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Preface

Abstract

PLASMAKINis a softwarelibrary to handlephysicalandchemicaldatausedin plasmaphysicsmodeling
andto computekineticsdatafrom thereactiongakingplacein the gasor atthe surfaces— particle
productionandlossrates photonemissionratesandenepgy exchangerates.

This manualdescribesll the public variablesandroutinesin PLASMAKINandthedatainput syntax.It
givesall theinformationneededo usethe PLASMAKINlibrary in programsto write datainputfiles and
to understandheerrorsmessageproducechy PLASMAKIN However it doesnot explainsthe physics
andchemistryconceptaunderlyingthelibrary. For that purposeheindicatedreferenceshouldbe
consulted.

Intended Audience

This manualis intendedfor programmersvith a goodbackgroundn physicsandchemistryor
conversely physicistsor chemistswvith programmingskills. In any casea basicunderstandingf the
Fortran90/95languages needed.

Thereadershouldbe familiar with the physicsandchemistryconceptsinderlyingthelibrary andbe able
to consultthearticle describingPLASMAKIN[Pinhdo01.

Other Sources of Information
Themainreferencdor the physicsandchemistryprocessescludedin PLASMAKINIs anarticle
publishedn ComputerPhysicsCommunication$Pinhdo0].

The PLASMAKINIibrary anda sampleprogramanddatafile canbe obtainedfrom the CPClibrary
(http://lwww.cpc.uk).

Theauthormaintainsa mailing list on PLASMAKINnews, errorsandupdatesThis mailing list canbe
subscribedendinganemailto the author(mailto:npinhao@itn.pt?subject=Subsa&ftk list).



Preface

Conventions Used in this Manual

In this manualthe following corventionsareused:

expression

Termsin bold andcourierfont indicatesnformationsuppliedby the user

{optionl | option2...}

Bracesenclosealist from which you mustchooseone,but only one,item.

[option] [option1| option2...]
Squarebracletsencloseoptionalitemsor alist of optionalexclusive items.

A horizontalellipsismeanghatthe precedingtem canberepeated

call pkReadDat a

Courierfont is usedfor codesamples

value,lvalue,Lvalue,Rvalue,Cvalue

Thesewordsindicate,respectiely, a generictype,a FortranINTEGER,LOGICAL, REAL or
CHARACTERVvalue

IN, OUT, INOUT

Thesetermsclassifyargumentghat, respectiely, areusedto provide datato a procedureout arenot
modifiedinsideit; areusedto passdatafrom the procedurebackto the calling programbut are
undefinedbn entry; or canboth provide datato the procedureandreturndatato the calling program.



Chapter 1. Introduction

What

A large numberof problemsin plasmaphysicsinvolve the consideratiorof severalchemicalspecies
andreactionsThe solutionof suchproblemsinvariably requiresthe ability to read classify sortand
manipulateparticlesandreactionsand,frequently the evaluationof sourcetermsin chemicalkinetic
equationsthe enegy transferredy the electrongo the otherparticles the gasheatingdueto collisions
or the photonemissionspectra.

The handlingof thesedatafrequentlyrepresenta significantfraction of codesdevelopmentand
maintenancéime andis a sourceof errors.It would clearlybe advantageouso have a packageableto
dealwith thesedataindependentlyf the numberor natureof the speciesandchemicalreactions
involvedandof the problembeingsolvedor the methodused.Sucha packagecould be usedasa "black
box" moving the descriptionof particlesandreactiondrom codeto a datafile, isolatingthe evaluationof
termsrelatedto the chemicalkineticsfrom theremainingprogram allowing the userto concentraten
the physicalproblemandon the algorithmto solveit. Oncethe codedeveloped,t would allow aneasy
andfastmodificationandtestingof chemicalmodels PLASMAKINwasdevelopedto fulfill this purpose.

iIs PLASMAKIN

PLASMAKINis a collectionof routinesto parseaninputfile describingthe speciesandreactiongresent
in adischage, handlethis dataandto computechemicalkineticsdatacharacterizinghe dischage.The
library supportsarny numberof speciesandreactionsjs independentf the numberof dimensionf the
problemandcanbeusedbothin stationaryandtime-dependentroblems Although PLASMAKINhas
beenwritten for plasmaphysicsproblemst canbeusedor adaptedo ary field dealingwith chemical
kinetics.

Theuserinterventionis limited to the preparatiorof aninputfile andin makingtheappropriatecallsto
PLASMAKINproceduresn adriver program.Theinputfile usesalanguagecloseto the physicaland
chemicalnotationandthe parseiis ableto detecterrorsin this file andto deducethevaluesof several
propertiesyeducingtheamountof datathatmustbe writtenin thefile.

A largenumberof specieropertiesaresupportecandfully describedn CHEM_SPECIESVibrational
seriescanbeindicatedandthe correspondingnitial relative populationsareestimatedisinga
Gordiets-Teanordistribution [Gordiets72:

exp[—v(;;%—(v—l)%i—f)] , v<ot

05,0 =4 Os0v - % ; vt <o <o

] *k
exp ( kBTg) , V>0
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Unimolecular bimolecularandtermoleculareactionscanbeincluded.

Opticalemissionandabsorptiorareexamplesof unimoleculareactionimportantin plasmaphysics.
Radiationimprisonmentanalsobe accountedncludinga constanor spacedependengéscapdactor
[Molisch9§].

Cascadéevels(influencingthe populationof lower levelsby spontaneousmissionbut whosedensityis
not followed)aresupportedandthe correspondindpranchingratiosareautomaticallyevaluated.

A large numberof ratecoeficientshave an Arrheniustemperaturelependence-dowever reactionsn
plasmacanhave morecomplex temperaturgependenciest, asis the casefor electroncollision
reactionsdepencdon the electrontemperatureTo accommodatéhis, ratecoeficientswith a power series
dependencentemperaturén theexponentiatermcanbeusedin PLASMAKIN

0 5 I
ki = 2T exp (ijl “gj)
T

whereT is the electrontemperaturdor electroncollision reactionsandthe gastemperaturdor other
casesTheinitial temperaturés readin thedatafile andcanbe changediuring programexecution.

As theratecoeficientfor forwardandreversereactionsarerelatedby the principle of detailedbalancing,
PLASMAKINautomaticallyevaluateshereverseratesfrom the correspondindorwardrates.

A largenumberof reactionswith vibrationallevelsareformally identical,the only differencebeingthe
vibrationalnumber(s)To avoid the needof writing all thisreaction®?LASMAKINis ableto reada single
descriptionof agroupof reactiondnvolving speciedrom avibrationalseries createthe corresponding
individual reactionsandcomputethe ratecoeficients.

Finally, to computeratecoeficientsknown asafunction of thereducedield E/N or meanenegy (asis
frequentlythe casefor electronratecoeficients),ratecoeficientsdependingn vibrationalquantum
numbersor otherexpressionsa usersuppliedroutinecanbe used.

TermoleculaReactions Two typesof pressure-dependergactionsareincluded:recombination
reactionsandchemicallyactivatedbimoleculareactionsReactionratesarecalculatedusingthe
[Lindemann2Pand[Troe83 formulation.In bothcaseghe 3rd bodyconcentratiorcanbe set
proportionalto thetotal pressureof to the partial pressuref a selectedjasspecies.

Surfacereactioncanbeincludedandtheindicationof surfacenamesallows differentiatingthereactions
accordingto thesurface.

Enegy losses Theenegy exchangedn reactionds calculatedrom the valuesof theformation
enthalfy atthegastemperatureAs the gastemperaturén cold plasmass within afew hundreddegrees
to T, theformationenthally atgastemperaturés not muchhigherthanthe standardzalueandis
approximatedy:
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H{(T,) = H (To) + C,AT

A throughoutdescriptionof the equationsandexpressionsisedin PLASMAKINcanbefoundin
[Pinh&o01.

The packages written in standard-ortran95 asa MODULE unit. However, to allow aneasyintegration
with FORTRAN 77 codeonly the FORTRAN 77 intrinsic datatypesareusedfor public dataand
PLASMAKINprocedureganbe calledby FORTRAN 77 code.Theusageof Fortranstandarchaming
corventions error diagnosticanderrormessagesaseshe usageof the package.

Limitations of PLASMAKIN

AlthoughPLASMAKINis preparedo dealwith alargediversity of propertiesandtypesof chemical
reactionsandto respondo differentproblemsfoundin plasmaphysics,somereactiontypesarenotyet
supportedabr functionsfoundin otherchemicalkinetic librariesor programqKee96 Carver91

have notbeenincluded.

Thefollowing functionshave beenintentionallyleft out:

- It doesnotincludeary particleor chemicalreactiondatabaseln fact,althoughtherearesome
referencalatabasethe numberof gasesandreactionscoveredin thosedatabasess still small. Also,
differentproceduresndlevels of approximatiorfor the descriptionof speciesandreactionsare
commonin thisfield. Consequentlyhe authorhasdecidedo leave to the userthe selectionof data
andhasinsteadprovidedenougtflexibility in thedatastructuresn orderto accommodatdifferent
waysof datarepresentation.

«  PLASMAKINdoesnot provide eitherary differentialequationssolver or ary otherintegration
procedureAs the numberof numericalproceduresvailableis relatively largeandin continuous
evolution, the selectionof the appropriatealgorithmis largely problemdependenandmary arefreely
availableandwell documented the choiceof the appropriatealgorithmwasagainleft to the user

«  PLASMAKINdoesnotincludesanelectronBoltzmannequationsolver. Toughthe electronandthe
chemicalkineticsareinterconnected theratecoeficientsdependn the electronkineticsandthe
formerdepend®n speciesoncentration the availablemethod=f solutionfor theelectron
Boltzmannequationarevalid only in clearlydefinedconditionsandthereis no "universalsolver.
Again, for problemswherebothkineticsmustbe solvedtogetheythe choiceof theappropriate
electronBoltzmannequationsolver wasleft to the user Neverthelessnelectronkineticslibrary, build
ontop of PLASMAKIN andsolvingthehomogeneouslectronBoltzmannequationin the classical
two termapproximations availablefrom the author(mailto:npinhao@itn.pt?subject=logeon
Boltzlib) for non-commercialise.



Units

Notes

Chapterl. Introduction

« Finally PLASMAKINdoesnot usesomeapproximation€ommonin otherfields- i.e. the"family
approach’'usedin atmospherichemistry- asthey areseldomusedin "gaseouglectronics'problems.

Thefollowing capabilitiesarebeenconsideredor the next version:

« Supportfor ionic excitedstates.

- Accountasthe 3rd bodyin threebody collisions,of specieswith differentefficienciesin promoting
thereaction.

- Supportfor surfacereactionswith differentadsorbedtoms.
- Evaluationof surfacecoverageandstickingcoeficients.

- Interfacedor C, PascalandPythonmixedlanguagegrogramming.

