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Standard EM process



Standard EM packages

Y,eupto 100 TeV
hadrons up to 100 TeV
lons up to 100 TeV
muons up to 1 PeV

X-ray and optical photon production processes

— G4Cerenkov, G4Scintillation and
G4TransitionRadiation



Gamma and Electron Transport

 Photon processes:
- ete AR
- AV T RURREL
- KEBIR
» Electron and positron processes:
- lonization
- 7—OVEREL. ZERLEL
- HillEN R 5

 Positron annihilation




~v 10 MeV in 10 cm Aluminium: Compton scattering
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Muon EM Physics Simulation

u*on Cu

Bethe-Bloch

F E/iprocess:
-lonization

- il Eh s 5+

-ete” WA

-Muon-nuclear interactions in
hadronic packages




Hadron and ion EM physics

« J—OVEREL
* |onization
— Bethe-Bloch formula with corrections used for E>2 MeV
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— C — shell correction

— G — Mott correction

— 0 —density correction
— F —finite size correction
— L1- Barkas correction

— L2- Bloch correction

— Nuclear stopping

— lon effective charge

— Bragg peak parameterizations for E< 2 MeV
- ICRU’49 and NIST databases



IRIILFTF—EEOPLE

MEENLZV(EL)IEE
AOR5 %
Fluctuations on AF lead to fluctuations on the actual range

( )-

MEEH D @L\(%L\)i’%é penetration of e~ (16 MeV) and proton (105 MeV) in 10 cm of water.
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LowE EM process



« Low energy fEiZi~D1L5E

/ TEF. photon[ZxL T
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 EADL (Evaluated Atomic Data Library)
EEDL (Evaluated Electrons Data Library)
EPDL97 (Evaluated Photons Data Library)

— dE/XDEEETILNEE
* Zieglerl977p,Ziegler1985,ICRU_R49,SRIM2000
- RFOBREEZTER
- AESTIEE
— EIXER. AugershE . Rayleigh8l &L E £ ELY $kU VAT AE

« “standard” electromagnetic packagel=xfL T #1B4HAI%1&E
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Hadronic Physics
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7 1 & 0D Management

GetCrossSection()

A sees last set loaded
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NROVETIL—E

At rest
Absorption CHIPS (gamma
b, 7, K, anti-p Photo-nuclear, electro-nuclear
. 20 Te\/
Pre' FTF Strln up to e
: compound :
Multifragment QG String (up to 100 TeV
Photon Evap Binary cascade
Rad. Decay
HEP (up to 15 TeV
LEP

1 MeV 10MeV 100 MeV  1GeV  10GeV  100GeV  1TeV




Hadronic Models — Data Driven

x T—RZE>THE DTN TS
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* 15']
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Hadronic Models — Theory Driven

x IEEHICHE DL

. T—ARIFIFEAEFEHLNLL
« BARRE XSmO T) I LTROOENS
= 151

. quark-gluon string (projectiles with E > 20
GeV)

. Intra-nuclear cascade (intermediate energies)
- nhuclear de-excitation and breakup




Hadronic Models -

Parameterized
T—ARA%EEYEETILTIqYRLINTA—421E
2 DDET ILHF|FHATEE:
— Low Energy Parameterized (LEP) for <20 GeV
— High Energy Parameterized (HEP) for > 20 GeV
- BETIVEZHDETILDEEED
Geant3 TEH L 1=GHEISHAMR—X
Core code:
— hadron fragmentation
— cluster formation and fragmentation
— nuclear de-excitation
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Neutron Physics



Low energy (< 20MeV) neutrons
physics

High Precision Neutron Models (and Cross Section Data Sets)
— GANDL (Geant4 Neutron Data Library)
« ENDF (Evaluated Nuclear Data File)
— Elastic
— Inelastic
— Capture
— Fission
NeutronHPorLEModel(s)
ThermalScatteringModels ( and Cross Section data Sets)

JENDL (Japanese Evaluated Nuclear Data Library) High Energy
Files (66M#ZIEICx 9 SR+, &+ RIGT—74 cross sections <
3GeV)



lon Physics

o 4174 IEGenericlon&ELVOFETEEINTLNS
(G4Genericlon) d,t,3He, a %4514}



lon Physics
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Geantd|Z[EZ #H Dtotalfi EMED AX MDA RAFEN TS
— Tripathi, Shen, Kox and Sihver

