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OutlineOutline

Overview of Ion and Neutron Interaction in Geant4Overview of Ion and Neutron Interaction in Geant4
High energy neutrons interactionHigh energy neutrons interaction
Low energy (<20 Low energy (<20 MeVMeV) neutrons) neutrons interactioninteraction
–– Neutron High Precision ModelsNeutron High Precision Models

Ions inelastic interactionIons inelastic interaction
–– Binary Cascade Light IonsBinary Cascade Light Ions
–– Wilson Abrasion & Ablation Wilson Abrasion & Ablation 

Ions electro magnetic dissociationsIons electro magnetic dissociations
Radio active decayRadio active decay
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High energy neutron physicsHigh energy neutron physics
Parameterized modelsParameterized models
–– LEP 0~30 LEP 0~30 GeVGeV
–– HEP ~15 HEP ~15 GeVGeV up to 15 TeVup to 15 TeV
–– a rea re--engineered version of GHEISHAengineered version of GHEISHA
–– Elastic, Inelastic, Capture and FissionElastic, Inelastic, Capture and Fission

Theory Theory DeivenDeiven ModelsModels
–– Cascade ModelsCascade Models

Binary Cascade < 3 Binary Cascade < 3 GeVGeV
BertiniBertini Cascade < 10 Cascade < 10 GeVGeV

–– High Energy Models  ~15GeV < E < ~15 TeVHigh Energy Models  ~15GeV < E < ~15 TeV
QuarkQuark--Gluon String (QGS)Gluon String (QGS)
FritiofFritiof fragmentation (FTF)fragmentation (FTF)
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Validation of Cascade ModelsValidation of Cascade Models
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Low energy (< 20MeV) Low energy (< 20MeV) 
neutrons physicsneutrons physics

G4NDL (Geant4 Neutron Data Library)G4NDL (Geant4 Neutron Data Library)
High Precision Neutron ModelsHigh Precision Neutron Models
–– ElasticElastic
–– InelasticInelastic
–– CaptureCapture
–– FissionFission
NeutronHPorLEModel(sNeutronHPorLEModel(s))
Thermal neutron scattering Thermal neutron scattering S(S(αα, , ββ) Models) Models
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G4NDLG4NDL
(Geant4 Neutron Data Library)(Geant4 Neutron Data Library)

The neutron data files for High Precision Neutron modelsThe neutron data files for High Precision Neutron models
The data are including both cross sections and final states.The data are including both cross sections and final states.
The data are derived evaluations based on the following evaluateThe data are derived evaluations based on the following evaluated data d data 
libraries (in alphabetic order)libraries (in alphabetic order)
–– BrondBrond--2.12.1
–– CENDL2.2CENDL2.2
–– EFFEFF--33
–– ENDFENDF/B/B--VI.0, 1, 4VI.0, 1, 4
–– FENDL/E2.0FENDL/E2.0
–– JEF2.2JEF2.2
–– JENDLJENDL--FFFF
–– JENDLJENDL--3.1,23.1,2
–– MENDLMENDL--22

The data format is similar ENDF, however it is not equal to.The data format is similar ENDF, however it is not equal to.
After G4NDL3.8 we concentrated translation from After G4NDL3.8 we concentrated translation from ENDFENDF library.library.
–– No more evaluation by ourselves.No more evaluation by ourselves.
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Low Energy Neutron Transportation Low Energy Neutron Transportation 
ElasticElastic

The final state of elastic scattering is described by The final state of elastic scattering is described by 
sampling the differential scattering crosssampling the differential scattering cross--sectionssections
–– tabulation of the differential crosstabulation of the differential cross--sectionsection

–– a series of a series of legendrelegendre polynomials and the polynomials and the 
legendrelegendre coefficientscoefficients

( )E
d
d

d
d ,cosθσσ

Ω
=

Ω

( ) ( ) ( ) ( )θθσ
σ

π cos
2

12,cos2
0

ll

n

l
PEalE

d
d

E

l

∑
=

+=
Ω



Calor06, June 8th 2006, Chicago Calor06, June 8th 2006, Chicago 

Low Energy Neutron Transportation Low Energy Neutron Transportation 
InelasticInelastic