With afew exceptiongthe physicalpropertiesarehandledn PLASMAKINusingS.I. units. The
exceptionsaretheenepy, theelectrontemperatureywherein bothcaseV is used,andthe vibrational
frequeny wherefor historicalreasongm* is used®.

Howeverin theinputfile thevaluesof severalphysicalpropertiescanalsobeindicatedin otherunits.In
this casethe unit usedmustbeindicatedafterthevalue,accordingto the syntax:

property = value, 'units’

Theunitsavailablefor eachpropertyarelistedin the correspondingeferencepage.

Whentheseunitsarefoundthe correspondingaluearecorvertedto S.I. unitsandthe corversionfactors
aresaved.Whenthe calling programinquiresthe valueof a givenphysicalpropertythe corresponding
corversionfactoris usedto back-cowertto theinitial units. Thusthevaluepassedo thecalling program
is alwaysin the unitsusedin the datafile.

The corversionoperationandcorversionfactorsarealwayshiddenfrom the calling program.This
allows someflexibility on datainputandoutputandatthe sametime freesthe programmefrom
elementanpbut errorproneoperations.

1. Inthis manualeachquantumievel is consideredsanindependenspecies



Chapterl. Introduction

2. Seefor instance GAMS or NetLib.

3. In spectroscopthevibrationalfrequeng is measuredn unitsof vfe , Wwherec is thevelocity of
light.



Chapter 2. Overview

Usage

The PLASMAKINIibrary is a Fortran90/95MODULE unit with public andprivatedataandprocedures.
Thelibrary is accessiblérougha standardJSE instruction:

USE PLASMAKI N

Themodulereadshis datafrom aninputfile andcancall anoptionalusersuppliedroutineSet Rat e, to
evaluatecomplex ratereactionexpressionsbut is otherwise self-contained.

FigureF-1representtherelationshipbetweerPLASMAKINandotherroutinesor datafiles. Thearrons
indicatethedirectionof informationflow.
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Figure F-1. RelationshipsbetweenPLASMAKIN and other program units or data files.
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Data Model

PLASMAKINmakesextensve useof deriveddatatypes.Howeveronly two of themarepublicandeven
sothey arenotintendedo be usedoutsidethe PLASMAKINMODULE. Theonly reasorwhy they are
publicis becausehey areusedin NAMELIST reading.

Thehiding of datastructureguaranteethatfuture modificationof the datamodelhaslimited, if any,
impactin the calling programslt alsoconsiderablsimplifiesmixedlanguaggrogramming.

Publicdataincludeparametersscalarsandarraysvariablesthe above derivedtypesandprocedure
interfaces.

With theindicatedexception,all the public variablesandargumentin PLASMAKINprocedurehave
intrinsic Fortrandatatypes.This allows the useof thelibrary with FORTRAN 77 conformingcodewith
little modifications.

Particle or reactionpropertiesareonly accessibléhroughaccessoutinesallowing a strict control of
which datacanbeinquiredor modifiedby the calling program.

Thecalling programshouldnot modify the valueof ary of the public variablesasthey areextensiely
usedby PLASMAKINto internalprocessingThe possibility of modificationof arny of thosevariabless a
potentialsourceof errors.Againthis couldbe avoidedby the useof accessoutinesbut it would be
cumbersomandintroducetime penaltiesasthesevariablesarefrequentlyusedin the calling program.
Theauthorhasdecidedto rely onthe userexperienceo avoid this kind of errors.

Notes

1. Youneedoff coursea Fortran95 compilerandthe Fortran90/95USE instructionto invoke
PLASMAKIN



3. Public Parameter s and Variab les

With theexceptionof thearraykTabl e(: ) andthe PARAMETER NvaxReacSpc, all theother
variablesarecountergepresentinghe numberof specier chemicalreactionssatisfyingsome
condition.

Thesecountersareinterrelatecandotherusefulvaluescanbe deducedrom the availablecountersThe
following valueshave not beenexplicitly definedandcanbe useful:

« N¢ of neutralexcited species= NnVX - NnV
« Ne of electroncollision directprocesses NKea - NSKea
+ N2 of gascollision processebetweeratomsandmolecules= NKgas - NKea

« N2 of reversegascollision processebetweeratomsandmolecules= NRever se - NSKea

Whentheinputfile is readthe speciesandchemicalreactionsareclassifiedandsorted.The new order
followstheclassificatiorshavn in FigureF-2 andFigureF-3 for, respectiely, speciesandchemical
reactions.

Figure F-2. Representationof the order of speciesn PLASMAKIN. The electronshave the highest
index of the chargedspeciesThe region(a) representshe neutral, excitedspecies.

' ' [e] ' |

= MG — Mev 4 (=) - HCH MHFhio MCase—

=
:h.
.

M TY
k MNEpacies i

Figure F-3. Representationof the order of reactionsin PLASMAKIN. The region(a) and (b)
representrespectvely, the number of dir ectand reversegascollision processebetweenatomsand



molecules.
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Caution

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




KTable

Name

KTabl e — Translationtablefor reactioncoeficientindexes

Type and Attrib utes

Integer arraywith dimensionNKReac

Description

KTabl e is atranslationtableto maptheinternal PLASMAKINreactionindexesto the corresponding
reactionindexesin theinputfile.

Whentheinputfile is readthereactionsareclassifiedandsortedto speed-ugurtheroperationsHowever
theinterpretatiorof severalresultsdepend®n therelationshipwith theinputfile reactionsThearray
KTabl e holdsthisinformation.A typical useof thearrayKTabl e is in write instructionsasin the
examplebellow.

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

REAL(8), ALLOCATABLE :: KRate(:)

ALLOCATE( KRat e( NKReac) )

CALL pkGet ReacCoef( 'value', KRate(:), 1) O
print *, KRate(:) O
print *, KRate( KTable(:) ) O

0 ThearrayKRat e holdsthe valuesof thereactionratecoeficientssortedby PLASMAKIN



Public Parametes and Variables

O Thisinstructionprintsthereactioncoeficientvaluesin the orderusedin PLASMAKIN

O Thisinstructionprintsthereactioncoeficientvaluesin the sameorderasreactionsarelistedin the
inputfile

NCasc

Name

NCasc — Numberof cascaddevels

Type and Attrib utes

Integer

Description

NCasc is thenumberof cascadingpecies excited specieslecayingonly by spontaneousmissionand
affectingthe populationof lower levels, but whosepopulationis not followed.

NCasc is calculateccountingin the inputfile the numberof speciesvith thecascade flagsetto T.



Public Parametes and Variables

NCh

Name

NCh — Numberof chagedspecies

Type and Attrib utes

Integer

Description

Nch is thenumberof differenttypesof chagedspeciesincluding positively andnegatively chagedions
andtheelectrons.

NCh is calculatedccountingin theinputfile the numberof specieith thevalueof char ge different
from O.

NKea

Name

NKea — Numberof coeficientsfor electroncollision reactions

Type and Attrib utes

Integer

Description

NKea is the numberof differenttypesof reactionswith electrons.
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NKea is calculateccountingthe numberof reactiondndicatedin theinputfile wherethe nameof atleast
onespeciesn ther eact ant s listis’e’

NKgas

Name

NKgas — Numberof gasphasereactions

Type and Attrib utes

Integer

Description

NKgas is the numberof differenttypesof reactiongakingplacein thegas.

NKgas is calculateccountingin the inputfile the numberof reactionswith thevalueof | ocus equalto
thedefaultvalue’'gas’

NKPhEm

Name

NKPhEm— Numberof photonemittingreactions

Type and Attrib utes

Integer



Public Parametes and Variables

Description

NKPhEmis the numberof differenttypesof reactionsemittingphotons.

NKPhEmis calculatedcountingthe numberof reactionswith a photonin thepr oduct s list.

NKReac

Name

NKReac — Total numberof reactions

Type and Attrib utes

Integer

Description

NKReac is thetotal numberof differenttypesof reactionsjncluding surfacereactionsandradiation
imprisonmenteactions.

NKReac is calculatedcountingthe numberof reactionglefinedin CHEM_REACTION NAMELIST
groups.The numberof reactionsountedn eachinstructiondepend®n thevalueof theopposi ng
propertyandonthetypeof speciesndicatedin ther eact ant s andpr oduct s lists:

- If theopposi ng propertyequalsT the numberof reactionds doubled;

- If noneof thespeciesndicatedin ther eact ant or pr oduct listsrepresentsvibrationalseries
andopposi ng = F, theinstructionrepresentsnereaction.Howeverif ary of thespeciesepresents
avibrationalseriesall the correspondingeactionsareconsiderecindthe numberof reactionss
givenby theequation

H(kimaz _ kzmzn + 1) x (,Uzmaw _ ,Uim,in +1-—

i

LiakS )
2
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Public Parametes and Variables

wherethe productis onthe numberof vibrationalspecien the sideof the equatiorwith the highest
numberof vibrationalspeciesFor clarity let this sidebe calledS andtheothersideF ™.

min

i andVi are,respectiely, the minimumandmaximumallowedvaluesfor thevibrational
guantumnumberfor species in sideS. If no otherlimits areimposedhey arethe minimumand

v

maximumvibrationalvaluesfor thatseries¥i" and®i arelimiting valuesfor thepr oduct s
vibrationalquanturnumber

Notes

1. In mostreactionsS is ther eact ant s sideandF thepr oduct s side.

However whenthe numberof vibrationalspeciesn pr oduct s is higher(asin therecombinatiorreaction
At + B~ + M — AB(v) + M) theabove equationis valid only if sideS isthepr oduct s side.

NKRImp

Name

NKRI mp — Numberof radiationimprisonmenteactions

Type and Attrib utes

Integer

Description

NKRI np is thenumberof differenttypesof radiationimprisonmenteactions.

NKRI np is calculatedcountingthe numberof reactionswith a photonin ther eact ant s list but nonein
thepr oduct s list.
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NMaxReacSpc

NnC

Name

NVaxReac Spc — Maximumnumberof particlestaking partor producedn areaction.

Type and Attrib utes

Integer, parameter

Description

NVaxReac Spc is themaximumnumberof r eact ant s or pr oduct s in areaction.

In PLASMAKINthis numberis a parameteconstanequalto 4. Howeverif this numberis not
appropriatethe useronly hasto modify this valuein the declaratiorof NMaxReac Spc in the
PLASMAKINsourcefile andrecompilethelibrary.

Name

NnC — Numberof neutralspecieswith constantoncentration.

Type and Attrib utes

Integer

Description

NnC is thenumberof neutralspeciesvith constantoncentration.

12



NnTV

NnV

Public Parametes and Variables

NnC is calculateccountingthe numberof specieswith thevalueconst ant =T.

Name

NnTV — Total numberof specieswith variableconcentration.

Type and Attrib utes

Integer

Description

NnTV is the numberof speciesvhoseconcentratiorthangesandmustcorrespondo the numberof
continuity equationn themodel.

