditionhasto beinvestigatedin futurestudies.Second,the ; ö -

conditionat theoutletof
thearccancauseproblems.Theeffect on thepressuredistribution of Machvaluessmallerthan
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unity is shown in figure2.4,wheretheMachvaluevariesbetweenñ�� a and
- � ñ . It is seenthata

bettermatchexistsbetweenexperimentsandmodelfor ; öpñ�� 6 or ; öJñ���m insteadof ; ö -
.

This is not possiblefor anisentropicgas,but for a plasmatheeffectsof viscosityandheatinput
canresultin ; ö -

locatedin thevacuumchamberandnotat thearcoutlet[76]. Third, thereis
somediscussionif themeasuredpressureis thestaticpressureor thestagnationpressure,defined
as
L DÌT )xÍ ö L DÌT ) T "$Î } û N !  . Assumingthat the measuredpressureis the stagnationpressureand

using Y^Z M YS\Ï_ - � ÿ cf Burm et al. [64], the stagnationpressurescalculatedfrom the numerical
simulationsat theoutletof theCA agreewell with theexperimentalpressures.
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Figure2.3: The pressuredistribution alongthe arc for differentargon flow rates.Experiments
(Kroesen[74], Beulenset al. [75]): + 50 sccs5 û ,  100sccs5 û , Ð 200sccs5 û . Presentsimula-
tions(PLASIMO): dottedline 50 sccs5 û ; solid line: 100sccs5 û ; dashedline: 200sccs5 û .

BecauseBeulenset al. [35] in the predecessormodel usedthe experimentallyknown in-
let pressureasinput, the axial pressuredistribution in their simulationsshows a slightly better
agreementwith theexperimentaldata.

Theaxial velocity componenton theaxisof thearcchannelis shown in figure2.5. Unfor-
tunatelythereareno experimentaldataavailablefor a comparison.The outlet velocity values
for the threedifferentflow ratesdo not differ muchfrom eachothersincetheplasmatempera-
ture(usedin thecalculationof thevelocity of sound,seeequation(2.15))at theoutletdoesnot
changemuchfor differentflow rates(cf figures2.7 and2.9). Simulationswith differentoutlet
velocityprofiles,i.e.with differentexponentvaluesin equation(2.14),rangingfrom ÿ to

a
, show

negligible influenceon the results: the ionisationdegreeat the arc exit increasesfrom 6 �nm 7 to6 ��� 6&Ñ for anargonflow rateof
- ñnñ sccs5 û . Changingtheinlet velocity profile hasa negligible

effecton theoutletresults.
Theelectrontemperatureis comparedwith experimentaldataof [74] and[75] for anargon

flow rateof
- ñnñ sccs5 û in figure2.6. In thisfigurethecross-sectionalaveragedosr distribution is
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Figure2.4: Thepressuredistribution alongthearc (at 100sccs5 û ) for differentvelocity outlet
conditions.Experiments(Kroesen[74], Beulensetal. [75]):  . Presentsimulations(PLASIMO)
with differentMachnumbers:solidgrey line (thick), ; öJñ�� a ; dashedline, ; ö�ñ
� 6 ; solid line,; öJñ���m ; dottedline, ; öpñ��n� ; dashedgrey line (thick), ; ö - � ñ .
plottedfor threedifferentinlet temperatureconditions.Besidesthecondition osrOö�oqp öJðnñnñ K,
two otherinlet conditionsareshown: (1) osrÀö°mnñ�ñnñ K and osp ö�ð�ñnñ K and(2) oqrÀöÒoqp0öJðnñnñ�ñ
K. It is concludedthat theuseof differentinlet valuesfor the temperatureshasaneffect on oqr
only in thefirst ÿ 7 Ñ of thearcchannelandno effect at all on theoutletvalues.Thesimulated
valuesfor osr aresomewhathigherthantheexperimentalvalues,but thebehaviour alongthearc
is approximatelythesame.For thepredecessormodelof Beulensetal. [35] thesameconclusion
applies.This is notunexpected,sincetheinaccurateformulationof theradiationlosstermin that
model,doesnot have a big effect on the resultsbecausein stronglyflowing arcsthe radiation
losstermis relatively small. Thedifferentinlet temperatureshave a substantialinfluenceon the
cross-sectionalaveragedosp at theinlet region of theplasma,asis shown in figure2.7. In order
to study the effect of different radial oqr boundaryconditionswe plotted oqr in figure 2.8 withosr � Ó ) $ ö a ñ�ñnñ K (Dirichlet) and

% c ���c ô ' Ó ) $ ö7ñ (homogeneousNeuman)for threedifferentaxial
positions: Ô�ö -ba

mm, Ô*öÕ� a mm and Ô%ö a ñ mm. Theeffect of this different osr boundary
conditionon oqp is shown in figure2.9. It is concludedfrom figures2.8and2.9thatthecondition% c � �c ô ' Ó ) $ ö ñ influencesoqr closeto the channelwall up to ðnñ Ñ , at half radiusthe influenceis
diminishedto a maximumof ÿ(Ñ . The effect on osp is below

- ñ Ñ everywhere.That the argon
CA plasmais not in thermalequilibriumis seenfrom comparisonof figures2.6and2.8( osr ) with
figures2.7and2.9( osp ). Especiallyat theinlet of theCA strongdeviationsfrom LTE exist. The
sameappliesfor theplasmacloseto thechannelwall.

Thesimulatedelectrondensitydistribution alongthearc is comparedwith theexperimental
results[74, 75] in figure 2.10. The global behaviour correspondswith the one found in the
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Figure 2.5: The axial velocity componentalong the arc axis for different argon flow rates
(PLASIMO). Linescf figure2.3.

experiments,althoughdifferencesexist in thelocal values.In thepredecessormodelof Beulens
et al. [35], the global behaviour was slightly worse,whereasthe local valueswere closerto
the experimentalones. The wrong valuesof �sh�i j at highertemperatures(above

- ð(�nñnñ K, not
reachedwith a currentof

7 ñ A) affect the resultsof the simulationsconsiderablywhenusing
higherpower input with arccurrentsabove

- ñnñ A.
To checkthepower input in theCA thecomputedelectricfield is comparedto experimental

values[74, 75] in figure2.11.It is concludedthatthenumericallysimulatedelectricfield agrees
well with the experimentalvaluesand that the behaviour is correct,so that we can conclude
that the assumptionof a one-dimensionalelectricfield is allowed. The predecessormodelof
Beulenset al. [35], althoughusingthesameformulationof theelectricfield, showsa somewhat
toohighelectricfield in thearc.Thereasonis foundin Beulens’boundaryconditionfor osr at the
wall: osr � Ö ö - ñnñnñ K, which reducedtheeffective radiusof theplasmachannel.Togetherwith
approximatelythesameú this givesahigherelectricfield.

2.9 Conclusions

Theplasmamodellingtool PLASIMO is developedfor simulatingmulti-componentplasmas,in
a wide pressurerange(

- ñ�5�� to
-

bar), in LTE aswell asnon-LTE, andwith differentenergy
couplingprinciples.As afirst example,PLASIMO is appliedto aflowing argonplasmain acas-
cadedarc (CA) with a straightplasmachannel.The resultsof thenumericalsimulationsagree
well with the experiments.The influenceof differentboundaryconditionsat the inlet andthe
channelwall show thattheinlet conditionsarenotvery importantfor theresultat theoutlet,and
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Figure 2.6: The electrontemperaturedistribution averagedover the cross-sectionof the arc
channel(argon flow rate: 100 scc s5 û ). Experiments(Kroesen[74], Beulenset al. [75]):  .
Presentsimulations(PLASIMO) with differentinlet valuesof osr and osp : solid grey line (thick),osrÀöÒosp ö�ð�ñnñ K; dottedline, oqrÀö×m�ñnñnñ K, osp öJð�ñnñ K; dashedline osrÀö�osp öJð�ñnñnñ K.
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Figure2.7: The heavy particletemperatureaveragedover the cross-sectionof the arc channel
(argonflow rate: 100sccs5 û ) for differentinlet valuesof thetemperatures(PLASIMO). Lines
cf figure2.6.
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Figure2.8: Theeffecton theelectrontemperatureof adifferentboundaryconditionat thechan-
nel wall (PLASIMO): lines denotethe
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Figure 2.9: The effect on the heavy particle temperatureof a different electrontemperature
boundaryconditionat thechannelwall (PLASIMO): linesandmarkerscf figure2.8.

that theboundaryconditionsat thechannelwall only influencetheplasmabehaviour nearthat
wall. Dif ferentoutletboundaryconditionsfor theaxial velocity component(i.e. differentMach
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Figure2.10:Theelectrondensityaveragedoverthecross-sectionof thearcchannelfor different
argonflow rates.Linesandmarkerscf figure2.3.
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Figure2.11:Theelectricfield distributionalongthearcaxisfor differentargonflow rates.Lines
andmarkerscf figure2.3.

values)show that theplasmais influencedin thewholeCA, asis seenfrom thepressuredistri-
bution. Finally, theenergy couplingin theplasmais simulatedverywell with aone-dimensional
modelfor theelectricfield.
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Multi-ComponentDiffusionin
Non-EquilibriumPlasmas

G.M. Janssen,J. van Dijk, W.J. GoedheerÙ and J.A.M. van der Mullen

Departmentof Applied Physics,EindhovenUniversityof Technology, P.O.Box 513,5600MB
Eindhoven,TheNetherlandsû FOM-Institutefor PlasmaPhysics’Rijnhuizen’, P.O.Box 1207,3430BE Nieuwegein,TheNetherlands

Abstract

A completedescriptionof self-consistentmulti-componentdiffusionin non-equilibriumplasmas
is presented.It is basedon the exact solution of the Stefan-Maxwell equationsas discussed
by Sutton [77] and the descriptionfor plasmasby Ramshaw [78, 79]. In the applicationof
the Stefan-Maxwell equationson the plasmasourcesmodelledby the plasmacomputational
methodPLASIMO, weconcentratemainly on theflowing systems.It is shown thattheinelastic
collision term in thespecificmassandmomentumbalances,not treatedby others,doesindeed
haveno influencein theStefan-Maxwellequations.Therelative importanceof thevarioustypes
of diffusion,i.e.pressure,thermalandforceddiffusion,comparedto ordinarydiffusionisstudied.
Thisstudyprovesthatin mostplasmasforceddiffusioncannotbeneglected,whereastheeffect
of pressurediffusion andthermaldiffusion on the simulationsis limited in mostcases.As an
exampletheeffect of forceddiffusionin a hydrogencascadedarcplasmais studied.It is found
that forceddiffusionmainly hasan effect on the plasmacompositionin the arc. The effect on
temperatureandflow fieldsis negligible.

41
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3.1 Intr oduction

Thediffusionof speciesin multi-componentionisedgas-mixtureshasalargeimpactonthephys-
ical processesin non-flowing (e.g.theQL, TL andHID-lamps)andflowing (e.g.thehydrogen
cascadedarcplasma)plasma-configurations.For exampledemixing,thatis thepartialseparation
of gasesor species,occursin the presenceof temperatureor pressuregradientsor in the pres-
enceof externallyappliedor self-inducedelectricfields. Thusthe following driving forcesare
importantingredientsin thedescriptionof thesegregationbetweenthevarioustypesof particles
in a plasmamixture: thegradientin concentrations(leadingto ordinarydiffusion),thegradient
in pressure(pressurediffusion), the gradientin temperature(thermaldiffusion) and(external)
forces(forceddiffusion). For instancetheapplieddirectcurrent(DC) maycausesegregationin
constituentsin high-or low-pressurelamps,with asaresultthattheemissionof thelampis non-
uniformalongits axis,whereasin high-pressurelampsthepresenceof thegravitationalfield may
leadto a visible vertical segregation. Furthermorewe have the examplesof the segregationin
plasmasin adepositionchamberwheretheheavy speciestendto moveto colderregions,forcing
thelighterparticlesto thehotterpartsof theplasma[80]. Many moreexamplescanbegivenand
the diversity of this subjectmakesit understandablethat the varioussub-disciplinesof plasma
physicseachhavethereownapproaches.Ononehandthereis theclassicalgas-dischargephysics
wheretheconceptof ambipolardiffusionis developedandwhereFick’s law (ordinarydiffusion)
is usedcombinedwith the Einsteinrelationbetweendiffusion andmobility [81, 82]. On the
otherhandwe have thefield of aerothermodynamicswherefor instanceattentionis paid to the
phenomenaassociatedwith there-entryof spacevehiclesin earth’s atmosphere.Thestudiesin
thesefieldsarebasedon a solutionof theso-calledStefan-Maxwellequations,which describea
relationbetweenthediffusive fluxesandtheresponsiblediffusionaldriving mechanismsfor all
speciesin themixture.

In this contribution we attemptto bridge the gap betweenthe variousapplicationfields.
Thereforewe will be guidedby the descriptionasusedin the field of aerothermodynamicsof
Sutton,Ramshaw (andMurphy), whereasin theappendix”translations”to thefield of classical
gas-dischargephysicswill bemade.

Our approachis basedon the studiesof (amongothers)Sutton[77], Murphy [83, 84] and
Ramshaw [26, 78, 79, 85, 86, 87, 88] Ú . Suttondescribedin [77] a way to solve the Stefan-
Maxwell equationsexactly andconsistentlyfor ordinarydiffusion. Therebyhe limited thedis-
cussionto an equi-temperaturemixture of neutralgases(this alsoexcludesdiffusiondrivenby
anelectricfield).

In theapproachof Murphy [83, 84] multi-componentdiffusion in plasmasin thermalequi-
librium wasdescribedin termsof acombineddiffusioncoefficient formulation,thatis diffusion
formulatedin termsof gasesrelative to oneanother, ratherthanof species8 . However, themainÛ

Kolesnikov andTirskii [89] presentedalreadyin 1979in Russiaan accurateandcompleteself-consistentset
of Stefan-Maxwellequationsfor multi-componentdiffusionin a two-temperatureplasma.TheEnglishversionwas
presentedonly recently, in 1999[90, 91] andcouldnotbetakeninto accountin this thesis.ConsideringtheSonine-
polynomialexpansiononly up to first order, themodelof Kolesnikov andTirskii reducesto themodelof Ramshaw
andChang[78].f

The term gasis definedhereas consistingof all speciesderived from one element;hencea hydrogengas
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differencewith Suttonis thatapartfrom theordinarydiffusionalsotheeffectsof thermal,pres-
sureandforceddiffusionz wheretakeninto account,seefor example[92, 93].

On thecontrary, Ramshaw [78, 79, 85,87] developedaself-consistenteffectivebinarydiffu-
sionapproximationfor multi-temperaturegasmixtures.Theextensionto plasmaswasmadeby
Ramshaw in differentarticlesin which hedescribedforceddiffusion[78] andthermaldiffusion
[79] in ionisedgasmixtures. His approachis an approximateone,sincethe linear systemof
equationsfor the diffusive massfluxesrelative to the mass-averagedvelocity of the mixture is
not solvedexactly. Instead,aneffectivebinarydiffusionapproximationis used.

In thegroupEquilibrium andTransportin Plasmasat theEindhovenUniversityof Technol-
ogyacomputationalmethodfor thenumericalsimulationof plasmas,PLASIMO, is usedfor the
investigationof variousplasmasources[34], rangingfrom theflowing cascadedarc(CA), induc-
tively coupledplasmas(ICP)andmicrowaveinducedplasmasto confinedplasma-systemsasthe
QL-lamp[47] andtheSulphurlamp[2]. Dueto thediversityin plasmasourceswith theirspecific
characteristicsthataremodelledwith oneandthesamemethodacompletemulti-componentdif-
fusion descriptionhasto be usedfor multi-temperatureionisedgasmixtures. We have chosen
to combinetheexactsolutionof theStefan-Maxwellequationsdescribedby Suttonwith theex-
tensionto plasmasasdescribedby Ramshaw. This studydescribesthe resultandthe effect of
thedifferentdiffusiontypesin plasmas,with thehydrogencascadedarcplasmaasanexample.
The full setof Stefan-Maxwellequationsfor a multi-componentmulti-temperatureionisedgas
mixturewith thesolutionmethodaredescribedin section3.2. In section3.3 thecalculationof
thediffusioncoefficientsis discussed.Theimplementationin PLASIMO is presentedin section
3.4. The boundaryconditionsnecessaryfor the setof Stefan-Maxwell equationsaregiven in
section3.5.A simpleestimationof therelativeimportanceof thevariousdiffusiontypesis given
in section3.6. Theeffect of forceddiffusionin a hydrogenCA plasmais shown in section3.7.
Conclusionsarepresentedin section3.8.

3.2 Self-consistentmulti-component diffusion

Basicallyaweakly-magnetised
C

steadyplasmais drivenby two externalcontrolparameters:the
massflow and the electric current(power). In order to determinehow the currentevolves in
theplasmawe needa combinationof Ohm’s law andthecurrentconservation,whereasthede-
velopmentof the massflow is basicallydescribedby a combinationof the massbalanceand
the momentumbalancesfor the mixture asa whole. The power supplyis linked to the energy
balanceswhich will not beconsideredin this study. It is supposedthat thesebalances(onefor
theelectronsandonefor theheavy particlespecies)will give rise to, in principle,two different
temperaturefields,which on their turn maydeterminethevaluesof thevarioustransportcoef-
ficientsin the massandmomentumbalances.As we will see,a currentconservation equation
togetherwith Ohm’s law canbeusedto describetheelectronfluxes,whereasthesetof massand

containshydrogenmolecules,atomsandions(atomic/molecular).�
This is theso-calledcataphoresis:demixing(i.e.partialseparationof differentspecies)drivenby electricfields.Ü
Magnetisationeffectswill beneglected,for examplein theformulationof thetransportcoefficients.
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momentumbalanceswill be usedto derive the behaviour of the heavy particles. We will first
concentrateon thelattertopic.

3.2.1 The motion of the plasmabulk

Thedevelopmentof themassflow in theplasmais describedby a combinationof theconserva-
tion of massandmomentum.In asteadyandinviscidplasmatheseread:�ªÞÝ %®N �ß ' ö ñ (3.1)�ªÞÝ %�N �ß �ß ' ö . �ª L }¹± u N u��à u (3.2)

with
N öá¥ u N u the massdensityof the mixture,

N u8ö ² uÄ�=u thepartial massdensitywhere ² u
and �=u arethemassandnumberdensityof speciesâ , respectively;

L
is thepressureand �à u is the

bodyforceperunit massactingon speciesâ . Themass-averagedfluid (or bulk) velocity of the
mixture, �ß , is givenby: �ß ö×± u N uN �ß u (3.3)

with �ß u themean(or systematic)velocity of speciesâ . In equation(3.2) we neglectedtheinflu-
enceof viscosity. For thesolutionof thesetof equationsformedby (3.1) and(3.2) a modified
versionof Patankar’s SIMPLE algorithmis usedin PLASIMO [34, 46]. In this procedurethe
influenceof theviscositycanbetakeninto account.

3.2.2 The motion of the various plasmaconstituents

In orderto describethe particularbehaviour of the variousspecieswe have to usethe specific
massandmomentumbalancefor speciesâ :�ªÞÝ %�N u �ß u ' ö �su (3.4)�ªÞÝ %�N u �ß u �ß u ' ö . �ª L u�} �ß uk�su
} N u �à u�}�±Jã �à u ã (3.5)

with
L u the partial pressure,whereasthe sourceterm �su representsthe net volumetric rate of

productionof speciesâ (in kg m 5 � s5 û ) dueto collisional-radiativeprocesses.This sourceterm
is not foundin theworksof Sutton,MurphyandRamshaw. Suttononly considerednon-reacting
gaseousdiffusionandMurphy usedan LTE assumption,implying that �suõö ñ . However, also
Ramshaw neglectedthe influenceof �su in reactingplasmas.We will seelater on, that indeed
termsinvolving �su dropoutof theStefan-Maxwellequations.

At this point we have to make a remarkaboutthe specificmomentumbalanceasgiven in
equation(3.5). Summingover all specificmomentumbalances,theresulthasto bethemomen-
tum balanceof themixture,equation(3.2). It caneasilybeshown thatthis appearsnot to bethe
casehere.However, onehasto take into considerationthatin themomentumbalanceof species
”i”, thepressureis referredto themeanvelocity of thatspecies,�ß u , whereasin themomentum
balanceof themixture,thepressuremustbereferredto themass-averagedfluid velocity of the
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mixture, �ß . Therefore,thespecificmomentumbalances,asgivenin equation(3.5) includingthe
pressureterm,have to berewritten in termsof �ß , beforesummationis performed.

Sincewe considerhereonly the casewhere �ß uä_ �ß , we are not interestedin the exact
formulationof thesummationof thespecificmomentumbalances.For thisprocedurewereferto
Holt andHaskell [94] (pp.151-174).Of course,for aderivationof theStefan-Maxwellequations,
whichis valid when �ß u differsconsiderablyfrom �ß , in principletheexactroutepresentedby Holt
andHaskell hasto befollowed.

Therelationbetween
L u and

N u is givenby theequationof state:
L u�ö N u �æå osu M ;çu�öè�=u�| 8 o=u ,

with ;çu themolarmassof speciesâ , | 8 theBoltzmannconstant,o=u thetemperatureof speciesâ
and �éå theuniversalgasconstant(in J mol 5 û K 5 û ). Themeanforceperunit volumeexertedby
species

�
on speciesâ is �à u ã ö . �à ã u . We assumethat �à u ã is a linearcombinationof frictional

andthermophoreticforces �à Å i "$Î Tu ã and �à T � ¬ i �u ã [87] r :
�à u ã ö �à Å i "$Î Tu ã }á�à T � ¬ i �u ã (3.6)�à Å i "$Î Tu ã ö L Ô�ukÔ ãtvu ã % �ß ã . �ß u ' (3.7)

�à T � ¬ i �u ã ö ê�u ã -o ã �ª o ã . ê ã u -o=u �ª osu (3.8)

Thepressurefraction is Ô�u8ö L u MBL . Note that ¥ u Ô�u8ö -
andthat for thepartial pressure

L u the
relation

L öá¥ u L u holds. The thermaldiffusion factor ê�u ãBë andthe (ordinary)binarydiffusion
coefficient tvu ã will bedescribedin section3.3.

Sincetheflow of themassof themixtureis alreadydescribedby thecombinationof equations
(3.1) and(3.2) it is usefulto relatetheflow of thevariousconstituentsto theplasmabulk flow.
This is doneby introducingadiffusivemassflux �ì u (in kg m 5  s5 û ) of speciesâ :�ì u2ö N u % �ß u . �ß ' (3.9)± u �ì u2ö ñ (3.10)

with �ß u . �ßîí �ß Cu thediffusionvelocityof speciesâ . Accordingto this conventionall thediffer-
encesbetweenthemeanvelocity of a plasmaconstituentandthebulk aredenotedasdiffusion.
Thuseventhedrift of electronsascreatedby anelectricfield is denotedasdiffusion. Note that
for an � componentgasmixtureonly � .�-

diffusive massfluxesareindependent,sincedueto
the definition of the plasmabulk velocity (equation(3.3)), the � diffusive massfluxessumup
to zero,conformequation(3.10). Togetherwith the fact that ¥ u �su öRñ (thereis no creation
nor destructionof massin chemicalprocesses)this implies that the � massbalancessumup to
thecontinuityequationof themixture (3.1),This meansthat thereare � .×-

independentmassï
In theformulationof equation(3.7) thepressurep followsfrom theassumptionthatwe dealwith idealgases.ð
In contrastto Ramshaw [87] we will not call ñ�òôó (in kg m õ�ö sõ&÷ ) a thermaldiffusioncoefficient becauseits

dimensionis differentfrom theconventionalmulti-componentthermaldiffusioncoefficient (in kg m õ(÷ sõ�ö ) given
by Hirschfelderet al. [40]. Insteadwe will call ñ a thermaldiffusionfactor.
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balances.Introducingthediffusivemassflux into thespecificmassbalance(3.4)weget:�ªÞÝ %�N u �ß 'ø ùHú ûÎ E #^ü ¬ Î T " E # } �ªýÝ �ì uø ùHú ûI�" Æ G�D " E # ö �suøJù^úJûDÁEHG i Î ¬ (3.11)

The specificmomentumbalanceof the variousspeciesis neededto get insight in their ve-
locities. However, theseequationsof the form (3.5) do not provide direct informationon the
behaviour of �ì u . Instead,informationis given on the velocity differencesbetweenthe various

plasmaconstituents,i.e. �ß u . �ß ã . This is aresultof thefriction term �à Å i "$Î Tu ã in equation(3.7),which
becauseof its centralrolewill berewritten in amorefundamentalform. Wewill usetheformula
of thebinarydiffusioncoefficient tvu ã , whichwill begivenin equation(3.29),which revealsthat
this friction forcecanbewrittenas:�à Å i "$Î Tu ã ö°d«�su ² u ã % �ß ã . �ß u '�µ u ã (3.12)

with µ u ã thecollision frequency, �su thenumberdensityof speciesâ , d a constantof orderunity
and ² u ã ö ² u ² ã M�% ² u�} ² ã ' the reducedmassof the

% â�	 � ' system. Equation(3.12) states
that the momentumtransferper unit volumefrom species

�
to speciesâ is proportionalto the

productof thenumberdensityof speciesâ , theamountof momentumreceivedby â (from

�
) per

collision, ² u ã % �ß ã . �ß u ' , andthecollision frequency µ u ã ö ! T � ¬ i �u ã ú u ã � ã . In this expressionú u ã is
thecross-sectionfor momentumtransferbetweenspeciesâ and

�
whereas! T � ¬ i �u ã öáþ ! u . ! ã þ�ö% m&| 8 osu ã M �´² u ã ' û?X  is thethermalvelocity in the

% â�	 � ' systemwhich is determinedby theeffective
temperatureof thebinarymixture: o=u ã ö % ² uÄo ã } ² ã o=u ' M�% ² u
} ² ã ' .

So insteadof relatingthevelocitiesof thevariousspeciesto theplasmabulk velocity, they
will be relatedby meansof the friction termsin equationsof the type of (3.5). In treatingthe
balancebetweenthis friction term andthe otherdriving forceswe will follow Ramshaw et al.
[87], who usedtheso-calledlarge-friction limit, that is þ �ß u . �ß þÉÿ þ �ß þ . We will first presenta
shortdescriptionof this approachanddiscussits applicabilityafterwards.

In thefollowing wemakeuseof thefactthat �ª Ý %®N u �ß u �ß u ' ö %�N u �ß u Ý �ª ' �ß u:} �ß u �ª Ý %�N u �ß u ' and�ª°Ý %®N �ß �ß ' ö %�N �ß Ý �ª ' �ß . Since �ß uq_ �ß for all speciesâ , theterm
%®N u �ß u Ý �ª ' �ß u in theleft-handside

(LHS) of thespecificmomentumbalance(3.5) canberegardedas
N u M�N ö � u (with � u themass

fraction)timestheterm
%®N �ß Ý �ª ' �ß in theLHS of themomentumbalanceof themixture(3.2).This

makesit possibleto replace
%�N u �ß u Ý �ª ' �ß u in equation(3.5)by � u timestheright-handside(RHS)

of equation(3.2). After somealgebraweobtainthegeneralisedStefan-Maxwellequations:±ã��¨ u L Ô�ukÔ ãtwu ã % �ß u . �ß ã ' ö ����u (3.13)

����u ö �� �u } �	 N u �à u . � u ±Jã N ã �à ã�
� (3.14)

�� �u ö . �ª L u
} � u �ª L } ±ã�¨ u U�ê�u ã -o ã �ª o ã . ê ã u -osu �ª o=u W (3.15)

where ����u is the volumetric friction force and �� �u representsthe volumetricdriving forcesfor
ordinary(concentration),pressureandthermaldiffusion.
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The Stefan-Maxwellequations(3.13) arewritten in a slightly different form thanusedby
Ramshaw. The relationbetween ����u usedin this study, and �� u usedby Ramshaw is: ����u ö. L �� u å . For �� �u wehave: �� �u ö . L �� u . Thenotationweusehereis closerto thatof theclassical
gas-dischargephysics.However for thedefinition of the varioustypesof diffusionwe stick to
Ramshaw’sapproach:-L ����u ö -L �� �u } -L �	 N u �à u . � u ± ã N ã �à ã 
�ø ùHú û

forceddiff.

(3.16)

-L �� �u ö . �ª Ô�uø ùHú û
ordinarydiff.

. % Ô�u . � u ' -L �ª Lø ù^ú û
pressurediff.

} -L ±ã�¨ u U�ê�u ã -o ã �ª o ã . ê ã u -osu �ª o=u Wø ùHú û
thermaldiff.

(3.17)

In theexpressionfor thediffusive massflux the following diffusionmechanismsaretaken into
accountin theterm ����u : Ordinarydiffusionp , dueto gradientsin thepartialpressure. Pressurediffusion,dueto apressuregradientwhichseparatesspecieswith differentmolec-

ular weightsandtemperature. Thermaldiffusion(Soreteffect), i.e. dueto temperaturegradientsa separationof thegas
mixturecanoccur. Forceddiffusion, due to forcesactingon the species.Theseforcesincludegravitation,
externallyappliedelectricfields �� r andthe(ambipolar)electricfield �� Ú thatarisesbecause
of thetendency of theelectronsto diffusemorerapidly thanions.

Of coursenotall four diffusionmechanismsareequallyimportant.In various(plasma)configu-
rationsdifferentmechanismscanplay a leadingrole,aswill beshown in section3.7.

Thesetof equations(3.13)to (3.15)aregenerallyusedin literaturefor variousapplications.
Notehowever thatviscouseffectsareneglectedandfurthermore,thattheinelasticcollision term
droppedout, andfinally, that the equations(3.13) to (3.15) arederived for the approximation�ß u�_ �ß .

Introducingthediffusionmassfluxes(equation(3.9)) in theStefan-Maxwellequation(3.13)
wegetthefollowing expression:

±ã�¨ u L Ô�u®Ô ãtvu ã
�	 �ì uN u . �ì ãN ã 
� ö ����u (3.18)

Usinganeffectivediffusioncoefficient t¼¬ Æu ö % ¥ ã�¨ u Ô ã M tvu ã ' 5 û , equation(3.18)canberewritten�
Theminussign,becausetheleft-handsideof equation(3.13)is writtenas ���� ò�� �� ó�� insteadof ���� ó�� �� ò�� .�
This diffusion type is often calledconcentrationdiffusion. We usethe adjective ordinarysincethis diffusion

typeis alwaysincludedin themassfractionbalances.
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to giveanexpressionfor thediffusivemassfluxes �ì u :
�ì uQö ² u| 8 o=u t ¬ Æu ����u } � ukt ¬ Æu ±ã�¨ u Ô ã �ì ã� ã tvu ã (3.19)

This expressionshows that the diffusive massflux of speciesâ is the resultof the driving dif-
fusion forcesactingon speciesâ (first term in theRHS)andthe friction of â with otherplasma
constituents(secondtermin theRHS).Thefactor ² ukt»¬ Æu M�% | 8 osu ' canbeseenasageneralisation
of themobility �su , whichrelationwith thediffusioncoefficient followsfrom theEinsteinrelation
[95]: twu�su ö | 8 o=u· (3.20)

with e theelementarycharge.
Equation(3.19)representsasetof � equations,with � thetotalnumberof speciespresentin

themixture.Dueto equation(3.10)only � .Ò-
of theseequationsareindependent.Solvingthis

systemconsistentlyis pursuedfollowing Sutton[77], seesection3.4.

3.2.3 Forceddiffusion

If theonly bodyforcesaregravity andelectricforces(actingon thechargedspecies),then �à uQö�� }���us s�� r } �� Ú ¤ , with �� theaccelerationof gravity and ��uQö � uk· M ² u thechargeperunit massof
speciesâ with � uk· and ² u its chargeandmass,respectively. Notethatfor theelectrons� rÇö .�-

.
The electricfield is �� andconsistsof an externalandambipolarcomponent.Note that in this
studytheLorentzforceterm �� � ò �© is neglected,with �� � thecurrentdensityand �© theexternally
appliedor generatedmagneticfield. This is a valid assumptionin cascadedarcplasmas.In an
ICP or lampstheLorentzforcehasto betakeninto account.

We cannow rewrite ����u by using the quasi-neutralityassumption¥ u ��u N u&ö ñ (i.e. no net
chargedensity)as: ����u ö �� �u }!��u N us  �� r } �� Ú ¤ (3.21)

In section3.2.2it wasnotedthatif �ß u differsmuchfrom �ß , thespecificmomentumbalances
have to be rewritten in termsof �ß . In the caseof a confinedconfiguration,for which �ß ö ñ ,
it canbeshown from thespecificmomentumbalance,with theassumptionthat for eachheavy
particlespeciesthediffusionvelocityismuchsmallerthanthethermalvelocity, thatthefollowing
(approximate)equationshold:���� � Î E #�"S# ¬ Iu ö �� � � Î E #�"S# ¬ Iu } N u �� }#��u N us  �� r } �� Ú ¤ (3.22)�� � � Î E #�"S# ¬ Iu ö . �ª L u
} ±ã�¨ u U�ê�u ã -o ã �ª o ã . ê ã u -osu �ª o=u W (3.23)

For electronstheStefan-Maxwellequationsarenotused.Instead,thecurrentconservationequa-
tion will be usedfor the calculationof the diffusive massflux of the electrons. This will be
explainednext.
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The currentdensity �� � in the plasmais relatedto the diffusive massfluxesvia the current
density: �� � ö×± u ��u]�ì uQö×± u ��u N u �ß u (3.24)

Thisequationcanbeusedto determinetheelectrondiffusivemassflux:

�ì rÀö -��r $% �� � . ±ã�¨ r � ã �ì ã�&' (3.25)

In steadystate, �� Ú slows down thediffusionof theelectronsandspeedsup thediffusionof ions
in sucha way thatchargeneutralityis maintained.Thecurrentdensityon its turn is prescribed
by thesimplifiedOhm’s law u : �� � ö ú �� r (3.26)

with ú theelectricconductivity. If �� r öJñ wegettheambipolarcondition ���� ö�ñ . Seealso[83].
An expressionfor ú canbeobtainedby substitutingequations(3.19),(3.21)and(3.24)into

equation(3.26)andequatingthetermscontaining �� r in theLHS andRHS.Thisgives:

ú ö°± u � u N u ² u| 8 o=u t ¬ Æu (3.27)

NotethatusingtheFrostmixturerulesfor theelectricconductivity [41] (which is oftendone)is
not possiblehere,sinceit could leadto aninconsistency. Theothertermsin theLHS andRHS
giveanexpressionfor theambipolarfield �� Ú :

�� Ú ö . -ú $% ± u �Bu ² u| 8 o=u t ¬ Æu �� �u }¹± u ��u � ukt ¬ Æu ±ã�¨ u Ô ã �ì ã� ã twu ã &' (3.28)

We will show in the appendixthat for a three-speciesmixture, consistingof atoms,positive
ions andelectrons,the formulationof �� Ú reducesto the well-known expressionsgiven in the
literature[81]. For thesetypesof mixturesalsothewell-known ambipolardiffusioncoefficient
canbederivedfrom theexpressionsgivenabove.