Currently supported final states are (Currently supported final states are (nAnA ) ) nnγγss (discrete and (discrete and 
continuum), continuum), npnp, , ndnd, , ntnt, n 3He, , n 3He, nnαα, nd2, nd2αα, nt2, nt2αα , n2p, n2, n2p, n2αα, , npnp , n3, n3αα, , 
2n2nαα, 2np, 2nd, 2n, 2np, 2nd, 2nαα, 2n2, 2n2αα, , nXnX, 3n, 3np, 3n, 3n, 3np, 3nαα, 4n, p, pd, , 4n, p, pd, ppαα, 2p d, , 2p d, 
ddαα, d2, d2αα, , dtdt, t, t2, t, t2αα, 3He, , 3He, αα, 2, 2αα, and 3, and 3αα..
–– 36 channels 36 channels 

Secondary distribution probabilities are supportedSecondary distribution probabilities are supported
–– isotropic emissionisotropic emission
–– discrete twodiscrete two--body kinematicsbody kinematics
–– NN--body phasebody phase--space distributionspace distribution
–– continuum energycontinuum energy--angle distributionsangle distributions

legendrelegendre polynomials and tabulation distributionpolynomials and tabulation distribution
KalbachKalbach--Mann systematic Mann systematic A + a A + a →→ C C →→ B + b,        B + b,        

C:compoundC:compound nucleusnucleus
–– continuum anglecontinuum angle--energy distributions in the laboratory system energy distributions in the laboratory system 
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Low Energy Neutron Transportation Low Energy Neutron Transportation 
CaptureCapture

The final state of The final state of radiativeradiative capture is described by either photon capture is described by either photon 
multiplicities, or photon production crossmultiplicities, or photon production cross--sections, and the discrete and sections, and the discrete and 
continuous contributions to the photon energy spectra, along witcontinuous contributions to the photon energy spectra, along with the h the 
angular distributions of the emitted photons. angular distributions of the emitted photons. 
For discrete photon emissionsFor discrete photon emissions
–– the multiplicities or the crossthe multiplicities or the cross--sections are given from data librariessections are given from data libraries

For continuum contributionFor continuum contribution

–– E neutron kinetic energy, E neutron kinetic energy, EEγγ photon energies photon energies 
–– pi and pi and gigi are given from data librariesare given from data libraries

If there is no final state data in ENDF files then Photon EvaporIf there is no final state data in ENDF files then Photon Evaporation ation 
model of Geant4, which uses Evaluated Nuclear Structure Data Filmodel of Geant4, which uses Evaluated Nuclear Structure Data File e 
(ENSDF)(ENSDF) create final state products including Internal Conversion create final state products including Internal Conversion 
electronselectrons
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Low Energy Neutron Transportation Low Energy Neutron Transportation 
FissionFission

First chance, second chance, third chance and forth First chance, second chance, third chance and forth 
chance fission  are into accounted. chance fission  are into accounted. 
The neutron energy distributions are implemented in The neutron energy distributions are implemented in 
six different possibilities.six different possibilities.
–– tabulated as a normalized function of the tabulated as a normalized function of the 

incoming and outgoing neutron energy incoming and outgoing neutron energy 
–– Maxwell spectrum Maxwell spectrum 
–– a general evaporation spectrum a general evaporation spectrum 
–– evaporation spectrum evaporation spectrum 
–– the energy dependent Watt spectrumthe energy dependent Watt spectrum
–– the the MadlandMadland Nix spectrum Nix spectrum 
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Verification  of High Precision Neutron models Verification  of High Precision Neutron models 
Channel Cross SectionsChannel Cross Sections

20MeV neutron on Gd15720MeV neutron on Gd157

ElaEla XS       3.7104216 [barn]XS       3.7104216 [barn]
InelaInela XS       1.2508858XS       1.2508858
InelaInela XS F01 0.99179298XS F01 0.99179298
InelaInela XS F04 0.18413539XS F04 0.18413539
InelaInela XS F06 0.020973994XS F06 0.020973994
InelaInela XS F10 0.041302787XS F10 0.041302787
InelaInela XS F23 0.009658162XS F23 0.009658162
InelaInela XS F27 0.0030225183XS F27 0.0030225183
Cap   XS       0.0017767842Cap   XS       0.0017767842