NnTV is calculatedaddingthe numberof chagedspecies\nC with the numberof neutralspecieswith
variableconcentrationNnVX.

Name

NnV — Numberof non-eccitedneutralswith variableconcentration.

Type and Attrib utes

Integer

13



NnVX

NPhot

Public Parametes and Variables

Description

NnV is the numberof non-excited neutralspeciesvhoseconcentratiorchanges.

NnV is calculateccountingthe numberof specieswith ener gy = 0 amongtheNnVvX species.

Name

NnVX — Total numberof neutralswith variableconcentration.

Type and Attrib utes

Integer

Description

NnVX is the numberof neutralatomicor molecularspeciesvith changingconcentration.

NnVX is calculateccountingthe numberof neutral,non-constanandnon-cascadspecies.

Name

NPhot — Numberof differentphotonspecies
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Type and Attrib utes

Integer

Description

NPhot is the numberof differentphotonsspecies.

NPhot is calculateccountingthe numberof speciesvith theword photon in nane.

NReverse

Name

NRever se — Numberof reversereaction.

Type and Attrib utes

Integer

Description

NRever se is thenumberof reversereactionprocesses.

NRever se is calculateccountingthe numberof reversereactionsdefinedthroughCHEM_REACTION
NAMELIST groupswith opposi ng =T.
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NSKea

Name

NSkea — Numberof superelasticelectroncollision reactions.

Type and Attrib utes

Integer

Description

NSKea is the numberof superelasticollisionreactions.

NSKea is calculateccountingthe numberof reversereactionsvhereoneof ther eact ant s hasthe
name'e’

NSpecies

Name

NSpeci es — Total numberof species

Type and Attrib utes

Integer

Description

NSpeci es includesall the specieslefinedin theinputfile, including photons However the third-bodyin
three-bodycollisions,identifiedby the genericname’M’  is not counted.
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NSpeci es is calculateccountingthe numberof speciegiefinedin CHEM_SPECIESNAMELIST
instructiongncluding off coursethevibrationalseries.

NKSurf

Name

NKSur f — Numberof surfacereactions.

Type and Attrib utes

Integer

Description

NKSur f includesall thereactiongdefinedin CHEM_REACTION NAMELIST instructionswith the
valueof | ocus differentfrom thedefaultvalue’'gas’

17



4. Derived Data Type Definitions

Thefollowing two derived datatypesarepublic asthey areusedin datareading.Howevertheuserhas
no needto usethemto communicatevith PLASMAKINasall thedatareadby PLASMAKINcanbe
inquiredthroughaccessoutinesusingonly theintrinsic Fortrandatatypes.Thesederiveddatatypesare
documentedhereonly to helpunderstandinghe datainput formatusedby PLASMAKIN



DATA_COLUMN

Name

DATA_COLUWN — Identifiesthelocationof input dataon anexternalfile.

Structure Members

TYPE DATA_COLUWN

CHARACTER( 20) I name I Name of datafile
| NTEGER :1 index I Data index (columm or bl ock n2)
END TYPE
Description

The DATA_COLUMN derivedtypeis usedin theinputfile to addresslatalocatedin otherfiles. The
stringrepresents file nameandtheindex identifiesthe locationof datain thatfile.

Frequentiytheindex s usedto identify a singlecolumnor datablock. Howeverif morethanonecolumn
or datablock mustberead- asin thecaseof (x [, X, ...], y) values- thecalling programis responsible
for selectingthe correctcolumnsor datablocksbasedn thisindex. Usuallythe valuesareorganizedn
consecutre columnsor datablocksbut the usedis freeto choosehow to organizethedata.The
drawbackis thatheis alsoresponsibldy readingthis data.

Example
In thefollowing examplethevariabledat a_f i | e hastype DATA_ COLUMN andis usedto inputthe
filename’eTransport.txt’ andtheindex valuel. In this casethefile holdsthe electrontransport

propertiegmobility anddiffusioncoeficient) asafunctionof thereducecklectricalfield.

&CHEM SPECI ES nane = 'e’', charge = -1, data_file = 'eTransport.txt’',1 /
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PHYS_PROPERTY

Name
PHYS PROPERTY — Representa physicalproperty

Structure Members

TYPE PHYS_PROPERTY
REAL ( doubl e) :: value I value of physical property
CHARACTER( 10) 1oounits I units of physical property
END TYPE PHYS_PROPERTY

Description

ThePHYS_ PROPERTY derivedtypeis usedin the PLASMAKINinputfile to readphysicalproperties.
Two fieldscomposet, onefor the numericalvalueandthe otherfor the unit.

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

Example

In thefollowing exampleall the variablesn the NAMELIST havetypePHYS PROPER'Y andboth
thevalueandthe unit canbeindicatedIn this examplealthoughthe valueof thevariableGas_n,
representinghe gasdensity is notindicated the unit is neededo forcethewriting of resultsin cm?.

&PLASVAKI N_DATA Pressure = 0.15, nbar’, Gas_n = ,’cm3’, Gs_T = 300, K /
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5. Procedures



pkCleanData

Name

pkC eanDat a — Deallocatesrraysdestrging all theinformationon chemicaldata

Description

ThesubroutingokC eanDat a destrgs all privatearraysof PLASMAKIN Thesearraysareusedto hold
thechemicaldataandarecreatedvhenthedatafile is read.

Syntax

pkd eanDat a( [ 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 managehe memoryefficiently andavoid memoryleaks,
it's agoodprogrammingpracticeto cleanall arraysbeforeleaving a routineor program.

- If youwishto build a programthatusesmorethanoneinputdatafile (i.e. for batchprocessingyou
mustcall this routineto cleantheinternalarraysbeforereadingthe next datafile.
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Examples

Example E-2. pkCleanData : Deallocating PLASMAKIN data.

| NTEGER ;1 ErrorStatus
CHARACTER, PARAMETER :: StopCode = 'pkError: Menory deal |l ocation error’

CALL pkd eanData( ErrorStatus )
IF( ErrorStatus /= 0 ) STOP StopCode

pkGetParticle

Name

pkGet Parti cl e — Getthevaluesof chemicalspeciegproperties

Description

ThesubroutingpkGet Par ti cl e returnsthevalueof a givenpropertyfor onespeciesr the valuesof
thatpropertyfor a sequencef species.

Syntax

pkGet Particle( Property, Value, Species[, STAT] )

Name Description Data type and attrib utes

Property Casesensitve nameof property CHARACTER(len=%*),
INTENT(IN)

{Val ue |Vval ue(:)} Values(spf property {CHARACTER(20)| INTEGER|

REAL(double)}, INTENT(OUT)
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Name Description Data type and attrib utes
Speci esN {Index of Speci es | starting INTEGER,INTENT(IN)
index of Speci es}
STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)
Results

TheVval ue agumentcanbea scalaror anarray In thefirst casethevaluereturneds the valueof
Property of Speci es(Speci esN) . In thelastcasethevaluesreturnedarethePr oper t y valuesfrom
consecutie speciedrom Speci es( Speci esN) to Speci es( Speci esN+SI ZE( Val ue) - 1) .

Whenthe propertiesareof a derived-type theresultdepend®n theintrinsic type of the dummy
argumentval ue andis thederived-typecomponentvith the sametypeasVval ue.

STAT = 0: noerrors;STAT = n: errornumber

Examples
Example E-3. pkGetParticle  : Readingthe namesof all speciednto an array.
CHARACTER(20), ALLOCATABLE :: SpcNane(:) 0

ALLOCATE( SpcNane( NSpeci es) )

CALL pkGetParticle( 'name’, SpcNane, 1) O

0 ThearraySpcName will holdthenamesof all species

0 Thenamesf all speciesareassignedo thearraySpcName following the orderusedby
PLASMAKIN
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Example E-4. pkGetParticle ~ : Example shaving how the returnedvaluesdependon the data type
of the Value argument.

CHARACTER(20) :: SpcFil eNane O
| NTEGER 11 SpcFil el ndex O
NAMELI ST / TransportData/ Vvd, D

! Reads transport properties in an external file

DO i = NnCt+l, NnC+NnTV
CALL pkGetParticle( 'data_file', SpcFileNane, i ) O
CALL pkGetParticle( 'data_file', SpcFilelndex, i ) O
OPEN( 1QUnit, SpcFileNane, ACTION=' READ )
DOj = 1, SpcFil el ndex | Reads file until finding the correct index
READ( | QUnit, NM.=TransportData, | OSTAT )
END DO
CLOSE( 1QUnit )
END DO

0 ThevariableSpcFi | eNare will hold the nameof the externalfile listing thetransporiparameters
for theinquiredSpeci es.

ThevariableSpcFi | el ndex indexesthetransportdatafor eachSpeci es in the externalfile.
In this casethevaluereturneds a charactestring.

In this casethevaluereturneds aninteger.

pkGetPhotonEmis si on

Name

pkGet Phot onEni ssi on — Evaluategphotonemissiorrates
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Description

The subroutingpkGet Phot onEni ssi on returnsthe photonenegy andthe photonemissionratefor
eachphoton.

Syntax

pkGet Phot onEmni ssi on( LDensity, PhRate[, STAT] )

Name Description Data type and attrib utes

LDensity(NnTV) Local densityof specieith REAL(double),INTENT(IN)
variableconcentration

PhRat e( 2, NPhot ) Photonenegy andlocal photon REAL(double),INTENT(OUT)
emissiorratefor all photons

STAT Executionstatusindicator INTEGER,OPTIONAL,

INTENT(OUT)
Results

ThearraysectionPhRat e( 1, : ) holdsthe photonenegiesandthearraysectionPhRat e( 2, : ) the
photonemissiorrates.

STAT = 0: noerrors;STAT = n: errornumber

Examples

Example E-5. pkGetPhotonEmission  : Getting the photon emissiondistrib ution in a 1D discharge
REAL( doubl e), ALLOCATABLE :: Dens(:,:), PhDist(:,:), PhRate(:,:)

ALLOCATE( Dens(NnTV, Nx), PhRDi st (NPhot, Nx), PhRate(2, NPhot) )
DOi =1, N

CALL pkGCet Phot onEmi ssi on( Dens(:, 1), PhRate )

PhRDi st (:,i) = PhRate(2,:)
END DO
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pkGetPowerLosse s

Name

pkGet Power Losses — Evaluateshe power lossesandtherelative contribution of eachprocess

Description

The subroutingpkGet Power Losses computeghe electroncollisional powerlossesthe power
corvertedinto heatin othercollision processeghe power radiatedandtherelative contribution of each
reactionfor thesdosses.