3.3 Diffusion Coefficients

The binary diffusion coefficient tvu ã for a multi-temperaturemixture is definedto the first ap-
proximationby Ramshaw [79]: tvu ã ö ð-�a È u ã | 8 o=uÄo ãL ² u ã �)( û � û+*u ã % osu ã ' (3.29)ò ThegeneralisedOhm’s law is givenby [96]:�,.-�/�0 U �1 ï32 �465 ï7�8 ï 2 Ù:9<;bÙ>= f �4@? ï7 W
Thelasttwo termsin theright-handsidearenegligible in mostcases.
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Note that when speciesA and B have the sametemperatureC , CED<F reducesto C ; G)HJILKMI+ND<F is the

collision integral in first approximation,givenin Hirschfelderet al. [40]. We will write G)H�ILKMI+ND<F as
[40]:

G)HJILKMI+NDMF O CPDMF�QSR TVU�WYX CED<FZV[ D<F]\ I+^`_)ab Z�c _D<F G)H�ILKMI+NJdD<F (3.30)G H�ILKMI+NJdD<F R e G H�ILKMI+ND<F fe G HJILKMI+ND<F fJgihMjLkil�m
with c D<F therigid-spherebinarycollision diameter, whereasG HJILKMI+N�dD<F denotesthedeviation of any
particularcollision modelfrom the idealisedrigid-spheremodel,e.g.for no deviation this term
is a . Note that for all typesof collisions(neutral-neutral,neutral-chargedandcharged-charged,
so also for Coulombcollisions) the collision cross-sectionsare translatedinto a rigid-sphere
cross-sectionof theform In ZVc _DMF .

Thecorrectionfactor opD<F in equation(3.29)(andlateron in equation(3.33))is necessaryfor
describingchargedspeciespairsinvolving electrons.If theelectronis not involvedthen opD<FqR a .
If oneof thechargedspeciesA�rLB is anelectronthen opDtsuR ovswDPR o Oyx DzQ with x D thechargenumber
of speciesA : o O a Q{R a>|~}�� , o Oy� Q�R � |��Y� and o O � Q�R � |~�>� . For ion-ion pairsequation(3.29) is
usedwith opDMF setto a , i.e. thestandardexpressionfor ��D<F is thenused.

Equation(3.29)with equation(3.30)substitutedgives:

��D<F�R ��|���� b U ����a������L� opD<F�CPD�C3F�� O CED<F [ D<F�Q I+^`_� c _D<F G)H�ILKMI+NJdD<F (m_ s� I ) (3.31)

For the thermal diffusion factor �3D<F we have to make a distinction betweenneutral-neutral,
charged-neutral,and charged-charged pairs (i.e. either ions or electrons). For neutral-neutral
pairs �3D<F is givenby [88]. For charged-neutralpairs �3D<F is muchsmallerthanthat for charged-
chargedpairs[79], soweneglectit. For charged-chargedpairs�3D<F is givenby [79]. Theequations
read:

neutral-neutralpairs: �3D<F�R � a� ��� D � F���F��D<F [ D<F[ _F WYX C _FCED<F (3.32)

charged-chargedpairs: �3D<F�R �� o�D<F ��� D � F��.F��D<F [ D<F[ _F WYX C _FCED<F (3.33)

with ��F the meantime betweencollisions of a particle speciesB with all other particles,i.e.
particlesof any speciesincluding speciesB , given by Ramshaw [78]. Especiallyin plasmas
with adistinctdifferencebetweenelectronandheavy particletemperaturethemulti-temperature
descriptioncan be of importance. Also when thereare temperaturedifferencesbetweenthe
variousheavy particlespecies(not includedin PLASIMO at this moment),thermaldiffusion
becomesimportant.
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3.4 Implementation into PLASIMO

To includethediffusivemassfluxescorrectlyin theparticlebalanceequations(3.11),thediffu-
sivefluxes �� D of all speciesA have to becalculated.Dueto themutualdependenciesthe �� D ’s are
calculatediteratively. For all heavy particlespeciesequation(3.19)is usedandfor theelectrons
equation(3.25). As a first guessof �� D of the heavy particlespecies,the first term on the RHS
of equation(3.19) is used. After iteration � in the Stefan-Maxwell iterationcycle, we will in

generalfind that despiteof equation(3.10) � D ��¡ D£¢R � . This residualvaluewill be distributed
over the constituentsaccordingto their relative massdensity ¤¥D , so that �� D for iteration �£¦ a
will be: ��¡ ¨§ ID R©��ª D ��¤¥D¥« F ��ª F (3.34)

Notethatin equation(3.34)thesummationis performedoverall particlespeciesB includingthe
electrons.Theprocessis repeatedfor auser-specifiednumberof iterations(usually a�� is enough).
So duringeachmain iterationcycle (i.e. solutionof mass,momentumandenergy balances)of
PLASIMO, asub-iterationcycle is performedfor solvingtheStefan-Maxwellequations.

If thereare ¬ heavy particlespeciesin the mixture, in principle ¬� a heavy particlemass
fractionbalances(3.11)needto besolved,becauseof theconstraint� D ¤¥D®R a . The lastheavy
particlespeciesshouldthenbea neutralspecies,sincethemassfractionof theelectrons,¤¥s , is
calculatedfrom the quasi-neutralityassumption,rewritten as: ¯°� D�± Dz¤¥D]R � . However, faster
convergenceis achieved by usinga similar procedurefor the massbalancesasfor the Stefan-
Maxwell equations:solveall heavy particlemassbalances,calculate¤¥s from thequasi-neutrality
assumption,andcorrectthenall massfractions ¤vD accordingto: ¤�².³µ´D R¶¤¥Dµ�u� F ¤�F .

Themainassumptionsandlimitationsof PLASIMO, togetherwith adescriptionof thephys-
ical model and numericalmethod,are given in [34]. With respectto the implementationof
self-consistentmulti-componentdiffusion in PLASIMO it is importantto notethat in the con-
structionof thenumericalmethodeachof thehydrodynamictransportequationsis written asa
particularcaseof theso-called· -equation[46], thatreads:�¸º¹ O ov»p¯ �¼ ·PQ6� �¸º¹ Oy½ » �¸ ·PQ®R ¾¡» (3.35)

with thefactorsov» and ½ » a convectionanddiffusioncoefficient, respectively and ¾¡» thesource
term.

To write the particlebalance(3.11) in the form of equation(3.35) it is written in termsof
massfractions ¤vD . In theLHS aconvectionanda diffusiontermhave to bepresent,thereforethe
expressionof thediffusivefluxes,i.e.equation(3.19)combinedwith equation(3.34)is rewritten
sothata diffusive termconformthesecondtermin theLHS of equation(3.35)appears,therest
of thediffusiveflux is addedto theRHS.It canbeshown thatthe · -equationfactorsfor themass
fractionbalancebecome:·�R¿¤vD , op»�R a , ½ »]R¿¯À�Á³µÂD , and ¾¡»]RÃ� �¸Ä¹ ��PÅD ¦Æ¾PD with ��EÅD thepartof
thediffusivemassflux ��¡Ç thatcannot bewritten in termsof �¸ ¤vD .
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3.5 Boundary conditionsÈ At walls, the net total massflux of thespecies”i” normalto the wall mustequalthenet
massflux ÉÊD dueto productionor consumptionof thespeciesat thewall:�Ë ¹EÌ ¯�¤¥D �¼ ¦º�� DiÍ�RÎÉÊD (3.36)

with �Ë the unit vectorperpendicularto the wall. In the configurationsdiscussedin this
thesis,thevelocity componentsnormalto (any) surfacearetaken to bezero(no-slipand
nonetgaseousproductionatsurfaces),sothatequation(3.36)reducesto: �Ë ¹ �� D¡R¿ÉÊD , withÉ)D givenby: É)D¡R [ D Ì.ÏªÐLÑ�ÒD K Ó � Ï h ²D K Ó Í (3.37)

with
Ï D K Ó theflux (in m � _ s� I ) describingthegainor lossof speciesA at the wall Ô , dis-

cussedin chapter2. In theabsenceof consumptionor productionof chemicalspecies,i.e.
nomassproduction/destructionatthewall, thediffusivefluxesof thespeciesperpendicular
to thewall mustbezero: �Ë ¹ �� D¡R � .È At inlets,thetotal massflow of speciesA mustcorrespondto theinlet flow ÕÖD . If theinlet
flows ÕÖD aregivenin sccs� I , themassflow perspecies(in kg s� I ) is givenby:×@Ø�Ù k�k K D©R a����� ��ÚÜÛwÝ DÉ)ÞßC ÚwÛ ÕÖD (kg s� I )R �Ë ¹áà � ZãâÁä�å æç Ì ¯ �¼ ¤¥D�¦º�� DiÍuè c è�é (3.38)É h ² is theradiusof theinlet opening,� k Ò and C k Ò arethepressureandtemperatureat stan-
dardconditions: a atmand � �>�ê|Jap� K.
Equation(3.38) is satisfiedby taking eachof the massfractionsover the inlet opening
fixed: ¤¥DPR Ý DÜÕ�D� F Ý F�Õ¡F (3.39)

andby prohibitingdiffusionof speciesA throughtheinlet opening:�Ë ¹ �� D¡R � (3.40)È At outlets,thegradientof ¤¥D perpendicularto theoutletplaneis assumedto bezero:�Ë ¹ �¸ ¤¥D¡R � (3.41)

3.6 Relative importance of the four diffusion types

We canestimatethe importanceof the four typesof diffusion (ordinary (OD), pressure(PD),
forced(FD) andthermaldiffusion (TD)), by looking at the ratiosof them. Sinceordinarydif-
fusionusuallyis thedominantdiffusiontype,we will look at the ratiosPD / OD, FD / OD and
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TD / OD. For thispurposetheexpressionsof thefour diffusionsasgivenin equations(3.16)and
(3.17)aresimplifiedby introducinggradientlengthsë°ì3í , ë@îYí , ëuï¥í and ë@ð�í . TheratiosPD /
OD, FD / OD andTD / OD arethenwritten for speciesA as:ñóòô ò R õ a � ¤¥D� D�ö ë÷ì3íë îYí (3.42)ø¨òô ò R a ùCED x D Ìvúúú �û s úúú ¦ úúú �û)ü�úúú Íuë ì3í (3.43)ýqòô ò R a� D «Fþÿ D O �3D<F÷� �ÀF DÜQ ë÷ì3íë ð�í (3.44)

with

ùCPD the temperatureof speciesA in eV. Equations(3.42),(3.43)and(3.44)provide a tool to
estimatetheimportanceof thediffusiontypesin aplasmasource.

3.7 Results

We will investigatetheinfluenceof forceddiffusionon a hydrogencascadedarc(CA) plasmaF .
Sincein a CA the radialpressuredistribution is ratheruniform, PD will not play a role in that
direction. In axial directionPD canhave a smalleffect (for anargonarcthepressuredifference
betweenin- andoutletcanreach

b � a�� n Pa). Thermaldiffusionwill only playanimportantrole
if themassdifferencebetweenthespeciesis large.An exampleof its influencein anargon-silane
gasmixturein a vacuumchamberat low pressureis presentedin chapter6 of this thesis.

We will focuson theeffect of forceddiffusionon thebehaviour of thehydrogenCA plasma
for thestandardconfigurationappliedin chapters4 and5 of this thesis.Summarised,theoper-
ationconditionsare:a straightCA channelwith radius ÉÃR � mm, length

� R � � mm, current� R �>� A andinlet flow Õ R a��Y� sccs� I .
The radial profilesof the massfractionsat an axial positionof aYa>| U mm with andwithout

forceddiffusionincludedareshown in figure3.1. In thecentralregionof theplasma,theeffects
on H andH § arethehighest:includingFD increases¤�� with ��� whereas¤ ��� is decreasedbyaYa	� . In theouterplasmaregion,nearthechannelwall theeffectsonH _ andH §_ arethehighest:¤���
 decreaseswith ��� , whereas¤ � �
 decreaseswith a � � . The radialprofilesof CPs and C� are
shown in figure3.2. Theeffect of forceddiffusionon the temperaturefields is negligible: it is
lessthan �ê|Ja	� at any positionin thearc. This is a resultalsofoundby Murphy [93]. Also the
influenceon theflow field (notshown) is verysmall.

Onecanconcludethat forceddiffusion hasits influenceon the compositionin the arc, but
doesnot alter the otherarc propertiessignificantly. We gave a recipeto estimatethe possible
influenceof forceddiffusion in section3.6,which provedthatundercertainconditionsit could
beof thesameimportanceasordinarydiffusion.Murphy[93] showedthatforceddiffusioncould
beof influenceespeciallyin gasmixtureswherethegaseshavedifferentionisationenergies.�

Note that if forceddiffusion is switchedoff, in PLASIMO theeffect of theexternallyappliedelectricfield is
still takeninto account,only theambipolarinfluenceis neglectedin thatcase.
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Thegeneratedambipolarelectricfield andthedifferencein electricconductivity usingFrost
formulationandtheself-consistentformulationpresentedin this studyareshown in figures3.3
and3.4, respectively. Theradialcomponentof theambipolarelectricfield, � ü� , shown in figure
3.3is nearthechannelwall in thesameorderof magnitudeastheexternallyappliedelectricfield:����� ��� a� � V m � I andcancertainlynot be neglectedin that region. From the comparison
of theself-consistentformulationof theelectricconductivity, equation(3.27)andthe formula-
tion accordingto Frost,we canconcludethatthat it is really necessaryto usetheself-consistent
formulation,sinceotherwisea seriouserror is introducedin the arc behaviour: a wrong elec-
tric conductivity implies a wrongelectricfield andhasconsequentlya seriousinfluenceon the
compositionin thearc.

3.8 Conclusions

We presenteda completedescriptionof self-consistentmulti-componentdiffusion in plasmas.
Includedarethe two-temperaturecharacterof a plasmaandthe influenceof the varioustypes
of diffusion. It is basedon the exact solution of the Stefan-Maxwell equationsas discussed
by Sutton[77] andthe descriptionfor plasmasby Ramshaw [78, 79]. Combiningthe work of
Sutton,Ramshaw andMurphy [83, 84] the influenceof ordinary, pressure,forcedandthermal
diffusionaretakeninto account.Theinelasticcollision termin thespecificmassandmomentum
balances,not treatedby others,doesindeedhave no influencein theStefan-Maxwellequations.
A recipeis givenfor estimatingtheinfluenceof thevarioustypesof diffusionin applications.In
this way, only themostimportantdiffusion typescanbe taken into accountin thesimulations,
which is time-saving.

Theinfluenceof forceddiffusionon a hydrogencascadedarcplasmais investigated.Forced
diffusiondoesnotaltersignificantlythetemperaturedistribution in thearc.A biggerinfluenceis
seenin theradialdistributionof themassfractions(maximum aYa�� ). It is to beexpectedthatfor
gasmixtures(for exampleargon-mercuryin a TL-lamp) with significantlydifferent ionisation
energies (argon: a���|t�¥� eV, mercury: a���| bYb eV) the effect of forced diffusion is larger. The
influenceof thermaldiffusioncanbelargewhenthemassdifferencesbetweenspeciesarelarge
(for examplein an argon-hydrogenplasmaor in an argon-silanegasmixture, seechapter6 of
this thesis).
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Figure3.1: Theradialprofilesof themassfractionsof H _ , H, H § andH §_ in ahydrogencascaded
arcplasma,at � R aYaY| U mm,for two cases:with (OD + FD) andwithout (OD) forceddiffusion.
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Figure3.2: The radial profilesof the electronandheavy particle temperaturesin a hydrogen
cascadedarcplasma,at � R aYaY| U mm, for two cases:with (OD + FD) andwithout (OD) forced
diffusion.
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Figure3.3: Theradialprofilesof theaxial andradialcomponentof theambipolarelectricfield
in a hydrogencascadedarcplasma,at � R a>aY| U mm,with forceddiffusion(OD + FD).
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Appendix of chapter 3

In section3.2 we madea remarkaboutambipolardiffusion. The motion of ����� and ���� are
closely coupled,in view of the quasi-neutralitycondition. Dif fusion at conditionsfor which
the fluxesof thechargedspeciesareequaland ���� R � (i.e. no externally appliedelectricfield:�û s R � ) is commonlyreferredto asambipolardiffusion,seefor exampleMitchnerandKruger
[41] andespeciallyGolantet al. [81]. In this casean ambipolardiffusion coefficient � Ù`Ø � is
formulated,which relatesthediffusionof thechargedspeciesto eachother. In many textbooks
theexampleof a three-speciesmixture,containingonly neutralatoms(” ! ”), positive ions(”

�
”)

andelectrons(” � ”) canbefound.Unfortunately, in amulti-componentmixturetheformulationof
anambipolardiffusioncoefficient is muchmorecomplicatedthantherelatively straightforward
three-speciesexample.For instance,if negative ionscomeinto play (for examplein anoxygen
plasma),themotionof positive ionsis drasticallychanged.

In the treatmentof diffusion, presentedin this study, no longer a needexists to calculate
an ambipolardiffusion coefficient; useis madeof effective diffusion coefficients,whereasthe
ambipolarconstraintis alreadycapturedin the formulationof thediffusive massfluxesandthe
currentconservation.

We will demonstrateherethat theapplicationof thetheoryfrom section3.2 to thestandard
textbookexampleof a three-speciesmixturegivesthesameresult" .

We startwith equation(3.18)appliedto thepositive ion
�
, with equation(3.21)substituted.

Assuming �û s R � , that the electrondiffusive massflux (dueto �� s R$#&%#&' �� ( ) andthe inelastic
collision termcanbeneglected,weget:� ( �*)� ( ) +, �� )¯ ) � �� (¯ (.-/ R �01( � ± ( ¯ (� �û ü (A.1)

Usingequation(3.10),statingthat �� ) RÃ� ��( , weget:��( RÃ� ¯ ( ¯ ) � ( )¯ � ( �*) T �02( � ± ( ¯ (� �û ü \ (A.2)

wherewealsoneglectedtheelectroncontributionto thetotalmassdensitȳ sothat ¯ � I) ¦ ¯ � I( R¯�� O ¯ ) ¯ ( Q .3
Ramshaw [86, 78] did thesameexercisefor hisself-consistenteffectivebinarydiffusionapproximation,which,

in thederivationof ambipolardiffusionin a three-speciesmixture,is notdifferentfrom thediscussionhere.

57
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An expressionfor theambipolarelectricfield �û ü canbefoundfrom equation(3.28).For this
purposewe alsoneedanexpressionfor theelectricconductivity 4 . Dueto their largemobility
thediffusionof electronswill bedominant,andit canbeshown thatfor thethree-speciesmixture
consideredthat: 45� � _ ¬¡sW C � ³µÂs (A.3)

Substitutingtheexpressionfor � ³µÂs this reduces,aftersomealgebra,to thewell-known expres-
sion 4 R6� _ ¬Ps.� O [ s87ps9��¬ �	:2;< Q given in the textbooks,with 7vs=� R ¬ �	:2;< where : is the cross-
sectionand ;< R O U�W C�� ZV[ D<F:Q I+^`_ themeanrelativevelocityof theparticles.Here, [ s9�>� [ s .

An expressionfor the ambipolarelectricfield �û ü cannow be found by rewriting equation
(3.28)for thethree-speciesmixture. However, this impliesa lot of tediouswork, which we will
not presenthere. A moresimpleapproachis the following. First we sumequation(3.18)over
theheavy particles

�
and ! . Knowing that � Dwþÿ s �0 D@R � �0 s and � Dwþÿ s ± Di¯YD@R � ± s�¯�s it follows

that: �û ü R �± s ¯�s �0 s (A.4)

This expressionreducesto the standardformulationgiven in literature[41, 81] if oneassumes
zerogradientsin C � and CPs . Using ¤>s@? � s in equation(3.17)gives:�û]ü RÃ� W CPs �¸ ¬¡s�¬Ps (A.5)

which is exactly thetextbookresult.
Substitutionof equation(A.4) in equation(A.2) gives:��A( RÃ� ¯ ( ¯ ) � ( )¯ � ( �*) Ì �0B( ¦ �0 s Í (A.6)

If we limit ourselvesto thecasewherethegradientsin � , C� and CPs arezerowe arriveat:�� ( RÃ� ¯ ( ¯ )¯ � ( �*) õ a ¦ C¡sC� ö � ( ) �01(
(A.7)

This equationstatesthat dueto the ambipolarelectricfield the ion diffusion is enhancedby a
factorof a ¦#CPs��vC� , which is exactly theresultgivenin literature[41, 81].
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Abstract

The plasmasimulation methodPLASIMO is usedto investigatethe hydrogencascadedarc
plasmaandto determinetheoptimalconditionsfor theproductionof atomichydrogenion fluxes.
For thispurpose,ahighionisationdegree,dissociationdegreeandenergy efficiency arerequired.
Thesecharacteristicparametersaremonitoredfor thecaseof a flowing hydrogencascadedarc
(CA) plasmain local thermalequilibrium and comparedwith available experimentalresults.
Optimisedareoperatingconditions(inlet flow andappliedcurrent)aswell asthe geometrical
configuration(arc length, radiusandshapeof the arc channelwall). It is concludedthat the
prospectsareverygoodto usea hydrogenCA plasmafor thestudyof divertor-likeplasmas.

4.1 Intr oduction

A generalplasmasimulationmodel,PLASIMO [34], is constructedin the groupEquilibrium
andTransportin Plasmasat the Eindhoven University of Technology. It is a fluid model for
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multi-componentplasmas,in a wide pressurerange( a� I to a�� � Pa), from LTE (Local Thermal
Equilibrium) to non-LTE, andwith differentenergy couplingmodes.Consequently, apartfrom
the numericalsimulationof plasmasin the cascadedarc (CA) [34] which is drivenby a direct
current,it canbe usedalsofor numericalsimulationof inductively coupledplasmas(ICP, see
[43]), the QL-lamp [33, 44] and microwave inducedplasmas. The main assumptionswithin
thePLASIMO methodarethat theflow is axi-symmetric,steadyandlaminar. Furthermore,the
plasmais assumedto bequasi-neutral.An extensivedescriptionof thephysicalmodel,numerical
implementationand the iterationprocedureis given in [34]. It alsoprovidesa descriptionof
PLASIMO’s capabilities,limitations andan applicationto an argon cascadedarc plasma.For
theCA applicationaone-dimensionalelectricfield formulationis used.

In this studythe sameconfigurationis considered(CA) for a differentfeedgas:hydrogen.
We will limit ourselvesto anLTE description.Thereasonsfor this arethefollowing. For argon
in [34] deviationsfrom LTE wereobservedonly closeto thewall. Furthermore,assumingLTE
reducesthecomplexity of themixtureconsiderably. Finally, theenergy exchangebetweenelec-
tronsandhydrogenspeciesis moreeffectivethanbetweenelectronsandargonspecies,dueto the
smallermassof hydrogencomparedto argon. This implies that thermalequilibrium is a better
approximationin a hydrogenCA thanin anargonCA. However, thesmall hydrogenmasshas
thedisadvantagethat theambipolardiffusioncoefficient is larger thanfor argon. Consequently
it is to beexpectedthatdeviationsfrom the ionisation-recombinationequilibriumasprescribed
by Sahawill be larger thanin theargoncase.A fundamentaldiscussionaboutnon-equilibrium
aspects,focusedon ICP andMIP plasmascanbefound in [97]. Since,in contrastto theargon
CA, theradialtemperatureprofile in ahydrogenCA plasmais mainly determinedby theassoci-
ation/dissociationequilibrium,possibledeviationsfrom Sahaarenot expectedto bea problem.
Therefore,this study is confinedto the radial temperatureprofile andhow this determinesthe
dissociationdegree.

Comparedto argon the radial temperatureprofile in the hydrogenarc will not be approx-
imately parabolicbut will be thermallyconstricted,i.e. it consistsof onecentralpeakandone
plateauattheperiphery. Wewill usetheterm”sombrero-likeprofile” for thistypeof distribution.
This profile is primarily dueto thechangein thermalconductivity, for which in thetemperature
rangeof interest,two peaksexist: onedissociationpeak( D _FE � D ) andone ionisationpeak
( D E D § ). Thishasconsequencesfor theplasmacompositionin thearc.For argontheeffective
radiusfor the active plasmazone(i.e. wherethe energy coupling takesplace)is almostequal
to thechannelradius[98], whereasfor hydrogentheactive plasmazonewill beconstrictedto a
smallregion aroundthesymmetryaxis. Theremainingnon-activezonecanbedividedinto two
regions: a region wheremainly atomichydrogenexists anda region wheremainly molecular
hydrogenexists. Thelastregion is locatednearthechannelwall, theatomichydrogenregion is
locatedbetweentheactivezoneandthemolecularhydrogenregion. Experimentallythethermal
constrictionwasobservedby Kesselset al. [99] who lookedat theeffect of admixinghydrogen
in anargonCA plasma.Otherauthorswho mentionthe”sombrero”profilearefor exampleVer-
boom[100] whoinvestigatedtheenergy balanceof ahightemperaturearcdischargein hydrogen,
Qing et al. [101] andDresvin[102]. The”sombrero”profile is not seenin for examplethethe-
oreticalwork of ScottandIncropera[103] who did not includemoleculesandasa consequence
saw aparabolic-like temperatureprofile (like in argon,see[34]).
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Theinvestigationin this studyis motivatedby theCA beinganinterestingsourcefor anex-
pandinghydrogenplasma. In sucha configuration,a CA plasmaexpandssupersonicallyin a
chamberat low pressure.Suchaplasmaproduceshighdensitiesandhighflow velocities,result-
ing in high particlefluxes.Therefore,expandinghydrogenCA plasmascanbeusedin a variety
of applications.They canproduceatomichydrogenwhich is importantfor the chemicaltreat-
mentof surfacesandarcheologicalartifacts[10]. Furthermore,they canproducehigh atomic
hydrogenion fluxeswhichcanbeusedfor approximatingtheoperationof divertorplasmas,one
of thefieldsof interestof theFOM-Institutefor PlasmaPhysics’Rijnhuizen’. This institutepar-
ticipatesin theEuropeanresearchprogrammeonthegainof energy outof nuclearfusion.To this
enda Tokamak-plasmais used[104]. The Tokamakconsistsof a toroidal vacuumchamberin
which hydrogengasis injectedwhich is ionisedto form theplasma.Theplasmais confinedby
anexternallyappliedmagneticfield. Oneof themainconcernsfor thefutureuseof a Tokamak
reactoris theexhaustof heliumandimpuritiesfrom thereactor[105]. For this purpose,theout-
ermostzoneof theplasmais divertedinto theso-calleddivertorchamber. Here,high ion power
fluxes( G 10 MW m � _ ) onto materialin contactwith the plasmawill leadto strongevapora-
tion of surfacematerial,which considerablyreducesthedivertorlifetime. This is anintolerable
situation,which may be relieved however, by the generationof a stronglyradiatingplasmaof
high densityand low temperature.Sincea divertor is not easyto access,in-situ experiments
on it in a Tokamakreactorarenot possible.It maybeanoption to usea hydrogenCA plasma
(whichalsoapproximatesadeuterium-tritiummixture)thatexpandssupersonicallyin avacuum
chamberat low pressure( H 10 Pa) to investigatethe influenceof high power fluxesonto the
divertorsurface.For this purposetheplasmacreatedby theCA shouldhave an ion power flux
comparablewith theTokamaksituation:10 MW m � _ . Up till now, it wasnotknown whetheror
not this is possible.To investigatethis possibility PLASIMO is usedto predictan optimal ion
power flux in a hydrogenCA plasmaby optimisingenergy efficiency, dissociationdegreeand
ionisationdegree. Optimisationof theseparametersis achieved via differentsetsof operating
conditionsandgeometricalparametersof theCA. Thesecaneasilybehandledwith themodular
PLASIMO-code,see[34]. Thisstudyis limited to thedifferencesfrom [34]. Thefeaturesof the
CA configurationaregivenin section4.2 (configuration)andsection4.3 (composition).In that
sectiontheprincipleof transitiontemperaturesandhow they determinethethermalconductivity
profileandconsequentlytheradialtemperatureprofile in theCA is discussed.Theresultsof the
numericalsimulationsarevalidatedwith availableexperimentaldatain section4.4in whichalso
a limited sensitivity analysisis 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 threecathodespositionedin a cathodehousing,
a stackof electricallyisolatedcascadedplates,andananodeplate. Thecathodesaresharpened
pinsof thoriatedtungstenandarepositionedconcentricallyin thecathodehousing.Thecopper
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cascadeplates,with a thicknessof 5 mm, have a centralborewhich formstheplasmachannel.
Theplatesareelectricallyisolatedby boronnitridespacingringswith a thicknessof 1 mm. The
modularset-upof theCA (basicallyjustastackof cascadeplates)makesit veryeasyto designan
arcof differentlengthor with avaryingchanneldiameter. Thelengthof theCA canbevariedby
varyingthenumberof cascadeplatesbetweenthecathodehousingandtheanodeplate.By using
CA plateswith differentboreradii thechangingchanneldiameteris achieved.In figure4.1afour
plateCA is depictedwith aplasmachannellengthof 25mmandwith varyingchanneldiameter.
In theanodeplatethenozzleplug is screwed,which borecanhave differentshapes(to change
theshapeof the jet asit expands).An additionalpoint of concernis thethermalstressendured
by the cascadeplates,sincedifferentboreradii imply differentsizesof the cascadeplatesand
consequentlydifferentcoolingcapacity. For adetaileddiscussionof thissubject,seePijpers[18]
whomadeamodelto predicttheheatloadof theCA platesfor high powerarcs.

1: cathode housing: copper
2: cathode holder: copper
3: cathode tip (3x): thoriated tungsten
4: isolation: see 9 - 12
5: cascade plate: copper 
6: anode plate: copper
7: nozzle plug: copper
8: gas entrance channel: copper

6

1

2 5

7

3

4

  9: spacing ring: PolyVinylChloride (PVC)

10: vacuum seal: Viton O-ring

11: shielding ring: boron nitrid

12: plasma channel
1 0

9

11
12

8
Computational domain

Figure4.1: A four-platecascadedarc configurationwith differentboreradii. The dottedline
representsthepartof thearcthatis consideredin thenumericalsimulations.

Duringoperationhydrogengasis fed throughamassflow controllerinto thecathodesideof
thearc. A currentis drawn from thecathodesto theanodeplate. Due to this currenta plasma
is createdinside the CA. The plasmaflowing throughthe channelis acceleratedandexpands
supersonicallyat theanodesideinto achamberat low pressure.

Theconfigurationconsideredin thenumericalsimulationswasalreadydiscussedin [34]. A
uniformgrid of 29(axial) � 113(radial)grid pointsis used.Theconfigurationthatis usedasthe
”standardconfiguration”in thisstudyis givenby radiusÉÎR � mm(straightarcchannel),length� R � � mm, current

� R �>� A (currentis input parameter, not power), andinlet flow Õ R a��>�
sccs� I . In this studytheCA configurationis optimisedby tuning the lengthandradiusof the
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plasmachannel,theshapeof thechannelwall, theinlet gasflow, andtheappliedcurrentthrough
the CA. Although in practicediscontinuousedgesexist betweenCA plateswith differentbore
radii, in thenumericalsimulationsthechannelwall will bekeptcontinuous.For thispurposeuse
wasmadeof a polynomialfunctionto describetheshapeof thechannelwall.

4.2.2 Boundary conditions

The appliedboundaryconditionsfor the hydrogencascadedarc plasmaarelisted in table4.1.
As canbeseenin table4.1we assumethatthevelocity profilesat inlet andoutlethave a simple
power law shapee a � O èY�>É�QJI f . At theinlet we assumethat ¬ R � . Themaximuminlet velocity
at theaxis(r = 0) < Ø�Ù9Kh ² is dictatedby themassflow

× h ² andmassdensitȳ h ² at theinlet:× h ² R � Z < Ø�Ù9Kh ² â ä�å æç ¯ h ² à a � õ èÉ h ² ö _ é è c è (4.1)

where è is the local radial positionand É h ² the radiusof theplasmachannelat the inlet of the
CA. Themassflow

× h ² in equation(4.1) is calculatedfrom theflow, temperatureandpressureat
theinlet. Theinlet temperatureC h ² R � �Y�Y� K. Themaximumvelocityat theaxisof theoutlet is< Ø�Ù9KÐLÑ�Ò . Sincethehydrogenplasmaexpandssupersonicallyinto avacuumchamberat low pressure,
at theoutletat r = 0 a Machnumber( Ý ) of oneis assumed.Theexactvalueof Ý at theoutlet
doesnot have a largeinfluenceon thenumericalresults,aswasshown in [34]. FromtheM = 1
condition < Ø�Ù9KÐLÑ�Ò is calculated:Ý R < ��� < k ÐLÑ ²8L , with thevelocityof sound< k ÐLÑ ²ML definedas:< _k ÐLÑ ²8L R TON �N ¯ \ Ú K P (4.2)

with ¯ themassdensityof theplasmaand � thepressure.Thesubscriptson theright handside
of equation(4.2) denoteconstantentropy ( Q ) andconstantionisationdegree( R ). Theeffect of
differentexponentialfactors¬ in thevelocitypowerlaw structureis negligible,aswasalsoshown
in [34]. ChangandRamshaw [65] alsofoundthat ¬R � wasbestfor their simulations.For the
pressureat inlet andoutleta constantaxial componentof thepressuregradientis assumed.The
constantS is updatedduringtheiterationprocess.

As canbeseenin table4.1 theheavy particletemperatureat thechannelwall C ´ ÙUTVT is deter-
minedfrom theequalityof theheatflux from theplasmato thewall andtheheatflux from the
wall to thecoolingwater(with temperatureC ÙUW ); É is thelocal radiusof theplasmachannel,i.e.
a constantin the caseof a straightplasmachannelanda function of axial positionin the case
of a varyingchannelradius. We do not take into accountthewholecascadeplatebut only the
partbetweentheplasmachannelandthecoolingwaterchannelinsidethecascadeplate,repre-
sentedby distanceX Ó R a � mm (whereasaY|�� mm H£ÉYH �ê|~� mm). The temperatureof the
coolingwateris estimatedat C ÙUW � � � � K, which is theexperimentallydeterminedupperlimit
asmeasuredby Qing [106]. Abovethis limit meltingof theplastictubes,connectingthecascade
platesandthewatersupply, wasobserved. Thethermalconductivity of thecopperchannelwall
is almostconstantin thetemperaturerangeof interest[107]: ½ Ó � �Y�Y� W m � I K � I . Thethermal
conductivity of theplasma½ l T is determinedatthewall reciprokely following Patankar[46]. The
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differentapproachof Bourdinetal. [108] using ;½ R IZ\[ � Z�]_^a` `�b Z*[Z ]_^a` ` ½ÖO C Q c C leadsto temperatures
above themeltingpoint of copper(1356K [107]).

