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Abstract

The goal of this project is to further develop, improve and validate the Geant4 physics
component modelling atomic de-excitation. Geant4 is one of the most used general-
purpose Monte Carlo codes for modelling the interactions of particles in matter used in
radiation physics, in applications spanning from high energy physics to space, environ-
ment and bio-medical sciences. This project is motivated by the ongoing effort to improve
the physics model of Geant4, to meet the requirements of a very diverse user community.

Geant4 is capable of simulating the radiative (X-ray) and non-radiative (Auger electron)
relaxation processes of singly ionised atoms. The first release of an atomic de-excitation
module is dated in 1999 and further improved. The Low Energy Electromagnetic pack-
age’s first release included a basic functional implementation of X-ray fluorescence emis-
sion, which was initially associated with parameterized model implementations of the
photoelectric and electron impact ionisation processes. It was then extended to describe
Auger electron emission.

In this thesis, I developed a state-of-the-art X-ray fluorescence data library in Geant4,
calculated using the Hartree-Fock method, which is widely recognised as a more realistic
model than the Hartree-Slater model used in the default Geant4 data libraries (based on
the EADL, developed at Lawrence Livermore National Laboratory, California, US). In
addition, I implemented in Geant4 PIXE ionisation cross sections for proton and α parti-
cles calculated by Cohen et al. based on ECPSSR method. The new Geant4 data libraries,
called here G4–ANSTO, have been released for the first time in Geant4 11.0, in December
2021.

I validated the new data libraries against my experimental results performed at ANSTO,
Luca Heights, NSW, Australia, in terms of fluorescence X-ray yields per incident proton,
α and carbon ion. I benchmarked the new G4–ANSTO libraries against the pre-existing,
default Geant4 data libraries used for atomic de-excitation. For all studied samples, from
low to high atomic number Z materials, most lines were observed to be significantly
higher when using the G4–ANSTO approach with the exception of the Ll line. The study
showed that the Geant4-calculated X-ray emission spectra and the ANSTO experimental
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measurements were in a reasonably good agreement.

Auger emitting radioisotopes are of particular interest in targeted radiotherapy because,
once internalised in tumour cells, they may give dose to radiation-sensitive targets while
causing minimal damage to surrounding cells. Thus, I benchmarked for the first time the
emission of Auger electrons deriving from multiple radioisotopes decays calculated by
means of Geant4 against other theoretical approaches and available experimental results.
When comparing Geant4 to other theoretical approaches, an overall good agreement, usu-
ally within few percent in terms of Auger electron energies, was found between Geant4
and other theoretical approaches. In terms of emission yields, a good agreement (within
3%) was found for vacancies in the K shell. In the case of vacancies in the L and M

shells, the level of agreement was worse (within 15%). Overall, the total number of the
Auger electron emitted per radioactive decay was found significantly higher in Geant4.

Finally, as part of the benchmarking and validation of the novel Geant4 atomic de-
excitation package, I examined the impact of a recently included X-ray fluorescence data
library, fluor ANSTO, on the Auger electrons emission yield. Therefore, the Auger elec-
tron spectra and the total Auger electron yield for several radionuclides generated by the
G4–ANSTO and the G4–default data libraries were compared to one another. The com-
parison reveals that the results produced by both data libraries are just barely different.
However, fluor ANSTO data library exhibits slightly lower Auger electron yields than the
G4–default data library, which is understandable given that the fluor ANSTO data library
shows a greater X-ray fluorescence yield than the G4–default data library. Furthermore,
because the sum of the X-ray fluorescence and of the Auger electron emission yield is
one, the results are consistent with the prediction.

In summary, in this work, which takes place within the Geant4 Collaboration, I imple-
mented a new atomic de-excitation package in Geant4, which is based on a more accurate
theoretical approach. I validated it against experimental measurements and provided to
the Geant4 User community for the first time in Geant4 11.0.
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Chapter 1

Introduction

1.1 Vision of the Project

The aim of this project is to develop a state-of-the-art atomic de-excitation package in
Geant4, called here (G4–ANSTO), to improve the modelling of this physical phenomenon,
of interest for applications spanning from space and environmental sciences to bio-medical
applications. The Geant4 simulation toolkit [1] is one of the most used general purpose
Monte Carlo codes in the world for radiation physics applications, demonstrated by the
fact that the first paper describing Geant4 [1] is the most cited publication in the Nuclear
Science and Technology category, as defined by Journal Citations Reports, with currently
more than 16,000 citations (Scopus, accessed on 07/05/2022).

In particular, I improved the existing ionisation cross sections of incident proton and α

particles, and the X-ray fluorescence radiation yield data libraries in Geant4, based on the
recommendations of D. D. Cohen and R. Siegele, two top international leading experts
in experimental PIXE and associated theoretical modelling. I implemented and bench-
marked the new data libraries, called here G4–ANSTO, with respect to already available
Geant4 models (G4–default) and I validated them against my experimental measurements
performed at ANSTO, Luca Heights, NSW, Australia.

For completeness, as part of the benchmarking of the novel G4–ANSTO atomic de-
excitation package, I examined the impact of the data libraries on the Auger electrons
emission yield. Finally, I benchmarked for the first time the emission of Auger electrons
deriving from multiple radioisotopes decays calculated by means of Geant4 against other
theoretical approaches and available experimental results.

1
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1.2 Motivation

The ongoing effort to improve the physics model and broaden the dataset options avail-
able in Geant4, to meet the requirements of a very diverse user community, inspired this
project. Despite the availability of a set of ionisation cross sections and atomic relaxation
datasets (see section 2.5.5), one of the goals of the Electromagnetic Physics Working

Group of the Geant4 Collaboration is to update the current Geant4 physics component
with state-of-the-art physics models, to be able to appropriately address the needs of the
Geant4 user community, in a variety of domains, including environmental physics, geol-
ogy, archaeology, space and bio-medical sciences.

The Geant4 Monte Carlo Toolkit’s prediction of atomic vacancy generation and relax-
ation process, both of which are responsible for fluorescence X-ray and Auger electrons’
emission, will be improved as a result of this research.

1.3 Thesis Outline

The focus of this thesis is to develop and validate a state-of-the-art Geant4 atomic de-
excitation package, which is based on the recommendations of D. D. Cohen and R. Siegele
[2], and which is a self-consistent, accurate, and robust recommended approach.

Chapter 2 of this thesis is a review of the literature on atomic de-excitation and existing
physics modelling approaches to describe it. The G4–ANSTO has been validated against
experimental measurements performed at ANSTO, therefore the PIXE technique is also
described in chapter 2. Finally, this chapter provides a brief description of the Geant4
Monte Carlo toolkit, as well as a description of how the atomic de-excitation is modelled
in Geant4.

Chapter 3 describes the inclusion of a state-of-the-art proton and α particle shell ioni-
sation cross section library based on ECPSSR approach as calculated by Cohen et al. [2].
The new ionisation cross sections have been released in Geant4 11.0.

The fluorescence X-ray spectra obtained by the ECPSSR ANSTO set of cross sections
and, alternatively, the currently available sets of Geant4 PIXE cross sections have been
compared. Moreover, a comparison with experimental data obtained at ANSTO has been
performed.

Chapter 4 reports the results of the development of Geant4 of a new data-driven library,
called in this thesis fluor ANSTO, that can be used in any Geant4 application that requires
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X-ray fluorescence to be described. These probabilities for Hartree-Fock X-ray fluo-
rescence transitions were included into fluor ANSTO. Additionally, I compared Geant4
results obtained using fluor ANSTO and the pre-existing Geant4 default one (G4–default)
to experimental data. The new data libraries have been released in Geant4 11.0.

Chapter 5 presents the experimental work that I performed at ANSTO on ANTARES
tandem accelerator utilising the heavy ion microprobe beamline employing carbon ions
in order to conduct further validation tests for the new approach G4–ANSTO.

Chapter 6 demonstrates the use of carbon ions to compare the fluorescence X-ray spec-
tra obtained by the G4–ANSTO model with the G4–default model. These two approaches
were compared to recently performed experimental observations at ANSTO heavy ion
microprobe beamline.

Chapter 7 benchmarks the modelling of the emission of Auger electrons in Geant4 de-
riving from the decay of some radionuclides against existing theoretical approaches. The
simulation results are compared to experimental measurements as well. This is the first
time that the Geant4 atomic de-excitation package has been compared to other theoretical
models and experimental data for Auger electron emission yields.

Chapter 8 investigates the influence of the fluor ANSTO X-ray fluorescence data library
on the Auger electrons emission yield. In this project, I mainly validated the fluor ANSTO

for modelling X-ray fluorescence, however Geant4 users may adopt the fluor ANSTO to
study Auger electron emission (e.g., in nanomedicine [3]). Therefore, I analysed the spec-
tra of the Auger electrons produced with fluor ANSTO, for completeness. This is crucial
when developing a software tool for a diverse scientific community.

Chapter 9 presents the general conclusions and recommendations deriving from the
results of this project.



Chapter 2

Literature Review

This chapter offers a concise description of the major relevant physical concepts devel-
oped by previous theorists and researchers up to the time this thesis topic was begun.
These key concepts are examined in further detail in the various topical chapters of this
thesis. Here, a general review of atomic de-excitation and physical interactions involved
in Particle Induced X-ray Emission (PIXE) has been provided. I also briefly describe
PIXE’s various analytical applications to highlight the significance of this analytical tech-
nique. Then, quick overview is provided of the Geant4 Monte Carlo toolkit, which is
the simulation code used in this thesis. Two general properties of PIXE modelling are
discussed: the physics of PIXE technique and PIXE atomic excitation and de-excitation
mechanisms in Monte Carlo codes.

2.1 Introduction

When light ions, such as protons or α particles from an accelerator, interact with an
atom in the target material, many reactions may occur. Interactions between ions with
an electron cloud of a target atom frequently result in ionisation (electron ejection) and
subsequent photon emission. Other outer electron transitions will fill the vacancies left
by electrons ejected from the K or L shell by the Coulomb interaction of the incident
ion, and an X-ray photon or Auger electron is produced which carries the excess energy.
The X-ray energies of K, L, and M shells fall into discrete bands, making each target’s
X-ray signature unique [4].

Particle Induced X-ray Emission, or PIXE, was a technique firstly suggested by Jo-
hansson and Campbell in 1970 [5]. This technique is focused on collecting the X-rays
produced by an accelerator ion beam irradiation of the target sample [4]. The energy of
the released X-ray is characteristic of the bombarded atom, and the number of charac-
teristic X-rays generated is proportional to the elemental concentration [6–10]. X-rays

4
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emerging from the transitions involving vacancies in the M shell have generally low en-
ergies (1− 3 keV ), L shell X-rays have intermediate energies (1− 20 keV ), and K

shell X-rays have high energies (1− 30 keV ) [4]. Therefore, a typical PIXE detection
system can work throughout the whole X-ray energy range of 1− 40 keV , allowing it to
detect X-rays arising from transitions involving vacancies in the K, L, or M shells. It
is possible to conduct analysis on metals, ceramics, and all other kinds of substances us-
ing this process. The exceptional sensitivity of PIXE compared to other X-ray analytical
techniques is due to the lack of background radiation in the X-ray range above a few keV

[4].
Depending on the element, energy, and total charge of incident particles, X-ray filters,

and quality of the X-ray detector, PIXE sensitivities range from 1/100 ppm. Some X-rays
cannot be detected because they are absorbed by the detector’s window atmosphere or by
the filter [11] .

PIXE gained popularity in the mid-1970s as a result of Johansson and Johansson’s [12]
excellent analysis of PIXE’s analytical applications. Johansson et al. [13] demonstrated
in 1970 that a mixture of X-ray excitation by protons and detection by a Si(Li) detector
was a stable multi-elemental research approach with strong sensitivity. The PIXE pop-
ularity did not begin until the commercial Si(Li) detector was released in the late 1970s
and early 1980s. Since then, several articles on methodology and implementations have
been published.

PIXE is now available all around the world, with several accelerator labs running their
own analytical equipment. Currently, more than 100 laboratories in more than 30 coun-
tries use the PIXE technique [4]. These accelerators operate with terminal voltages rang-
ing from 1 to 5 MV (2 to 3 MV in general), utilising mainly protons as bombardment
particles for various target material analyses. PIXE is a novel and powerful tool for multi-
element non-destructive trace element analysis of small samples [6–10].

Since 1964, Australia’s Nuclear Science and Technology Organisation (ANSTO) has
operated accelerators. The ANSTO Centre for Accelerator Science is a world-class fa-
cility for ion beam analysis and accelerator mass spectrometry. The Centre is renowned
globally for the superiority of its operations and excellent expertise [11]. It attracts users
from all around the world, including those in academia, publicly-funded research institu-
tions, private industry, and Government. The Centre for Accelerator Science offers users
access to a range of technologies in one place that may be used for air pollution investiga-
tions, isotopic dating, climate science, material modification and characterisation, nuclear
detector characterisation, radiation damage studies, forensic science and microbiological
and life sciences studies [11].
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Among several ion-beam technologies, PIXE is without a doubt the most popular [14,
15], due to its multi-element nature and suitability for analysing trace elements with
medium and high atomic numbers in a matrix composed of light elements [5]. To achieve
a sufficient level of precision for signal and background estimates [14], simulation of a
PIXE experiment is particularly advantageous, given that the method requires a particle
accelerator operated by experienced personnel as well as a complex system of detectors
and associated techniques. Monte Carlo radiation physics simulation codes are ideally
suited for PIXE modelling because they can reproduce the stochastic behaviour of the
emission process. Modelling of the PIXE process comprises modelling both atomic ion-
isation and de-excitation [14]. The PIXE package in the Geant4 simulation toolkit is the
subject of investigation in this thesis [16, 17].

2.2 De-excitation of Atoms

When an atom is ionised, an electron from an atomic shell that is knocked-out, causing the
atom to be out of equilibrium. An electron from an upper shell usually falls into the inner
shell in a very short period of time (∼ 10−15 s), to fill the vacancy. When an electron from
the outer shell moves to occupy a vacancy in an inner shell, it loses a specific, discrete
amount of energy [18, 19].

In an ion-atom collision, the leftover energy from the collision is removed either in a
radiative form (X-ray fluorescence), or in a non-radiative form (Auger electron emission).

2.2.1 Radiative Transition

Radiative transitions result in emission of photons which comprise “characteristic radia-
tion”, since the wavelength λ or energy hν of the emitted photon are characteristic of the
element from which the photon arises. This happens because the atomic binding energies,
and therefore their associated energy differences, are unique to the atomic species. The
term “fluorescent radiation” is used as an alternative to describe these characteristic pho-
tons. The complete set of photons arising from radiative transitions from a given atom is
referred to as the “line spectrum” of that atom type [20].

2.2.2 Non-radiative Transition

Non-radiative transitions are a different channel of atomic de-excitation where Auger
electrons are emitted. Electrons may undergo transitions that supposedly violate the se-
lection rules for production of characteristic radiation; in such a case, the energy dif-
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ference is rapidly transferred to other orbital electrons which are ejected from the atom
as Auger electrons, Coster-Kronig electrons or super Coster-Kronig electrons, as shown
schematically in figure 2.1. They have a higher probability in low Z materials [20].

The kinetic energy of these electrons is given by the energy released through the pri-
mary electronic transition minus the binding energy of the emitted Auger electron. In
the Coster-Kronig effect the transition energy is transferred to an electron in another shell
and the emitted electron is called a Coster-Kronig electron [20]. Super Coster-Kronig
electrons result when an electron from a higher shell obtains and then releases the energy
difference between the higher and a lower shell with an electron vacancy (see figure 2.1).