Syntax
pkGet Power Losses( LDensity[, eP][, eR][, HeatP][, HeatR][, RadP][, RadR]
[, STAT] )

Name Description Data type and attrib utes

LDensi ty(NnTV) Local densityof specieswith REAL(double),INTENT(IN)
variableconcentration

eP Pawerlost by theelectrondy unitREAL(double), OPTIONAL,
volume INTENT(OUT)

eR( NKea) Relative contribution of each REAL(double),OPTIONAL,
electroncollisionreactiontothe INTENT(OUT)
electronpower losses

Heat P Pawer corvertedinto heatin otherREAL(double),OPTIONAL,
collisonprocesseby unit volume INTENT(OUT)

Heat R( NKgas) Relative contribution of each REAL(double),OPTIONAL,
reactionto gasheating INTENT(OUT)

RadP Radiatecpower by unitvolume REAL(double),OPTIONAL,

INTENT(OUT)
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Name Description Data type and attrib utes
RadR( NPhot ) Relative contribution of each REAL(double),OPTIONAL,
photonemissionprocesdothe  INTENT(OUT)
radiatedpower
STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results

Thepower/volumelossesarein Watt/L3, whereL = is the unit usedto indicatethe gasdensityin theinput
file.

STAT = 0: noerrors;STAT = n: errornumber

Examples

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

REAL(doubl e) :: ePLosses, HeatPLosses, RadPLosses

CALL pkGet Power Losses( eP=ePLosses, Heat P=Heat PLosses, RadP=RadPLosses )

pkGetReacCoef

Name

pkGet ReacCoef — Getthevaluesof reactioncoeficientsproperties
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Description

ThesubroutingpkGet ReacCoef returnsthevalueof agivenreactioncoeficientproperty If Val ue is an
array alist of valuesis returned.

Syntax

pkGet ReacCoef ( Property, Value, KReac[, STAT] )

Name Description Data type and attrib utes

Property Casesensitve nameof property CHARACTER(len=%*),
INTENT(IN)

{Val ue |Val ue(:) | Value(s)of property {CHARACTER(20)| INTEGER|

Value(:,:)} LOGICAL | REAL(double)},
INTENT(OUT)

KReacN Index of reactioninquiredif INTEGER,INTENT(IN)

Val ue is ascalaror startingindex
of reactionif val ue is anarray
STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results

Thedummyargumentval ue returnsthevalueof the propertyinquiredandcanbeascalaraoneor a
two-dimensiorarray A two-dimensiorarrayis only usedto inquirethe nameof the speciesnvolvedin a
reactionasr eact ant s or pr oduct s.

If thedummyargumentval ue is ascalartheresultis the valueof the propertyfor specieskReacN. If
Val ue is aonedimensionarray thereturnedvaluesarethe propertyvaluesfrom consecutie

SI ZE( val ue, DI M=1) speciesstartingin specieskReacN. If Val ue is atwo-dimensionahrray for
eachreactioninquired,thereturnedvaluesarethe Sl ZE( val ue, DI M=2) first hameof the species
involvedin thereactionasr eact ant s or pr oduct s. If SI ZE( val ue, DI M=2) > NVaxReacSpc, the
valueswith index higherthanNVaxReac Spc arereturnedempty

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

Example E-7. pkGetReacCoef : Inquiring the electron collision rates.
REAL(doubl e), ALLOCATABLE :: eKRates(:)
ALL&ATE( eKRat es( NKea) )

! The electron collision rates are the first NKea rates
CALL pkGet ReacCoef( 'Value’', eKRates, 1)

pkGetReverseCoe f

Name

pkGet Rever seCoef — Getthevaluesof reversereactiongproperties

Description

ThesubroutingpkGet Rever seCoef returnsalist of valuesof a givenpropertyfor reversereactions.
Two propertiesareavailable:

- Theratio, in theforwardreaction betweerthe productof the degenerag for thepr oduct s species
andthe productof thedegenerag for ther eact ant s species; ' g_rati o’

« Theenepy differencebetweerthe productsandthereactantsn theforwardreaction- ' dE

Syntax

pkGet Rever seCoef ( Property, Value, KReacN, STAT] )
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Name Description Data type and attrib utes

Property Casesensitve nameof property CHARACTER(len=%*),
INTENT(IN)

Val ue(:) Valuesof property REAL(double),INTENT(OUT)

KReacN Startingindex of reactions INTEGER,INTENT(IN)

inquired

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results

Thevaluesreturnedarethe valuesof the propertyinquiredfrom consecutie SI ZE( val ue) reverse
reactionsstartingin speciekReacN.

STAT =0: no errors;STAT =n: errornumber
Examples

Example E-8. pkGetReverseCoef : Evaluating the electron superelastic crosssectionsfrom the
correspondingforward processcrosssection.

I NTEGER : : Nf Kea, & ! Nof forward e-atomreactions
NEbi n, & ! N of energy bins
i dE, & ! Index for the energy diff. between levels
j max ! Maxi mum index for superelastic CS
REAL(double) :: Ebin ! Energy bin
REAL(doubl e), &
ALLOCATABLE : : 92_91(:), & ! Ratio between degeneracy val ues
dE(:), & ! Energy difference between |levels
CrossSec(:,:) ! Electron collision cross sections

Nf Kea = NKea - NSkea
ALLOCATE( Cr ossSec( NEbi n, NKea) )
IF( NSKea > 0 ) THEN
I - Gets g_ratio and dE for superelastic processes
CALL pkGet ReverseCoef( 'g_ratio’, g2_gl, N Kea+l )
CALL pkCet ReverseCoef( 'dE, dE, N Kea+l )
I - Conputes superelastic cross sections
DOi = NfKea + 1, NKea
idE = NINT(dE(i)/Ebin); jmax = NEbin-idE
FORALL( j = L:jmax ) &
CrossSec(j,i) = (1.dO+dE(i)/E(j)) / g2_gl(i) &
* CrossSec(]j +i dE, Ni ndex(i))
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END DO
END | F

pkGetSources

Name

pkGet Sour ces — Getthe sourcetermsfor the continuity equationsandtherelative contribution of
eachprocess

Description

ThesubroutingpkGet Sour ces evaluateghe collisional sourceandlosstermsof the continuity
equationdor eachspeciesTherelative contritution of eachreactioncanalsobe evaluated.

Syntax

pkGet Sour ces( LDensity, Srcd, SrcP][, Ratios][, locus][, STAT] )

Name Description Data type and attrib utes

LDensi ty(NnTV) Local densityof speciewith REAL(double),INTENT(IN)
variableconcentration

Sr cC( NnTV) Collisionalgaintermof continuityREAL(double),INTENT(OUT)
equations

Sr cP(NnTV) Collisionallosstermof continuity REAL(double),OPTIONAL,
equationgividedby LDensity INTENT(OUT)

Rat i os( NKgas, NnTV) Percentontribution of each REAL(double),OPTIONAL,

reactionto thecollisionalsource INTENT(OUT)
andlosstermsof eachspecies

| ocus Identifieswheethereactiondake CHARACTER(10),OPTIONAL,
place INTENT(IN)
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Name Description Data type and attrib utes
STAT Executionstatusindicator INTEGER,OPTIONAL,

INTENT(OUT)
Results

Thegaintermis in Ls* whereL 2 is the unit usedto indicatethe gasdensityin the datafile; theloss
termisin s*.

STAT = 0: noerrors;STAT = n: errornumber

Comments

If | ocus is notpresenpris equalto’'gas’ thereactionsarein the gas.Otherwisethereactionsareona
surfaceandthevalueof | ocus identifiesthe surface.This allows having differentreactionsin different
surfaces.

Examples

Example E-9. pkGetSources : Computing the sourceterms in a 1D dischargetaking accountof
gastemperature gradients.
| NTEGER o0, Nxp

REAL(doubl e) 1 Tgas(Nxp)
REAL( doubl e), ALLOCATABLE :: Dens(:,:), SrcC(:,:), SrcP(:,:)

ALLOCATE( Dens(NnTV, Nxp), SrcC(nnTV, Nxp), SrcP(NnTV, Nxp) )
DOi =1, Nxp
CALL pkSet Val ue( GasTenp=Tgas(i) )

CALL pkGet Sources( Dens(:,i), SrcC(:,i), SrcP(:,i) )
END DO
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pkGetValue

Name

pkGet Val ue — Getthevaluesof globalproperties

Description

Thesubroutingpk Get Val ue returnsthe gastemperatureglectrontemperatur@ndtotal gasdensity

Syntax

Procedues

pkGet Val ue( [GasTenp][[,] eTenp][[,] GasN[[,] STAT] )

Name Description Data type and attrib utes

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

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

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

STAT Executionstatusndicator INTEGER,OPTIONAL,
INTENT(OUT)

Results

Valuesarereturnedusingthe unitsindicatedin the inputfile for thesepropertieslf for a givenproperty
no unitswereexplicitly indicatedthe correspondingalueis returnedn S.I. units.

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

Example E-10.pkGetValue : Inquiring the gastemperature and density.
REAL(doubl e) :: gasT, gasDens

CALL pkGCet Val ue( gasT, GasN=gasDens )

pkisPhotoElec

Name

pkl sPhot oEl ec — Testsif a photonproducegphotoelectrieemissionon agivensurface

Description

Thefunctionpk!| sPhot oEl ec is usedto testif agivenphotoninducesphotoelectroremissionin agiven
surface.Additionally it alsoreturnstheindex of the parentspeciesThe mainuseof this functionis in
computingthe photoelectroremissionfrom the volumedistribution of excited species.

Syntax

pkl sPhot oEl ec( PhotN, Surf, NParent, KParent )

Name Description Data type and attrib utes
Phot N Photonindex INTEGER(IN)
Sur f Surfacename CHARACTER(len=%*),
INTENT(IN)
NPar ent Index of parentspecies INTEGER,INTENT(OUT)
KPar ent Index of photoelectriemission INTEGER,INTENT(OUT)
reaction
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Results

Thefunctionreturnsa LOGICAL value.

Procedues

Usinga nameto identify the surfaceallows to computethe photoelectroremissiononly in selected
surfacesandto usedifferentvaluesof the photoelectroremissioncoeficientin differentsurfaces.

Examples

Example E-11.pkisPhotoElec  : Computing the photoelectron emissionin a 1D discharge model.

In this examplethe matrix MPhot representshe probability of transmissiorof radiationfrom a planei ,

perpendiculato thesurface,to asurface"slice"j :

| NTEGER 1. dx, NParent, KParent, iPh, i
REAL(doubl ) :: MPhot (Nxp, Nxp), PhotEl ectrons(Nxp),

Phot El ectrons(:) = 0.d0
DO i Ph = 1, NPhot
I F( pkl sPhot oEl ec( i Ph, "wall’, NParent, KParent
CALL pkGet ReacCoef ( 'Value', KYield, KParent )
DOi =1, Nxp
DOj =1, Nxp
dx = ABS(j-i)+1
Phot El ectrons(i) = PhotElectrons(i) + &
KYi el d * Dens(j,KParent) * Mphot (i, dx)
END DO
END DO
END | F
END DO

pkReadBaseData

Name

pkReadBaseDat a — Readghebasicdatain theinputfile
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Description

Procedues

ThesubroutingpkReadBaseDat a readsin theinputfile the NAMELIST instructionscharacterizing
basepropertiesasgastemperaturegensityor pressureandelectrontemperatures.