3.708710+0  [barn]3.708710+0  [barn]

9.940940E9.940940E--11
1.836200E1.836200E--1 1 
2.126800E2.126800E--2 2 
4.064300E4.064300E--22
9.717300E9.717300E--3 3 
3.306100E3.306100E--3 3 
1.646330E1.646330E--3  3  

Geant4 results ENDF data
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Verification of High Precision Neutron Models Verification of High Precision Neutron Models 
Energy Spectrum of Secondary ParticlesEnergy Spectrum of Secondary Particles
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G4NeutornHPorLEModelsG4NeutornHPorLEModels

Many elements remained without data for High Many elements remained without data for High 
Precision models.Precision models.
Those models make up for such data deficit.Those models make up for such data deficit.
If the High Precision data are not available for a If the High Precision data are not available for a 
reaction, then Low Energy Parameterization reaction, then Low Energy Parameterization 
Models will handle the reaction. Models will handle the reaction. 
Those can be used for not only for models (final Those can be used for not only for models (final 
state generator) but also for cross sections.state generator) but also for cross sections.
Elastic, Inelastic, Capture and FissionElastic, Inelastic, Capture and Fission models models 
are prepared.are prepared.
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Thermal neutron scatteringThermal neutron scattering
S(S(αα, , ββ) Model) Model

For thermal neutron scattering from nuclei For thermal neutron scattering from nuclei 
with chemically bonded atomswith chemically bonded atoms
Based on thermal neutron scattering files Based on thermal neutron scattering files 
from the evaluated nuclear data files from the evaluated nuclear data files 
ENDF/BENDF/B--VI, Release2 VI, Release2 
Coherent elastic, incoherent elastic and Coherent elastic, incoherent elastic and 
inelastic scattering are includedinelastic scattering are included
Not Yet included latest release (v8.0.p01)Not Yet included latest release (v8.0.p01)
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Cross section and Secondary Neutron Cross section and Secondary Neutron 
Distributions of Distributions of S(S(αα, , ββ) model) model
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Ion PhysicsIon Physics
Inelastic ReactionsInelastic Reactions

Cross SectionsCross Sections
–– TripathiTripathi, , ShenShen, , KoxKox and and SihverSihver FormulaFormula

ModelModel
–– G4BinaryLightIonG4BinaryLightIon
–– G4WilsonAbrasionG4WilsonAbrasion
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Cross SectionsCross Sections
Many cross section formulae for NN collisions are included Many cross section formulae for NN collisions are included 
in Geant4in Geant4
–– TripathiTripathi Formula NASA Technical Paper TPFormula NASA Technical Paper TP--3621 (1997)3621 (1997)
–– TripathiTripathi Light System NASA Technical Paper TPLight System NASA Technical Paper TP--209726 (1999) 209726 (1999) 
–– KoxKox Formula Phys. Rev. C 35 1678 (1987)Formula Phys. Rev. C 35 1678 (1987)
–– ShenShen Formula Nuclear Physics. A 49 1130 (1989)Formula Nuclear Physics. A 49 1130 (1989)
–– SihverSihver Formula Phys. Rev. C 47 1225 (1993)Formula Phys. Rev. C 47 1225 (1993)

These are empirical and parameterized formulae with These are empirical and parameterized formulae with 
theoretical insights.theoretical insights.
G4GeneralSpaceNNCrossSection was prepared to assist G4GeneralSpaceNNCrossSection was prepared to assist 
users in selecting the appropriate cross section formula.users in selecting the appropriate cross section formula.
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Inelastic Cross SectionInelastic Cross Section
C12 on C12C12 on C12
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Binary Cascade Binary Cascade 
~Model Principals~~Model Principals~

In Binary Cascade, each participating nucleon is seen as a In Binary Cascade, each participating nucleon is seen as a 
Gaussian wave packet, (like QMD)Gaussian wave packet, (like QMD)

Total wave function of the nucleus is assumed to be direct Total wave function of the nucleus is assumed to be direct 
product of these. (no antiproduct of these. (no anti--symmetrizationsymmetrization))
This wave form have same structure as the classical This wave form have same structure as the classical 
Hamilton equations and can be solved numerically.Hamilton equations and can be solved numerically.
The Hamiltonian is calculated using simple time The Hamiltonian is calculated using simple time 
independent optical potential. (unlike QMD)independent optical potential. (unlike QMD)
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Binary Cascade Binary Cascade 
~nuclear model ~~nuclear model ~