Figure 2.1: The interaction between an ion and an electron from an inner shell and the
emission of an Auger electron and X-ray characteristic photon. Courtesy of ([21])

Figure 2.1 depicts the atomic de-excitation and release of X-ray characteristic photons
and Auger electrons. Its energy is determined by the difference between both binding
energies of the first and second shells in the atom [19]. In this case (see figure 2.2), the
photon energy is equal to BK − BL.

For example, L-shell Auger electron energy is:

T = (BK −BL)−BL = BK −2BL (2.1)

2.2.3 Radiative and Non-radiative Transitions Notation

For radiative transition, the Siegbahn notation system has been used in this thesis.
The traditional Siegbahn notation labels the electron sub-shells extending from the nu-

cleus with the symbols K, L1, L2, L3, M1, and so on (decreasing in binding energy). The
K shell has no sub-shells, the L shell has three sub-shells, labelled Li (i = 1 to 3),
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Figure 2.2: There are two competing processes for de-exciting an atom with a vacancy
in the K shell. (a) Shows an atom with a vacancy in K shell. (b) An electron transferring
from the L shell to the K shell, emitting a photon. (c) An electron has been transferred
from the L shell to the K shell. Its released energy is picked up by another electron in
the L shell. This electron is referred to as an Auger electron. Courtesy of ([19])

Table 2.1: Labelling of different K and L X-ray transitions to represent electron transi-
tions.

K X-ray Lines L X-ray Lines
Kα1 (K−LIII) Ll (LIII−MI) Lγ1 (LII−NIV )
Kα2 (K−LII) Lα1,2 (LIII−MIV,V ) Lγ2 (LI−NII)

Kβ1 (K−MIII) Lβ1 (LII−MIV ) Lγ3 (LI−NIII)

Kβ2 (K−NII,III) Lβ2 (LIII−NV ) Lγ4 (LI−OIII)

Kβ3 (K−MII) Lβ3 (LI−MIII) Lγ6 (LII−OIV )
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the M shell has five sub-shells, labelled Mi (i = 1 to 5) and the N shell has seven
sub-shells labelled Ni (i = 1 to 7) (see figure 2.3). These letters are used to identify the
electron transitions that create the characteristic X-ray lines. The electron sub-shells are
labelled using the three quantum numbers n, l, and j, in spectroscopic notation. The
principal quantum number n = 1, 2, 3 ... corresponds to the major shells K, L, M...

The letters s, p, d, f , ... are used to denote sub-shells with orbital angular momentum
l = 0, 1, 2, 3 ... , respectively, and the quantum number j = 1 + s, where s = 0
or 1/2 is the standard electron spin number. Allowable electron transitions have ∆n > 0,
∆l = ±1 and ∆j = 0, ±1; transfers without these values occur with a very low proba-
bility and are referred to as forbidden transitions.

Figure 2.3: Diagram of energy levels for K, L, M and N sub/shells. Courtesy of ([22])

Figure 2.3 depicts the allowed X-ray fluorescences for initial vacancies in the target
atom’s K and L sub/shells. It should be noted that L1 (2s1/2) sub-shell electrons cannot
fill the vacancy in the K shell (1s1/2) since their angular momentum would need to be
modified during the quantum transformation [22]. Using traditional Siegbahn notation,
they are known as Kα , Kβ , Lα , Lβ and Lγ X-ray transitions, depending on which shell
the original vacancy occurred in (see table 2.1). Table 2.1 displays the X-ray transitions
that occur when there is a vacancy in the K or L sub/shells.

Alternatively, non-radiative transitions are commonly identified by IUPAC notation
system. Consider a transition in which an electron in the L2 sub-shell fills an initial
vacancy in the K shell. A KL2L3 Auger electron will appear if the energy released is
transferred to an electron in the L3 sub-shell which is ejected. KY Z, likewise, refers to
an electron released from the Z shell [23, 24]. The situation is compounded further by
the fact that non-radiative transitions can occur between sub-shells, affecting the number
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of vacancies in each sub-shell. These are known as Coster–Kronig transitions, and they
are accompanied by the emission of an electron. For instance, a vacancy in a L1 sub-shell
may be filled by an electron from L3 sub-shell, with release of an electron from the M

shell. Moreover, a super-Coster–Kronig transition may occur, involving electrons from
the same shell, such as a vacancy in the M1 shell being filled by an electron from the M2

shell and an electron from the M4 shell being ejected [19].

2.2.4 Radiative and Non-radiative Yields

To an observer it appears to be random whether the atom de-excites by releasing a photon
or an Auger electron after creating a vacancy. This happens for all vacancies but here I
will focus on the K shell [19]. An atom in an excited state implies a vacancy in one of
its sub/shells. The excited state’s associated lifetime τ is related to the level width Γ by
Γ.τ = h̄ where h̄ is the reduced Planck’s constant. The excited state’s total decay rate A

is the inverse of its lifespan A = τ−1 or Γ = A.h̄. If different decay processes from the
excited state are considered to be independent, the level width is equal to the sum of the
radiative width, ΓR the Auger width, ΓA and the Coster-Kronig width, ΓCK: [23]

Γ = ΓR +ΓA +ΓCK (2.2)

Yields for the different processes are given as follows;
Fluorescence yield:

ωR =
ΓR

Γ
(2.3)

Auger yield:

ωA =
ΓA

Γ
(2.4)

Coster-Kronig yield:

ωCK =
ΓCK

Γ
(2.5)

All three, of a sub/shell for the same initial vacancy distribution, add up to one: [23]

ωR +ωA +ωCK = 1 (2.6)

If a vacancy is in a K shell, the previous relation will be modified as follow:

ω
K
R +ω

K
A = 1 (2.7)

Figure 2.4 depicts the relationship between Auger electron yields and X-ray fluores-
cence yields as a function of atomic number. The Auger electron yield is found to have
higher probability in low Z materials, whereas the X-ray fluorescence yield is found to
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be higher in high Z materials (see figure 2.4).

Figure 2.4: The Auger electron and X-ray fluorescence yields with respect to atomic
number of the target material. Courtesy of ([25])

For a vacancy in the L or higher shells, the fluorescence yield for each sub-shell must be
considered. Although the average fluorescence yields ω̄L

R , ω̄
M
R and so on may be defined

for each shell, these are not a fundamental property of the atom, since the values are
dependent on the vacancy distribution in the sub-shells [19]. ωK

R , ω̄
L
R and ω̄M

R values as a
function of Z are shown in figure 2.5.

Figure 2.5: Fluorescence yields for vacancies in the K, L, and M shells as a function of
atomic number Z . Table 8 in Hubbell et al. [26] provides the points. Courtesy of ([19])

Non-radiative transitions are significantly more essential for the L shell (where the
fluorescence yield is much smaller) than for the K shell, as can be seen in figure 2.5.
Non-radiative transitions are practically the sole process for higher shells [19]. The fluo-
rescence yield depends on two factors; the atomic number Z2 of the target and its initial
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charge state, and is independent of the projectile atomic number Z1 and its incident energy
E1. For light ions incident on heavy targets, i.e. (Z1

Z2) << 1. It has usually been thought
that the yield of light ion fluorescence in heavy atoms is independent of the charge state
of the target atom, and neutral atom fluorescence yield figures can be used [27]. Because
there are additional decay mechanisms and more than one sub-shell in studies of L shell
ionisation, the relationships between observed X-ray intensities and theory become more
complicated [27].

2.2.5 Transition Probability

As previously stated, a vacancy in a certain sub/shell can be filled by various transitions
from higher sub-shells. To calculate the probability of a certain transition i occurring,
we must know the ratio of the partial radiative width, ΓS

R(i), for that transition relative to
the total radiative width, ΓS

R of that sub-shell s. The relative X-ray emission rate for the
transition i in the sub-shell s is defined as:

CS
R(i) =

ΓS
R(i)
ΓS

R
(2.8)

The emission rates of lines within a sub-shell are critical in quantitative X-ray analysis
for identifying the elements [27]. The probability of a specific transition is equal to the
emission rate of that line multiplied by the fluorescence yield of the sub/shell:

PS
R(i) =

ΓS
R(i)
ΓS

R
.ωS

R =CS
R(i).ω

S
R (2.9)

2.2.6 PIXE: Ionisation and X-ray Production Cross Sections

The interaction cross section σ quantifies the probability of a specific type of interaction.
The cross section is the effective area exposed to incoming ions at each interaction loca-
tion (atom or nucleus) and is measured in centimetres per atom or barns per atom, where
1 barn = 10−24 cm2. Comparing the total X-ray production cross section, σ x, to the the-
oretically calculated total ionisation cross sections, σ i, includes calculating the radiative
probability that an initial vacancy will decay and emit an X-ray. The number of photons
released when vacancies in the shell are filled, divided by the number of primary vacan-
cies N in the shell, represents the fluorescence yield of the shell. A K shell has only one
sub-shell, and the fluorescence yield is stated as ωκ . The total K shell X-ray production
cross section is linked to the K shell ionisation cross section σ i

k, by the shell fluorescence
yield ωκ by:

σ
x
k = ωκ .σ

i
k (2.10)
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Where ωκ falls between 0 and 1 [27]. There are three and five sub-shells for the L and
M shells respectively and the fluorescence yields are written as ωi, where i = L1, L2, L3

or M1, M2, M3, M4, M5 for the L and M shells, respectively [27]. Bambynek et al. [28]
and Krause [29] review the physics of atomic de-excitations and present theoretical and
experimental data for the fundamental parameters [19]. A more recent review of the
fundamental parameters of atomic de-excitation is provided by Hubbell et al. [26].

2.3 PIXE Applications

Particle Induced X-ray Emission (PIXE) technology is suitable for geological, environ-
mental, biological, art, and archaeological investigations. PIXE technique has been ap-
plied by collaborations of scientists from various fields to estimate the concentrations
of micro- and macro-elements in a given sample. This technique provides fast, non-
destructive analysis of test materials in the form of solids, powders, filter substrates, and
liquids [22]. PIXE has a variety of analytical applications. The following sections provide
an overview of different types of applications, although it is not intended to be a complete
list of every possible application of the technique. The goal is only to highlight the unique
analytical features of PIXE that are especially relevant in each of the primary applications
of interest for the subject of this thesis [21].

2.3.1 Environmental Pollution Studies

The first PIXE articles featured studies of aerosols caught by filter papers collecting these
minute particles from the atmosphere, and similar work is still being done at a rapid rate
today [4]. Many countries and international organisations have become more worried in
recent years about the steady deterioration of environmental quality caused by a variety of
industrial, man-made, and natural contaminants [30]. Many studies have been conducted
using PIXE to inform understanding on occupational health, atmospheric visibility, acid
rain, soil erosion, and environmental impacts [4]. Environmental quality investigations
have revealed that, due to the small sample sizes that are commonly available and the
low toxicity levels that are frequently involved, there is a need for highly sensitive multi-
elemental analysis procedures that can be applied to air, water, soil, and biological sam-
ples [30].

The PIXE technique has proven to be well adapted to this sort of broad range analysis,
encompassing almost the full element spectrum while needing just micrograms of total
material [30]. Several laboratories across the world have conducted studies of airborne
pollution using PIXE and similar methods, and the results clearly indicate its utility in
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environmental sciences [30].

2.3.2 Applications in Earth and Planetary Sciences

The geo-sciences, as well as related industrial operations (prospecting, mining, benefici-
ation, and so on), have a high demand for elemental analysis. Simultaneously, the criteria
for analytical techniques are rather high, and geological samples are usually complicated
- they can be composed of a variety of minerals and have an inhomogeneous structure.
They often contain a matrix of major elements, as well as a significant number of minor
and trace elements, including commercially important metals. An analytical approach
must be multi-element capable in order to be effective for geological applications. Trace
element concentrations in minerals are significant in geological process analyses. The
elemental profile may reveal information about the mineral origin and the connections
between various geological structures. Trace elements can also be used as a guidance in
the search for precious minerals [5].

The amount of material to be analysed in many geological applications is extremely
vast. A single mining or prospecting firm, for example, may produce bore cores with a
total length of tens of kilometres every year. As a result, a large throughput is required for
the analytical system to be employed. In this regard, it is important to recognise that not
only the actual analysis but also the sample preparation must be considered. A technique
that allows for immediate analysis without the need for time-consuming preparatory steps
offers a significant benefit. As a result, it can be confidently stated that elemental analysis
in geology and mineralogy requires a rapid, multi-elemental, and moderately sensitive
approach that requires just a minimal amount of sample preparation. The combination
of these criteria makes PIXE a highly effective tool for utilisation in this particular ap-
plication area, alongside Alpha-particle X-ray Spectrometers (APXS) and other X-ray
emission techniques [5, 31].

Since its landing on Mars in August 2012, the Curiosity Rover carrying the Mars Sci-
ence Laboratory (MSL) has been utilising its equipment to examine the geology of Gale
Crater. This location was chosen in part because orbital observations showed the presence
of sedimentary layers in a central mound, perhaps recording the evolution of the regional
Martian environment from warm and wet to cold and dry. Among the numerous accom-
plishments since Curiosity’s landing are the discoveries that an ancient lake existed in the
crater with a pH that might have supported microbial life. One of the techniques used for
elemental analysis of rocks and unconsolidated material is PIXE [32].
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2.3.3 Bio-medical Applications

The nature of biological materials, where light components (undetectable by PIXE) con-
stitute the dominating matrix, is the primary reason for PIXE’s phenomenal success in
biomedical applications. This supports achieving the greatest outcomes in terms of MDLs
for higher-Z elements. Because of this trace-element capability, valuable information on
physiological and pathological processes in biomedicine may be obtained from PIXE
[21]. The multi-element nature of the analysis and the tiny sample sizes are two more
strengths of PIXE in this context [4].

The second aspect of PIXE that is significant in biomedical applications is its high spa-
tial resolution, which allows for high-definition mapping of trace-element distributions in
tissues. When a microbeam is employed, the intracellular distribution of trace elements
may be observed, and in certain cases, µ-PIXE is regarded as a superior technique [4, 30,
33].

PIXE has traditionally been employed in biomedicine to detect trace amounts of tran-
sition and heavier elements in tissues. The detection of lighter elements, such as alu-
minium, potassium, and calcium, has lately attracted scientists’ curiosity. Alternative
methods sometimes struggle to identify low concentration levels of these elements, which
are well within PIXE’s analytical capabilities, especially when working with small tissue
samples or at the cellular level [21].

2.3.4 Applications in Art and Archaeology

Archaeologists are most interested in having a solid understanding of the composition of
archaeological artefacts in terms of major and trace elements. The composition of metal
artefacts provides information on ancient technological knowledge and aids in the distin-
guishing of prehistoric cultural traditions [22].

PIXE targets in the form of thin samples are frequently challenging to produce. Thick
samples of the specimens of interest may be utilised in these instances. A thick piece of
tissue, bone, rock, or archaeological sample, for example, can be mounted and irradiated
directly, either in vacuum or in a non-vacuum facility, with no pre-treatment or other
preparation required [30]. The establishment of a dedicated accelerator in the Laboratoire
de Recherche des Musees de France, in the basement of the Louvre Museum in Paris,
demonstrates the relevance of PIXE measurements in this domain. This accelerator has
made a major contribution towards a better understanding of the materials and processes
employed in the past for the analysis of works of art, among other things, by relying
heavily on PIXE analyses [21].
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2.4 Monte Carlo Simulations

A Monte Carlo method is a set of mathematical approaches based on random number
generation that are used to simulate values of stochastic variables, given its their cumu-
lative distribution functions [34]. Monte Carlo simulations are a type of investigation
tool utilised in many fields of scientific research and industrial development, and they are
recognised as “the gold standard” for characterizing particle movement inside a medium
[35, 36].

