A\ ANSTO

’ Science. Ingenuity. Sustainability.

ANSTO Detection and Imaging

ANSTO Detection and Imaging

A CONDENSED OVERVIEW OF
SUB-GEV HADRONIC PHYSICS IN
GEANT4

JEREMY M. C. BROWN, DAVID
BOARDMAN AND ALISON FLYNN

11/08/2022

ADI-ERP-2022-002 Rev 3 Page 1 of 18




22 ANANSTO

’ Science. Ingenuity. Sustainability.

ANSTO Detection and Imaging

CONTENTS

1. EXECUTIVE SUMMARY 3
2. INTRODUCTION/BACKGROUND INFORMATION 3
3. A CONDENSED OVERVIEW OF SUB-GEV HADRONIC PHYSICS IN GEANT4 3
4. HADRONIC PHYSICS CROSS-SECTION DATA 3
4.1, Hadron-Nucleon Cross-Sections 3

4.2, Neutron-Nucleus Cross-Sections 4

4.3. Other Hadron-Nucleus Cross-Sections 4

4.4, Nucleus-Nucleus Cross-Sections 5

5.  INELASTIC HADRONIC PHYSICS PROCESSES/MODELS (SUB-GEV) 5
5.1. Intranuclear Cascade 6
5.1.1. Bertini 6

5.1.2. Binary Intranuclear Cascade (BIC) 7

5.1.3. Liége Intranuclear Cascade model (INCL++) 7

5.2. Precompound Model 8

5.3. Nuclear De-excitation 8
5.3.1. Nuclear Evaporation 8

5.3.2. Fission 9

5.3.3. Fermi-Break Up 10

5.3.4. Multi-Fragmentation 10

6. RADIOACTIVE DECAY 11
7. LOW ENERGY NEUTRON PHYSICS PROCESSES/MODELS (> 20 MEV) 11
7.1. Elastic Scattering 11

7.2. Radiative Capture 12

7.3. Fission 12

7.4. Inelastic Scattering 13

8. GAMMA-NUCLEAR AND LEPTO-NUCLEAR MODELS 13
8.1. Photonuclear 14

8.2. Electronuclear 15

9. REFERENCES 16
10. REVISION HISTORY 18

ADI-ERP-2022-002 Rev 3 Page 2 of 18




22 ANANSTO

’ Science. Ingenuity. Sustainability.

ANSTO Detection and Imaging

1. EXECUTIVE SUMMARY

This technical report provides a condensed overview of the underlying physics processes of transport,
interaction, and production of sub-GeV hadronic particles in Geant4. The report was developed and funded
under Project Arrangement 10256 in collaboration with the Defence Science and Technology Group of the
Australian Department of Defence. The material contained in this report provides a complementing resource to
the Geant4 Physics Reference Manual (G4PRM) for novice to intermediate user of the Monte Carlo toolkit. The
authors acknowledge that this condensed overview draws heavily on the past work of the Geant4 Collaboration
(G4Collab) and publications outlined in Section 9 (References).

2. INTRODUCTION/BACKGROUND INFORMATION

The Geant4 toolkit for the simulation of the passage of particles through matter is the result of a worldwide
collaboration that has spanned 25+ years [1]. Of the available Monte Carlo radiation transport modelling toolkits
Geant4 [2-5] is the most popular in use due to its flexible nature and wide array of different physics transport
models. However, this flexibility and extensive physics library comes at the cost of ease of use and transparency
in the underlying physics processes in use during radiation transport. This document aims to provide a
condensed overview of the underlying physics processes of transport, interaction, and production of sub-GeV
hadronic particles in Geant4.

3. A CONDENSED OVERVIEW OF SUB-GEV HADRONIC PHYSICS IN
GEANT4

Geant4 separates the majority of it’s physics processes into two primary classifications: electromagnetic and
hadronic. Electromagnetic (EM) physics processes refer to interaction processes between particles and bound
electrons/electronic atomic fields of atoms and materials. Whereas hadronic physics processes are defined to
loosely cover any reaction which can produce hadrons in its final state (i.e., neutrons, fission fragments, unstable
isotopes). Under this definition hadronic physics processes include purely hadronic interactions, lepton- and
gamma-induced nuclear reactions, and radioactive decay. The following outlines the available sub-GeV
hadronic physics cross-section datasets and models available in Geant4 version 10.7 via separation into 5 key
subtopics: 1) hadron physics cross-section data, 2) inelastic hadronic physics processes/models, 3) radioactive
decay, 4) low energy neutron (> 20 MeV) processes, and 5) gamma-nuclear and lepto-nuclear.

4. HADRONIC PHYSICS CROSS-SECTION DATA

Total, inelastic, and elastic cross-sections for hadron—nucleus, and nucleus—nucleus reactions are provided in
Geant4 which cover energies up to, and above, 1 GeV [4]. Coulomb cross-sections are implemented within EM
physics processes as single or multiple scatterings of charged patrticles, so the main Coulomb term is excluded
from hadron cross-sections. Ideally an interface between electromagnetic and strong amplitudes should be
implemented to account for hadronic physics cross-section data, but to date this has been ignored for the main
models [5].

