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= ow Energy Electromagnetic Physics

 Introduction

 Photons , electrons and ions
o Atomic effects

* Penelope Physics alternative
 Validation & progress
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What Is it ?
< 'A_:‘-':b"ackage in the Geant4 electromagnetic package
— ® In ...geant4d/source/processes/electromagnetic/lowenergy/

e« A set of processes extending the coverage of electromagnetic interactions in
Geant4 down to “low” energy

(in principle even below this limit) / for electrons and photons

down to the approximately the of the interacting material for
hadrons and ions

up to (unless specified)

all processes are based on theoretical models and on exploitation of evaluated data ;
they involve two distinct phases :

e calculation and use of total cross sections
» generation of the final state

A set of processes based on detailed models

— shell structure of the atom
— precise angular distributions

Complementary to the “standard” electromagnetic package

Driven by requwements which come from medicine and space researc 'f
and from users in HEP instrumentation




Overview of physics

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

Come in
* Bremsstrahlung ) l\aased S : U
cala (+ positron annihilation)

\  |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
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¥ % Photons and electrons

o -

e 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)




Ealculation of cross sections

@ Interpolation from the data libraries :

E, and E, are the lower and higher energy
for which data (s, and s,) are available

®& Mean free path for a
process, at energy E :

n, = atomic density of the it element
contributing to the material composition
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Klein-Nishina cross section (E'/E) x Scattering Function (q)

g = E sin? (g/2) momentum transfer

of the scattered photon according to
the formula, multiplied by
F(q) (Hubbel's atomic factor) from data
library

The effect of scattering function becomes significant at low
energies in suppressing forward scattering

of the scattered photon and
the recoll electron also based on




B ealy polarized
“gamma. rays Compton

g Polar angle
f Azimuthal angle
e Polarization vector
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”;'.;-_Rayleigh scattering (coherent)

F(E,q)=[1+cos*(q)lsingk=(q) | e=es




Photoelectric effect

Integrated cross section (over the shells)
from

Shell from which the electron is emitted selected according to
the of the EPDL library

Direction of emitted electron = direction of incident photon

via the atomic relaxation sub-process
Initial vacancy + following chain of vacancies created

* Improved angular distribution in preparation




gconversion

The secondary e- and e* energies are sampled using
Cross sections with (screening)

e- and e* assumed to have symmetric angular distribution

Energy and polar angle sampled w.r.t. the incoming photon using
differential cross section

Azimuthal angle generated isotropically

Choice of which particle in the pair is e or e* Is made randomly _




: mass attenuation coefficient

All simulation results
lie with £ 3s w.r.t. the
corresponding  NIST
data (National Institute
of Standards and
Technologies)

Comparison against NIST data
photons in Iron

Fig. 2. DMass affenuation coefficient i iron as a function of the photon) |

mcident energy for the three sets of Geant4 models under test (circles:
Low Energy EPDL; squares: Low Energy Penelope; tniangles: Standard); the
contimous line interpolates NIST-XCOM reference data.




Photon transmission,

photon transmission , Al 1 micrometer photon transmission , Pb 1 micrometer

—— data
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of EEDL data
— 16 parameters for each atom

— At high energy the
parameterization reproduces the - standard
formula * lowenergy

— Precisionis~1.5% 0.02
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0.04

Systematic verification over Z 10 Gamma in Si from 100 keV e-

and energy planned
10 %

- standard

* lowenergy
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Three LowE generators available in GEANT4 6.0 release :

and

allows a correct treatment (< 500 keV)

Tungsten (W) - Z=74

¥* 2BS (k/T=0.3)

2 7,
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T
os |- / * 2BN (kT=0.3)
o
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¥ Electron 1onisation

based onbs Electron [onisation Losses in Water
parameters for each shell

solid line - standard

Precision of parameterization
IS better then 5% for 50 % of
shells, less accurate for the
remaining shells

dashed line - luwenergyl
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Work In progress to improve
the parameterization and the
performance




Electrons: range

Comparison against NIST data
electrons in Uranium

e Range in various simple and
composite materials
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« Compared to NIST database f? A
STD
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e All simulation results lie within —— data
+ 3s w.r.t. the corresponding e

Elactron energy (M)

NIST data

Fig. 7. Electron CSDA range in uranium as a function of the electron mcident
energy for the three sets of Geant4 models under test together with the NIST-
ESTAR reference data for the three sets of Geant4 models under test (circles:
Low Energy EEDL: squares: Low Energy Penelope; tnangles: Standard): the
continuous line interpolates NIST-ESTAR reference data.

