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Preface

Abstract
PLASMAKINis asoftwarelibrary to handlephysicalandchemicaldatausedin plasmaphysicsmodeling
andto computekineticsdatafrom thereactionstakingplacein thegasor at thesurfaces— particle
productionandlossrates,photonemissionratesandenergy exchangerates.

This manualdescribesall thepublic variablesandroutinesin PLASMAKINandthedatainput syntax.It
givesall theinformationneededto usethePLASMAKINlibrary in programs,to write datainputfilesand
to understandtheerrorsmessagesproducedby PLASMAKIN. However it doesnot explainsthephysics
andchemistryconceptsunderlyingthelibrary. For thatpurposetheindicatedreferencesshouldbe
consulted.

Intended Audience
This manualis intendedfor programmerswith a goodbackgroundin physicsandchemistryor
conversely, physicistsor chemistswith programmingskills. In any casea basicunderstandingof the
Fortran90/95languageis needed.

Thereadershouldbefamiliarwith thephysicsandchemistryconceptsunderlyingthelibrary andbeable
to consultthearticledescribingPLASMAKIN[Pinhão01].

Other Sour ces of Information
Themainreferencefor thephysicsandchemistryprocessesincludedin PLASMAKINis anarticle
publishedin ComputerPhysicsCommunications[Pinhão01].

ThePLASMAKINlibrary anda sampleprogramanddatafile canbeobtainedfrom theCPClibrary
(http://www.cpc.uk).

Theauthormaintainsamailing list on PLASMAKINnews,errorsandupdates.Thismailing list canbe
subscribedsendinganemailto theauthor(mailto:npinhao@itn.pt?subject=Subscribepk list).
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Preface

Conventions Used in this Manual
In this manualthefollowing conventionsareused:

expression

Termsin boldandcourierfont indicatesinformationsuppliedby theuser

{option1 | option2...}

Bracesenclosea list from whichyou mustchooseone,but only one,item.

[option] [option1| option2...]

Squarebracketsencloseoptionalitemsor a list of optionalexclusive items.

...

A horizontalellipsismeansthattheprecedingitemcanberepeated

call pkReadData

Courierfont is usedfor codesamples

value,Ivalue,Lvalue,Rvalue,Cvalue

Thesewordsindicate,respectively, a generictype,aFortranINTEGER,LOGICAL, REAL or
CHARACTERvalue

IN, OUT, INOUT

Thesetermsclassifyargumentsthat,respectively, areusedto providedatato aprocedurebut arenot
modifiedinsideit; areusedto passdatafrom theprocedurebackto thecallingprogrambut are
undefinedonentry;or canbothprovidedatato theprocedureandreturndatato thecallingprogram.
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Chapter 1. Intr oduction
A largenumberof problemsin plasmaphysicsinvolve theconsiderationof severalchemicalspecies1

andreactions.Thesolutionof suchproblemsinvariablyrequirestheability to read,classify, sortand
manipulateparticlesandreactionsand,frequently, theevaluationof sourcetermsin chemicalkinetic
equations,theenergy transferredby theelectronsto theotherparticles,thegasheatingdueto collisions
or thephotonemissionspectra.

Thehandlingof thesedatafrequentlyrepresentsa significantfractionof codes,developmentand
maintenancetimeandis asourceof errors.It would clearlybeadvantageousto havea packageableto
dealwith thesedataindependentlyof thenumberor natureof thespeciesandchemicalreactions
involvedandof theproblembeingsolvedor themethodused.Suchapackagecouldbeusedasa "black
box" moving thedescriptionof particlesandreactionsfrom codeto a datafile, isolatingtheevaluationof
termsrelatedto thechemicalkineticsfrom theremainingprogram,allowing theuserto concentrateon
thephysicalproblemandon thealgorithmto solve it. Oncethecodedeveloped,it wouldallow aneasy
andfastmodificationandtestingof chemicalmodels.PLASMAKINwasdevelopedto fulfill this purpose.

What is PLASMAKIN
PLASMAKINis acollectionof routinesto parseaninputfile describingthespeciesandreactionspresent
in adischarge,handlethis dataandto computechemicalkineticsdatacharacterizingthedischarge.The
library supportsany numberof speciesandreactions,is independentof thenumberof dimensionsof the
problemandcanbeusedbothin stationaryandtime-dependentproblems.AlthoughPLASMAKINhas
beenwritten for plasmaphysicsproblemsit canbeusedor adaptedto any field dealingwith chemical
kinetics.

Theuserinterventionis limited to thepreparationof aninputfile andin makingtheappropriatecallsto
PLASMAKINproceduresin adriverprogram.Theinputfile usesa languagecloseto thephysicaland
chemicalnotationandtheparseris ableto detecterrorsin this file andto deducethevaluesof several
properties,reducingtheamountof datathatmustbewritten in thefile.

A largenumberof speciespropertiesaresupportedandfully describedin CHEM_SPECIES. Vibrational
seriescanbeindicatedandthecorrespondinginitial relativepopulationsareestimatedusinga
Gordiets-Treanordistribution [Gordiets72]:

����� ��� �		
 		�
����� ������������� �� �"!$# �&%'�(�*)$+-,/.10!32-465 7 �98:��;���<� �>=�? � =� 7 ��;�8*�98:�@;<;
����� � � � #� �A!$2 4 7 �9B:��;�;
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Chapter1. Introduction

Unimolecular, bimolecularandtermolecularreactionscanbeincluded.

Opticalemissionandabsorptionareexamplesof unimolecularreactionimportantin plasmaphysics.
Radiationimprisonmentcanalsobeaccountedincludinga constantor spacedependentescapefactor
[Molisch98].

Cascadelevels(influencingthepopulationof lower levelsby spontaneousemissionbut whosedensityis
not followed)aresupportedandthecorrespondingbranchingratiosareautomaticallyevaluated.

A largenumberof ratecoefficientshaveanArrheniustemperaturedependence.However reactionsin
plasmacanhavemorecomplex temperaturedependenciesor, asis thecasefor electroncollision
reactions,dependon theelectrontemperature.To accommodatethis, ratecoefficientswith apowerseries
dependenceon temperaturein theexponentialtermcanbeusedin PLASMAKIN:CEDGF
HJID�K�LNMO$PRQESUT6V
WXZYJ[:\^]O_6` ]O@a
whereT is theelectrontemperaturefor electroncollision reactionsandthegastemperaturefor other
cases.Theinitial temperatureis readin thedatafile andcanbechangedduringprogramexecution.

As theratecoefficient for forwardandreversereactionsarerelatedby theprincipleof detailedbalancing,
PLASMAKINautomaticallyevaluatesthereverseratesfrom thecorrespondingforwardrates.

A largenumberof reactionswith vibrationallevelsareformally identical,theonly differencebeingthe
vibrationalnumber(s).To avoid theneedof writing all this reactionsPLASMAKINis ableto readasingle
descriptionof agroupof reactionsinvolving speciesfrom a vibrationalseries,createthecorresponding
individual reactionsandcomputetheratecoefficients.

Finally, to computeratecoefficientsknown asa functionof thereducedfield E/N or meanenergy (asis
frequentlythecasefor electronratecoefficients),ratecoefficientsdependingon vibrationalquantum
numbersor otherexpressions,ausersuppliedroutinecanbeused.

TermolecularReactions- Two typesof pressure-dependentreactionsareincluded:recombination
reactionsandchemicallyactivatedbimolecularreactions.Reactionratesarecalculatedusingthe
[Lindemann22] and[Troe83] formulation.In bothcasesthe3rd bodyconcentrationcanbeset
proportionalto thetotalpressureof to thepartialpressureof a selectedgasspecies.

Surfacereactioncanbeincludedandtheindicationof surfacenamesallowsdifferentiatingthereactions
accordingto thesurface.

Energy losses- Theenergy exchangedin reactionsis calculatedfrom thevaluesof theformation
enthalpy at thegastemperature.As thegastemperaturein cold plasmasis within a few hundreddegrees
to T

0
, theformationenthalpy at gastemperatureis not muchhigherthanthestandardvalueandis

approximatedby:
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Chapter1. Introduction

bdcfehg"i^jlkmbUnc ehg"o$jqpsrltvuwg
A throughoutdescriptionof theequationsandexpressionsusedin PLASMAKINcanbefoundin
[Pinhão01].

Thepackageis written in standardFortran95 asa MODULE unit. However, to allow aneasyintegration
with FORTRAN 77 codeonly theFORTRAN 77 intrinsic datatypesareusedfor public dataand
PLASMAKINprocedurescanbecalledby FORTRAN 77code.Theusageof Fortranstandardnaming
conventions,errordiagnosticsanderrormessageseasestheusageof thepackage.

Limitations of PLASMAKIN
AlthoughPLASMAKINis preparedto dealwith a largediversityof propertiesandtypesof chemical
reactionsandto respondto differentproblemsfoundin plasmaphysics,somereactiontypesarenot yet
supportedor functionsfoundin otherchemicalkinetic librariesor programs[Kee96, Carver97]
havenot beenincluded.

Thefollowing functionshavebeenintentionallyleft out:

• It doesnot includeany particleor chemicalreactiondatabase.In fact,althoughtherearesome
referencedatabases,thenumberof gasesandreactionscoveredin thosedatabasesis still small.Also,
differentproceduresandlevelsof approximationfor thedescriptionof speciesandreactionsare
commonin this field. Consequentlytheauthorhasdecidedto leave to theusertheselectionof data
andhasinsteadprovidedenoughflexibility in thedatastructuresin orderto accommodatedifferent
waysof datarepresentation.

• PLASMAKINdoesnot provideeitherany differentialequationssolveror any otherintegration
procedure.As thenumberof numericalproceduresavailableis relatively largeandin continuous
evolution, theselectionof theappropriatealgorithmis largelyproblemdependentandmany arefreely
availableandwell documented2 thechoiceof theappropriatealgorithmwasagainleft to theuser.

• PLASMAKINdoesnot includesanelectronBoltzmannequationsolver. Toughtheelectronandthe
chemicalkineticsareinterconnected- theratecoefficientsdependon theelectronkineticsandthe
formerdependson speciesconcentration- theavailablemethodsof solutionfor theelectron
Boltzmannequationarevalid only in clearlydefinedconditionsandthereis no"universal"solver.
Again, for problemswherebothkineticsmustbesolvedtogether, thechoiceof theappropriate
electronBoltzmannequationsolverwasleft to theuser. Neverthelessanelectronkineticslibrary, build
on top of PLASMAKIN, andsolvingthehomogeneouselectronBoltzmannequationin theclassical
two termapproximationis availablefrom theauthor(mailto:npinhao@itn.pt?subject=Inquireon
Boltzlib) for non-commercialuse.
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Chapter1. Introduction

• Finally PLASMAKINdoesnot usesomeapproximationscommonin otherfields- i.e. the"family
approach"usedin atmosphericchemistry- asthey areseldomusedin "gaseouselectronics"problems.

Thefollowing capabilitiesarebeenconsideredfor thenext version:

• Supportfor ionic excitedstates.

• Accountasthe3rd bodyin threebodycollisions,of specieswith differentefficienciesin promoting
thereaction.

• Supportfor surfacereactionswith differentadsorbedatoms.

• Evaluationof surfacecoverageandstickingcoefficients.