4.1. HADRON-NUCLEON CROSS-SECTIONS

Hadron-nucleon cross-section datasets within Geant4 are based on parameterisations of the extensive cross-
sectional data tables collated by the “Particle Data Group” in PDG-2016 [6]. Both total and elastic cross-sections
are parameterised for protons, anti-protons, pions, and kaons. For positively charged projectiles a Coulomb
barrier factor is applied, whereas for negatively charged particles with kinetic energy less then 100 keV in the
laboratory frame the cross-section is set to a constant value. Hyperons, charmed and bottom mesons, and
baryons implement a scaling from proton and pion cross-sections.
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4.2.NEUTRON-NUCLEUS CROSS-SECTIONS

Neutron cross-section data for elastic, inelastic, capture, and fission processes below 20 MeV are available
within the HP models which were derived from the Evaluated Nuclear Structure Data File (ENDF/B-VI) evaluated
data library [7]. A parallel set of neutron cross-sections optimised for fast access, with lower accuracy sub-20
MeV and a larger energy range, for all target nuclei is contained in the GAPARTICLEXS2.1 based on
Barashenkov cross-section interpolations [8, 9].This data set is used for neutron cross-sections in the default
and majority of other reference Physics Lists.

Both neutron cross-section datasets are treated as point-wise cross-sections [5]. This has been done to increase
computational efficiency and explicitly include all neutron nuclear resonances in the form of point-like cross-
sections (rather than in the form of parametrisations). Through this approach the effective error due to linear
interpolation between adjacent data points is smaller than a few percent. In the case of fission and inelastic
scattering, point-wise semi-inclusive cross-sections are also used in order to decide on the active channel for
an individual interaction.

4.3.0THER HADRON-NUCLEUS CROSS-SECTIONS

For sub-GeV protons and pions a special combination of cross-sections from the Barashenkov interpolations is
implemented in Geant4 [8, 9]. This approach has been shown to be both computationally efficient, and accurate
with respect to available experimental data for various target nuclei [4, 5]. For all other sub-GeV hadrons and
ions, Geant4 implements a cross-section data set based on Gribovs corrected Galuber model. The simplified
Glauber model cross-sections assume a Gaussian-distributed nucleus A composed of point-like nucleons N,
that for an incident hadron/ion h [10, 11]:

Ao’ Ao’
o4, = 2MR(A)In[L + 722), ol = mR(A)In[1 + Aoy,

hA _ _hA hA
O¢i = Otot — Oip

where R(A) is the radius of the nucleus, and o4, o4, and ¢’ are the total, incoherent and elastic cross-
sections respectively. This approach reduces the number of free parameters down to two fundamental values:
the nucleus radius (R(A)) and sum of total nucleon cross-sections for a given hadron/ion (Ac). When possible
PDG-2016 [6] and parameterising datasets are used for Ao, otherwise the sum of total nucleon cross-sections
for a given hadron/ion is calculated by:

AN _
Aoty = N, omt + N,o/%

where N, is the number of protons, N, is the number of neutrons, o/?_is the total cross-section of an individual

proton, and oM is the total cross-section of an individual neutron. For the nuclear radius R(A), it is parameterised
for A< 50 as:

R(A) = f(A)(AY? — A7'7)

with f(A) = 1.26 fm for A < 15, f(A) = 1.19 fm for 16 < A < 20, f(A) = 1.12 fm for 21 < A< 30, and , f(A) = 1.1 fm
for 31 < A <50 [5]. And when A > 50:

R(A) = f(A)(A4**)

with f(A) = 1.0 fm [5].
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4.4 NUCLEUS-NUCLEUS CROSS-SECTIONS

For the simulation of nucleus-nucleus interactions, it is important to separate the potential cross-sections in
three different categories to maximise computational efficiency: total cross-section (o), elastic cross-section
(o.), and inelastic (or total reaction) cross-section (o;,). Because nuclei are charged, the total and elastic cross-
sections can be considered infinite due to Coulomb interactions [5]. However, both these cross-sections are
effectively limited due to the impact of atomic screening between the two nuclei associated with either partially
or full occupied atomic orbitals. This interaction between the incident nuclei and atomic electrons leads to a
small-angle scattering which can be ignored in a first approximation for hadronic processes (see EM physics
models for ion transport in [5]). Thus, inelastic (or total reaction) cross-sections are the most important ones as
they have the most significant impact for hadronic physics interactions [4].

Above 1 GeV the electromagnetic dissociation (EMD) between nuclei becomes dominant, especially for the
collisions of heavy nuclei. At low and intermediate energies EMD does not play an essential role, while the
nuclear break-up and multi-particle productions dominate. From geometrical arguments, at low energies the
total reaction cross-sections of a projectile-target system is proportional to the area "seen" by the projectile [12-
14].

1/3 | ,1/3
Opt = TTg (Ap/ + At/ — by)?

where A, and A, are the mass numbers of the projectile and the target respectively, b, is the overlap or
transparency parameter, and r, is the constant of proportionality in the expression for the geometrical nuclear
radius r; = r0A1/3. Within the low energy range b, and r, can be considered energy independent. In order to

i
extend the parameterization to the intermediate energy range, effects related to the Coulomb barrier of the
projectile-target system need to be accounted for:

Opt = T[Riznt(l — B/Ecus)
where R;,; is composed of two parametrised terms, one energy dependent and one independent, B =

Z,Ze*[rc (A;,/ 4 Ai/ 3) is the Coulomb barrier of the projectile—target system, and E,s is centre-of-mass system
energy [4]. Shen’s parameterizations [15] are implemented within all Geant4 reference physics lists.