3 dimensional model of the nucleus is constructed 3 dimensional model of the nucleus is constructed 
from A and Z.from A and Z.
Nucleon distribution followsNucleon distribution follows
–– A>16 WoodsA>16 Woods--Saxon modelSaxon model
–– Light nuclei harmonicLight nuclei harmonic--oscillator shell modeloscillator shell model

Nucleon Nucleon momentamomenta are sampled from 0 to Fermi are sampled from 0 to Fermi 
momentum and sum of these momentum and sum of these momentamomenta is set to 0.is set to 0.
timetime--invariant scalar optical potential is used.invariant scalar optical potential is used.
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Binary Cascade Binary Cascade 
~ G4BinaryLightIonReaction ~~ G4BinaryLightIonReaction ~

Two nuclei are prepared according to this model Two nuclei are prepared according to this model 
(previous page).(previous page).
The lighter nucleus is selected to be projectile.The lighter nucleus is selected to be projectile.
Nucleons in the projectile are entered with position Nucleons in the projectile are entered with position 
and and momentamomenta into the initial collision state.into the initial collision state.
Until first collision of each nucleon, its Fermi Until first collision of each nucleon, its Fermi 
motion is neglected in tracking.motion is neglected in tracking.
Fermi motion and the nuclear field are taken into Fermi motion and the nuclear field are taken into 
account in collision probabilities and final states of account in collision probabilities and final states of 
the collisions.the collisions.
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Neutron YieldNeutron Yield
Fe 400 Fe 400 MeV/nMeV/n beamsbeams

Copper Thick Target Lead Thick Target 

T. Kurosawa et al.,  Phys. Rev. C62 pp. 04461501 (2000)
Copper Lead
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Fragment ProductionFragment Production
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Wilson Abrasion & Ablation Wilson Abrasion & Ablation 
Model Model 

G4WilsonAbrasionModel is a simplified macroscopic model G4WilsonAbrasionModel is a simplified macroscopic model 
for nuclearfor nuclear--nuclear interactions based largely on geometric nuclear interactions based largely on geometric 
argumentsarguments
The speed of the simulation is found to be faster than The speed of the simulation is found to be faster than 
models such as G4BinaryCascade, but at the cost of models such as G4BinaryCascade, but at the cost of 
accuracy.accuracy.
A nuclear ablation has been developed to provide a better A nuclear ablation has been developed to provide a better 
approximation for the final nuclear fragment from an approximation for the final nuclear fragment from an 
abrasion interaction. abrasion interaction. 
Performing an ablation process to simulate the dePerforming an ablation process to simulate the de--
excitation of the nuclear preexcitation of the nuclear pre--fragments, nuclear defragments, nuclear de--
excitation models within Geant4 (default).excitation models within Geant4 (default).
G4WilsonAblationModel also prepared and uses the same G4WilsonAblationModel also prepared and uses the same 
approach for selecting the finalapproach for selecting the final--state nucleus as state nucleus as 
NUCFRG2 (NASA TP 3533)NUCFRG2 (NASA TP 3533)
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Abrasion & AblationAbrasion & Ablation
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Validation of Validation of 
G4WilsonAbrasionAblation modelG4WilsonAbrasionAblation model
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Ion Physics Ion Physics 
EelectroMagneticEelectroMagnetic DissociationDissociation

Electromagnetic dissociation is  liberation of Electromagnetic dissociation is  liberation of 
nucleons or nuclear fragments as a result of nucleons or nuclear fragments as a result of 
electromagnetic field by exchange of virtual electromagnetic field by exchange of virtual 
photons, rather than the strong nuclear forcephotons, rather than the strong nuclear force
It is important for relativistic nuclearIt is important for relativistic nuclear--nuclear nuclear 
interaction, especially where the proton number of interaction, especially where the proton number of 
the nucleus is largethe nucleus is large
G4EMDissociation model and cross section are an G4EMDissociation model and cross section are an 
implementation of the NUCFRG2 (NASA TP 3533)  implementation of the NUCFRG2 (NASA TP 3533)  
physics and treats this electromagnetic physics and treats this electromagnetic 
dissociation (ED).dissociation (ED).
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Validation of G4EMDissociaton Model Validation of G4EMDissociaton Model 
and Cross Sectionand Cross Section