• Interfacesfor C, PascalandPythonmixedlanguageprogramming.

Units
With a few exceptionsthephysicalpropertiesarehandledin PLASMAKINusingS.I. units.The
exceptionsaretheenergy, theelectrontemperature,wherein bothcaseseV is used,andthevibrational
frequency wherefor historicalreasonscm-1 is used3.

However in theinput file thevaluesof severalphysicalpropertiescanalsobeindicatedin otherunits.In
this casetheunit usedmustbeindicatedafterthevalue,accordingto thesyntax:

property = value, ’units’

Theunitsavailablefor eachpropertyarelistedin thecorrespondingreferencepage.

Whentheseunitsarefoundthecorrespondingvalueareconvertedto S.I. unitsandtheconversionfactors
aresaved.Whenthecalling programinquiresthevalueof a givenphysicalpropertythecorresponding
conversionfactoris usedto back-convert to theinitial units.Thusthevaluepassedto thecalling program
is alwaysin theunitsusedin thedatafile.

Theconversionoperationsandconversionfactorsarealwayshiddenfrom thecalling program.This
allowssomeflexibility on datainputandoutputandat thesametime freestheprogrammerfrom
elementarybut error-proneoperations.

Notes
1. In this manualeachquantumlevel is consideredasanindependentspecies
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Chapter1. Introduction

2. See,for instance,GAMS or NetLib.

3. In spectroscopy thevibrationalfrequency is measuredin unitsof x6y3z , wherec is thevelocityof
light.
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Chapter 2. Overview

Usage
ThePLASMAKINlibrary is a Fortran90/95MODULE unit with publicandprivatedataandprocedures.
Thelibrary is accessibletrougha standardUSE instruction:

USE PLASMAKIN

Themodulereadshis datafrom aninputfile andcancall anoptionalusersuppliedroutineSetRate, to
evaluatecomplex ratereactionexpressions,but is otherwise,self-contained.

FigureF-1 representstherelationshipsbetweenPLASMAKINandotherroutinesor datafiles.Thearrows
indicatethedirectionof informationflow.
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Chapter2. Overview

FigureF-1. RelationshipsbetweenPLASMAKIN and other program units or data files.
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Chapter2. Overview

Data Model
PLASMAKINmakesextensiveuseof deriveddatatypes.Howeveronly two of themarepublicandeven
sothey arenot intendedto beusedoutsidethePLASMAKINMODULE. Theonly reasonwhy they are
public is becausethey areusedin NAMELIST reading.

Thehidingof datastructuresguaranteesthatfuturemodificationof thedatamodelhaslimited, if any,
impactin thecallingprograms.It alsoconsiderablysimplifiesmixedlanguageprogramming.

Publicdataincludeparameters,scalarsandarraysvariables,theabovederivedtypesandprocedure
interfaces.

With theindicatedexception,all thepublicvariablesandargumentsin PLASMAKINprocedureshave
intrinsic Fortrandatatypes.Thisallows theuseof thelibrary with FORTRAN 77 conformingcodewith
little modifications1.

Particleor reactionpropertiesareonly accessiblethroughaccessroutinesallowing a strict controlof
which datacanbeinquiredor modifiedby thecalling program.

Thecalling programshouldnot modify thevalueof any of thepublicvariablesasthey areextensively
usedby PLASMAKINto internalprocessing.Thepossibilityof modificationof any of thosevariablesis a
potentialsourceof errors.Again this couldbeavoidedby theuseof accessroutinesbut it would be
cumbersomeandintroducetime penaltiesasthesevariablesarefrequentlyusedin thecallingprogram.
Theauthorhasdecidedto rely on theuserexperienceto avoid this kind of errors.

Notes
1. You needoff coursea Fortran95compilerandtheFortran90/95USEinstructionto invoke

PLASMAKIN

3



3. Public Parameter s and Variab les
With theexceptionof thearrayKTable(:) andthePARAMETER NMaxReacSpc, all theother
variablesarecountersrepresentingthenumberof speciesor chemicalreactionssatisfyingsome
condition.

Thesecountersareinterrelatedandotherusefulvaluescanbededucedfrom theavailablecounters.The
following valueshavenot beenexplicitly definedandcanbeuseful:

• N { of neutralexcitedspecies= NnVX - NnV

• N { of electroncollision directprocesses= NKea - NSKea

• N { of gascollision processesbetweenatomsandmolecules= NKgas - NKea

• N { of reversegascollision processesbetweenatomsandmolecules= NReverse - NSKea

Whentheinput file is readthespeciesandchemicalreactionsareclassifiedandsorted.Thenew order
follows theclassificationshown in FigureF-2andFigureF-3 for, respectively, speciesandchemical
reactions.

FigureF-2. Representationof the order of speciesin PLASMAKIN. The electronshave the highest
index of the chargedspecies.The region(a) representsthe neutral, excitedspecies.

FigureF-3. Representationof the order of reactionsin PLASMAKIN. The region(a) and (b)
representrespectively, the number of dir ectand reversegascollision processesbetweenatomsand



molecules.

Caution
The values of these counters are set by PLASMAKIN and should not be modified
by the user program.



KTable

Name
KTable — Translationtablefor reactioncoefficient indexes

Type and Attrib utes
Integer arraywith dimensionNKReac

Description
KTable is a translationtableto maptheinternalPLASMAKINreactionindexesto thecorresponding
reactionindexesin theinputfile.

Whentheinputfile is readthereactionsareclassifiedandsortedto speed-upfurtheroperations.However
theinterpretationof severalresultsdependson therelationshipwith theinputfile reactions.Thearray
KTable holdsthis information.A typicaluseof thearrayKTable is in write instructionsasin the
examplebellow.

Example

Example E-1. KTable : Using KTable to control the printing sort order of variables.

REAL(8), ALLOCATABLE :: KRate(:)
...
ALLOCATE( KRate(NKReac) )
...
CALL pkGetReacCoef( ’value’, KRate(:), 1 ) ➊

print *, KRate(:) ➋

print *, KRate( KTable(:) ) ➌

➊ ThearrayKRate holdsthevaluesof thereactionratecoefficientssortedby PLASMAKIN.
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Public ParametersandVariables

➋ This instructionprintsthereactioncoefficientvaluesin theorderusedin PLASMAKIN.

➌ This instructionprintsthereactioncoefficientvaluesin thesameorderasreactionsarelistedin the
inputfile

NCasc

Name
NCasc — Numberof cascadelevels

Type and Attrib utes
Integer

Description
NCasc is thenumberof cascadingspecies- excitedspeciesdecayingonly by spontaneousemissionand
affectingthepopulationof lower levels,but whosepopulationis not followed.

NCasc is calculatedcountingin theinputfile thenumberof specieswith thecascade flagsetto T.

7



Public ParametersandVariables

NCh

Name
NCh — Numberof chargedspecies

Type and Attrib utes
Integer

Description
Nch is thenumberof differenttypesof chargedspecies,includingpositively andnegatively chargedions
andtheelectrons.

NCh is calculatedcountingin theinputfile thenumberof specieswith thevalueof charge different
from 0.

NKea

Name
NKea — Numberof coefficientsfor electroncollision reactions

Type and Attrib utes
Integer

Description
NKea is thenumberof differenttypesof reactionswith electrons.

8



Public ParametersandVariables

NKea is calculatedcountingthenumberof reactionsindicatedin theinputfile wherethenameof at least
onespeciesin thereactants list is ’e’ .

NKgas

Name
NKgas — Numberof gasphasereactions

Type and Attrib utes
Integer

Description
NKgas is thenumberof differenttypesof reactionstakingplacein thegas.

NKgas is calculatedcountingin theinputfile thenumberof reactionswith thevalueof locus equalto
thedefault value’gas’ .

NKPhEm

Name
NKPhEm — Numberof photonemittingreactions

Type and Attrib utes
Integer

9



Public ParametersandVariables

Description
NKPhEm is thenumberof differenttypesof reactionsemittingphotons.

NKPhEm is calculatedcountingthenumberof reactionswith a photonin theproducts list.

NKReac

Name
NKReac — Totalnumberof reactions

Type and Attrib utes
Integer

Description
NKReac is thetotal numberof differenttypesof reactions,includingsurfacereactionsandradiation
imprisonmentreactions.

NKReac is calculatedcountingthenumberof reactionsdefinedin CHEM_REACTION NAMELIST
groups.Thenumberof reactionscountedin eachinstructiondependson thevalueof theopposing
propertyandon thetypeof speciesindicatedin thereactants andproducts lists:

• If theopposing propertyequalsT thenumberof reactionsis doubled;

• If noneof thespeciesindicatedin thereactant or product lists representsa vibrationalseries
andopposing = F, theinstructionrepresentsonereaction.However if any of thespeciesrepresents
a vibrationalseries,all thecorrespondingreactionsareconsideredandthenumberof reactionsis
givenby theequation|$}d~������ �} � ��� }��} �
�R������� �����} ��� � }��} �
����� � ��� �} � � � }��} �� �
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Public ParametersandVariables

wheretheproductis on thenumberof vibrationalspecieson thesideof theequationwith thehighest
numberof vibrationalspecies.For clarity let this sidebecalledS andtheothersideF 1.�N������ and �N��� �� are,respectively, theminimumandmaximumallowedvaluesfor thevibrational
quantumnumberfor speciesi in sideS. If no otherlimits areimposedthey aretheminimumand

maximumvibrationalvaluesfor thatseries.���� �¡  and ¢�£�¤ ¥¦
arelimiting valuesfor theproducts

vibrationalquantumnumber.

Notes
1. In mostreactionsS is thereactants sideandF theproducts side.

However whenthenumberof vibrationalspeciesin products is higher(asin therecombinationreaction§©¨«ªs¬d­®ª*¯±°²§³¬µ´h¶¸·¹ª*¯
) theabove equationis valid only if sideS is theproducts side.

NKRImp

Name
NKRImp — Numberof radiationimprisonmentreactions

Type and Attrib utes
Integer

Description
NKRImp is thenumberof differenttypesof radiationimprisonmentreactions.

NKRImp is calculatedcountingthenumberof reactionswith aphotonin thereactants list but nonein
theproducts list.

11



Public ParametersandVariables

NMaxReacSpc

Name
NMaxReacSpc — Maximumnumberof particlestakingpartor producedon areaction.

Type and Attrib utes
Integer, parameter

Description
NMaxReacSpc is themaximumnumberof reactants or products in a reaction.

In PLASMAKINthis numberis aparameterconstantequalto 4. However if thisnumberis not
appropriate,theuseronly hasto modify this valuein thedeclarationof NMaxReacSpc in the
PLASMAKINsourcefile andrecompilethelibrary.

NnC

Name
NnC — Numberof neutralspecieswith constantconcentration.

Type and Attrib utes
Integer

Description
NnC is thenumberof neutralspecieswith constantconcentration.

12



Public ParametersandVariables

NnC is calculatedcountingthenumberof specieswith thevalueconstant = T.

NnTV

Name
NnTV — Totalnumberof specieswith variableconcentration.

Type and Attrib utes
Integer

Description
NnTV is thenumberof specieswhoseconcentrationchangesandmustcorrespondto thenumberof
continuityequationson themodel.

NnTV is calculatedaddingthenumberof chargedspeciesNnC with thenumberof neutralspecieswith
variableconcentration,NnVX.