2.4.1 Geant4

Geant4 (GEometryANd Tracking) [1, 37, 38] is a widely used Monte Carlo toolkit that
evolved in 1994 from a CERN-based research project to replace the previous Monte Carlo
code, Geant3, which was released in 1974 [39]. Geant4’s initial public release was in
1998, and it was written in C++ to take advantage of the object-oriented technology.
Geant4 differs from several other regularly-used general purpose Monte Carlo codes,
such as FLUKA [40], MCNP [41], and PHITS [42], which are FORTRAN-based plat-
forms [37, 43].

Geant4 is a software toolkit for simulating a particle passage through matter. It has
been widely used in a number of studies and projects, including high energy physics, as-
trophysics and space science, medical physics, and radiation protection. Its functionality
and modelling capabilities are being expanded, while its performance is being simultane-
ously improved [37]. The Geant4 simulation toolkit [1] includes extensive detector and
physics modelling capabilities integrated in a flexible package [38].

Geant4 includes a comprehensive set of features such as tracking, geometry, physics
models, and hits. The physics processes encompass a wide span, including electromag-
netic, hadronic, and optical processes, as well as a huge collection of data on long-lived
particles, materials, and elements, over a wide energy range spanning from eV in some
cases to TeV in others. It was developed and built to clearly reveal the physics models
being used, to handle complicated geometries, and to allow for easy customization for
best use in a variety of applications [1].

Because Geant4 is a “toolkit”, a user cannot simply “run” it “out of the box”, but must
instead create an application based on the Geant4 kernel. A user application must pro-
vide at least a description of the experimental setup in which primary particles are created
and tracked while interacting with the target. Secondary particles that emerge from the
interactions in the experimental setup are also tracked. The presence of three classes, De-

tectorConstruction, PrimaryGeneratorAction, and PhysicsList, are the minimal need for
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a Geant4 application [43].

Furthermore, Geant4 offers interfaces that allow users to engage with their application
and save their findings. The toolkit includes visualisation drivers and interfaces, graphical
user interfaces, and a flexible framework for persistency [37].

A worldwide collaboration of over 100 scientists from various cooperating institutions,
High Energy Physics projects, and universities designed and developed Geant4. In terms
of the size and extent of the code, as well as the number of participants, the Geant4
Collaboration is considered one of the largest and most ambitious projects of its kind.
It has proven that robust software engineering practises and object-oriented technology
can be used successfully to develop a coherent and maintainable software product, even
when dealing with the fast-changing and open-ended needs of physics research [1]. Major
modifications to the toolkit have been made in recent years to suit the demands of the
user community and to efficiently use the increased computing power made accessible by
technological developments [38].

2.5 Atomic De-excitation in Geant4

Since 1999, an atomic de-excitation module has been provided in Geant4 and has been
extensively verified [44–46]. Models for the formation of vacancies in atomic shells and
the consequent emission of fluorescence X-rays and Auger electrons are also included
[16]. This feature was first made available in December 2011 (version 9.5) for both the
“Low energy” and “Standard” electromagnetic physics processes of Geant4 through the
development of a unified general interface to handle atomic de-excitation [46–48].

2.5.1 Electromagnetic Sub-packages

The standard electromagnetic package [1, 37] simulates electromagnetic interactions be-
tween particles with energies ranging from 1 keV to 10 PeV. It is used to model particle
interactions of interested for CERN’s Large Hadron Collider experiments and other high-
energy physics research. This package is also utilised in a variety of different application
fields, including medical and space science [46].

This package contains models for ionisation, bremsstrahlung, photoelectric effect, Comp-
ton scattering, gamma conversion, and many other electromagnetic processes. The Geant4
toolkit structure allows for alternative methods when many models with varying levels of
accuracy and CPU efficiency of simulation coexist for each physical process. The elec-
tromagnetic sub-package “Low energy” [37] offers an alternate set of models that extends
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Geant4’s usefulness at lower energy levels (by default down to 100 eV) [46].

2.5.2 Geant4 Data Libraries

The Geant4 unified interface for atomic de-excitation is capable of simulating both Auger
electron and X-ray fluorescence emission (in this context, Coster–Kronig electrons are
also referred to as “Auger electrons” and are treated similarly by the de-excitation inter-
face). This interface makes use of atomic de-excitation data from the Livermore Evaluated
Atomic Data Library (EADL) [48, 49].

This evaluated data library includes a collection of physical parameters for elements
with atomic numbers ranging from 6 to 100, including electron binding energies for all
sub-shells and the probabilities of radiative and non-radiative transitions between sub-
shells [44].

In EADL, the energies of relaxation products are computed as the difference between
the binding energies of the shells participating in the transition, as derived from Scofield’s
theoretical calculation [50]. The probabilities for radiative transitions are derived from
Scofield-Hartree–Slater calculations [50], whereas the probabilities for non-radiative tran-
sitions are derived from Dirac–Hartree–Slater calculations by Chen et al. [51] with
Hubbell corrections [46, 52].

The Geant4 Atomic De-excitation package can only deal with singly ionised atoms;
this property corresponds to the conditions under which the EADL data were generated
and does not represent a limitation on electromagnetic processes that generate no more
than one initial vacancy. All of the assumptions that underpin the EADL calculations also
hold true for the Geant4 relaxation model that is based on them: for example, the binding
energies of an ionised atom are considered to be the same as those of a neutral atom in
the Geant4 model (no systematic theoretical or experimental compilations of the binding
energies of ionised atoms are available) [44].

2.5.3 Files’ Structure in Geant4 Libraries

The EADL library data is kept in external data files; their location in the file system is
transparent to the software implementation, and their use in the physics algorithms is in-
dependent of the data file format. In comparison to the original EADL data library, the
data file system is designed with higher granularity of data files: binding energy data,
radiative and non-radiative transition probabilities are held in independent files for each
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element of the periodic table.

This design enables data to evolve with significant flexibility and independence from
the code that handles it. Updated values derived from more recent data compilations
or even from individual significant measurements may be used transparently as alternate
sources of data for the data driven simulation model without requiring any adjustment to
the software implementation [44].

2.5.4 PIXE in Geant4

Ionisation by incident protons or secondary electrons, for example, causes vacancies in
the target atomic electronic structures. According to the related ionisation cross section,
this process samples the element and shell from which the electron is emitted [49].

An electron from an outer shell, together with the emission of an X-ray photon, fills this
vacancy in Geant4. This emission line’s energy is unique to the emitting atom. The two
Geant4 electromagnetic physics sub-categories provide comprehensive sets of physics
processes and models that are easily accessible to users through periodically tested and
updated “physics constructors”, as suggested by both Geant4 electromagnetic physics
working groups [49].

These constructors hold a list of particles and processes that allow for complete particle
transport through matter utilising only electromagnetic interactions. They’re based on a
variety of different physics models [49].

The component’s interface is defined by the G4AtomicDeexcitation class, which is
responsible for driving the relaxation process from a given vacancy and returning the
resultant secondary products. Through the G4AtomicDeexcitation interface, all Geant4
processes that create a vacancy in an atom connect with the Atomic De-excitation com-
ponent [44]. G4teoCrossSection and G4empCrossSection are the classes that implement
the interface to PIXE ionisation cross sections [46]. The atomic de-excitation simulation
in Geant4 is divided into two stages: [16]

1. primary process, such as photoelectric effect, Compton scattering, or ionisation,
creates a vacancy. On the basis of the cross section of the provided process, the
sub/shell where the vacancy is generated by a process is sampled. An additional
PIXE cross section is employed for the ionisation process [16].

2. Starting with the vacancy generated by the main process, the relaxation cascade
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is initiated. Based on the corresponding transition probabilities, fluorescence X-
rays, Auger electrons, or Coster-Kronig transitions are created by radiative and
non-radiative transitions, and the resulting secondary electrons or X-rays are further
tracked by Geant4 [16].

If the energy of the relaxation products (fluorescence photons, Auger and Coster-Kronig
electrons) exceeds the production threshold, they are emitted; otherwise, an equivalent en-
ergy is converted into a local energy deposit. A Geant4 user application may be used to
establish secondary production thresholds [44].

2.5.5 Ionisation Cross Sections Models

To simulate PIXE, Geant4 ionisation processes were essential to calculate the ionised
sub/shells, for which values of atomic shell ionisation cross sections are required. Only
the ionisation processes of the “Low energy” sub-package employed PIXE. The very first
attempts to calculate ionised shells depended on Gryzinski cross sectional semi-classical
calculations [53], which were ultimately replaced by another model, detailed in ref [54],
created to replicate the collection of experimental data from Paul and Sacher. However,
this model does not produce the expected outcomes, limiting its applicability [46].

In Geant4, there are presently three different PIXE cross sections data sets to generate
a vacancy in a shell: [16]

1. The first collection of shell cross sections, called the “Empirical” set by Ben Ab-
delouahed [14], is the default Geant4 set for PIXE simulation in the “Standard”
and “Low energy” sub-categories. It includes the empirical set produced by Paul,
Sacher, and Bolik [55, 56] for incident protons and α particles, as well as the empir-
ical set created by Orlic, Saw, and Tang [57] for incident protons [49]. These works
were chosen based on their scientific value and success [46]. All of the original
works’ limitations and assumptions apply precisely to their corresponding Geant4
implementation. The Orlic et al. model for protons is applicable throughout an en-
ergy range of 0.1 to 10 MeV, and the atomic numbers for which the model provides
all L sub-shells values (L1,L2, and L3) correspond to Z values ranging from 41 to
92 [46].

2. The second set of cross sections, known as the ECPSSR FormFactor set, is based
on a polynomial approximation to universal ionisation cross sections of K, L, and
a selection of M shells calculated from ECPSSR theory for incident proton and α

particles.
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Table 2.2: Summary of the characteristics of the ionisation cross sections that were
employed in this work.

Geant4 name of cross
section set (abbreviation) Shells Particles Elements Energy Range Refs.

Empirical (Empirical) K, L
Protons and α parti-
cles for K shells; pro-
tons for L shells

Z = 6–92 for K shells and pro-
tons; Z = 6–92 for K shells and
α particles; Z = 41–92 for L
shells and protons

Depends on Z [55–
57]

ECPSSR FormFactor
(FormFactor)

K, L,
M

Protons and α parti-
cles

Z = 6–92 (K, L ), Z = 62–92
(M )

0.1–100 MeV (K, L
shells) 0.1–10 MeV
(M shells)

[58,
59]

ECPSSR Analytical
(Analytical) K, L Protons and α parti-

cles Z = 6–93 (K, L ) ∼ 0.1 MeV up to ∼ 1
GeV (depends on Z )

[14,
46]

Taborda and colleagues recently developed the ECPSSR FormFactor set using the
Basbas method, and it is detailed in [58, 59]. This set includes the 0.1–100 MeV
range for K and L shells, as well as the 0.1–10 MeV range for M shells [49]. The
ECPSSR theory is presently the most widely accepted theory in the scientific com-
munity for reproducing shell ionisation cross section values. As a result, ECPSSR

is regarded as the best option for K and L sub/shells cross sectional calculations in
Geant4. It was implemented in two types of models: analytical models and inter-
polated models [46]

3. ECPSSR Analytical is the third set, which is based on an implementation of the
ECPSSR theory proposed by Ben Abdelouahed for the description of K and L

sub/shells ionisation for incident protons and α particles (see more information in
[14, 46]) and it has a wider energy range applicability than the first two sets. It is
utilised by default when the other sets’ energy boundaries are exceeded [49].

Furthermore, in Geant4, any ion other than proton or α may be simulated by applying
speed and charge scaling to proton Plane Wave Born Approximation (PWBA) ionisation
cross section data sets. This approximation, however, is not realistic for slow heavy ions,
where the Coulomb correction terms, which the PWBA ignores, can become extremely
important [16, 60, 61].
The scaling relation is:

σh(E) = Q2 ·σp(E ·
Mp

Mh
) (2.11)

Where E is the incident particle’s kinetic energy, Mh is its mass, Q2 is the square of the
effective electric charge [62] in electron charge units, and Mp is the proton mass. Shell
ionisation cross sections for electron and positron are already included in the “Low en-
ergy” sub-package ionisation models, which sample shell vacancies [46].

Table 2.2 provides an overview of the ionisation shell cross sections sets that are avail-
able for use in Geant4’s “Standard” and “Low energy” electromagnetic physics construc-
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tors for PIXE simulation with incoming protons and α particles. I specify which atomic
shell these models apply to, which incoming particles (protons and/or α particles) were
used, which atomic element interacted, and the incidence energy range applicability. For
completeness, full references are also included. The abbreviation is used in the first col-
umn to name the sets of shell ionisation cross sections and is provided in parenthesis [49].

The values of the shell cross sections can be obtained with relative ease in any Geant4
user application: first, the shell cross sections set must be selected using the SetPIXE-

CrossSectionModel method of the universal atomic de-excitation interface presented in
[46], passing as an argument the name of the set as given in column 1 of table 2.2. Then,
for a given incident particle, atomic target element, atomic shell, and incident kinetic en-
ergy, the GetShellIonisationCrossSectionPerAtom method gives the cross sections values
[49].

2.5.6 X-ray Fluorescence Models

The Atomic Relaxation component of Geant4 [44, 46], handling the emission of X-rays
and Auger/Coster-Kronig electrons, is based on EADL [63], which provides the atomic
electron binding energies and the radiative (fluorescence) and non-radiative (Auger and
Coster–Kronig electrons) transition probabilities. The tabulated data are used to calcu-
late the X-ray fluorescence lines [46] for Geant4 applications, whenever the atomic de-
excitation has to be considered by the model. Validation studies of the G4-PIXE Package
such as Pia et al. 2011 [64] and Guatelli et al. 2007 [44] showed that the EADL can
reproduce the X-ray lines originating from K and L shell transitions within an accuracy
of a few percent when compared to the experimental dataset by Deslattes et al. 2003 [65].
Hartree-Slater (HS) methods [66], were used to calculate the radiative transition probabil-
ities reported in EADL. However, following the work of Campbell et al. [67, 68] Cohen et
al. [2] recommended the Hartree-Fock approach [50] rather than the Hartree-Slater model
[66].

A user of the Atomic Relaxation component of Geant4 may enable and disable fluo-
rescence, Auger electron emission, and PIXE ionisation cross sections using macro com-
mands, either for the entire simulated set-up geometry, or for selected sections of the
sample geometry (using G4Regionobjects) [37, 46].
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ANSTO Ionisation Cross Sections

I revised the existing G4-PIXE based on the recommendations of D. D. Cohen and R.
Siegele, international leaders in experimental PIXE and associated theoretical modelling.

This chapter is a modified version of the published work:
S. Bakr, D.D. Cohen, R. Siegele, S. Incerti, V. Ivanchenko, A. Mantero, A. Rosenfeld,
S. Guatelli, (2018) “Latest Geant4 developments for PIXE applications”, Journal of

Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms, vol.
436, no. October, pp. 285–291.

https://doi.org/10.1016/j.nimb.2018.10.004

This work presented at the Ion Beam Analysis conference 2019, (Antibes, France),
24th Geant4 Collaboration meeting 2019, (Jefferson Lab, New York, USA), NSTLI
seminars 2019, (Australia’s Nuclear Science and Technology Organization (ANSTO),
Sydney, Australia), Heavy Ion Accelerator Symposium 2018, (Australian National Uni-
versity, Canberra, Australia), Third Geant4 International User conference 2018, (Bor-
deaux, France), MedPhys 2017, (University of Sydney, Sydney, Australia), Geant4 User
Workshop 2017, (Sege Hotel, Wollongong, Australia), Geant4 Collaboration meeting
2017, (University of Wollongong, Wollongong, Australia) and Innovation in Radiation
Applications 2017, (University of Wollongong, Wollongong, Australia).