5. INELASTIC HADRONIC PHYSICS PROCESSES/MODELS (SUB-GEV)

Inelastic hadronic interactions of particles within Geant4 are some of the most complicated processes that the
toolkit supports. Below the sub-GeV energy range, it is not possible for a single model to describe all the physics
encountered in a simulation. A typical sequence of reactions may begin with a high energy hadron—nucleon
collision within a nucleus, followed by the propagation of the secondaries of the collision through the nuclear
medium, followed by the de-excitation of the remnant nucleus and its evaporation of particles until it reaches
the ground state. If any “semi-stable” daughter radionuclide exists, their lifetime is sampled and then their decay
products are propagated throughout the defined environment. The following will outline the relevant processes
and major physics models for this sequence of reactions in the sub-GeV energy range that is presented in
Figure 1.
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Figure 1. Hadronic physics inelastic interaction workflow

5.1.INTRANUCLEAR CASCADE

Three major intranuclear cascade models are offered in Geant4: Bertini, Binary Intranuclear Cascade (BIC) and
INCL++. The following provides an overview of each and outline their connection to the next step in the
sequence of reactions.

5.1.1. BERTINI

The Bertini intranuclear cascade model is valid for p, n, 1, K, A, £, =, Q and y projectiles with incident energies
between 0 and 15 GeV [16]. Itis also valid for captured p— and £-, and cascades initiated by high energy muons
and electrons. Although this model has its own precompound and deexcitation code, an option exists to
implement the native Geant4 precompound and deexcitation modules.

At the core of the Geant4 Bertini model is the concept of the intranuclear cascade of hadrons and nucleons
produced through a series of interactions within the nucleus. It is essentially a classical model solving on
average the Boltzmann equation for the transport of a particle through a “gas” of nucleons. The nuclear medium
may be considered as a gas if the effective nucleon size is small and there are few collisions [5, 16].

To account for the continuously changing density distribution of nuclear matter within a nucleus, the Bertini
model approximates the target nucleus as a set of concentric shells of constant density (maximum of six shells)
[5, 16]. A cascade is generated when an incident particle interacts with individual protons and/or neutrons in the
nucleus, producing a number of different secondary particles. These secondaries can then interact with other
protons and neutrons to produce further secondary particles with energies consistent with the individual
interactions. Every secondary is propagated through the nucleus, interacting in turn until the last secondaries
either escape the nucleus or stop and are absorbed. At this point the residual nucleus is de-excited using the
pre-equilibrium and evaporation models. Clusters of nucleons within the initial nucleus are not generally
considered, except in the case of pion absorption which requires dinucleons [5, 16].

When all cascade particles have either left or been trapped in the nucleus, the Bertini built-in or native Geant4
nuclear deexcitation codes take over. There is no specific energy at which this occurs, but it corresponds roughly
to a system (not a secondary) energy of 200 MeV [16].

Secondaries from the cascade with energies below the nuclear potential are trapped or stopped in the nucleus.
These patrticles are not placed in the final state particle list but are eventually decayed or recombined with the
nucleus in the pre-equilibrium phase [5, 16]. The particles destined to recombine from a collection of particle—
hole states are described by the Griffin exciton model [17, 18]. These states subsequently deexcite using
parameterized level densities which are functions of Z and A. Particle emission from this process is assumed to
be isotropic in the rest frame of the exciton system.
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Following this stage, the nucleus is further de-excited by Fermi breakup for nuclei with A < 12 (see below for
more detail on the Fermi breakup model). All other nuclei undergo equilibrium evaporation via the Dostrovsky
et al.’s [19, 20] implementation of the Weisskopf statistical model [21]. For some heavy nuclei (A > 100) fission
may be performed [5, 16]. The relative probabilities of the evaporation of nucleons, light ions (d, 3He, t, a), and
fission are used to implement competition between these processes as highlighted in the “Nuclear De-excitation”
phase of Figure 1.

5.1.2. BINARY INTRANUCLEAR CASCADE (BIC)

The Binary Intranuclear Cascade model (BIC) simulates p and n-induced cascades below 10 GeV through the
propagation of primary nucleons and all secondary particles within a nucleus. It is also capable of simulating -
induced cascades below 1.3 GeV [4]. BIC is based on a detailed 3-dimensional model of the nucleus and
exclusively binary scattering between reaction participants and nucleons within the nucleus, making it a hybrid
approach that combines both a classical cascade and quantum molecular dynamic (QMD) formalisms [22].

The nucleus is modelled by explicitly positioning nucleons in space and assighing momenta to these nucleons.
Each participating nucleon is described as a Gaussian wave package in time, space, and the nucleon’s position
in configuration and momentum. The total wave function of this system is assumed to be the direct product of
the wave functions of the participating nucleons and hadrons. Participating means that they are either primary
particles or have been generated/scattered in the process of the cascade [22].

Unlike in QMD where the Hamiltonian can be looked at as self-generating from the system configuration, the
Hamiltonian within BIC is calculated from simple, time-independent optical potentials. In addition, only
participating hadrons are propagated while nucleons in the nuclear model that are not participating in binary
reactions are simply viewed as a representative nucleon configuration. This approach is consistent with the
nuclear density distributions, Pauli’s exclusion principle, and the total nuclear mass [5, 22].