Table4.1: Boundaryconditionsappliedto the LTE hydrogencascadedarc plasma.The pres-
sureis � , < � and < � aretheaxial andradial velocity components,respectively, C is theplasma
temperature.

Par. Inlet Outlet Axis Channelwall� cedc � RfS cedc � RfS cedc � R � cedc I R �< � < �°R < Ø�Ù9Kh ² g a � Ì �ä å æ Í _ih < �÷R < Ø�Ù9KÐLÑ�Ò g a � Ì �ä.jak9l Í�m h con_pc � R �< � < � R � con_qc � R � < � R � �Ë ¹ �¼ R �
C C¶R¶C h ² c Zc � R � c Zc � R � ½ l T c Zc I Rsrut H Z ^av � Z_]�^a` ` Nä T ² O_w ��x tw Q

4.3 Composition features

4.3.1 Equilibrium composition

Molecularhydrogengas(H _ ) is injectedat thecathodesideof thecascadedarc.Downstreamof
thispointamultitudeof reactionscantakeplace,resultingin variouspossiblereactionproducts.
In thisstudyweinitially takeinto accountthespeciesH, H _ , H § , H � , andH §_ . In LTE thenumber
densitiesof the electronsanddifferenthydrogenspeciesarecoupledthroughthe analytically
prescribeddegreesof ionisationand dissociationvia the Sahaequationand Guldberg-Waage
equation,respectively. Both arereactionsof the sametype. This is illustratedconsideringthe
following generalisedreactionbalance:y{z ¦ O ��Q@| y ¦ z (4.3)

whereAB is the ’dissociating’molecule,A andB arethe ’dissociation’productsand � is the
reactionenergy. If equation(4.3)is usedto describetheionisation/recombinationbalance,A can
betheH § ion andB theelectron.Thereactionenergy � canplay theroleof dissociationenergy
( D _ ¦ O=} �~
J� _ �¡Q�| � D ), ionisationenergy ( D ¦ O=} ������� Q�| D § ¦�� , D _ ¦ O=} �~
J��� �
 Q�| D §_ ¦F� )
or detachmentenergy ( D!¦��u¦ O=} �~����� Q@| D � ).

In equilibriumtheelementarymassactionlaw [68, 109] leadsto therelation:���~� R ������ T �� � ZV[ ��� WYX C \ � �u��� õ �WYX C�ö (4.4)
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with � DÖR ¬PDÜ��:�D , ¬ED thenumberdensityand :�D thepartitionfunctionof speciesA (i.e. AB, A or
B), WYX is Boltzmann’sconstantand � is Planck’sconstant.Theterm � R O �E� � � ZV[ ��� WYX C Q � rep-
resentsthethermaldeBroglie volume. It is thecubeof deBroglie wavelength��� � � Zª[ �~� WYX Cin which

� � ZV[ �~� WYX C canbeseenasanaveragedmomentumof thereducedmass[ �~� ( [ ��� R[ � [ � � O [ � ¦ [ � Q ).
Togetherwith theequationof state(� R � D ¬PD WYX CPD ) andtheassumptionof quasi-neutrality

( � D x Di¬PD R � , with x D the charge numberof speciesA ), equation(4.4) analyticallyrelatesthe
numberdensitiesof all thespeciespresentin thehydrogenmixture.

For thepartitionfunctions : of thespeciesthesameformulationwasusedasgivenby Chen
andEddy[110]. Therotationalandvibrationalconstantsusedin theseexpressionsaretakenfrom
RadzigandSmirnov [111]. Weassumethattherotational,vibrational,electronicexcitationaland
translationaltemperaturesof theelectronsandheavy particlespeciesareequal.In thesimulations
the pressurerangesfrom approximatelya�� � to a�� n Pa. The equilibrium compositionfor these
two valuesof thepressureasa functionof temperatureis shown in figure4.2.

As canbeseenin figure4.2,thedominantspeciesat low temperatures( C�� �>�Y�>� K) areH _andH andat highertemperatures( �>�Y�>� K � C�� � �Y�>�Y� K) H andH § . TheH § ion is by far the
mostdominantion, with theH § and � densitiesin figure4.2almostequal.Thenumberdensities
of H §_ andH � areapproximatelyfour ordersof magnitudelower thantheelectrondensity. Due
to thelow dissociationenergiesfor heavier molecularionsH §� andH §m (not shown in figure4.2)
andthe relatively high plasmatemperatures,the exponentin equation(4.4) is small, implying
that theseions (aswell asH §_ ) aredestructedvery rapidly andvery easily. Therefore,in the
following it is justifiedto consideronly thespeciesH _ , H, H § and � .
4.3.2 Transition temperatures

We will now take a closer look at equation(4.4). Since [ �~� K h Ð ² hV� Ù Ò h Ð ² ? [ ��� K L hMkik Ði� h Ù Ò h Ð ² for
ionisationof H ( D¦��{| D § ¦ � � , thesameis truefor theionisationof H §_ ) anddissociationof
H _ ( D _ ¦���| � DÆ¦�� , with � R��YroD or D _ ) andapplyingequation(4.4),immediatelyreveals
that at the sametemperature� h Ð ² hV� Ù Ò h Ð ²�� � L hMk�k Ð�� h Ù Ò h Ð ² . As a direct consequence� ��
�� � � � ��?� �¡� � �~� � s , neglectingat thispoint thedifferencebetweenionisationanddissociationenergy. We
canconcludethatat thesametemperature(andsamereactionenergy), thedissociationdegreeis
muchlargerthantheionisationdegree.

Furthermore,a statementcan be madeon the temperaturevaluesat the transitionpointsC Ò g Ù ² kih Ò h Ð ² (alsoshown in figure4.2), i.e. thepointsthataredefinedby ¬ ��� RÎ¬ � with

y>z G�D _and

y r z G�D for thedissociationof H _ and

y{z G�D and

y G�D § r z G�� for ionisationof H.
Substituting¬ �~� R¿¬ � in equation(4.4)gives:a R : �~�: � : � ¬ � ���u�.� õ �WYX C Ò g Ù ² kih Ò h Ð ² ö (4.5)

Thereare two dominantfactorsin the right handside: first, obviously the exponent. Since
the ionisationenergy of H (13.6eV) is muchhigherthanthe dissociationenergy of H _ (4.478
eV) the ionisationtransitionpoint is locatedat muchhigher temperaturethanthe dissociation
transitionpoint. Second,of importanceis thereducedmassappearingin � , which,asdiscussed
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Figure4.2: Equilibrium compositionin a hydrogenplasmaat  ¢¡¤£*¥�¦ Pa (top) and  ¢¡§£*¥�¨
Pa (bottom). The transitiontemperaturefor the dissociation/associationequilibrium of H © isª�«¬®U¯8°± «²±V³J¯\´

, for theionisation/recombinationequilibriumof H it is
ª�«¬®U¯8°± «²±V³J¯ © .

before,differs ordersof magnitudefor dissociationand ionisation. Finally, ascanbe seenin
figure4.2,thenumberdensityµ·¶ is approximatelyconstantin thetemperaturerangeof interest:µ¸�¹�º»£�¥ © ´ m ¼½¦ and µ ¸ º»£�¥ © ¦ m ¼½¦ , both at  �¡¾£*¥�¨ Pa, so thatequation(4.5) is only very
weaklydependenton µ·¶ .

By rewriting equation(4.5)anexpressionfor thetransitiontemperatureis derived,usingthat
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for thedissociationof H © andtheionisationof H µ ¿�À�¡¢µ ¿1¡�µ À , sothat µ À�ºÁ AÂ�Ã�Ä�Å ª :ª�«²¬Æ®U¯8°²± «±V³J¯ ¡ ÇÄ�Å�ÈÉFÊUË�Ì�ËAÍË Ì	Í ¦JÎ�ÏÆÐÑ_Ò�Ó (4.6)

A roughestimationfor the averagevolume Ô andthe ratiosof the partition functionscanbe
made,which togetherwith thereactionenergy, givesusanestimationof the transitiontemper-
atures.As a result,it is easilyshown that the H © dissociationpeakis locatedat a muchlower
temperaturethantheH ionisationpeak.

Due to the weak dependenceof the transitiontemperature
ªA«²¬Æ®U¯8°²± «±V³J¯

on the pressure(see
equation(4.6)) the valuesof

ª�«¬®U¯8°± «²±V³J¯
arealmostthe samefor the two pressuresshown. The

transitiontemperaturesarevery important,sincethey determinethelocationof thepeaksin the
thermalconductivity profile. This will be clear uponcomparingfigure 4.2 with figure 4.3 in
section4.3.3. The thermalconductivity profile determinesthe radial temperatureprofile in the
CA, which will bemadeclearin section4.4.1.

4.3.3 Transport coefficients

The electricalconductivity Õ is determinedusingFrost’s mixture rules[57]. The thermalcon-
ductivity of themixture Ö «²³U«®U× is written asthesumof a frozencontribution ÖAØ (if thechemical
reactionsare’frozen’), anelectroncontribution Ö�Ù anda reactive contribution Ö~Ú (dueto chem-
ical reactionsleadingto a shift of theequilibrium). The frozencontribution (andtheviscosity)
is calculatedwith themixturerulesgivenby MitchnerandKruger[41] usinghard-spherecross-
sections.Also theelectroncontribution is calculatedusingthemixture rule givenby Mitchner
andKruger, its contribution in anLTE plasmaat thetemperaturesweexpectandat thelow pres-
sureused,is rathersmall.Thereactivepartis calculatedusingtheapproachof ButlerandBrokaw
[112]. In this approachthebinarydiffusioncoefficientsarecrucial. In principle,they arebased
on collision integrals.However, we usehard-spherecross-sectionsbecauseof greatdifferences
in reportedÖ~Ú whendifferentcollision integralsareused[5]. Due to this ”confusion” we use
hardspheresandsave computationaleffort [2]. A limited sensitivity analysisis performedon
ourfinal resultsto gaugethepossibleinfluenceof usingdifferentcollisionintegrals(i.e.potential
parameters).Thepressuredependenceof Ö «²³U«®U× is shown in figure4.3 for pressuresof Û*Ü�Ý Pa toÛ�Ü�Þ Pa.

Comparingfigure4.2with figure4.3revealsthatthelocationsof thetransitiontemperatures
determinethelocationsof thedissociation/ionisationpeaksof thethermalconductivity. In turn,
the thermalconductivity will determinethe radial temperatureprofile in the CA. This will be
discussedin section4.4.

4.3.4 Sourceterms

The total energy balanceof an LTE plasmarequirestwo sourceterms,theOhmic power inputßà±V¯Má8âM«
andtheradiationloss

ßà¬®Uã
.
ßO±V¯8á8âM«

is calculatedin thesameway asin [34]. Theradiation
lossterm is divided in threeatomiccontributions,free-freeradiation(i.e. Bremsstrahlung)

ßOä
,
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Figure4.3: Thetemperaturedependenceof thethermalconductivity Ö «³U«®U× of anLTE hydrogen
mixturefor threevaluesof thepressure.

free-boundradiation
ßOåçæ

andline radiation
ßO×V±V¯8è

.
ßOä

and
ßéåêæ

aretakenfrom MitchnerandKruger
[41].

ßOæ8æ
is takenfrom VanderMullen [68], with thepopulationsof all excitedstatesof atomic

hydrogengovernedby the Boltzmannrelation, whereasthe densityof the groundstateof H
is determinedin the numericalmethod(seesection4.3.1). It is assumedthat the plasmais
optically thin, exceptfor strongabsorptionin theLymanseries,which is usuallycloseto actual
experimentalconditionsaccordingto Drawin [113]. Thechosenescapefactorsë for theLyman
seriesaretakenconstantandread[114]: ëì© ´îí Û�Ü½¼ï¨ , ë Ý ´îí Û�Ü½¼½Ý , ë ¨ ´ðí Û�Üï¼ © , ë Þ ´ðí Û*Ü½¼ ´ ,ëìñ ´@í Ü�òçÃ . For all othertransitions(includingfree-bound)ë í Û . SincetheH ó densityis much
higherthantheH ó© densityit is reasonableto neglecttheradiationlossesin theH © - H ó© system.

4.4 Resultsand discussion

4.4.1 Number densityand temperaturedistrib ution

In figure4.4theradialprofilesof thenumberdensitiesof H © , H andH ó areshown attheoutletof
theCA, for thestandardconfigurationdescribedin section4.2.1. In thecentreof thehydrogen
CA plasma(in all simulations)a high concentrationof hydrogenions exists, from the central
region to the channelwall a high concentrationof atomichydrogenis found,whereastowards
thechannelwall theconcentrationof molecularhydrogenbecomesdominant.Theradialtemper-
atureprofileat theoutletof theCA is presentedin figure4.5.The”sombrero”profile,consisting
of a strongcentralpeakanda plateauat theperiphery, is clearlyvisible. This thermalconstric-
tion is causedby thestrongdissociativepeakof thethermalconductivity at around3000K. The
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temperatureprofile is almostfully determinedby theheatconductivity of thehydrogenmixture,
sinceradiationlossesaresmallandthereforetheheattermin theenergy balanceis thedominant
sourceterm.Comparingfigures4.4and4.5showsclearlythattheexponentialdecreaseof theH ©
numberdensityaroundô í Û mm coincideswith thetransitionfrom thelow-temperatureregion
neartheperipheryto thehigh-temperatureregion aroundthesymmetryaxis,wheredissociation
is almostcomplete.

4.4.2 Optimal fluxes

Thetaskis now to find thoseconditionsfor which theeffectivepowercoupledinto theplasmais
largeandfor which themolecularhydrogenregion is unimportantsothattheH andH ó yield is
large.For this purposethefollowing parametersweremonitoredat theoutletof theCA:õ Energy efficiency ö , definedas ö í�ßOá8×÷®U°øO® Â ßà±V¯Má8âM« , with

ßà±V¯8á8âi«
theOhmicinputpowerandßOá8×÷®U°øO®

thepower effectively coupledinto theplasma:
ßOá8×÷®U°øO®>í�ßO±V¯8á8âM«&ùúßO×V³J°°

. Herethe
total power lossis

ßà×V³J°°&íûßO¬Æ®Uãýüúßéþï®9«èÿ¬
, that is thesumof thepower lossdueto radiationßO¬Æ®Uã

andthelossdueto heattransferto thechannelwall
ßéþï®9«èÿ¬

.õ Dissociationdegree � , definedas � í�� ¸�� ³JâM« Â �O«³U«®U× � ³JâM« , with
�O«²³U«®U×

theprotonflux, that is
thetotal numberof protonsin H, H ó plustheprotonsthatareboundin H © leaving theCA
perunit of time. Soin factwearelookingat thefractionof incominghydrogenatomsthat
arenot boundin moleculesbut exist asfreeradicals(

�O«²³U«Æ®U× � ³Jâi«�í���� ¸	�
� ±V¯ ).õ Ionisationdegree� , definedas � í�� ¸�¹� ³JâM« Â �O«²³U«Æ®U× � ³JâM« .
To optimisethe CA for high ion power flux, ö , � and � have to be ashigh aspossible. An
approximaterelationshipbetween� , � and

ßàá8×÷®U°²øO®
waspreviously derived by De Graafet al.

[115] assumingthat the power effectively coupledinto the plasmais balancedby the power
neededfor heatingof theflowing plasma

ß��Mè=®9«
, for dissociation

ßàã8±V°²°
andionisation

ßà±V³J¯
:ßOá8×÷®U°øO®�í�ß��8è ®9« üÁßOã8±V°°�üÁßà±V³J¯

(4.7)

An upperlimit for
ß��8è ®9«

is madeconsideringthethermalenergiesof thespecies:ß��8è ®9«&í�� ¸	�
� ³JâM«���·Ä�Å�� ª ¸	� ü�� ¸�� ³JâM« Ã �·Ä�Å�� ª�� ü�� ¸~¹� ³JâM« Ã �·Ä�Å�� ª ¸~¹ ü�� Ù � ³JâM« Ã � Ä�Å�� ª Ù (4.8)

Thepowersusedfor dissociation
ßOã8±V°°

andionisation
ßO±V³J¯

aregivenby:ßOã8±V°° í � � ¸��
� ±V¯ Ç ãM±V°° (4.9)ßO±V³J¯ í � � � ¸��
� ±V¯ Ç ±V³J¯ (4.10)

Themoleculesareassumedto beatatemperatureof 0.4eV sincedissociationis almostcomplete
above this temperature.The atoms,ions andelectronsareassumedto be at 1 eV. Combining
equations(4.7) to (4.10)gives:ßàáM×÷®U°øO®� � ¸��
� ±V¯ í Û ü�� ò � � ü Ã � ò � � (eV) (4.11)
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with � theelementarycharge.Thisrelationshipwasusedby DeGraafetal. [115] andQing[116]
to determine� . For this purpose

ßOá8×÷®U°øO®
wascalculatedfrom the measured

ßà±V¯8á8âi«
and

ßOþï®9«²èÿ¬
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whereas� wasusedasaparameterto determineanupper( � í Ü#" ) andlower limit ( � í�� ò � " )
of � . Theavailableresultsof thesecalculationsareplottedtogetherwith thesimulationsin the
next figures.

TheLTE modelasdescribedin this study, canbeusedfor anoptimisationstudy. Therefore,
simulationsareperformedfor astraightarcwith differentõ radiusandlengthof theplasmachannel;õ appliedcurrent;õ inlet gasflow.
Theresultsarepresentedin figures4.6to 4.11.
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Figure4.6: Power balanceasa functionof theinlet flow ( � í � Ü A, � í�� � mm, � í��
mm).

Experiments:cross:
ßà±V¯Má8âM«

; plus:
ßéþï®9«èÿ¬

bothaccordingto DeGraafet al. [115].

Comparingthe simulationresultswith the experimentalresultsof De Graaf and Qing in
figures4.6 to 4.8shows that:õ Thevaluesof

ßO±V¯8á8âM«
and

ßOþï®9«²èÿ¬
resultingfrom thesimulationsincludedin figure4.6com-

pareverywell with theexperimentalvalues.õ Thepredictedenergy efficiency ö , shown in figure4.7, is in thesamerangeastheexperi-
mentalvalues.õ The predictedvaluesof the dissociationdegree � (seefigure 4.8) aretoo low compared
with the valuesmeasuredby Qing and De Graaf. Of coursethe calculationof � from
the experiments,i.e. by usingequation(4.11), is not without dangerbecauseof the bold
assumptionusedin its derivation, thatatoms,ionsandelectronshave a temperatureof 1
eV. Thismaybetruein thecentreof theCA plasmafor theatomsandions(in thestandard
conditionfor r $ 1 mm),but certainlynotoutsidethatregion (seefor examplefigure4.5).
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mm). Experiments:cross:De Graafet al. [115]; diamond:Qing [116].

Whatspeaksagainstthepredicted� is that,asaconsequenceof assumingLTE in theCA,
the predicted� will probablybe too high. This is becausethe wall associationprocess& ü'&%( & © (wherethewall servesasthe third particle)is expectedto increasetheH ©
numberdensitynearthewall considerablyandthereforewill reduce� .

Concluding,asfar asexperimentalresultsareavailable,thetrendsfor thepredictedpowersand
energy efficiency aresatisfactory, exceptfor thedissociationdegree.

For anoptimal � , � and ö thefollowing conclusionscanbedrawn:õ It is difficult to determineoptimalflow conditionssinceflow hascontrastingeffectson ö
(seefigure4.7)and � , � (figure4.8).At low flow ratethepowerinputpersccs¼ ´ hydrogen
gasis maximumandthereforehighestvaluesfor � and � areachieved(flow $ 20sccs¼ ´ ).
At higherflow ratestheOhmicinput power

ßO±V¯8á8âM«
remainsconstant,whereastheheatloss

to thewall
ßéþï®9«²è ¬

decreasesslightly. Thereforehigh ö requireshigh flow rates.However,
the decreasein � is larger thanthe increasein ö , which meansthat the ion power flux,
definedas � ö ßà±V¯Má8âM« Â*) with A the areaof the outlet opening,would drop for high flow
rates.Therefore,usinglower flow rates( + � Ü sccs¼ ´ ) is moreeffective to produceions
thanhigherflow rates.õ By applyingmorecurrentweseein figure4.9thatthemagnitudeof

ßO±V¯8á8âM«
,
ßéþï®9«²è ¬

and
ßà¬®Uã

increase.However the ratio betweenthemdecreasesslightly. Thereforehighercurrent
meansahigherpower inputwithoutabetterefficiency. Nevertheless,athighcurrent� and� increase,soit is still preferableto haveahighcurrent(preferablyº 70A).õ From figure 4.10 we seethat the channelradiusshouldbe small ( $ �

mm) but not too
small, sincethe smallestpossibleradiusdependson the heatloadof the plasmachannel
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wall. This load increasessignificantly (and consequentlyö decreases)with decreasing
channelradius.It is alsoto beexpectedthatpossiblenon-LTE effectsplay a moreimpor-
tantrole for smallradii.õ Thepower neededto generateandsustaintheplasmais determinedby thearclength: the
longerthearcthemoreinputpoweris needed,asis seenin figure4.11.Combinedwith the
smallincreaseof ö for smallarclength,thearclengthshouldbechosensmall( preferably$ 25mm).

Simulationshave alsobeenperformedfor two differentconically-shapedchannelwalls and
arecomparedwith the resultsof the simulationsfor the straightarc with � í Û�ò � mm, which
we call configurationA. Thepolynomialboundaryfunctionsusedarefor configurationB: � íÛ�ò � ü Ã-, © ù�� ò Û.,�Ý andfor configurationC: � í Û�ò � ü�/ ò � , © ù Ã0,�Ý with � in mm and , í21 Â3�
the normalisedaxial coordinate(

1
is the local axial position). They areshown in figure 4.12.

Theradialtemperatureprofilesat theoutletof theCA asafunctionof normalisedradialpositionô�Â3� ³JâM« for the threeconfigurationsarecomparedwith eachotherin figure4.13. It is seenthat
theactiveplasmazonedecreasesrelatively with increasingrateof changeof thechannelradius.

Thepower balancesfor thethreeconfigurationsareshown in figure4.14.Thecharacteristic
parameters� , � and ö areshown in figure4.15. Theseresultsshow thefollowing: simulations
performedusingdifferentchannelgeometriesshow thattheheatloadof thewall decreaseswith
increasingrateof changeof thechannelradiuswhereasthe input power is almostconstant,so
that ö increases.However, � and � decreasesignificantly, � from

/#� ò � " for configurationA toÃ � òçÃ#" for configurationC, and � from Û�ò54�" to Ü�ò54�" . This impliesthatusingaconically-shaped
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arc channelis not an option unlessthe increasein the outputpower per ion is larger thanthe
decreasein theionisationdegree.ComparingconfigurationA with configurationC, � decreases
a factorof

� ò / whereasö increasea factorof Û�ò / , so a conically-shapedarc channelis not an
option.

For a CA thatprovidesoptimalconditionsmentionedabove(we have chosen:� í Û�ò � mm,� í6� � mm, � í 4�Ü A and
� í Ã�Ü sccs¼ ´ ), the ion power flux at the outlet of the CA is
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��í Û�Ü�Ü

sccs¼ ´ , � í � Ü A, � í�� � mm). Experiments:DeGraafet al. [115].

approximately� Ü MW m ¼ © ò87 Anotherideafor changingthechannelgeometryis geometrically
pinchingthe arc by usinga convergent-divergentnozzle: the plasmachannelconvergesto the
pinchlocationanddivergesafterwards.Theconsequencesof this approachfor anargonplasma
areshown by Burm et al. [42]. Theapparentresultfor anargonplasmais a significantincrease
of theionisationdegree.9

Theeffect of theexpansionof theCA plasmainto a vacuumchamberon the ion power flux is not partof the
presentstudy. It is to beexpectedthattheion powerflux of theplasmawill belowerat thedivertorplate.
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4.4.3 Sensitivity analysis

Sincethe thermalconductivity Ö «³U«®U× is the most importantparameterin the simulations,and
becausethereis someconcernaboutthevalidity of theactualvalueused,we will now focuson
the sensitivity of the characteristicparameters� , � , ö ,

ßO±V¯8á8âM«
and

ßéþï®9«²è ¬
to variationsin Ö «³U«®U× .

Themajor contribution to Ö «²³U«Æ®U× is the reactive thermalconductivity Ö~Ú , that is thecontribution
to the thermalconductivity dueto chemicalreactions(ionisation,dissociation).Thereforewe
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investigatethe sensitivity of the simulationresultson varying the heightsof the dissociation
andionisationpeakof Ö Ú . The dissociationpeakwasindependentlyincreased(decreased)by
decreasing(increasing)the neutral-neutralcollision diameter<�= by � Ü#" . The samewasdone
for the ionisationpeakby changingthe collision diameter <�> for collisions involving one or
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two chargedspeciesagainby � Ü#" . The only otherparameterthat could have someinfluence
is the thermalconductivity of the copperwall Ö@? . Thereforealsothe influenceof varying Ö@?
by � Ü#" on the characteristicparametersis investigated. Increasing(decreasing)Ö@? by � Ü#"
decreases(increases)

ßOþ�®9«èÿ¬
andconsequentlyincreases(decreases)ö (maximumincreaseis Û�ÛA"

for ö ). Varying theheightof thedissociationandionisationpeaksof Ö Ú hasa larger influence:
decreasing(increasing)thepeaksincreases(decreases)� and ö (variationin � is approximately
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� Ü#" , for ö it is
� � " ). Thevariationin � is smaller(aroundÛ�Ü�" ).

4.5 Conclusions

TheplasmasimulationmethodPLASIMO hasbeenusedto studythecompositionin ahydrogen
CA plasmaandfor finding anoptimisedCA configuration,which produceshydrogenion power
fluxes of at least10 MW m ¼ © . High ionisationdegree � , dissociationdegree � and energy
efficiency ö arerequired. It is found that for this purposethe arc shouldbe short( + � � mm)
andhaveasmallchannelradius( $ � òêÜ mm). Not toosmall,becausetheheatloadof thechannel
wall increasesandtheefficiency decreaseswith reducingthechannelradius.Theappliedcurrent
shouldbehigh( ºB4�Ü A), but nottoohighsincethenthedecreasein ö is largerthantheincreasein� . Theflow rateshouldbesmallsincetheincreasein � for low flow rateshasa largerimpacton
theion powerflux thanthedecreasein ö . Theestimatedion powerflux is � Ü MW m ¼ © for aCA
thatsatisfiestheseconditions( � í Û�ò � mm, � íB� � mm, � í 4�Ü A and

��í Ã�Ü sccs¼ ´ ), which
is above thedemandof Û�Ü MW m ¼ © . A possiblefurtherincreasein theion powerflux hasto be
found in geometricallypinchingthearc insteadof usinga conically-shapedchannelgeometry.
In conclusion,theCA presentsitself asanexcellentcandidatefor divertorexperiments.
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Modellingof aHydrogenCascadedArc
Plasmafor LocalThermalNon-Equilibrium
Conditions
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Abstract

The multi-componentfluid computationalmethodPLASIMO is usedto simulatea hydrogen
cascadedarc plasmafor local thermalnon-equilibrium(non-LTE) conditions. The resultsare
comparedwith the resultsof the LTE simulationspresentedin our previous paper[117]. It is
found that especiallyin the centralplasmaregion thermalnon-equilibriumis present,whereas
in thechannelwall region thermalequilibriumis reached.In contrastto [117], only theelectron
temperatureshows a ”sombrero”profile. Thedifferencesbetweenresultsof LTE andnon-LTE
simulationsarea resultof the assumptionsandrestrictionsof the non-LTE modelor the non-
validity of theLTE assumptionof [117]. Furthermore,it is foundthatH ó© playsa major role in
the hydrogenplasmaasan ”intermediate”species,althoughits numberdensityusuallyis very
small comparedto the numberdensitiesof the other species. Especiallyits influenceon the
numberdensitiesof H andH © is huge.Thewall reactioncoefficient D ¸ , for thewall association
process

&fü�&füFEHG ÈÈ ( & © hasa large influenceon the dissociationdegreein the cascaded
arc. DecreasingD ¸ increasesthe dissociationdegreesignificantly. Consequently, due to the
higherH densityalsotheH ó densityincreases,althoughtheeffect is muchsmallerthanfor the
dissociationdegree.

81
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5.1 Intr oduction

ThegeneralplasmasimulationmethodPLASIMO [34], which hasbeendevelopedin thegroup
EquilibriumandTransportattheEindhovenUniversityof Technology, wasusedin apreviouspa-
perto modela flowing LTE (i.e. local thermalequilibrium)hydrogencascadedarc(CA) plasma
[117]7 . An importantreasonfor the LTE assumptionis the resultof a studyof the degreeof
departurefrom equilibrium in a CA in argon as reportedin our paper[34] Å . In that paperit
wasshown thatonly at thewall a significanttemperatureinequalityof I ª Ù8Â ªKJ ù Û�L º Ü�ò � can
be found. Sincethe low massof thehydrogenatomsandmoleculesmakestheenergy transfer
from theelectronsto theheavy particlesmuchmoreeffective thanin theargoncase,it is to be
expectedthat thermalequilibriumis betterapproximatedin a hydrogenCA thanfor examplein
anargonCA.

However it wasalsopointedout in [34] that deviationsfrom the ionisation-recombination
equilibrium(Sahabalance)maybepresent.Due to thesamereason,that is the low massof H
andthusits high mobility, the H ó ions will diffusemoreeasilytowardsthe wall thanthe Ar ó
ions in a argon plasma. At the wall, recombinationwill take placeand this drain of charged
particlesmight influencetheSahabalancein the innerpartof theplasmaaswell. In general,if
thecharacteristicdiffusiontimesor transporttimesfor thevarioushydrogenspeciesaresmaller
than the characteristicreactiontimes, local deviations from chemicalequilibrium can be ex-
pected. This alsoappliesto wall association,

&�üB&�ü�EMG ÈÈ ( & © , which might disturb the
association/dissociationequilibrium. Thereforewe will studythe influenceof non-equilibrium
behaviour on the temperatureprofile, the ionisationdegreeandthedissociationdegreein a hy-
drogenCA plasmaandcompareit with theresultsof theLTE simulationsin [117].

Recently, Silakov et al. [118] presentedan extensive study on the kinetic modelling of a
flowing hydrogencascadedarc plasma. In that study the emphasiswas on the kinetic mod-
elling; for the plasmadynamicsa one-dimensionalset of hydrodynamicequationswasused.
The plasmaparameterswereassumedto be uniform over the cross-sectionof the CA. As was
alreadyshown in [117] thisassumptionis certainlynotcorrect,bothfor thetemperaturesandfor
thenumberdensities(massfractions).Thepresenceof thewall hasahugeeffecton theplasma.
Apart from actingasa cooling low-temperaturebathit will alsopresentanextensive recombi-
nation/associationlocation,having a large reducingimpacton the ionisationanddissociation
degreein the adjacentplasmaregion. The resultingdeparturefrom equilibrium canpropagate
towardsmorecentralregionsin theplasma.

From a kinetic point of view the model in the presentstudy is not asextensive as that of
Silakov andthecollisional-radiativemodelof Pigarov andKrasheninnikov [119]N ; however, the
plasmadynamicsis solvedfor anaxi-symmetricconfigurationassumingaxi-symmetricflow. In
thiswaytheradialdependenciesof theplasmaparametersandconsequentlytheinfluenceof wall
reactionsaretakeninto accountmorecorrectly.

The main assumptionsof PLASIMO are that the flow is axi-symmetric,steadyand lami-9
Chapter4 of this thesis.O
Chapter2 of this thesis.P
Pigarov and Krasheninnikov [119] developeda generalisedcollisional-radiative atomic-molecularhydrogen

model,which they appliedto a recombiningdivertorplasma.
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nar. Furthermore,the plasmais assumedto be quasi-neutral.For an extensive descriptionof
PLASIMO’s capabilitiesas well as its limitations togetherwith a descriptionof the physical
model,numericalimplementationandtheiterationprocedurewereferto Janssenet al. [34].

For acorrectdescriptionof anon-equilibriumhydrogenplasma,it is importantto includethe
rovibrationalexcitation (de-excitation)of thehydrogenmoleculein theelectronicgroundstate
H ©AIRQ ´�S óT L dueto bothelectronandheavy particleimpact.As wewill see,thepresenceof (ex-
cited)molecularstateswill notonly changethechemicalprocessesandcompositiondrastically,
it will alsooffer anefficient transferchannelfor thekinetic energy from theelectronsU �3V to the
heavy particlesU0W V . In orderto understandtheroleof someparticularstates,their presencewill
beartificially ”switchedoff”. Sofor instancewe will studya purelyatomichydrogenplasma,a
plasmawithout molecules.Comparingthis merelyacademicH plasmawith theactualH © , H ó© ,
H, H ó mixture,will give insightin therelevanceof thevariousmolecularandatomicprocesses.

Thisstudyis organisedasfollows: thehydrogencompositioncharacteristics,which involves
the hydrogenspeciesH, H ©YX , H ó andH ó© , will be discussedin section5.2. The configuration
characteristicswill be discussedbriefly in section5.3. The simulationresultsfor an atomic
hydrogenandamolecularhydrogencascadedarcplasmaarepresentedandcomparedwith results
of theLTE simulationsfrom [117] in section5.4togetherwith theinfluenceof wall reactionson
thedissociationandionisationdegree.

