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Abstract

The Hadron Kinetic Model is part of the Geant4 Simulation Toolkit; it covers the simu-
lation of hadronic interactions in the intermediate energy range. Its role in the context of
Geant4 hadronic models is outlined with emphasis on the physics content, and its Object
Oriented design is illustrated.
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1 Intr oduction

The Geant4Toolkit provides an ample set of physics modelsfor the simulation of
hadronicinteractions.The modelsfollow threedifferentbasicapproachesdata-drven,
parameterisation-dren and theory-drven modelling; in the overall frameavork Geant4
offers both complementaryandalternatve models. The hadronicmodelsall follow the
basic approachadoptedthrought Geant4,that consistsin exposingthe physicsto the
usersthroughthe objectorienteddesign,thus contributing to the transpareng required
for thevalidationof experimentakresults.

In thetheory-drvenapproachpartonstring modelscover the high enegy (£..,, >
5GeV domain;intra-nucleatransporimodelscovertheintermediateenegy régimedown
to enegiesof the orderof 100 MeV, pre-compoundnodelsare provided for the lower
enegy endandavariety of nucleardeeccitationmodelscover the evaporatiorphase.

The HadronKinetic Model is part of the set of theory driven modelsfor intra-
nucleartransport1] in the Geant4SimulationToolkit [2]. It cansatisfytwo usecases
for intranucleatransport poth asa hadronicinteractionmodelto be usedby the physics
processesandasaback-endo higherenegy models.

Object Oriented technologiesplay a fundamentalrole to addressthe complex
physicsdomaindescribedoy this model. The ObjectOrienteddesignalsoprovidesthe
basisfor extensve code reuseby other models, such as cascademodelsor quantum
moleculardynamicsmodels;it alsoprovidesthe meansfor easyextensionor evolution
of thesystem.

2 The physicsof the Hadron Kinetic Model

Geant4HadronKinetic Model implementghe physicsdescribingmeson-mesormeson-
baryon,baryon-baryonnteractionsjnvolving resonancexcitation anddeecitationand
particleabsorptionjn the enegy rangeO(100MeV) to O(5 GeV); it includesa large set
of exclusive channels.

Due to the compleity of the physicshandledby the HadronKinetic Model, only
afew mainfeaturesareoutlinedin this paper;a moredetaileddescriptionis availablein
referencd6].

2.1 The Kinetic Algorithm

Thenovelty of themodelconsistsn introducingthe concepbof time developmeninto the
traditionalapproachof intra-nuclearcascade The Kinetic Algorithm canbe considered



astepby stepupdatingof a particlevector;its implementatioris performedaccordingto
thefollowing scheme.

1. Createa vectorof particles:assigninitial particletypes,their coordinateandmo-
mentaetc.;assigninitial valuefor thetime evolution parameter

2. For agivenstepof thetime evolution parametefind pairsof particles,accordingo
acollisioncriterion,which areassumedo collide andparticleswhich,accordingo
their lifetimes,areassumedo decay

3. Performparticlecollisionsand particledecaysdeterminingthe generatiorof out-
goingparticles;duringthis stepparticlecoordinate@ndmomentaareupdatedpar
ticle propagation).

4. Startingfrom 2, performthe next step.

2.2 The scattering: crosssectionsand final states

The Hadron Kinetic Model handlestwo-body hadronelastic and inelastic scattering,
including resonanceexcitation and deecitation. The processesmplementedcover
baryon-baryorinteractions(including baryonresonances)yaryon-antibaryorannihila-
tion, meson-baryorand meson-mesorinteractions. They include exclusive two-body
processedor the following categories of interactions(where N indicatesa nucleon,
protonor neutron):

° proton-protorandneutron-neutron

e proton-neutron

e N—A
e N - N*
o N — A"
e N*—A
o A—A”

o N* — N*, A* — A*and N* — A*
e A— A

e genericbaryon-baryon



e baryon-antibaryon
e meson-baryon
e meson-meson

The crosssectionsarefunctionsof the incomingandoutgoingparticletypes,their
internalquanturmumberslik eisospin,andtheirmomenta.Theoverall physicsapproach
of the Hadron Kinetic Model in this domain closely follows the one adoptedby the
UrQMD model[4]. The crosssectionsare calculatedthroughvarious methods: from
takulationsof experimentaldata,from parameterisationaccordingto an algebraicfunc-
tion or from othercrosssectionsvia generalprinciples,suchasdetailedbalancd3], [4]
or theadditive quarkmodel[5].