Syntax

pkReadBaseDat a( UNI T[, | OSTAT] )

Name Description Data type and attrib utes

UNI'T Unit numberfor theinputfile INTEGER,INTENT(IN)

| OSTAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results

| GSTAT = 0: noerrors;l OSTAT = n: errornumber

Comments

The calling programis responsibldy openingandclosingtheinputfile.

Examples

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

OPEN( UNI T=10, FILE='TestData.txt', ACTION=" READ )
CALL pkReadBaseData( 10 )
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pkReadChemReactio ns

Name

pkReadChenReact i ons — Readnly the chemicalreactiondn theinputfile

Description

ThesubroutingpkReadChenReact i ons readsin theinputfile the NAMELIST instructions
characterizinghe chemicalreactionsandprocesghisinformation.Thereactionsarecountedclassified,
reactiongnvolving vibrationalseriesaresplit into individual reactionsthe reactionsaaresortedaccording
to theclassificatiorof FigureF-3; temperaturelependenandreversereactiongatesareevaluated;
branchingratiosfor cascadeeactionsarecomputedgtc.

Syntax

pkReadChenReacti ons( UNIT[, | COSTAT] )

Name Description Data type and attrib utes

UNI'T Unit numberfor theinputfile INTEGER,INTENT(IN)

| OSTAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results

| GSTAT = 0: noerrors;l OSTAT = n: errornumber

Comments

The calling programis responsibldy openingandclosingtheinputfile.
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Examples

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

OPEN( UNI T=10, FILE='TestData.txt', ACTION=" READ )
CALL pkReadChenReactions( 10 )

pkReadData

Name

pkReadDat a — Readsall datain theinputfile

Description

ThesubroutingpkReadDat a readsin theinputfile all the NAMELIST instructionscharacterizinghe
datahandledby PLASMAKINandprocesgheseinformations pkReadDat a is awrapperroutinecalling
theotherdatareadingroutines.

Syntax

pkReadDat a( UNIT[, |OSTAT] )

Name Description Data type and attrib utes

UNIT Unit numberfor theinputfile INTEGER,INTENT(IN)

| OSTAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

39



Procedues

Results

| OSTAT = 0: noerrors;l OSTAT = n: errornumber

Comments

Thecalling programis responsibldy openingandclosingtheinputfile.

Examples

Example E-14.pkReadData : Readingthe input file.

OPEN( UNI T=10, FILE= TestData.txt’, ACTION=" READ )
CALL pkReadData( 10 )

pkReadSpecies

Name

pkReadSpeci es — Read9nly thespeciesn theinputfile

Description

ThesubroutingpkReadSpeci es readsin theinputfile theNAMELIST instructionscharacterizinghe
chemicalspeciesandprocesghisinformation. The speciesarecountediclassifiedyibrationalseriesare
splitinto individual speciesandspecieconcentratiortalculatedthe speciesaresortedaccordingo the
classificatiorof FigureF-2; etc.
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Syntax

pkReadSpeci es( UNIT[, | OSTAT] )

Procedues

Name Description Data type and attrib utes

UNI'T Unit numberfor theinputfile INTEGER,INTENT(IN)

| OSTAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results

| GSTAT = 0: noerrors;l OSTAT = n: errornumber

Comments

Thecalling programis responsibldy openingandclosingtheinputfile.

Examples

Example E-15. pkReadSpecies : Readingthe basicdatain the input file.

OPEN( UNI T=10, FILE= TestData.txt’, ACTION=" READ )
CALL pkReadSpecies( 10 )

pkSetPhoton

Name

pkSet Phot on — Setslocal photondensity
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Description

Procedues

PLASMAKINdoesnot evaluatephotontransport However to computereactiongnvolving photonssuch
asthe photoelectrieemissionfrom surfacesof photoabsorptiorthelocal photondensitymustbe known.

This routineallows settingthe photondensityvalues.

Syntax

pkSet Phot on( Phot Density, NPhSrc[, STAT] )

Name Description Data type and attrib utes

Phot Densi t y( NPhSr c) Photondensityvalues REAL(double),INTENT(IN)

NPhSr ¢ Sizeof Phot Densi ty INTEGER,INTENT(IN)

STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)

Results

STAT = 0: noerrors;STAT = n: errornumber

Examples

Example E-16. pkSetPhoton : Setting the photon density prior to computing the sourceterms for

other species.

I NTEGER :: Nxp, i

REAL(doubl e), ALLOCATABLE :: Dens(:,:), SrcC(:,:), SrcP(:,:),

ALLOCATE( Dens(NnTV, Nxp), SrcC(NnTV, N\xp), &
SrcP(NnTV, Nxp), PhDens(NPhSrc, Nxp) )

PhDens(:,:)

CALL COWPUTE_PH_TRANSPORT( PhDens) ! User supplied routine

DOi =1, Nxp

CALL pkSet Photon( PhDens(:,i), NPhSrc )

CALL pkGet Sources( Dens(:,i), SrcC(:,i), SrcP(:,i)
END DO
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pkSetReacCoef

Name

pkSet ReacCoef — Setsthevaluesof reactionproperties

Description

Thesubroutinepk Set Reac Coef allows settingthe valuesof selectedeactionpropertiesThe properties
thatcanbesetare’reverse’ and’'value’ . Thisallowsto useuserdefinedexpressiongor the
reactioncoeficientsandis particularlyusefulfor reactionsnvolving vibrationallevels.

Syntax

pkSet ReacCoef ( Property, Value, KReacN, STAT] )

Name Description Data type and attrib utes

Property Casesensitve nameof property CHARACTER(len=*),
INTENT(IN)

{Val ue |Val ue(:)} 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

TheVal ue agumentsetsthe valueof the propertyinquiredandcanbea scalaror anarray In thelast
casethevaluessetarethe Sl ZE( val ue) consecutie valuesof property

Examples

Example E-17.pkSetReacCoef : Modifying the value of the 'reverse’ property.

Thefollowing exampleis a continuationof ExampleE-8. In thatexamplethe superelastielectron
collision crosssectionswereevaluatedrom the correspondingrosssectiondor theforward processes.
Consequentlyve nolongerneedto considerthosereactionsasareverseprocessandther ever se
propertyis setto FALSE

I F( NSKea > 0 ) THEN
! See code in pkGet ReacCoef routine
CALL pkSet ReacCoef( 'reverse’, (/(.FALSE.,i=1,NSKea)/), NdKea+l )
END I F

Example E-18. pkSetReacCoef : Updating temperature dependentrate coefficientsor coefficients
definedthr ough an external routine:

INTEGER :: NKaa
REAL( doubl e), ALLOCATABLE :: Kval ue(:)

NKaa = NKgas - NKea
ALLOCATE( Kval ue(NKaa) )

CALL pkGet ReacCoef ( 'value’, Kval ue, NKaa )

CALL pkSet Val ue( GasTenp=GasT )
CALL pkSet ReacCoef ( 'val ue’ Kval ue, NKea+l )
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Name

Procedues

pkSet Val ue — Setsthevaluesof globalproperties

Description

Thesubroutingpk Set Val ue setsthevaluesof several propertiesgasor electrontemperaturetotal gas
densityandvibrationaltemperaturéor molecularspecies.

Syntax

pkSet Val ue( [GasTenp][[,] eTenp][[.] GasN[[,] NlbyNO]

[[,] SpeciesN[[,] STAT] )

Name Description Data type and attrib utes
GasTenp Thegastemperature REAL(double),OPTIONAL,
INTENT(IN)
eTenp Theelectrontemperature REAL(double),OPTIONAL,
INTENT(IN)
GasN Thetotal gasdensity REAL(double),OPTIONAL,
INTENT(IN)
N1byNO( :) Thedensityratio for thefirsttwo REAL(double),OPTIONAL,
vibrationallevelsof molecular  INTENT(IN)
species
Speci esN Startingindex of speciesequencédNTEGER,OPTIONAL,
for settingthe vibrational INTENT(IN)
temperature
STAT Executionstatusindicator INTEGER,OPTIONAL,
INTENT(OUT)
Results

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

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

INTEGER :: Mnvib, Nvib, dummy(NSpecies)
CHARACTER(20) :: SpcNares(NSpeci es)

CALL pkGetParticle( 'name’, SpcNanes, 1)

dummy(:) = INDEX( SpcNames(:), 'N2,v’ ) ! Indexes of N2,v species

Mnvib = MNLOC( dummy, dummy>0 ) - Nnc

Nvib = COUNT( dummy /= 0 )

CALL pkSet Val ue( N1byNO=SPREAD( Dens(M nvi b+1)/Dens(Mnvib), 1, Nvib), &
Speci es=M nvi b )

SetRate

Name

Set Rat e — Usersuppliedroutineto setthevaluesof ratecoeficients

Description

ThesubroutineSet Rat e setsthe valuesof ratecoeficientswhenthe ratecoeficientequationincluded
in PLASMAKINandindicatedin chapteroneis not appropriateThe useris freeto write this routinebut
theroutinemusthave theinterfacedescribedellow.

Syntax

SetRate( Idx, rldx, pldx, Tenp, RateValue )

Name Description Data type and attrib utes
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Name

Description

Data type and attrib utes

| dx

r | dx( NMaxReacSpc)

pl dx( NMaxReacSpc)

Tenp

Rat eVal ue

Index of desiredratecoeficient
equationin theroutine

Array with the vibrational
quanturnumbersof reactant
species

Array with the vibrational
quanturnumbersof product
species

Theelectronor gastemperature
usedin theratecoeficient
equation
Theratecoeficientvalue

INTEGER,INTENT(IN)

INTEGER,INTENT(IN)

INTEGER,INTENT(IN)

REAL(double),INTENT(IN)

REAL(double),INTENT(OUT)
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6. Data Input Format

Thedataorganizationandtheinputfile syntaxweredesignedo provide asmuchfreedomaspossibleto
theuser to reduceto a minimumtheamountof informationneededn particulartheinformationnot
directly relatedto the physicalor chemicalnatureof the problem.At the sametime theinputfile syntax
wasdesignedo enforcecorrection.

Thefollowing stratgieswereused:

« Exclusive useof NAMELIST groupsfor datainput.

- Speciesandreactionsarealwaysinitialized with default values.This meanghatonly whenthevalue
of avariableis differentfrom thedefaultit mustbeexplicitly includedontheinputfile.

- Valuesasthetotal numberof speciesnumberof speciegpertype,numberof chemicalreactionsetc,
areautomaticallyevaluatedby PLASMAKIN

« Thesyntaxanddatainput routinesallow thereadingandprocessin@f vibrationalseriesandreactions
involving vibrationalseries.