The stopping power can be used to calculate the distance it takes to slow an electron down to a given energy. This
distance is called the continuous slowing down approximation range , or CSDA range, because the calculation
assumes that the electron slows down continuously from the initial energy E to the final energy.
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Entrics

o Exp.Data J,Phys.D,Appl.Phys Vol9,1976,p109
o Geant4 Low Energy simulation
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Energy of the transmilted electron




Backscattering low energies - Au

/
experimental data,
exhibit large dlff?




Hadrons




Hadrons and ions

, depending on
— energy range
— particle type
— charge

« Composition of models across the energy range, with
different approaches
— analytical
— based on data reviews + parameterizations

e Specialized models for

* Open to extension and evolution




Hadrons and ions

Physics models handled through abstract classes 1

Algorithms
encapsulated in
objects

Transparency of
physics, clearly
exposed to users

Interchangeable and transparent access to data sets




Positively charged hadrons : protons

Bethe-Bloch model of energy loss

5 parameterization models, based
on Ziegler and ICRU reviews

Free electron gas model

3 models of energy loss fluctuations

Density correction for high energy

Shell correction term for intermediate energy

Chemical effect for compounds

Nuclear stopping power (elastic Coulomb scatteri

PIXE included

Spin dependent term Ziegler and ICRU, Si Ziegler and ICRU, Fe

Barkas (+ vs -) and Bloch terms

Stopping power . _
Z dependence for various energies Straggling Nuclear stopping power
Ziegler and ICRU models




The precision of the
stopping power simulation
for protons In the energy

from 1 keV to 10 GeV is of
the order of a few per cent




Positively charged hadrons (Z>1)

, Bragg p., based on Ziegler and ICRU reviews

« Effective charge model (picks up e- in the medium)
* Nuclear stopping power (elastic Coulomb scattering with nuclei)

He Ionisation Parametrisation in GEANT4

Stopping Power (cV/ll)lSatoms/cmz)




Models for antiprotons

e« b>05 formula
e 0.01<b<0.5
e b<0.01 Free electron gas model




Atomic

relaxation




Atomic relaxation

The atomic relaxation can be triggered by other electromagnetic interactions
such as the or , which leave the atom in an

The Livermore contains data to
describe the relaxation of atoms back to neutrality after they are ionised.

The data in EADL includes the radiative and non-radiative transition
probabilities for each sub-shell of each element, for Z=1 to 100. The atom
has been ionised by a process that has caused an electron to be ejected
from an atom, leaving a vacancy or hole" in a given subshell. The EADL
data are then used to calculate the complete radiative and non-radiative
spectrum of X-rays and electrons emitted as the atom relaxes back to
neutrality.

Non-radiative de-excitation can occur via the (the initial and
secondary vacancies are in different shells) or
(transitions within the same shell).




bmic relaxation




Fluorescence

Experimental validation:
Microscopic validation: , in collaboration with

against ESA Advanced Concepts & Science
Payload Division

ESA Bepi Colombo mission to
Mercury Analysis of the

Fluorescent spectrum of elemental composition of
: Mercury crust through X-ray
Icelandic Basalt Spectroscopy

(“Mars-like”)

#$

6.5 keV photon beam, BESSY
Courtesy of A. Owens et al., ESA



Auger effect

Auger electron emission
from various materials




PIXE

New model based on experimental data
— Parameterisation of Paul & Sacher data library for

— Uses the EADL-based package of atomic de-excitation for the
generation of

Current implementation: protons, K-shell
Coming in future: protons, L-shell and a, K-shell

Example of p ionisation cross section, K shell
Geant4 parameterisation (solid line)
Experimental data

Induced X-ray line
emission :

indicator of target
e Geant3.2 composition

1 (~100 pm surface
ITS3.0, EGS4 layer)

Geant4

4

C, N, O emission lines
included




How to use the package ?