NnV

Name
NnV — Numberof non-excitedneutralswith variableconcentration.

Type and Attrib utes
Integer

13



Public ParametersandVariables

Description
NnV is thenumberof non-excitedneutralspecieswhoseconcentrationchanges.

NnV is calculatedcountingthenumberof specieswith energy = 0 amongtheNnVX species.

NnVX

Name
NnVX — Totalnumberof neutralswith variableconcentration.

Type and Attrib utes
Integer

Description
NnVX is thenumberof neutralatomicor molecularspecieswith changingconcentration.

NnVX is calculatedcountingthenumberof neutral,non-constantandnon-cascadespecies.

NPhot

Name
NPhot — Numberof differentphotonspecies

14



Public ParametersandVariables

Type and Attrib utes
Integer

Description
NPhot is thenumberof differentphotonsspecies.

NPhot is calculatedcountingthenumberof specieswith thewordphoton in name.

NReverse

Name
NReverse — Numberof reversereaction.

Type and Attrib utes
Integer

Description
NReverse is thenumberof reversereactionprocesses.

NReverse is calculatedcountingthenumberof reversereactionsdefinedthroughCHEM_REACTION
NAMELIST groupswith opposing = T.

15



Public ParametersandVariables

NSKea

Name
NSKea — Numberof super-elasticelectroncollision reactions.

Type and Attrib utes
Integer

Description
NSKea is thenumberof superelasticcollision reactions.

NSKea is calculatedcountingthenumberof reversereactionswhereoneof thereactants hasthe
name’e’ .

NSpecies

Name
NSpecies — Total numberof species

Type and Attrib utes
Integer

Description
NSpecies includesall thespeciesdefinedin theinputfile, includingphotons.However thethird-bodyin
three-bodycollisions,identifiedby thegenericname’M’ is not counted.

16



Public ParametersandVariables

NSpecies is calculatedcountingthenumberof speciesdefinedin CHEM_SPECIESNAMELIST
instructionsincludingoff coursethevibrationalseries.

NKSurf

Name
NKSurf — Numberof surfacereactions.

Type and Attrib utes
Integer

Description
NKSurf includesall thereactionsdefinedin CHEM_REACTION NAMELIST instructionswith the
valueof locus differentfrom thedefault value’gas’

17



4. Derived Data Type Definitions
Thefollowing two deriveddatatypesarepublicasthey areusedin datareading.However theuserhas
no needto usethemto communicatewith PLASMAKINasall thedatareadby PLASMAKINcanbe
inquiredthroughaccessroutinesusingonly theintrinsic Fortrandatatypes.Thesederiveddatatypesare
documentedhereonly to helpunderstandingthedatainput formatusedby PLASMAKIN.



DATA_COLUMN

Name
DATA_COLUMN — Identifiesthelocationof inputdataon anexternalfile.

Structure Member s
TYPE DATA_COLUMN

CHARACTER(20) :: name ! Name of datafile
INTEGER :: index ! Data index (column or block n º )

END TYPE

Description
TheDATA_COLUMN derivedtypeis usedin theinput file to addressdatalocatedin otherfiles.The
stringrepresentsa file nameandtheindex identifiesthelocationof datain thatfile.

Frequentlytheindex susedto identify a singlecolumnor datablock.However if morethanonecolumn
or datablockmustberead- asin thecaseof (x

1
[, x

2
, ...], y) values- thecalling programis responsible

for selectingthecorrectcolumnsor datablocksbasedon this index. Usuallythevaluesareorganizedin
consecutivecolumnsor datablocksbut theusedis freeto choosehow to organizethedata.The
drawbackis thatheis alsoresponsibleby readingthis data.

Example
In thefollowing examplethevariabledata_file hastypeDATA_COLUMN andis usedto input the
filename’eTransport.txt’ andtheindex value1. In this casethefile holdstheelectrontransport
properties(mobility anddiffusioncoefficient)asa functionof thereducedelectricalfield.

&CHEM_SPECIES name = ’e’, charge = -1, data_file = ’eTransport.txt’,1 /
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DerivedData TypeDefinitions

PHYS_PROPERTY

Name
PHYS_PROPERTY — Representsa physicalproperty

Structure Member s
TYPE PHYS_PROPERTY

REAL(double) :: value ! value of physical property
CHARACTER(10) :: units ! units of physical property

END TYPE PHYS_PROPERTY

Description
ThePHYS_PROPERTY derivedtypeis usedin thePLASMAKINinputfile to readphysicalproperties.
Two fieldscomposeit, onefor thenumericalvalueandtheotherfor theunit.

It is usedonly whenagivenpropertycanbeindicatedin morethanoneunit. Otherwiseonly the
numericalvalueof thepropertyis used.

Example
In thefollowing exampleall thevariablesin theNAMELIST havetypePHYS_PROPERTY andboth
thevalueandtheunit canbeindicated.In thisexamplealthoughthevalueof thevariableGas_n,
representingthegasdensity, is not indicated,theunit is neededto forcethewriting of resultsin cm-3.

&PLASMAKIN_DATA Pressure = 0.15,’mbar’, Gas_n = ,’cm-3’, Gas_T = 300,’K’ /
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5. Procedures



pkCleanData

Name
pkCleanData — Deallocatesarraysdestroying all theinformationon chemicaldata

Description
ThesubroutinepkCleanData destroysall privatearraysof PLASMAKIN. Thesearraysareusedto hold
thechemicaldataandarecreatedwhenthedatafile is read.

Syntax

pkCleanData( [STAT] )

Name Description Data type and attrib utes

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
STAT = 0: noerrors;STAT = n: errornumber.

Comments
Why is this subroutineneeded?

• Althoughmostmoderncompilersareableto managethememoryefficiently andavoid memoryleaks,
it’s agoodprogrammingpracticeto cleanall arraysbeforeleaving a routineor program.

• If you wish to build a programthatusesmorethanoneinputdatafile (i.e. for batchprocessing)you
mustcall this routineto cleantheinternalarraysbeforereadingthenext datafile.
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Examples

Example E-2. pkCleanData : DeallocatingPLASMAKIN data.

INTEGER :: ErrorStatus
CHARACTER, PARAMETER :: StopCode = ’pkError: Memory deallocation error’
...
CALL pkCleanData( ErrorStatus )
IF( ErrorStatus /= 0 ) STOP StopCode

pkGetParticle

Name
pkGetParticle — Getthevaluesof chemicalspeciesproperties

Description
ThesubroutinepkGetParticle returnsthevalueof a givenpropertyfor onespeciesor thevaluesof
thatpropertyfor a sequenceof species.

Syntax

pkGetParticle( Property, Value, Species[, STAT] )

Name Description Data type and attrib utes

Property Casesensitivenameof property CHARACTER(len=*),
INTENT(IN)

{Value | Value(:)} Values(s)of property {CHARACTER(20)| INTEGER|
REAL(double)} , INTENT(OUT)
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Name Description Data type and attrib utes

SpeciesN {Index of Species | starting
index of Species}

INTEGER,INTENT(IN)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
TheValue argumentcanbea scalaror anarray. In thefirst casethevaluereturnedis thevalueof
Property of Species(SpeciesN). In thelastcasethevaluesreturnedaretheProperty valuesfrom
consecutivespeciesfrom Species(SpeciesN) to Species(SpeciesN+SIZE(Value)-1).

Whenthepropertiesareof a derived-type,theresultdependson theintrinsic typeof thedummy
argumentValue andis thederived-typecomponentwith thesametypeasValue.

STAT = 0: noerrors;STAT = n: errornumber.

Examples

Example E-3. pkGetParticle : Readingthe namesof all speciesinto an array.

CHARACTER(20), ALLOCATABLE :: SpcName(:) ➊

...
ALLOCATE( SpcName(NSpecies) )
...
CALL pkGetParticle( ’name’, SpcName, 1 ) ➋

➊ ThearraySpcName will hold thenamesof all species

➋ Thenamesof all speciesareassignedto thearraySpcName following theorderusedby
PLASMAKIN
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ExampleE-4. pkGetParticle : Exampleshowing how the returnedvaluesdependon the data type
of the Value argument.

CHARACTER(20) :: SpcFileName ➊

INTEGER :: SpcFileIndex ➋

...
NAMELIST /TransportData/ Vd, D
...
! Reads transport properties in an external file
DO i = NnC+1, NnC+NnTV

CALL pkGetParticle( ’data_file’, SpcFileName, i ) ➌

CALL pkGetParticle( ’data_file’, SpcFileIndex, i ) ➍

OPEN( IOUnit, SpcFileName, ACTION=’READ’ )
DO j = 1, SpcFileIndex ! Reads file until finding the correct index
READ( IOUnit, NML=TransportData, IOSTAT )

END DO
CLOSE( IOUnit )

END DO

➊ ThevariableSpcFileName will hold thenameof theexternalfile listing thetransportparameters
for theinquiredSpecies.

➋ ThevariableSpcFileIndex indexesthetransportdatafor eachSpecies in theexternalfile.

➌ In thiscasethevaluereturnedis a characterstring.

➍ In thiscasethevaluereturnedis aninteger.

pkGetPhotonEmis si on

Name
pkGetPhotonEmission — Evaluatesphotonemissionrates
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Description
ThesubroutinepkGetPhotonEmission returnsthephotonenergy andthephotonemissionratefor
eachphoton.

Syntax

pkGetPhotonEmission( LDensity, PhRate[, STAT] )

Name Description Data type and attrib utes

LDensity(NnTV) Localdensityof specieswith
variableconcentration

REAL(double),INTENT(IN)

PhRate(2,NPhot) Photonenergy andlocal photon
emissionratefor all photons

REAL(double),INTENT(OUT)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
ThearraysectionPhRate(1,:) holdsthephotonenergiesandthearraysectionPhRate(2,:) the
photonemissionrates.

STAT = 0: noerrors;STAT = n: errornumber.

Examples

Example E-5. pkGetPhotonEmission : Getting the photon emissiondistrib ution in a 1D discharge

REAL(double), ALLOCATABLE :: Dens(:,:), PhDist(:,:), PhRate(:,:)
...
ALLOCATE( Dens(NnTV,Nx), PhRDist(NPhot,Nx), PhRate(2,NPhot) )
...
DO i = 1, Nx

CALL pkGetPhotonEmission( Dens(:,1), PhRate )
PhRDist(:,i) = PhRate(2,:)

END DO
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pkGetPowerLosse s

Name
pkGetPowerLosses — Evaluatesthepower lossesandtherelativecontributionof eachprocess

Description
ThesubroutinepkGetPowerLosses computestheelectroncollisionalpower losses,thepower
convertedinto heatin othercollisionprocesses,thepower radiatedandtherelativecontributionof each
reactionfor theselosses.