HERMARARICE DV EREBRMG/NSA—2{eEh -2 K
RFZ%- R FRRICEHEED) 7L R

e Tripathi Formula

— NASA Technical Paper TP-3621 (1997)
Tripathi Light System

— NASA Technical Paper TP-209726 (1999)
Kox Formula

— Phys. Rev. C 35 1678 (1987)

Shen Formula

— Nuclear Physics. A 49 1130 (1989)
Sihver Formula

— Phys. Rev. C 47 1225 (1993)

v




Existing Geant4 Nuclear-Nuclear Final

State Models
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Evaluated Nuclear Structure Data File
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[ZG4PhotonEvaporation #{E->TbHbh b




Optical processes

Optical photon ®L A1 -FL—X



Optical Photons

« KK >RFRT—IL

—RENEL TS (LOLFHIELELY)
e Optical photons undergo:

— Rayleigh scattering

RN
_ERETOR. R4t ENad

— wavelength shifting
o Optical properties can be specified in G4Material
- RETER, FBEER, FFEE, surface properties
(polished, rough, ...)




WavelengthShifting
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Decays

MEAO—EELTEEINTLVS




The Decay Process

 in-flight AL ME atrest DTAERELTHREHONS
e RRIEMEYIRLND TEDL T RTORIFIZxL TR Cprocessh¥EaH15
— HIFZ &lZDecay Table(G4DecayTable)A &Y . ik tEOE—FDIFHAA-TLNVS
- F|FTAAELdecay modes
— Phase space:
e 2-body eg. n'->yy, A->pn
e 3-body e.g. K° ->nln"n-
e many body
— Dalitzz P>y "I
— Muon decay
e V — A, no radiative corrections, mono-energetic neutrinos
— Leptonic tau decay
e like muon decay
— Semi-leptonic K decay: K-> ntlv
» Heavy flavour particlel Zxf L TIX4F A4 ERY $R LD A E
— Pre-assigned decay mode# 4L \[Eexternal decay handler (G4VExtDecayer)Z{#5



Physics validation

o BkAR7EModel., BTEBENFEL TS
e ValidationMEE
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730 MeV pon C

B Fi+ 15 deg Bertini cascade
& Pi+ 15 deg data
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Validation of the Binary Cascade
256 MeV protons
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Pion energy resolution in CMS

CMS ECAL prototype + HCAL

Pion Energy Resolution

. Ecal+HB with nolse In both
OSCAR-GEANT4 (TB02)

®  1g020ata

200 : 250
Fion Beam Energy (GeV)
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Hadron Elastic Scattering

« GHEISHA-style (G4LElastic)

— classical scattering (not all relativistic)
— simple parameterization of cross section, angular distribution
— can be used for all long-lived hadron projectiles, all energies

e Coherent elastic

— GA4LEpp for (p,p), (n,n) : taken from detailed phase-shift
analysis, good up to 1.2 GeV

— GA4LEnp for (n,p) : same as above

— G4HadronElastic for (h,A) : nuclear model details included as
well as interference effects, good for 1 GeV and above, all
long-lived hadrons

— G4QElastic for (p,A), (n,A) : parameterization of experimental
data (M.Kossov), part of CHIPS modeling



Precompound Models (1)

 G4PreCompoundModel is used for nucleon-nucleus
Interactions at low energy and as a nuclear de-
excitation model within higher-energy codes

— takes a nucleus from a highly-excited set of
particle-hole states down to equilibrium energy by
emitting p, n, d, t, 3He, alpha

— once equilibrium state is reached, four other
models are called to take care of nuclear
evaporation and breakup

e these models not currently callable by users



Bertini Cascade Model

e The Bertini model Is a cascade:

— elementary particle collider: uses free-space cross
sections to generate secondaries

— cascade In nuclear medium

— pre-equilibrium and equilibrium decay of residual
nucleus

— detailed 3-D model of nucleus






Bertini Cascade (text version)

e Modeling sequence.:

potential

— all hadron-nucleon interactions based on free-
Space cross sections, angular distributions, but
no interaction if Pauli exclusion not obeyed

— each secondary from initial interaction is
propagated in nuclear potential until it interacts
or leaves nucleus

— during the cascade, particle-hole exciton states
are collected

-I-I [] I [] [
A BA Ny Py N B =B B B BAE B B BN Ry N o W\ § Ry, N o B B BA ey B B A B L7 A A\ A\IAI+A“

46



Using the Bertini Cascade

* |n Geant4 the Bertini model is currently used
for p, n, n, K*, K-, K% , K% , A, 2%, 27, &, B°, O

validation data are available

— currently being extended to kaons and
hyperons

— G4Cascadelnterface* bertini = new G4Cascadelnterface();
G4ProtoninelasticProcess* pproc = new