3.1 Abstract

I describe the recent inclusion in Geant4 of state-of-the-art proton and α particle shell
ionisation cross sections based on the ECPSSR approach as calculated by Cohen et al.,
called here ECPSSR ANSTO. The new ionisation cross sections have been integrated
into Geant4. I present a comparison of the fluorescence X-ray spectra generated by the
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Table 3.1: Projectile kinetic energy and target element ranges of the ECPSSR ANSTO
cross sections for incident protons and α particles.

Kinetic Energy Target elements
K, L, M K L M

Proton 0.2-5.2 MeV
6-92 25-92 60-92

α particle 0.2-20.2 MeV

ECPSSR ANSTO set of cross sections and, alternatively, the currently available sets of
Geant4 PIXE cross sections. The comparisons are performed for a large set of sample
materials spanning a broad range of atomic numbers. The two alternative PIXE cross
sections approaches (Geant4 and ANSTO) have been compared to existing experimental
measurements performed at ANSTO with gold, tantalum and cerium targets of interest
for nanomedicine applications. The results show that, while the alternative approaches
produce equivalent results for vacancies generated in the K and L shell, differences are
evident in the case of M shell vacancies. This work represents the next step in the effort
to improve the Geant4 modelling of the atomic relaxation and provide recommended ap-
proaches to the Geant4 user community. This new Geant4 development is of interest for
applications spanning from life and space to environmental science.

3.2 Introduction

Particle Induced X-ray Emission (PIXE) describes the physical phenomenon of charged
particles, such as protons, α particles and heavier ions, incident on a target, which ionises
some atoms by removing one or more inner shell electrons from the K, L, or M

sub/shells. The shell vacancy is subsequently filled by an electron of an outer shell. This
process is accompanied by the emission of characteristic X-rays or Auger electrons and
Coster-Kronig transitions with energies corresponding to the difference in the binding en-
ergies of the involved atomic shells.

The Geant4 toolkit [1] includes analytical and data driven PIXE cross sections for elec-
trons, protons and heavier charged particles [38]. This chapter describes the recent in-
clusion in Geant4 of PIXE cross section for proton and α particles, which are based on
the-state-of-the-art recommendations documented in (Cohen, 2015) [2] (1985, 86 and 89)
[60, 69, 70], as alternative to the already available other Geant4 PIXE cross sections.

The novel Geant4 ECPSSR ANSTO approach provides the ionisation cross section of
the K, L, and M shells for incident protons and α particles in the energy ranges dis-
played in table 3.1.
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The advantage of the proposed cross sections is that they have been extensively vali-
dated against PIXE experimental measurements by many PIXE labs including the Aus-
tralian Nuclear Science and Technology Organisation [2]. This project is motivated by
the constant effort to improve the physics models of Geant4 by including available state
of the art physics models.

This work benefits applications of Geant4 in environmental physics, geology, archaeol-
ogy, space science and medical physics. It may also impact significantly novel application
domains such as nanomedicine, where an accurate modelling of atomic relaxation is re-
quired [44]. Schlathölter et al. [71], comments that the underlying nano-scale mechanism
of nano-particle enhancement in proton therapy remains poorly understood and therefore,
it is important to accurately characterise the secondary radiation field produced by the
protons when incident on high-Z nano-particles, including the characteristics X-rays and
Auger electrons deriving from the atomic relaxation. Porcel E et al. [72, 73] have shown
enhanced damage to DNA in the presence of Pt and Gd nano-particles irradiated by fast
helium ions and carbon ions and comment that Auger electrons play a significant role in
the production of indirect damage of the radiation in the biological medium, which needs
to be quantified.

3.3 The Geant4 Atomic Relaxation

The Geant4 Atomic Relaxation approach includes models for the generation of vacancies
in atomic shells and the subsequent emission of fluorescence X-rays and Auger electrons.
The development of this model were firstly described in (Guatelli et al, 2007a), [44]
and was then improved in the following years [46, 48]. In Geant4, atomic relaxation
simulation is articulated through two stages:

1. The creation of a vacancy by a primary process e.g. photoelectric effect, Compton
scattering and ionisation. The shell (or sub-shell) where the vacancy is created by
a process is sampled on the basis of the cross section of the given process. For the
ionisation process an additional PIXE cross section is used. At each simulation step
of charged particle number of vacancies, their position in space and shell types are
sampled according to the PIXE cross section.

2. The relaxation cascade is triggered, starting from the vacancy created by the pri-
mary process. Fluorescence X-ray, Auger electrons or Coster-Kronig transitions are
generated through radiative and non-radiative transitions, based on the respective
transition probabilities and produced secondary electrons or γ are further tracked
by Geant4.
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There are currently three alternative PIXE cross sections data sets in Geant4 to generate
a vacancy in a shell:

• The “Empirical” set, where K and L sub/shells ionisation cross sections are based
on empirical and semi-empirical compilations by Paul et al. and Orlic et al. [49].

• The “ECPSSR FormFactor” set, based on a polynomial approximation of the ion-
isation cross sections of K, L and a selection of M shells calculated by Taborda
et al. using Basbas method but with the ECPSSR theory for incident protons and α

particles [49].

• The “Analytical” set, based on the ECPSSR theory adapted by Abdelouahed et al,
[14] for the description of K and L shells ionisation for incident protons and α

particles [49].

In addition, it has been possible in Geant4 to simulate any ion, other than proton or α

particle, by applying speed and charge scaling to the proton Plane Wave Born Approx-
imation (PWBA) ionisation cross section data sets. However, this approximation is not
accurate for slow heavy ions where the Coulomb correction terms, ignored by the PWBA,
can become very significant [60, 61].

3.4 Materials and Methods

The ECPSSR theory has been developed by Brandt and Lapicki for both K and L

sub/shells ionisation by light ions Z1
Z2

< 0.3, where Z1 and Z2 refer to the charges of the
projectile and the target atom, respectively [61]. Cohen and Harrigan published ECPSSR

K and L sub/shells ionisation cross sections for both protons and α particles bombard-
ment for ion energies from 0.2 to 10 MeV and for a wide variety of target atoms, from
carbon to curium. These tables supersede all previous tables of this type as they supply
actual ionisation cross sections and do not rely on the scaling of some universal cross
section function to obtain the required cross sections [2, 60, 69, 70].

Once included in the Geant4 toolkit, the ECPSSR ANSTO cross sections have been
compared directly to the alternative data sets already available in Geant4 to assess the level
of agreement of the different approaches. The impact of the alternative ionisation cross
section sets, ECPSSR ANSTO and ECPSSR FormFactor, has been quantified in terms of
number of fluorescence X-rays generated per incident projectile.

Thirteen target materials (Al, Si, Fe, Zr, Te, Ce, Gd, Dy, Ta, W, Pt, Au, U) have been
chosen, from low to high atomic number Z. Monochromatic beams of protons (1.00, 2.50,
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3.00, 5.00 MeV) and α particles (5.00, 9.50, 15.00 MeV) are incident on 25 µm thick tar-
gets along the direction of the incident beam. The lateral sizes are 50 µm. The production
threshold of secondary particles is ignored. The fluorescence X-rays have been counted
once they are generated in the target. The default atomic relaxation library of Geant4,
based on the Evaluated Atomic Data Library EADL [63], has been used to calculate the
emission rates of the fluorescence X-ray, once the vacancy has been generated [49]. Two
different versions of the ECPSSR FormFactor have been considered in this work, which
are included in G4EMLOW 6.50 and G4EMLOW 6.54 data libraries. The G4EMLOW

6.50 and G4EMLOW 6.54 are the Low Energy Electromagnetic data libraries, released
with Geant4 10.3 and Geant4 10.4 beta versions, respectively. Note that the existing
Geant4 PIXE Empirical and Analytical cross section sets [46] have not been considered
in this work as they generate only K and L vacancies.

Finally, the Geant4 PIXE Package, with the ECPSSR ANSTO cross sections, has been
compared to experimental measurements performed at ANSTO using the 6 MV SIRIUS
Tandem Accelerator. In this case, protons and α particles are incident on 25 nm thick
cerium and tantalum and 100 nm thick gold targets along the direction of the incident
beam, similarly to the ANSTO experimental setup. Using a 3.00 MeV proton beam,
cerium, tantalum and gold targets are considered because of their possible application in
High-Z nano-particle radio-enhancement in proton therapy [74, 75]. In addition, a tanta-
lum target has been used for 10.00 MeV α particle beam. Relative fluorescence spectra
are presented.

3.4.1 Experimental Setup

PIXE spectra were experimentally measured at the ANSTO heavy ion micro-probe beam-
line using 3.00 MeV proton and 10.00 MeV He+2 ion beams with currents varying be-
tween 0.5 and 2.5 nA. For X-ray detection, a 100 mm2 high purity Ge detector with a
solid angle of 90 msr was used. The detector has a 25 µm thick Be window. To prevent
the scattered protons from entering the detector and to reduce the low energy X-ray yield
from light elements such as the underlying Si in some of the samples, a 100 µm thick
Mylar absorber (or filter) was placed in front of the detector.

The data were collected using the Data Acquisition System mpsys4 from Melbourne
University together with a Canberra Model 2060 digital signal processor. The irradiated
samples were 100 nm thick Au layer on silicon and 25 nm TaO layer on graphite. Addi-
tionally, a sample of CeO2 embedded in a boron oxide pellet was used.
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Since this study was a preliminary attempt to refine Geant4 X-ray emission spectra,
I generated spot values from Geant4 calculations to compare against continuously mea-
sured experimental spectra, it was impractical to use Geant4 to define peaks of definite
area. Hence, as a first approximation, matches were made only with peak heights, not
peak areas. Clearly, it is desirable that later work should attempt to more finely model the
entire energy range spanned by the experimentally observed X-ray emission.

3.5 Results and Discussion

3.5.1 Ionisation Cross Section Comparison

The proposed ANSTO ionisation cross sections have been calculated for all elements. As
example figures 3.1 and 3.2 show the cross sections for a gold target against the kinetic
energy of incident protons and α particles, respectively.

Figure 3.1: ANSTO proton ionisation cross sections for K, L, and M sub/shells for a
gold target.

As expected, the cross sections increase with the vacancy being originated in the K,

L, and M sub/shells.

The ionisation cross sections calculated by means of the ECPSSR FormFactor with
both G4EMLOW 6.50 and 6.54 libraries and ECPSSR ANSTO approaches were compared
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Figure 3.2: ANSTO α ionisation cross sections for K, L, and M sub/shells for a gold
target.

for a set of different target materials. In this work, G4EMLOW 6.50 and 6.54 ionisation
cross sections libraries are called ECPSSR FormFactor v.6.50 and v.6.54, respectively.

Figures 3.3 to 3.7 show the ratio R = σECPSSR FormFactor
σECPSSR ANSTO

, for K, L, and M shells and
sub-shells with respect to the incident proton and α particle kinetic energy for low (sil-
icon), medium (molybdenum) and high Z (gold) target materials. These figures illus-
trate how ANSTO’s calculated ionisation cross sections behave in comparison to Geant4
ECPSSR FormFactor ones.

It can be observed that in general, for the K shell, an agreement within 10% was ob-
served for proton energies below 2.50 MeV for low Z target materials. Larger differences
(∼ 25%) are observed for high Z targets materials for proton energies below 1.50 MeV.
Differences up to ∼ 10% are observed for incident α particles of kinetic energies higher
than 15.00 MeV for low Z sample materials, while differences within ∼ 10% are ob-
served for high Z sample materials for all considered incident α particle energies higher
than 4.00 MeV.

For L sub-shells, the differences are less than 5% for all proton energies lower than
3.00 MeV, while they are less than 20% in the range 3–5.2 MeV for medium Z targets.
For high Z materials differences, up to ∼ 10% are observed in the entire proton kinetic
energy range. Differences between 10% and 20% are observed for medium and high Z
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Figure 3.3: K shell ionisation cross section ratios for protons and α particles incident
on a silicon target.

Figure 3.4: K shell ionisation cross section ratios for protons incident on a molybdenum
target.
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Figure 3.5: L sub-shells ionisation cross section ratios for protons incident on a molyb-
denum target.

Figure 3.6: K shell ionisation cross section ratios for α particles incident on a molyb-
denum target.
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Figure 3.7: L sub-shells ionisation cross section ratios for α particles incident on a
molybdenum target.

Figure 3.8: K shell ionisation cross section ratios for protons incident on a gold target.
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Figure 3.9: L sub-shells ionisation cross section ratios for protons incident on a gold
target.

Figure 3.10: M sub-shells ionisation cross section ratios for protons incident on a gold
target.



CHAPTER 3. ANSTO IONISATION CROSS SECTIONS 34

Figure 3.11: K shell ionisation cross section ratios for α particles incident on a gold
target.

Figure 3.12: L sub-shells ionisation cross section ratios for α particles incident on a
gold target.
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Figure 3.13: M sub-shells ionisation cross section ratios for α particles incident on a
gold target.

targets, respectively, for the entire α particle energy range.

The K and L sub/shells ionisation cross sections of the ECPSSR FormFactor model
are closer to the ECPSSR ANSTO when calculated by means of the Geant4 Low Energy
EM library 6.54 version.

For M sub-shells, the differences between ECPSSR FormFactor v. 6.50 and ECPSSR ANSTO

are less than 20% for all proton energies less than 1 MeV, while they are less than 10% in
the range 1–5.2 MeV, except for the M1 sub-shell ionisation cross sections. In this case the
differences are up to 40% for the entire proton energy range. Differences up to∼ 25% and
∼ 15% have been found for α particles with energy 0.2–3 MeV and 3–10 MeV, respec-
tively. In contrast, for M2 and M3 sub-shells, there are significant differences (∼ 300%)
for ECPSSR FormFactor v. 6.54 data sets when compared to ECPSSR FormFactor v.

6.50 and ECPSSR ANSTO.

In general, it can be observed that differences are within∼ 25% for ECPSSR FormFactor

v. 6.50 and ECPSSR ANSTO. At lower energies, for both incident protons and α particles,
the ECPSSR FormFactor predicts consistently higher cross sections for all K, L, and M

sub/shells. At higher energies and Z sample materials it seems that this trend inverts with
the ECPSSR ANSTO producing more ionisations for M1 and L sub-shells.



CHAPTER 3. ANSTO IONISATION CROSS SECTIONS 36

3.5.2 Modelling X-ray Emission by Means of the ECPSSR ANSTO
Cross Sections

As an example of X-ray emission generated with the ECPSSR ANSTO cross sections, fig-
ures 3.14 and 3.15 show the X-ray emission calculated in gold, deriving from vacancies
in the L and M sub-shells generated by an incident 3.00 MeV proton and 9.50 MeV α

particles, respectively. The results are compared for the ECPSSR FormFactor v. 6.50, v.

6.54 and ECPSSR ANSTO data sets. The standard deviation of these results is less than
1.5%. No X-ray lines are shown for the Geant4 Analytical and Empirical approaches
because they do not provide ionisation cross sections for the M sub-shells. It can be
observed that the X-ray emission rates generated with the ECPSSR FormFactor in the
case of M sub-shells are higher than the ones generated with the ECPSSR ANSTO cross
sections. This reflects the fact that the ECPSSR FormFactor cross section is higher than
the ECPSSR ANSTO one, as shown in figure 3.10. The emission rates of X-rays deriving
from vacancies in the L sub-shells are almost identical (see figures 3.14 and 3.15).

Figure 3.14: X-ray emission generated by 3.00 MeV incident protons incident on a gold
target.