Syntax

pkGetPowerLosses( LDensity[, eP][, eR][, HeatP][, HeatR][, RadP][, RadR]
[, STAT] )

Name Description Data type and attrib utes

LDensity(NnTV) Localdensityof specieswith
variableconcentration

REAL(double),INTENT(IN)

eP Power lost by theelectronsby unit
volume

REAL(double),OPTIONAL,
INTENT(OUT)

eR(NKea) Relativecontributionof each
electroncollision reactionto the
electronpower losses

REAL(double),OPTIONAL,
INTENT(OUT)

HeatP Powerconvertedinto heatin other
collisonprocessesby unit volume

REAL(double),OPTIONAL,
INTENT(OUT)

HeatR(NKgas) Relativecontributionof each
reactionto gasheating

REAL(double),OPTIONAL,
INTENT(OUT)

RadP Radiatedpowerby unit volume REAL(double),OPTIONAL,
INTENT(OUT)
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Name Description Data type and attrib utes

RadR(NPhot) Relativecontributionof each
photonemissionprocessto the
radiatedpower

REAL(double),OPTIONAL,
INTENT(OUT)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
Thepower/volumelossesarein Watt/L3, whereL-3 is theunit usedto indicatethegasdensityin theinput
file.

STAT = 0: noerrors;STAT = n: errornumber.

Examples

Example E-6. pkGetPowerLosses : Inquiring the power lossesusing the keyword form for dummy
arguments.

REAL(double) :: ePLosses, HeatPLosses, RadPLosses
...
CALL pkGetPowerLosses( eP=ePLosses, HeatP=HeatPLosses, RadP=RadPLosses )

pkGetReacCoef

Name
pkGetReacCoef — Getthevaluesof reactioncoefficientsproperties
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Description
ThesubroutinepkGetReacCoef returnsthevalueof agivenreactioncoefficientproperty. If Value is an
array, a list of valuesis returned.

Syntax

pkGetReacCoef( Property, Value, KReac[, STAT] )

Name Description Data type and attrib utes

Property Casesensitivenameof property CHARACTER(len=*),
INTENT(IN)

{Value | Value(:) |
Value(:,:)}

Value(s)of property {CHARACTER(20)| INTEGER|
LOGICAL | REAL(double)} ,
INTENT(OUT)

KReacN Index of reactioninquiredif
Value is ascalaror startingindex
of reactionif Value is anarray

INTEGER,INTENT(IN)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
ThedummyargumentValue returnsthevalueof thepropertyinquiredandcanbeascalar, a oneor a
two-dimensionarray. A two-dimensionarrayis only usedto inquirethenameof thespeciesinvolvedin a
reactionasreactants or products.

If thedummyargumentValue is ascalar, theresultis thevalueof thepropertyfor speciesKReacN. If
Value is a onedimensionarray, thereturnedvaluesarethepropertyvaluesfrom consecutive
SIZE(Value, DIM=1) species,startingin speciesKReacN. If Value is a two-dimensionalarray, for
eachreactioninquired,thereturnedvaluesaretheSIZE(Value, DIM=2) first namesof thespecies
involvedin thereactionasreactants or products. If SIZE(Value, DIM=2) » NMaxReacSpc, the
valueswith index higherthanNMaxReacSpc arereturnedempty.

STAT = 0: noerrors;STAT = n: errornumber.
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Examples

Example E-7. pkGetReacCoef : Inquiring the electron collision rates.

REAL(double), ALLOCATABLE :: eKRates(:)
...
ALLOCATE( eKRates(NKea) )
...
! The electron collision rates are the first NKea rates
CALL pkGetReacCoef( ’Value’, eKRates, 1 )

pkGetReverseCoe f

Name
pkGetReverseCoef — Getthevaluesof reversereactionsproperties

Description
ThesubroutinepkGetReverseCoef returnsa list of valuesof a givenpropertyfor reversereactions.
Two propertiesareavailable:

• Theratio, in theforwardreaction,betweentheproductof thedegeneracy for theproducts species
andtheproductof thedegeneracy for thereactants species,- ’g_ratio’

• Theenergy differencebetweentheproductsandthereactantsin theforwardreaction- ’dE’

Syntax

pkGetReverseCoef( Property, Value, KReacN[, STAT] )
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Name Description Data type and attrib utes

Property Casesensitivenameof property CHARACTER(len=*),
INTENT(IN)

Value(:) Valuesof property REAL(double),INTENT(OUT)

KReacN Startingindex of reactions
inquired

INTEGER,INTENT(IN)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
Thevaluesreturnedarethevaluesof thepropertyinquiredfrom consecutiveSIZE(Value) reverse
reactionsstartingin speciesKReacN.

STAT = 0: noerrors;STAT = n: errornumber.

Examples

Example E-8. pkGetReverseCoef : Evaluating the electron superelasticcrosssectionsfr om the
correspondingforward processcrosssection.

INTEGER :: NfKea, & ! N of forward e-atom reactions
NEbin, & ! N of energy bins
idE, & ! Index for the energy diff. between levels
jmax ! Maximum index for superelastic CS

REAL(double) :: Ebin ! Energy bin
REAL(double), &
ALLOCATABLE :: g2_g1(:), & ! Ratio between degeneracy values

dE(:), & ! Energy difference between levels
CrossSec(:,:) ! Electron collision cross sections
...
NfKea = NKea - NSkea
ALLOCATE( CrossSec(NEbin,NKea) )
IF( NSKea > 0 ) THEN

! - Gets g_ratio and dE for superelastic processes
CALL pkGetReverseCoef( ’g_ratio’, g2_g1, NfKea+1 )
CALL pkGetReverseCoef( ’dE’, dE, NjKea+1 )
! - Computes superelastic cross sections
DO i = NfKea + 1, NKea
idE = NINT(dE(i)/Ebin); jmax = NEbin-idE
FORALL( j = 1:jmax ) &

CrossSec(j,i) = (1.d0+dE(i)/E(j)) / g2_g1(i) &
* CrossSec(j+idE,Nindex(i))
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END DO
END IF

pkGetSources

Name
pkGetSources — Getthesourcetermsfor thecontinuityequationsandtherelativecontributionof
eachprocess

Description
ThesubroutinepkGetSources evaluatesthecollisionalsourceandlosstermsof thecontinuity
equationsfor eachspecies.Therelativecontributionof eachreactioncanalsobeevaluated.

Syntax

pkGetSources( LDensity, SrcC[, SrcP][, Ratios][, locus][, STAT] )

Name Description Data type and attrib utes

LDensity(NnTV) Localdensityof specieswith
variableconcentration

REAL(double),INTENT(IN)

SrcC(NnTV) Collisionalgaintermof continuity
equations

REAL(double),INTENT(OUT)

SrcP(NnTV) Collisionallosstermof continuity
equationsdividedby LDensity

REAL(double),OPTIONAL,
INTENT(OUT)

Ratios(NKgas,NnTV) Percentcontributionof each
reactionto thecollisionalsource
andlosstermsof eachspecies

REAL(double),OPTIONAL,
INTENT(OUT)

locus Identifieswheethereactionstake
place

CHARACTER(10),OPTIONAL,
INTENT(IN)
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Name Description Data type and attrib utes

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
Thegaintermis in L-3s-1 whereL-3 is theunit usedto indicatethegasdensityin thedatafile; theloss
termis in s-1.

STAT = 0: noerrors;STAT = n: errornumber.

Comments
If locus is notpresentor is equalto ’gas’ thereactionsarein thegas.Otherwisethereactionsareona
surfaceandthevalueof locus identifiesthesurface.Thisallowshaving differentreactionsin different
surfaces.

Examples

Example E-9. pkGetSources : Computing the sourceterms in a 1D dischargetaking accountof
gastemperaturegradients.

INTEGER :: i, Nxp
REAL(double) :: Tgas(Nxp)
REAL(double), ALLOCATABLE :: Dens(:,:), SrcC(:,:), SrcP(:,:)
...
ALLOCATE( Dens(NnTV,Nxp), SrcC(nnTV,Nxp), SrcP(NnTV,Nxp) )
...
DO i = 1, Nxp

CALL pkSetValue( GasTemp=Tgas(i) )
CALL pkGetSources( Dens(:,i), SrcC(:,i), SrcP(:,i) )

END DO
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pkGetValue

Name
pkGetValue — Getthevaluesof globalproperties

Description
ThesubroutinepkGetValue returnsthegastemperature,electrontemperatureandtotalgasdensity.

Syntax

pkGetValue( [GasTemp][[,] eTemp][[,] GasN][[,] STAT] )

Name Description Data type and attrib utes

GasTemp Thegastemperature REAL(double),OPTIONAL,
INTENT(OUT)

eTemp Theelectrontemperature REAL(double),OPTIONAL,
INTENT(OUT)

GasN Thetotal gasdensity REAL(double),OPTIONAL,
INTENT(OUT)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
Valuesarereturnedusingtheunitsindicatedin theinputfile for theseproperties.If for a givenproperty
no unitswereexplicitly indicated,thecorrespondingvalueis returnedin S.I. units.

STAT = 0: noerrors;STAT = n: errornumber.
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Examples

Example E-10.pkGetValue : Inquiring the gastemperatureand density.

REAL(double) :: gasT, gasDens
...
CALL pkGetValue( gasT, GasN=gasDens )

pkIsPhotoElec

Name
pkIsPhotoElec — Testsif a photonproducesphotoelectricemissionon agivensurface

Description
ThefunctionpkIsPhotoElec is usedto testif agivenphotoninducesphotoelectronemissionin agiven
surface.Additionally it alsoreturnstheindex of theparentspecies.Themainuseof this functionis in
computingthephotoelectronemissionfrom thevolumedistributionof excitedspecies.

Syntax

pkIsPhotoElec( PhotN, Surf, NParent, KParent )

Name Description Data type and attrib utes

PhotN Photonindex INTEGER(IN)

Surf Surfacename CHARACTER(len=*),
INTENT(IN)

NParent Index of parentspecies INTEGER,INTENT(OUT)

KParent Index of photoelectricemission
reaction

INTEGER,INTENT(OUT)
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Results
Thefunctionreturnsa LOGICAL value.

Usinga nameto identify thesurfaceallows to computethephotoelectronemissiononly in selected
surfacesandto usedifferentvaluesof thephotoelectronemissioncoefficient in differentsurfaces.

Examples

Example E-11.pkIsPhotoElec : Computing the photoelectron emissionin a 1D dischargemodel.

In this examplethematrixMPhot representstheprobabilityof transmissionof radiationfrom a planei,
perpendicularto thesurface,to asurface"slice" j:

INTEGER :: dx, NParent, KParent, iPh, i
REAL(double) :: MPhot(Nxp,Nxp), PhotElectrons(Nxp), KYield
...
PhotElectrons(:) = 0.d0
DO iPh = 1, NPhot

IF( pkIsPhotoElec( iPh, ’wall’, NParent, KParent ) ) THEN
CALL pkGetReacCoef( ’Value’, KYield, KParent )
DO i = 1, Nxp

DO j = 1, Nxp
dx = ABS(j-i)+1
PhotElectrons(i) = PhotElectrons(i) + &

KYield * Dens(j,KParent) * MPhot(i,dx)
END DO

END DO
END IF

END DO

pkReadBaseData

Name
pkReadBaseData — Readsthebasicdatain theinput file
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Description
ThesubroutinepkReadBaseData readsin theinput file theNAMELIST instructionscharacterizing
basepropertiesasgastemperature,densityor pressureandelectrontemperatures.

Syntax

pkReadBaseData( UNIT[, IOSTAT] )

Name Description Data type and attrib utes

UNIT Unit numberfor theinput file INTEGER,INTENT(IN)

IOSTAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
IOSTAT = 0: no errors;IOSTAT = n: errornumber.

Comments
Thecalling programis responsibleby openingandclosingtheinput file.