G4ProtoninelasticProcess(); pproc -> RegisterMe(bertini);

proton_manager -> AddDiscreteProcess(pproc); 47



Binary Cascade

 Modeling sequence similar to Bertini, except

their quantum numbers

— particles follow curved trajectories in nuclear
potential

— valid for incident p, n from O to 10 GeV

— valid for incident «*, n= from O to 1.3 GeV
48



Binary Cascade

e NROVIZHLTIEp,nalzOVWTERATES




LEP, HEP (Comic Book Version)
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LEP, HEP models (text version)

 Modeling sequence:

— Iinitial interaction of hadron with nucleon In
nucleus

— highly excited hadron is fragmented into more
nadrons

— particles from initial interaction divided into
forward and backward clusters in CM

— another cluster of backward going nucleons
added to account for intra-nuclear cascade

— clusters are decayed into pions and nucleons

— remnant nucleus is de-excited by emission of
P, N, d, t, alpha




Using the LEP and HEP
models

« The LEP and HEP models are valid for p, n,
T, KA Z 2 Q, o, t, d
— LEP valid for incident energies of 0 — ~30 GeV

— HEP valid for incident energies of ~10 GeV —
15 TeV



o Geant4 hadronic physics allows user to

choose how a physics process should be
Implemented:

— hadronic framework makes it easier for users to
add more

— GHEISHA-style

— coherent 53



e Cascade models (Bertini, Binary) are valid for

fewer particles over a smaller energy range

— slower

— based on fits to data and some theory
— not very detailed
— fast

o4



Overview of physics
(. R

« Compton Scattering
» Compton Scattering by Linearly Polarized Gamma Rays
» Rayleigh Scattering
« Gamma Conversion
* Photoelectric effect

» Bremsstrahlung
* lonisation

\_ .

» Energy loss of slow & fast hadrons

* Energy loss in compounds

* Delta-ray production

 Effective charge of ions

» Barkas and Bloch effects (hadron sign + relativistic)
* Nuclear stopping power

* PIXE

» Fluorescence
» Auger process



Photons and electrons

« Based on
— EADL (Evaluated Atomic Data Library)
— EEDL (Evaluated Electrons Data Library)
— EPDL97 (Evaluated Photons Data Library)
...especially formatted for Geant4 distribution (courtesy of D. Cullen, LLNL)

« Validity range
— The processes can be used down to 100 eV, with degraded accuracy
— In principle the validity range of the data libraries extends down to ~10 eV

 Elements
. Z > 5 (transition data available in EADL)



G4NeutronHPElastic

* The final state of elastic scattering Is described
by sampling the differential scattering cross-
sections

— tabulation of the differential cross-section

— a series of legendre polynomials and the
legendre coefficients



G4NeutronHPInelastic

e Currently supported final states are (nA ) n v s (discrete and
continuum), np, nd, nt, n3He, na, nd2a, nt2a , n2p, n2a, np,
n3a, 2na, 2np, 2nd, 2na, 2n2 @, nX, 3n, 3np, 3na, 4n, p, pd, p«,
2pd,da,d2a,dt, t,t2a, 3He, o, 2a,and 3.

» Secondary distribution probabilities are supported

— isotropic emission
— discrete two-body kinematics
— N-body phase-space distribution

— continuum energy-angle distributions
» legendre polynomials and tabulation distribution
« Kalbach-Mann systematic A +a — C — B + b, C.compound nucleus

— continuum angle-energy distributions in the laboratory system



G4NeutronHPCapture

The final state of radiative capture is described by either photon
multiplicities, or photon production cross-sections, and the discrete
and continuous contributions to the photon energy spectra, along
with the angular distributions of the emitted photons.

For discrete photon emissions

— the multiplicities or the cross-sections are given from data
libraries

For continuum contribution
— E neutron kinetic energy, E, photon energies

— p; and g; are given from data libraries



G4NeutronHPFIssIon

Currently only Uranium data are available in GANDL

first chance, second chance, third chance and forth chance
fission are into accounted.