Theangulardistributionsfor all therelevanttwo-bodyprocesseareassumedo be
similarandaredeterminedaccordingo the proceduredescribedn referencd4].

Resonancdecaychannelaresampledaccordingo thepartialdecaywidths,which
dependonthe massof theresonance.

Hadron-nucleusr nucleus-nucleuprocessesvolve hadron-hadrortollisionsin
high densitynuclearmatter Undertheseextremeconditionsthe Pauli-blocking, which
modifiesthe processvacuumbehaiour, reducinga free particle crosssectionor decay
width to an effective onedueto Fermi statistics mustbe takeninto account.Eachpos-
sible collision or decayis validatedby checkingthe phasespacefermiondensity sincea
processanoccuronly if thereis enoughroom(accordingo thePauli principle)to accom-
modatethefinal statefermions. This effectis implementedreatingfermionsasgaussian
shapeddensitydistributionsin the phasespace. For eachnew fermion, producedby a
possiblecollision or decay a phasespaceoverlappingdensityfunctionis calculatedand
usedto simulatePauli-blocking.A detaileddescriptionof the usedproceduras available
in referencd6].

2.3 The field propagation

At every step,beforeperforminganinteraction- i.e. particlescollision or particledecay-
coordinatesndmomenteof all particlestravelling throughthe nucleusareupdatedrom
the valuesat the time of previous interactionto the currenttime. The transportatiorof
theseparticlesis donedescribingheparticle-nucleusteractionusingphenomenological
mean-fieldpotentialsthe socalled“optical potentials”[6].

The particle propagationcan be operatedeither with the cascadeapproach,i.e.
alonga straightline trajectory usingpotentialsonly to evaluatethe final particleenegy



at the endof the step,or with a numericalintegrationof the equationsof motion, using
theclassicaRunge-Kittamethod.

3 The object oriented analysisand designof the model

The HadronKinetic Model is integratedin the framevork of Geant4Theory Driven
HadronicModels[7], that definesits designat the architecturalevel. An analysisand
designprocessasbeenappliedto defineits detaileddesign.

Thedomainanalysishasledto theidentificationof themainareasf responsibilities
in the Model: the overall managementthe handlingof the scatteringprocessandthe
propagatiorthroughthe nuclearfield. Additional utilities, suchasthe descriptionof the
nucleusandof the particlesinvolvedin theinteractionsarecommonto the whole setof
Geantdhadronicmodels.

The ObjectOrientedAnalysisand Designprocesshasled to the classdiagramof
theHadronKinetic Modelshowvn in figure 1; dueto thecompleity of themodel,only the
mainfeaturesarelisted- a moredetaileddesignis availablein referencd6].

The G4HadronKineticModelclassinherits from the hadronic model baseclass
G4VIntraNuclearfansportModelthat fullfills the role of providing to the intra-nuclear
transportmodelsan interfaceto the processesswell asthe possibility to be usedasa
back-endo high enegy models. G4HadronKineticModetlasshasthe responsibilityof
managingthe main functionality of the model,asdescribedn section2.1. It delegates
the responsibilityof the scatteringand of the field transportto the G4VScattererand
G4VFieldPropagationlassesespectiely.