Tables 3.2 and 3.3 list the number of X-rays generated in a gold target per incident 3.00
MeV proton and 9.50 MeV α particle, respectively. For M-lines, it is clear that the fre-
quency calculated via ECPSSR FormFactor cross section is higher than the one calculated
with the ECPSSR ANSTO data set. For L-lines, the closest model to ECPSSR ANSTO is
the Geant4 Analytical model and the probabilities obtained with the ECPSSR FormFactor
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Figure 3.15: X-ray emission generated by 9.50 MeV α particles incident on a gold
target.

and Empirical sets are lower than ECPSSR ANSTO.

3.5.3 Validation of the Geant4 PIXE Package Against Experimental
Measurements

The X-ray emissions calculated by the Geant4 PIXE Package with the ECPSSR ANSTO

and ECPSSR FormFactor ionisation cross sections, have been compared against experi-
mental spectra. Figures 3.16 to 3.19 show the comparison of the X-ray emission frequen-
cies per incident particle, calculated by means of ANSTO and Form Factor cross sections,
against experimental measurements. The Geant4 X-ray emissions have been normalized
to the highest peak of the experimental spectra.

Results are shown for incident protons and α particles for the targets under study. It
can be observed that the X-ray emission rates calculated with the ECPSSR ANSTO cross
sections are slightly higher than those generated using the ECPSSR FormFactor (v. 6.50,

v. 6.54), in agreement with figures 3.10 and 3.13.

The results show a good agreement between Geant4-calculated emission X-ray spec-
tra and the experimental measurements. The ECPSSR ANSTO and ECPSSR FormFactor

cross sections produce very similar results, because of their limited differences in the case
of the L sub-shells. Bigger differences are expected when the vacancy is produced in the
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Table 3.2: Number of X-rays generated in the gold target per incident 3.00
MeV proton, when adopting different cross sections approaches (ECPSSR ANSTO,
ECPSSR FormFactor, Analytical and Empirical).

X-ray line ANSTO Form Factor v. Form Factor v. Analytical Empirical
6.50 6.54

Mα(II) 1.01×10−2 1.08×10−2 1.00×10−2 4.36×10−5 3.89×10−5

Mα(I) 1.98×10−1 2.11×10−1 1.97×10−1 8.19×10−4 7.77×10−4

Mβ 1.10×10−1 1.17×10−1 1.10×10−1 4.17×10−4 4.09×10−4

Mγ 1.38×10−2 1.44×10−2 1.03×10−2 5.47×10−5 5.48×10−5

Ll 3.97×10−4 3.84×10−4 3.91×10−4 4.03×10−4 3.85×10−4

Lα(II) 6.95×10−4 6.72×10−4 6.61×10−4 7.00×10−4 6.69×10−4

Lα(I) 6.12×10−3 5.89×10−3 5.88×10−3 6.17×10−3 5.84×10−3

Lβ (IV ) 9.78×10−5 9.30×10−5 8.82×10−5 1.02×10−4 8.50×10−5

Lβ (I) 2.03×10−3 1.95×10−3 1.98×10−3 2.04×10−3 2.17×10−3

Lβ (II) 1.15×10−3 1.09×10−3 1.11×10−3 1.16×10−3 1.10×10−3

Lβ (III) 1.16×10−4 1.01×10−4 9.64×10−5 1.14×10−4 9.73×10−5

Lγ(I) 4.03×10−4 3.92×10−4 3.84×10−4 4.01×10−4 4.30×10−4

Lγ(III) 3.00×10−5 2.99×10−5 3.02×10−5 3.04×10−5 2.62×10−5

Kα(I) 1.38×10−6 1.08×10−2 2.00×10−6 4.36×10−5 3.89×10−5

Table 3.3: Number of X-rays generated in the gold target per incident 9.50 MeV α , when
adopting different cross sections approaches (ECPSSR ANSTO, ECPSSR FormFactor,
Analytical and Empirical).

X-ray line ANSTO Form Factor v. Form Factor v. Analytical Empirical
6.50 6.54

Mα(II) 2.17×10−2 2.52×10−2 2.31×10−2 5.83×10−5 6.17×10−5

Mα(I) 4.24×10−1 4.92×10−1 4.49×10−1 1.16×10−3 1.16×10−3

Mβ 2.32×10−1 2.71×10−1 2.52×10−1 5.83×10−4 5.85×10−4

Mγ 2.89×10−2 3.28×10−2 2.18×10−2 7.90×10−5 8.01×10−5

Ll 5.84×10−4 5.54×10−4 5.57×10−4 5.77×10−4 5.75×10−4

Lα(II) 1.02×10−3 9.62×10−4 9.75×10−4 1.01×10−3 1.01×10−3

Lα(I) 8.93×10−3 8.52×10−3 8.48×10−3 8.87×10−3 8.88×10−3

Lβ (IV ) 9.37×10−5 8.46×10−5 8.58×10−5 9.54×10−5 9.54×10−5

Lβ (I) 2.87×10−3 2.75×10−3 2.78×10−3 2.84×10−3 2.86×10−3

Lβ (II) 1.66×10−3 1.59×10−3 1.59×10−3 1.66×10−3 1.66×10−3

Lβ (III) 1.06×10−4 9.79×10−5 9.96×10−5 1.07×10−4 1.09×10−4

Lγ(I) 5.72×10−4 5.44×10−4 5.38×10−4 5.57×10−4 5.63×10−4

Lγ(III) 2.77×10−5 2.78×10−5 2.66×10−5 2.98×10−5 2.97×10−5
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Figure 3.16: Geant4 Cerium X-ray emissions generated by a 3.00 MeV incident proton
compared to the experimental spectrum.

Figure 3.17: Geant4 tantalum X-ray emissions generated by a 3.00 MeV incident proton
compared to the experimental spectrum.
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Figure 3.18: Geant4 gold X-ray emissions generated by a 3.00 MeV incident proton
compared to the experimental spectrum.

Figure 3.19: Geant4 tantalum X-ray emissions generated by a 10.00 MeV incident α

compared to the experimental spectrum
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M sub-shells.

3.6 Conclusion

ECPSSR ANSTO cross sections for protons and α particles have been integrated in Geant4
for PIXE simulation. The ECPSSR FormFactor and ECPSSR ANSTO approaches can
handle the M sub-shell relaxations. The two alternative sets, while providing more com-
parable results for K and L shells, show significant differences when modelling the M

shell, which may have a significant impact in Geant4-based nanomedicine studies.
The larger differences between the model prediction and the measured experimental ab-

sorption cross sections for high-Z materials with occupied M sub-shells probably stems
from their total atomic energies being comprised of nucleon and electron energies. Elec-
tron energies are typically small (from KeV down to 1/10 ths of eV), while nuclear in-
teractions typically have energies of the order of MeV. Nonetheless, the total energy of
the atomic species is influenced by both nuclear and electron processes. M-shell atoms
will have many more subtly-nuanced possible interaction processes than atoms with only
K and L shells occupied. The electron orbitals for M-shell species may be physically
bigger (i.e., larger orbital radii) and there are more of them, which means that will tend to
be more affected by the environment of the particular atom. The existing modelling for
proton and α absorption may not have allowed for all the possible energy absorption and
subsequent de-excitation mechanisms at work during absorption events in such bonded
metallic samples and their substrates. Schlatholter et al. [71] and Porcel et al. [72, 73]
have already noted that scattering mechanisms are poorly understood in high-Z number
materials, and M-shell materials have the biggest Z numbers. Hence, further experimental
data will always be necessary and valuable in this field.

For the future, it is recommended to validate the alternative sets of ionisation cross sec-
tions for this shell with accurate, reference experimental measurements, when available
[76].

The novel cross sections, called ECPSSR ANSTO, will be included in the public release
of Geant4 and can be selected in a Geant4 user application by means of user interface
commands on top of any electromagnetic physics configurations.
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Chapter 4

Geant4 X-ray Fluorescence with
Updated Libraries

To get a unique complete G4–ANSTO approach based on the ANSTO calculations and
recommendations of D. D. Cohen and R. Siegele, I integrated the ANSTO HF X-ray fluo-
rescence yields, the second component of G4–ANSTO approach.

This chapter is a modified version of the published work:
S. Bakr, D.D. Cohen, R. Siegele, J. W. Archer, S. Incerti, V. Ivanchenko, A. Mantero,
A. Rosenfeld, S. Guatelli, (2021) “Geant4 X-ray fluorescence with updated libraries”,
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with

Materials and Atoms, vol. 507, 2021, pp. 11-19.
https://doi.org/10.1016/j.nimb.2021.09.009

This work presented at the Ion Beam Analysis conference 2021, (Online), 26th Geant4
Collaboration meeting 2021, (Online), 25th Geant4 Collaboration meeting 2020, (On-
line).

4.1 Abstract

I present the results concerning the development in Geant4 of a new data driven library,
called here the ANSTO HF library. This X-ray fluorescence library is based on an ap-
proach of particular interest for PIXE simulation applications; however, it can be used in
any Geant4 application where X-ray fluorescence needs to be described. The X-ray fluo-
rescence transition probabilities were calculated within the Hartree-Fock (HF) approach,
which is recognised to better reproduce PIXE experimental values compared with the
Hartree-Slater approach, adopted in the current default Geant4 EADL data library. These
HF X-ray fluorescence transition probabilities were integrated into a new Geant4 library
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and will be released within Geant4 in the near future.

In this chapter, I compare the fluorescence X-ray spectra generated by the ANSTO HF

library and by the currently available library (EADL-1991 [63]) within Geant4, for tar-
gets irradiated with protons and α particles with energies up to 10.00 MeV, a range of
interest for PIXE applications. The comparisons were performed for a large set of sam-
ple materials spanning a broad range of target atomic numbers. These two approaches
were compared to existing experimental measurements performed at the ANSTO heavy
ion microprobe beamline using 2.00 MeV and 3.00 MeV proton and 10.00 MeV He+2

ion beams. This work represents a useful upgrade to the Geant4 atomic de-excitation
package.

4.2 Introduction

Particle Induced X-ray Emission (PIXE) is a well-established non-destructive analytical
technique to determine the elemental composition of a sample, with very broad applica-
tions ranging from archaeometry to zoology.

PIXE describes the phenomenon of charged particles, such as protons, α and heavier
ions, interacting with matter. This includes the ionisation of atoms within the target by
removing one or more electrons from the K, L, or M sub/shells, followed by atomic
de-excitation. This shell vacancy is then filled by an electron from an outer shell with
the subsequent emission of a characteristic X-ray. These fluorescence X-rays are then
detected and used to determine the elemental composition of the irradiated target. The
elements in a sample are identified by the energy of the emitted X-rays while their con-
centration is determined by the intensity of each specific X-ray line [77].

Geant4 [1] is a general-purpose Monte Carlo toolkit, describing particle interactions in
matter in the energy range from a few eV to TeV. In the context of PIXE, Geant4 allows
one to model the composition of both homogeneous and heterogeneous materials, gaseous
samples for environmental applications, planetary samples for geological and space sci-
ence studies. Like the PIXAN and GUPIX [78] packages, Geant4 models PIXE taking
into account the absorption of emitted X-rays and the slowing down of the incident parti-
cle as it passes through a target.

The Geant4 Atomic Relaxation package includes models for the generation of vacan-
cies in atomic shells and the subsequent emission of fluorescence X-rays and Auger elec-
trons. The development of the Geant4 Atomic Relaxation Package was firstly documented
in [44] and was more recently improved [46]. Two concepts are considered in the simu-
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Table 4.1: Models and approaches in this comparison.

G4–default G4–ANSTO
Ionisation cross ECPSSR FormFactor ECPSSR ANSTO

sections [58, 59] [16]
Transition EADL (Hartree-Slater) ANSTO HF (Hartree-Fock)

probabilities [66] [50]

lation of atomic relaxation [44]:

• the creation of a vacancy by a primary process and

• the generation of the relaxation cascade.

The first one is handled by any Geant4 Electromagnetic Physics Package (including Stan-
dard, Livermore, Penelope, and Geant4-DNA models) which manages the primary in-
teractions, e.g., the photoelectric effect, Compton scattering and ionisation; the second
one is handled by the Atomic Relaxation package, which is used by all the primary pro-
cesses generating a vacancy. The secondaries generated by the Atomic Relaxation are
then passed to Geant4 tracking and managed as any other particle in the simulation.

Different ionisation cross sections for protons and α particles can be currently used in
Geant4 to generate the vacancy in a shell, as described in [49]:

1. K and L shell ionisation cross sections based on empirical and semi-empirical
compilations [55–57];

2. The so-called Form Factor set, based on an empirical polynomial approximation to
the ionisation cross sections of K, L and a selection of M sub/shells calculated
from the ECPSSR theory for incident protons and α particles [58, 59].

3. The third set, named ECPSSR Analytical, is based on the ECPSSR theory [14] for
the description of K and L sub/shells ionisation for incident protons and α particles
[46];

4. the fourth set, called ECPSSR ANSTO [16], based on the theoretical work of Brandt
and Lapicki and documented in [2, 60, 69, 70].

In addition, the Atomic Relaxation Geant4 component [44, 46], handling the emission
of X-rays and Auger/Coster-Kronig electrons, is based on the Evaluated Data Library
EADL [63], which provides the atomic electron binding energies and the radiative (fluo-
rescence) and non-radiative (Auger and Coster–Kronig electrons) transition probabilities.
Such tabulated data are used to calculate the X-ray fluorescence lines [46] for Geant4
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applications, where the modelling of atomic de-excitation is necessary. The radiative
transition probabilities reported in the EADL were calculated according to Hartree-Slater
(HS) methods [66], however following the work of Campbell et al. [67, 68] Cohen et
al.[2] recommended the Hartree-Fock approach [50] rather than the Hartree-Slater model
[66]. Validation studies of the G4-PIXE Package such as Guatelli et al. 2007 [44] and
Pia et al. 2011 [64] showed that the EADL can reproduce the X-ray lines deriving from
the K and L sub/shells transitions within few percentage accuracy when compared to
a selected experimental dataset by Deslattes et al. 2003 [65]. However, such agreement
may be significantly improved by using data libraries based on Hartree-Fock method [2].

This project is motivated by the ongoing effort to improve the physics model as well
as providing the user with a broader range of dataset options in Geant4 [46]. Despite
the availability of different ionisation cross sections and atomic relaxation data sets, there
is the need to provide a range of options as well as a unique, accurate, self-consistent
and robust recommended approach to the PIXE user community, within Geant4. This
improvement also benefits applications of Geant4 in other domains, such as environmental
physics, geology, archaeology, and space science.

4.3 Materials and Methods

The ECPSSR theory was developed by Brandt and Lapicki for both K and L shells ion-
isation by light ions Z1

Z2
< 0.3, where Z1 and Z2 refer to the charges of the projectile and

the target atom, respectively [61]. Cohen and Harrigan published ECPSSR K and L

sub/shells ionisation cross sections for both protons and α particles bombardment for ion
energies in the general PIXE range from 0.2 to 10.0 MeV and for a wide variety of target
atoms, from carbon to curium [60, 69]. Their later publication included corrections to this
dataset for the relativistic nature of the ions. This correction was not large for the MeV
ions used in PIXE with energies between 1.00 MeV and 3.00 MeV.

In Geant4, atomic relaxation simulation is articulated through two stages:

1. The creation of a vacancy by a primary process e.g., photoelectric effect, Compton
scattering and ionisation. The shell (or sub-shell) where the vacancy is created by a
process is sampled based on the cross section of the given process.

2. For the ionisation process number and sub/shell of the vacancies are calculated
according to the PIXE cross sections. Two ionisation cross section models were
used in this work:

(a) ECPSSR FormFactor [58, 59] : based on a polynomial approximation of the
ionisation cross sections of K, L and a selection of M sub/shells calculated
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with the ECPSSR theory for incident protons and α particles. This approach
is the most recent available Geant4 set.