Examples

Example E-12.pkReadBaseData : Readingthe basicdata in the input file.

OPEN( UNIT=10, FILE=’TestData.txt’, ACTION=’READ’ )
CALL pkReadBaseData( 10 )
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pkReadChemReact io ns

Name
pkReadChemReactions — Readsonly thechemicalreactionsin theinput file

Description
ThesubroutinepkReadChemReactions readsin theinput file theNAMELIST instructions
characterizingthechemicalreactionsandprocessthis information.Thereactionsarecounted,classified,
reactionsinvolving vibrationalseriesaresplit into individual reactions;thereactionsaresortedaccording
to theclassificationof FigureF-3; temperaturedependentandreversereactionsratesareevaluated;
branchingratiosfor cascadereactionsarecomputed;etc.

Syntax

pkReadChemReactions( UNIT[, IOSTAT] )

Name Description Data type and attrib utes

UNIT Unit numberfor theinput file INTEGER,INTENT(IN)

IOSTAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
IOSTAT = 0: no errors;IOSTAT = n: errornumber.

Comments
Thecalling programis responsibleby openingandclosingtheinput file.
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Examples

Example E-13.pkReadChemReactions : Readingthe chemicalreactionsin the input file.

OPEN( UNIT=10, FILE=’TestData.txt’, ACTION=’READ’ )
CALL pkReadChemReactions( 10 )

pkReadData

Name
pkReadData — Readsall datain theinput file

Description
ThesubroutinepkReadData readsin theinputfile all theNAMELIST instructionscharacterizingthe
datahandledby PLASMAKINandprocesstheseinformations.pkReadData is awrapperroutinecalling
theotherdatareadingroutines.

Syntax

pkReadData( UNIT[, IOSTAT] )

Name Description Data type and attrib utes

UNIT Unit numberfor theinput file INTEGER,INTENT(IN)

IOSTAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)
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Results
IOSTAT = 0: no errors;IOSTAT = n: errornumber.

Comments
Thecalling programis responsibleby openingandclosingtheinput file.

Examples

Example E-14.pkReadData : Readingthe input file.

OPEN( UNIT=10, FILE=’TestData.txt’, ACTION=’READ’ )
CALL pkReadData( 10 )

pkReadSpecies

Name
pkReadSpecies — Readsonly thespeciesin theinputfile

Description
ThesubroutinepkReadSpecies readsin theinput file theNAMELIST instructionscharacterizingthe
chemicalspeciesandprocessthis information.Thespeciesarecounted;classified;vibrationalseriesare
split into individualspeciesandspeciesconcentrationcalculated;thespeciesaresortedaccordingto the
classificationof FigureF-2; etc.
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Syntax

pkReadSpecies( UNIT[, IOSTAT] )

Name Description Data type and attrib utes

UNIT Unit numberfor theinput file INTEGER,INTENT(IN)

IOSTAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
IOSTAT = 0: no errors;IOSTAT = n: errornumber.

Comments
Thecalling programis responsibleby openingandclosingtheinput file.

Examples

Example E-15.pkReadSpecies : Readingthe basicdata in the input file.

OPEN( UNIT=10, FILE=’TestData.txt’, ACTION=’READ’ )
CALL pkReadSpecies( 10 )

pkSetPhoton

Name
pkSetPhoton — Setslocalphotondensity
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Description
PLASMAKINdoesnot evaluatephotontransport.However to computereactionsinvolving photonssuch
asthephotoelectricemissionfrom surfacesof photoabsorption,thelocalphotondensitymustbeknown.
This routineallowssettingthephotondensityvalues.

Syntax

pkSetPhoton( PhotDensity, NPhSrc[, STAT] )

Name Description Data type and attrib utes

PhotDensity(NPhSrc) Photondensityvalues REAL(double),INTENT(IN)

NPhSrc Sizeof PhotDensity INTEGER,INTENT(IN)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
STAT = 0: noerrors;STAT = n: errornumber.

Examples

Example E-16.pkSetPhoton : Setting the photon densityprior to computing the sourceterms for
other species.

INTEGER :: Nxp, i
REAL(double), ALLOCATABLE :: Dens(:,:), SrcC(:,:), SrcP(:,:), PhDens(:,:)
...
ALLOCATE( Dens(NnTV,Nxp), SrcC(NnTV,Nxp), &

SrcP(NnTV, Nxp), PhDens(NPhSrc,Nxp) )
...
CALL COMPUTE_PH_TRANSPORT( PhDens) ! User supplied routine
DO i = 1, Nxp

CALL pkSetPhoton( PhDens(:,i), NPhSrc )
CALL pkGetSources( Dens(:,i), SrcC(:,i), SrcP(:,i) )

END DO

42



Procedures

pkSetReacCoef

Name
pkSetReacCoef — Setsthevaluesof reactionproperties

Description
ThesubroutinepkSetReacCoef allowssettingthevaluesof selectedreactionproperties.Theproperties
thatcanbesetare’reverse’ and’value’ . Thisallows to useuserdefinedexpressionsfor the
reactioncoefficientsandis particularlyusefulfor reactionsinvolving vibrationallevels.

Syntax

pkSetReacCoef( Property, Value, KReacN[, STAT] )

Name Description Data type and attrib utes

Property Casesensitivenameof property CHARACTER(len=*),
INTENT(IN)

{Value | Value(:)} Value(s)of property {LOGICAL | REAL(double)} ,
INTENT(IN)

KReacN Startingindex of reactionlist INTEGER,INTENT(IN)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
STAT = 0: noerrors;STAT = n: errornumber.
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Comments
TheValue argumentsetsthevalueof thepropertyinquiredandcanbea scalaror anarray. In thelast
casethevaluessetaretheSIZE(Value) consecutivevaluesof property.

Examples

Example E-17.pkSetReacCoef : Modifying the valueof the ’reverse’property.

Thefollowing exampleis acontinuationof ExampleE-8. In thatexamplethesuperelasticelectron
collision crosssectionswereevaluatedfrom thecorrespondingcrosssectionsfor theforwardprocesses.
Consequentlyweno longerneedto considerthosereactionsasa reverseprocessandthereverse
propertyis setto FALSE:

IF( NSKea > 0 ) THEN
... ! See code in pkGetReacCoef routine
CALL pkSetReacCoef( ’reverse’, (/(.FALSE.,i=1,NSKea)/), NdKea+1 )

END IF

Example E-18.pkSetReacCoef : Updating temperaturedependentrate coefficientsor coefficients
definedthr oughan external routine:

INTEGER :: NKaa
REAL(double), ALLOCATABLE :: Kvalue(:)
...
NKaa = NKgas - NKea
ALLOCATE( Kvalue(NKaa) )
...
CALL pkGetReacCoef( ’value’, Kvalue, NKaa )
CALL pkSetValue( GasTemp=GasT )
CALL pkSetReacCoef( ’value’ Kvalue, NKea+1 )
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pkSetValue

Name
pkSetValue — Setsthevaluesof globalproperties

Description
ThesubroutinepkSetValue setsthevaluesof severalproperties:gasor electrontemperature,total gas
densityandvibrationaltemperaturefor molecularspecies.

Syntax

pkSetValue( [GasTemp][[,] eTemp][[,] GasN][[,] N1byN0]
[[,] SpeciesN][[,] STAT] )

Name Description Data type and attrib utes

GasTemp Thegastemperature REAL(double),OPTIONAL,
INTENT(IN)

eTemp Theelectrontemperature REAL(double),OPTIONAL,
INTENT(IN)

GasN Thetotal gasdensity REAL(double),OPTIONAL,
INTENT(IN)

N1byN0(:) Thedensityratio for thefirst two
vibrationallevelsof molecular
species

REAL(double),OPTIONAL,
INTENT(IN)

SpeciesN Startingindex of speciessequence
for settingthevibrational
temperature

INTEGER,OPTIONAL,
INTENT(IN)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results
STAT = 0: noerrors;STAT = n: errornumber.
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Examples

Example E-19.pkSetValue : Setting the ratio of the number of moleculesin the two first
vibrational levels.

INTEGER :: Minvib, Nvib, dummy(NSpecies)
CHARACTER(20) :: SpcNames(NSpecies)
...
CALL pkGetParticle( ’name’, SpcNames, 1 )
dummy(:) = INDEX( SpcNames(:), ’N2,v’ ) ! Indexes of N2,v species
Minvib = MINLOC( dummy, dummy>0 ) - Nnc
Nvib = COUNT( dummy /= 0 )
CALL pkSetValue( N1byN0=SPREAD( Dens(Minvib+1)/Dens(Minvib), 1, Nvib), &

Species=Minvib )

SetRate

Name
SetRate — Usersuppliedroutineto setthevaluesof ratecoefficients

Description
ThesubroutineSetRate setsthevaluesof ratecoefficientswhentheratecoefficientequationincluded
in PLASMAKINandindicatedin chapteroneis not appropriate.Theuseris freeto write this routinebut
theroutinemusthavetheinterfacedescribedbellow.

Syntax

SetRate( Idx, rIdx, pIdx, Temp, RateValue )

Name Description Data type and attrib utes
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Name Description Data type and attrib utes

Idx Index of desiredratecoefficient
equationin theroutine

INTEGER,INTENT(IN)

rIdx(NMaxReacSpc) Array with thevibrational
quantumnumbersof reactant
species

INTEGER,INTENT(IN)

pIdx(NMaxReacSpc) Array with thevibrational
quantumnumbersof product
species

INTEGER,INTENT(IN)

Temp Theelectronor gastemperature
usedin theratecoefficient
equation

REAL(double),INTENT(IN)

RateValue Theratecoefficientvalue REAL(double),INTENT(OUT)
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6. Data Input Format
Thedataorganizationandtheinputfile syntaxweredesignedto provideasmuchfreedomaspossibleto
theuser, to reduceto aminimumtheamountof informationneededin particulartheinformationnot
directly relatedto thephysicalor chemicalnatureof theproblem.At thesametime theinputfile syntax
wasdesignedto enforcecorrection.

Thefollowing strategieswereused:

• Exclusiveuseof NAMELIST groupsfor datainput.

• Speciesandreactionsarealwaysinitializedwith defaultvalues.Thismeansthatonly whenthevalue
of a variableis differentfrom thedefault it mustbeexplicitly includedon theinput file.

• Valuesasthetotal numberof species,numberof speciespertype,numberof chemicalreactionsetc,
areautomaticallyevaluatedby PLASMAKIN

• Thesyntaxanddatainput routinesallow thereadingandprocessingof vibrationalseriesandreactions
involving vibrationalseries.

• All CHARACTERvaluesarecasesensitive.This facilitatesthedetectionof spellingerrorsin
chemicalelementsandunits.