Propagating particles in the nuclear field is done by numerically solving the equations of motion, using time-
independent fields derived from optical potentials. The cascade begins with a projectile and the nuclear
description, which terminates when the average energy of all participants within the nuclear boundaries are
below a given threshold (approximately > 70 MeV) [22]. The residual participants and the nucleus in its current
state are then used to define the initial state of the precompound and nuclear de-excitation models. Unlike the
Bertini intranuclear cascade model, BIC does not have its own exclusive precompound and evaporation model
sets [5]. BIC instead directly flows into the native precompound, evaporation, and nuclear deexcitation modules
of Geant4 that are described below.

5.1.3. LIEGE INTRANUCLEAR CASCADE MODEL (INCL++)

The Liége Intranuclear Cascade model (INCL++) is a time-like intranuclear cascade model for nucleons and
pions that supports interactions of light ions up to A=18 [5, 23]. In pre-collision state, all nucleons within the
target nucleus are given position and momentum at random in agreement with Saxon-Woods and Fermi sphere
distributions [24, 25]. Both protons and neutrons are moving in a constant potential well describing the nuclear
mean field.

At the initial interaction stage the incident particle is given an appropriate energy and impact parameter at
random. All nucleons are then set into motion and followed in spacetime. The cascade process involves binary
collisions between nucleons, and produced pions, and delta resonances. Particles can be transmitted through
or reflected off the surface of the square-well nuclear potentials. Further details on the computational
implementations of collision calculations, Pauli blocking, etc., may be found in [23-25]. In the interaction stage
the stopping time of the cascade is parametrised (in fm/c) by:

tseop = 29.84%16

with Ar being the mass number of the target. At the beginning of the cascade process, the incident particle/ion
is located with its own impact parameter on the surface of the “working sphere” that is centred on the target with
a radius:

Rmax = RO + 8a
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where Ro and a are the radius and the diffuseness of the target nucleus density [25]. Particles move in straight-
line trajectories between collisions inside the working sphere and are divided into two classifications: participants
and spectators. During the defined “stopping time frame”, nucleons are constantly moving within each nuclear
potential-well with constant depth and a radius which is dependent upon their momentum [24, 25]. If the energy,
and in turn the radius, of a given particle exceeds the Fermi energy for that specific nuclear potential-well it is
set to equal Rmax. Participants that leave the working sphere are classified as ejectiles and do not interact
anymore, with each cascade ending when either all ejectiles have left the system or “stopping time” is exceeded
[24, 25].

INCL++ uses the Geant4 native nuclear deexcitation processes immediately after the cascade stage (it does
not include an intermediate pre-equilibrium step) [5]. Alternatively, the ABLA++ model can be used instead by
employing the technique outlined in the Geant4 Application Developer Guide (Section “Hadronic Interactions”).

5.2.PRECOMPOUND MODEL

The native Geant4 precompound/pre-equilibrium model is considered as an extension to the intranuclear
cascade models [4, 5]. It extends the low energy range of the intranuclear cascade models for nucleon-nucleus
inelastic collision to provide a “smooth” transition from kinetic stage to the equilibrium stage that feeds into the
nuclear deexcitation models. During this time, internal transitions of the pre-compound nuclear system compete
with nucleon and light ion cluster emissions [5].

The initial information for calculation of pre-compound nuclear stage consists of the atomic mass number A,
charge Z of residual nucleus, its four momentum Py, excitation energy U, and the number of excitons n. Here n
is equal to the sum of the number of particles p (from them p, are charged) and number of holes h [5]. Through
a modified implementation of the Gudima et al.’s semi-classical exciton model [26], with additional corrections
outlined [27] and [28], all possible nuclear transitions for the number of excitons n with An = +2,-2, 0, are taken
into account for emissions of gammas, neutrons, protons, deuterons, tritium and helium nuclei. The passage to
the state of statistical equilibrium, which happens when the transition probabilities for increasing and decreasing
the exciton number become approximately equal (equilibrium condition), is roughly characterised by an
equilibrium number of excitons Neg.

At the end of the pre-equilibrium stage, the residual nucleus is left in an “equilibrium state” where the excitation
energy is shared by the entire nuclear system [5]. This equilibrated compound nucleus is characterised by its
mass, charge and excitation energy with no further memory of the steps which led to its formation, enabling it
to be input into the Geant4 nuclear deexcitation models.

5.3.NUCLEAR DE-EXCITATION

The final de-excitation of a nucleus generated during an intranuclear cascade to a thermalised state can be
simulated with several semi-classical models which are responsible for sampling a multiplicity of internal-
conversion electrons, neutrons, protons, light ions, isotopes, and photons. Geant4 implements four predominate
nuclear de-excitation processes within its reference Physics Lists: evaporation, fission, Fermi-break up, and
multi-fragmentation. Through the de-excitation process these four models compete, and in many cases link,
with one another until the system reaches a “semi-stable” nuclear state.

5.3.1. NUCLEAR EVAPORATION

At the end of the pre-equilibrium stage, or a thermalising process, the residual nucleus can arrive to an
equilibrium state for which the excitation energy E* is shared between many nucleons. Within Geant4, the
emission of particles from such an excited compound nucleus can be modelled as the evaporation of molecules
from a fluid via Weisskopf and Ewing’s statistical compound nuclear decay formalism [29].