The concreteclassG4Scattererinheriting from G4VScattererhandleshe scatter
ing process. It manageshe complex physicscontentof the scatteringprocessin the
enegy domainof the intra-nucleartransport,including the resonanceegion, througha
designbasedn arecurrentCompositePattern[8]. Thescatteringchanneklassesnherit
from the G4V Collisionabstracbhaseclass;someof themarecomposemf sub-channels,
modeledthroughthe CompositePattern (for instance,the “ExcitedNucleon-Nucleon”
scatteringchannelconsistsof sub-channelsuchasN1440-p,N1520-netc.). The Com-
positePatternalsohandleghe specializatiorof collisionsinto elastic(leaf) andinelastic
(compositepnes.The CompositePatternis alsoadoptedo handlethe crosssectionsec-
tor, mappingthe availability of experimentaldataor theoreticalcrosssectionformulae
for the collisions: for instance the total crosssectionof a channelis representedyy a
leaf crosssectionwhenerer specificdataor modelareavailableandby a compositecross
section(composedf singlebranchcrosssectionsvhenno measurementsr modelsfor
it areavailable. Both leaf and compositecrosssectionsare handledtransparentlyy the



Collisionsthroughthe sameabstracinterfaceto G4VCrossSectionSource.

The Stratgyy Pattern[8] is usedthroughoutthe designto handleinterchangeable
algorithms,wheneer alternatve modelsor parameterisationfor the samephysicsitem
areavailable.

A classdiagramof the Scattereis shovn in figure 2.

This flexible designof the Scattererallows for an easyextensibility of the setof
scatteringprocessebandledby the HadronKinetic Model, whenever new theoreticalde-
scriptionsor experimentaldatabecomeavailableto improve the overall precisionof the
physicsof themodelitself; atthesametime, it makesalternatve physicsmplementations
for singlescatteringchanneleasilyinterchangeablehusallowing to investigateandopti-
misethe physicscapabilitiesof themodel. The clearseparatiorbetweerthecrosssection
sectorandthe generatiorof final statesfurther enhanceshe flexibility of the Scatterer
to accommodatealternatve modelling. The recurrentCompositePatterncontributesto
improve the overall performanceby enablingto establishalogical hierarchyin the mes-
sagingof thephysicscomponentsThegeneraldesignof the Scatteremalesit suitableto
be usedalsoby otherhadronicsimulationmodels(suchas,for instancethe QMD Model
or cascadenodels),aswell asin othercontexts of Geant4physicssimulation.

Thefield propagations handledby the G4VFieldPropagationlass thatis abstract
to allow differentstratgjiesto be used. The concreteG4RKFieldIntgratorclassderives
from it, and performsthe propagatiorof particlesvia a Runge-Kiutta numericalintegra-
tion. It usesclassegor optical potentialy G4VKMOpticalField)andfor their derivatives
(G4VKMOptical EQRhs)thatareabstracin orderto implementagaina Strateyy Pattern.
G4VKMOptical EgRhsinherits from the G4AMag EgRhsclassof the Geant4geometry
catgyory; this allows to reusein the Kinetic Model the codecommonto the Geometry-
Transportatiodomainfor theintegrationof the equationsof motion.

The HadronKinetic Model makesuseof otherdesigncomponent€ommonto the
GeantHadronicModels,suchastheclassesesponsibléor thedescriptiorof thenucleus
andof the particlesinvolvedin theinteractions.

The ObjectOrienteddesignallows to exposethe physicsof the modelin a detailed
way. The cleardistinctionbetweenthe calculationof crosssectionsandthe generation
of final statesthe explicit useof units everywherein the code,the absencef arbitrary
parametersvithin formulae,theindependencef the physicsmodelsfrom trackingcon-
tribute, togethermwith the ObjectOrienteddesign,to the transpareng of the physics,re-
quiredfor the validationof experimentaresults.

A spiral cyclic modelof software processhasbeenadoptedhroughoutthe whole
development.



4 Conclusions

TheGeant4HadronKinetic Model representa novel approacho intra-nucleatransport.
ObjectOrientedmethodologiehave beena key factorto handlethe compleity of the
underlyingphysicsandto ensurehefuture extensibility andmaintenancef the model.

The HadronKinetic Model is meantto becomepart of Geant4public releasefol-
lowing the completionof thetestingphase.
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Figurel: An overview of the HadronKinetic Model design:top level classdiagram.
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Figure2: The Scatteretop level classdiagram.



