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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 physicsmodels for the simulation of

hadronicinteractions.The modelsfollow threedifferentbasicapproaches:data-driven,

parameterisation-driven and theory-driven modelling; in the overall framework Geant4

offers both complementaryandalternative models. The hadronicmodelsall follow the

basicapproachadoptedthroughtGeant4,that consistsin exposing the physicsto the

usersthroughthe objectorienteddesign,thuscontributing to the transparency required

for thevalidationof experimentalresults.

In the theory-drivenapproachpartonstringmodelscover thehigh energy ( �� "!$#%'&�(*)
domain;intra-nucleartransportmodelscovertheintermediateenergy régimedown

to energiesof the orderof 100 MeV; pre-compoundmodelsareprovided for the lower

energy endanda varietyof nucleardeexcitationmodelscover theevaporationphase.

The HadronKinetic Model is part of the set of theory driven modelsfor intra-

nucleartransport[1] in the Geant4SimulationToolkit [2]. It cansatisfytwo usecases

for intranucleartransport,bothasa hadronicinteractionmodelto beusedby thephysics

processes,andasaback-endto higherenergy models.

Object Oriented technologiesplay a fundamentalrole to addressthe complex

physicsdomaindescribedby this model. The ObjectOrienteddesignalsoprovidesthe

basisfor extensive 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 implementsthephysicsdescribingmeson-meson,meson-

baryon,baryon-baryoninteractions,involving resonanceexcitationanddeexcitationand

particleabsorption,in theenergy rangeO(100MeV) to O(5 GeV); it includesa largeset

of exclusivechannels.

Due to thecomplexity of thephysicshandledby theHadronKinetic Model, only

a few mainfeaturesareoutlinedin this paper;a moredetaileddescriptionis availablein

reference[6].

2.1 The Kinetic Algorithm

Thenovelty of themodelconsistsin introducingtheconceptof timedevelopmentinto the

traditionalapproachof intra-nuclearcascade.TheKinetic Algorithm canbeconsidered
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astepby stepupdatingof a particlevector;its implementationis performedaccordingto

thefollowing scheme.

1. Createa vectorof particles:assigninitial particletypes,their coordinatesandmo-

mentaetc.;assigninitial valuefor thetimeevolutionparameter.

2. For agivenstepof thetimeevolutionparameterfind pairsof particles,accordingto

acollisioncriterion,whichareassumedto collideandparticleswhich,accordingto

their lifetimes,areassumedto decay.

3. Performparticlecollisionsandparticledecays,determiningthegenerationof out-

goingparticles;duringthisstepparticlecoordinatesandmomentaareupdated(par-

ticle propagation).

4. Startingfrom 2, performthenext step.

2.2 The scattering: crosssectionsand final states

The Hadron Kinetic Model handlestwo-body hadronelastic and inelastic scattering,

including resonanceexcitation and deexcitation. The processesimplementedcover

baryon-baryoninteractions(including baryonresonances),baryon-antibaryonannihila-

tion, meson-baryonand meson-mesoninteractions. They include exclusive two-body

processesfor the following categories of interactions(where N indicatesa nucleon,

protonor neutron):

+ proton-protonandneutron-neutron

+ proton-neutron

+-,/.-0
+-,/.1,32
+-,/.-042
+-, 2 .50
+607.-0 2
+-,328.6,92 , 0428.-042 and ,92:.-0�2
+607.-0
+ genericbaryon-baryon
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; baryon-antibaryon

; meson-baryon

; meson-meson

Thecrosssectionsarefunctionsof theincomingandoutgoingparticletypes,their

internalquantumnumbers,likeisospin,andtheirmomenta.Theoverallphysicsapproach

of the Hadron Kinetic Model in this domainclosely follows the one adoptedby the

UrQMD model [4]. The crosssectionsare calculatedthroughvariousmethods:from

tabulationsof experimentaldata,from parameterisationsaccordingto analgebraicfunc-

tion or from othercrosssectionsvia generalprinciples,suchasdetailedbalance[3], [4]

or theadditivequarkmodel[5].