- All CHARACTERVvaluesarecasesensitve. This facilitatesthe detectionof spellingerrorsin
chemicalelementsandunits.



PLASMAKIN_D ATA

Name
PLASMAKI N_DATA — Holdsinitial valuesof dataapplyingto the entiresystem

Syntax

&PLASMAKIN_D ATA [Cte_p=Lval ue [|]] { pressure= Rval ue [,” Cval ue’' ] []
gas_T=Rval ue [,’ Cval ue’]|[,Jgas_r=Rval ue [,’ Cval ue’]}
[ [] electron_T=Rval ue [,’ Cvalue’ 1]/

Name Description Data type and Default value Units or values
attrib utes suppor ted
Ce_p Constanpressure LOGICAL .TRUE. T,T,t ,t,.F,F,
system g f
Pressure Total pressure PHYS PROPERY 0,Pa’ 'Pa’ ,’Nm-2’
‘bar’ ,’'mbar’
‘torr’ ,atm’
Gas_T Gastemperature PHYS_PROPERY 300,K’ 'K ,C
Gas_n Totalgasdensity PHYS_PROPERTY 0,/m-3’ 'm-3° ,’cm-3’
el ectron_T Electron PHYS_PROPERY 0,eV’ eV’ 'K, 'C
temperature
Comments

ThisNAMELIST is usuallyusedonly oncein thedatainputfile. TheCt e_p valueis usedto distinguish
betweerconstanpressurendconstantvolumeconditions.Theinitial gasdensitycanbeindicated
explicitly - specifyingits value- or implicitly indicatingthe pressurendgastemperatureHowever even
in thelatercasethe usercanbeinterestedn indicatethe gasdensityunits. The electrontemperaturés
only necessaryf electrontemperaturelependentatecoeficientsareused.Notethat°C is justwritten C.
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Examples

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

&PLASMAKI N_DATA Gas_n = 1.e+22 / 0
&PLASMAKI N_DATA O
Gas_n = ,'em 3’
Pressure = 1, nbar’
Gas_ T = 25'C

/

&PLASMAKI N_DATA Cte_p F, Pressure = 1,’torr’, electron. T = 3,’eV [/ a

O Explicit indicationof gasdensityusingthe default units (m). Gastemperaturdasalsothe default
value(300K).

O Thedensityis calculatedoy PLASMAKINfrom the pressureandtemperaturealuesbut the valueof
thetotal densitypassedo the calling programis in cm =,

0 Constantvolumeconditions.Electronratecoeficientsareevaluatedwith aninitial electron
temperaturef 3 eV.

CHEM_SPECIES

Name

CHEM SPECI ES — Readchemicalspeciesandspeciegroperties
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Syntax

&CHEM_SPECIES name=" Cval ue’
[mass=Rval ue] [,] [g =1 val ue][,] [enegy=Rval ue [,” Cval ue’ ]] [,] [heatC=Rval ue] [,]

[K_T=Rval ue][,] [v=Ival ue(2)]I[,] [omega=Rval ue [,’ Cval ue']] [,]

Data Input Format

[,] [constant= Lval ue] [,] [chage=Rval ue] [,]

[vib_T =Rval ue [,” Cval ue’ 1] [,] [anharmonicity= Rval ue] [,] [rotational_cte= Rval ue] [,]

[mpolar=Rval ue [,” Cval ue’ ]] [,] [initial_conc=Rval ue [,” Cval ue’ 1] [,]

[num_scheme | val ue] [,] [cascade= Lval ue] [,] [data_file="Cval ue’ ,l val ue]/

Name Description Data type and Default value Units or values
attrib utes suppor ted
nane Nameof species CHARACTER(20) "
const ant Isthe species LOGICAL .FALSE. F,F f f,.T,T,
concentration 1t
constant?
char ge Electricalchagein INTEGER 0
elementarychage
units
mass Massin a.m.u. REAL(8) 0
g Level multiplicity INTEGER 1
ener gy Level enegy or PHYS PROPERY 0,eV’ eV
standardmolar 'kJ/mol
enthaly 'kJmol-1"
'kcal/mol’ ,
'kcalmol-1’
heat C Heatcapacity(c, or REAL(8) 0
¢v) in kd/mol/k
KT Thermal 0
conductvity
v Rangeof quantum INTEGER 0,0
vibrationalnumbers
onmega Vibrational PHYS PROPERY 0,/cm-1’ ",’ecm-1" ) 's-1
frequeny
vib_t Vibrational PHYS PROPERY 0,K’ 'K ,C
temperature
anharmonicity  Anharmonicity 0
parameter
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Name Description Data type and Default value Units or values
attrib utes suppor ted

rotational _cte Rotationalconstant REAL(8) 0

npol ar Dipolaror PHYS PROPERY 0,” ",’ea_0
guadrupolar 'ea_02’
momentum

initial _conc Speciesnitial PHYS PROPERY 0,” "%’
concentration

num schene Index of anusers’ INTEGER 0

definedalgorithmto
evaluatespecies

properties

cascade Is speciesacascadeL OGICAL .FALSE. FLoR L F,T,T,
level? t,t

data _file Datafile with furtheDATA_COLUMN ”,0
informations

Comments

Thefollowing rulesmustbe obeyed:

« All speciesnusthave aname.This nameis usedto identify the speciesn chemicalreactions.
Althoughnothinghinderstheuseof customnamesit is advisableo follow the chemicalnomenclature
with thelimitation thatunder or superscriphumberanustbewritteninline. Namesarecasesensitve.

« Thenamefor electronanustbetheletter’e’
« Thenamewf photonsmustcontaintheword 'photon’

- A vibrationalseriess identifiedby avalueof v( 2) > 0. Thenameof eachspeciesn theseriess
formedby replacingthelastclosingbracein the seriesnameby suffix '=n)’  wheren is the
correspondingibrationalnumber Therangeof vibrationallevelsin the seriess definedby thevalues
of thearrayv . Thevaluesof v mustfollow theorderv(1) < v(2).Forasinglevibrationallevel
only thefirst valueof v mustbeindicated.
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Examples

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

&CHEM _SPECI ES O
nane = 'Ne', constant = T, nass = 20.18, initial _conc = 100, % /
&CHEM SPECI ES O

nane = 'Ne(3P2)’', energy = 16.61, g = 5,
data_file = "NeTransp.txt’',1
/

&CHEM SPECI ES nanme = 'Ar(3p)’, cascade =T / O
&CHEM SPECI ES nane = 'Ne+', charge = 1, numschene = 2 / a
&CHEM SPECI ES nanme = 'photon 1" / O
&CHEM SPECI ES nane = 'e', data_file = "eTransp.txt’ / O
&CHEM _SPECI ES a

name ='2(X V)’

mass = 32.

v = 0,15

onega = 1580.19,’cm 1’

vib_T = 2000

anharmonicity = 7.58e-3

initial_conc =5"%

0 DominantspeciesThevalueof const ant mustbeindicated;mass mustbeindicatedif the
chemicakineticsmodelincludesreversereactions.

O Neonexcitedlevel;theener gy (in eV) andg valueswill beusedin evaluatingsuperelasticates.
Theexternaldat a_f i | e is usedto hold the valueof thediffusioncoeficient.

Thislevel will behandledasa cascaddevel.

As speciess anion thechar ge valuemustbeindicated. Theindex of anuserdefinedalgorithmis
alsoindicated.

O Photongroducedn radiative transitionsandinvolvedon radiationtrappingor ary otherprocess
mustbelisted andidentifiedby a namecontainingtheword 'photon’
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O Electronshavethemandatoryname’'e’ . Thedat a_fi | e cancontainthevaluesfor thedrift

velocity anddiffusion coeficient.

O A vibrationalseriegfrom v =0 to v =15). Thenamef thecorrespondingpeciesare
'02(X,v=0)" ,...,’O2(X,v=15)" . Theinitial populationsarecomputedrom thevaluesof the

vibrationalfrequeng, vibrationaltemperatur@andanharmonicity

CHEM_REACTION

Name

CHEM_REACTI ON— Reada chemicalreactionor reactionsnvolving vibrationalseries

Syntax

&CHEM_REA CTION [locus=" Cval ue’ ][] [reactants=" Cval ue’ [[]...]] [.]
[products=" Cval ue’ [[]...]]1 [] [comment=" Cval ue’ ][,] [opposing=Lval ue][,]
[ee_loss= Rval ue] [,] {value=Rval ue [[]...] | data_file=" Cval ue’, | val ue} [,]

[units=" Cval ue' ]/

Name Description Data type and Default value Units or values
attrib utes suppor ted
| ocus Wherethereaction CHARACTER(10) 'gas’ 'gas’,
takesplace 'user_string’
reactants Reactanspecies CHARACTER(20) NMaxReacSpc*”
product s Productspecies = CHARACTER(20) NMaxReacSpc*”
coment Relationbetween CHARACTER(20) ”
vibrationalguantum
numbers
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Name Description Data type and Default value Units or values
attrib utes suppor ted
opposi ng TheNAMELIST LOGICAL .FALSE. FLoRfF,.T,T,
describedoth 1t
forwardandreverse
reactions
ee_| oss Enegylostinthe REAL(8) 0
reactionby the
electron
units Units usedfor CHARACTER(10) ” "'s-1"  ['m3s-
reactioncoeficient 1,
'cm3s-1"m6s-
1" ’cm6s-1’
val ue Reactiorrate REAL(8)(12) (0, i=1,12)
equationcoeficients
data file Index of functionto DATA_COLUMN ",0
computethereaction
ratein theuser
suppliedSet Rat e
routine.
Comments
Thefollowing rulesmustbefollowed:
- If thel ocus of areactionin thegasis indicated this valuemustbe’gas’ . For surfacereactionsary

namecanbe usedandreactionsn differentsurfacescanbeidentifiedby differentl ocus values.

« All speciedndicatedin ther eact ant s andpr oduct s lists mustbedescribedn a

CHEM_SPECIENAMELIST .

« Reactionsnvolving vibrationalspeciesanbe collectively representethdicatingthe genericname
representinghe vibrationalseries Thevibrationalspeciesnvolvedin thereactioncanbe selected
throughrelationalexpressionsnvolving thevibrationalquantumnumbersTheseexpressionganbe
includedin the speciesramein ther eact ant s or pr oduct s fieldsor, if they involve two different
vibrationalguantumnumbersjn theconmrent field. Thevibrationalquantunnumberdn these

expressionganonly berepresentedly thelettersv or w.
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« Thefollowing classe®f relationalexpressionganbeused:

a.If thereactioncorrespondso afixedvariationof the vibrationalquantunnumber therelation
betweertheinitial andthefinal valuescanbetranslatednto the namesof the vibrationalspecies
inther eact ant s andpr oduct s. In this casethe arithmeticoperatorst and- canbeusedin
thespeciesiames.

b. If therangeof vibrationallevelsis definedby arelationinvolving only onevibrationalnumber
thisrelationcanbeincludedin thevibrationalseriesname.

c. If theexpressiorusedto selectthevibrationallevelsinvolvestwo vibrationalnumbersthis
relationmustbewrittenin theconment filed.