(b) ECPSSR ANSTO [16]: based on the ECPSSR approach of the ionisation cross
sections of K, L, and M sub/shells as calculated by D. D. Cohen et al. [60] for
incident protons and α particles. This approach was implemented in Geant4
and released in Geant4 in December 2021.

3. The relaxation cascade is triggered, starting from the vacancy created by the pri-
mary process. Fluorescence X-ray, Auger electrons or Coster-Kronig transitions
are generated through radiative and non-radiative transitions, based on the respec-
tive transition probabilities. In the simulation, all secondary particles with energies
greater than the cut energy of 10 eV are tracked. Two transition probability libraries
were used in this work to generate the fluorescence X-rays:

(a) EADL is the default library that is used in Geant4 to provide the transition
probability and is based on Hartree-Slater approach [66].

(b) a new fluorescence data library, called here ANSTO HF, from ANSTO calcu-
lations based on Hartree-Fock approach [50]. This was written analogously
to the existing EADL Geant4 data library, for simplicity, transparency and to
facilitate its integration in the G4EMLOW data library. Same binding energies
of EADL (as in G4EMLOW7.7) were adopted in the ANSTO HF library.

Table 4.1 lists the approaches used in this work. Geant4 extended example TestEm5
and Geant4 10.05.p01 were used. The impact of the two fluorescence libraries, ANSTO

HF and EADL, was quantified in terms of fluorescence X-ray yields per incident particle.
Nine target materials (Si, Ti, Fe, Zn, Nb, Ru, Ce, Ta, Au) were chosen, from low to high
atomic number Z materials.

When the particle’s velocity matches the electron shell velocity, the chance of the K
electron shell ionisation is maximised. For example, protons and α particles when inci-
dent on silicon need a kinetic energy of ∼ 3 MeV and ∼ 25 MeV, respectively, to achieve
some degree of velocity matching [22]. This is strongly dependent on the target atomic
number Z. Monoenergetic pencil beams of protons (2 and 3 MeV) and α particles (10
MeV) were considered as they are representative of some common PIXE applications
where experimental data may be available for comparison with theory. These particles
were incident on 25 µm thick targets along the direction of the incident beam.

The production threshold of secondary particles was ignored. The fluorescence X-rays
were counted once they were generated in the target. Note that the existing Geant4 PIXE
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Empirical and Analytical cross section sets [46] were not considered in this work as they
generate only K and L vacancies.

Finally, the G4–ANSTO and G4–default (see table 4.1) were compared to experimental
measurements performed at ANSTO using the 6 MV SIRIUS Tandem Accelerator [79].
The experimental spectra were normalised to the highest line of the G4–ANSTO X-ray
emissions.

4.3.1 Experimental Setup

PIXE spectra were experimentally measured at the ANSTO heavy ion micro-probe beam-
line [79] using 2.00 and 3.00 MeV proton and 10.00 MeV He+2 ion beams with beam
currents varying between 0.5 and 2.5 nA. For X-ray detection, a 100 mm2 high purity
Ge detector with a solid angle of 90 msr was used. The detector has a 25 µm thick Be
window. To prevent the scattered protons from entering the detector and to reduce the low
energy X-ray yield from light elements such as the underlying Si in some of the samples, a
100 µm thick Mylar absorber (or filter) was placed in front of the detector. The data were
collected using the Data Acquisition System mpsys4 from Melbourne University together
with a Canberra Model 2060 digital signal processor. The irradiated samples were: 1 mm
silicon layer, 100 nm Au layer on silicon, 50 nm TiN layer on silicon, 50 nm ZnO layer
on silicon, 25 nm Ta2O3 layer on graphite, 25 nm Ru oxide film on graphite, 45 nm Nb
oxide film on graphite, Fe2O3 layer embedded in a boron oxide pellet, and a sample of
CeO2 embedded in a boron oxide pellet.

4.4 Results and Discussion

The following figures 4.1 to 4.7, 4.10 to 4.17, 4.20 to 4.26, 4.29 and 4.30 show the re-
sults of G4–ANSTO and G4–default approaches, with the X axis representing energy in
keV and the Y axis representing X-ray frequency per incident particle. To compare G4–

ANSTO to the experimental spectra, the G4–ANSTO data was convoluted with a Gaussian
function. The reason behind calculating the Gaussian for G4–ANSTO is that there were
different lines adjacent to each other and, therefore, their contribution was convoluted to
produce the experimentally observed peaks.

In In these figures 4.1 to 4.7, 4.10 to 4.17, 4.20 to 4.26, 4.29 and 4.30, I simply cal-
culated the Gaussian of G4–ANSTO and normalised it to the G4–ANSTO highest line to
compare with the experimental data. Doing the same for the G4–default approach and
plotting all the data and spectra on the same plot would deceive the readers and represent
the Gaussian of both G4–ANSTO and G4–default to be nearly identical, as seen in fig-
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Figure 4.1: X-ray emission generated by 2.00 MeV incident protons on a niobium target,
Z = 41.

ure 4.1.

Nonetheless, because the data libraries can be employed in a variety of applications
ranging from space to environmental and healthcare applications, it is critical to demon-
strate the absolute differences in X-ray emission yields produced with the two different
data libraries.

4.4.1 Comparison of 2.00 MeV Incident Protons Results

Figures 4.2 to 4.11 compare the X-ray fluorescence yields obtained with G4–default and
G4–ANSTO approaches, and experimental measurements. Figures 4.2 to 4.7 compare the
X-ray emission frequencies (for the K shell) per incident particle generated by a 2.00
MeV proton on Si, Ti, Fe, Zn, Nb, and Ru samples. The Gaussian of G4–ANSTO results
was calculated and compared with the experimental spectrum. The experimental spectra
and the Gaussian of G4–ANSTO were normalised to the highest line of the G4–ANSTO

X-ray emissions, in this case Kα(I). Figures 4.2 to 4.7 indicate that G4–ANSTO approach
has higher X-ray emission rates (for Kα(I), Kα(II), and Kβ (I) X-ray lines) than the G4–

default approach in all samples.

The ratio of G4–ANSTO to G4–default calculated X-ray yields of Nb and Ru derived
primarily from vacancies in the K and L sub/shells produced by incident 2.00 MeV pro-
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Figure 4.2: X-ray emission generated by 2.00 MeV incident protons on a silicon target,
Z = 14.

Figure 4.3: X-ray emission generated by 2.00 MeV incident protons on a titanium target,
Z = 22.
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Figure 4.4: X-ray emission generated by 2.00 MeV incident protons on an iron target, Z
= 26.

tons is shown in figures 4.8 and 4.9.

Figures 4.10 and 4.11 compare calculated X-ray yields to experimental spectra of Ce
and Ta, which are driven primarily by vacancies in the L sub-shells created by incident
2.00 MeV protons.

The L sub-shells X-ray emissions for Nb (Z = 41) and Ru (Z = 44) samples were
not obtained experimentally. Therefore, only the results of Geant4 simulation using the
G4–ANSTO and G4–default approaches are shown in figures 4.8 and 4.9. The ratio of
the lines generated by G4–ANSTO approach to the G4–default approach was displayed
in figures 4.8 and 4.9. Most of Geant4 lines were found to be substantially higher in the
G4–ANSTO approach for both samples (Nb and Ru). It can be noticed that most lines
show no more ∼ 50% difference between G4–ANSTO and G4–default approaches, while
it is around ∼ 100% difference for Lγ(I) and Lβ (II) for Nb and Ru, respectively. Except
the Ll line, the electron transition from M(I) sub-shell to L(III) sub-shell, in G4–ANSTO

results is about ∼ 25% lower than in G4–default results.

Figures 4.10 and 4.11 depict the findings, which indicate a reasonable agreement be-
tween Geant4-calculated emission X-ray spectra and the experimental measurements. I
found that the G4–ANSTO approach produces higher X-ray emission results than the G4–

default one. The difference was particularly noticeable for the Lα(I) line. In addition,
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Figure 4.5: X-ray emission generated by 2.00 MeV incident protons on a zinc target, Z
= 30.

Figure 4.6: X-ray emission generated by 2.00 MeV incident protons on a niobium target,
Z = 41.



CHAPTER 4. GEANT4 X-RAY FLUORESCENCE WITH UPDATED LIBRARIES 53

Figure 4.7: X-ray emission generated by 2.00 MeV incident protons on a ruthenium
target, Z = 44.

Figure 4.8: Ratio of X-ray emission generated by 2.00 MeV incident protons on a nio-
bium target, Z = 41.
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Figure 4.9: Ratio of X-ray emission generated by 2.00 MeV incident protons on a ruthe-
nium target, Z = 44.

Figure 4.10: X-ray emission generated by 2.00 MeV incident protons on a cerium target,
Z = 58.



CHAPTER 4. GEANT4 X-RAY FLUORESCENCE WITH UPDATED LIBRARIES 55

Figure 4.11: X-ray emission generated by 2.00 MeV incident protons on a tantalum
target, Z = 73.

the lines (Lβ (I), Lβ (II), Lβ (III), Lβ (IV )) calculated by means of both G4–ANSTO and G4–

default approaches were lower than the experimental spectrum, which was attributable to
the fact that these four lines were adjacent to each other and, therefore, their contribution
was convoluted to produce the higher peaks observable in the experimental data. How-
ever, the Gaussian spectra of G4–ANSTO approach showed better results when compared
to the experimental spectrum.

As shown in figures 4.10 and 4.11, the Ll line of cerium produced by the G4–default

approach was higher than that generated by the G4–ANSTO one. The X-ray fluorescence
databases of G4–default and G4–ANSTO approaches were compared to understand the
reason for these variations in Ll X-ray yield and it was found that only the Ll X-ray line
probability of transition was higher in G4–default when compared to G4–ANSTO.

4.4.2 Comparison of 3.00 MeV Incident Protons Results

Figures 4.12 to 4.17 compare calculated X-ray yields to experimental spectra of Si, Ti,
Fe, Zn, Nb, and Ru derived primarily from vacancies in the K shell induced by incident
3.00 MeV protons.

Figures 4.18 and 4.19 depict the measured X-ray yields of Nb and Ru, which were pri-
marily derived from vacancies in the L and K sub/shells induced by incident 3.00 MeV
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protons.

Figures 4.20 to 4.22 compare calculated X-ray yields to experimental spectra of Ce, Ta,
and Au, which were driven primarily by vacancies in the L sub-shells induced by incident
3.00 MeV protons.

Figure 4.12: X-ray emission generated by 3.00 MeV incident protons on a silicon target,
Z = 14.

Figures 4.12 to 4.22 provide a comparison of the G4–ANSTO and G4–default ap-
proaches’ results. Figures 4.12 to 4.17 compare the calculated G4–ANSTO and G4–

default X-ray emission frequencies (for the K shell) per incident particle, produced by a
3.00 MeV proton on Si, Ti, Fe, Zn, Nb, and Ru samples to experimental measurements.
Additionally, the experimental spectrum was compared to the Gaussian of G4–ANSTO

results. The experimental spectra and the Gaussian of G4–ANSTO were normalised to the
highest line of the G4–ANSTO X-ray emissions, in this case Kα(I). Figures 4.12 to 4.17
show that the G4–ANSTO approach provides higher X-ray emission frequencies than the
G4–default approach in all samples, except for Kα(II) X-ray line for Ru (see figure 4.17).

Since the L shell experimental spectra for these samples are not available, figures 4.18
and 4.19 only show the results of the Geant4 simulation, the ratio of lines generated by
the G4–ANSTO approach to lines generated by the G4–default approach. It is worth not-
ing that all lines show less than ∼ 50% difference between G4–ANSTO and G4–default

approaches, while Lγ(I) and Lβ (II) for Nb and Ru, respectively, show about ∼ 100% dif-



CHAPTER 4. GEANT4 X-RAY FLUORESCENCE WITH UPDATED LIBRARIES 57

Figure 4.13: X-ray emission generated by 3.00 MeV incident protons on a titanium
target, Z = 22.

Figure 4.14: X-ray emission generated by 3.00 MeV incident protons on an iron target,
Z = 26.
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Figure 4.15: X-ray emission generated by 3.00 MeV incident protons on a zinc target,
Z = 30.

Figure 4.16: X-ray emission generated by 3.00 MeV incident protons on a niobium
target, Z = 41.
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Figure 4.17: X-ray emission generated by 3.00 MeV incident protons on a ruthenium
target, Z = 44.

Figure 4.18: Ratio of X-ray emission generated by 3.00 MeV incident protons on a
niobium target, Z = 41.
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Figure 4.19: Ratio of X-ray emission generated by 3.00 MeV incident protons on a
ruthenium target, Z = 44.

ference.

Figures 4.20 to 4.22 indicate that the Gaussian of G4–ANSTO emission X-ray spectra
and the experimental measurements agreed reasonably well. The experimental spectrum
and the Gaussian of G4–ANSTO were normalised to the highest line of the G4–ANSTO

approach. I found that the G4–ANSTO approach produces higher X-ray emission results
than the G4–default results. The differentiation was especially evident in the Lα(I) line.
Figures 4.18 to 4.22 show that only the Ll X-ray yield is about ∼ 60% higher in G4–

default approach than in G4–ANSTO one since the probability of transition for the Ll

X-ray line was higher in G4–default approach.

4.4.3 Comparison of 10.00 MeV Incident α Particles Results

Figures 4.23 to 4.26 compare calculated X-ray yields to experimental spectra of Ti, Zn,
Nb, and Ru derived primarily from vacancies in the K shell induced by incident 10.00
MeV α particles.

Figures 4.27 and 4.28 depict the calculated X-ray yields of Nb and Ru, which result
primarily from vacancies in the L and K shells induced by incident 10.00 MeV α parti-
cles.
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Figure 4.20: X-ray emission generated by 3.00 MeV incident protons on a cerium target,
Z = 58.

Figure 4.21: X-ray emission generated by 3.00 MeV incident protons on a tantalum
target, Z = 73.
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Figure 4.22: X-ray emission generated by 3.00 MeV incident protons on a gold target,
Z = 79.

Figures 4.29 and 4.30 compare calculated X-ray yields to experimental Ta spectra de-
rived primarily from vacancies in the L sub-shells induced by 10.00 MeV incident α

particles.

Figures 4.23 to 4.30 compare the results of the G4–ANSTO and G4–default approaches.
Figures 4.23 to 4.26 compares the X-ray emission frequencies (for the K shell), produced
by 10.00 MeV α particles on Ti, Zn, Nb, and Ru samples, calculated using the G4–ANSTO

and G4–default approaches to experimental measurements. The Gaussian of G4–ANSTO

results were compared to the experimental spectrum. The experimental spectra and the
Gaussian of G4–ANSTO were normalised to the highest line of G4–ANSTO approach, in
this case Kα(I). Figures 4.23 to 4.26 show that the G4–ANSTO approach indicates about
∼ 5% higher X-ray emission frequencies than the G4–default approach in all samples.

Figures 4.27 and 4.28 depict the L and K sub/shells X-ray emissions using the G4–

ANSTO and G4–default approaches; the G4–ANSTO results were significantly higher than
the G4–default results, a maximum of 50% difference for most lines, while Lγ(I) and Lβ (II)

for Nb and Ru, respectively, showed about ∼ 100% difference. Besides the Ll line, which
was ∼ 60% lower using G4–ANSTO approach than G4–default approach.

Figures 4.29 and 4.30 depict the calculated Ta X-ray yields resulting primarily from
vacancies in the L and M sub/shells induced by 10.00 MeV incident α particles. In
figure 4.29, the Gaussian of G4–ANSTO X-ray emission results showed a reasonably good
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Figure 4.23: X-ray emission generated by 10.00 MeV incident α particles on a titanium
target, Z=22.