Weisskopf formalism implements a detailed balance principle that relates nuclear transition probabilities from
state i to d, and vice versa, through the density of states in each of the two systems:

PiLap(@) = Pyoip(d)

ADI-ERP-2022-002 Rev 3 Page 8 of 18




Australian Government \ l \ N S I O

’ Science. Ingenuity. Sustainability.

ANSTO Detection and Imaging

where P;_,, is the probability per unit of time of nucleus d capturing particle j to form compound nucleus i which
is proportional to the compound nucleus cross-section o;,,, [5, 29]. Based on this assumption, the probability
that a parent nucleus i with an excitation energy E* emits particle j with kinetic energy e in its ground state can
be written:
Pa (Emax - 6)
Pi(e)de = g;o; —————«€d
](e) € g]o-lnil(e) pl(E*) €ae

where p;(E*) is the level density of the evaporating nucleus, p;(Enq.x — €) IS the level density of the daughter
(residual) nucleus after emission of a fragment j, E,,.,, is the maximum energy kinetic energy of the ejectile, and

_ mj(25j+1)

gi oy given by the spin (s;) and the mass (m;) of the ejectile [5, 29].

The last step of an evaporation cascade consists of the evaporation of photons. Photon evaporation may be
simulated as a continuum gamma transition using a dipole approximation or via discrete gamma transitions
using an valuated database of nuclear gamma transitions (ENSDF) [30]. The competition between photons and
fragments, as well as giant resonance photons, is neglected at this step. Geant4 considers the discrete EO, E1,
M1, E2, M2, E3, M3 (including possible mixing) photon transitions from tabulated isotopes. Angular-correlated
gamma-emission can be performed (if enabled by the user). The list of isotopes included in the photon
evaporation database extends up to A=294, with highest atomic number Z=117 [5]. This database contains
experimentally measured excited level energies, spins, parities and relative transitions probabilities. This
information is uploaded for Geant4’s data libraries on the fly when an excited state is first created during
simulation run time.

Float level transition information is also included in ENSDF for a select number of isotopes [30]. This enables
the simulation of discrete photon evaporation between floating states of the same floating band. When the
lowest floating state of a band is reached the nucleus is set to its ground state [5].

5.3.2. FISSION

The GEANT4 fission model can predict final excited fragments as a result of an excited nucleus, with atomic
number A = 65, via either symmetric or asymmetric fission. Based on the Bohr and Wheeler theory of fission
[31], this model requires that the initial atomic mass number A, charge Z of excited nucleus, its four momentum
Po and excitation energy E* of the mother nuclei be known to simulate the fission decay. Within this model the
fission probability (per unit time) Wis is proportional to the nucleon pairing corrected nuclear level density pz;(T)
[5, 32] at the saddle point:
1 E*_Bfis ( )
fis Zthfis(E*) 0 pflS fis

1+ (¢ — 1) exp(Cp)

4may;s exp(2vaE*)

Where B is the fission barrier height, C; = 2 /aﬁs(E* - Bﬁs), and a and ass are the level density

parameters of the compound and fission saddle point nuclei respectively [5]. At the saddle point ass > a with:
e ajs = 1.08a for Z < 85,
e ajs = a[1.04+0.01(89-Z)] for 85 <Z < 89, and
e asis=1.04aZ = 89.
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5.3.3. FERMI-BREAK UP

For a light nucleus with mass number A and charge Z even a relatively small excitation energy may be
comparable to its binding energy. In this case it can be assumed that the preferred principal mechanism of de-
excitation is the explosive decay of the excited nucleus into several smaller clusters [33]. To describe this
process Geant4 implements an updated version of the Femi break-up model applicable to excited nuclei of A <
17 and Z < 9 [4, 5, 34]. This model considers all possible break-up channels which satisfy the mass number,
charge, energy and momenta conservations, and considers the competition between these channels. Recently
nuclear level energies with this model were changed to match those with in the gamma evaporation database

[5].

Within the Geant4 Fermi-break up model a channel will be allowed for decay if the total kinetic energy Exin of all
fragments of the given channel at the moment of break-up is positive. This energy can be calculated according
to:

n
Exin =U +M(A,Z) — E¢coy — Z(mb + €p)
b=1

where U the is primary fragment excitation of mass M(A,Z), m, and €, are masses and excitation energies of
fragments, and E,,, is the Coulomb barrier for a given channel. Here:

Be2 (VN[ 72 O 72
o = 57 (147;) <A—/—ZA—/)

Where V, = 4ntr$ A/3 is the volume of the system corresponding to the normal nuclear matter density for r, =
1.3fm, and V1= 6 is a free parameter of the current Geant4 model [5, 33]. With the total number of possible
0

break-up channels for an excited nucleus known, it’s total probability to break-up into n components (nucleons,
deuterons, tritons, alphas etc) can be determined by:

W(E,n) = (V/Q"  pn(E)

where p,, (E) is the density of a number of final states, and Q = (2wh)? is the normalisation volume. Here p,, (E)
is dependent on three different factors: phase space, spin, and the permutation of components in the system’s
final state [5].