In casethesetwo lastcasegherelationscanbewritten usingthelogical operators<, <, =, > and>.
In thelastcasethe modulooperatorcanalsobe used.

. val ue is anarrayof 12 elementsallowing representinghe 6 pair of o/ andj' valuesneededo
representheratecoeficientusingthe equationindicatedin chapterone.

- Finally, if thevibrationalratecoeficientsmustbe computedrom atableor analyticallybut the
equationin chaptemneis notadequatethe usercansupplythe externalroutineSet Rat e with user
definedrateequationsTheindex valueinthedat a_f i | e field is usedto selectionof the
appropriateateequationIn this casethe name valueis notused.

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 opposi ng 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 REACTI ON 0
reactants = 'Ne(3Pl)', products = 'Ne',’ photon 1,
val ue = 0. 486e8 /

&CHEM REACTI ON O

reactants = 'Ne(3P2)',’ Ne(3P1)', products = 'Ne',’ Ne+' ,’¢e’,
value = 3.2e-10, units = 'cnBs-1" /
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&CHEM REACTI ON O
reactants = e’ ,’Ne’, products = 'e',’ Ne(3P2)’,
units = "cnBs-1', data_file = "Ne_data.txt’,3 /

&CHEM REACTI ON O
reactants = 'e’,"  Ne(3P2)', products = 'e',’ Ne(3P1)’,
value = 1.603e-6, -0.3, -6.e2, 1, units = "cnBs-1",
opposing = T /

&CHEM REACTI ON O
reactants = "N2( X, v+1)’',’ Q2(X,w)’', products = "N2(X v)', Q2(X, w+l)’
data file = "", 1/

&CHEM REACTI ON a
reactants = 'Ne',’ N2(X v<=10)', products = 'Ne,2*'N
data file = "",2/

&CHEM REACTI ON a
reactants = "N2(X,v)',"M, products = "N2(X,w)',' M
coment = '|v-w>=1", data_file ="",3/

Radiationemissionthevalueof val ue is thetransitionprobabilityin s™.

Penningionisationwith constantatecoeficient.

Electronexcitation. Thevaluesof theratecoeficientarereadin the externalfile Ne_data.txt
andidentifiedby theindex 3.

Boththedirectandreversereactionsaretakeninto account.Theratecoeficientfor the direct
reactionhasanArrheniustemperaturelependencwith the above coeficients.Theratecoeficient
for thereversereactionareautomaticallycomputed.

Groupof reactionson two vibrationalseries The syntaxfor therelationsbetweerthe vibrational
guantunrnumberscorrespondso casea. above.

Groupof reactiondnvolving a vibrationalseries.The syntaxcorrespondso caseb. above.

Groupof reactiongnvolving a vibrationalseriesthe syntaxcorrespondso casec. above.
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Appendix A. Error Messages

Thenumberof errormessagessuedy PLASMAKIN:is relatively small- twenty-seen- andin the
presenwersionno attempthasbeenmadeto cover all possibleerror situations Most of themessageare
relatedwith thereadingandprocessingf theinputfile whereit is easyto make typographicamistales.
Thisis anareawhereimprovementcanbe expectedn next versionsof thelibrary.

Theerrormessagehave the structurePLASMAKIN < classificatiorandnumbet>: <description>

Error messages and description

PLASMAKIN severe(1):NAMELIST "PLASMAKIN_DATA" notfound
PLASMAKIN severe(2):NAMELIST "CHEM_SPECIES'hotfound
PLASMAKIN severe(3):NAMELIST "CHEM_REACTION" notfound
PLASMAKIN severe(4):Syntaxerrorin "CHEM_SPECIES'NAMELIST #
PLASMAKIN severe(5):Syntaxerrorin "CHEM_REACTION" NAMELIST #
PLASMAKIN severe(6):Too mary valuesfor NAMELIST variable
PLASMAKIN severe(7):Invalid referenceo variablein NAMELIST input
PLASMAKIN severe(8):NAMELIST 1/O not consistentvith OPENoptions

PLASMAKIN severe(9):Invalid NAMELIST inputformat
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PLASMAKIN severe(10):REWIND error

PLASMAKIN error(11):Undetermined/O error

PLASMAKIN severe(12):Errorin physicalunitsor unitsnot supported

PLASMAKIN error(13):Total sumof speciesnitial concentrations not 1

PLASMAKIN severe(14):Attemptto re-readchemicalspeciedist

PLASMAKIN severe(15):Attemptto re-readreactionlist

PLASMAKIN severe(16):Unknown speciesn reaction#

PLASMAKIN severe(17):Violation of chaige consenrationin reaction#

PLASMAKIN severe(151)Allocatablearrayis alreadyallocated

PLASMAKIN severe(727)CannotALLOCATE allocatablearray- out of memory

PLASMAKIN error(20):Undeterminednemoryerror

PLASMAKIN error(21):Syntaxerrorin call to routine"pkSet\alue"

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):Interrogationon unknown property

PLASMAKIN warning(26):Unableto setpropertyof ratecoeficient

PLASMAKIN warning(27):Attemptto setthevalueof T-dependentatecoeficient
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Appendix B. GNU Free Documentation License

Copyright © 2000by FreeSoftwareFoundation)nc. 59 TemplePlace Suite330,Boston,MA
02111-130MUSA

Everyoneis permittedto copy anddistribute verbatimcopiesof this licensedocumentput changingt is
notallowed.

0. PREAMBLE

The purposeof this Licenseis to make a manualtextbook,or otherwritten document'free" in thesense
of freedom:to assureaveryonethe effective freedomto copy andredistrituteit, with or without
modifyingit, eithercommerciallyor non-commerciallySecondarilythis Licensepreseresfor the
authorandpublisheraway to getcreditfor their work, while not beingconsideredesponsibldor
modificationsmadeby others.

This Licenseis akind of "copyleft", which meanghatderivative works of thedocumenimustthemseles
befreein thesamesenselt complementshe GNU GeneralPublicLicense whichis a copyleft license
designedor freesoftware.

We have designedhis Licensein orderto useit for manualdor free software,becausdree software
needdree documentationa free programshouldcomewith manualgproviding the samefreedomshat
the softwaredoes But this Licenseis not limited to softwaremanualsijt canbe usedfor any textual
work, regardlesf subjectmatteror whetherit is publishedasa printedbook. We recommendhis
Licenseprincipally for workswhosepurposes instructionor reference.

1. APPLICABILITY AND DEFINITIONS

This Licenseappliesto ary manualor otherwork thatcontainsa noticeplacedby the copyright holder
sayingit canbedistributedunderthetermsof this License.The"Document"”,below, refersto any such
manualor work. Any memberof the publicis alicenseeandis addresseds"you".

A "Madified Version"of the Documentmeansarny work containingthe Documentor a portionof it,
eithercopiedverbatim,or with modificationsand/ortranslatednto anothedanguage.

A "SecondanBection"is anamedappendixor a front-mattersectionof the Documenthatdeals
exclusively with therelationshipof the publishersor authorsof the Documento the Documents overall
subject(or to relatedmatters)andcontainsnothingthatcouldfall directly within thatoverall subject.
(For example,if theDocuments in partatextbook of mathematicsa Secondarysectionmay not
explain any mathematics.Jherelationshipcouldbe a matterof historicalconnectiorwith the subjector
with relatedmattersor of legal, commercial philosophical ethicalor political positionregardingthem.

The"InvariantSections'arecertainSecondangectionsvhosetitles aredesignatedasbeingthoseof
InvariantSectionsjn the noticethat saysthatthe Documents releasedinderthis License.
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The"Cover Texts" arecertainshortpassagesf text thatarelisted,asFront-Cover Texts or Back-Cover
Texts, in the noticethatsaysthatthe Documents releasedinderthis License.

A "Transparenttopy of the Documenimeansa machine-readableopy, representeéh aformatwhose
specifications availableto the generabublic, whosecontentscanbe viewedandediteddirectly and
straightforwardly with generictext editorsor (for imagescomposeadf pixels)genericpaintprogramsor
(for drawings) somewidely availabledrawing editor, andthatis suitablefor inputto text formattersor
for automatidranslationto a variety of formatssuitablefor input to text formatters A copy madein an
otherwiseTransparentile formatwhosemarkuphasbeendesignedo thwart or discouragesubsequent
modificationby readerss not TransparentA copy thatis not"Transparentfs called"Opaque".

Examplesof suitableformatsfor Transparentopiesincludeplain ASCII without markup, Texinfo input
format,LaTeX input format, SGML or XML usinga publicly availableDTD, andstandard-conforming
simpleHTML designedor humanmodification.OpaqudormatsincludePostScriptPDF, proprietary
formatsthatcanbereadandeditedonly by proprietaryword processorsSGML or XML for whichthe
DTD and/orprocessindgoolsarenot generallyavailable,andthe machine-generatadTML producedy
someword processor$or outputpurpose®nly.

The"Title Page"meansfor a printedbook,thetitle pageitself, plussuchfollowing pagesasareneeded
to hold, legibly, the materialthis Licenserequiresto appeaiin thetitle page.For worksin formatswhich

donothave ary title pageassuch, Title Page"meanghetext nearthe mostprominentappearancef the
work’stitle, precedinghe beginning of the body of thetext.

2.VERBATIM COPYING

You may copy anddistributethe Documentin any medium,eithercommerciallyor non-commercially
providedthatthis License the copyright notices,andthe licensenoticesayingthis Licenseappliesto the
Documentarereproducedn all copies,andthatyou addno otherconditionswhatso&erto thoseof this
License.You maynot usetechnicalmeasure$o obstructor controlthereadingor furthercopying of the
copiesyou make or distribute. However, you mayaccepitompensatioin exchangefor copies.If you
distribute a large enoughnumberof copiesyou mustalsofollow the conditionsin section3.

You mayalsolend copies,underthe sameconditionsstatedabove, andyou may publicly displaycopies.
3.COPYINGIN QUANTITY

If you publishprintedcopiesof the Documentnumberingmorethan100,andthe Documentslicense
noticerequiresCaover Texts, you mustenclosehe copiesin coversthatcarry, clearlyandlegibly, all
theseCover Texts: Front-Cover Texts on thefront cover, andBack-Corver Texts on the backcover. Both
coversmustalsoclearlyandlegibly identify you asthe publisherof thesecopies.Thefront cover must
presenthefull title with all wordsof thetitle equallyprominentandvisible. You mayaddothermaterial
onthecoversin addition.Copying with changedimited to the covers,aslong asthey preserethetitle of
the Documentandsatisfytheseconditions,canbetreatedasverbatimcopying in otherrespects.