Figure 4.24: X-ray emission generated by 10.00 MeV incident α particles on a zinc
target, Z=30.
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Figure 4.25: X-ray emission generated by 10.00 MeV incident α particles on a niobium
target, Z=41.

Figure 4.26: X-ray emission generated by 10.00 MeV incident α particles on a ruthe-
nium target, Z=44.
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Figure 4.27: Ratio of X-ray emission generated by 10.00 MeV incident α particles on a
niobium target, Z = 41.

Figure 4.28: Ratio of X-ray emission generated by 10.00 MeV incident α particles on a
ruthenium target, Z = 44.
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Figure 4.29: X-ray emission generated by 10.00 MeV incident α particles on a tantalum
target, Z = 73.

Figure 4.30: X-ray emission generated by 10.00 MeV incident α particles on a tantalum
target, Z = 73.
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agreement with the ANSTO experimental data. Figure 4.30, on the other hand, depicts the
M and L sub/shells X-ray emissions for both the G4–ANSTO and G4–default approaches
under consideration. Except for the Ll X-ray line, all G4–ANSTO X-ray lines created
from vacancies in L sub-shells were higher (maximum of 100% besides of Lβ (III) and
Lγ(III) are about 150% higher) than the G4–default ones, due to the higher probability of
transition in the G4–default approach, with the solely exception of the Mβ and Mγ X-ray
lines.

4.5 Conclusion

The G4–ANSTO approach, which includes the ECPSSR ANSTO ionisation cross sections
[16] and ANSTO HF fluorescence yield [50] libraries, was implemented in Geant4 and
compared to G4–default approach. The G4–default approach includes the ECPSSR FormFactor

ionisation cross sections [58, 59] and EADL [66] fluorescence yield libraries. Geant4-
calculated X-ray emission spectra using the G4–ANSTO, and the G4–default approaches
were compared in terms of fluorescence X-ray yields per incident particle. Nine target
materials (Si, Ti, Fe, Zn, Nb, Ru, Ce, Ta, Au) were under study, from low to high atomic
number Z materials. Mono-energetic beams of protons (2.00 and 3.00 MeV) and α parti-
cles (10.00 MeV) were used.

For all samples, most lines were observed to be significantly higher when using the
G4–ANSTO approach with the exception of the Ll line, corresponding to the electron tran-
sition from the M(I) sub-shell to the L(III) sub-shell. The study showed that the Geant4-
calculated X-ray emission spectra and the ANSTO experimental measurements were in a
reasonably good agreement. However, I am only analysing a few peaks with PIXE, but
in reality, G4–ANSTO has significant differences with G4–default for other lines, which
may be important in other application domains.

The novel G4–ANSTO X-ray fluorescence data libraries can be coupled with the G4–

ANSTO cross sections [16] or with the Geant4 default cross sections, handling the gener-
ation of atomic vacancies (e.g., the photoelectric effect, Compton scattering and ionisa-
tion).

The G4–ANSTO approach will be included in the public release of Geant4 in the near
future and will be usable by means of user interface commands on top of any electro-
magnetic physics configurations. The Geant4 PIXE user community will be able to use
the G4–ANSTO libraries and models, which provide a unique, self-consistent, and stable
recommended approach.
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Chapter 5

Carbon Ion Beam Experiments

This chapter describes experiments which I performed at ANSTO (Lucas Heights, NSW)
to gain accurate X-ray emission data (PIXE) for the purpose of validating the novel
Geant4 PIXE component.

Several experiments were conducted at ANSTO on the ANTARES tandem accelerator
utilising the heavy ion microprobe beamline employing carbon ions (proton and α par-
ticles are previously discussed in chapter 4) in order to validate the novel Geant4 PIXE
component. The remainder of this chapter presents the outcomes of our experiments at
ANSTO.

5.1 Introduction

The carbon ion has gained significant popularity in PIXE applications across numerous
laboratories globally and is considered a preferred ion for such purposes. In order to
implement the novel PIXE approach within Geant4, it is necessary to ensure that the ap-
proach is compatible with the requirements of Geant4 users.

For a variety of significant reasons, medical uses of carbon ion beams are of special
interest. Carbon ion carries more energy than photons, α particles and X-rays. Moreover,
ions scatter less at the skin interface in biological soft matter and have better absorption
coefficients than X-rays. Additionally, ionised nuclei may be easily produced and con-
trolled. Furthermore, ions scatter less at the skin interface in biological soft matter and
have better absorption coefficients than X-rays. Since biological matter is composed of
water and carbon, any additional carbon atoms added by diagnostic equipment are less
likely to cause a toxic reaction since they are already there [80].

69



CHAPTER 5. CARBON ION BEAM EXPERIMENTS 70

The 10 MV ANTARES (Australian National Tandem Research Accelerator) accelera-
tor delivers ion beams of energies from 5 to 100 MeV , depending on the ion species, with
beam intensities up to a few microamperes [81]. Ion beams of almost every naturally-
occurring isotope can be generated, devoid of interference from other isotopic species or
molecular ions. ANTARES was launched in 1991 and has been improved on a regular
basis since then [82].

A tandem accelerator’s (heavy) ion beam is focused using a set of electromagnetic
lenses. The “microprobe” is a beam that passes through a small rectangular aperture that
is quite distant from the lens system in relation to the aperture size. The microprobe is
basically an inverted microscope that employs an image probe consisting of a focused
beam of accelerated ions with energies in MeV range [81]. The ion microbeam is char-
acterised by the type, energy, and charge of the ions, as well as the microbeam current in
a specified spot size region (which may also be referred to as the current density or the
ion flux per area). A heavy ion microprobe is intended to focus ions much heavier than
protons (e.g., ions from carbon, nitrogen, oxygen or even heavier atoms) which can form
stable negative ions [82].

5.2 Materials and Methods

PIXE spectra were produced experimentally at the ANSTO heavy ion microprobe beam-
line using carbon ion beams of 1.00, 1.67, and 3.00 MeV/amu with currents varying from
0.5 to 2.5 nA. For X-ray detection, a 100 mm2 high purity Ge detector with a solid accep-
tance angle of 90 msr (about 5.2o) was used. The detector is equipped with a Be window
that is 25 µm thick. A Canberra Model 2060 digital signal processor and the Melbourne
University Data Acquisition System mpsys4 were used to collect the data [83]. There
were eight research samples utilised in this study, all of which were designated as part of
the International Atomic Energy Agency’s Coordinated Research Project F11019.

The suite of targets for PIXE generation were a 1 mm silicon layer, a 50 nm TiN layer
on silicon, a 50 nm ZnO layer on silicon, a 25 nm Ta2O3 layer on graphite, a 25 nm Ru
oxide layer on graphite, a 45 nm Nb oxide layer on graphite, a Fe2O3 layer embedded in
a boron oxide pellet, and a CeO2 sample embedded in a boron oxide pellet. These were
all successively individually exposed to the ion microprobe beams.
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5.3 Results and Discussion

Figures 5.1 to 5.3 illustrate the experimental X-ray spectra originated by a carbon ion
beam incident with energy 1.00, 1.67, and 3.00 MeV/amu, respectively, on Si, Ti, Fe,
Zn, Nb, Ru, Ce, and Ta sample materials. Highlighted in red are the peaks of interest for
later comparison with Geant4 simulation results (see chapter 6).

Figures 5.1a, 5.2a and 5.3a clearly show the Si Kα1 peak, which is the unique peak
visible in the spectrum. Since the Ti sample was placed on a Si layer, I find Kα1 and Kβ1

peaks for Ti and Kα1 peaks for Si visible in the results of figures 5.1b, 5.2b and 5.3b.
Only the Kα1 and Kβ1 peaks for Fe are visible in figures 5.1c, 5.2c and 5.3c. There was
no significant contribution to X-ray intensity by the Boron (B) or oxygen (O) species.
Because the Zn sample was also deposited on a Si layer, the Si Kα1 peak can be seen in
figures 5.1d, 5.2d and 5.3d, along with the Zn Kα1 and Kβ1 peaks. The Lα1, Kα1, and Kβ1

peaks are depicted in figures 5.1e, 5.2e and 5.3e (for Nb) and figures 5.1f, 5.2f and 5.3f
(for Ru). Figures 5.1g, 5.2g and 5.3g (for Ce) and figures 5.1h, 5.2h and 5.3h (for Ta)
show the Ll , Lα1, Lβ1, Lβ2, Lγ1, and Lγ3 peaks.

5.4 Conclusion

A new Geant4 approach, called G4–ANSTO, has been recently added to the Geant4 user
library. I performed experimental measurements to validate Geant4 and that is the first
time that Geant4 PIXE has been validated for incident carbon ions. Several materials
were utilised to generate the X-ray spectra at ANSTO utilising the ANTARES tandem
accelerator. The heavy ion microprobe beamline, which employed carbon ions, was used
to obtain the spectra, which will be compared later with the Geant4 simulated results. In
all the spectra that were produced, there were very distinct characteristic X-ray intensity
peaks which can be used for accurate elemental analysis. The precise validation of Geant4
simulation results incorporating these experimental data is covered in the next chapter.
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(a) Si (b) Ti

(c) Fe (d) Zn

(e) Nb (f) Ru

(g) Ce (h) Ta

Figure 5.1: X-ray frequency generated by 1.00 Mev/amu incident carbon ion on Si, Ti,
Fe, Zn, Nb, Ru, Ce and Ta sample materials.



CHAPTER 5. CARBON ION BEAM EXPERIMENTS 73

(a) Si (b) Ti

(c) Fe (d) Zn

(e) Nb (f) Ru

(g) Ce (h) Ta

Figure 5.2: X-ray frequency generated by 1.67 Mev/amu incident carbon ion on Si, Ti,
Fe, Zn, Nb, Ru, Ce and Ta sample materials.
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(a) Si (b) Ti

(c) Fe (d) Zn

(e) Nb (f) Ru

(g) Ce (h) Ta

Figure 5.3: X-ray frequency generated by 3.00 Mev/amu incident carbon ion on Si, Ti,
Fe, Zn, Nb, Ru, Ce and Ta sample materials.



Chapter 6

Validation of the Geant4 PIXE
Component

The spectra that I obtained (see chapter 5) using the heavy ion microprobe beamline,
which used carbon ions, are compared with the Geant4 in this chapter.

This chapter is a modified version of the submitted work:
S. Bakr, D.D. Cohen, R. Siegele, S. Incerti, V. Ivanchenko, A. Mantero, A. Rosenfeld,
S. Guatelli, (2022) “Validation of the Geant4 PIXE component for incident carbon
ions”, Journal of Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with

Mater. Atoms,.

This work presented at the Ion Beam Analysis conference 2021, (Online), 26th Geant4
Collaboration meeting 2021, (Online).

6.1 Abstract

The goal of this study is to experimentally validate PIXE modelling using the Geant4-
ANSTO model “G4–ANSTO”, distributed for the first time in Geant4 11.0, as well as the
Geant4 default model (“G4–default”), for targets bombarded with carbon ions of energies
up to 3 MeV/amu, an energy range of importance for PIXE applications. The experimen-
tal validation was performed using a variety of target materials, spanning a broad atomic
number range. The reference experimental measurements were performed at the ANSTO
heavy ion microprobe beamline ANTARES. To the authors’ knowledge, this is the first
benchmarking investigation for PIXE simulations in Geant4 utilising carbon ions and it
is significant for PIXE-based elemental analysis, encompassing archaeological samples,
gas samples, environmental and planetary samples for geological and planetary research
studies. It is also of relevance for any physics application, requiring the modelling of
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particle induced atomic de-excitation or atomic de-excitation only.

6.2 Introduction

Particle Induced X-ray Emission (PIXE) is a very popular ion-beam technology. Thanks
to its multi-elemental nature, it is suitable for geological, environmental, biological, art,
and archaeological investigations. The PIXE technique is used to estimate the concentra-
tions of high-Z elements in a given sample. The technique provides fast, non-destructive
analysis of test materials in the form of solids, powders, gas, filter substrates, and liquids
[21].

Monte Carlo simulation codes are perfectly suited to PIXE modelling in radiation
physics for a number of reasons, one of which is that they are able to simulate the stochas-
tic character of the X-ray fluorescence emission process. Ionisation of atoms by particle
collisions is followed by de-excitation of the atoms, which provides the basis of mod-
elling the PIXE process [14]. It is also applicable to any physics application that requires
the modelling of particle-induced atomic de-excitation or atomic de-excitation on its own.

The Gryzinski theoretical model was used to implement the first PIXE process in
Geant4. This model was subsequently improved according to the procedures outlined
in Mantero et al. [84], and it was able to simulate PIXE from the ionisation of K-shells
by incident protons [14].

There are already three different PIXE ionisation cross section data sets in Geant4 that
may be used to simulate a vacancy in a shell: the “Empirical” [55–57], the “Analytical”

[14] and the “ECPSSR FormFactor” sets [58, 59]. The “ECPSSR ANSTO” approach
was recently introduced to model ionisation cross section data set of K, L and M shells
and their sub-shells for incident protons (0 – 5 MeV) and α particles (0 - 20 MeV), based
on the Australia’s Nuclear Science and Technology Organisation’s ANSTO calculations
[16, 17]. This model has been released for the first time in Geant4 11.0.

It is possible to model PIXE with incident ions other than protons or α particles [46,
62]. The ionisation cross section σh(E) of a generic ion is obtained by scaling the proton
ionisation cross sections σp(E) using the following scaling relation [46]:

σh(E) = Q2 ·σp(E ·
Mp

Mh
) (6.1)

Where E is the kinetic energy of the incident ion, Mh is the ion’s mass, Q is the effec-
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tive electric charge, and Mp is the mass of the proton [46].

For Geant4 applications that need atomic de-excitation modelling, the Atomic Relax-
ation Geant4 component handling the emission of X-rays and Auger/Coster-Kronig elec-
trons [44, 46] is based on the Evaluated Atomic Data Library “EADL” [63] and provides
the radiative (fluorescence) and non-radiative (Auger and Coster–Kronig electrons) tran-
sition probabilities. These tabulated data are used to compute the X-ray fluorescence lines
[46]. This approach is applicable to elements with atomic numbers from 1 to 100 [14, 63].

EADL provides radiative transition probabilities derived using the Hartree-Slater (HS)
method [66]), however, following Campbell et al.’s work [67, 68], Cohen et al. [2] rec-
ommended using the Hartree-Fock method instead [50], rather than the Hartree-Slater
method [66].

Recently, Bakr et al. introduced an updated fluorescence data library, titled fluor ANSTO,
in Geant4 11.0, from the ANSTO calculations based on Hartree-Fock method [17]. The
same binding energies as in the original EADL (as in G4EMLOW7.7) were adopted in the
fluor ANSTO library. These libraries have been added to G4EMLOW8.0. The new data
libraries are applicable to targets with elements with atomic numbers ranging from 6 to
92 [14, 50]. Outside this range the default EADL data libraries are used.

This work aims to experimentally validate the PIXE modelling based on the G4–

ANSTO model for the calculation of both the atomic ionisation cross sections [16] and
X-ray fluorescence yields [17], which have been released in Geant4 11.0, and the existing
G4–default model.

6.3 Materials and Methods

Eight target materials were selected (Si, Ti, Fe, Zn, Nb, Ru, Ce, Ta), to span the range
from low to high atomic number Z. Carbon ion monochromatic beams (1.00, 1.67, 3.00
MeV/amu) were incident on targets 25 µm thick along the direction of the incident beam.
The lateral dimensions were 50 µm. The secondary particle production threshold was
ignored (this means that the full X-ray fluorescence cascade is modelled). Once produced
in the target, the fluorescence X-rays were counted.