5.2 Composition features

Thehydrogenplasmaconsideredcontainsthesamespeciesasusedin theLTE treatmentin [117]:
H, H © , H ó , andH ó© . We do not considerH óÝ andH ¼ but will discusstheir possibleinfluencein
section5.4.3.Thefour consideredspeciesaretransport-sensitive(TS)species,whichmeansthat
transportphenomenaare importantin the correspondingmassbalances.The densitiesof the
otherspecies,the local chemistry(LC) species,directly dependon thoseof theTS speciesvia
elementarycollisionalandradiativeprocesses.Togetherwith thefour TSspecies,theLC species
canbegroupedin threequasi-separatekinetic systems:õ Theatomicsystem,involvingatomicexcitation/de-excitationandionisation/recombination

processes,discussedin section5.2.1.õ Therovibrationalmolecularsystem,involvingelectronandheavy particleassistedrovibra-
tionalexcitationof molecularhydrogenin theelectronicgroundstate,seesection5.2.2;õ Theelectronicmolecularsystem,involving H ó© processes,seesection5.2.3;

The couplingbetweenthe threesystemsis shown in figure 5.1. The completelist of included
reactionsis given in table5.1. The division in thesequasi-separatekinetic systemswill be a
guidelinein discussingthevariouselementaryprocesses.Apart from theeffect on thecomposi-
tion we will alsoconsidertheimpactof thevariousinteractionson thekinetic energy exchangeZ

In the rest of this study the hydrogenmoleculein the electronicgroundstateis denotedas H [ insteadof
H []\_^a` Scbdfe . Electronicallyexcited hydrogenmoleculesareunstable[119] andarenot separatelyincluded;H

b[
denotesthemolecularhydrogenion in theelectronicgroundstate;H denotesthehydrogenatomin thegroundstate
andH

b
representstheatomichydrogenion in thegroundstate.
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betweenU �3V and U0W V .
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Figure5.1: A schematicview of thecouplingbetweentheatomic,theelectronicmolecularand
rovibrational molecularsystem. The symbolsare explainedin sections5.2.2 and5.2.3. The
groundstateof atomichydrogen(H) is taken asenergy referencelevel. The massfractionsof
thelevelsrepresentedby dottedlinesarenotcomputedin PLASIMO but aredeterminedby local
chemistryprocesses(i.e. they areassumedto benot transportsensitive).

5.2.1 The atomic system

The influenceof the excited statesof atomichydrogenon step-wiseionisationis treatedin a
separateCollisional-Radiative (CR) model in sucha way that the productionof hydrogenions
H g canbeexpressedin theelectronnumberdensity hfi , thenumberdensityof hydrogenatoms
in the groundstate hkj
l�m and the electrontemperaturenfi . Thesequantitiesare calculatedin
PLASIMO. We usetheCR modelof Hartgerset al. [124] i in which a hybrid cut-off technique,
describedby Van der Mullen [68], is used. This reducesthe numberof excited levels in the
hydrogenatom to lAo . For the collision cross-sectionsthe formulation of Vriens and Smeets
[125] is used.Thehydrogenplasmais assumedto beoptically thin, exceptfor strongabsorption
in the Lymanseries. The chosenescapefactors p are the sameas thoseselectedby Drawin
andEmard[114] (which werealsousedto computetheradiative energy lossin [117]), namely:pMqsrut l�vxwzy , p|{sr}t l�vxw { , p y rut l�vzw q , pM~sr�t l�vxw r , pM�srut v	�5� . For all other transitions�

This is a generalisedversionof theCR modelof Benoy et al. [67].
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Table5.1: An overview of thesetof reactionsandrateswhich areusedin this studyto simulate
anon-LTE hydrogenCA plasma.Symbols: � t�� or H q ; ��t�� , H or H g .

Process Ratecoeff.
Name Reaction Reference

MI MolecularIonisation ��q��;��� � gq �;���;� [120]
CT ChargeTransfer ��qAjR�����zm��;� g�� � gq �;� [115]
DR DissociativeRecombination � gq �;� � ���;��� [120]
DEI Dissociationby ElectronImpact � gq �;� � ��g������;� [120]
EAD ElectronAssistedDissociation ��q������ �3����� [121]
HAD Heavy particleAssistedDissoc. ��q������ �3����� [121]
RVE RoVibrationalExcit. �¡ £¢ ¤¦¥�§q ��¨�� �¡ £¢ ¤q �:¨ [120, 122, 123]�ajª©�m������ � g ���0�� g �;� � �ajª©�m����

CRmodel: �«jR©�m��;��� �«jª©¬_m��;� [124]�«jª©@m � �«jR©	¬®¯©�m���°�±�«jR©�m��;°�± � �ajª©	¬²m��;°�±³�;°@±
(including free-bound)p´tµl . ThenetH g productionterm ¶K·�¸ in theatomicsystemis given
by: ¶ ·�¸ t�¹ ·�¸ hfi�jRh ·�º r ¢ g¼» h ·�¸ º g ¢ r
m (5.1)

with thecoefficient of net ionisation, º r ¢ g andof recombinationº g ¢ r (bothin m{ sw r ). The º r ¢ g
coefficient,ascalculatedwith theCR modelof Hartgerset al. [124], is shown in figure5.2. Forº g ¢ r , theformulationof Thomson[126] is used: º g ¢ r½t��x�5¾!¿Àl�v w {�Á½Ân wzy¦Ã ~i hKi , with Ânfi in eV. Due
to the assumptionthat the plasmais almostoptically thick for Lymanradiation,the ionisation
coefficient º r ¢ g is independentof hfi for hKiÅÄÆl�v rªÇ m w { . It is implementedin PLASIMO using
anArrheniuslikefit-function: º r ¢ g t´l��5È0�#ÉÊ¿Àl�v w r y Ân § Ã Ë ~�Çi �]ÌÍ�j » È	�5o�o3¾�Î ÂnKiÏm (m{ sw r ).

The line radiationis alsocalculatedwith theCR model. Theresultsareincorporatedin the
numericalmodelasanenergy losstermin theelectronenergy equation:

ÐÅÑÓÒÓÔsÕ tFh ·®Ö r��;h · ¸ Ö g (5.2)

with Ö (in W) thecoefficientof radiationgenerateddueto thepopulationof radiativestatesfrom
the groundstate( Ö r ) or ion state( Ö g ). In PLASIMO Ö r and Ö g arewritten asa polynomialof
order4: Ö t×l�v3ØKÙ]ÚÛ*ÜÞÝ with ß�j Ânfismàtâá yã ¥�§®ä ã Ân ãi with differentfit parametersä ã for different hKi .
For hKi -valuesbetweentwo polynomialfits, linear interpolationis applied. They aredepicted
in figure 5.3. Free-freeandfree-boundradiationareincludedusingthe formulationsgivenby
MitchnerandKruger[41].

An otherimportantenergy losstermin theelectronenergy balanceis theoneexpressingthe
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Figure5.2: Ionisationcoefficient º r ¢ g from theCR modelof Hartgerset al. [124] togetherwith
theexcitationrate å�q�{ , which is approximatelyequalto theionisationrateof level æçt�� .
elasticenergy transferfrom è-�3é to è0êKé , givenby:Ð ÕRÑìëîíi£ï t�hfi@ð_ñóò �-¹¼i¹ ñõô ��Kö�÷ jRnfi » nKï-mKøî±-i ñúù (5.3)

with theMaxwellian-averagedcollision frequency øÞ±-i ñHù tûh ñ ø£å�i ñMü«ù Î�j {q ö�÷ nfi¦m , where åýi ñ is
theratecoefficient for momentumenergy transferbetweenelectronsandheavy particlespecies� . Figure5.4 givesa comparisonof the ratio Æåýi ñMü ÄþÎ�jÿl�� o ö#÷ nKism (i.e. �±-i ñ Ä�Î0h ñ ) for
elasticenergy transferbetweenelectronsandargon atoms( � t ���

), electronsandhydrogen
atoms( � t%� ) aswell aselectronsandhydrogenmolecules( � t%��q ). Theratefor argon is
takenfrom NIST [69], thehydrogenratesaretakenfrom Michel et al. [127]. It is seenin figure
5.4 that at nfi��6l eV, the ratesfor hydrogenareconsiderablyhigher than the rate for argon.
Combinedwith thesmallermassof hydrogen,theelasticenergy transferfor a hydrogenplasma
will bemuchhigherthanfor anargonplasma(althoughtheelectrondensitywill belower). Using
theresultsin [34], whereanon-equilibriumargonCA plasmais considered,thissuggeststhatin
hydrogenplasmasatcomparableconditionstherelation j nKisÎ-nfï » lAm�� l will hold.

5.2.2 The rovibrational molecular system

The hydrogenmolecule-hydrogenatom coupling

ThehydrogenmoleculeH q andhydrogenatomH arecoupledwith eachothervia:
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Figure5.3: Resultsfrom theCR modelof Hartgerset al. [124]. Coefficient of radiationdueto
the populationof radiative statesfrom: top: the groundstate,Ö r ; bottom: the ion state,Ö g , as
functionof hKi for different nKi . In themodelapolynomialfit is usedfor eachhfi .� ElectronAssistedDissociation(EAD):

��q���� 	�
��	�
�
 �����;��� (5.4)
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Figure5.4: Comparisonof energy-averagedratesfor momentumtransfer¯åýi ñMü Ä�Î�j
l��5o ö�÷ nfismbetweenelectronsandhydrogenatoms(squares),electronsandhydrogenmolecules(opencir-
cles)aswell aselectronsandargonatoms(crosses).

in which H is in thegroundstate.Thereactionratesfor thecreationof excitedhydrogen
atomsarenegligible for theelectrontemperaturesfound in thehydrogenCA plasma,see
for example[120]. Thereactionratefor thereverseprocess(ElectronAssistedAssociation
(EAA)) is calculatedvia detailedbalancing.� Heavy particleAssistedDissociation(HAD) and its reverseprocessHeavy particleAs-
sistedAssociation(HAA):

��q���� ��
����
�
 ���;����� (5.5)

with � t�� , H q . In figure5.5theratesfor EAD andHAD accordingto Kruger[121] areshown,
theratefor HAA is calculatedvia detailedbalancing� .
The molecular rovibrational system

In an atomichydrogenplasma,the most importantenergy transfermechanismsbetweenelec-
tronsandheavy particlesare the energy transferdue to elasticcollisionsanddue to stepwise
ionisation/recombination.However, in a molecularhydrogenplasma,besidesthe extra disso-�

In the applicationof equation(5.5) we neglect the fact that the H � moleculecouldbe rovibrationallyexcited
[118].
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Figure 5.5: The reactionratesfor ElectronAssistedDissociation(EAD) and Heavy particle
AssistedDissociation(HAD) accordingto Kruger[121].

ciationenergy transferterm,an importantmechanismof energy transferis thatvia the internal
statesof themolecularspecies[128]; in thiscasetheRoVibrationalExcitation(RVE) of H q :

��q��:¨������» � �  ª¢ ¤q ��¨ (5.6)

with X anelectron( � ) or anheavy particlespecies(H, H g ). First, we concentrateon thevibra-
tional excitationof H q . Consideranisolatedmoleculartwo-level system,consistingof only the
groundstateandthefirst excitedstateof H q , with numberdensitiesh § and h�r , respectively. As-
sumingthatthefor- andbackwardtransitionsareinducedby è-�3é and è0êKé andthattheradiative
transitionsandtheladder-like dissociationcanbeneglected,we find for thebalanceequationofh�r that jRh § hKiÏå i§ r » h�r
hKiÏå ir § m�� � h § hKïAå ï§ r » h�rÿhKïAå ïr §�� t�v (5.7)

with hKï thenumberdensityof heavy particlespeciesH or H g .
Fromequation(5.7),theratio h�rÏÎ0h § canbeexpressedas:

h�rh § t
hKiÏå i§ r �;hfïAå ï§ rhKiÏå ir § �;hfïAå ïr § (5.8)

Since nfï is not expectedto be muchsmallerthan nKi andsince hfï�� hfi whereaså ï§ r Ä%å i§ r(comparefigures5.6and5.7) we mayassumethat hKïAå ï§ r � hKiÏå i§ r andconsequentlyalsothathKïAå ïr § � hKiÏå ir § . This impliesthatthedistribution of vibrationallevelsis almostthesameasif
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è-�3é wereabsent.Consequently, theratio h�rsÎ0h § givenin equation(5.8) is writtenas

h�rh §! å ï§ rå ïr § tF�]ÌÍ#" »%$
ü ¤ Ò'&§ rö�÷ nfï)( (5.9)

meaningthatthevibrationaltemperatureequalstheheavy particletemperature* . Thelaststepin
equation(5.9) is basedon theprincipleof detailedbalancing(DB) appliedto theheavy-particle-
inducedforward and backward processes.For the energy transferfrom è-�3é to è0êKé via this
moleculartransitionwe thenfind thatÐ,+ ¢ § riÞï t jRh § hfiså i§ r » h�r
hKiÏå ir § m $ ü ¤ Ò'&§ r (5.10)

t hfiÏh § å i§ r $ ü ¤ Ò'&§ r "�l » �]ÌÍ.- » $ ü ¤ Ò'&§ rö�÷ nfï � $ ü ¤ Ò'&§ rö�÷ nfi0/ ( (5.11)

whereDB for the electron-inducedprocessesprescribesthat å ir § Î3å i§ r tµ�]ÌÍ�jÞ� $ ü ¤ Ò'&§ r Î ö�÷ nfism .Anticipatingon theassumptionthat jRnfi¦Î-nfï » lAm1� l we canusethefollowing approximation:�]ÌÍ�j »32 m  l »42 , with 2 t $ ü ¤ Ò'&§ r j r576 Û98 » r576 Û Ü m . Herewith equation(5.11)reducesto:

Ð + ¢ § ri£ï tFhKi
h § å i§ r;: $ ü ¤ Ò'&§ r=< q ò l
ö�÷ nfï »

l
ö�÷ nfi ô (5.12)

Until now we only consideredthe first vibrationalstatesof H q . However, the otherstepwise
vibrational transitionsmight alsobe of importance[129]; we considerhereonly singlevibra-
tional transitions,thatis $?> t2l . An expressionfor thetotalvibrationalenergy transferbetween
electronsandheavy particlesis derivedassumingthat theratio of numberdensitiesfor consec-
utive transitionsareequal,that is h�rÏÎ0h § t×hKq]Î-h�r t�hK{]Î0hfq�t � �_� �_�útA@ , that the vibrational
energy spacingis constant,i.e. $ ü ¤ Ò'&§ r t $ ü ¤ Ò'&rªq t��_� ��t $ ü ¤ Ò'& t v	�5o0�zoCB eV andthat the rate
coefficientsareequal.Thisgives:Ð ¤ Ò'&iÞï  hKi
h § å i§ rED $ ü ¤ Ò'&9F q ò l

ö�÷ nfï »
l
ö�÷ nKi ô

ll » @ (5.13)

wherewemadeuseof theassumptionthat l½�4@a�G@ q �4@ { �¯� �_�xt2lAÎ	j
l » @Km , which is valid for@}�l . Thisconditionis fulfilled sinceh § Ä�h�r .
A similarapproachcanbeusedfor therotationalexcitation,exceptthattherotationalenergy

spacingcannot beassumedto beconstant.In fact, $ ü  IHKJã ¢ ã g q t jR�ML®�'¾�m ü  NHKJ with therotational

energy constant Âü  NHKJ tOBx� o0�¡¿ýl�v w { eV [130] and L thenumberof therotationallevel. Becauseof
thesamereasonsasthosegivenabovefor thevibrationalexcitation,wemayalsoassumethatthe
rotationaltemperaturenQP equalstheheavy particletemperature.The rotationalenergy transferÐ  NHKJiÞï betweenelectronsandheavy particlescannow bewrittenas:Ð  IHKJi£ï  ð ã hfiÏh ·R ¢ Ñ å iã ¢ ã g q�D jª�ML	��¾#m ü  NHKJ F q ò l

ö�÷ nfï »
l
ö�÷ nfi ô (5.14)S

Normally it is assumedthat for low pressurethe relationsTMU3VWT � and TMX;VWTMY hold, with TMX the rotational
temperature(which we will uselater); for higherpressurewe madeplausiblethat the relation T U VZT X V[T Y is
moreappropriate.
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Figure5.6shows theratesfor four rotationalexcitations( L t�v � � , l � � , � � � and � � o )
accordingto Englandet al. [131] and two vibrational excitations( > t v � l and v � � )
accordingto Morrison et al. [122] andJanev et al. [120], respectively. It canbeshown from a
comparisonof theelasticenergy transfergivenin equation(5.3)with

Ð ¤ Ò'&iÞï (equation(5.13))andÐ  NHKJiÞï (equation(5.14)) that
Ð ¤ Ò'&i£ï and

Ð  IHKJi£ï aremoreefficient than
Ð ÕRÑìëîíiÞï in the hydrogenplasma

considered.
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Figure5.6: Thereactionratesfor rotationalexcitation( L�tÆv � � , l � � , � � � and � � o )
accordingto Englandet al. [131] andvibrationalexcitation( > t�v � l and v � � ) according
to Morrisonet al. [122] andJanev et al. [120], respectively, of themoleculeH q dueto electron
interaction.

5.2.3 The electronic molecular system

Themolecularion H gq is formedvia:� MolecularIonisation(MI): ��q����]\_^» � � gq �;�|��� (5.15)

The reactionrateis taken from Janev et al. [120]. The reverseprocessis alsotaken into
account;its rateis calculatedusingDB.� ChargeTransfer(CT): ��q-j �c���zm���� ga`cb» � � gq ��� (5.16)

wherethereactionratefor CT is takenfrom DeGraaf[115]. Theionisationenergiesof H g
andH gq are l��	�5o3È#o eV and lAo� �z��� eV, respectively, so that theCT reactionis mostlikely
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Figure5.7: The reactionratesfor rotationalexcitation ( LÅt v � � and l � � ) accordingto
Phelps[123] of themoleculeH q dueto heavy particleinteraction.

to take placevia the H q moleculein the vibrationallevel > tµ� ( l��5É3È eV)ï . We assume
a Boltzmanndistribution over thevibrationallyexcitedstatesof H q , which is ruledby the
vibrationaltemperaturen + , which almostequalstheheavy particletemperaturenfï aswas
shown in theprevioussection:

h ·�dR t'h JIHKJ·�RWe +Ð JNHKJ+ �]ÌÍ " » ü j > mö�÷ nfï�( (5.17)

with h JNHKJ·R thetotalnumberdensityof H q in theelectronicgroundstate.This is aTSspecies
in PLASIMO, which meansthat it is calculatedby solving its massbalance.The vibra-
tionalpartitionfunction

Ð JNHKJ+ of H q is givenby [132]:

Ð JIHKJ+ t +gfMhjið+ ¥�§ e j > m	� ÌÍ�" »
ü j > mö�÷ nfï ( (5.18)

with >lk ënm t üpo ÒÓí í Î ü ¤ Ò'& tþl�� , üpo ÒÓí í is thedissociationenergy of H q and
ü ¤ Ò'& is thevibra-

tionalenergy spacing,which is assumedto beconstant.In amoreaccuratedescription,the
energy of vibrationallevel > is givenby:

ü j > mMtrq�s i.j > »t2 > q m (in J) with thevibrational
constantsfor H q [130] s i½t��3����È cmw r and 2 t�oCB�Î��3���3ÈÅt�v	�8v#�0��� .Y In principlealsoH � moleculesin vibrationallevels u1Vwv and u1Vyx arepossible,if they arerotationallyexcited

or if they havehigherkinetic energy. This impliesthattheCT reactionrateincreases.
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TheMI andCT ratesaredepictedin figure5.8.
TheH gq molecularion is destroyedvia:� DissociativeRecombination(DR):

� gq �;�{z�» � ����� � r w}|» � ����� g �;�|» � ����� (5.19)

If H gq is not rovibrationally excited, then the highestreachablehydrogenatomlevel H �
is that with principal quantumnumberæ�t � ( l�v	�5� eV)~ . A branchingratio is usedfor
the two follow-up reactionsdenotedby l »O� (for reaction �����´� � ��g � �-� ) and� (for reaction � ��� �«j
l�m��´°�± ). The chancefor the ionisationof H � is l »]� thfisåýq ~ Î�jRhKiÏå�q ~ �;p|qsr���qsrsm andthechancefor (radiative) recombinationto thegroundlevel
is � tBp|qsr���qsrsÎ	jªhKiÏå�q ~ ��p|qsr7��qsrÏm . Herein åýq ~ representstheionisationratefor the æ�tB�
level of thehydrogenatom. This is not thedirect ionisationratefrom � � � but should
be a combinationof stepwiseexcitation rates,which is dominatedby å�q�{ . This rate is
calculatedusing the Vriens formulae[125] and is fitted with an Arrheniusfit: åýq�{Àtl���B��0�u¿�l�v w rª{úÂnKi § Ã {�Á �]ÌÍ�j » l��8É3�zÎ Ânfi¦m (m{ sw r ). It is shown for comparisonin figure 5.2
togetherwith theeffective ionisationrate º r ¢ g from theCR model. Theescapefactorfor
radiative decayto theH groundstateis takenas p|qsrútþl�v wzy , and ��qsrút´���8¾�È�Èý¿;l�v Ç sw r
is the transitionprobability. For hKi�� l�v q § m w { and åýq�{�t l�vxw rª{ m{ sw r (at Ânfi  l eV), the radiative branchcan be neglectedcomparedto the ionisationbranch,sincep|qsr���qsrsÎ�jRhKiÏå�q�{]m  o«¿ l�v w { . However, in outerplasmapartswherenKi is smallerand p|qsr
is larger, the branchingratio andconsequentlyalsothe energy transferwill be different.
Theenergy gain/lossof thevariousspecies,dueto reaction(5.19),is asfollows:

Ð z�i t » jÿl »4� mÿhKi
h · ¸R å z� $ ü r w}| »t� hKi
h · ¸R å z� � � ö�÷ nfi (5.20)Ð z�ï t � hKish · ¸R å z� $ ü | (5.21)Ð z�ï�� t � hKish · ¸R å z� $ ü rªq (5.22)

with $ ü r w}| t�j
l�v� ���õ��5��È�o�m » j
l�o�8�#��� » ��� �}B3¾#m�t���8¾3�#È eV, $ ü | t�j
lAox�8�z�3� » ���8�MB3¾#m »l�v� �Åt�v	��B0�#¾ eV, $ ü rªqút´l�v	� � eV.
The electronicmolecularsystemhasnot only a large influenceon the composition,but
also on the radial electrontemperaturedistribution, in spite of the small concentration
of H gq . As we will seein section5.4, without inclusionof the H gq reactions,especially
the charge transferreaction(5.16), the ”sombrero”profile suchasobserved in the LTE
hydrogensimulationsin [117], will notbepresentin thenon-LTE simulations.� Dissociationby ElectronImpact(DEI):

� gq ��� z�� ^» � � g ������� (5.23)�
It wasshown by Mitchell [133] thatfor vibrationallyexcitedH �� theH � atomswill bepredominantlyin ��Vwx

or above.
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Figure5.8showsthedestructionratesfor DR andDEI accordingto DeHaanetal. [134] and
Janev et al. [120], respectively. As onecansee,themostdominantreactionis DR, especiallyat
low energies. We will seelater thatboth ratesaremuchhigherthanall otherreactionratesin a
hydrogenplasma.
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Figure5.8: The reactionratesfor destructionof H gq : Dissociative Recombination(DR) [134]
andDissociationby ElectronImpact(DEI) [120] andproductionof H gq : MolecularIonisation
(MI) [120] andChargeTransfer(CT) [115].

5.2.4 Transport coefficients

Theelectronthermalconductivity �@i is calculatedusingFrost’s mixture rules[57]; theelectric
conductivity � is calculatedconform the self-consistentset of the Stefan-Maxwell equations,
which is explainedin chapter3 of this thesis. The frozen part of the heavy particle thermal
conductivity �@ï ¢ � andthe viscosity � arecalculatedwith the mixture rulesgiven by Mitchner
andKruger[41]. In contrastto [117], thereactivepartof theheavy particlethermalconductivity�@ï ¢ P is not includedin thethermalconductivity calculation.Instead,it enterstheheavy particle
energy balanceasa reactiveheatsourceterm,seesection5.2.5.
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5.2.5 Sourceterms

Themassproductiontermsof thespeciesin themassfractionbalancesarecalculatedfrom the
reactionsgivenin sections5.2.1- 5.2.3andaregivenby:

¶ ~ t�¹ ~ ð 5 �����5 ¢ ~ » � ÷5 ¢ ~ ���� å �5p��� h�����7� �� » å ÷5 ��� h � 6 ��� �� ��
(5.24)

with
� 5 ¢ ~ thestoichiometriccoefficient of species� in reactionö ; thesuperscript� and � denote

theforwardandbackwardprocess,respectively; å is thereactionrate.
In the momentumbalanceof the mixture, the influenceof the generatedmagneticfield  ¡ , ¢9£ ¿  ¡ , is includedasfollows:

 ¤}¥=¦ �  ¢ £ ¿§ ¡ � t v (5.25) ¤ P ¦ �  ¢ £ ¿§ ¡ � t » l� � §�¨ òa©ªE« q ô q (5.26)

whereit is assumedthat the currentdensity  ¢ £ t © Î�j ª¬« q m is uniform over the cross-section
of the CA; « is the radiusof the arc channel,© is the appliedcurrentand � § is the magnetic
permeabilityof vacuum.

In the electronenergy balancethe following sourcetermsare included: the Ohmic input
power, the radiationlosses,the elasticenergy transferbetweenelectronsand heavy particles
andthe reactive heatsourceterm. For calculatingthe elasticenergy transfer(equation(5.3)),
thecross-sectionsfor momentumtransferbetweenelectronsandneutralsH andH q (usedin the
collision frequency) are needed;they are taken from Michel et al. [127]. The radiationloss
termis conform[117] with thefree-freeandfree-boundcontribution accordingto Mitchnerand
Kruger[41] andtheline radiationconformsection5.2.1for anoptically thin plasma,exceptfor
a strongabsorptionin the Lymanseries.The HAD (HAA) andCT reactionsareaddedin the
reactiveheatsourcetermin theheavy particleenergy balance.

5.3 Configuration features

5.3.1 Plasmasourceand geometry

Theusedplasmasourceis thewall-stabilisedcascadedarc(CA) [61,62], andis alreadydiscussed
in [117]. Wewill focusonthe”standardconfiguration”,astraightCA channelwith radius« t��
mm,length :t���o mm,current© t�o0v A andinlet flow ® t2l�v�v sccsw r .
5.3.2 Boundary conditions

The boundaryconditionsthat areappliedon the non-LTE hydrogenCA plasmaarepartly the
sameasin [117] andarelistedin table5.2below.
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Table5.2: Boundaryconditionsappliedto the non-LTE hydrogencascadedarc plasma. The
pressureis æ ; ¯ ¥ and ¯�P aretheaxialandradialvelocitycomponents,respectively; nfï and nfi are
theheavy particleandelectrontemperature,respectively; ° ~ is themassfractionof species� .
Par. Inlet Outlet Axis Channelwall

æ ±�²± ¥ t´³ ±�²± ¥ tµ³ ±�²± P tFv ±7²± P t�v¯ ¥ ¯ ¥ t¶¯ k ënmÒÓÔ · l » � P¸º¹ » � q½¼ ¯ ¥ t¾¯ k ënmHg¿ÀJ · l » � P¸�Á�ÂnÃ � ~½¼ ±�ÄÆÅ± P t�v ¯ ¥ t�v
¯ÇP ¯ÇP|t�v ±�ÄÆÈ± ¥ t�v ¯ÇP|t�v ¯�P|tFv
nfï nfï t'nfï ¢ ÒÓÔ ± Û 8± ¥ tFv ± Û 8± P t�v ��ï ± Û 8± P tÊÉÆË j Û h�Ì w Û98 � Ë m¸ ÑÓÔ jÆÍ ¸ÏÎ ËÍ m
nfi nfi�t'nfi ¢ ÒÓÔ ± Û*Ü± ¥ t�v ± Û*Ü± P tFv ± Û*Ü± P t´³° ~ Ð=ÑÓÒÏÑá � Ð � Ò � ±�Ô Ñ± ¥ tFv ±�Ô Ñ± P t�v  Õ ¦ � ¨ ° ~  Ö �  × ~ � t « ~ Õ ¦  × ~ tFv
Par. Value Par. Value® l�v�v sccsw r nfi ¢ ÒÓÔ �3v�v3v K� ·�R v�5È�È n ëKØ �#�3v K� · v�5v�v3È �Ù ��¾�v W m w r K w r� · ¸ v	�8v�v�v3È « � mm� · ¸R v	�8v�v�vl Ú�Ù lA� mmnfï ¢ ÒÓÔ �3v3v�v K

As explainedin [117] themaximuminlet velocity at theaxis, ¯ k ënmÒÓÔ , is dictatedby themass
flow andmassdensityat the inlet. Theplasmaexpandssupersonicallyin a vacuumchamberat
low pressure;in theoutletplaneat Û tÆv thevelocity ¯ k ënmHg¿ÀJ is determinedby theMachnumber
valueof one(see[34]). A constantaxial componentof thepressuregradientis assumedat inlet
andoutlet. Thevalueof thesegradientsaredeterminedduringtheiterationprocess.Theheavy
particletemperatureat the channelwall, nfï ¢ Ù , is determinedfrom the equalityof the heatflux
from theplasmato thewall andtheheatflux from thewall to thecoolingwater( Ú�Ù is thedistance
betweenchannelwall andcoolingwater, thetemperatureof thecoolingwateris n ëKØ ). At theinlet
thecompositionof thehydrogenmixture is fixed,with fractions � ~ of the total inlet flow ® for
eachindividual species� (i.e. the inlet flow of species� is definedas ® ~ t§� ~ ® ). The fractions
aregiven in table5.2. At the wall, the total massflux of species”i” perpendicularto the wall
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mustequalthe net massflux « ~ dueto productionor consumptionof the speciesat the wall:« ~ tÆ¹ ~ j�Ü Hg¿½J~ ¢ Ù » Ü ÒÓÔ~ ¢ Ù m with Ü ~ ¢ Ù theflux (in m w q sw r ) describingthegainor lossof species� at
the wall Ý . It is dependenton the wall reactionprobability @ ~ (no sticking is assumed)andis
describedin chapter2 of this thesis.Wall reactionprocessescanplay an importantrole in the
plasmachemistry, aswasshown in earlierstudieslike [16, 135, 136, 137, 138,139]. Thewall
reactionprocessesincludedin this studyarelistedin table5.3.

�
Table5.3: Thewall reactionprocessesincludedin this study.

Reactingspecies Reactants�;�ZÞ1ßCàNà � rq ��q� g �ZÞ1ßCàNà � �� gq �ZÞ1ßCàNà � ��q
The reactionprobabilities @ · ¸ and @ · ¸R for ionic neutralisationat the wall areassumedto

be1, thewall reactioncoefficient @ · for thewall associationprocessof H dependson thewall
temperature,thewall materialandthesurfaceconditionsof thewall. For example,passivation
of thesurfaceof thewall hasa largeinfluenceon @ · : themoremonolayersaredepositedon the
wall, thelowerthe @ · . Consequently, in theliteraturedifferentvaluesof @ · canbefound,ranging
from approximatelyl�v w { to l [135, 141, 142,143,144, 145]. Therefore,we will investigatethe
influenceof @ · on the dissociationdegreein the arc, by varying @ · in the range l�vxw { to v	�5o .
Since @ · is materialdependent[135], thedensitiesof H andH q canbevariedby changingwall
materials.Consequently, alsothe ionic speciesdensities,which areinfluencedconsiderablyby
theresultingH andH q concentrations,arechanged.This providesanalternativemechanismfor
optimizingtheCA asanion source.Thiscouldbethetopic of a follow-upstudy.

5.4 Results

For all numericalsimulationsperformedin this study we usethe standardconfiguration,de-
scribedin section5.3. We first considertheresultsof thenumericalsimulationof a pureatomic
hydrogenplasma,consistingof speciesH, H g and � . Theradialtemperaturedistributionsof the
electronsandthe heavy particlesaredepictedin figure 5.9. As onecanseein figure 5.9, the
temperaturedistributionsfor an atomichydrogenplasmahave thesameshapesasthosefor an
argonCA plasma,presentedin [34]. Theradialdistributionsof themassfractionsof H andH g
areshown in figure 5.10. The reactioncoefficient for ionic neutralisationat the wall is taken@ ·�¸ t l��8v . The maximumH g densityat the channelaxis is �	�5É�¾c¿�l�v qsr m w { , the ionization
degreeat theoutletis á tFÈ	�5ocâ . In theintroductionwearguedthattheelasticenergy transferin
a hydrogenplasmais moreefficient thanin anargonplasma.However, in figure5.9we seethatã

The relaxationof vibrationally excited hydrogenmolecules,H U� , at the wall, which may be of importancein
low-pressuredischarges(�åäçæéè�ê Pa) [118, 140], is neglectedhere.This would decreasethedissociationdegreein
thearc.
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the differencebetweennfi and nfï for hydrogenis higherthanfor argon (for thosetemperature
profiles,see[34]). Thisseemsto bein contradictionwith theanalysisof theelasticenergy trans-
fer. Theansweris found in thehigherthermalconductivity andhigherdiffusioncoefficientsof
hydrogen.

Now theresultsfor a molecularhydrogenplasma,consistingof speciesH q , H, H g , H gq and� , will begiven.Theradialprofilesof temperaturesandmassfractionsareshown in figures5.11
- 5.12with charge transferincludedand5.13- 5.14without charge transfer. As onecanseein
figures5.11and5.12in thecentralregion, we mainly have anatomicsystem,with differences
betweennKi and nKï in accordancewith the pureatomichydrogenplasma. In the outer region
of theplasma,we have mainly a molecular/atomicregion, ruledby theassociation/dissociation
equilibriumandtherovibrationalexcitationvia heavy particlecollisions. In this region thermal
equilibriumexists.

If we comparethe resultsof the non-LTE hydrogensimulationswith the LTE simulations
performedin [117] weobserve thefollowing:� Althougha ”sombrero”profile is seenin thenon-LTE simulations(figure5.11), it is not

aspronouncedasin the resultsof the LTE simulations. The heavy particle temperature
profile is not sombrero-like.� It provesthatthermalnon-equilibriumexists in thecentralregion, conforma pureatomic
hydrogenplasma. Due to the efficient rovibrationalenergy exchangebetweenelectrons
andhydrogenmolecules,in theouterpartof theplasmaalmostthermalequilibriumexists.� Onehasto keepin mindthatthedescriptionof thenon-LTE hydrogenplasma,aspresented
here,is far from accurate.First of all, assumptionsweremadeon therovibrationalexcita-
tion,whereamongstotherstheinfluenceof stepwisedissociationwasneglected.Secondly,
not all the reversereactionsareincludedin the model(for examplethe reversereactions
of DR andDEI). Consequently, theLTE simulationspresentedin [117] cannot beexactly
reproducedby thenon-LTE simulations.