If therequiredtexts for eithercoveraretoo voluminousto fit legibly, you shouldput thefirst oneslisted
(asmary asfit reasonablypntheactualcover, andcontinuetherestontoadjacenpages.
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If you publishor distribute Opaquecopiesof the Documentumberingmorethan100,you musteither
includea machine-readabl&ransparentopy alongwith eachOpaquecopy, or statein or with each
Opaguecopy a publicly-accessibleomputernetwork locationcontaininga completeTransparentopy
of the Documentfree of addedmaterial,which the generahetwork-usingpublic hasaccesgo download
anorymouslyat no chageusingpublic-standarehetwork protocols.If you usethelatteroption,you must
take reasonablyrudentstepswhenyou begin distribution of Opaquecopiesin quantity to ensurehat
this Transparentopy will remainthusaccessiblatthe statedocationuntil atleastoneyearafterthelast
time you distributean Opaquecopy (directly or throughyour agentsor retailers)of thateditionto the
public.

It is requestedhut notrequired thatyou contactthe authorsof the Documentwell beforeredistrituting
ary largenumberof copies to give thema chanceo provide you with anupdatedversionof the
Document.

4. MODIFICATIONS

You may copy anddistribute a Modified Versionof the Documentunderthe conditionsof sections? and
3 above, providedthatyou releaseghe Modified Versionunderpreciselythis License with the Modified
Versionfilling therole of the Documentthuslicensingdistribution andmodificationof the Modified
Versionto whoeverpossesseacopy of it. In addition,you mustdothesethingsin the Modified Version:

A. Usein theTitle Page(andonthe covers,if ary) atitle distinctfrom thatof the Documentandfrom
thoseof previousversiongwhich should,if therewereary, belistedin the History sectionof the
Document)You may usethe sametitle asa previousversionif the original publisherof thatversion
givespermission.

B. List ontheTitle Page,asauthorsoneor morepersonsr entitiesresponsibldor authorshipof the
modificationsin the Modified Version togethemwith atleastfive of the principalauthorsof the
Documentall of its principalauthorsjf it haslessthanfive).

. Stateon the Title pagethe nameof the publisherof the Modified Version,asthe publisher
. Presere all the copyright noticesof the Document.

. Add anappropriatecopyright noticefor your modificationsadjacento the othercopyright notices.

1 m O O

. Include,immediatelyafterthe copyright notices,a licensenoticegiving the public permissiorto use
the Modified Versionunderthetermsof this License,in theform shovn in the Addendumbelow.

G. Preserein thatlicensenoticethefull lists of InvariantSectionsandrequiredCover Texts givenin
the Documentslicensenaotice.

H. Includeanunalteredcopy of this License.

I. Preserethesectionentitled"History", andits title, andaddto it anitem statingat leastthetitle,
year new authorsandpublisherof the Modified Versionasgivenonthe Title Page.If thereis no
sectionentitled"History" in the Documentcreateonestatingthetitle, year authorsandpublisher
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of theDocumentasgivenonits Title Page thenaddanitem describingthe Modified Versionas
statedn the previoussentence.

J. Preserethenetwork location,if any, givenin the Documentfor public accesso a Transparentopy
of theDocumentandlikewisethe network locationsgivenin the Documentfor previousversionsit
wasbasecbn. Thesemay beplacedin the "History" section.You mayomit a network locationfor a
work thatwaspublishedat leastfour yearsbeforethe Documenttself, or if the original publisherof
theversionit refersto givespermission.

K. In ary sectionentitled"Acknowledgementsbr "Dedications” presere the sectionstitle, and
preserein thesectionall the substancandtoneof eachof the contritutor acknaviedgements
and/ordedicationgjiventherein.L. Presere all the InvariantSectionf the Documentunalteredn
theirtext andin theirtitles. Sectionnumbersor the equivalentarenot consideregartof thesection
titles.

L. Deleteary sectionentitled"Endorsements'Sucha sectionmay notbeincludedin the Modified
Version.

M.

N. Do notretitle any existing sectionas"Endorsementsbr to conflictin title with ary Invariant
Section.

If the Modified Versionincludesnew front-mattersectionsor appendiceshatqualify asSecondary
Sectionsaandcontainno materialcopiedfrom the Documentyou may atyour option designatesomeor
all of thesesectionsasinvariant.To do this, addtheir titles to thelist of InvariantSectiondn the
Modified Versions licensenotice. Thesetitles mustbe distinctfrom ary othersectiontitles.

You mayadda sectionentitied"Endorsements'providedit containsnothingbut endorsementsf your
Modified Versionby variousparties—forexample,statementsf peerreview or thatthetext hasbeen
approvedby anorganizationasthe authoritatve definition of a standard.

You mayadda passagef upto five wordsasa Front-Corer Text, anda passagef upto 25 wordsasa
Back-Cover Text, to theendof thelist of Cover Texts in the Modified Version.Only onepassag®ef
Front-Corer Text andoneof Back-Corer Text may be addedby (or througharrangementmadeby) any
oneentity. If the Documentalreadyincludesa covertext for the samecover, previously addedby you or
by arrangemenmadeby the sameentity you areactingon behalfof, you maynot addanotherut you
mayreplacethe old one,on explicit permissiorfrom the previouspublisherthataddedthe old one.

Theauthor(s)andpublisher(spf the Documentdo not by this Licensegive permissiorto usetheir
namesdfor publicity for or to asseror imply endorsemerf arny Modified Version.

5. COMBINING DOCUMENTS

You may combinethe Documentwith otherdocumentseleasedinderthis License undertheterms
definedin section4 above for modifiedversions providedthatyou includein the combinationall of the
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InvariantSectionsof all of the original documentsunmodified,andlist themall asinvariantSectionsof
your combinedwork in its licensenotice.

The combinedwork needonly containonecopy of this License,andmultiple identicallnvariantSections
may bereplacedvith asinglecopy. If therearemultiple InvariantSectionswith the samenamebut
differentcontentsmale thetitle of eachsuchsectionuniqueby addingattheendof it, in parentheses,
thenameof the original authoror publisherof thatsectionif known, or elsea uniquenumber Make the
sameadjustmento the sectiontitles in thelist of InvariantSectionsn thelicensenoticeof thecombined
work.

In the combinationyou mustcombineary sectionsentitled"History" in the variousoriginal documents,
forming onesectionentitled"History"; lik ewise combineary sectionsentitled"Acknowledgements”,
andary sectionsentitled"Dedications".You mustdeleteall sectionsentitled"Endorsements."

6. COLLECTIONSOF DOCUMENTS

You may make a collectionconsistingof the Documentandotherdocumentseleasedinderthis License,
andreplacetheindividual copiesof this Licensein thevariousdocumentsvith a singlecopy thatis
includedin thecollection,providedthatyou follow therulesof this Licensefor verbatimcopying of each
of thedocumentsn all otherrespectsYou may extracta singledocumenfrom sucha collection,and
distributeit individually underthis License providedyouinserta copy of this Licenseinto the extracted
documentandfollow this Licensein all otherrespectsegardingverbatimcopying of thatdocument.

7. AGGREGAION WITH INDEPENDENTWORKS

A compilationof the Documentor its derivativeswith otherseparat@andindependentiocument®r
works,in or on avolumeof astorageor distribution medium,doesnot asa whole countasa Modified
Versionof the Documentprovidedno compilationcopyright is claimedfor the compilation.Sucha
compilationis calledan"aggregate",andthis Licensedoesnot applyto the otherself-containedvorks
thuscompiledwith the Documenton accountof their beingthuscompiled,if they arenotthemseles
derivative worksof the Document.

If the Cover Text requiremendf section3 is applicableto thesecopiesof the Documentthenif the
Documents lessthanonequarterof the entireaggreyate the Documents Cover Texts maybe placedon
coversthatsurroundonly the Documentwithin the aggreyate Otherwisethey mustappeaion covers
aroundthewholeaggreate.

8. TRANSLATION

Translationis considered kind of modification,soyou may distributetranslationf the Document
underthetermsof sectiond. ReplacinglnvariantSectionswith translationgequiresspecialpermission
from their copyright holders but you mayincludetranslation®f someor all InvariantSectionsn
additionto the original versionsof theselnvariantSectionsYou mayincludeatranslationof this License
providedthatyou alsoincludethe original Englishversionof this License.In caseof a disagreement
betweerthetranslationandthe original Englishversionof this License the original Englishversionwill
prevail.
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9. TERMINATION

You may not copy, modify, sublicensegr distributethe Documentexceptasexpresslyprovidedfor under
this License Any otherattemptto copy, modify, sublicenseor distribute the Documents void, andwill
automaticallyterminateyour rightsunderthis License However, partieswho have recevedcopies,or
rights,from you underthis Licensewill nothavetheirlicensederminatedsolongassuchpartiesremain
in full compliance.

10. FUTUREREVISIONSOF THIS LICENSE

The FreeSoftwareFoundationrmay publishnew, revisedversionsof the GNU FreeDocumentation
Licensefrom time to time. Suchnew versionswill besimilarin spirit to the presentersion,but may
differ in detailto addressiew problemsor concernsSeehttp://www.gnu.og/copyleft/.

Eachversionof the Licenseis givena distinguishingversionnumber If the Documentspecifieghata
particularnumberedsersionof this License"or ary laterversion"appliesto it, you have the option of
following thetermsandconditionseitherof thatspecifiedversionor of ary laterversionthathasbeen
published(not asa draft) by the FreeSoftwareFoundationlf the Documentdoesnot specifyaversion
numberof this License you maychooseary versionever publishednot asa draft) by the FreeSoftware
Foundation.

ADDENDUM: How to usethis Licensefor your documents

To usethis Licensein adocument/ou have written, includea copy of the Licensein thedocumentand
putthefollowing copyright andlicensenoticesjust afterthetitle page:

Copyright (c) YEAR YOUR NAME. Permissioris grantedto copy, distribute and/ormodify this document
underthetermsof the GNU FreeDocumentatioriLicense Versionl.1or ary laterversionpublishedby the
FreeSoftwareFoundationwith theInvariantSectionseingLIST THEIR TITLES, with the Front-Cover Texts
beingLIST, andwith the Back-Caver Texts beingLIST. A copy of thelicenseis includedin the sectionentitled
"GNU FreeDocumentatiorLicense".

If you have no InvariantSectionswrite "with no InvariantSections'insteadof sayingwhich onesare
invariant.If you have no Front-Corver Texts, write "no Front-Corer Texts" insteadof "Front-Cover Texts
beingLIST"; likewisefor Back-Cover Texts.

If your documentontainsnontrivial examplesof programcode, we recommendeleasinghese
examplesin parallelunderyour choiceof freesoftwarelicense suchasthe GNU GeneralPublic
License to permittheir usein freesoftware.
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