5.3.4. MULTI-FRAGMENTATION

The multi-fragmentation model is responsible for explosive break-up of heavier hot nuclei (Z>8, A>16, and
excitation energy E>3 MeV/u) [35]. It assumes that an equilibrium between produced fragments is achieved
through low-density freeze-out during the expansion phase (i.e. masses and charges of primary fragments are
set at the end of this phase). These fragments are then able to interact with other nuclear species through
Coulomb and nuclear mean fields during the propagation phase [33]. These interactions can result in their
energies and densities being potentially altered. The advantage of the multi-fragmentation model is that all
break-up channels of nucleons and excited fragments are considered within the same statistical framework,
including the channel corresponding to the formation of a compound nucleus [33]. This enables for a smooth
transition between nuclear de-excitation models dependent on the resultant compound nucleus’ excitation
energy [5].

In the microcanonical treatment the mass A, charge Z, momentum Py and energy U of the nuclear system are
fixed [33, 36]. It also assumes that the primary fragments are formed in the expanded volume V > Vy, where Vq
is the volume at normal nuclear density p, = 0.15fm™3. The probability of a breakup channel b of the nuclear
system is given by [5, 35]:

exp[S, (U, A, Z)]

Wy (U, A, Z) = 2y explSy(U,4,2)]
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where S, (U, 4, Z) is the entropy of a multi-fragment state corresponding to the breakup channel b. The channels
b are parametrised relative to their set of fragment multiplicities Najsz, for each fragment with atomic number As

and charge Z:. This requires that all partitions b have constraints on the total mass and charge of the nuclear
system:

ZfNAf,ZfAf = A and ZfNAf,Zfo = Z .

For a detailed review on the “Statistical multifragmentation of nuclei” see [35].

6. RADIOACTIVE DECAY

The native Geant4 radioactive decay process and model handles a, 3—, B+, isomeric transition (IT), and electron
capture (EC) decays which can be applied to generic ions both in flight and at rest. The simulation model
depends on data taken from the Evaluated Nuclear Structure Data File (ENSDF) [30] which provides information
on:

¢ nuclear half-lives,
e nuclear level structure for the parent or daughter nuclide,
e decay branching ratios, and
e the energy of the decay process.
Two major points should be known about the native Geant4 radioactive decay model:
1. Updates to the ENSDF dataset are implemented with every minor Geant4 release (1X.0X), and

2. When daughter nuclei are excited isomers their prompt nuclear de-excitation is treated using Geant4’s
Photon Evaporation processes (see Nuclear De-excitation) [5].

7. LOW ENERGY NEUTRON PHYSICS PROCESSES/MODELS (> 20 MEV)

As outlined in Section “Hadronic Physics Cross-Section Data”, Geant4 possess a set of dedicated low energy
neutron physics processes/models (sub 20 MeV) to simulate the transport of neutrons based on the ENDF/B-
VI evaluated data library [7]. These low energy neutron transport processes within Geant4, known as
NeutronHP, are split into four separate models: elastic scattering, radiative capture, fission, and inelastic
scattering. It should be note that all of these models are “data-driven” and are based on a combination of
experimental or evaluated datasets.

7.1.ELASTIC SCATTERING

The NeutronHP elastic scattering model samples the final system state from normalised differential scattering
cross-sections contained in ENDF/B-VI [7]. Depending on the target nuclei this data is tabulated in one of two
ways for elastic scattering ENDF/B-VI. The first tabulated dataset is based on linearly interpretable differential
cross-sections that are dependent on the cosine of the neutron scattering angle 6 and incident kinetic energy E:
do do( 0.E)

FTOR IO

These tabulations are normalised by ¢/(27) to ensure that the integral of the differential cross-sections with
respect to scattering angle yields unity [5]. The second tabulated normalised cross-sectional dataset is
represented as a series of Legendre polynomials P;(cos 6), with the Legendre coefficients a, tabulated as a
function of the incident neutron kinetic energy E:

2n_do eE)—iZZH
oB)an T L

a;(E)P;(cos ©)

This mixed tabulation style of ENDF/B-VI can be attributed to the fact that it was created using multiple different
experimental and evaluated datasets from over 20 different labs across the globe [7].
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7.2.RADIATIVE CAPTURE

The photon yields (gamma-rays) from the NeutronHP radiative capture model’s final system state is sampled
from two tabulated datasets: 1) photon multiplicities, and 2) photon production cross-sections. These nuclei
specific tabulated datasets are composed of sub-datasets that contain the discrete and continuous contributions
to the emitted photon energy spectra, and their respective angular distributions from ENDF/B-VI.

For a given target nuclei and neutron of incident energy E, the discrete photon energy (E,) contributions to the
emitted photon energy spectra is sampled in a step by step cascade transition manner based on their respective
branching probabilities (i.e. identical to the atomic deexcitation process in Geant4) [5, 37]. In the case of the
continuum contribution, the normalised emission probability f of a photon with energy E, is sampled from the
weighted sum of normalised distributions g:

FE~E) =) nEg(E - F)

where pi is a function weighted on incident neutron energy. Finally, each emitted photons angular distribution is
sampled from either their respective linear interpretable differential cross-sections or Legendre coefficient
values in an identical manner to the NeutronHP elastic scattering model [5].