The large influenceof thecharge transfer(CT) reaction(5.16)on thesimulationsis clearly
seenby comparingfigures5.11 - 5.12 with 5.13 - 5.14. Without CT a parabolictemperature
profile is seen,whereasCT induceda ”sombreroprofile”. Comparingfigure 5.12 with 5.14
shows thatH gq is a very importantintermediatespeciesin thehydrogenplasma.Note thehuge
influenceon the atomichydrogenandmolecularhydrogenmassfraction. The effect of H gq is
alsoseenclearlyin theenergy managementby comparingfigure5.11with 5.13;H gq introducesa
sombreroin especiallynfi . This provesthatalthoughthenumberdensityof H gq is small,it plays
amajorrole asan”intermediate”speciesin thecompositionandin theenergy management.

5.4.1 Influenceof the wall reactioncoefficient ëEì
Theeffectof thewall reactioncoefficient @ · (whichwasdiscussedin section5.3)on thedissoci-
ationdegreeí andionisationdegreeá , areshown in figure5.15

5
. With decreasing@ · , themass

fraction of H increasesandconsequentlyalsothe massfraction of H g increases.The result is
thatboth thedissociationdegreeandionisationdegreeincrease,althoughthe increasein á is aî

Theexactdefinitionsfor ï and ð aregivenin chapter4 of this thesis.
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Figure5.9: Theradialtemperaturedistributionof theelectrons(squares)andtheheavy particles
(opencircles),at ñat2l3l��5É mm,for anatomichydrogenplasma.
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Figure5.10: The radialmassfractiondistribution of H (squares)andH ò (opencircles)at ó#ôõcõ �÷ö mm,for anatomichydrogenplasma.

marginal one: from ö��öMø at ùºúZôÊû�ýü to
õ û	� õ ø at ù�úGô§û	�÷ûcû õ . An accurateknowledgeof the

wall reactioncoefficient ùºú is thereforeanecessityto performrealisticsimulations.
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Figure5.11: The radial temperaturedistribution of theelectrons(squares)andtheheavy parti-
cles(opencircles),at óWô õcõ �÷ö mm, for a molecularhydrogenplasma,with charge exchange
included.
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Figure5.12:Theradialmassfractiondistributionof H þ (squares),H (opencircles),H ò (crosses)
andH òþ (down triangles)at óGô õcõcÿ ö mm, for a molecularhydrogenplasma,with charge ex-
changeincluded.
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Figure5.13:Theradialtemperaturedistributionof theelectrons(squares)andtheheavy particles
(opencircles),at ó!ô õCõcÿ ö mm,for amolecularhydrogenplasmawithoutchargetransfer.

0.0 0.5 1.0 1.5 2.0
0.0

0.2

0.4

0.6

0.8

1.0

H

H
2

H
+
 x 10

H2

+
 x 10

6

 

 

M
as

s 
fr

ac
tio

n

Radial position (mm)

Figure5.14: Theradialmassfractiondistribution of at ó ô õCõcÿ ö mm, for a molecularhydrogen
plasma,withoutchargetransfer. Markersconformfigure5.12.

5.4.2 Anomalousrecombinationin a hydrogenplasmajet

Rovibrationallyexcitedhydrogenmoleculescancauseananomalousfastrecombinationof H ò
in anexpandinghydrogenplasmajet

�
. aswasshown by De Graaf[10]. Thechainof reactions�

A hydrogenplasmacreatedin a cascadedarc is expandingin a vacuumchamberat low pressure.Theexperi-
mentalset-upusedby De Graaf[10] is comparableto thedepositionset-upin figure6.1 in chapter6.
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Figure 5.15: The dissociationdegree
�

and ionisationdegree � as function of wall reaction
coefficient ùºú for amolecularhydrogenplasma(standardconfiguration).

thatleadsto this lossof H ò is formedby chargetransfer� :� ò�� �
	��þ� � � � òþ (5.27)

followedby dissociativerecombinationvia:� òþ ���  � � ���
(5.28)

According to De Graaf, for low ionisationdegreeanotherdissociative recombinationchannel
will bedominantover reaction(5.28),namely:� òþ � � þ  � ò� � �

(5.29)

followedby: � ò� ���  � � � � �
(5.30)

or: � ò� ���  � 	��þ � �
(5.31)

The reactionratefor dissociative recombinationof H ò� (5.31) is probablyof thesameorderof
magnitudeasthe ratefor dissociative recombinationof H òþ , reaction(5.28) [146]. De Graaf’s
argumentfor this alternative dissociative recombinationchannel,was that massspectrometry
measurementsshowed a significantamountof H ò� anda total absenceof H òþ [115]. Both the�

Note that the hydrogenmoleculeshave to be rovibrationally excited, since the charge transferreactionis
endothermic.
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dissociative recombinationchannels(via H òþ andvia H ò� ) arevery effective. Notethattwo- (i.e.
radiative)andthree-particlerecombinationcannotaccountfor theexperimentallyobservedloss
of H ò (in therangeof threeto four ordersof magnitude),sincethesereactionsaretooslow.

Thenumericalsimulationspresentedin thisstudy, suggestthattheamountof H þ in theouter
plasmaregion is sufficient to quenchcompletelythe H ò emanatingfrom the CA, without the
necessityof formationof rovibrationallyexcitedH þ at thewalls of thevacuumchambervia the
reaction

� � ��������� �"!$# � �&%  � 	��þ �'� � �$��!$# � �(%
followed by re-entryinto the plasmabeamvia

recirculationanddiffusion.

5.4.3 Influenceof H )* and H +
The molecularion H ò� andthe negative ion H , arenot includedin the numericalsimulations.
Remainsthe possibleinfluenceof H ò� andH , on the plasmabehaviour in the arc. The outer
plasmaregion nearthechannelwall is theonly regionwhereH òþ is significantlypresent.This is
alsotheonly regionwhereH þ is thedominantspecies.Thissuggeststhatapartfrom thedissocia-
tive recombinationof H òþ (reaction(5.28)),alsotheformationof H ò� by reaction(5.29)is a real
possibility. TheH ò� molecularion is thendestroyedvery fastvia thedissociativereactions(5.30)
and(5.31),seesection5.4.2. Especiallyin the outerplasmaregion H ò� canplay an important
role,sincein thatregion -�ú�.0/ -21 sothatreaction(5.29)will bedominantover reaction(5.28).

We thenhaveanextra mechanismto removeH þ from theplasma(evenwhenreaction(5.31)
is dominant,the formedH 354þ will mostlikely dissociate,so that effectively oneH þ moleculeis
removed from the plasma).As a result,the dissociationdegreewould becomehigherthanthe
valuesfoundin thepresentstudy.

Thenegative ion H , is formedvia dissociativeattachment:� 	��þ ���76  � � � , (5.32)

wherethe hydrogenmoleculeshouldbe vibrationally excited to at least 8rô ö [147]. This
reactioncantakeplaceonly in theouterplasmaregiondueto thelackof H þ in thecentralplasma
region. Thenegative ionsrecombinefast(justasH òþ andH ò� ) 9 :� , � � ò 6  ���:� � �

(5.33)� ,;� � òþ 6  � �:� � � þ (5.34)

whereH
�:�

denotesahighlyexcitedhydrogenatom(<>=�? ). In thiswayalsoahydrogenmolecule
is removedfrom theplasma,sothatthedissociationdegreeincreases.@

To comparetheimportanceof thedifferentrecombinationreactionswegivethereactionrates(for atemperature
of 2000K) cf [147]:

reaction rate(in mA sBDC )
(5.19) EGF�E HIBDC'A

(5.30,5.31) JKF�E HIBDCML
(5.33) N0F�E HIBDCML
(5.34) N0F�E H BDC'A
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For bothspecies(H ò� andH , ) thesameargumentsholds: thedissociationdegreeincreases
(removal of H þ ) andtheionisationdegreedecreases(ionsareremoved).Consequently, thelow-
temperatureshoulderof the”sombrero”movestowardstheaxis.Theinfluenceof H ò� andH , on
theresultsof thesimulationscanbeapartof futurestudy.

5.5 Conclusions

In this chapterresultsof PLASIMO simulationsfor a hydrogencascadedarc plasmaat non-
LTE conditionsarepresented.It is shown that the non-LTE simulationsdo not reproducethe
resultsof theLTE simulationspresentedin [117]. Especiallyin thecentralplasmaregionthermal
non-equilibriumis present,whereasin theouterplasmaregions,nearthechannelwall, thermal
equilibriumis reached.Thepronounced”sombrero”profile asfoundin [117] is reducedto only
a slight thermalconstrictionfor the electrons,whereasfor the heavy particlesno ”sombrero”
profile is observed. Thereareseveralreasonsfor thedifferencesbetweentheresultsof theLTE
andnon-LTE simulations.Firstly, themostlogical reasonis thatit is notallowedto usetheLTE
assumption,especiallyat the low pressuresin thehydrogenCA. Secondly, thenon-LTE model
is far from completebecauseof severalassumptionsandrestrictions.For example,assumptions
weremadeon the rovibrationalexcitationsandseveral forward reactionsarenot balancedby
backward reactions.Furtherimprovementof thenon-LTE modelis necessaryto performmore
accuratenon-LTE simulationsandto judgeif theLTE assumptionfrom [117] is allowed.If more
processesareincluded,it is to beexpectedthat theresultsof thenumericalsimulationswill be
closerto thosefoundin theLTE simulations.

The major role of H òþ asan ”intermediate”speciesin the hydrogenplasmais madeclear.
Although thenumberdensityof H òþ in a hydrogenplasmais very small comparedto thenum-
ber densitiesof the otherspecies,neglectingthe reactionsinvolving H òþ (especiallythe charge
transferreaction),changestheprofilesof themassfractionsof thespeciesdrastically, especially
thoseof H andH þ .

The wall reactioncoefficient ùºú , for the associationof 2 H at the wall to H þ hasa large
influenceon the dissociationdegreein the CA. Decreasingù�ú from û ÿ ü to û ÿ ûcû õ increasesthe
dissociationdegreefrom ODPMø to öcûMø . Consequently, dueto thehigherH density, alsotheH ò
densityincreases,althoughtheeffect is muchsmallerthanfor thedissociationdegree. To find
realisticvaluesof thedissociationdegree,anaccurateknowledgeof ùºú is required.
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Abstract

The plasmasimulationmethodPLASIMO is validatedby the commercialcodePHOENICS
CVD, by simulatinganon-reactiveargon-silanegasmixturein adepositionchamber. Theagree-
mentof theresultsis very good,with thebehaviour of thepressureat theinlet beingcomputed
moreaccuratelyby PLASIMO thanby PHOENICSCVD. Themoreapproximatedescriptionof
thermaldiffusion,usedby PLASIMO, givesreasonableresultswhencomparedwith theresults
of PHOENICSCVD.

Validationof PLASIMO by experimentaldatais performedby simulatingan argonplasma
in a depositionchamber. The comparisonof simulationandexperimentis rathergood if the
principle of an expansionangleof O}üSR is not applied,althoughmore experimentalpointsare
neededto validatein detailthesimulatedtemperatureandvelocityprofiles.

6.1 Intr oduction

In modernsocietythereis a growing interestin new materials,which increasesthe needfor
surfacetreatmentanddepositiontechniques.Typical applicationsarethe productionof fibres

105
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[9] andsolarcells [7]. In bothapplicationsdepositionprocessesplay an importantrole. High-
quality, well-definedandreproduciblelayerpropertiesarerequired,while from an economical
point of view, ahigh throughputandlow costsarerequired.

Thereareseveral techniquesto depositmaterial. On theonehandwe have theplasma-less
chemicaldepositiontechniqueslikeevaporation,beamsputteringandChemicalVapourDeposi-
tion (CVD). FromthesetechniquesCVD is generallyconsideredto bethemostpromising[148].
It is capableof producinguniformfilms with relatively highgrowth rates( typically û ÿ ü nms, Q )
with goodcontrolof film structureandcomposition.Basically, moleculescontainingtheatoms
which have to be depositedare introducedasa gasinto a depositionchambercontainingthe
substrateonwhichdepositiontakesplace.Chemicalreactionsin thegas-phaseaswell assurface
reactionson thesubstrateoccur, with film depositionasa result. The energy requiredto drive
thechemicalreactionsis essentiallythermal.

On the otherhandwe have the plasmatechniques,oneof themis PlasmaEnhancedCVD
(PECVD),which mostlyusesRF-plasmas[6]. Anothertechniqueis thatof remoteplasmade-
position in which the plasmacreatedat oneposition is transportedtowardsthe substrate.In
thegroupEquilibrium andTransportin Plasmasat EindhovenUniversityof Technology(EUT),
a remoteplasmadepositiontechniqueis used: the ExpandingThermalPlasma(ETP) process
[7, 8, 149] in which a DC operatedcascadedarccreatesa high-flow (argonor argon/hydrogen)
plasmaof highionisationdegree(typically ü 6 õ ûMø ) whichexpandssupersonicallyinto adeposi-
tion chamberat low pressure( T õ ûcû Pa). In thechamberthegases(e.g.silane:SiHU ) areinjected
into theplasmavia aninjectionring. Dueto a chainof elementaryprocesses,mainly consisting
of hydrogenabstractionandthecombinationof chargetransferanddissociative recombination,
the plasmabreaksdown the molecularbondsin the gases.The plasmaflow actsasa carrier,
which transportsthe remainingproducts(radicalsandions) towardsthesubstrate.In this way,
anorderof magnitudehigherdepositionrates(typically

õ û nm s, Q ) canbereachedcomparedto
CVD [7].

To understandthe depositionmethodbetterso that an optimisationof the depositionpro-
cesscanbeeffectuated,theneedexists to studythe influenceon thedepositionprocessof flow
patterns(includingrecirculationvortices),gas-phasechemistryandwall reactions.For this pur-
posethemethodof numericalsimulationwaschosen,usingtwo codes,namelythecommercial
codePHOENICSCVD (abbreviatedasPHO CVD in this study)andthe codePLASIMO, de-
velopedat EUT. PHO CVD is especiallydesignedto numericallysimulateCVD processes.It
containsa hugedatabasefor the materialpropertiesof variousgasesusedin CVD processes
(like silanegas),suchasthepropertiesof thespecies,the reactionratesin gas-phasereactions,
andanextensivedescriptionof surfacereactions.Its featureswill bedescribedbriefly in section
6.2. ThePLASIMO-codedevelopedin Eindhoven[34] is originally developedfor numerically
simulatingvariousplasmasources,andnot for CVD processes,which meansthat complicated
surfacechemistryis not yet included. For its characteristicsanddetailswe refer to Janssenet
al. [34]. Oneof thedrawbacksof usingPHO CVD in modellingtheETPprocessis thatit lacks
theability to dealwith chargedspecies.Therefore,describinga recombiningplasmaflow in a
vacuumchamber(not necessarilyusedfor deposition)canbehandledbetterby PLASIMO, but
this shouldbevalidatedexperimentally.

Thiswork is basicallydividedin two studies:first, wewill presentacode-to-codevalidation
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betweenPLASIMO andPHO CVD usinga simplified depositionchamberset-upwith a non-
reactinggasmixtureconsistingof neutralspecies.Secondly, acomparisonis madeof theresults
of numericalsimulationsusingPLASIMO with experimentalresults,for a plasmaflowing in
thevacuumchamber. ThemaindifferencesbetweenthenumericalsimulationsusingPHO CVD
andPLASIMO for thechosenchamberset-up,whichresultfrom adifferenttreatmentof thermal
diffusion,will bediscussedin section6.3.

Thecharacteristicsof thechamberconfigurationsandgascompositionsfor thecode-to-code
validationandthosefor theplasmasimulationaregivenin sections6.4and6.5. Theresultsfor
thetwo studiesarepresentedin sections6.6.1and6.6.2.

6.2 The PHO CVD and PLASIMO codes

PHOENICSCVD (abbreviatedin thefollowing asPHO CVD) is oneof thecommerciallyavail-
ablenumericalflow simulationmethods[150]. Its mainapplicationis thenumericalsimulation
of CVD processes.For this purposea detaileddescriptionof chemicalprocessesthat leadto
thedepositionof thin films, aswell asthe transportof thegaseousreactantsthroughtheCVD-
reactorare implementedin PHO CVD. To describethe CVD process,PHO CVD solves the
setof hydrodynamicequationsfor transportof mass,momentumandenergy, supplementedby
an extensive descriptionof gas-phaseandsurfacechemistry. The applicationof PHO CVD to
differentCVD processesat widely varying processconditionsin different reactorgeometries,
togetherwith a detaileddescriptionof themethodis presentedby Kleijn [151].

The characteristicsof PLASIMO, developedat EUT, are alreadyextensively describedin
[34], so we will not discussthem hereand focus on the differencesbetweenPLASIMO and
PHO CVD. In short,bothPLASIMO andPHO CVD solvenumericallythesamesetof transport
equationswith thesameprocedureto obtaintheflow field: theSIMPLE algorithmof Patankar
[46]. One of the main differencesbetweenPLASIMO and PHO CVD is that PLASIMO is
aimedat the numericalsimulationof plasmas. Plasmasare gaseousmixtureswhich contain
chargedspeciesin temperaturenon-equilibrium,i.e. electronsandheavy particlespeciesmay
havedifferenttemperatures.As aconsequence,alsotwo energy equationshaveto besolved,one
for theelectronsandonefor theheavy particles.In contrast,oneof themaincharacteristicsof
PHO CVD is theuseof onlyneutralspecies,whichall havethesametemperature.Anothermajor
differencebetweenthetwo methodsis thesophisticateddescriptionof theenergy dissipationin
PLASIMO, necessaryfor theplasmasourcesthatareconsidered(e.g.inductiveplasmaslike the
ICPandQL-lamp,or directcurrentplasmaslike thecascadedarcplasma).This is notnecessary
for theCVD processwheretheenergy is thermal.

To be able to use both codesfor the sameproblem, the flow of a non-reactingsingle-
temperaturegasmixtureV consistingof argon (Ar) andsilane(SiHU ) is considered.The main
differenceremainingbetweenPLASIMO and PHO CVD is the model for the thermalW massX

In theuseof theETPfor depositionpurposes,chemicalreactionsbetweenthespeciesplayamajorrole,but for
a code-to-codevalidationtheseprocessescanbeomitted.Y

Thermalmeanshere:diffusiondueto temperature gradientsin contrastto thermalequilibriumwherethermal
refersto anequi-temperaturesystem.
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diffusionaswill beshown in section6.3.

6.3 Thermal diffusion

To describethe relationbetweenthe diffusive massfluxes Z[2\
of species] andthe correspond-

ing driving forcesfor ordinary(concentration)diffusion,pressurediffusion,forceddiffusionand
thermaldiffusiontheStefan-Maxwellequationsmustbeused[87] ^ . Neglectingpressurediffu-
sionandforceddiffusion(asis donein PHO CVD), thediffusivemassfluxes Z[_\ of species] can
beseparatedin two partsas: Z[2\ ô`Z[2aMb:cda\ � Z[_e�f\ (6.1)

with Z[_aMb:cda\
thediffusive massflux drivenby concentrationgradientsand Z[(e�f\

the diffusive mass
flux drivenby temperaturegradients(thethermaldiffusionterm).

In thermalequilibrium(i.e. thetemperaturesof all speciesareequal) Z[ aMb:cda\
is givenby:

Z[ a'b:c$a\ ô 6
gihkjml\ Znpoq\ 6rg oS\ hkjml\ õs Znts � oS\ h�jMl\vuwyxz \ s Z[ aMb:cdaws w h \ w (6.2)

with g themassdensity,
oS\ ô g \'{ g themassfractionof species] , where g \ ô}| \ - \

with | \
the

massand - \
the numberdensityof species] . The reciprocal-averagedreducedmolar massof

thegasmixture is
s ô ��~ w o w {ys w % , Q with

s w themolarmassof species� (in kg mol , Q ). In
thermalequilibriumtheeffectivediffusioncoefficient h jMl\ of species] reads:õh jml\ ô uwyxz \ ó wh \ w ô uwyxz \�� wh \ w (6.3)

Thelaststepin this equationis justifiedsincein thermalequilibriumthepressurefraction ó \ ô< \m{ < equalsthemolefraction � w ô o w s�{ys w .
Thebinarydiffusioncoefficient h \ w , which is a functionof pressure,temperatureandmass,

is givenby Hirschfelderetal. [40] andis presentedin theappendixfor anAr - SiHU gasmixture
at �Cû Pa: h \ w ô ?õ P � �S��� �W�� �| \ w � Q�� þ õ<���� þ\ w���� � � � % (6.4)

with � W Boltzmann’s constant,� the temperature,| \ w ô�| \ | w {�� | \ � | w % the reducedmass.
Thesymbol ��� refersto thedimensionlesscollisionintegralwhichrepresentsthedeviationfrom
the idealisedrigid-spheremodel. It dependson thenormalisedtemperature� � ô�� W � {S�I\ w with�I\ w ô �M�I\�� w % Q�� þ . The binary collision diameterof the

� ]$�5� % systemis � \ w ô Qþ � � \ � � w % . The
Lennard-Jonesparametersfor species] are

�I\
(in � ) and � \ (in | ) [40],

�S\
is thepotentialenergy

and � \ is thecollisiondiameterof thespecies.�
A completedescriptionof theStefan-Maxwellequationsfor a multi-componentmulti-temperatureionisedgas

mixtureis presentedin chapter3 of this thesis.
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The expressionsfor the diffusive massfluxes (equation(6.2)) andbinary diffusion coeffi-
cients (equation(6.4)) implementedin PHO CVD and PLASIMO are the same. In thermal

equilibrium, the expressionfor the thermaldiffusion term Z[ e�f\
is different in PHO CVD and

PLASIMO. PHO CVD usesfor Z[(e�f\
theapproximateexpressionof Clark Jones[152], whereas

PLASIMO usesanapproximateformulationdescribedextensively by Ramshaw [88], i.e.Z[ e�f\�� � ú�� �"��� ô 6�hp \�� � ú�� ���&� õ� Zn � (6.5)h� \�� � ú�� �"��� ô uwyxz \ g oq\¡o w h \ w£¢ \ w (6.6)

Z[ e�f\�� ��¤y¥�¦ §©¨ � ô 6�hp \�� �q¤y¥&¦ª§©¨ � õ� Zn � (6.7)h� \�� ��¤y¥�¦ §©¨ � ô | \� W � hkjml\ uw«xz \ � � \ w 6 � w \¡% (6.8)

wherethe h  \ ’s (in kg m , Q s, Q ) areconstrainedby
~ \ h  \ ôaû . The thermaldiffusion factor¢ \ w is anextremelycomplicatedfunctionof temperature,thebinarymixturecompositionandthe

assumedintermolecularpotential. It is a dimensionlessnumber;if species] movesto thecold
region than ¢ \ w = û , if species� movesto the cold region ¢ \ w TAû , seeKleijn [151]. For a
binarymixturetheClark-Jonesapproximationis exact. In thePLASIMO formulationof thermal
diffusion,

� \ w (in kg m , Q s, þ ) is the thermaldiffusion factorfor neutralspeciespairs,givenby
Ramshaw [88]: � \ w ô 6 õ� < � \ � w¬dw � W � | \ w| þw h \ w (6.9)

It is illustratedin the appendixfor anAr - SiHU gasmixtureat a pressureof �Cû Pa. Themean
timebetweencollisionsof aparticlespecies] is ¬ \ :¬ \ ô õ�r®¯ u w - w �°� þ\ w � �"� W ��°| \ wD� Q�� þd±² , Q

(6.10)

It canbeshown, usingtheexpressionfor
� \ w (equation(6.9)),thatfor abinarysystem(whichwe

will considerin this study)[88]:h� \�� ��¤y¥�¦ §©¨ � ô g oq\�o w � W ��³ �µ´�·¶ ¬$w 6 �·¶�µ´ ¬ \m¸� � | \ � | w % (6.11)

This hasto be comparedto the PHO CVD expression(which is exact for a binary mixture),
equation(6.6). In the derivation of

� \ w meanfree path argumentswere used,insteadof the
morecorrectChapman-Enskog theory(seeHirschfelderet al. [40]). Therefore,the resultwill
beinaccurate,althoughthebehaviour seemscorrect,aswasobservedby Ramshaw. Thiswill be
confirmedin section6.6.

Summarising,differencesbetweenresultsof PHO CVD and PLASIMO will be expected
mainly dueto theinfluenceof thermaldiffusion. It is known from CVD processesthat in cold-
wall reactorsthermaldiffusionphenomenacanbevery important,especiallyin thewall region.
Thereforetheinfluenceof thermaldiffusionon thecomputationsis investigatedin section6.6.
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6.4 Configuration features

6.4.1 Assumptions

For themathematicalmodelof theflow underlyingthePHO CVD andPLASIMO methods,the
mixtureshouldbesuchthat it canbeconsideredasa continuum.A measurefor thevalidity of
thecontinuumassumptionfor thegasmixturein thechamberis theKnudsennumber:¹»º ô½¼¾ (6.12)

with ¼ the meanfree pathof the moleculesin the chamberand
¾

a typical lengthscaleof the
smallestdetailin thechamberthatneedsto beresolvedin thenumericalsimulation.In thisstudy
thesmallestdetail in thevacuumchamberis theoutletopening,which is shown in figure6.1. In
general,a continuumapproachis certainlyvalid for Kn T û ÿ û õ [153]. If Kn approachesunity
theflow enterstheregimeof transitionalflow. Significanterrorsin thepredictionof thetransport
coefficientsin the continuumapproachoccurat Kn = û ÿÓõ accordingto Coronell [154]. From
kinetic theory ¼ is estimatedby [40]:

¼ ô õ¿ � � W �<��°� þ (6.13)

with � againthe collision diameter. Using equation(6.13) andassuming��À ?ÂÁ õ ûi, Q'Ã m,� ô üCûcû K, <#ôÄ�Cû Pa and
¾ ô õ ûÅ, þ m, equation(6.12)givesKn T û ÿIõ . Soevenat theselow

pressuresit is allowedto usethecontinuumapproach,althoughwe arecloseto the limit of the
validity criterion.

Thegasflow in thedepositionchamberis assumedto beaxi-symmetric,steadyandlaminar.
This latterassumptionis relatedto thevalueof theReynoldsnumber, definedas:Æ»Ç ô gDÈ ¾É (6.14)

with
¾

acharacteristiclengthscalefor thegradientsin thegeometry, usuallythereactorscale,È
thevelocityand É thedynamicviscosity. For theflow in thechamber, i.e.a freejet flow,

Æ»Ç
has

to besmallerthan
õcÿ ü�Á õ û � in orderto have laminarflow [155]. For thesubsonicflow regionof

thechamber, where ÈËÊ õ ûcûcû m s, Q , ¾ ô õ û , þ m, gÌÊ ��Á õ û , U kg m , � and É Ê OkÁ õ û ,ÅÍ kg
m , Q s, Q , equation(6.14)gives

Æ»Ç À]ü û sothatthelaminarflow assumptionis valid.
In principle,thevacuumchamberis not axi-symmetric,dueto thelocationof thepump(see

figure 6.1). However, the computationaldomainis taken to be axi-symmetric,with the pump
replacedby a pumpingring, seefigure6.1. This is a perfectlyvalid assumptionfor thegoalsof
this study.
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Figure6.1: Thevacuumchamberusedfor comparingresultsof PLASIMO andPHO CVD with
experimentalresults.Top: actualconfiguration;bottom:computationaldomain.Thepartabove
thesymmetryaxisrepresentsthechamberset-upfor thecode-to-codevalidation;thepartbelow
the symmetryaxis representsthe chamberfor the plasmasimulation(code-to-experimentvali-
dation). In bothcasesthesimulationdomainis at thewestsideboundby thedotted/ solid line.
Notethattheaxialscaleof theupperandlowerchamberarenot thesame.Dimensionsaregiven
in cm.
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6.4.2
Î

Computational domain

We will only considerthesubsonicflow region of thedepositionchambershown in figure6.1.
The gasmixture expandssupersonicallyfrom the cascadedarc into the vacuumchamberwith
anexpansionangle Ï of approximatelyO}üSR . A normalshockis formed(which positiondepends
on the ratio of stagnationpressurein the arc andthe backgroundpressurein the chamber, see
later)anddownstreamof theshockthegasmixtureflows with subsonicspeedinto thevacuum
chamber. Thegasmixturewill diffusetowardsthewalls of thechamber, while moving further
downstream.To remaincloseto the experimentalconditions,the dimensionsof the subsonic
flow region have to beestimated.For this purpose,thepositionof theshockis calculatedfrom
the empirical relationobtainedby Ashkenaset al. [156] for the positionof a stationaryshock
front afterthesupersonicexpansionof a freejet:

¾ �h ôµû ÿ P"Ð � <�Ñ e¡Ò5Ó<�Ô Ò5a¡Õ � Q�� þ
(6.15)

in which
¾ � is thedistanceof theMachdisk to theposition

¾ Ã of thevirtual sourcefrom which
thestreamlinesin thevacuumchamberappearto originate.We assumethat

¾ Ã is locatedat the
outlet of the cascadedarc, seefigure 6.1. The constant0.67 in equation(6.15) is only weakly
dependenton thegasmixtureused,accordingto Young[157]. Thestagnationpressurein thearc
is <�Ñ e¡Ò5Ó , while <�Ô Ò5a¡Õ is thebackgroundpressurein thechamberand h is thediameterof theoutlet
openingof the cascadedarc. For the presentchamberconfigurations,h ô`O mm, <�Ô Ò5a¡Õ ô��Cû
Pa (code-to-codevalidation) or <�Ô Ò5a¡Õ ô õ û Pa (plasmasimulation)and <�Ñ e¡Ò5Ó À ÐÂÁ õ û � Pa,
we get

¾ � ÀAüCû mm and
¾ � ÀÖÐCû mm, respectively. This meansthat the axial extensionof

the computationaldomainis equalto the chamberlengthminus
¾ � ô üCû mm (code-to-code

validation)or
¾ � ô×ÐCû (plasmasimulation).The”inlet” of thesimulationregion is givenby an

apertureof radius
Æ�Ø c . For thecode-to-codevalidation,

Æ�Ø c ô üCû mm,exactly matchingthe45R
expansionangle.For theplasmasimulation

Æ�Ø c is chosensuch,thattheexperimentalconditions
arematched,seesection6.6.

In the lower part of figure 6.1 the computationaldomainsfor the code-to-codevalidation
andthecode-to-experimentvalidationareshown: code-to-codevalidationabove thesymmetry
axis, code-to-experimentvalidation, i.e. a plasmasimulation,below the symmetryaxis. Both
computationaldomainsare axi-symmetric. The dimensionsof the domainsare given in the
figure. The boundariesof the subsonicflow region aredepictedwith a continuousline. The
two computationaldomainsaredifferent from eachother, becausefor the plasmasimulation,
experimentalresultswereavailablefor adifferentchamberset-upwith differentdimensionsand
differentlocationof thepump(seefigure 6.1). In both cases,a non-uniformgrid of ücü (axial)ÁÙ?D� (radial)grid pointsis used,with grid refinementin thepumpingregion. However, it did not
seempossibleto useexactly thesamegrids in PHO CVD andPLASIMO, so for a comparison
thePLASIMO resultsareinterpolatedto matchthePHO CVD grid locationsexactly.
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6.4.3
Î

Boundary conditions

The boundaryconditionsappliedin PLASIMO for both the argon-silanegasmixture and the
argon plasmain the vacuumchamberare the sameandare listed in table6.1. The boundary
conditionsusedin PHO CVD areslightly differentaswill beexplainedat theendof thissection.
Also listedin table6.1arethefixedparametersat inlet, pumpandwall locations.

Table6.1: PLASIMO Boundaryconditionsappliedto argon-silanegasmixture(for code-to-code
validation)andargon plasmasimulations(for code-to-experimentvalidation)in the deposition
chamber. Notethat � 1 is only usedfor theplasmasimulations,for which �ÛÚÜ�2Ý .

Par. Inlet Outlet Axis walls< ÞªßÞ�à ôÜá ÞâßÞ 3 ôãá ÞâßÞ 3 ô´û ÞâßÞ 9 ô¾û
È à È à ô È&ä ÒæåØ c ç õ 6 ³ 3èêé ë ¸ þªì È à ô´û Þí�îÞ 3 ô´û È à ô´ûÈ 3 È 3 ô¾û È 3 ô È&ïdð ä ï È 3 ôµû È 3 ôµû
� � ô � Ø c � ô � ï$ð ä ï Þ  Þ 3 ô´û � ô �_ñ Ò5òóò� 1 � 1 ô � Ø c Þ  £ôÞ 3 ô¾û Þ  £ôÞ 3 ôµû Zõ÷ö Zn � 1 ô´ûoq\ oq\ ô ø ´�ùú´~ ¶ ø ¶ ù�¶ Þû ´Þ 3 ô´û Þû ´Þ 3 ôµû Zõ÷ö ³ g oq\ Zü � Z[(\ ¸ ô¾ûZõ÷ö Z[2\ ôµû
Par. Code-to-codevalidation Code-to-experimentvalidationý ¥ 	 üCû sccs, Q õ P ÿ PDÐ sccs, Qý ¦ Ø úêþ õ û sccs, QÆ�Ø c ü ÿ û cm

õCÿ ü 6 � ÿ ü cm¾ ïdð ä ï � ÿ û cm
õcÿ O cm� Ø c ?cûcûcû K OMüCûcû 6 ücüCûCû K�_ñ Ò5òóò üCûcû K ?cûcû K� ïdð ä ï OMûcû K ?cûcû KÈ&ïdð ä ï õ Ð ÿ ü m s, Q ÿ ÿ PD� m s, Q

As can be seenin table 6.1 we assumethat the velocity profile at the inlet hasa simple
parabolicshape.Themaximuminlet velocityat theaxis(r = 0) È&ä ÒæåØ c is dictatedby themassflow



114 Chapter 6�0Ø c (in kg s, Q ) andmassdensityg Ø c (in kg m , � ) at theinlet:

�0Ø c ô �I� È ä ÒæåØ c � èêé ëÃ g Ø c�� õ 6����Æ�Ø c	� þ�
 � � � (6.16)ô õ û ,� <�Ñ eÆ�� � Ñ e u \ s \ ý \
(kg s, Q ) (6.17)

with � the local radial position and
Æ�Ø c the radiusof the inlet openingin the computational

domain;<�Ñ e and � Ñ e arethepressureandtemperatureatstandardconditions:
õ

atmand �"Ðq? ÿIõ ü K.
Theinlet flow ý \

is givenin sccs, Q and
Æ��

is theuniversalgasconstant(in J mol , Q K , Q ). The
inlet massflow of eachspecies] , givenby

�0\�� Ø c ôÄ�S��� èÅé ëÃ Zõ ö � g oS\ Zü � Z[2\m% � � � , mustcorrespond
to ý \

. This is doneby settingtheboundaryconditionfor
oS\

andtheadditionalconstrainton Z[(\
aslisted in table6.1. At the non-reactingwalls a no-slip boundaryconditionis imposed.The
dimensionsof the stainlesssteeldepositionchamberaresuchthat (water)cooling of the walls
is not necessary. Thereforean isothermalboundarycondition is imposedon the temperature.
Sincethewalls areassumedto be non-reacting,themassflux vectornormalto thewalls (withZõ thenormalvector)is zerofor all species.Fromthis conditionandequations(6.1) to (6.8) an
expressionfor Zn�oS\

is found.