The neutron energy distributions are implemented in six
different possibilities.

tabulated as a normalized function of the incoming and
outgoing neutron energy -

Maxwell spectrum -
a general evaporation spectrum -
evaporation spectrum -
the energy dependent Watt spectrum -
the Madland Nix spectrum -



Inelastic Cross Section
Cl2on C12

Cross Section [mb] +DATA Kox
100007 + DATA Jaros
! « Cal. Karol
= G4Tripathi
G4Shen
* G4Kox
G4Sihver

2 103

Energy [MeV/n]




G4NDL
(Geant4 Neutron Data Library)

e The neutron data files for High Precision Neutron models
 The data are including both cross sections and final states.
 The data are derived evaluations based on the following evaluated data
libraries (in alphabetic order)

— Brond-2.1

— CENDL2.2

— EFF-3

— ENDF/B-VI.0, 1, 4

— FENDL/E2.0

— JEF2.2

— JENDL-FF

— JENDL-3.1,2

— MENDL-2
 The data format is similar ENDF, however it is not equal to.



Evaluated Nuclear Data File-6

“ENDF” is used in two meanings

One is Data Formats and Procedures
— How to write Nuclear Data files
— How to use the Nuclear Data files

The other is name of recommended libraries of USA nuclear data projects.

— ENDF/B-VI.8
» 313 isotopes including 5 isomers
* 15 elements

— ENDF/B-VII.O
* Released on 2006 Dec
» almost 400 isotopes
* not yet migrated

After GANDL3.8 (3.10 is latest) we concentrated translation from ENDF library.
— No more evaluation by ourselves.



G4NeutornHPorLEModels

Many elements remained without data for High Precision
models.

Those models make up for such data deficit.

If the High Precision data are not available for a reaction,
then Low Energy Parameterization Models will handle
the reaction.

Those can be used for not only for models (final state
generator) but also for cross sections.

Elastic, Inelastic, Capture and Fission models are
prepared.



Thermal neutron scattering from
chemically bound atoms

« At thermal neutron energies, atomic translational motion
as well as vibration and rotation of the chemically bound
atoms affect the neutron scattering cross section and the
energy and angular distribution of secondary neutrons.

 The energy loss or gain of incident neutrons can be
different from interactions with nuclel in unbound atoms.

 Only individual Maxwellian motion of the target nucleus
(Free Gas Model) was taken into account the default
NeutronHP models.



Thermal neutron scattering files from the evaluated
nuclear data files ENDF/B-VI, Release?2

* These files constitute a thermal sub-library

* Use the File 7 format of ENDF/B-VI

* Divides the thermal scattering into different parts:
— Coherent and incoherent elastic; no energy change
— Inelastic; loss or gain in the outgoing neutron energy

 The files and NJOY are required to prepare the
scattering law S(«, B ) and related quantities.



Japanese Evaluated Nuclear
Data Library (JENDL)
High Energy Files 2004

« JENDL Are been making by the Nuclear Data
Evaluation Center of Japan Atomic Energy

Agency with the aid of Japanese Nuclear
Data Committee

 High Energy Files 2004

— Neutron- and proton-induced reaction data up to 3
GeV for 66 nuclides.
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get mean free path

— photon is simply killed after a selected path length
e G40pRayleigh
— elastic scattering including polarization of initial and final
photons

— builds it own private physics table (for mean free path) using
G4MaterialTable

— may only be used for optical photons









Decay process



Derived from G4VRestDiscreteProcess, i.e. decay can happen
In-flight or at rest

Same decay process for all eligible unstable, long-lived particles
— decay process retrieves BR and decay modes from decay table stored in
each particle type
Different from other physical processes:
— mean free path for most processes: A = Npc /A
— for decay in-flight: A =ypct
Available decay modes

— Phase space:
e 2-body e.g. n®->yy, A->pn
e 3-body e.g. K° ->nln*n"
e many body
— Dalitz: P>y "I
— Muon decay
e V — A, no radiative corrections, mono-energetic neutrinos



Specialized Decay Processes

o G4DecayWithSpin
— produces Michel positron spectrum with 15t order radiative
corrections
— Initial muon spin is required
— propagates spin in magnetic field (precession) over remainder of
muon lifetime
 G4UnknownDecay
— only for “unknown” particles ( Higgs, SUSY, etc.)
— discrete process — only in-flight decays allowed

— pre-assigned decay channels must be supplied by user or
generator



not know how to deal with
never generate as a secondary

should not be treated as a
track

G4PrimaryParticle

should



a primary track
track 1D a trajectory
G4UnknownParticle

G4UnknownDecay

G4PrimaryTransformer



one concrete class for each category and each charge
state

must be
0

G4DynamicParticle::GetPDGcode()
G4DynamicParticle::GetMass()

don’t irice GAl InknownDecAav



Energy loss fluctuations

* Urban model based on a simple 0.93 Ar+0.07 CH, , LS em (20°C, 2 atm)
model of particle-atom interaction S .
s *» O TPAI mode: 10° evenls
" Atoms are assumed to have only ® PAl with photons: 10° eveats
two energy levels E1 and E2 - . & GEANT4stndard: 10" eveats