7.3.FISSION

The NeutronHP neutron induced fission model is capable of simulating first chance, second chance, third
chance and fourth chance fission. The final system state daughter nuclei and neutron yields for a given target
nuclide undergoing fission through one of these four different interaction channels are tabulated as a function
of both incoming and outgoing neutron energy. Angular distributions of outgoing daughter nuclei and neutrons
are tabulated in the same manner as the NeutronHP elastic scattering: either linear interpretable differential
cross-sections or Legendre coefficient values. If ENDF/B-VI lacks the required angular emission data for a given
target nuclei, the angular distribution of outgoing daughter nuclei and/or neutrons are simulated as an isotropic
source from the systems centre of mass [5]. Further transport modelling of generated “semi-stable” daughter
nuclei is handed over to the other hadronic physics processes discussed above.

Six different approaches based on the tabulated datasets which exist within ENDF/B-VI are used to sample the
emitted energy spectra of daughter nuclei and neutrons dependent on the target nuclei [7]. The first approach
samples the energy distribution of fission neutrons as a normalised function of the incoming and outgoing
neutron energy from available tabulated experimental data contained in ENDF/B-VI. This data-driven approach
has been shown to yield high precision results, but due to its nature is not available for all potential combinations
of incident neutron energy, target nuclei and fission channel. The next three approaches are based on
tabulations of different “evaporation” spectra approaches. These are the “general evaporation spectrum”:

f(E > E) = f(E'/0(E))

“Maxwell spectrum”:

FE > B o |(E) exp (E/0®))
and the “evaporation spectrum”:
f(E > E") <E exp (f(E'/O(E))

were E is the energy of the incident neutron, E’ is the energy of a fission neutron, and O(E) is effective
temperature used to characterise the secondary neutron energy distribution. For all three “evaporation spectra”
approaches the effective temperature and the functional behaviour of the energy distribution are taken from
evaluated datasets contained in ENDF/B-VI [7].

The last two approaches are the energy dependent Watt spectrum [38], and the Madland Nix spectrum [39].
For the energy dependent Watt spectrum approach, the fission neutron energy distribution is sampled from:

f(E—>E")x exp(—E’/a(E))sinhw/b(E)E’

were both a(E) and b(E) are tabulated as function of incident neutron energy. In the case of the Madland Nix
spectrum approach, the fission neutron energy distribution is sampled from:
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fE = E") =1/2[g(E"(K)) + g(E',(Kp))]

where:
1
9" (K = NG [/ Ey (up) — ul?Ey (u) +v(3/2,u5) — v(3/2,wy)],
u (E', (K)) = @, and
w8, () = L)

Here K is the kinetic energy of light fragments, Ky the kinetic energy of heavy fragments, E;(v;) is the exponential
integral, and y(3/2,u;) is the incomplete gamma function. Mean kinetic energies for light ((K;)) and heavy
({Ky)) fragments are assumed to be energy independent, with their values and the incident neutron energy
effective temperature 0 of the system sampled from ENDF/B-VI [5, 7].

Finally, any accompanying fission photons emitted during the neutron induced fission process are modelled in
similar fashion to those from neutron capture. The emission yields and energies of these fission photons are
sampled from evaluated data if available, then the nuclear excitation levels and transition probabilities of
ENDF/B-VI [5, 7].

7.4.INELASTIC SCATTERING

NeutronHP inelastic scattering in Geant4 consists of an array of data driven models that encompasses the
following incoherent neutron scattering reactions off a target nuclei A: (n,ny) [discrete and continuous y], (n,np),
(n,td), (n,nt), (n,n3He), (n, na), (n,nd2a), (n,nt2a), (n,n2p), (n,n2a), (n,npa), (n,n3a), (n,2n), (n,2np), (n,2nd),
(n,2na), (n,2n2a), (n,nX), (n,3n), (n,3np), (n,3na), (n,4n), (n,p), (n,pd), (n,pa), (n,2pd), (n,da), (n,d2«), (n,dt),
(n,b), (n,t2a), (n,3He), (n,a), (n,2a), and (n,3a). Emitted photons (y) during these inelastic scattering interactions
are modelled in an identical manner to those from NeutronHP radiative capture.

When supporting data is present in ENDF/B-VI these data driven models will sample their final system states
from isotropic emission, discrete two-body kinematics, N-body phase-space distribution, continuum energy-
angle distributions, and continuum angle-energy distributions in the laboratory system tabulations. Otherwise
the angular and energy distribution sampling of the final system state products follow a similar process to
NeutronHP fusion, with the exception that only the arbitrary tabulation of secondary energies from ENDF/B-VI
are utilised [5, 7]. For these instances, if relevant tabulated data is available in ENDF/B-VI, the energy and
angular correlated production cross-section for reaction product K can be written:

ox(E,E',cos0) = o(E)Yx(E)p(E,E', cos )

where Y, (E) is the product multiplicity, o(E) is the inelastic cross-section, p(E, E’, cos 8) energy and angular
depended scattering distribution, and the system is assumed to be azimuthally symmetrical [5]. Of the
NeutronHP model set inelastic scattering is the most dependent on the experimental or evaluated datasets
contained in ENDF/B-VI, and therefore their accuracy is directly proportional to the available datasets with in
ENDF/B-VI.