Theangulardistributionsfor all therelevanttwo-bodyprocessesareassumedto be

similarandaredeterminedaccordingto theproceduredescribedin reference[4].

Resonancedecaychannelsaresampledaccordingto thepartialdecaywidths,which

dependon themassof theresonance.

Hadron-nucleusor nucleus-nucleusprocessesinvolve hadron-hadroncollisionsin

high densitynuclearmatter. Undertheseextremeconditionsthe Pauli-blocking,which

modifiesthe processvacuumbehaviour, reducinga free particlecrosssectionor decay

width to aneffective onedueto Fermistatistics,mustbe taken into account.Eachpos-

siblecollision or decayis validatedby checkingthephasespacefermiondensity, sincea

processcanoccuronly if thereisenoughroom(accordingto thePauli principle)to accom-

modatethefinal statefermions.This effect is implementedtreatingfermionsasgaussian

shapeddensitydistributionsin the phasespace.For eachnew fermion, producedby a

possiblecollision or decay, a phasespaceoverlappingdensityfunction is calculatedand

usedto simulatePauli-blocking.A detaileddescriptionof theusedprocedureis available

in reference[6].

2.3 The field propagation

At everystep,beforeperforminganinteraction- i.e. particlescollisionor particledecay-

coordinatesandmomentaof all particlestravelling throughthenucleusareupdatedfrom

the valuesat the time of previous interactionto the currenttime. The transportationof

theseparticlesis donedescribingtheparticle-nucleusinteractionusingphenomenological

mean-fieldpotentials,thesocalled“optical potentials”[6].

The particle propagationcan be operatedeither with the cascadeapproach,i.e.

alonga straightline trajectory, usingpotentialsonly to evaluatethefinal particleenergy
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at theendof thestep,or with a numericalintegrationof theequationsof motion,using

theclassicalRunge-Kuttamethod.

3 The object oriented analysisand designof the model

The Hadron Kinetic Model is integratedin the framework of Geant4Theory Driven

HadronicModels [7], that definesits designat the architecturallevel. An analysisand

designprocesshasbeenappliedto defineits detaileddesign.

Thedomainanalysishasledto theidentificationof themainareasof responsibilities

in the Model: the overall management,the handlingof the scatteringprocessand the

propagationthroughthenuclearfield. Additional utilities, suchasthedescriptionof the

nucleusandof theparticlesinvolvedin theinteractions,arecommonto thewholesetof

Geant4hadronicmodels.

The ObjectOrientedAnalysisandDesignprocesshasled to the classdiagramof

theHadronKinetic Modelshown in figure1; dueto thecomplexity of themodel,only the

mainfeaturesarelisted- a moredetaileddesignis availablein reference[6].

The G4HadronKineticModelclass inherits from the hadronicmodel baseclass

G4VIntraNuclearTransportModel,that fullfills the role of providing to the intra-nuclear

transportmodelsan interfaceto the processesaswell asthe possibility to be usedasa

back-endto high energy models.G4HadronKineticModelclasshastheresponsibilityof

managingthe main functionality of the model,asdescribedin section2.1. It delegates

the responsibilityof the scatteringand of the field transportto the G4VScattererand

G4VFieldPropagationclassesrespectively.