PLASMAKIN_D ATA

Name
PLASMAKIN_DATA — Holdsinitial valuesof dataapplyingto theentiresystem

Syntax

&PLASMAKIN_D ATA [Cte_p= Lvalue [,]] { pressure= Rvalue [, ’Cvalue’] [,]
gas_T= Rvalue [,’Cvalue’] | [,] gas_n= Rvalue [, ’Cvalue’] }
[ [,] electron_T= Rvalue [, ’Cvalue’] ] /

Name Description Data type and
attrib utes

Default value Units or values
suppor ted

Cte_p Constantpressure
system

LOGICAL .TRUE. .T , T, .t , t , .F , F,
.f , f

Pressure Totalpressure PHYS_PROPERTY 0,’Pa’ ’Pa’ , ’Nm-2’ ,
’bar’ , ’mbar’ ,
’torr’ , ’atm’

Gas_T Gastemperature PHYS_PROPERTY 300,’K’ ’K’ , ’C’

Gas_n Totalgasdensity PHYS_PROPERTY 0,’m-3’ ’m-3’ , ’cm-3’

electron_T Electron
temperature

PHYS_PROPERTY 0,’eV’ ’eV’ , ’K’ , ’C’

Comments
This NAMELIST is usuallyusedonly oncein thedatainputfile. TheCte_p valueis usedto distinguish
betweenconstantpressureandconstantvolumeconditions.Theinitial gasdensitycanbeindicated
explicitly - specifyingits value- or implicitly indicatingthepressureandgastemperature.Howevereven
in thelatercasetheusercanbeinterestedin indicatethegasdensityunits.Theelectrontemperatureis
only necessaryif electrontemperaturedependentratecoefficientsareused.Notethat°C is justwrittenC.
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Examples

Example E-20.PLASMAKIN_D ATA: Examplesof PLASMAKIN_D ATA NAMELIST syntax.

&PLASMAKIN_DATA Gas_n = 1.e+22 / ➊

&PLASMAKIN_DATA ➋

Gas_n = ,’cm-3’
Pressure = 1,’mbar’
Gas_T = 25,’C’

/

&PLASMAKIN_DATA Cte_p = F, Pressure = 1,’torr’, electron_T = 3,’eV’ / ➌

➊ Explicit indicationof gasdensityusingthedefaultunits(m-3). Gastemperaturehasalsothedefault
value(300K).

➋ Thedensityis calculatedby PLASMAKINfrom thepressureandtemperaturevaluesbut thevalueof
thetotaldensitypassedto thecallingprogramis in cm -3.

➌ Constantvolumeconditions.Electronratecoefficientsareevaluatedwith aninitial electron
temperatureof 3 eV.

CHEM_SPECIES

Name
CHEM_SPECIES — Readchemicalspeciesandspeciesproperties
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Syntax

&CHEM_SPECIES name= ’Cvalue’ [,] [constant= Lvalue] [,] [charge= Rvalue] [,]
[mass= Rvalue] [,] [g = Ivalue] [,] [energy = Rvalue [,’Cvalue’]] [,] [heatC= Rvalue] [,]
[K_T = Rvalue] [,] [v = Ivalue(2)] [,] [omega= Rvalue [,’Cvalue’]] [,]
[vib_T = Rvalue [,’Cvalue’]] [,] [anharmonicity= Rvalue] [,] [rotational_cte= Rvalue] [,]
[mpolar= Rvalue [,’Cvalue’]] [,] [initial_conc= Rvalue [,’Cvalue’]] [,]
[num_scheme= Ivalue] [,] [cascade= Lvalue] [,] [data_file= ’Cvalue’,Ivalue] /

Name Description Data type and
attrib utes

Default value Units or values
suppor ted

name Nameof species CHARACTER(20) ”

constant Is thespecies
concentration
constant?

LOGICAL .FALSE. .F , F, .f , f , .T , T,
.t , t

charge Electricalchargein
elementarycharge
units

INTEGER 0

mass Massin a.m.u. REAL(8) 0

g Level multiplicity INTEGER 1

energy Level energy or
standardmolar
enthalpy

PHYS_PROPERTY 0,’eV’ ” , ’eV’ ,
’kJ/mol’ ,
’kJmol-1’ ,
’kcal/mol’ ,
’kcalmol-1’

heatC Heatcapacity(cp or
cv) in kJ/mol/k

REAL(8) 0

K_T Thermal
conductivity

REAL(8) 0

v Rangeof quantum
vibrationalnumbers

INTEGER 0,0

omega Vibrational
frequency

PHYS_PROPERTY 0,’cm-1’ ” , ’cm-1’ , ’s-1’

vib_t Vibrational
temperature

PHYS_PROPERTY 0,’K’ ’K’ , ’C’

anharmonicity Anharmonicity
parameter

REAL(8) 0
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Name Description Data type and
attrib utes

Default value Units or values
suppor ted

rotational_cte Rotationalconstant REAL(8) 0

mpolar Dipolaror
quadrupolar
momentum

PHYS_PROPERTY 0,” ” , ’ea_o’ ,
’ea_o2’

initial_conc Speciesinitial
concentration

PHYS_PROPERTY 0,” ” , ’%’

num_scheme Index of anusers’
definedalgorithmto
evaluatespecies
properties

INTEGER 0

cascade Is speciesacascade
level?

LOGICAL .FALSE. .F , F, .f , f , .T , T,
.t , t

data_file Datafile with further
informations

DATA_COLUMN ”,0

Comments
Thefollowing rulesmustbeobeyed:

• All speciesmusthavea name.This nameis usedto identify thespeciesin chemicalreactions.
Althoughnothinghinderstheuseof customnames,it is advisableto follow thechemicalnomenclature
with thelimitation thatunder- or superscriptnumbersmustbewritten inline. Namesarecasesensitive.

• Thenamefor electronsmustbetheletter ’e’ .

• Thenamesof photonsmustcontaintheword ’photon’ .

• A vibrationalseriesis identifiedby avalueof v(2) » 0. Thenameof eachspeciesin theseriesis
formedby replacingthelastclosingbracein theseriesnameby suffix ’=n)’ wheren is the
correspondingvibrationalnumber. Therangeof vibrationallevelsin theseriesis definedby thevalues
of thearrayv . Thevaluesof v mustfollow theorderv(1) ¼ v(2). For a singlevibrationallevel
only thefirst valueof v mustbeindicated.
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Examples

Example E-21.CHEM_SPECIES: Example of CHEM_SPECIES NAMELIST syntax.

&CHEM_SPECIES ➊

name = ’Ne’, constant = T, mass = 20.18, initial_conc = 100,’%’ /

&CHEM_SPECIES ➋

name = ’Ne(3P2)’, energy = 16.61, g = 5,
data_file = ’NeTransp.txt’,1

/

&CHEM_SPECIES name = ’Ar(3p)’, cascade = T / ➌

&CHEM_SPECIES name = ’Ne+’, charge = 1, num_scheme = 2 / ➍

&CHEM_SPECIES name = ’photon 1’ / ➎

&CHEM_SPECIES name = ’e’, data_file = ’eTransp.txt’ / ➏

&CHEM_SPECIES ➐

name = ’O2(X,v)’
mass = 32.
v = 0,15
omega = 1580.19,’cm-1’
vib_T = 2000
anharmonicity = 7.58e-3
initial_conc = 5,’%’

/

➊ Dominantspecies.Thevalueof constant mustbeindicated;mass mustbeindicatedif the
chemicalkineticsmodelincludesreversereactions.

➋ Neonexcitedlevel; theenergy (in eV) andg valueswill beusedin evaluatingsuperelasticrates.
Theexternaldata_file is usedto hold thevalueof thediffusioncoefficient.

➌ This level will behandledasa cascadelevel.

➍ As speciesis anion thecharge valuemustbeindicated.Theindex of anuserdefinedalgorithmis
alsoindicated.

➎ Photonsproducedonradiative transitionsandinvolvedon radiationtrappingor any otherprocess
mustbelistedandidentifiedby anamecontainingtheword ’photon’ .
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➏ Electronshave themandatoryname’e’ . Thedata_file cancontainthevaluesfor thedrift
velocityanddiffusioncoefficient.

➐ A vibrationalseries(from v=0 to v=15). Thenamesof thecorrespondingspeciesare
’O2(X,v=0)’ ,..., ’O2(X,v=15)’ . Theinitial populationsarecomputedfrom thevaluesof the
vibrationalfrequency, vibrationaltemperatureandanharmonicity.

CHEM_REACTION

Name
CHEM_REACTION — Readachemicalreactionor reactionsinvolving vibrationalseries

Syntax

&CHEM_REA CTION [locus= ’Cvalue’] [,] [reactants= ’Cvalue’ [[,]...]] [,]
[products= ’Cvalue’ [[,]...]] [,] [comment= ’Cvalue’] [,] [opposing= Lvalue] [,]
[ee_loss= Rvalue] [,] {value= Rvalue [[,]...] | data_file= ’Cvalue’,Ivalue} [,]
[units = ’Cvalue’] /

Name Description Data type and
attrib utes

Default value Units or values
suppor ted

locus Wherethereaction
takesplace

CHARACTER(10) ’gas’ ’gas’,
’user_string’

reactants Reactantspecies CHARACTER(20) NMaxReacSpc*”

products Productspecies CHARACTER(20) NMaxReacSpc*”

comment Relationbetween
vibrationalquantum
numbers

CHARACTER(20) ”
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Name Description Data type and
attrib utes

Default value Units or values
suppor ted

opposing TheNAMELIST
describesboth
forwardandreverse
reactions

LOGICAL .FALSE. .F , F, .f , f , .T , T,
.t , t

ee_loss Energy lost in the
reactionby the
electron

REAL(8) 0

units Unitsusedfor
reactioncoefficient

CHARACTER(10) ” ” ,’s-1’ ,’m3s-
1’ ,
’cm3s-1’’m6s-
1’ ,’cm6s-1’

value Reactionrate
equationcoefficients

REAL(8)(12) (0, i=1,12)

data_file Index of functionto
computethereaction
ratein theuser
suppliedSetRate
routine.

DATA_COLUMN ”,0

Comments
Thefollowing rulesmustbefollowed:

• If thelocus of a reactionin thegasis indicated,this valuemustbe ’gas’ . For surfacereactionsany
namecanbeusedandreactionsin differentsurfacescanbeidentifiedby differentlocus values.

• All speciesindicatedin thereactants andproducts lists mustbedescribedin a
CHEM_SPECIESNAMELIST .

• Reactionsinvolving vibrationalspeciescanbecollectively representedindicatingthegenericname
representingthevibrationalseries.Thevibrationalspeciesinvolvedin thereactioncanbeselected
throughrelationalexpressionsinvolving thevibrationalquantumnumbers.Theseexpressionscanbe
includedin thespeciesnamein thereactants or products fieldsor, if they involve two different
vibrationalquantumnumbers,in thecomment field. Thevibrationalquantumnumbersin these
expressionscanonly berepresentedby thelettersv or w.

55



Data InputFormat

• Thefollowing classesof relationalexpressionscanbeused:

a. If thereactioncorrespondsto a fixedvariationof thevibrationalquantumnumber, therelation
betweentheinitial andthefinal valuescanbetranslatedinto thenamesof thevibrationalspecies
in thereactants andproducts. In this casethearithmeticoperators+ and- canbeusedin
thespeciesnames.

b. If therangeof vibrationallevelsis definedby arelationinvolving only onevibrationalnumber,
this relationcanbeincludedin thevibrationalseriesname.

c. If theexpressionusedto selectthevibrationallevelsinvolvestwo vibrationalnumbers,this
relationmustbewritten in thecomment filed.

In casethesetwo lastcasestherelationscanbewrittenusingthelogical operators½ , ¾ , =, ¿ and » .
In thelastcasethemodulooperatorcanalsobeused.

• value is anarrayof 12elementsallowing representingthe6 pair of À j and Á j valuesneededto
representtheratecoefficientusingtheequationindicatedin chapterone.