8. GAMMA-NUCLEAR AND LEPTO-NUCLEAR MODELS

Gamma-nuclear and lepto-nuclear reactions are handled in GEANT4 as hybrid processes which typically require
both electromagnetic and hadronic models for their implementation. The following focuses on photonuclear and
electronuclear which are required to describe neutron backgrounds and activation in linear colliders. Description
of muon-nuclear processes is not covered in this review as their hadronic processes do not become relevant
until 10 GeV (see chapter 11 of the Geant4 Physics Reference Manual [5]).
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8.1. PHOTONUCLEAR

The photonuclear cross-sections in Geant4 are based on parameterisations that cover all incident photon
energies from hadron production threshold upwards [5]. These parameterisations in the sub-GeV energy range
can be divided into four energy domains each with their own dominate physical process: Giant Dipole
Resonance (GDR) region (< 30 MeV), “quasi-deuteron” region (30 MeV to 150 MeV), A isobar region (150 MeV
to 450 MeV), and Roper resonance region (450 MeV to 1.2 GeV). Within Geant4 version 10.7, these
parameterisations are based on tabulated data of 14 primary nuclei: *H, 2H, “He, SLi, “Li, °Be, 12C, 160, 27Al,
40Ca, Cu, Sn, Pb, and U. The resultant interpolated parameterisations for each energy domain are functions of
the target nuclei Aand e = log(Ey), where E, is the incident gamma ray energy [40]. Note that for specific target
nuclei addition cross-section data exists that can also be sampled, with about 50 nuclei in total being available
over the sub-GeV energy range in Geant4 version 10.7 [5].

In the GDR region (< 30 MeV), the parameterised photonuclear cross-section can be described as the sum of
two peaks:

opr(e) = th(e, by, s;) - exp(c; —py - €) + th(e, by, sy) - exp(c; —p, - €)

where the exponential terms represent the falling edge of each resonance peak that is known to have a power
law like structure. The nuclear-barrier reflection, and effective resonance threshold, of each resonance peak is
represented with:

1
th(e, b;,s;) = W
Si
where p; and p; parametrised such that:

p.=1, p2 =2 for A<4

p1 =2, p2 =4 for 4<A<8

p1 =3, p2 =6 for 8<A=<12
p1=4, p2=8for A=12

with b, ¢i and s; parameterise for a given target nuclei A [5, 40].
For the “quasi-deuteron” region (30 MeV to 150 MeV):
v
1+w-(e—u)?
In the case of 'H and 2H, the quasi-deuteron contribution is almost zero and their parameters are adjusted to

use their third baryonic resonance cross-sections [40]. The following outlines the relationship of these
parameters as a function of the target nuclei A:

O-QD (e; v,w, u) =

_ exp(=1.7+a-0.84)

¢ " 1+exp(7-(2.38-a))

where a = log(A) (with v =0.078 for 1H, and v = 0.08 for 2H), and
e u=3.7andw=0.4which is set to be static due to the lack of experimental data to determine their target
nuclei A dependence (with u = 6.93 and w = 90 for both H and 2H)

Parameterisation of the A isobar region (150 MeV to 450 MeV) is similar to that of the quasi-deuteron
contribution with the addition of the threshold function th:

d-th(e, f,9)

oaled fom® =TT 2

where d is an overall normalisation factor, g can be interpreted as the energy of the A isobar, and r the inverse
A width. The following outlines the relationship of these parameters as a function of the target nuclei A:

e d=0.41-A(i.e. o, is proportional to A) with special case *H = 0.55 and °H = 0.88,
e f=5.13-0.00075 - A,

ADI-ERP-2022-002 Rev 3 Page 14 of 18




Australian Government \ l \ N S I O

’ Science. Ingenuity. Sustainability.

ANSTO Detection and Imaging

e g=0.09forA 27 and0.04 forA<7,

0.09
140.003-42 '

e r1=11.9-1.24-log(A) (with r=18.0 for H) [40].

The Roper resonance region cross-section (450 MeV to 1.2 GeV) was parameterised in the same form as the
guasi-deuteron contribution:

e (=584- and

u

orr e v ) = e —w?

where a = log(A) and the parameter values are:
e v =cexp(a-0.84—2) (with v=0.22 for 1H and v = 0.34 for 2H),
e u = 646 + a-0.061 (with u=6.57 for *H and ?H), and
e w = 0.1+ a -1.65 (with w =20 for *H and w = 15 for 2H).

Finally, it should be noted that with the release of Geant4 version 11 a new set of photonuclear models will be
released. At the time of writing this report there is limited information regarding this new model set, however it
is known that it will be data-driven based on the 2019 IAEA evaluated photonuclear data library [41].

8.2.ELECTRONUCLEAR

Electronuclear interactions are closely connected with photonuclear interactions and are sometimes even
referred to as a subset due to the dominate role that the one-photon exchange mechanisms play [42]. Geant4
uses a variant of the Equivalent Photon Approximation (EPA) that approximates electronuclear scattering cross-
sections in terms of a flux of equivalent photons interacting with a target nuclei A [5, 40]. This formalism
factorises the equivalent photon flux contributions into their real transversely (o) and their virtual longitudinally
(0,,) polarised components to enable the differential electronuclear scattering cross-section to be written:
d%c o

dydQ? = T[_QZ(STL ~(or+o0,)—=S,-0,)

where:

2 2 m2 2
1—y+y7+%—Q—§<y2+%)
St =y 2

itz

y 2mg
SL = E(l +F>

E is the energy of the incident particle, Q2 is the invariant square of the momentum transfer to the nucleus, a =
e?/4, and m, is the mass of an electron. Further details outlining the Geant4 electronuclear scattering model’s
behaviour as a factor of target nuclei A and momentum transfer to the nucleus can be found in [5, 40, 42].
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