Thedepositionchamberis pumpedby asystemof rootsblowerswith amaximumcapacityof�� ä Òæå ô õ �Cûcû m
�

hr , Q (code-to-codevalidation)and
�� ä Òæå ô õ ûcûcû m

�
hr, Q (code-to-experiment

validation). The pumpingcapacityusedin the simulationsis adjustedto achieve the required
experimentalbackgroundpressurein the chamber:<�Ô Ò5a¡Õ ô �Cû Pa for the code-to-codevalida-
tion and <�Ô Ò5a¡Õ ô õ û Pa for thecode-to-experimentvalidation. Fromtheknown outletpressure,
outlet temperatureandinlet massflow theactualpumpingcapacity

��
is calculated.Theveloc-

ity at the outlet, È&ïdð ä ï , is thencalculatedfrom
��

andthe areaof the outlet. This leadsto the
outlet velocitieslisted in table6.1. In practicetheoutlet (i.e. thepump)is locatedat onefixed
azimuthalposition.However, sinceoneof therestrictionsof PLASIMO is axi-symmetryof the
configuration(this is not a restrictionof PHO CVD), theoutlet in thecomputationaldomainis
in fact a ring, but with the sameareaasthe outlet in the experiments.The width of the ring,¾ ïdð ä ï , is calculatedfrom � ïdð ä ï ô �S� Æ a��Ò ä Ô ¾ ïdð ä ï , with � ïdð ä ï the known areaof the outlet
openingin thechamber. Note that thegradientof thepressureat the inlet andtheoutlet is as-
sumedto be constant,which value is determinedduring the iterationprocess.Finally, in the
directionperpendicularto theoutflow openingzerogradientsfor themassfractionsof all species
areimposed.

PHO CVD can not useexactly the sameset of boundaryconditions,sinceonly standard
boundaryconditionsareallowed(aDirichlet valueoraNeumancondition:azeroderivative).For
example,a constantfirst derivative for thepressureanda quadraticprofile for theinlet velocity
arenotpossible.Therefore,thevelocityattheinlet in PHO CVD mustbetakenuniform,whereas
thepressureat theinlet is given( � õcÿ O Pa). At theoutletazeroderivativefor < is specified.
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6.5 Composition features

6.5.1 Code-to-codevalidation

A non-reactinggasmixture consistingof the neutralspeciesAr (argon) and SiHU (silane) is
used.Becauseof the”black box” characterof somepartsof PHO CVD, it waschosento usein
PLASIMO thesameformulationsfor thetransportcoefficientsasareusedin PHO CVD (valid
for neutralspecieswith all thesametemperature).In thisformulation,theviscosityÉ andthermal
conductivity � aregivenby [158]:É ô u \ � \ É \~ w � w����\ w (6.18)� �\ w ô � ö � õ � s \s w � 
 , Q�� þ��� õ � � É \É w � Q�� þ � s ws \ � Q�� U�� þ

É \ ô üõ P � �°| \ � W � % Q�� þ�°� þ � � � � � %� ô u \ � \ � \~ w � w��"!\ w (6.19)� !\ w ô � ö � õ � s \s w � 
 , Q�� þ��� õ � � � \� w � Q�� þ � s ws \ � Q�� U�� þ
� \ ô � � ÿ ü � õcÿ ü"� W| \ � � õcÿ ?D� �$# 4 � \ 6 õcÿ ü"� W| \ � 
 É \

with
# 4 � \ thespecificheatcoefficientatconstantvolumeof species] . Thedimensionlesscollision

integral � � is givenby [158]:� � � � �% ô � �� �&%' � á ��)(+*-, h � � ��. � / ��)(	*-,10 � � �2. (6.20)

with � � ô õcÿÓõ P õ O}ü , 3 � ô§û ÿIõ OcöDÐqO , á � ô û ÿ ü"�SOMöDÐ , h � ô§û ÿ Ð"Ð�?"�Cû , / � ô`� ÿIõ P õ ÐCö and 0 � ô� ÿ OD?DÐCö"Ð . Thenormalisedtemperatureis denotedby � � ô×� W � {S�I\ w . Thedimensionlesscollision
integral ��� usedin the expressionfor thebinarydiffusioncoefficient (equation(6.4)) is given
by [158]: ��� � � � % ô � �� �&%	4 � á ��5(+*6, h � � �2. � / ��5(+*-,10 � � �2. � 7 ��5(+*-,98 � � �2. (6.21)

with � � ô õcÿ û"Pcû�?"P , 3 � ôaû ÿÓõ ü�P õ û , á � ôaû ÿÓõ ÿ ?Cûcû , h � ô û ÿ OiÐ�P"?cü , / � ô õcÿ û�?MüCöDÐ , 0 � ôõcÿ ü"� ÿ"ÿ P , 7 � ô õcÿ ÐqP�O"O and 8 � ôã? ÿ ö ÿ O õcõ .
The Lennard-Jonesparametersfor the argon-silanemixture usedin the simulationsfollow

from Svehla[159] andaregivenin table6.2.
Sincethespeciesin thegasmixturedonotreact,thesourcetermsin theparticlebalances(see

[34]) arezero.Combinedwith thefactthatnoenergy is dissipatedinto thesystemandradiation
lossesareneglected,alsothe sourcetermsin the total energy balance(alsogiven in [34]) are
zero;viscousheatingandheatconductionaretakeninto account.
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Table6.2: Lennard-Jonesparametersfor theargon-silanemixture.Datafrom Svehla[159].

Species : \ (Å)
�S\m{ � W (K)

Ar 3.542 93.3
SiHU 4.084 207.6

6.5.2 Code-to-experimentvalidation

For therecombiningargonplasmatheheavy particletransportcoefficientsarecalculatedusing
themixturerulesof MitchnerandKruger[41]. Theelectrontransportcoefficientsarecalculated
usingFrostmixturerules[57]. In thesubsonicregion of anargonplasmain a vacuumchamber,
ionisationprocessescan be neglecteddue to the low electrontemperatureand density. The
two mostimportantprocesseswill be three-particlerecombinationandradiative recombination
[160,161]: ; ! ò ���Ù��� <$=?>A@CB D ; ! ��� (6.22)

; ! ò ��� < =?>A@CB . ; ! �FE"G (6.23)

wherethe argon atomAr canbe excited. Three-particlerecombinationheatsthe electrongas,
becausetheremainingelectrongainsa partof theionisationenergy (in thede-excitationflow to
theargongroundstate).In theradiative recombinationreaction(6.23)oneelectronis lost with
theaverageelectronenergy of

�þ � � 1 . Themainlossmechanismfor electronsandionsis diffusion
to thewallsof thechamber. Themassbalancesourceterm H ¥ 	JI andelectronenergy sourcetermK 1 originatingfrom reactions(6.22)and(6.23)areasfollows:H ¥ 	JI ô 6 | ¥ 	JI ³ML 	 j a � � - þ1 - ¥ 	JI � L 	 j a � þd-·1ª- ¥ 	JI ¸ (6.24)K 1 ô � - þ1 - ¥ 	�I L 	 j a � �ON / 	 j a � � 6 -21 - ¥ 	JI L 	 j a � þ ? � � W � 1 (6.25)

whereit wasassumedthat the plasmais optically thin (escapefactorequals1) except for the
resonanceradiationfor which it is assumedthat the plasmais completelyoptically thick, and
thatin theradiativerecombinationreactionathermalelectronis lost. Therateconstantfor three-
particlerecombinationL 	 j a � � is takenfrom VanderMullen [68], theenergy gainof theelectrons
equalsapproximatelytheionisationenergy of thefirst excitedstateof argon,themetastablestate
Ar

�
: N / 	 j a � � À / þ \ ô O ÿ � eV. Thecontribution of free-freeandfree-boundradiationis conform

thework of Benoy et al. [72] P .Q
Accordingto Capitelli et al. [162] thecombinationof a largeconcentrationof metastableargonstatestogether

with low RTS values(below
* H£H�H K) is ideal for an importantcontribution of super-elasticelectroniccollisionsto

theheatingof theelectrongas: UWVYX )[Z]\ U-V�^'E�_ )[Z , with Ar ^MEM_ theargonatomin thegroundstate.Dueto the
super-elasticcollisions,anextra electronenergy sourcetermwould exist: `badc�egfih S hkjmlon2pqadc2e5rgsWadc�e . Theenergy
gainof theelectronsin this reactionis r]stadc2egfÂE£E5uwv5v eV. Theinfluenceof this reactionis notdiscussedhere.
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6.6 Resultsand discussion

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

The pressureandtheflow field in the depositionchamberareshown in figures6.2 - 6.3 (axial
fields) andfigures6.4 - 6.6 (radial fields). The pressuredistribution in the inlet region of the
simulationdomainis shown enlargedin figure6.2. We seethatPLASIMO andPHO CVD give
the samebehaviour for the pressure,exceptnearthe inlet region. It seemsthat the fixed inlet
pressure,usedby PHO CVD, givesa wrongbehaviour at theinlet. Thedifferencesbetweenthe
pressurefromPLASIMO andPHO CVD neartheinlet regionis alsoseenin theradialprofile,fory{z}|	~�� cm. For higher y valuestheradialprofilesof thepressureagreeverywell. Thevelocity
profiles(axially aswell asradially) obtainedfrom PLASIMO andPHO CVD agreewell.

Theaxialandradialtemperatureprofilescomputedby PHO CVD andPLASIMO areshown
in figure6.7. It is seenin thefigurethat theagreementbetweenthePLASIMO andPHO CVD
axial andradialtemperatureprofilesis verygood.

Theaxialandradialprofilesof themassfractionsof argonandsilaneareshown in figures6.8
and6.9.Onecanseein figures6.8and6.9thattheheavier species(Ar) hasahigherconcentration
in thecoldregionsnearthechamberwalls,whereasthelighterspecies(SiHU ) hashigher(relative)
concentrationsin the hot centre. This behaviour found in both the PHO CVD andPLASIMO
results,is expected.Wesaw in section6.3,thatin general,largeandheavy moleculesaccumulate

in cold regionsof thereactor( �������o� �M���C�2����� ���� , seeequation(6.5)),whereasthesmallandlight

moleculesconcentratein thehot regionsof thereactor( �������o� �w�w�&� � ��� ���� ). Notealsothat,dueto
a limited accuracy of theoutputdata,themassfractionsfrom PHO CVD show discreteprofiles
insteadof asmoothprofile.

Fromtheresultsof thenumericalsimulations,it canbe found that theMachnumberat the
inlet is below |+~��m� . ComparingthePHO CVD profileswith thoseof PLASIMO shows that the
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 areactuallyobserved. Thereforeresultsof a numericalsimulationwith an argon plasma,
performedwith PLASIMO, will becomparedwith experimentalresultsnext.

6.6.2 Code-to-experimentvalidation for a recombiningargonplasma

Theresultsof thenumericalsimulationof anargonplasmain thechamberset-up,discussedin
section6.4,arecomparedwith experimentalresultsof Brussaard[163] (alsoshown in thenext
figures)� . Unfortunately, both

� �w� and   �w� werenot experimentallydetermined.Therefore,to¡
In the experimentsperformedby Brussaard[163], the velocity andgastemperaturewere determinedusing

resonantLaserInducedFluorescenceon the4s-4ptransitionof Ar. Also theelectrontemperaturewasdetermined
experimentally(usingsinglecylindrical probemeasurements),but becauseof the large uncertaintyin thesemea-
surements( ¢ x¤£�¥ ) it doesnot makesenseto comparemeasuredandcomputed¦ ¡ .
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Figure6.2: Thepressurealongthesymmetryaxis;PHO CVD: solid squares;PLASIMO: open
circles. Thepressurein the inlet region is shown enlargedandrevealsa spuriousbehaviour of
the PHO CVD results. This resultsfrom the fact that PHO CVD doesnot allow §Y¨§)© z«ª asa
boundarycondition.Instead,¬ z®+¯m~9° Pawasused.
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Figure6.3: Theaxial velocityalongthesymmetryaxis.

achieve a goodagreementbetweenresultsof simulationsandexperiments,the two parameters� �w� (it is assumedthat
�²± � �w� z � � � �w� ) and   �w� arevariedin the simulations. Note that varying

theinlet radiusis allowedsincetheexpansionanglecanbedifferentfrom °T³µ´ dueto a different



Numerical Simulation of Transport Phenomena in a Deposition Chamber 119

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
18

19

20

21

22

23

 

 

Phoenics (z):

   0.9 cm

   6.9

 23.6

Plasimo (z):

   0.9 cm

   6.9

 23.6

p
 (

P
a

)

Radial position (m)

Figure6.4: Theradialprofileof thepressureat threeaxialpositions( y ).
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Figure6.5: Theradialprofileof theaxial velocitycomponentat threeaxialpositions( y ).
shapednozzlein thecascadedarcwhile also,at theendof theshock,theMachdiskcontractsto
asmallerdiameterthanpredictedby theexpansionangleof °T³µ´ . An inlet radiusof ¯m~?³ �  cmis
compatiblewith ¶ · ° beforetheshock,which is reasonable.Theexperimentalandcomputed
axialprofilesof theaxialvelocityandtheheavy particletemperatureareshown in figure6.10and
6.11,respectively. As canbeseenin figures6.10and6.11ahigherinlet temperature(keeping  �w�
constant)lifts, apartfrom thetemperatureprofile,alsothevelocityprofileneartheaxis.Thesame
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Figure6.6: Theradialprofileof theradialvelocity componentat threeaxial positions( y ).
effect (i.e. increasingvelocity) is achievedby decreasing  �w� (keeping

� �w� constant).However,
the higher

� �w� or the lower   �w� , the higher the Mach number ¶ will be. For the simulation
resultsshown in figures6.10- 6.11,theagreementbetweenexperimentandnumericalsimulation
appearto bereasonablygood,for   �w� z¸¯¹~?³ cmand

� �w� zº³¹³¹|m| K. However, this impliesavalue
of ¶ �w� z ¯¹~?³ at the ”virtual” inlet, which is too high sincethe computationaldomainstarts
downstreamof theshock,where¶ mustbesmallerthanone.Only for thenumericalsimulation
with   �w� z»+~?³ cm and

� �w� z«°T³µ|m| K, ¶ · ¯ at the inlet of the computationaldomain. All
the othernumericalsimulationsgive ¶ · ¯m~?³ �  . Oneof the problemsencounteredin the
simulationsthatmayberelatedto theMachnumber, is the”virtual” wall at thewestsideof the
computationaldomain.In reality, thereis no wall at thatlocationandthereforetherecirculation
vorticesin the flow field would be not fully locatedin the computationaldomain. Also the
boundaryconditionfor thetemperatureat the”virtual” wall,

� z �"¼ �½�w� , is not realistic.

Anotherpoint of attentionis the three-particlerecombinationrate ¾�¿ �CÀ&� Á . Dif ferentauthors
[68, 161, 164] foundthattheexperimentalvaluesfor ¾�¿ �CÀ&� Á arehigherthantheratefrom Thom-
son[68]. A factorof two differenceis no exception.However, sincethethree-particlerecombi-
nationis not veryeffective in thesubsonicregion of theexpansion,increasing¾�¿ �CÀ&� Á will barely
increasetheelectronandheavy particletemperatures.

Theradialprofilesof Â © and
�Ã±

areshown in figure6.12.

Although theagreementbetweenthe computationandthe experimentis rathergood,more
experimentalpointscloserto the inlet of the chamberareneededto validatethe computedde-
creasein temperatureandvelocityin theregiondownstreamof theshock.Also in radialdirection
moreexperimentalpointsarenecessary.
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Figure6.7: The temperaturedistribution computedby PHO CVD andPLASIMO. Top: profile
alongthesymmetryaxis;bottom:radialprofileat threeaxial positions.

6.7 Conclusions

Thecode-to-codevalidationof PLASIMO by thecommercialtool PHO CVD showsgoodagree-
mentbetweentheresultsfor thetestcasechosenin this study:theflow of a non-reactingargon-
silanegasmixturein thesubsonicregionof adepositionchamber. Also theinfluenceof thermal
diffusionon theresultsof thenumericalsimulationcompareswell, althoughtheformulationof
thermaldiffusionin PHO CVD andPLASIMO is quitedifferent.
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Figure6.8: Themassfraction ÄµÅ	¿ computedby PHO CVD andPLASIMO. Top: profile along
thesymmetryaxis; bottom: radialprofilesat threeaxial positions. It canbeseenthat thecon-
centrationof theheaviestspeciesAr is higherin thecold region, i.e. closeto thewall. Notethat
theplateausin thePHO CVD resultsoriginatefrom thelimited accuracy with which theresults
aresavedinto files.

Thecode-to-experimentvalidationshows a reasonableagreement,if theprincipleof anex-
pansionangleof °T³µ´ is not applied. More experimentalpoints, especiallycloserto the inlet
openingof thechamber, areneededto confirmtheaccuracy of thecomputedprofiles.
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Figure6.9: Themassfraction Ä¹Æ �1Ç	È accordingto PHO CVD andPLASIMO. Top: profile along
the symmetryaxis; bottom: radial profilesat threeaxial positions. SinceSiHÉ is the lightest
speciesin theAr - SiHÉ gasmixtureits relativeconcentrationis largerin thehotcentralregion.
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Appendix of chapter 6

Thebinarydiffusioncoefficient Ë �wÌ is givenin equation(6.4). It hasthepropertythat Ë �1Ì z Ë Ì�� ,
andis shown in figureA.1 for anAr - SiHÉ gasmixtureat apressureof ¹| Pa.

300 600 900 1200 1500 1800 2100 2400 2700 3000

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 

 

D
A

r-
S

iH
4

 (
m

2
s-1

)

T (K)

FigureA.1: Binarydiffusioncoefficient Ë�Å	¿ÎÍ+Æ �1Ç È (in mÏ sÍ�Ð ) asa functionof temperature
�

for
anAr - SiHÉ gasmixtureat apressureof ¹| Pa( Ë�Æ �1Ç È ÍTÅ	¿ z Ë�Å	¿ÎÍ+Æ �1Ç È ).

The thermaldiffusionfactor Ñ �1Ì asusedin PLASIMO, is givenin equation(6.9). Note thatÑ �1ÌÓÒz Ñ Ì�� , in contrastto theparameterusedin PHO CVD: Ô �1Ì z Ô ÌY� (seeKleijn [151]). For the
Ar - SiHÉ gasmixture,usedfor thecomparisonof the resultsof PLASIMO with the resultsof
PHO CVD, Ñ �1Ì and Ñ Ì�� areshown in figureA.2 for apressureof ¹| Pa.
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Figure A.2: Thermaldiffusion factors Ñ �1Ì (in kg m Í�Ð sÍ Ï ) at a pressureof ¹| Pa as a func-
tion of temperature

�
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Chapter 7

NumericalSimulationof MicrowavePlasmas
Usedin OpticalFibreProduction

G.M. JanssenÖ , M.J.N. van Stralen× , J.A.M. van der Mullen Ö
and A.H.E. Breuls×Ð Departmentof Applied Physics,EindhovenUniversityof Technology, P.O.Box 513,5600MB

Eindhoven,TheNetherlandsÏ PlasmaOpticalFibreB.V., P.O. Box 1136,5602BC Eindhoven,TheNetherlands

Abstract

Themulti-componentplasmasimulationmethodPLASIMO will beusedfor numericallysimu-
latingthemicrowaveplasmausedin opticalfibreproduction.For thispurpose,anew microwave
energy couplingmodulewasdevelopedandaddedto PLASIMO. As a first steptowardsa com-
pletesystem,whichmustincludethecomplex chemistrybetweenOÏ , SiClÉ andGeClÉ , anargon
microwave plasmais numericallysimulatedwith PLASIMO. Theresultsof thesimulationsare
comparedwith experimentalobservationsandhaveagoodqualitativeagreement.A quantitative
validationwill beperformedin thefuture.

7.1 Intr oduction

Productionof opticalglassfibresfor telecommunicationconsistsmainlyof two separateproduc-
tion steps:Ø manufacturingapreform;Ø drawing aglassfibre from this preform.
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The interestof this study is in the manufacturingof a preform,andespeciallythe plasmade-
positionprocessusedin themanufacturingprocess.Since1975,a powerful depositionmethod
for manufacturinga preformhasbeendeveloped[9, 165, 166]: the so-calledPlasma-activated
ChemicalVapour Deposition(PCVD) processÙ , shown in figure 7.1. The substratetube is
mountedbetweenagassupplysystemandapump.Thegasmixturethatis fed into thesubstrate
tubeconsistsof OÏ , SiClÉ andGeClÉ andflows throughthe tubeunderrelatively low pressure
(¬Ú· ¯Û| � ¹| mbar).Usinga moving resonator, which is mountedinsidea furnace,microwave
(MW) energy is coupledinto thesubstratetube.Consequently, a plasmaof a reactive substance
is created,resultingin depositionof (doped)glassÜ on the innersideof thesubstratetube. The
temperatureof thesubstrateis keptconstantduringthedepositionprocessatapproximatelȳÝ³¹|¹|
K by usinga furnace.After thePCVD process,by which thesubstratetubeis internallycovered
with a few thousandof depositedglasslayers,thesubstratetubewill besubsequentlycollapsed
into apreformrod. Fromthis preformrod aglassfibre is drawn.

Advantagesof thePCVD processover otherwell-known methodsarefound in thehigh de-
positionefficiency, precisecontrol of the refractive index profile of the depositedlayers(very
thin layersof a few micron canbe deposited),the lack of energy transferthroughthe wall of
thesubstratetube(i.e. theMW energy is coupleddirectly into theplasmaregion) andthehigh
depositionrates( · °�Þß¯Û| Íà kg sÍ�Ð ).

Magnetron Pumping system
    

Silica tube

Plasma

Resonator

Furnace (1200 oC)

SiCl4
+

GeCl4
+
O2

z

r

Figure7.1: ThePCVD set-upusedfor manufacturingpreforms.

In brief, theoverall chemicalreactionsthatmusttake placein theplasmafor thedeposition
to takeplaceare: áãâåäçæèJé]êdëqì æ+èJáíâåäçî¹é]ê�â
ï
ThePCVDprocessfor glassfibredepositionwasintroducedby PhilipsGmbHForschungslaboratoriumAachen

in Germany [165]. An overview of similar plasmadepositiontechniquesfor manufacturingfibre-preformscanbe
foundin [167].ð

TheSiOñ layeris eventuallydopedwith GeOñ .
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Experimentsshow thatSiO

â
is not formedvia volumereactions,but is formedvia awall reaction

of SiO, formedin the volumereaction

áÊäÊæèJé]êùë�ì æ+è�á®ä�îmé]êoâ
, with oxygensticking at the

wall [168].
For moredetailsontherecentstateof theartof thePCVDprocessfor opticalfibreproduction

wereferto VanBergenandBreuls[9].
As apartof theongoingprocessof improving thisdepositionmethod,moreinsightis needed

in theplasmaphysics.A powerful tool for increasingthis insight is by meansof computersim-
ulations. In the1980stheoxygenmodelof RauandTrafford [169] wasusedfor this purpose.
They presenteda simplemodelto calculatetheelectromagneticfieldsin theresonatorandelec-
tron numberdensitiesú²û andtemperaturesü²û in theplasma.Thefield strengthswerecalculated
by solvingtheMaxwell equations.Thegasflow profile, themassbalancefor theelectronsand
theelectronenergy equationwerenot solved. Instead,thedistributionsof ú²û and ü²û werecal-
culatedusingapproximaterelationsassuminga constantpressurein thetubeandneglectingthe
influenceof theflow. For detailsof themodelsee[169].

For gaining more insight in the plasmaphysics,a more accurateand completemodel is
needed. Thereforeit was chosento usean alreadyexisting generalplasmasimulationtool,
which solvesall therelevanttransportequations:PLASIMO [34]. It is a fluid modelfor multi-
componentplasmas,developedat EindhovenUniversityof Technology. Themainassumptions
underlyingPLASIMO arethattheflow is axi-symmetric,steadyandlaminarandthattheplasma
is assumedto be quasi-neutral. It is meantfor simulatingplasmasat LTE (i.e. Local Ther-
mal Equilibrium)/non-LTE, from low to high pressuresandfor differentenergy couplingprin-
ciplessuchasDC (cascadedarc) andinduction(ICP, QL-lamp). For an extensive description
of PLASIMO’s capabilitiesaswell asits limitations togetherwith a descriptionof thephysical
model,numericalmethodand iterationprocedurewe refer to [34], in which alsoasan argon
cascadedarcplasmawassimulated.

For simulatingthePCVDplasmawith PLASIMO, anovel microwaveenergy couplingmod-
ule is developedandadded.This will bedescribedin section7.2. Theconfigurationcharacter-
isticsaregivenin section7.3. Theargoncompositioncharacteristicsarebriefly summarisedin
section7.4, sincethey weredescribedin a previouspaper[34]. As a first steptowardsa more
completesimulationof theplasmadepositionprocess,anargonplasmais consideredbecauseof
theprovenaccuracy of theargonmodelin PLASIMO.This is presentedin section7.5. In chapter
8 of this thesistheresultsof anumericalsimulationof apureoxygenplasmaarediscussed.

7.2 Micr owaveenergy coupling module

7.2.1 Computational domain

Theexperimentalconfigurationis shown in figure7.1. Thepartof theconfigurationconsidered
is axi-symmetric,seefigure7.2. Here,we notethattheelectromagneticfieldswill becalculated
in thecomputationaldomainasawhole,whereasthehydrodynamicequationsin PLASIMO are
solvedonly in theplasmaregion.
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The plasmaregion (with a radius ý�þMÿ ) is surroundedby a glasssubstratetube(outerradiusý��&ÿ , length
���

), an air gap(outerradius ý����
	 ) anda microwave resonator(length
� 	��� ). A slit

(width � ) is constructedin the microwave resonator, allowing high power microwave energy
originatingfrom a magnetron,to becoupledinto theplasmaregion. Themagnetronis operated
at a frequency of about2.46GHz.

glass

plasma

b

L1

Rpl Rgl

gas mixture
  

air

Rair

 resonator

slit

Lres

z

r

Figure7.2: Geometryof theset-up:theplasmais surroundedby asubstratetubeandresonator.

7.2.2 Formulation of the electromagneticproblem

The descriptionof all electromagneticproblemsarebasedupon two of Maxwell’s equations.
Theseequationsin thespace-timedomain ����������������� read� �"!# ä%$ !&$ � ' !( (7.1)� � !) * !+,* $ !-$ � ' !( (7.2)

with
!#

and
!)

theelectricandmagneticfield strength,respectively;
!-

and
!&

aretheelectricand
magneticflux density, respectively;

!+
is thecurrentdensity.

In orderto solve theseequations,weneedtheconstitutiverelations.Theserelationsdescribe
themacroscopicpropertiesof themedia. Thecomputationalconfigurationconsideredcontains
glass,air anda plasma(argon)at low pressure.Thesemediaareassumedto beisotropic,linear,
time-invariant,non-permeable,instantaneouslyreactingandlocally responding.Thecorrespond-
ing constitutiverelationsare !+ ' . !# (7.3)!- ' /10�/ 	 !# (7.4)!& ' 230 !) (7.5)

with /104'52 6 �087 6
â
0 the permittivity in vacuum,/ 	 the relative permittivity of the media, 230 the

permeabilityin vacuum, . the electric conductivity of the mediaand 7 0 the speedof light in
vacuum.
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Theelectromagneticformulationis basedon aquasi-stationaryanalysis,which assumesthat
all field quantitiesdependharmonicallyontimewith acommonrealangularfrequency 9 '

î :�;
( ; is thecorrespondingfrequency). Thenevery realquantity < is associatedwith thecomplex
representation=< through<>�������?�@������� ' ACB =<D�������?�@���FEG9��

õ H�I �JEG9K�L�NM , with
A

denotingtherealpart
and E ' O *QP . Substitutionof the complex representationsin the time-dependentMaxwell’s
equations(7.1) - (7.2), i.e. replacingthedifferentiation

$?RS$ � by a multiplicationby EG9 , dividing
by thecommontime factor

õ HTI �JEG9K��� andomitting the= (exceptfor =/ 	 ), yields:� �U!# ä EG9 2V0 !) ' !( (7.6)�W�5!) * EG9 /10 =/ 	 !# ' !( (7.7)

The relative complex permittivity =/ 	 is given by =/ 	 'X/ 	
ä
. R �JEG9 /10 �GY . The relative complex

permittivity of thenaturalquartz(glass)at
P[ZS\S\

K equals[169]:=/ 	^] �&ÿ_��� ' `�acbd` * E \ a îmî (7.8)

Substitutingthe complex electricconductivity (Lorentzexpression).e'f/10 9
âg R �ih ä EG9�� ,j the

relativecomplex permittivity of theplasmais foundto be[170]:=/ 	F] þMÿ_���k�� 'l/ m	^] þMÿ_��nk�� * E / m m	^] þMÿ_��nk�� (7.9)

with

/ m	^] þMÿ_��nk�� ' Po* 9 âþ9 â ä h â (7.10)

/ m m	^] þMÿ_��nk�� ' h9 p 9
âþ9 â ä h âdq (7.11)

Therealpartof therelative permittivity, / m	 , is thepermittivity of theequivalentnon-conducting
or losslessplasmaû . The imaginarypart, / m m	 , is a measureof thepower lost to the plasma.We
introducedtheelectroncollision frequency h andtheplasmafrequency 9-þ . The latter is given
by: 9-þ ' p ú²û�r

â
s û /10
q �^t â

(7.12)

Theelectroncollision frequency is givenby [70]:

h ' ú?u�	wvix[û 6 u�	iy ä ú u�	{z� î : s û�|~}� ü }û � �^t â p r
ë
� : /

â
0
q ê����

(7.13)�
Therelationbetween���� andthecomplex permittivity �� oftenusedin thetextbooks(e.g.BadenFuller [170]) is:������@� �� � .�
Notethatfor low frequencies,���%� , and �����[��� , with �[��� ��� � � ñ��� � ��� ñG�~� �[ ¢¡ � �[£ , which is thesame

aspresentedin chapter3.�
Thetermlosslessrefersto thecasewheretheelectronsarecompletelyfreeto move,sothat thereis no energy

transferfrom theelectronsto theheavy particles.
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where s û is theelectronmass,r is theelementarycharge, | � is Boltzmann’sconstant,ú�¤ is the
numberdensityof species¥ , with ¥ ' Ar or Ar ¦ ; vix[û 6 u�	iy is theratecoefficient for momentum
transferbetweenelectronsandargonatoms,averagedoveraMaxwellianenergy distributionand
ê����

is theCoulomblogarithmwith ion screeningincluded(seechapter2).
For the axi-symmetricconfigurationandthe axi-symmetricenergy in-couplingconsidered,

thefield components§©¨ , ªD« and ª>¬ vanish.TheMaxwell equations(7.6)and(7.7)thensimplify
to $ §�¬$ � *

$ §o«$w ä EG9 2V0 ªD¨ ' \ (7.14)$ ª®¨$ �
ä EG9 /10 =/ 	^§o¬ ' \ (7.15)P $$¯ �  ª®¨1� * EG9 /10 =/ 	^§o« ' \ (7.16)

Multiplying equations(7.15)and(7.16)with thecharacteristicimpedanceof vacuum,definedas° ' � 230 R /10 � �^t
â
, normalising ªD¨ as ª m¨ ' ° ªD¨ andintroducingthewave number(propagation

constant)in vacuum| 0±' 9 R 7 0 , weget:$ §o¬$ � *
$ §o«$w ä E�| 0 ª m¨ ' \ (7.17)$ ª m¨$ �

ä E�| 0 =/ ¬�§�¬ ' \ (7.18)* P $$w³²  ª m¨µ´ ä E�| 0 =/ ¬@§o« ' \ (7.19)

From a microwave point of view, the interestis the scatteringpropertiesof the field incident
on theplasmaregion. In particular, microwavesenteringtheplasmaregion throughtheslit will
partlybereflected,partlybeabsorbedin theplasmaandpartlybetransmittedto theenvironment.
TheMW field at theslit is describedin thenext section.

7.2.3 MW field at the slit

Themicrowavesaregeneratedin a magnetron,transmittedthroughsomemicrowavewaveguide
componentsandcoupledinto theconfiguration(theplasmaplusglassplusair) via theslit. This
slit is consideredto be a shorttransmissionline of cylindrical shape:a radial waveguide. The
radialwaveguideis only ableto guidethetransverseelectromagnetic(TEM) mode.In principle,
someof thehigherordernon-guidingmodeshave to betakeninto account.

In orderto focuson theplasmaregion itself, we decoupletheplasmafrom theresonatorby
definingproperboundaryconditionsat theslit. This is adifferentapproachthanthatof Rauand
Trafford [169],whoconsideredtheplasmaplusresonator. Wewill formulatetheelectromagnetic
field attheslit asaninfinite sumof localradialwaveguidemodes.Dueto PLASIMO’srestriction
to axi-symmetricalconfigurations,only rotationally symmetricmodesare considered,which
meansthat only transverseelectric (TE) andTM fields arepresentin the plasmaregion. We
will confineourselvesto adiscussionof thefundamentalTEM mode.
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Froma spectralanalysis,it canbeshown (seeMarcuvitz [171]) that thefundamentaltrans-
verseTEM modefield is representedas:

§©« ' *�¶ �
 �� (7.20)ª®¨ '¸· �
 �î :  (7.21)§o¬ ' \ � §o¨ ' \ (7.22)ªD¬ ' \ � ªD« ' \ (7.23)

Themodeamplitudes,voltage ¶ andcurrent· , obey theradialtransmissionline equations$ ¶$w ' * E�| 0º¹ · (7.24)$
·$w ' * E�| 0@» ¶ (7.25)

where ¹ ( » ) is the characteristicimpedance(admittance)of the radial waveguide: ¹ �  � 'P R » �  � ' ° � R �
î :  � . Thesolutionsof theradialtransmissionline equation(7.24)aretheHankel

functionsª½¼
âG¾
0 �^| 0  � and ª½¼ �

¾
0 �i| 0  � . They representwavestravelling in thedirectionof increasing

anddecreasingradius,respectively, andareanaloguesof theexponentialfunctionsencountered
in uniform transmissionlines¿ .