Photon processes
» Compton scattering (class G4LowEnergyCompton )
* Polarized Compton scattering (class G4LowEnergyPolarizedCompton )
* Rayleigh scattering (class G4LowEnergyRayleigh )
» Gamma conversion (also called pair production, class G4LowEnergyGammaConversion )
* Photo-electric effect (class G4LowEnergyPhotoElectric )

Electron processes
» Bremsstrahlung (class G4LowEnergyBremsstrahlung )
* lonisation and delta ray production (class G4LowEnergylonisation )

Hadron and ion processes
* lonisation and delta ray production (class G4hLowEnergylonisation )

The user should set the environment variable to the directory where he/she has copied the files.

are available for low energy electromagnetic processes for hadrons and ions in terms of public member functions of the
- SetHighEnergyForProtonParametrisation(G4double)
- SetLowEnergyForProtonParametrisation(G4double)
- SetHighEnergyForAntiProtonParametrisation(G4double)
- SetLowEnergyForAntiProtonParametrisation(G4double)
- Set StoppingPowerModel(const G4ParticleDefinition*,const
- Set StoppingPowerModel(const &)
- SetNuclearStoppingOn()
- SetNuclearStoppingOff()
- SetBarkasOn()
- SetBarkasOff()
- SetFluorescence(const G4bool)
- ActivateAugerElectronProduction(G4bool)
- SetCutForSecondaryPhotons(G4double)
- SetCutForSecondaryElectrons(G4double)
The available models for ElectronicStoppingPower and NuclearStoppingPower are documented in the

are available for low energy electromagnetic processes for electrons in the
- ActivateAuger(G4bool)
- SetCutForLowEnSecPhotons(G4double)
- SetCutForLowEnSecElectrons(G4double)

are available for low energy electromagnetic processes for electrons/positrons in the , that allow the use of alternative bremsstrahlung angular
generators:
- SetAngularGenerator(G4VBremAngularDistribution* distribution);
- SetAngularGenerator(const G4String& name);
Currently three angular generators are available: G4AModifiedTsai, 2BNGenerator and 2BSGenerator. G4ModifiedTsai is set by default, but it can be forced using the string “tsai". 2BNGenerator
and 2BSGenerator can be set using the strings "2bs" and "2bn". Information regarding conditions of use, performance and energy limits of different models are available in the
and in the Geant4 Low Energy Electromagnetic Physics Working Group

Other class are:
- SetCutForLowEnSecPhotons(G4double)




Example of low energy processes registration

if (particleName == "gamma") {
pmanager->AddDiscreteProcess(new G4LowEnergyCompton  );

G4LowEnergyPhotoElectric * LePeprocess = new  G4lLowEnergyPhotoElectric() ;
LePeprocess-> ActivateAuger(true) ;
LePeprocess-> SetCutForLowEnSecPhotons(0.250 * keV) ;

p h Oto ns LePeprocess-> SetCutForLowEnSecElectrons(0.250 * keV) |

pmanager->AddDiscreteProcess(LePeprocess);

pmanager->AddDiscreteProcess(new  G4LowEnergyGammaConversion() );
pmanager->AddDiscreteProcess(new  G4LowEnergyRayleigh() );
pmanager->AddProcess(new G4StepLimiter(), -1, -1, 3 );

} else if (particleName == "e-") {
pmanager->AddProcess(new G4MultipleScattering,-1, 1 ,1);

G4LowEnergylonisation * Leloprocess = new  G4LowEnergylonisation("IONI") ;
Leloprocess-> ActivateAuger(true) ;

Leloprocess-> SetCutForLowEnSecPhotons(0.1*keV)

Leloprocess-> SetCutForLowEnSecElectrons(0.1*keV)
pmanager->AddProcess(Leloprocess, -1, 2, 2);

G4LowEnergyBremsstrahlung * LeBrprocess = new G4LowEnergyBremsstrahlung() ;
pmanager->AddProcess(LeBrprocess, -1, -1, 3);
pmanager->AddProcess(new G4StepLimiter(), -1, -1, 3 );

} else if (particleName == "e+") {

pmanager->AddProcess(new G4MultipleScattering,-1, 1 ,1);
pmanager->AddProcess(new G4elonisation, -1, 2, 2);
pmanager->AddProcess(new G4eBremsstrahlung, -1,-1 ,3);
pmanager->AddProcess(new G4eplusAnnihilation, 0,-1  ,4);
pmanager->AddProcess(new G4StepLimiter(), -1, -1, 3 );

} else if( particleName == "mu+" ||
particleName == "mu-" ) {

} else if (('particle->IsShortLived()) &&
(particle->GetPDGCharge() != 0.0) &&
(particle->GetParticleName() != “chargedgeantino"))

pmanager->AddProcess(new G4MultipleScattering(),-1,  1,1);