• Finally, if thevibrationalratecoefficientsmustbecomputedfrom a tableor analyticallybut the
equationin chapteroneis not adequate,theusercansupplytheexternalroutineSetRate with user
definedrateequations.The index valuein thedata_file field is usedto selectionof the
appropriaterateequation.In thiscasethename valueis not used.

Caution: Indistinguishab le reactions
For a V-V reaction involving two vibrational levels of the same molecule the direct
and reverse reactions are indistinguishable. In this case the opposing property
should not be set to T. Otherwise the number of reactions is counted twice.

Examples

Example E-22.CHEM_REACTION: Example of CHEM_REACTION NAMELIST syntax.

&CHEM_REACTION ➊

reactants = ’Ne(3P1)’, products = ’Ne’,’photon 1’,
value = 0.486e8 /

&CHEM_REACTION ➋

reactants = ’Ne(3P2)’,’Ne(3P1)’, products = ’Ne’,’Ne+’,’e’,
value = 3.2e-10, units = ’cm3s-1’ /
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&CHEM_REACTION ➌

reactants = ’e’,’Ne’, products = ’e’,’Ne(3P2)’,
units = ’cm3s-1’, data_file = ’Ne_data.txt’,3 /

&CHEM_REACTION ➍

reactants = ’e’,’Ne(3P2)’, products = ’e’,’Ne(3P1)’,
value = 1.603e-6, -0.3, -6.e2, 1, units = ’cm3s-1’,
opposing = T /

&CHEM_REACTION ➎

reactants = ’N2(X,v+1)’,’O2(X,w)’, products = ’N2(X,v)’,’O2(X,w+1)’
data_file = "",1 /

&CHEM_REACTION ➏

reactants = ’Ne’,’N2(X,v<=10)’, products = ’Ne,2*’N’
data_file = "",2 /

&CHEM_REACTION ➐

reactants = ’N2(X,v)’,’M’, products = ’N2(X,w)’,’M’
comment = ’|v-w|>=1’, data_file = "",3 /

➊ Radiationemission;thevalueof value is thetransitionprobabilityin s-1.

➋ Penningionisationwith constantratecoefficient.

➌ Electronexcitation.Thevaluesof theratecoefficientarereadin theexternalfile Ne_data.txt
andidentifiedby theindex 3.

➍ Both thedirectandreversereactionsaretakeninto account.Theratecoefficient for thedirect
reactionhasanArrheniustemperaturedependencewith theabovecoefficients.Theratecoefficient
for thereversereactionareautomaticallycomputed.

➎ Groupof reactionson two vibrationalseries.Thesyntaxfor therelationsbetweenthevibrational
quantumnumberscorrespondsto casea.above.

➏ Groupof reactionsinvolving a vibrationalseries.Thesyntaxcorrespondsto caseb. above.

➐ Groupof reactionsinvolving a vibrationalseries.thesyntaxcorrespondsto casec. above.
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Appendix A. Error Messages
Thenumberof errormessagesissuedby PLASMAKINis relatively small- twenty-seven- andin the
presentversionnoattempthasbeenmadeto coverall possibleerrorsituations.Most of themessagesare
relatedwith thereadingandprocessingof theinputfile whereit is easyto make typographicalmistakes.
This is anareawhereimprovementcanbeexpectedin next versionsof thelibrary.

TheerrormessageshavethestructurePLASMAKIN: Â classificationandnumberÃ : Â descriptionÃ
Error messa ges and description

PLASMAKIN: severe(1):NAMELIST "PLASMAKIN_DATA" not found

PLASMAKIN: severe(2):NAMELIST "CHEM_SPECIES"not found

PLASMAKIN: severe(3):NAMELIST "CHEM_REACTION" not found

PLASMAKIN: severe(4):Syntaxerrorin "CHEM_SPECIES"NAMELIST #

PLASMAKIN: severe(5):Syntaxerrorin "CHEM_REACTION" NAMELIST #

PLASMAKIN: severe(6):Too many valuesfor NAMELIST variable

PLASMAKIN: severe(7):Invalid referenceto variablein NAMELIST input

PLASMAKIN: severe(8):NAMELIST I/O not consistentwith OPENoptions

PLASMAKIN: severe(9):Invalid NAMELIST input format
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PLASMAKIN: severe(10):REWIND error

PLASMAKIN: error(11):UndeterminedI/O error

PLASMAKIN: severe(12):Error in physicalunitsor unitsnot supported

PLASMAKIN: error(13):Total sumof speciesinitial concentrationis not 1

PLASMAKIN: severe(14):Attemptto re-readchemicalspecieslist

PLASMAKIN: severe(15):Attemptto re-readreactionlist

PLASMAKIN: severe(16):Unknown speciesin reaction#

PLASMAKIN: severe(17):Violation of chargeconservationin reaction#

PLASMAKIN: severe(151):Allocatablearrayis alreadyallocated

PLASMAKIN: severe(727):CannotALLOCATE allocatablearray- out of memory

PLASMAKIN: error(20):Undeterminedmemoryerror

PLASMAKIN: error(21):Syntaxerrorin call to routine"pkSetValue"

PLASMAKIN: error(22):Syntaxerrorin call to routine"pkSetPhoton"
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PLASMAKIN: error(23):Syntaxerrorin call to routine"pkGetSources"

PLASMAKIN: error(24):Syntaxerrorin call to routine"pkGetReacCoef"

PLASMAKIN: warning(25):Interrogationonunknown property

PLASMAKIN: warning(26):Unableto setpropertyof ratecoefficient

PLASMAKIN: warning(27):Attemptto setthevalueof T-dependentratecoefficient
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Appendix B. GNU Free Documentation License
Copyright © 2000by FreeSoftwareFoundation,Inc. 59 TemplePlace,Suite330,Boston,MA
02111-1307USA

Everyoneis permittedto copy anddistributeverbatimcopiesof this licensedocument,but changingit is
not allowed.

0. PREAMBLE

Thepurposeof thisLicenseis to makeamanual,textbook,or otherwrittendocument"free" in thesense
of freedom:to assureeveryonetheeffective freedomto copy andredistributeit, with or without
modifying it, eithercommerciallyor non-commercially. Secondarily, this Licensepreservesfor the
authorandpublisheraway to getcreditfor theirwork, while not beingconsideredresponsiblefor
modificationsmadeby others.

ThisLicenseis akind of "copyleft", whichmeansthatderivativeworksof thedocumentmustthemselves
befreein thesamesense.It complementstheGNU GeneralPublicLicense,which is a copyleft license
designedfor freesoftware.

We havedesignedthis Licensein orderto useit for manualsfor freesoftware,becausefreesoftware
needsfreedocumentation:a freeprogramshouldcomewith manualsproviding thesamefreedomsthat
thesoftwaredoes.But thisLicenseis not limited to softwaremanuals;it canbeusedfor any textual
work, regardlessof subjectmatteror whetherit is publishedasaprintedbook.We recommendthis
Licenseprincipally for workswhosepurposeis instructionor reference.

1. APPLICABILITY AND DEFINITIONS

This Licenseappliesto any manualor otherwork thatcontainsa noticeplacedby thecopyright holder
sayingit canbedistributedunderthetermsof this License.The"Document",below, refersto any such
manualor work. Any memberof thepublic is a licensee,andis addressedas"you".

A "Modified Version"of theDocumentmeansany work containingtheDocumentor aportionof it,
eithercopiedverbatim,or with modificationsand/ortranslatedinto anotherlanguage.

A "SecondarySection"is anamedappendixor a front-mattersectionof theDocumentthatdeals
exclusively with therelationshipof thepublishersor authorsof theDocumentto theDocument’soverall
subject(or to relatedmatters)andcontainsnothingthatcouldfall directly within thatoverall subject.
(For example,if theDocumentis in parta textbookof mathematics,aSecondarySectionmaynot
explainany mathematics.)Therelationshipcouldbea matterof historicalconnectionwith thesubjector
with relatedmatters,or of legal,commercial,philosophical,ethicalor political positionregardingthem.

The"InvariantSections"arecertainSecondarySectionswhosetitlesaredesignated,asbeingthoseof
InvariantSections,in thenoticethatsaysthattheDocumentis releasedunderthis License.
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The"CoverTexts" arecertainshortpassagesof text thatarelisted,asFront-CoverTexts or Back-Cover
Texts, in thenoticethatsaysthattheDocumentis releasedunderthis License.

A "Transparent"copy of theDocumentmeansa machine-readablecopy, representedin a formatwhose
specificationis availableto thegeneralpublic,whosecontentscanbeviewedandediteddirectly and
straightforwardlywith generictext editorsor (for imagescomposedof pixels)genericpaintprogramsor
(for drawings)somewidely availabledrawing editor, andthatis suitablefor input to text formattersor
for automatictranslationto avarietyof formatssuitablefor input to text formatters.A copy madein an
otherwiseTransparentfile formatwhosemarkuphasbeendesignedto thwartor discouragesubsequent
modificationby readersis not Transparent.A copy thatis not "Transparent"is called"Opaque".

Examplesof suitableformatsfor Transparentcopiesincludeplain ASCII without markup,Texinfo input
format,LaTeX input format,SGML or XML usingapublicly availableDTD, andstandard-conforming
simpleHTML designedfor humanmodification.OpaqueformatsincludePostScript,PDF, proprietary
formatsthatcanbereadandeditedonly by proprietarywordprocessors,SGML or XML for which the
DTD and/orprocessingtoolsarenot generallyavailable,andthemachine-generatedHTML producedby
someword processorsfor outputpurposesonly.

The"Title Page"means,for aprintedbook,thetitle pageitself, plussuchfollowing pagesasareneeded
to hold, legibly, thematerialthis Licenserequiresto appearin thetitle page.For worksin formatswhich
do nothaveany title pageassuch,"Title Page"meansthetext nearthemostprominentappearanceof the
work’s title, precedingthebeginningof thebodyof thetext.

2. VERBATIM COPYING

You maycopy anddistributetheDocumentin any medium,eithercommerciallyor non-commercially,
providedthatthis License,thecopyright notices,andthelicensenoticesayingthis Licenseappliesto the
Documentarereproducedin all copies,andthatyouaddno otherconditionswhatsoever to thoseof this
License.You maynot usetechnicalmeasuresto obstructor controlthereadingor furthercopying of the
copiesyoumakeor distribute.However, youmayacceptcompensationin exchangefor copies.If you
distributea largeenoughnumberof copiesyoumustalsofollow theconditionsin section3.

You mayalsolendcopies,underthesameconditionsstatedabove,andyoumaypublicly displaycopies.

3. COPYINGIN QUANTITY

If you publishprintedcopiesof theDocumentnumberingmorethan100,andtheDocument’s license
noticerequiresCoverTexts,youmustenclosethecopiesin coversthatcarry, clearlyandlegibly, all
theseCoverTexts:Front-CoverTextson thefront cover, andBack-CoverTextson thebackcover. Both
coversmustalsoclearlyandlegibly identify you asthepublisherof thesecopies.Thefront covermust
presentthefull title with all wordsof thetitle equallyprominentandvisible.Youmayaddothermaterial
on thecoversin addition.Copying with changeslimited to thecovers,aslongasthey preserve thetitle of
theDocumentandsatisfytheseconditions,canbetreatedasverbatimcopying in otherrespects.