TheconcreteclassG4Scatterer, inheriting from G4VScatterer, handlesthescatter-

ing process. It managesthe complex physicscontentof the scatteringprocessin the

energy domainof the intra-nucleartransport,including the resonanceregion, througha

designbasedon a recurrentCompositePattern[8]. Thescatteringchannelclassesinherit

from theG4VCollisionabstractbaseclass;someof themarecomposedof sub-channels,

modeledthrough the CompositePattern (for instance,the “ExcitedNucleon-Nucleon”

scatteringchannelconsistsof sub-channelssuchasN1440-p,N1520-netc.). TheCom-

positePatternalsohandlesthespecializationof collisionsinto elastic(leaf) andinelastic

(composite)ones.TheCompositePatternis alsoadoptedto handlethecrosssectionsec-

tor, mappingthe availability of experimentaldataor theoreticalcrosssectionformulae

for the collisions: for instance,the total crosssectionof a channelis representedby a

leafcrosssectionwheneverspecificdataor modelareavailableandby acompositecross

section(composedof singlebranchcrosssections)whenno measurementsor modelsfor

it areavailable. Both leaf andcompositecrosssectionsarehandledtransparentlyby the
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Collisionsthroughthesameabstractinterfaceto G4VCrossSectionSource.

The Strategy Pattern[8] is usedthroughoutthe designto handleinterchangeable

algorithms,whenever alternative modelsor parameterisationsfor thesamephysicsitem

areavailable.

A classdiagramof theScattereris shown in figure2.

This flexible designof the Scattererallows for an easyextensibility of the setof

scatteringprocesseshandledby theHadronKinetic Model,whenevernew theoreticalde-

scriptionsor experimentaldatabecomeavailableto improve theoverall precisionof the

physicsof themodelitself; at thesametime,it makesalternativephysicsimplementations

for singlescatteringchannelseasilyinterchangeable,thusallowing to investigateandopti-

misethephysicscapabilitiesof themodel.Theclearseparationbetweenthecrosssection

sectorandthe generationof final statesfurther enhancesthe flexibility of the Scatterer

to accommodatealternative modelling. The recurrentCompositePatterncontributesto

improve theoverall performance,by enablingto establisha logical hierarchyin themes-

sagingof thephysicscomponents.Thegeneraldesignof theScatterermakesit suitableto

beusedalsoby otherhadronicsimulationmodels(suchas,for instance,theQMD Model

or cascademodels),aswell asin othercontextsof Geant4physicssimulation.

Thefield propagationis handledby theG4VFieldPropagationclass,thatis abstract

to allow differentstrategiesto beused.TheconcreteG4RKFieldIntegratorclassderives

from it, andperformsthepropagationof particlesvia a Runge-Kuttanumericalintegra-

tion. It usesclassesfor opticalpotentials(G4VKMOpticalField)andfor their derivatives

(G4VKMOptical EqRhs)thatareabstractin orderto implementagainaStrategy Pattern.

G4VKMOptical EqRhsinherits from the G4Mag EqRhsclassof the Geant4geometry

category; this allows to reusein the Kinetic Model the codecommonto the Geometry-

Transportationdomainfor theintegrationof theequationsof motion.

TheHadronKinetic Model makesuseof otherdesigncomponentscommonto the

Geant4HadronicModels,suchastheclassesresponsiblefor thedescriptionof thenucleus

andof theparticlesinvolvedin theinteractions.

TheObjectOrienteddesignallows to exposethephysicsof themodelin a detailed

way. The cleardistinctionbetweenthe calculationof crosssectionsandthe generation

of final states,the explicit useof units everywherein the code,the absenceof arbitrary

parameterswithin formulae,the independenceof thephysicsmodelsfrom trackingcon-

tribute, togetherwith theObjectOrienteddesign,to the transparency of thephysics,re-

quiredfor thevalidationof experimentalresults.

A spiral cyclic modelof softwareprocesshasbeenadoptedthroughoutthewhole

development.
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4 Conclusions

TheGeant4HadronKinetic Model representsanovel approachto intra-nucleartransport.

ObjectOrientedmethodologieshave beena key factor to handlethe complexity of the

underlyingphysicsandto ensurethefutureextensibilityandmaintenanceof themodel.

TheHadronKinetic Model is meantto becomepartof Geant4public release,fol-

lowing thecompletionof thetestingphase.
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Figure1: An overview of theHadronKinetic Modeldesign:top level classdiagram.
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Figure2: TheScatterertop level classdiagram.
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