G4hLowEnergylonisation* hLowEnergylonisation = new G4hLowEnergylonisation() ;
pmanager->AddProcess(hLowEnergylonisation,-1,2,2);

h ad rons hLowEnergylonisation-> SetElectronicStoppingPowerModel(particle," ICRU_R49H  e");
hLowEnergylonisation-> SetNuclearStoppingOn() ;
hLowEnergylonisation-> SetNuclearStoppingPowerModel("ICRU_R49")
hLowEnergylonisation-> SetFluorescence(true) ;
hLowEnergylonisation->ActivateAugerElectronProducti on(true);

pmanager->AddProcess(new G4StepLimiter(), -1, -1,3 ); }



Processes a la Penelope

Bremsstrahlung
* lonisation

Positron Annihilation

G4PenelopeAnnihilation
G4PenelopeBremsstrahlung
G4PenelopeCompton
G4PenelopeGammaConversion
G4Penelopelonisation
G4PenelopePhotoElectric
G4PenelopeRayleigh




Processes a la Penelope

The whole physics content of the

has been re-engineered into Geant4
(except for multiple scattering)

— processes for photons: release 5.2, for electrons: release 6.0

Analytical Physics models by F. Salvat et al.

Power of the OO technology:

— extending the software system is

— all processes obey to the same

— using new implementations in application code is

Profit of Geant4 advanced geometry modeling,
Interactive facilities etc.

— same physics as original Penelope




Validation of Geant4 physics models

Refer to following papers

Dby K. Amako, S. Guatelli, V. N. Ivanchenko, M. Maire, B. Mascialino, K.
Murakami, P. Nieminen, L. Pandola, S. Parlati, M. G. Pia, M. Piergentili, T.
Sasaki, L. Urban

by G. A. P. Cirrone et al.

The paper provides guidance to users to select the models most appropriate to
a given application




N IST T t Photon Mass Attenuation Coefficient
eS Photon Partial Interaction Coefficient
related to the cross section of a specific photon

interaction process

Electron CSDA* range and Stopping
Power

Proton CSDA range and Stopping Power
Alpha CSDA range and Stopping Power

Geant4 models : electrons and photons
Standard
Low Energy EEDL/EPDL

Elements Low Energy Penelope

Be, Al, Si, Fe, Ge, Ag, Cs, Au, Pb, U
(span the periodic element table)
Geant4 models : protons and a
Energy range L EStandaIr(c:IRU49
photon 1 keV — 100 GeV ] oW Energy
electron 10 keV — 1 GeV ow Energy Z!egler L2
Low Energy Ziegler 1985

proton 1 keV — 10 GeV :
a 1 keV — 1 GeV Low Energy Ziegler 2000

Simulation configuration reproducing NIST condition S

(ionisation potential, fluctuations, production of s econdaries etc.) _ _ .
* Continuous Slowing Down Approximation




In progress

e Extensions down to the

— In water (for radiobiology studies)

— In semiconductor materials (for radiation damage to
components)

e Difficult domain
— models must be

— Cross sections, final state generation, angular
distributions

http://www.ge.Infn.it/geant4/dna




Geant4-DNA : scope

Provide simulation capabilities to study the biolog ical effects
of radiation at multiple levels

Complexity of

already feasible with Geant4 software, physics and
calculation of organ dose biology

in progress : develop. useful associated tools
(ex. human analytical & voxel. phantoms) addressed with an iterative and
incremental software process

In progress : processes for cell survival
expected : cell geometries modelling

in progress : physics processes at the eV scale (direct effects)

expected : DNA modelling

expected : chemical processes for radical species production (indirect)
expected : DNA strand breaking, fragmentation (up to 10  ® s after irradiation)

 First phase in  2000-2001 : Collection of user requirements & first prototype S
Second phase in  2004-2008 : Software development & release
» Applications involve radiobiology, radiotherapy, spa ce radioprotection, grid ...




Where to find more information ?

http://www.ge.infn.it/geant4/lowE http://cern.ch/geant4

User guides

User’s Guide : For Application Developers Physics Reference Manual




Summary

OO technology provides the mechanism for a rich set of
electromagnetic physics models in Geant4

— further extensions and refinements are possible, without affecting
Geant4 kernel or user code

Two main approaches in Geant4

(Livermore Library / Penelope)

each one offering a variety of models for specialized applications

Extensive validation activity and results

More on and




Thank you for your attention !