If therequiredtexts for eithercoveraretoo voluminousto fit legibly, you shouldput thefirst oneslisted
(asmany asfit reasonably)on theactualcover, andcontinuetherestontoadjacentpages.

63



AppendixB. GNUFreeDocumentationLicense

If you publishor distributeOpaquecopiesof theDocumentnumberingmorethan100,youmusteither
includea machine-readableTransparentcopy alongwith eachOpaquecopy, or statein or with each
Opaquecopy apublicly-accessiblecomputer-network locationcontaininga completeTransparentcopy
of theDocument,freeof addedmaterial,which thegeneralnetwork-usingpublichasaccessto download
anonymouslyatnochargeusingpublic-standardnetwork protocols.If youusethelatteroption,youmust
take reasonablyprudentsteps,whenyou begin distributionof Opaquecopiesin quantity, to ensurethat
thisTransparentcopy will remainthusaccessibleat thestatedlocationuntil at leastoneyearafterthelast
time youdistributeanOpaquecopy (directlyor throughyouragentsor retailers)of thateditionto the
public.

It is requested,but not required,thatyoucontacttheauthorsof theDocumentwell beforeredistributing
any largenumberof copies,to give thema chanceto provideyouwith anupdatedversionof the
Document.

4. MODIFICATIONS

You maycopy anddistributea ModifiedVersionof theDocumentundertheconditionsof sections2 and
3 above,providedthatyou releasetheModified Versionunderpreciselythis License,with theModified
Versionfilling therole of theDocument,thuslicensingdistributionandmodificationof theModified
Versionto whoeverpossessesacopy of it. In addition,youmustdothesethingsin theModifiedVersion:

A. Usein theTitle Page(andon thecovers,if any) a title distinctfrom thatof theDocument,andfrom
thoseof previousversions(which should,if therewereany, belistedin theHistory sectionof the
Document).Youmayusethesametitle asapreviousversionif theoriginalpublisherof thatversion
givespermission.

B. List on theTitle Page,asauthors,oneor morepersonsor entitiesresponsiblefor authorshipof the
modificationsin theModifiedVersion,togetherwith at leastfiveof theprincipalauthorsof the
Document(all of its principalauthors,if it haslessthanfive).

C. Stateon theTitle pagethenameof thepublisherof theModified Version,asthepublisher.

D. Preserveall thecopyright noticesof theDocument.

E. Add anappropriatecopyright noticefor yourmodificationsadjacentto theothercopyright notices.

F. Include,immediatelyafterthecopyright notices,a licensenoticegiving thepublicpermissionto use
theModifiedVersionunderthetermsof thisLicense,in theform shown in theAddendumbelow.

G. Preserve in thatlicensenoticethefull lists of InvariantSectionsandrequiredCoverTextsgivenin
theDocument’s licensenotice.

H. Includeanunalteredcopy of this License.

I. Preserve thesectionentitled"History", andits title, andaddto it anitem statingat leastthetitle,
year, new authors,andpublisherof theModifiedVersionasgivenon theTitle Page.If thereis no
sectionentitled"History" in theDocument,createonestatingthetitle, year, authors,andpublisher
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of theDocumentasgivenon its Title Page,thenaddanitemdescribingtheModifiedVersionas
statedin theprevioussentence.

J. Preserve thenetwork location,if any, givenin theDocumentfor publicaccessto aTransparentcopy
of theDocument,andlikewisethenetwork locationsgivenin theDocumentfor previousversionsit
wasbasedon.Thesemaybeplacedin the"History" section.You mayomit a network locationfor a
work thatwaspublishedat leastfour yearsbeforetheDocumentitself, or if theoriginalpublisherof
theversionit refersto givespermission.

K. In any sectionentitled"Acknowledgements"or "Dedications",preserve thesection’s title, and
preservein thesectionall thesubstanceandtoneof eachof thecontributoracknowledgements
and/ordedicationsgiventherein.L. Preserveall theInvariantSectionsof theDocument,unalteredin
their text andin their titles.Sectionnumbersor theequivalentarenot consideredpartof thesection
titles.

L. Deleteany sectionentitled"Endorsements".Suchasectionmaynot beincludedin theModified
Version.

M.

N. Do not retitleany existing sectionas"Endorsements"or to conflict in title with any Invariant
Section.

If theModifiedVersionincludesnew front-mattersectionsor appendicesthatqualify asSecondary
Sectionsandcontainno materialcopiedfrom theDocument,youmayatyouroptiondesignatesomeor
all of thesesectionsasinvariant.To do this,addtheir titles to thelist of InvariantSectionsin the
ModifiedVersion’s licensenotice.Thesetitlesmustbedistinctfrom any othersectiontitles.

You mayadda sectionentitled"Endorsements",providedit containsnothingbut endorsementsof your
ModifiedVersionby variousparties–forexample,statementsof peerreview or thatthetext hasbeen
approvedby anorganizationastheauthoritativedefinitionof a standard.

You mayadda passageof up to fivewordsasaFront-CoverText, anda passageof up to 25 wordsasa
Back-CoverText, to theendof thelist of CoverTexts in theModifiedVersion.Only onepassageof
Front-CoverText andoneof Back-CoverText maybeaddedby (or througharrangementsmadeby) any
oneentity. If theDocumentalreadyincludesacover text for thesamecover, previouslyaddedby youor
by arrangementmadeby thesameentity youareactingonbehalfof, you maynot addanother;but you
mayreplacetheold one,on explicit permissionfrom thepreviouspublisherthataddedtheold one.

Theauthor(s)andpublisher(s)of theDocumentdo not by thisLicensegivepermissionto usetheir
namesfor publicity for or to assertor imply endorsementof any ModifiedVersion.

5. COMBINING DOCUMENTS

You maycombinetheDocumentwith otherdocumentsreleasedunderthis License,undertheterms
definedin section4 abovefor modifiedversions,providedthatyou includein thecombinationall of the
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InvariantSectionsof all of theoriginaldocuments,unmodified,andlist themall asInvariantSectionsof
yourcombinedwork in its licensenotice.

Thecombinedwork needonly containonecopy of thisLicense,andmultiple identicalInvariantSections
maybereplacedwith a singlecopy. If therearemultiple InvariantSectionswith thesamenamebut
differentcontents,make thetitle of eachsuchsectionuniqueby addingat theendof it, in parentheses,
thenameof theoriginalauthoror publisherof thatsectionif known, or elseauniquenumber. Makethe
sameadjustmentto thesectiontitles in thelist of InvariantSectionsin thelicensenoticeof thecombined
work.

In thecombination,youmustcombineany sectionsentitled"History" in thevariousoriginaldocuments,
forming onesectionentitled"History"; likewisecombineany sectionsentitled"Acknowledgements",
andany sectionsentitled"Dedications".You mustdeleteall sectionsentitled"Endorsements."

6. COLLECTIONSOF DOCUMENTS

Youmaymakeacollectionconsistingof theDocumentandotherdocumentsreleasedunderthisLicense,
andreplacetheindividualcopiesof thisLicensein thevariousdocumentswith a singlecopy thatis
includedin thecollection,providedthatyou follow therulesof thisLicensefor verbatimcopying of each
of thedocumentsin all otherrespects.You mayextracta singledocumentfrom sucha collection,and
distributeit individually underthisLicense,providedyou inserta copy of this Licenseinto theextracted
document,andfollow this Licensein all otherrespectsregardingverbatimcopying of thatdocument.

7. AGGREGATION WITH INDEPENDENTWORKS

A compilationof theDocumentor its derivativeswith otherseparateandindependentdocumentsor
works,in or on a volumeof astorageor distributionmedium,doesnot asa wholecountasa Modified
Versionof theDocument,providedno compilationcopyright is claimedfor thecompilation.Sucha
compilationis calledan"aggregate",andthis Licensedoesnotapplyto theotherself-containedworks
thuscompiledwith theDocument,on accountof their beingthuscompiled,if they arenot themselves
derivativeworksof theDocument.

If theCoverText requirementof section3 is applicableto thesecopiesof theDocument,thenif the
Documentis lessthanonequarterof theentireaggregate,theDocument’sCoverTexts maybeplacedon
coversthatsurroundonly theDocumentwithin theaggregate.Otherwisethey mustappearon covers
aroundthewholeaggregate.

8. TRANSLATION

Translationis consideredakind of modification,soyoumaydistributetranslationsof theDocument
underthetermsof section4. ReplacingInvariantSectionswith translationsrequiresspecialpermission
from their copyright holders,but youmayincludetranslationsof someor all InvariantSectionsin
additionto theoriginalversionsof theseInvariantSections.Youmayincludea translationof thisLicense
providedthatyoualsoincludetheoriginalEnglishversionof thisLicense.In caseof adisagreement
betweenthetranslationandtheoriginalEnglishversionof this License,theoriginalEnglishversionwill
prevail.
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9. TERMINATION

Youmaynotcopy, modify, sublicense,or distributetheDocumentexceptasexpresslyprovidedfor under
this License.Any otherattemptto copy, modify, sublicenseor distributetheDocumentis void, andwill
automaticallyterminateyour rightsunderthis License.However, partieswho havereceivedcopies,or
rights,from youunderthis Licensewill not havetheir licensesterminatedsolongassuchpartiesremain
in full compliance.

10.FUTUREREVISIONSOF THIS LICENSE

TheFreeSoftwareFoundationmaypublishnew, revisedversionsof theGNU FreeDocumentation
Licensefrom time to time.Suchnew versionswill besimilar in spirit to thepresentversion,but may
differ in detailto addressnew problemsor concerns.Seehttp://www.gnu.org/copyleft/.

Eachversionof theLicenseis givena distinguishingversionnumber. If theDocumentspecifiesthata
particularnumberedversionof thisLicense"or any laterversion"appliesto it, youhave theoptionof
following thetermsandconditionseitherof thatspecifiedversionor of any laterversionthathasbeen
published(notasa draft) by theFreeSoftwareFoundation.If theDocumentdoesnot specifyaversion
numberof thisLicense,youmaychooseany versioneverpublished(notasa draft) by theFreeSoftware
Foundation.

ADDENDUM: How to usethis Licensefor yourdocuments

To usethis Licensein a documentyouhavewritten, includeacopy of theLicensein thedocumentand
put thefollowing copyright andlicensenoticesjust afterthetitle page:

Copyright (c) YEAR YOURNAME. Permissionis grantedto copy, distributeand/ormodify this document
underthetermsof theGNU FreeDocumentationLicense,Version1.1or any laterversionpublishedby the
FreeSoftwareFoundation;with theInvariantSectionsbeingLIST THEIR TITLES, with theFront-CoverTexts
beingLIST, andwith theBack-Cover TextsbeingLIST. A copy of thelicenseis includedin thesectionentitled
"GNU FreeDocumentationLicense".

If you haveno InvariantSections,write "with no InvariantSections"insteadof sayingwhichonesare
invariant.If youhaveno Front-CoverTexts,write "no Front-CoverTexts" insteadof "Front-CoverTexts
beingLIST"; likewisefor Back-CoverTexts.

If yourdocumentcontainsnontrivial examplesof programcode,werecommendreleasingthese
examplesin parallelunderyourchoiceof freesoftwarelicense,suchastheGNU GeneralPublic
License,to permittheir usein freesoftware.
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