Equations(7.20)and(7.21)togetherwith thesolutionsof equations(7.24)and(7.25)describe
theboundaryconditionfor theelectromagneticfieldsat theslit:* �º§o«S�  � ' ¶ 	���À ª ¼

âG¾
0 �^| 0  �

ä ¶ �
Á�Â ª ¼ � ¾0 �i| 0  �Ã� (7.26)E��ºª m¨ �  � ' ¶ 	���À ª½¼
âG¾� �^| 0  � ä ¶ �
Á�Â ª½¼ �

¾� �i| 0  �Ã� (7.27)

where¶ �
Á�Â and ¶ 	���À arethecomplex amplitudesof theincidentandreflectedwaves,respectively.
Theextensionto higherordermodesis straightforward.Ä

TheHankel functionsaredefinedas[171]:Å>ÆJÇFÈÉÊ ¢Ë £ � Ì É  ¢Ë £TÍÏÎFÐ É  ¢Ë £Å Æ ñ ÈÉ  ¢Ë £ � Ì É  ¢Ë £wÑ�ÎFÐ É  ¢Ë £
with Ì É and Ð É two independent,standing-wave, Besselfunctionsof order ¡ of the first andsecondkind (i.e.
a Neumannfunction), respectively. This canbe written analogouslyto the exponentialfunctionsencounteredin
uniform transmissionlinesas: Å ÆJÇFÈÉÊ ¢Ë £ �   ÑÒÎ^£ ÉÔÓ ÉÖÕG×µØKÙ Í?Î�Ú ÉÜÛÅ Æ ñ ÈÉ  ¢Ë £ �   Î^£ É Ó ÉÏÕG×µØKÙ ÑÒÎ�Ú ÉÜÛ
with
Ó É �   Ì ñÉÝ ÞË £TÍßÐ ñÉ� ¢Ë £F£ ÇFà ñ theamplitudeand Ú É � ÉVáñ Í>â�ãºäæå ÇVçTè Æcé�Èê è Æcé�È thephaseof theHankel functions.
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7.2.4 Discretisation

In orderto staycloseto thediscretisationusedin PLASIMO, theMaxwell equationsarediscre-
tisedby the finite-differencemethod. The threeelectromagneticfield components§©« , §�¬ andªD¨ are thendefinedon threedifferentgrids, similar to Yee’s algorithm [172]. The grids are
shown in figure7.3. Comparedto the §�¬ grid, the ª®¨ grid is shiftedover a distance

�â[ë � , with
ë � theaxial distancebetweenelectromagnetic(EM) grid points.Comparedto the ªD¨ grid, the§o« grid is shiftedover a distance

�â[ë 
, with

ë 
theradialdistancebetweenEM grid points.As

is seenin figure 7.3, the §o¬ grid is composedin sucha way that grid pointsarelocatedat left
andright boundaryof thecomputationaldomain,the §©« grid is composedin sucha way thatits
grid pointsarelocatedat theplasma-glassinterface,glass-airinterfaceandtheair-metallicwall
interface.By doingso,theboundaryconditions(BC) at themetal,interfacesandsymmetryaxis
arenaturallyincluded.TheinterfaceBC correspondsto anequivalentmediumsmoothing[173],
thepermittivity is only averagedat the §©« grid.

The numericalboundariesat the endsof the computationalwindow are taken to be metal
walls. The electricfield componentsparallelto a metallicwall vanish,so §o« ' \ at the north
metallicwalls and §�¬ ' \ at inlet andoutlet (which werealsotakenasmetalwalls in theEM
description).At theinterfacesbetweenmediaof differentdielectricconstants,§o« , =/ 	^§o¬ and ªD¨
have to becontinuous;at thesymmetryaxis §�¬ ' \ and ª®¨ ' \ .

The numberof grid pointsusedin the microwave EM calculationis closely relatedto the
numberof grid point usedby PLASIMO in theplasmaregion. For thecomputationsperformed
in this thesis,a uniform PLASIMO-grid is usedwith 62 axial and17 radial grid points,which
resultsin 60 axial and30 radialgrid points(plasmaplusglassandair region) for theEM-grid.
For reasonsof simplicity, anequidistantEM-grid is shown in figure7.3; a non-equidistantgrid
canbeused.
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Figure7.3: Simplifiedrepresentationof theequidistantgrid for theEM-module; ì : §©« grid; x:§�¬ grid; o: ªD¨ grid. Note that thescalein radialdirectionis not thesameasin figure7.2, that§o« grid pointsarelocatedat thenorthboundary, andthat §o¬ grid pointsarelocatedat thesouth,
westandeastboundaries.

Now that the relevant electromagneticequationsaredescribed(the setof equations(7.17),
(7.18),(7.19),(7.26)and(7.27))andthata choiceis madefor thegrid, thesolutionmethodcan
bediscussednext.
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7.2.5 Solution method

UsingtheMaxwell equations(7.17)- (7.19)plustheequationsfor §©« and ªD¨ that follow from
theboundaryconditionsat theentranceslit, equations(7.26)and(7.27),thematrix equationto
besolvedis givenby: í

îîîï8ð �N� ð �
â
ð � } ð �

ë
ð
â � ð

â&â \ \
ð } � \ ð }N} \
ð
ë � \ \ ð

ë&ëßñLòòòó
í
îîîï ª m¨§o¬§o«¶ 	���À R � ñLòòòó '

í
îîîï ý �\\ý ë®ñLòòòó (7.28)

Equation(7.28)is a sparsematrix equationthat is solvedusingtheroutineswritten by Kundert
and Sangiovanni-Vincentelli [174]. The matrix componentsð½ô_õ are given by (for the listed
differentialoperatorsthefinite-differencematrix representationis taken):

ð �N� ' P (7.29)

ð �
â
' * E| 0

$$ � (7.30)

ð � } ' E| 0
$$w

(7.31)

ð �
ë
' * E| 0 ë  ª ¼

âG¾
0 �^| 0 ý����
	N� (7.32)

ð
â � ' * E| 0

$$ � (7.33)

ð
â&â
' =/ 	 (7.34)

ð } � ' E| 0 P
$$w 

(7.35)

ð }N} ' =/ 	 (7.36)

ð
ë � ' P (7.37)

ð
ë&ë
' E�ª ¼

âG¾� B | 0 ��ý����
	 * ë dR î �NM (7.38)

with

ë 
the(equidistant)grid spacingin radialdirection. Also thevectorcomponentsý ô area

resultof theboundaryconditionsat theslit andaregivenby:

ý � ' E| 0 ë  ¶ �
Á�Â� ª ¼ �
¾
0 �i| 0 ý����
	�� (7.39)ý ë ' * E ¶ �
Á�Â� ª ¼ �
¾� B | 0 �Îý����
	 * ë SR î ��M (7.40)

At the physicalendsof the resonator, a specialboundarycondition is introducedto take ac-
countfor MW reflections.At theothernumericalboundaries,specialboundaryconditionsarein
development.



138 Chapter 7

7.2.6 Coupling with PLASIMO

Themicrowave EM-moduleandthe restof PLASIMO arecoupledvia theOhmic input power
andthecomplex relative permittivity, equation(7.9). TheMW power dissipatedin theplasma,
i.e. theOhmicinput power, is givenby thecomplex Poynting vector:ö÷ þMÿ_���k�� ' Pî Aùø1úµû !+Vü�ý�!#ÿþ ¶�� ' Pî Aùø .���� !# ���

â
� (7.41)

wherethe notation
ö÷ þMÿ_���k�� denotesthe time-averagedpower in the plasma,

A
denotesthe real

partand � denotesthecomplex conjugate;¶ denotesthevolumeover which the integrationis
performed,i.e. a control volumefor the local Ohmic input power andthe total volumeof the
computationaldomainfor the total Ohmic input power in the plasma; � !# � â ' §©«º§ ü« ä §o¬º§ ü¬ .Notethatagaintheharmonicquasi-stationaryanalysisis used.

TheMW powerdissipatedin theconfiguration,i.e.plasmaplusglass,is givenby:÷��	�
� �½ÿ '
î
�Ã| 0
p /10230
q �^t â ø ��� ¶ �
Á�Â ���

â * ��� ¶ 	���À ���
â
� (7.42)

Dueto thediscretisationof theradialtransmissionline equation(7.24),with Besselfunctionsas
solutions,the calculated

÷��	�
� �½ÿ candiffer from
ö÷ þMÿ_��nk�� . The amplitudeof the inward travelling

wave, ¶ �
Á�Â , is adjustediteratively until thetotaldissipatedMW power, givenby equation(7.42),
equalsthedesiredinput power

÷ �
Á�þ�� � (which is chosento beaninput parameterfor this plasma
configuration):¶ �
Á�ÂÁ��� ' ¶ �
Á�Â� ÿ�� � ÷ �
ÁMþ�� � R ÷����
� �½ÿn� �^t

â
.

Therearetwo maindifferencesin thediscretisedconfigurationbetweenthemicrowaveEM-
moduleandPLASIMO. First, the computationaldomainis different: in the calculationof the
electromagneticfields,it existsof theplasmaregionplustheglassandair region. In PLASIMO,
it containsonly theplasmaregion shown in figure7.2. Secondly, thePLASIMO-grid,on which
themass,momentumandenergy balancesin the plasmaregion aresolved,andthemicrowave
EM-grid, asshown in figure 7.3, arenot the same. SincePLASIMO andthe EM-moduleare
coupledvia thepermittivity (asgivenin equation(7.9))andtheOhmicinput power (asgivenin
equation(7.41)),betweenthetwo gridslinearinterpolationis appliedfor thesevariables.

7.3 Configuration characteristics

We will now concentrateon the configurationcharacteristicsthat areusedin PLASIMO. The
configurationof interestis takensimilar to theoneusedby RauandTrafford [169], andis shown
in figure7.2. Thecomputationaldomainusedin PLASIMO consistsof theplasmaregion only.
The electromagneticmodulewith its boundaryconditionswerediscussedabove, the boundary
conditionsfor thecomputationaldomainof PLASIMO andtheconfigurationcharacteristicsare
givenin table7.1. A uniform(plasma)grid is usedwith 62 axialand17 radialgrid points.

The maximuminlet velocity at the axis, � k�����
Á , is determinedby the massflow and mass
densityat theinlet, aswasexplainedin [34]. Thetubeis pumpedat theoutletside,thepressure
at the outlet, � � � � , is taken as fixed. A constantaxial componentof the pressuregradientis
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Table7.1: Boundaryconditionsfor thecomputationaldomainof PLASIMO, appliedto thenon-
LTE argon MW plasmaplus the configurationcharacteristics(the sameas thoseof Rau and
Trafford [169]). The pressureis � ; �¯« and �w¬ are the axial and radial velocity components,
respectively; ü�� and üÃû arethe heavy particleandelectrontemperature,respectively; � ô is the
massfractionof species� .

Par. Inlet Outlet Axis Tubewall� � g� « '�� � ' � � � � � g� ¬ ' \ � g� ¬ ' \�?« �¯« ' � k�����
Á � Po* ² ¬� �
! ´
â#"

�%$'&� « ' \ �($)&� ¬ ' \ �¯« ' \�¯¬ �w¬ ' \ �%$'*� « ' \ �w¬ ' \ �w¬ ' \ü�� ü+� ' ü���] �
Á �(,.-� « ' \ ��,/-� ¬ ' \ 0 � ��,.-� ¬ ' 1%2 � ,'3�4
5 6 , -#6 2 �� �
! ÿ
Á ²87 ��! z:9 27 �
! ´ü²û üÃû ' üÃûL] �
Á �(,);� « ' \ ��,.;� ¬ ' \ ��,);� ¬ ' \� ô <>=	?:=@BA < A ? A �%C =� « ' \ �(C =� ¬ ' \ !D ý ²FE � ô !G
ä !+ ô ´ ' ý ô!D ý !+ ô ' \

Par. Value Par. ValueH Z
sccs6 � ü���] �
Á ZS\d\

K; u�	 \ a bSbdb ü²ûG] �
Á î \d\d\
K; u�	{z \ a \S\�P ü?ÀI��	 P[ZS\d\
K�±� ` \d\

mm
0KJ P a \MLON

W m 6 � K 6 �� 	n�� Pµ\d\
mm � P�\

mmý�þMÿ N a Z
mm slit asymmetry

*�Z
mmý��&ÿ b

mm P J P a Z
mmý����
	 P[Z

mm � � � � P�\d\d\
Pa÷ �
ÁMþ�� � Læ\d\

,
Pµ\d\d\

,

î \d\d\
W

assumedat the inlet of the tube. The valueof this gradientis determinedduring the iteration
process.Theheavy particletemperatureat thetubewall, ü+��] J is determinedfrom theequalityof
theheatflux from theplasmato the tubeandtheheatflux from the tubeto the furnace,which
temperatureis keptconstantat ü¯ÀQ��	 ' P[ZS\d\ K. At theinlet thecompositionof theargonmixture
is fixed, with fractions ; ô of the total inlet flow H for eachindividual species� (i.e. the inlet
flow of species� is definedas H ô ' ; ô H ). The fractionsaregivenin table7.1. At thewall, the
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total massflux of species”i” perpendicularto thewall mustequalthe net massflux ý ô dueto
productionor consumptionof thespeciesat the wall. This ý ô is describedin chapter2 of this
thesis.For argontheresultis: ý uT	�z ' * s u�	�zKR �
ÁuT	 z ]  (7.43)ý�uT	 ' s u�	 R � � �u�	F]  (7.44)

with R �
ÁuT	�zT]  and R � � �uT	^]  thefluxes(in m 6 â s6 � ) describingat thewall S thelossof argonionsAr ¦
andtheproductionof argonatomsAr, respectively:R �
Áu�	{zT]  ' ú u�	�z ö� uT	�z~]  T u�	 z ] Po* T u�	�z�]  R

î
(7.45)R � � �u�	F]  ' R �
Áu�	{zT]  (7.46)

with
ö� u�	{z~]  ' �ë �VUæ| � ü+� R : s u�	{z � �^t

â
themeanthermalvelocity of Ar ¦ perpendicularto thewall.

For argon only the ionic neutralisationWYX�¦ ä[Z]\¹ê�ê ì WYX is taken into account,its reaction
probability is assumedto be T u�	 z ' P . The slit asymmetrydenotesthat the slit is not located
exactly in themiddleof the resonator, but that it is shifted(in this caseto the left, towardsthe
inlet).

7.4 Compositioncharacteristics

For thechemicalandtransportpropertiesof argonwe refer to Janssenet al. [34], whereall the
argoncharacteristicsneededin PLASIMO arediscussedextensively. Here,wementiononly the
ratecoefficient, x�û 6 u�	 , for momentumtransferbetweenr andAr, neededin thecalculationof
the electroncollision frequency, sincethis is part of the couplingbetweenPLASIMO andthe
microwave EM-module. For calculating x[û 6 u�	 the cross-sectiondatagiven by NIST [69] are
used.

7.5 Results

The configurationof Rau and Trafford [169] is usedto perform numericalsimulationsof an
argon MW plasmaat microwave powersof

Læ\d\
,
Pµ\S\d\

and

î \d\d\
W. Here,we will presentthe

resultsfor theMW power absorbedin theplasma,theelectronandheavy particletemperatures,
thevelocity, themassfractionof theargonionsandtheradiationlosses.

The microwave power absorbedin theplasmais shown in figure7.4, from which it canbe
seenthat the microwave energy coupling to the plasmais mainly locatedat the plasma-tube
interface.This is dueto thesmallskin depth,which is definedas P ' �

î R 9 2V. � �^t
â
. It represents

thedepthbeyondwhich thefield strengthbecomesnegligible. For higherfrequency andlarger
electricconductivity, P decreases.

Theprofile of theelectrontemperatureüÃû is shown in figure7.5. The ü²û profile reflectsthe
standingmicrowave patternin the plasmaregion that is createddue to reflectionsat the inlet
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Figure7.4: ComputedMW power in theplasmaregion. Top: peakvalueof theMW power, as
functionof inputpowerata radialpositionof

 ' N a î Z
mm,thelocationof theslit is denotedby

thetwo grey lines;bottom:contourplot for
÷ �
ÁMþ�� � ' P kW.

andoutletopeningof thesubstratetubewhich areconsideredasmetalwalls in thepresentMW
module. The locationof the first peakof ü²û correspondsto the first (small) peakin the MW
power in figure7.4. Thispeakis expectedto vanish,by usingthenew EM boundaryconditions,
asnotedin section7.2.5.

Theheavy particletemperatureü+� is shown in figure7.6 for a MW power of
Ld\d\

W. Com-
paredto ü²û , the ü+� -profile is smearedout towardsthesymmetryaxis,while nearthetubewall a
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Figure7.5: Computedelectrontemperature.Top: at four differentradii in theplasmaregion, for÷ �
Á�þ�� � ' Ld\d\
W; bottom:valuesat theaxisasfunctionof inputpower.

coolingeffectoccursdueto heattransfer;thevalueof ü+� at thewall is coupledvia theboundary
conditionswith thetemperatureof thefurnace,which is keptat 1500K. Thelowervaluesof ü+�
in theinlet regionof thetubeareaconsequenceof theinlet gastemperatureof 500K. Theeffect
of differentinput power is alsoshown in figure7.6. ComparingüÃû (figure7.5) with ü�� (figure
7.6) revealsthatthereis a strongnon-LTE behaviour in thecentralplasmaregion, i.e. ü+�_^ üÃû .

The pressuredifferencebetweeninlet andoutlet is small,

ë � ' � Z Pa, which meansthat
Rau’s uniform pressureassumptionis permitted.However, thecomputedaxial velocity profile,
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Figure 7.6: Computedheavy particle temperature.Top: at four different radii in the plasma
region, for

÷ �
ÁMþ�� � ' Læ\d\
W; bottom:valuesat theaxisasfunctionof inputpower.

shown in figure7.7,suggeststhatconvectionis importantin theregion wheretheMW power is
coupledinto theplasma;convectionwasnot takeninto accountby RauandTrafford.

The computedAr ¦ massfraction in the plasmaregion is shown in figure 7.8. Oneclearly
seestwo influences:the profile of � u�	 z is smearedout towardsthe centerof the tube. This is
dueto diffusion. Secondly, closerto the axis of the configuration,the axial profile of � u�	 z is
moveddownstream.This is dueto convection.Theelectronnumberdensityat

 ' Z a
î Z

mm for÷ �
Á�þ�� � ' Ld\d\
W is ú k����û ' ��ac� � Pµ\

â
0 m 6 } ( ú?u�	 ' P a � � P�\

â&â
m 6 } ).
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Figure7.7: Computedaxial velocityprofile. Top: at four differentradii in theplasmaregion,for`ba�c#d�e#fhgjilklk
W; bottom:valuesat theaxisasfunctionof inputpower.

Thecomputedradiationlossesaregivenin figure7.9. It appearsthatespeciallydownstream
of theslit anafterglow canbeseen.Theprofileof theradiationlossesis expected,sinceradiation
losseswill mainly appearin regionswhere m�n is low and o+n is high, i.e. downstreamfor this
plasmaconfiguration. A comparisonof the radiationlossesfor low andhigh MW powers is
shown in figure 7.9. It is seenthat at high microwave powers,the afterglow is stronger. Both
effectswerealsoverifiedby observations.

Theresultsof thenumericalsimulationsagreewell with observations,althoughdetailedval-
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Figure7.8: Computedmassfractionof Ar p . Top: at four differentradii in theplasmaregion,for`ba�c#d�e#fhgjilklk
W; bottom:valuesat theaxisasfunctionof inputpower.

idationof the resultsof thesimulationof theMW plasmausedin optical fibre production,can
only be achieved by experimentalresults. Due to the complicatedset-upof the MW configu-
ration usedby PlasmaOptical Fibre B.V., especiallythe moving resonatorandthe furnaceat
high temperature,it is difficult to performexperimentswhichcandeterminetherelevantplasma
parameters.However, somequantitativevalidationswill beperformedin thenearfuture.



146 Chapter 7

0 5 10 15 20 25 30

0

1

2

3

4

5

6

 r (mm):

 0

 2.75 

 5.25 

 7.25 

slit

 

 

P
ra

d
 (

1
0

6
 W

 m
-3

)

Axial position (cm)

0 5 10 15 20 25 30

0

5

10

15

20

25

30  P
input

 (kW ):

 0.4

 1 

 2 

slit

 

 

P
ra

d
 (

1
0

6
 W

 m
-3

)

Axial position (cm)

Figure7.9: Computedradiationlosses. Top: at four different radii in the plasmaregion, for`ba�c#d�e#fhgjilklk
W; bottom:valuesat theaxisasfunctionof inputpower.

7.6 Conclusions

The first stepin modelling the microwave plasmausedin the productionof optical fibreshas
beencarriedout: a new microwave energy couplingmodulehasbeendesignedandaddedto
theplasmasimulationtool PLASIMO. Thefirst resultsof thenumericalsimulationof anargon
microwave plasmaare presented.The verification by qualitative observationsshows a good
agreementbetweensimulationsandobservations.Theresultsof thenumericalsimulationswill
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bequantitatively validatedby experimentsin thenearfuture. Theimplementationof absorbing
boundaryconditionsfor the electromagneticfields at inlet andoutlet of the tube,will improve
theresultsfor theelectrontemperature.
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Chapter 8

NumericalSimulationof MicrowavePlasmas
Usedin OpticalFibreProduction:the
Non-LTE OxygenPlasma

G.M. Janssenq , M.J.N. van Stralenr , J.A.M. van der Mullen q
and A.H.E. Breulsrs

Departmentof Applied Physics,EindhovenUniversityof Technology, P.O.Box 513,5600MB
Eindhoven,TheNetherlandst

PlasmaOpticalFibreB.V., P.O. Box 1136,5602BC Eindhoven,TheNetherlands

Abstract

Themulti-componentplasmasimulationmethodPLASIMO is usedto numericallysimulatean
oxygenplasmaallowing local thermalnon-equilibrium(non-LTE) conditionsin themicrowave
configuration,usedfor optical fibre production. This is the secondsteptowardsnumerically
simulatingthecompletesystem,which eventuallywill includethecomplex chemistrybetween
Ot , SiClu andGeClu . Theresultsof thenumericalsimulationsarecomparedwith theresultsfor
argonpresentedin chapter7 of this thesis.It provesthattherearemajordifferencesbetweenthe
argonandoxygenplasmas,which all areexplained.Comparedto thehydrogennon-LTE model
presentedin chapter5, thecurrentoxygenmodelis relatively simple.Possibleextensionsof the
oxygenmodelarerecognised,andit formsagoodbasisfor thenext stepstowardsthenumerical
simulationof theopticalfibre productionprocess.

149
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8.1 Intr oduction

In the previous paper(chapter7 of this thesis),a startwasmadewith describingthe deposi-
tion processusedin optical fibre production. For this purpose,the generalplasmasimulation
tool PLASIMO [34], which hasbeendevelopedin the groupEquilibrium andTransportat the
EindhovenUniversityof Technology, is used.As a first stepa new microwave energy coupling
modulewasdesignedandimplementedin PLASIMO. In theprecedingchapter, simulationswere
performedfor anargonMW plasma,whichleadto encouragingresults.Thoughnoexperimental
dataareavailableon theconfigurationof interest,theresultswereasexpected,andagreedwith
observations.

For simulatingthe completedepositionprocess,a mixture of Ot , SiClu andGeClu hasto
be studied. The next steptowardsthis goal is the simulationof a pureoxygenplasma. This
will becarriedout in thesameconfigurationasin thepreviouspaper[169]. Experimentswill be
performedin thenearfuture,atthismomentwewill comparewith theresultsof theargonplasma
simulationspresentedin chapter7 andanalysepossibledifferencesandtheobservedtrends.

This chapteris organisedas follows: the configurationcharacteristicswill be discussed
briefly in section8.2. In section8.3 the oxygencompositioncharacteristics,which involves
theoxygenspeciesOt , O, Op , Opt andO v , arediscussed.Comparedto hydrogen(seechapter5
of this thesis)themaindifferenceis the largerelectronegativity: in anoxygenplasmamoreO v
is presentthanH v in ahydrogenplasma.Theresultsof thenumericalsimulationsfor anoxygen
microwaveplasmaarepresentedandcomparedwith theresultsof chapter7 in section8.4.

8.2 Configuration features

Theconfigurationconsideredis thesameastheoneusedbyRauandTrafford [169]. It is depicted
in figure8.1.

glass

plasma

b

L1

Rpl Rgl

gas mixture
  

air

Rair

 resonator

slit

Lres

z

r

Figure8.1: Geometryof theset-up:theplasmais surroundedby asubstratetubeandresonator.

As wasexplainedin chapter7, wemakeadistinctionbetweenthecomputationaldomainfor
thecalculationof themicrowave (MW) electromagnetic(EM) field andthatof PLASIMO. For
theMW EM field computation,it containstheplasmaregion, theglassandair regions. For the
PLASIMO computationsit containsonly theplasmaregion shown in figure8.1. Theboundary
conditionsfor thePLASIMO computationaldomainaregivenin section8.2.1.
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For thedescriptionof thecomputationaldomainfor theMW energy couplingcalculationwe
referto chapter7.

8.2.1 Boundary conditions

The boundaryconditionsfor the computationaldomainof PLASIMO appliedto the non-LTE
oxygenMW plasma,aresimilar to theonesgivenin chapter7. Theonly differencesarefoundin
thefractionsw:x of theoxygenspeciesattheinletof thesubstratetube.At theinlet thecomposition
of the oxygenmixture is fixed, with fractions wyx of the total inlet flow z for eachindividual
species{ (i.e. the inlet flow of species{ is definedas z�x g w:x|z ). The fractionsof thedifferent
oxygenspeciesarechosenasfollows: w8}K~ g�k��I�l�

, w8} g�k��Iklkl�
, w }K� g�k��IklklkM�

, w } �~ g[�����/k v��
and w }+� g������:k v�� . At the wall, the total massflux of species”i” perpendicularto the wall
mustequalthe net massflux �Yx dueto productionor consumptionof the speciesat the wall:�Yx g�� xF�V��� e�fx	� ��� � a�cx�� ��� with ��x�� � the flux (in m v t sv s ) describingthe gain or lossof species{
at the wall � , which dependson the wall reactionprobability ��x . For the formulationof the
fluxes � � e�fx	� � and � a�cx�� � we refer to chapter2. As wasshown before(seechapter5 of this thesis),
wall reactionprocessescanplay an importantrole in the plasmachemistry. The wall reaction
processesincludedin this studyarelistedin table8.1. Thereactionprobabilities,� }K� , � } �~ and� }+� , for ionic neutralisationat thewall areassumedto be1. Goussetetal. [175,176] foundthat
thewall associationprocess ¢¡£ ¢¡¥¤]¦M§�§©¨   t , hasareactionprobabilityof � }«ª �¬���:k v� for
their plasmaconditions;a low-pressureDC glow discharge with ®°¯ �:k t

Pa anda DC current
of ±²¯ �:k v s A. Theseconditionsarevery differentfrom theconditionsencounteredin our set-
up. Thesameargumentsaswereusedbeforefor ��³ (seechapter5 of this thesis)areapplicable
to � } : the wall reactioncoefficient dependson the wall temperature,the wall materialandthe
surfaceconditionsof thewall, seealsoMatsushita[177]. Therefore,thereis a largeuncertainty
in the valueof � } to be used. We have chosen� } g�k �	�

. Sinceit is well known that surface
reactionsof O play an importantrole [177] (comparealsowith the role of ��³ in the hydrogen
plasmain chapter5), experimentalinvestigationof ��} for plasmaconditionssimilar to theones
encounteredhere,couldbepartof a follow-upstudy.

Table8.1: Thewall reactionprocessesincludedin this study.

Reactingspecies Reactants �¡´¤]¦M§�§µ¨ st   t ¶pB¡´¤]¦M§�§µ¨    pt ¡´¤]¦M§�§µ¨   t ·v¸¡´¤]¦M§�§µ¨  
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8.3 Compositioncharacteristics

Weassumethattheoxygenplasmacontainsthefollowing species:O, Ot�¹ , Op , Opt andO v . We
do not considerthe metastablestatesOº:� sF» � , Oºt �V¼ s�½¿¾ � andOºt �ÁÀ s©Â p¾ � but will discusstheir
possibleinfluenceon thechemistryandthesimulationresultsin section8.4.2.We do not make
useof adetailedCollisional-Radiative(CR)modelor anadvancedkineticmodelfor oxygen.The
mainreasonsfor this arethe following. Themoretransport-sensitive (TS) specieswe take into
accountthelongerthenumericalsimulationswill take. Comparedto atwo-speciesargonplasma
(Ar, Ar p ), for afive-speciesoxygenplasma(O, Ot , Op , Opt , O v ), threeextramassbalancesand
threeStefan-Maxwellequationshave to besolved,at eachPLASIMO iteration. Therefore,we
try to limit thekinetic schemeasmuchaspossible.

For thefive-speciesoxygenplasma,wedistinguishthreequasi-separatekinetic systemsÃ :Ä Theatomicsystem,involvingatomicionization/recombinationprocesses,discussedin sec-
tion 8.3.1.Ä Themolecularsystem,involving association/dissociationprocessesandOpt processes,see
section8.3.2;Ä TheO v system,involving chemistrywith O v , seesection8.3.3.

For simplicity, we do not considertheinfluenceof rovibrationalexcitation,althoughit is recog-
nizedthat it canbeof major influencein thepresenttypeof plasma(seefor examplechapter5
of this thesis).

8.3.1 The atomic system

For atomicoxygen,electronicionizationis included(EI): Å¡´Æ � ¨   p ¡�Ç8Æ (8.1)

The reactionrate is taken from Lee et al. [178], the rate for the reverseprocessis calculated
via detailedbalancing.Figure8.2 shows the reactionratefor EI from thegroundstateandthe
first excitedstate,togetherwith theratesfor excitationof O to O � s » � andO � s�È � . If excitation
to O � sF» � is followed by step-wiseionisation(like in a hydrogenplasma,seechapter5 of this
thesis),weshouldusethis excitationratefor theionisationrate.

At this moment,we do not usea CR modelto calculatethenetproduction/destructionof O
andOp andtheline radiation.Thiswill bepartof a futureproject.

8.3.2 The molecular system

TheoxygenmoleculeOt andoxygenatomO arecoupledwith eachothervia:É
Theoxygenmoleculein theelectronicgroundstateis denotedasOÊ insteadof OÊ'ËÍÌ·Î Â¢ÏÐ+Ñ .Ò
This is to a certainextentanalogousto thenon-LTE hydrogenplasmain chapter5 of this thesis,althoughthe

systemsaredefineddifferentlyhere.
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Figure8.2: The reactionratesfor ElectronicIonisation(EI) from thegroundstateandthefirst
excitedstateaccordingto Leeet al. [178], togetherwith theratesfor excitationof O to O � sF» �
andO � s È � .Ä ElectronAssistedDissociation(EAD) andits reverseprocessElectronAssistedAssocia-

tion (EAA):   t ¡°Æ�Ó©ÔÖÕ×Ó©Ô Ô  �¡Å Å¡´Æ (8.2)

Thereactionratefor EAD is takenfrom Leeetal. [178] andis shown in figure8.4,therate
for thereverseprocess(EAA) is calculatedvia detailedbalancing.Ä Heavy particleAssistedDissociation(HAD) and its reverseprocessHeavy particleAs-
sistedAssociation(HAA):

  t ¡ÅØ Ù Ô�Õ×Ù Ô Ô  �¡Å �¡ÅØ (8.3)

with Ú g
O or Ot . The reactionratefor HAA is taken from EliassonandKogelschatz

[179] andis shown in figure8.3.Thereverserateis calculatedvia detailedbalancing.Ä DissociativeIonisation(DI):   t ¡´ÆÜÛ Ý� ¨  Å¡�  p ¡�Ç8Æ (8.4)

Therateis takenfrom EliassonandKogelschatz[179]. Seefigure8.4.
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Figure8.3: Thereactionratesfor HAA, for Þ g  ¿ß(  t , accordingto EliassonandKogelschatz
[179].

Themolecularion Opt is formedvia:Ä MolecularIonisation(MI):   t ¡´Æáà Ý� ¨   pt ¡´Æâ¡°Æ (8.5)

The reactionratefor MI is taken from Leeet al. [178]. The ratefor the reverseprocess,
MolecularRecombination(MR), is calculatedusingdetailedbalancing.Ä ChargeTransfer(CT):   t ¡�  päãlå� ¨   pt ¡�  (8.6)

Thereactionrateis takenfrom EliassonandKogelschatz[179]. It appearsthatthis rateis
verysmall,whencomparingit for examplewith theCT ratein ahydrogenplasma(chapter
5 of this thesis),which is aroundÇ �æ�ç�è�:k v s � m sv s . For oxygen,CT from theOt ground
stateis exothermic( é a � c}K~ gê� Ç �QkOëM� eV, é a � c} gá�:ì �Qí��

eV) in contrastto ahydrogenplasma
in which it is endothermic( é a � c³�~ gî�y� �ïi Ç eV, é a � c³ gð�/ì��æ�8í

eV). If vibrationally excited
oxygenmoleculesplay an importantrole in the oxygenplasma,the CT ratesfrom these
stateshave to betakeninto account.Thiscanbepartof a futurestudy.

Opt is destroyedvia:Ä DissociativeRecombination(DR):  pt ¡°ÆÅÛÖñ� ¨  �¡Å  (8.7)

Thereactionrateis takenfrom Hasted[180].
In figure8.4 theratesfor EAD, MI [178], CT, DI [179] andDR [180] areshown.
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Figure8.4: Thereactionratesfor EAD, MI [178], CT, DI [179] andDR [180].

8.3.3 The O ò system

The negative ion O v (with
½ é }+� v } g �l�ïiOílì

eV) is formed via the following Dissociative
ElectronAttachment(DEA) andPolarDissociation(PD) reactions:  t ¡°Æ Õ�Ó©Ô� ¨   v ¡�  (8.8)  t ¡°Æ ó Õ� ¨   v ¡�  p ¡´Æ (8.9)

Thenegative O v is destroyedvia ElectronImpactDetachment(EID) andpositive-negative ion
recombinations(PIR):   v ¡°Æ Ó©ô�Õ� ¨  Å¡�Ç8Æ (8.10)  v ¡Å  p ó ôFõ� ¨ Çl  (8.11)  v ¡Å  pt ó ôFõ� ¨  Å¡�  t (8.12)ó ôFõ� ¨ ì   (8.13)

Thereactionratesaretakenfrom Lieberman[181], andareshown in figure8.5.