. O experiment: pion, p=3 GeV/e

" Particle-atom interaction can be:
" an excitation of the atom with
energy loss E=E1 - E2
" an ionization with energy loss
distribution g(E)~1/E2
 PAI model uses photo absorption data
" All energy transfers are sampled
with production of secondary e- or 7
" Very slow model, should be applied
for sensitive region of detector




X-ray and optical photon simulation

o Standard packages:

- Cherenkov radiation  FE4£I[X9 X TEM., optical
photon®OL A kL—X

- Synchrotron radiation
- Transition radiation
- Scintillation
e Low-energy EM package:

- Atomic relaxations — fluorescence and Auger
transitions

e Optical
- Reflection
- Refraction
- Absorption
- Rayleigh scattering  photonIZxfL T



Specialized Decay Processes

o G4DecayWithSpin
— produces Michel positron spectrum with 15t order radiative
corrections
— Initial muon spin is required
— propagates spin in magnetic field (precession) over remainder of
muon lifetime
 G4UnknownDecay
— only for “unknown” particles ( Higgs, SUSY, etc.)
— discrete process — only in-flight decays allowed

— pre-assigned decay channels must be supplied by user or
generator



Standard & LowE EM

— standard EM
e cross sectionl&. ETILEHE
c EFDOHNEREZEZELZL
e Ekin > a few keV

— lowE EM

e cross sectionl&, T—4+{#
(EPDL97/EEDL/EADL)

—~ RIS E# GALEDATATIEE
« EFDANEMRREZEZE
o $HEMEXHER. Augersii R . RayleighglEL7%E HEWR LN AT
e Ekin > 250 ev




EM Physics of photon

e Standard

— AR FDIRILF—E,, > 1keV

— [RF D FDEEEFIL quasi-free&EL THD
— BRFRICIEIRILEFE—DEZ5NALN

- BT "FH, "EEE”

— BTEiR (3

Tl - RER



EM Physics of photon

e lowenergy
— ASTRIFDIRILF—E,,> 200eV
- REIRILF—HIEHETEEL
-MEICE "BE DD
— WOV RIIRBEELEE

- WEREIFERN KR ET—F R—REHE

« EADL (Evaluated Atomic Data Library)
« EEDL (Evaluated Electrons Data Library)
« EPDL97 (Evaluated Photons Data Library)



hadronics

e Model

— —DOO7AtAPBHIZE x-inelestic) [T L TH &
Ay ZHERHATES

— low_energy: E<20GeV
® GEANT3.21 GHEISHA compatible

— high_energy: E>20GeV
® GHEISHA High Energy Collision model

—theo_high_enregy: Monte Carlo theoretical models

— parton string model
— Quantum Molecular Dynamics model

— cascade: medium energy



Pre-assigned decay products

 Geant4 provides decay modes for long-lived particles, but
decay modes for short-lived (e.g. heavy flavour) particles are
not provided by Geant4
— decay process can invoke an external decay handler (G4VExtDecayer)
— Or, user must “pre-assign” proper lifetime and decay products to the

parent G4PrimaryParticle.

« A parent particle in the form of G4Track object travels in the
detector, bringing “pre-assigned” decay daughters as objects
of G4DynamicParticle.

— When the parent track comes to the decay point, pre-assigned daughters
become to secondary tracks, instead of @'~y selecting a decay

@channel defin«ej tha narticl e?.
— Dec s@wd as well.

@ 6av time of the parent can be pre-as




Pre-assigned decay products

Geant4 provides decay modes for long-lived particles, but decay modes for short-
lived (e.g. heavy flavour) particles are not provided by Geant4

— decay process can invoke an external decay handler (G4VExtDecayer)

— Or, user must “pre-assign” proper lifetime and decay products to the parent
G4PrimaryPatrticle.

A parent particle in the form of G4Track object travels in the detector, bringing “pre-
assigned” decay daughters as objects of G4DynamicParticle.

— When the parent track comes to the decay point, pre-assigned daughters
become to secondary tracks, instead of randomly selecting a decay channel
defined to the particle type.

— Decay time of the parent can be pre-assigned as well.

G4PrimaryParticle G4Track
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pre-assigned decay products
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