293 293 ±± 3939††
342 342 ±± 22*22*

331 331 ±± 22NN--15 + p15 + p200200OO--1616

165 165 ±± 2424††
128 128 ±± 3333‡‡

216 216 ±± 22AlAl--27 + p27 + p14.514.5

186 186 ±± 5656107 107 ±± 11AlAl--27 + p27 + p3.73.7SiSi--2828

154 154 ±± 3131124 124 ±± 22NaNa--23 + p23 + p3.73.7MgMg--2424

ExperimentExperiment
[[mbarnmbarn]]

G4EMG4EM
DissociationDissociation

[[mbarnmbarn]]

Product from EDProduct from EDEnergyEnergy
[[GeV/nucGeV/nuc]]

ProjectileProjectile
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Ion PhysicsIon Physics
Radio Active DecayRadio Active Decay

To simulate the decay of radioactive nuclei To simulate the decay of radioactive nuclei 
Empirical and dataEmpirical and data--driven modeldriven model
αα, , ββ+, +, ββ-- decay and electron capture are implemented decay and electron capture are implemented 
Data (Data (RadioactiveDecayRadioactiveDecay) derived from Evaluated Nuclear ) derived from Evaluated Nuclear 
Structure Data File (ENSDF)Structure Data File (ENSDF)
–– nuclear halfnuclear half--liveslives
–– nuclear level structure for the parent or daughter nuclidenuclear level structure for the parent or daughter nuclide
–– decay branching ratiosdecay branching ratios
–– the energy of the decay process.the energy of the decay process.

The data includes more than 2,200 isotopesThe data includes more than 2,200 isotopes
If the daughter of a nuclear decay is an excited isomer, its If the daughter of a nuclear decay is an excited isomer, its 
prompt nuclear deprompt nuclear de--excitation is treated using the Photon excitation is treated using the Photon 
EvapolationEvapolation Model of Geant4Model of Geant4
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Other Ion related processes already Other Ion related processes already 
implemented in Geant4 implemented in Geant4 

Ionization Energy LossIonization Energy Loss
Multiple ScatteringMultiple Scattering
Cerenkov RadiationCerenkov Radiation
XrayXray TransitionTransition
All these processes work together for Ion All these processes work together for Ion 
transportation in Geant4transportation in Geant4
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Geant4 Hadronic ContributorsGeant4 Hadronic Contributors

GunterGunter FolgerFolger (CERN)(CERN)
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TatsumiTatsumi KoiKoi (SLAC)(SLAC)

MikhailMikhail KossovKossov
(CERN)(CERN)

Fan Lei (QinetiQ)Fan Lei (QinetiQ)

Nikolai Starkov (CERN)Nikolai Starkov (CERN)

Pete Truscott (QinetiQ)Pete Truscott (QinetiQ)

HansHans--Peter Wellisch Peter Wellisch 

Dennis Wright (SLAC)Dennis Wright (SLAC)
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ConclusionsConclusions
Now Geant4 has abundant processes for Ion and neutron Now Geant4 has abundant processes for Ion and neutron 
interactions with matter from thermal energy to much interactions with matter from thermal energy to much 
above above TeVTeV energy.energy.
Without any extra modules, users may simulate ion Without any extra modules, users may simulate ion 
transportation in the complex and realistic geometries of transportation in the complex and realistic geometries of 
Geant4Geant4
Validation and verification have begun and results show Validation and verification have begun and results show 
reasonable agreement with data. This work continues.reasonable agreement with data. This work continues.
The Geant4 toolkit contains a large variety of The Geant4 toolkit contains a large variety of 
complementary and sometimes alternative physics models complementary and sometimes alternative physics models 
covering the physics of neutrons and ions.covering the physics of neutrons and ions.
The development of new models will continue to be The development of new models will continue to be 
pursued in the future by the Geant4 Collaboration, in pursued in the future by the Geant4 Collaboration, in 
response to the evolving requirements of the wide response to the evolving requirements of the wide 
experimental community using it.experimental community using it.