8.3.4 Transport coefficients

Theelectronthermalconductivity öKn is calculatedusingFrost’s mixture rules[57]; theelectric
conductivity ÷ is calculatedconform the self-consistentset of the Stefan-Maxwell equations,
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Figure8.5: Thereactionratesfor productionanddestructionof thenegativeion O v . Thereaction
ratesarefrom Lieberman[181].

which is explainedin chapter3 of this thesis. The frozen part of the heavy particle thermal
conductivity öKø/� ù andtheviscosity ú arecalculatedwith themixturerulesgivenby Mitchnerand
Kruger [41]. The reactive part of the heavy particlethermalconductivity öKø:� û is includedasa
reactiveheatsourcetermin theheavy particleenergy balance.

8.3.5 Sourceterms

The netproductiontermsin themassbalancesof thespeciesarecalculatedfrom the reactions
given in sections8.3.1 - 8.3.3. In the momentumbalanceof the mixture, the time-averaged
influenceof thegeneratedmagneticfield üý , üþ.ÿ � üý , with üþ.ÿ thecurrentdensity, is neglected.The
sourcetermsin the energy balancesinclude the elasticenergy transferbetweenelectronsand
heavy particlespecies,theradiationlossesandthereactiveheatsourceterm.

For thecalculationof theelasticenergy transferterm(for its formula,seechapter5 of this
thesis)andthe calculationof the complex permittivity usedin the MW energy coupling term
(i.e. theOhmic input power, seechapter7 of this thesis)theelectroncollision frequency � for
momentumtransferfrom electronsto theheavy particlesis needed.Theexpressionfor � is more
complicatedasfor theargonplasmapresentedin chapter7 of this thesis.For amulti-component
plasma,with morethanoneion, � is givenby Shkarofsky et al. [70]:

� g���� o ����� n �
	 ¡ ���Ç�� � n� Ã m n©� s��
t���� uí ��� t��� � x o+x�� tx §���� (8.14)
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wherethesubscript’n’ denotesneutralparticlespeciesandthesubscript’ i’ denotesionisedpar-
ticle species;

� n is theelectronmass,� is theelementarycharge,  Ã is Boltzmann’sconstant,o��
is thenumberdensityof speciesX, with  g o or { ; �!� n �"	 is theratecoefficient for momentum
transferbetweenelectronsandneutrals,averagedover a Maxwellian energy distribution, � x is
thechargenumberof ionisedspecies{ , and §#��� is theCoulomblogarithmwith ion screeningin-
cluded.TheDebyeshieldinglength $ Õ , usedin theCoulomblogarithm,for themulti-component
oxygenplasmais givenby [70]: �$ tÕ

g � t� �  Ã � x o+x!� txm x (8.15)

which is a total Debyelength, in which the influenceof all chargedspeciesis included. The
ratecoefficientsfor momentumtransferbetweenthe electronsandthe neutrals,O andOt , are
computedby usingthecross-sectiondataof Itikawa [182] (for O) andLawton andPhelps[183]
(for Ot ). Theradiationlosstermis conform[117] with thefree-freeandfree-boundcontribution
accordingto MitchnerandKruger[41].

8.4 Results

8.4.1 Numerical simulations

The sameconfigurationis usedas the one presentedin chapter7 for a microwave power ofiOklk
W. We presentthecomputationsfor thepower absorbedin theplasmaregion, theelectron

andheavy particletemperaturesandthe dominantmassfractions. A comparisonis madewith
theargonresultsof chapter7.

The comparisonof the computedMW power coupling for oxygenandargon is shown in
figure8.6. Thepeakvaluein oxygenis lower thanin argon. A contourplot of theMW power
absorbedin the oxygenplasmais also shown in figure 8.6. One can seethat in the oxygen
plasmatheMW power couplingis smearedout towardstheaxis,whereasin argonthepower is
very locally absorbed(figure7.4). This canbeunderstoodby looking at theskin depth,defined
as % g ��Ç"&('âú�÷ � s��
t . In theoxygenplasmao�n is muchlower (explainedbelow) and m+n is much
higherthanin theargonplasma:o+�!)+*+,.- cn ªêÇ �QkB� �:k s!/

m v� and o�021�, � cn ªáÇ �Iì � �:k t#s
m v� . Since

theelectricconductivity is ÷èª � t o+n » -43n &Ö�� Ã m�n � , it follows that ÷���)5*+,.- c76 ÷8021#, � c , which implies
that the skin depthfor oxygenis larger than that for argon. The location of the MW power
couplingfor oxygenis furtherdownstreamthanin argon. This is alsoexplainedby thedifferent÷ of oxygen,which influencestheMW field via thecomplex permittivity (seechapter7).

Thecomputedprofileof theelectrontemperaturem�n is shown in figure8.7andcomparedwithm+n in theargonplasmacomputationsfrom chapter7. It is seenthat m+n in theoxygenplasmais
higherthanin theargonplasma.A possiblereasonfor this is thatrecombinationis moreeffective
in the oxygenplasmathanin the argon plasma.Since o�n in the oxygenplasmais muchlower
thanin theargonplasma,thecouplingbetween9 �;: and 9=< : will belessstrongerin theoxygen
plasma(via theelasticenergy transfer> ), sothat m�n hasto behigherin theoxygenplasma.?

For theformulaof theelasticenergy transferseechapter5 of this thesis.
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Figure8.6: ComputedMW power in theplasmaregion. Top: comparisonof thepeakvaluesfor
the argon (presentedin chapter7 of this thesis)andoxygenplasmas;bottom: contourplot for
theoxygenplasma.

The computedheavy particle temperaturem�ø is shown in figure 8.8 and is comparedwith
theargonresultsof chapter7. Like m+n , m+ø is alsohigherin theoxygenplasmathanin theargon
plasma.Theratioof thepeakvaluesof theelectronandheavy particletemperatures,m�@A0B)n & m�@A0B)ø ,
is slightly larger in theoxygenplasmathanin theargonplasma: mC@A0B)n &ymC@A0B)ø ª ì�� Ç for oxygen
and Ç �Q� for argon. This meansthat,with respectto the thermalcouplingbetween9 �;: and 9=< : ,
in theoxygenplasmathereis a strongernon-LTE behaviour in thecentralplasmaregion thanin
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Figure8.7: 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, OD is shown in figure 8.9. One

canseethat in the molecularoxygenplasma,the ionisationdegreeis substantiallylower than
in theatomicargonplasma(comparewith figure7.8). The top valueof theoxygenatomicion
fraction is E;FHGJILKNMOK�PRQ(SUTWV , for the argon resultsof chapter7 the maximumargon ion mass
fraction is E�XZY G I\[ZM^]_PRQ(SUTU` . Convertedto numberdensities,acb�d5e�f.g�hi ILjNM^SkPlQ(SUm!n m TUo and
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Figure 8.8: Computedheavy particle temperature.Top: at four different radii in the plasma
region; bottom: comparisonof thecomputedpeakvalues,locatedat thesymmetryaxis,of the
oxygenandargonresults(seechapter7).

a�p Y f.b.hi IqjUMr[sPtQ(S `�m m TUo . Thenumberdensity a i beinglower in a molecularplasmacompared
to anatomicplasmacanbeexplainedby themoleculardissociationprocesses,givenin sections
8.3.2and8.3.3.

Thethreemostdominantmassfractionsin theoxygenplasma,E FHu , E F and E F G areshown in
figure8.10.It is clearlyseen,thatat theusedlow inputpower, namelyv
S"S W, mainly molecular
andatomicoxygenarepresent.
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Figure8.9: Computedmassfraction of OD . Top: at four differentradii in the plasmaregion;
bottom: comparisonof thecomputedpeakvalues,locatedat thesymmetryaxis,of theoxygen
andargonresults(seechapter7).

8.4.2 The influenceof metastablestates

We will now focuson the possibleinfluenceof two metastablesstateson the behaviour of the
oxygenplasma.A futureprojectcouldbeto includethemetastablesin theoxygenmodel.

Themostimportantpopulationmechanismfor themetastablemoleculeÒ�w�x m5y{z}| (theenergy
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Figure8.10:Computeddominantmassfractionsin theoxygenplasma(for ~���S ).
differencewith theÒ groundstateis y�� FHu+�^���;��� T FHu5� p����8� � ��SZM^]"� eV) is:� `�w�� o�� |������ � `�w�� m y�|���� (8.16)

Withoutgoinginto toomuchdetail,thedestructionof Ò�w!x m+y{z�| cantakeplacein variousways,
themostimportantonesare[175]:� `�w�� m ys|A��� � � `�w�� o � |���� (8.17)� � `�w!� m � |���� (8.18)� � T � � w o�� | (8.19)� � w m5� |�� � w o�� |��t� (8.20)� `�w�� m y�|�� � T � � o ��� (8.21)� `�w!� m y�|A� � o � j � `�w�� o � |�� � w m5� | (8.22)

FurthermoreGoussetet al. [175] identifieda possiblequenchingmechanismfor Ò�w�x m+y�| via
Ò�w�� m � | , Ò(w!  o � | andÒ�w�¡ o�y�| . It is possiblethat includingÒ�w�x m+y{z�| in themodel,would
increasethedissociationdegreein theoxygenplasma,via reaction(8.19)or (8.20).

The other metastablethat hasour attentionis O w m�¢ | (with y7� F��O�2£"� T F�� �!¤ � � Q"Mr];¥"� eV).
Its possibleimportancefor the oxygenplasmacanbe illustratedby the following setof reac-
tions. Apart form theproductionmechanismlistedabove (reactions(8.20)and(8.22))we have,
following Vialle et al. [184]:� `�w�� o�� |��t� � � w m � |�� � w o � |���� (8.23)� w o�� |A�t� � � w m�� |��t� (8.24)
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Apart from thereverseprocesses,it is mainlydestroyedvia [184]:� w m5� |�� � `�w4� o�� |¦� � w o§� |A� � `(w!� m�� | (8.25)� � w o§� |A� � `(w�� m y�| (8.26)� w m5� |�� � w o�� |¦� � w o§� |A� � w o�� | (8.27)

Thissuggeststhatinclusionof themetastableO w m ¢ | couldalsoincreasethedissociationdegree
in the oxygenplasma,via possibledissociationof Ò�w�x m5y{z}| (reactions(8.19)and(8.20))and
Ò�w�¨ m � | .

Not all of theabove reactionsarevery fast[175,184], which suggeststhat if Ò�w�x m5y{z}| and
O w m ¢ | aretakeninto accountin themodelthey have to beincludedasTSspecies.

8.5 Conclusions

Thefirst resultsof thenumericalsimulationsof theoxygenplasmaat thermalnon-equilibrium
conditionshavebeenpresentedandcomparedwith theresultsof theargonsimulationspresented
in chapter7. Large differencesexist betweenthe resultsfor the oxygenand argon plasmas,
which canbeexplained. Thedevelopedoxygenmodelis relatively simple,comparedwith the
non-LTE hydrogenmodelpresentedin chapter5. Togetherwith thepossibleextensionsthatare
recognised,it will form a goodbasisfor thenext stepin thenumericalsimulationof theoptical
fibre productionprocess.
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Chapter 9

GeneralConclusions

Thepresentresearchhadthreemaingoals.
Thefirst goalwasto designa generalplasmasimulationtool, PLASIMO, capableof numer-

ically simulatingplasmasfor a wide pressurerange(approximatelyQ(SUm to Q(S;© Pa), from LTE
(i.e. Local ThermalEquilibrium) to non-LTE andwith differentenergy couplingmechanisms.
By splitting thesoftwareinto threemainparts,namelya configurationpart,a transportpartand
a compositionpart,a modularset-upwasobtained.In this way it waspossibleto developa tool
for thenumericalsimulationof variousplasmaconfigurations.(Chapters1 and2).

Thesecondgoalwasto designacorrectformulationfor theself-consistentdiffusionof plas-
masin thermalandchemicalnon-equilibrium,which is neededfor thenumericalsimulationof
molecularplasmas.A completedescriptionis presentedof self-consistentmulti-componentdif-
fusion in plasmasincluding the two-temperaturecharacterof a plasmaandthe influenceof the
varioustypesof diffusion:ordinary, pressure,forcedandthermaldiffusion.It is basedontheso-
lution of thesetof so-calledStefan-Maxwellequations.Theinfluenceof forceddiffusion,which
is expectedto playanimportantrole (apartfrom ordinarydiffusion)in aplasma,wasfoundto be
limited in ahydrogencascadedarcplasma.It is to beexpectedthatfor gasmixtureswith (large)
differencesin ionisationenergy andmassof theparticles,the influenceof forceddiffusionand
thermaldiffusioncanbelarge,especiallyin casethesesystemsarein non-LTE (Chapter3).

The third goal was to apply PLASIMO to a few openplasmaconfigurations. The main
conclusionsfor thevariousapplicationsarethefollowing:Ä The resultsof the numericalsimulationof a flowing atomic argon cascadedarc (CA)

plasmaagreewell with experimentalresults. It provesthat theargon CA plasmais sim-
ulatedadequatelywith a one-dimensionalmodelfor the electricfield. A studyhasbeen
performedon the influenceof the boundaryconditionson the resultsof the simulations.
Only theoutletboundaryconditionsinfluencetheplasmabehaviour in thewholeCA, the
influenceof inlet andwall boundaryis limited (Chapter2).Ä A thoroughstudyis performedof thehydrogenCA plasma.An efficienthydrogenplasma
sourcebasedon theCA is designed,for LTE conditions.Thedesignedconfigurationpro-
duceshydrogenion power fluxesof at least10 MW m TU` , which implies that the CA is
anexcellentcandidatefor thestudyof divertor-like plasmas.A studyof a hydrogenCA
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plasmafor non-LTE conditionsrevealsthatespeciallyin thecentralplasmaregionthermal
non-equilibriumis present,whereasin the outerplasmaregions,nearthe channelwall,
thermalequilibrium is reached.Thepronounced”sombrero”profile asfound in theLTE
hydrogenCA plasmais lesspronouncedin thenon-LTE simulations.
Themajorrole of H D` asan”intermediate”speciesin thehydrogenplasmais recognised.
Althoughits concentrationis very small, the(fast)H D` reactionsarevery importantin the
destructionof H ` . Accurateknowledgeof the wall reactioncoefficient ªU« is required,
becausetheassociationof 2 H at thewall to H ` hasa large influenceon thedissociation
degreein theCA (Chapters4 and5).Ä ThePLASIMOtool is validatedin acode-to-codecomparisonwith thecommerciallyavail-
abletool PHOENICSCVD for theflow of a non-reactingargon-silanegasmixture in the
subsonicregion of a depositionchamber. The code-to-codevalidationshows very good
agreementbetweentheresultsof thetwo tools. Theinfluenceof thermaldiffusionon the
resultsof the numericalsimulationis very similar, althoughthe formulationof thermal
diffusion in PLASIMO is moreapproximatethanthat in PHOENICSCVD. A code-to-
experimentvalidationis performedfor anargonplasmain thesubsonicregionof adeposi-
tion chamber. Thereis a reasonableagreementbetweenexperimentsandtheresultsof the
numericalsimulations,if theprincipleof anexpansionangleof vW¬= is not used,although
moreexperimentalinformationis neededto confirmtheaccuracy of thecomputedprofiles
(Chapter6).Ä The first two stepsin modellingthe microwave plasmausedin the productionof optical
fibres(i.e. a plasmaconsistingof Ò , SiClV andGeClV ) have beentaken. The first step
is the realizationof a microwave energy coupling moduleand addingit to PLASIMO.
The first resultsof the numericalsimulationof an argon microwave plasmaagreewith
visual observations. Thesecondstepis formedby non-LTE oxygenplasmasimulations.
Large differencesexist betweenthe resultsof the numericalsimulationsfor the oxygen
and argon plasmas,which are a consequenceof the different characteristicsof oxygen
andargon. Theresultsof thenumericalsimulationshave to bevalidatedquantitatively by
futureexperiments.Thedevelopedoxygenmodel,with its possibleextensions,will form
a goodbasisfor the next stepsin the numericalsimulationof the complex optical fibre
productionprocess(Chapters7 and8).
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Summary

Thisthesisdescribesthedesignof ageneralplasmasimulationtool,PLASIMO (whichstandsfor
PLAsmaSImulationMOdel) andits applicationto severalopenplasmaconfigurations.PLASI-
MO solvestheconservationequationsfor mass,momentumandenergy (i.e. it is a fluid model)
in a specifiedcomputationaldomain. To be applicableto plasmasfor a wide pressurerange
(approximatelyQ(S m to Q®S © Pa),underLTE (LocalThermalEquilibrium)andnon-LTE conditions
andwith differentenergy couplingmechanisms,thedesignof thePLASIMO-softwareis made
modular.

ThePLASIMO-softwareis split into threemainparts,namelyaconfigurationpart,atransport
part and a compositionpart. The configurationand compositionpartsconsistof modulesin
which the characteristicsof the individual plasmasourcesandvariousgases/gasmixturesare
stored,respectively. The transportpart forms theheartof PLASIMO andcontainsthe tools to
solve thesetof equationsfor theconservationof mass,momentumandenergy consistently. The
configurationandcompositionpartsprovide input for thetransportpart.

Main limitations of PLASIMO arethat the plasmasunderinvestigationshave to behave as
quasi-neutralfluids andthat theflow is axi-symmetric,steadyandlaminar. Dueto themodular
structureof thesoftware,it is ratherstraightforwardto addnew modules.This is provenby the
variousapplicationsdescribedin this thesis.

To beableto describemolecularplasmasin whichdifferentspeciesaredominantin different
plasmaregions,a correctformulationof thediffusionfor plasmasin thermalandchemicalnon-
equilibrium, is needed.Therefore,a completedescriptionis presentedof self-consistentmulti-
componentdiffusion in plasmasincluding the two-temperaturecharacterof a plasmaand the
influenceof thevarioustypesof diffusion:ordinary, pressure,forcedandthermaldiffusion. It is
basedon thesolutionof thesetof so-calledStefan-Maxwellequations.Fromthefour diffusion
types,ordinarydiffusion usually is the mostdominant. The influenceof forceddiffusion and
thermaldiffusion is studiedin a hydrogencascadedarc(CA) plasmaanda non-reactingargon-
silanegasmixturein thesubsonicregion of a vacuumchamber. They werefoundto beof little
influence.However, it is to beexpectedthatfor gasmixtureswith (large)differencesin ionisation
energy andmassof theparticles,the influenceof forceddiffusionandthermaldiffusioncanbe
large,especiallyif thesesystemsarein non-LTE.

In the presentresearch,PLASIMO is appliedto stronglyflowing CA plasmas(argon and
hydrogen),expandingjetsin thesubsonicregionof avacuumchamber(argon-silanegasmixture
andargon plasma)andflowing microwave plasmas(argon andoxygen)usedfor optical fibre
production.PLASIMO is alsocapableof numericallysimulatingtheQL-, TL- andS-lamp,but
theseconfigurationsarebeyondthescopeof this thesis.

TheatomicargonCA plasmacanbesimulatedvery well with PLASIMO. Theone-dimen-
sionalmodelfor theelectricfield in thearcprovedto beadequateto obtaingoodagreementof
theresultsof thenumericalsimulationswith thoseof experiments.

ThehydrogenCA plasmais numericallysimulatedfor LTEandnon-LTEconditions.Purpose
of this work wasto designanefficient hydrogenplasmasource,basedon theCA. This source
will beusedfor thestudyof divertor-likeplasmasin Tokamaksin theFOM-Institutefor Plasma
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Physics’Rijnhuizen’ in Nieuwegein. From the LTE simulationsa configurationwasdesigned
that fulfilled the requirementof an ion power flux of at least10 MW m TU` . In the resultsof
the non-LTE computations,the ”sombrero-like” cross-sectionaltemperatureprofile in the arc,
which is verydominantin theLTE computations,appearsto belesspronounced.Thiscanpartly
be explainedby the assumptionsof the non-LTE hydrogenmodel. In this respect,important
aretherovibrationalprocesses,thecompletenessof the reactionkinetics,andthewall reaction
probability for associationof 2 H at the wall to H ` . In the reactionkinetics,an importantrole
is playedby H D` , althoughits numberdensityis small. It is alsoshown thatthewall association
probabilityof H hasa largeinfluenceon thedissociationdegreein thearc.

An expandingnon-reactingargon-silanegasmixture in the subsonicregion of a vacuum
chamberis usedto perform a code-to-codecomparisonwith the commerciallyavailable tool
PHOENICSCVD. It is shown thattheresultscompareverywell, which is alsotruefor theinflu-
enceof thermaldiffusion.Theexpandingargonplasmais usedto performacode-to-experiment
validationof PLASIMO. The resultsof the numericalsimulationsagreewell with the experi-
ments,if theprincipleof anexpansionangleof 45 is not used.

Thefirst stepsin thenumericalsimulationof themicrowave plasmausedin theproduction
of opticalfibresby PlasmaOpticalFibreB.V. in Eindhoven,arepresented.A microwaveenergy
couplingmoduleis designedandaddedto thePLASIMO-software. By usingthis new module,
numericalsimulationsof argonandoxygenplasmasareperformedandcomparedwith qualitative
observations(argon)andwith eachother. Theresultsof theargoncomputationsagreewell with
the observations. The differencesbetweenthe argon andoxygencomputationsareexplained.
Comparedto the non-LTE hydrogenmodelpresentedin this thesis,the usedoxygenmodel is
relatively simple.Therefore,possiblewaysto extendit arerecognised.Whethertheseextensions
arenecessary, mustbemadeclearby a quantitativecomparisonin thefuture.
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Samenvatting

Dezestudieheeftbetrekkingophetontwerpvaneenalgemeenplasmasimulatiemodel,PLASI-
MO (PLAsmaSImulationMOdel)endetoepassingdaarvanop verschillendestromendeplasma
configuraties.In PLASIMO wordenin eengespecificeerddomeindebehoudswettenvoormassa,
momentumenenergie opgelost(hetis duseenvloeistofmodel).Omplasma’s in eengrootdruk-
bereik(van ongeveer Q(S m tot Q(S © Pa), van LTE (Lokaal ThermischEvenwicht)tot niet-LTE en
met verschillendeenergie-inkoppelingsmechanismente kunnensimuleren,is het ontwerpvan
dePLASIMO-softwaremodulairgemaakt.

De PLASIMO-codeis onderverdeeldin drie hoofddelen,namelijkeenconfiguratiedeel,een
transportdeelen eencompositiedeel. De configuratieen compositiedelenbestaanuit modules
waarin de eigenschappenvan de individuele plasmabronnenen verscheidenegassenen gas-
mengselszijn opgeslagen.Het transportgedeeltevormt het hart van PLASIMO en bevat de
gereedschappenomdevergelijkingenvoor massa-,momentum-enenergiebehoudconsistentop
te lossen.Deconfiguratieencompositiedelenlevereninvoervoor hettransportgedeelte.

De belangrijkstebeperkingenvan PLASIMO zijn dat de bestudeerdeplasma’s beschouwd
wordenals quasi-neutralevloeistoffen en dat de stromingaxi-symmetrisch,tijdsonafhankelijk
enlaminairis. De toevoegingvannieuwemodulesaanPLASIMO is relatiefeenvoudig,hetgeen
onderanderewordtaangetoonddoordetoepassingendiebeschrevenwordenin dit proefontwerp.

Om in staatte zijn moleculaireplasma’s te beschrijvenwaarinverschillendedeeltjessoorten
in verschillendegebiedendominantaanwezigzijn, moetgebruikgemaaktwordenvaneencor-
rectebeschrijvingvan diffusie onderomstandighedenwaarbij afwijkingen van thermischen
chemischevenwicht optreden. Dit is de redenwaaromeenvolledige beschrijvingvan zelf-
consistentemulti-componentdiffusie in plasma’s wordt gepresenteerd.Hierin is het twee-tem-
peratuurkaraktervaneenplasmaende invloedvandeverschillendesoortendiffusie,namelijk
gewone(concentratiegedreven),druk, geforceerdeen thermischediffusie, meegenomen.Deze
beschrijvingis gebaseerdop de zogenaamdeStefan-Maxwell vergelijkingen. Gewoonlijk is
concentratiegedreven diffusie dominant. De invloed van geforceerdeen thermischediffusie is
bestudeerdin respectievelijk eenwaterstofcascadeboogplasmaen eenniet-reagerendargon-
silaangasmengselin hetsubsonegebiedvaneenvacuumkamer. Hetblijkt datbeidediffusiesoor-
tenweinig invloedhebbenopdesimulaties.Echter, deverwachtingis datin gasmengselswaarin
(grote)verschillenoptredenin ionisatieenergieendeeltjesmassa,geforceerdeenthermischedif-
fusiewel eenbelangrijke rol kunnenspelen,in hetbijzonderalsdezesystemenafwijkingenvan
LTE vertonen.

In dit proefontwerpwordenals toepassingenvan PLASIMO, eenaantalstromendeplasma
configuratiesgesimuleerd:cascadeboogplasma’s (argonenwaterstof),expanderendejets in het
subsonegebiedvaneenvacuumkamer(argon-silaangasmengselenargonplasma)enhetmicro-
golfplasma(argonenzuurstof)datgebruiktwordt voor deproductievanoptischefibers. Daar-
naastis PLASIMO ook in staatom de geslotenconfiguratiesQL-, TL- enS-lampnumeriekte
simuleren.Dezetoepassingenvallenechterbuitenhetbestekvandit proefontwerp.

Het atomaireargon cascadeboogplasmakan zeergoednumeriekgesimuleerdwordenmet
PLASIMO. Door gebruikte maken van eenéén-dimensionaalmodelvoor het elektrischeveld
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in de boog, wordt goedeovereenstemmingbereikt tussende resultatenvan de simulatiesen
experimenten.

HetwaterstofcascadeboogplasmawordtnumeriekgesimuleerdvoorLTE enniet-LTE condi-
ties.Eenvandehoofddoelenvandit onderzoekis hetontwerpvaneenefficiëntewaterstofplas-
mabron,gebaseerdop decascadeboog.Dezebronzal doorhetFOM-Instituutvoor PlasmaFys-
ica ’Rijnhuizen’ in Nieuwegeingebruiktgaanwordenvoor debestuderingvandivertor-achtige
plasma’s in Tokamaks.Met behulpvandeLTE simulatiesis eenplasmaconfiguratieontworpen
die voldoetaande eis van eenionenvermogensfluxvan 10 MW m TU` . Het ”sombrero-achtige”
profiel van de radialetemperatuursverdeling,dat sterkaanwezigis in de LTE berekeningen,is
minderaanwezigin deniet-LTE berekeningen.Dit resultaatkangedeeltelijkverklaardworden
doordeaannamesin hetniet-LTE model. In verbandhiermeezijn derovibrationeleprocessen,
devolledigheidvandereaktiekinetiekenkennisvandewandreactiekansvoor waterstofassoci-
atieaandewandbelangrijk.In dereactiekinetiekspeeltH D` , ondankszijn lagedeeltjesdichtheid,
eenbelangrijke rol. De wandassociatiekansvanatomairwaterstofheefteengroteinvloedop de
dissociatiegraadin deboog.

Om eencode-codevalidatievanPLASIMO uit te voerenmethetcommercïelebeschikbare
pakket PHOENICSCVD is eenniet-reagerendargon-silaangasmengselin het subsonegebied
vaneenvacuumkamernumeriekgesimuleerdmetbeidepakketten.Aangetoondwordtdatdere-
sultatenvandesimulatieszeergoedmetelkaarovereenkomen.Dit geldtookvoordeinvloedvan
thermischediffusie. Tevensis eencode-experimentvalidatieuitgevoerddooreenexpanderend
argonplasmanumeriekte simulerenin nagenoeg dezelfdevacuumkamer. De resultatenvande
berekeningenkomengoedovereenmetdeexperimenten,mitshetprincipevaneenexpansiehoek
van45 wordt losgelaten.

De eerstestappenzijn gezetin de numerieke simulatievan het microgolf plasmadat door
PlasmaOptical Fibre B.V. in Eindhoven wordt gebruikt in het productieprocesvan optische
fibers. Eenmicrogolfenergie-inkoppelingsmoduleis ontworpenen toegevoegd aanPLASIMO.
Met behulpvandezenieuwemodulezijn numeriekesimulatiesuitgevoerdvanargonenzuurstof
plasma’s,dievervolgenszijn vergelekenmetelkaarenmet(kwalitatieve)experimentelewaarne-
mingen(voor argon). Het blijkt datdeovereenstemmingmetdewaarnemingengoedis. Tevens
zijn deverschillentussendeberekeningenvoorargonenzuurstofverklaard.Vergelekenmethet
waterstofmodelvoor niet-LTE conditiesdatook in dit proefontwerpwordt gepresenteerd,is het
gebruiktezuurstofmodelrelatiefeenvoudig.Vandaardatmogelijkeuitbreidingenwordenaange-
dragen.Denoodzaakvandieuitbreidingenzalpasblijkennakwantitatievevalidatiemetbehulp
vanexperimenten.
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Dankwoord

OnderhetinspirerendeleiderschapvanJoostvanderMullen hebik ruim drie jaarmogen”proef-
ontwerpen”.Zijn praktischemanierommetfysischeproblemenomtegaanspreektmezeeraan,
zijn apartgevoel voor humorzorgdemenigmaalvoor schaterlachendoor de gangen in tijden
dat het allemaalwat minderging warenzijn vaderlijke adviezenzeerwelkom. DaanSchram
wil ik vooralbedanken voor zijn interessein het waterstofgebeuren:is de dissociatiegraadnu
wel of niet 100% ? Opmerkelijk is, datDaanvrijwel elk PLASIMO-resultaatdatdoormij op
het computerschermwerd getoverd fysisch kon verklaren,ook al was de correctheidvan die
resultatenvaakver te zoeken. Wim Goedheer, ”the bestof North-WesternEurope”,heeftme
vanuit FOM-Nieuwegeinop zeerprettigewijze begeleid. Hij is niet alleeneenabsolutekei in
zijn vakgebiedwaarvanik veelhebopgestoken,maarook zijn zeeraangenamepersoonlijkheid
enderustdie hij uitstraalthebbengroteindruk op megemaakt.Mathé vanStralenwasnamens
PlasmaOpticalFibre(POF)mijn opdrachtgever in deafgelopenanderhalfjaar. Hij is hetbrein
achterde nieuwemicrogolf energie-inkoppelingsmodule,waarvoor ik hemzeerdankbaarben.
Onzesamenwerkingheb ik als zeerprettig ervarenen de ”POFfertjes”die we samenhebben
genuttigdwarenerg lekker!

Dit proefontwerpwasnooit tot standgekomenzonderdehulp vanhetPLASIMO-team,die
samendediversefysischeennumeriekeproblemente lijf gaan.Jongens:bedanktensuccesmet
PLASIMO in detoekomst! Daarnaastook eenwoordvandankaanJeroenJonkers,waarmeeik
samenhebgekekennaardemodelleringvanhetICP (waarvanoverigensnietsis terugte vinden
in dit proefontwerp).Mijn kamergenoten- ik hebernogalwatversletenvanafhetbegin vanmijn
AIO-2 tijd tot heteindvanmijn proefontwerp- endie vrijwel allemaaldeeluitmaaktenvanhet
PLASIMO-team,hebbendesfeeraltijd heelgezelliggemaakt.In debegintijd warendatDany
”roepi roepi” Benoy, Marnix ”zullen we evenvechten”Tas,Jeroen”ik hebgeenscheetgelaten”
Jonkersenlaterdejongeregeneratie:Colin Johnston,JanvanDijk, Bart Hartgers,Kurt Garloff
en Karel Burm: jongens,zonderjullie washet stukken vervelendergeweest! De sfeerbinnen
ETPis jarenlangerg goedgeweest,andershadik heter zeker niet zolanguitgehouden:bij deze
allemaalbedankt!Ik heberdanookheelwat vriendenaanovergehouden.

Naasthetnatuurkundigewereldje,bestaater gelukkigook nogzoietsals je directe(sociale)
omgeving. Vandaareenbijzonderwoordvandankaanmijn (snel)schaakkameradenopdeuniver-
siteit,Alain LerouxenArjeh Tal: ik hebaltijd erg genotenvanonzekrachtmetingen.De talloze
schaaktoernooiendie ik hebafgelopen,samenmet enkele clubgenotenvan schaakclub’t Pio-
nneke uit Roermond,maaktenhetheelmoeilijk voor meom steedsweerterugte kerennaarhet
computerschermvanmijn workstation.De”donderdagavond-club”,dievoornamelijkbestaatuit
Eindhovensenatuurkundigen,wil ik bedankenvoor develegezelligeenontspannendeuren;om
op vrijdagochtendhoogstaandefysica te bedrijvenwastelkensweereengigantischeuitdaging.
De bijeenkomstenmet mijn makkersuit militaire dienstwarensteedserg amusantenvormden
eenwelkomeafwisseling.

Tot slot eenwoord van dankaanmijn familie, voor hun belangstellingen steun,en in het
bijzondermijn vriendin, Astrid, die me niet alleengepushedheeft in de laatstemaandenvan
mijn promotie,maardie ookhetzonnetjein mijn levenis geworden.
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CurriculumVitae

GerJanssenwasbornin Roermondon the11thof March1967.From1979to 1985hefollowed
thesecondaryschoolin Roermondat theBisschoppelijkCollegeBroekhin. From1985on, he
studiedAppliedPhysicsat theEindhovenUniversityof Technology(EUT).After completinghis
graduationproject”Measurementsof shockwavesusingThomson-andRayleigh-scatteringon
anexpandingcascadedarcplasma”,in thegroup”Equilibrium andTransportin Plasmas”(ETP)
of theDepartmentof AppliedPhysicsat EUT, hereceivedhisMastersdegreein 1991.

In the beginning of the nineties,the military servicestill existedandthe Dutch Army wanted
Ger to join them. So, in 1992and1993he performedhis military servicein the Artillery. He
becameanobserverof the”43eAfdeling Veldartillerie” in Havelteandreachedtherankof lieu-
tenant.

After ayearof puttinghis attentionmainly to his big hobby, chess,hestartedat theendof 1994
the educationfor PhysicalInstrumentationof the StanAckermansInstitute(SAI) at EUT. He
performeda joint projectof theFOM-Institutefor PlasmaPhysics’Rijnhuizen’ in Nieuwegein
andthegroupETPatEUT on”The Designof anEfficientHydrogenPlasmaSourceBasedonthe
CascadedArc”. In 1997hereceivedhis ”Masterof TechnologicalDesign”degree.Hecontinued
his studyasa Ph.D.studentof theSAI on thesubject”Designof a GeneralPlasmaSimulation
Model, FundamentalAspectsandApplications”. From1999on, themainpartof his work was
performedfor PlasmaOptical Fibre B.V. in Eindhoven. His thesiswascompletedin August
2000.
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