Two models were used for the Geant4 simulations; the G4–ANSTO model includes the
ECPSSR ANSTO ionisation cross sections data sets and the fluor ANSTO data sets for the
fluorescence X-ray emission rates. The second model is the G4–default, which includes
the ECPSSR FormFactor data sets for the ionisation cross sections and the default Geant4
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Table 6.1: The target materials that were bombarded with the carbon ion beam.

Material Thickness On a layer of
silicon wafer 1 mm -

TiN 50 nm silicon
ZnO 50 nm silicon

Ta2O3 25 nm graphite
Ru oxide 25 nm graphite
Nb oxide 45 nm graphite

Fe2O3 embedded in boron oxide pellet
CeO2 embedded in boron oxide pellet

atomic relaxation library, incorporating EADL [63] to calculate the emission rates of the
fluorescence X-rays, once a vacancy has been generated. The Geant4 extended example
TestEm5 and Geant4 10.05.p01 were used to execute the simulations. In order to attain a
statistical uncertainty of less than ∼ 1%, the Geant4 simulation utilises 107 histories.

The results of the Geant4 simulations, using both models G4–ANSTO and G4–default,
were subsequently compared to experimental measurements collected at ANSTO (Lucas
Heights, NSW, Australia) using the 10 MV ANTARES tandem accelerator.

PIXE X-ray fluorescence spectra were obtained experimentally at the ANSTO heavy
ion microprobe beamline utilising 1.00, 1.67, and 3.00 MeV/amu carbon ion beams with
beam currents ranging from 0.5 to 2.5 nA. These precise energies were taken into account
in the Geant4 simulations. A high purity Ge detector with a 100 mm2 receiving area and
a solid angle of 90 msr was utilised for X-ray detection. The detector is fitted with a Be
window of 25 µm thickness. The data were obtained using the Melbourne University’s
Data Acquisition System mpsys4 and a Canberra Model 2060 digital signal processor.
The irradiated samples are shown in table 6.1.

6.4 Results and Discussion

The simulation results obtained with both the G4–ANSTO and G4–default approaches are
reproduced in figures 6.1 to 6.6. Note that the horizontal axis is energy (keV), and the ver-
tical axis indicates X-ray frequency per incident carbon ion. The G4–ANSTO data were
convolved with a Gaussian function to compare directly to the experimental spectra. The
rationale for computing the Gaussian for the simulation results deriving from the adoption
of G4–ANSTO is that several lines were adjacent, and so their contributions were complex
for generating peaks comparable to the experimentally observed peaks.

For ease and meaningful comparison with the experimental data, I normalised the ex-
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perimental spectrum and G4–default results to the highest peak of the G4–ANSTO re-
sults. Similarly, I computed the Gaussian of the G4–ANSTO and normalised it to the
G4–ANSTO highest line as shown in the Figures below (The Kα(I) line was used for Si,
Ti, Fe, Zn, Nb and Ru samples materials, and the Lα(I) line for Ce and Ta sample materi-
als). If I did the same procedure for the G4–default approach and presentation of all the
data and spectra on the same scale plots, the reader would be confused since the Gaus-
sians of both G4–ANSTO and G4–default would look to be reasonably identical.

Then, I compared the predicted G4–ANSTO and G4–default X-ray fluorescence yields
per incident carbon ion, in order to quantify differences between the two approaches. This
is of relevance for any application of Geant4, not just the PIXE technique, in which the
atomic de-excitation modelling is relevant.

6.4.1 1.00 MeV/amu Incident Carbon Ion Results

Figures 6.1 and 6.2 below provide comparisons of the X-ray fluorescence yields predicted
by the G4–default and G4–ANSTO simulations, as well as experimentally measured re-
sults, for 1.00 MeV/amu carbon ion beams incident on the aforementioned Si, Ti, Fe, Zn,
Nb, Ru, Ce and Ta targets.

Due to low energy background limitations, I couldn’t experimentally produce the L

shell X-ray emissions of Nb and Ru samples. It can be seen from figure 6.1 that the
G4–ANSTO and G4–default simulations appear to be equivalent, except for the Kα(II)

and Kβ (I) X-ray lines for Nb and Ru samples, where the G4–default simulation predicts
slightly higher X-ray emission rates.

Figure 6.2 shows the ratios of X-ray emission yield per incident carbon ion, obtained
with the two approaches, permitting easy quantification of the differences between the
G4–ANSTO and the G4–default models.

In all investigated samples, the G4–ANSTO approach shows significantly higher X-ray
emission rates for all X-ray lines than the G4–default approach, except for the Zn Lβ (I)

X-ray line and Ll and Lβ (I) lines for Nb, Ru, Ce and Ta.

In figure 6.2, when comparing the X-ray fluorescence yield per incident carbon ion, for
the Kα(I) line, the G4–ANSTO results were roughly ∼ 5% higher than G4–default for Si,
Ti, Fe and Zn materials, while it was around ∼ 50% higher for Nb and Ru. This large
discrepancy might be due to the difficulty in obtaining distinct K lines for medium Z
materials in the experiments. For Lα(I) lines of Ce and Ta, it was found that G4–ANSTO
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Figure 6.1: X-ray emission yields obtained with 1.00 MeV/amu incident carbon ions.
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simulations were about 25% and 10% higher than G4–default. Furthermore, the (Lβ (I),
Lβ (III), Lβ (IV )) lines calculated using both the G4–ANSTO and G4–default approaches
were lower than the experimental spectrum, which was due to the fact that these four
lines were closely adjacent to each other and thus their contributions convolve to produce
the higher peaks observed in the experimental data. Figure 6.2 shows the Ll line of Nb, Ru
and Ce calculated by the G4–default approach was ∼ 60% higher than that from the G4–

ANSTO approach. To explain these changes in Ll X-ray yield, the X-ray fluorescence lines
of the data libraries of G4–default and G4–ANSTO approaches were directly compared,
and it was found that only the Ll X-ray line probability of transition was greater in G4–

default when compared to the G4–ANSTO probability.

6.4.2 1.67 MeV/amu incident carbon ion results

The G4–ANSTO and G4–default calculated results and experimental data for 1.67 MeV
incident beam energy are compared in figure 6.3 for Si, Ti, Fe, Zn, Nb, Ru, Ce and Ta
targets.

The G4–ANSTO and G4–default approaches appear to provide identical results, with
the exception of the Kα(II) X-ray line for Nb and Ru samples, as well as Ll X-ray line for
Ce, where the G4–default calculates higher X-ray emission rates.

Moreover, the computed lines (Lβ (I), Lβ (III), Lβ (IV )) using both the G4–ANSTO and
G4–default approaches were slightly lower than the experimental spectrum. I observe that
the G4–ANSTO approach gives slightly more realistic X-ray emission outcomes than the
G4–default approach. The difference was particularly noticeable in the Lα(I) line. The
ratio of X-ray emission rates per incident ion, calculated by G4–ANSTO and G4–default,
are shown in figure 6.4 for Si, Ti, Fe, Zn, Nb, Ru, Ce and Ta samples.

In figure 6.4, the results of G4–ANSTO were approximately 5% higher than G4–default

results for Si, Ti, Fe, and Zn in the case of Kα(I) X-ray line. For Lα(I) X-ray line, it was
observed that G4–ANSTO results were about 45% higher than G4–default for Nb and Ru
and around 25% higher for Ce and Ta.

The G4–default calculation for the Ll line of Nb, Ru, Ce and Ta was ∼ 60% higher
than that predicted by the G4–ANSTO approach, as illustrated in figure 6.4, since the
probability of transition for the Ll X-ray line is higher in the G4–default approach.

6.4.3 3.00 MeV/amu incident carbon ion results

Figure 6.5 provides a comparison of calculated X-ray yields and the experimentally ob-
served X-ray emission spectra of Si, Ti, Fe, Zn, Nb, Ru, Ce and Ta samples as a result of
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incident 3.00 MeV/amu carbon ions.

The experimental spectra, G4–default and G4–ANSTO Gaussian, were normalised to
the highest line of G4–ANSTO X-ray emissions (Kα(I) for Si, Ti, Fe, Zn, Nb, Ru and Lα(I)

for Ce, Ta). Both the G4–ANSTO and G4–default approaches appear to make identical
predictions. Figure 6.6 only shows the Geant4 simulation results, specifically the ratio of
X-ray emission frequencies per incident ion calculated by the G4–ANSTO approach and
the G4–default approach. Figure 6.6 demonstrates that the G4–ANSTO approach predicts
roughly 3% greater Kα(I) X-ray frequency ratios than the G4–default for Si, Ti and Fe
samples, and in the case of Zn the difference between the two models was about 20%.

For the Lα(I) lines, it was clear that G4–ANSTO values were around 40% higher than
G4–default for Nb and Ru, and approximately 25% and 15% higher for Ce and Ta, re-
spectively. Figure 6.6 shows that the Ll line of Nb and Ru calculated by the G4–default

approach were 60% higher than those calculated by the G4–ANSTO approach, except in
the case of Ce and Ta, where the differences were 50% and 25%, respectively.

6.5 Conclusion

Experimental results for incident carbon ions were compared with the G4–ANSTO ap-
proach, which combines the ECPSSR ANSTO ionisation cross sections and fluor ANSTO

fluorescence yield libraries, and cross-compared with the G4–default approach. The
ECPSSR FormFactor ionisation cross sections and EADL fluorescence yield libraries are
included in the G4–default approach. Carbon ion ionisation cross sections in Geant4 were
derived by scaling proton ionisation cross sections.

Carbon ion monoenergetic beams of 1.00, 1.67, and 3.00 MeV/amu were used for these
studies and fluorescence X-ray yields per incident particle were calculated with the G4–

ANSTO and G4–default approaches for calculating X-ray emission spectra. Results were
compared for low to high atomic number Z materials using eight different target materials
(Si, Ti, Fe, Zn, Nb, Ru, Ce and Ta).

With the exception of the Ll line, which corresponds to the electron transition from the
M(I) sub-shell to the L(III) sub-shell, most predicted values were higher when using the
G4–ANSTO approach for all samples. When we look at the absolute values of the X-ray
fluorescence yields per incident carbon ion, we usually found differences of about 5%
between G4–ANSTO and G4–default approaches. However, for some specific target ma-
terials, X-ray lines and incident energies, the two methods occasionally diverged by larger
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differences. In the case of Lα(I) for Ce and Ta the G4–ANSTO method predicted values
about 25% higher than the G4–default approach. The only case in which agreement be-
tween the two methods was extremely poor and invites further study and refinement was
Lγ(III) for Ta where the calculated ratios differed by as much as 250%.

The investigation found that the G4–ANSTO calculated X-ray emission spectra and the
ANSTO experimental measurements agreed reasonably well (see figures 6.1, 6.3 and 6.5).
It is worth noting that differences between G4–ANSTO and G4–default codes using car-
bon ion are consistent with the results obtained previously by Bakr et al. [17] utilising
protons and α particles.

It is generally assumed that collision ionisation cross sections for processes emitting
X-rays involve single “hole” (vacancy) formation, but this is not the case for heavier ions
such as carbon nuclei, because multiple vacancies reduce Coster-Kronig transition prob-
abilities and increase fluorescence yields, particularly for L and higher shell vacancies.
Using calculated carbon ion ionisation cross sections could address this issue and provide
better predictions than scaled proton ionisation cross sections.
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Figure 6.2: Ratio of X-ray emission yields for the case of 1.00 MeV/amu incident carbon
ions.
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Figure 6.3: X-ray emission yields obtained with 1.67 MeV/amu incident carbon ions.
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Figure 6.4: Ratio of X-ray emission yields for the case of 1.67 MeV/amu incident carbon
ions.
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Figure 6.5: X-ray emission yields obtained with 3.00 MeV/amu incident carbon ions.
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Figure 6.6: Ratio of X-ray emission yields for the case of 3.00 MeV/amu incident carbon
ions.



Chapter 7

A Benchmarking Study of Geant4
Auger Electrons

In this chapter, I benchmarked for the first time the emission of Auger electrons derived
from some medical radioisotope decays calculated using Geant4 against other theoretical
approaches and experimental results.

This chapter is a modified version of the published work:
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study of Geant4 for Auger electrons emitted by medical radioisotopes”, Journal of

Applied Radiation and Isotopes May 2021, 174.

https://doi.org/10.1016/j.apradiso.2021.109777

This work presented at the 26th Geant4 Collaboration meeting 2021, (Online), 25th
Geant4 Collaboration meeting 2020, (Online).24th Geant4 Collaboration meeting 2019,
(Jefferson Lab, New York, USA), NSTLI seminars 2019, (Australia’s Nuclear Science
and Technology Organization (ANSTO), Sydney, Australia), Heavy Ion Accelerator
Symposium 2018, (Australian National University, Canberra, Australia), Third Geant4
International User conference 2018, (Bordeaux, France).

7.1 Abstract

Auger emitting radioisotopes are of great interest in targeted radiotherapy because, once
internalised in the tumour cells, they can deliver dose locally to the radiation sensitive
targets, while not affecting surrounding cells. Geant4 is a Monte Carlo code widely used
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to characterise the physics mechanism at the basis of targeted radiotherapy. In this work,
I benchmarked the modelling of the emission of Auger electrons in Geant4 deriving from
the decay of 123I, 124I, 125I radionuclides against existing theoretical approaches. I also
compared Geant4 against reference data in the case of 131Cs, which is of interest for
brachytherapy. In the case of 125I and 131Cs, the simulation results are compared to
experimental measurements as well. Good agreement was found between Geant4 and
the reference data. As far as I know, this is the first study aimed to benchmark against
experimental measurements the emission of Auger electrons in Geant4 for radiotherapy
applications.

7.2 Introduction

The Auger effect involves the emission of atomic electrons as alternative channel to X-
ray fluorescence in the atomic de-excitation, which follows the creation of a vacancy
in an atomic shell [85, 86]. Auger electron emitting radionuclides are of great inter-
est in targeted radiotherapy because Auger electrons have high Linear Energy Transfer
(4–26 keV/µm) and short range [87–89].

The present chapter reports on the Auger electron emission following the radioac-
tive decay of 123I, 124I, 125I and 131Cs. The iodine radioisotopes are widely used in
nuclear medicine for the labelling of monoclonal antibodies, receptors and other radio-
pharmaceuticals, especially in diagnostic and therapeutic applications, where quantitative
imaging over a period of several days is necessary [90, 91]. The optimal combination of
half-life and energy of the emitted radiation makes 131Cs an attractive radioisotope for
brachytherapy of malignant tumours.

Geant4 [92] is a Monte Carlo code which is extensively used in medical physics appli-
cations, including micro- and nano-dosimetry [93, 94], brachytherapy and targeted radio-
therapy [95, 96]. Therefore, it is important to benchmark the emission of Auger electrons
in Geant4 against reference data.

The goal of this work is to benchmark, for the first time, Geant4 in terms of emission of
Auger electrons. A Geant4 simulation was developed to calculate the emission yields and
energy spectra of Auger electrons emitted from 123I, 124I, 125I and 131Cs radionuclides.
The results were compared to other Monte Carlo based calculations available in the lit-
erature and experimental measurements performed at the Australian National University

(ANU) and the Joint Institute for Nuclear Research (JINR) in the case of 125I and 131Cs,
respectively.
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7.3 Materials and Methods

7.3.1 Radioactive Decays Under Investigation
123I (half-life T1/2 = 13.224 hr) decays by electron capture (EC) (100% probability) to
an excited state of 123Te. The strongest transition at 159 keV carries 99% of the total
intensity and 19% of the time will decay via internal conversion (IC) to 123Te, which has
a very long half-life (T1/2 = 9.2×1016 year) [97].

124I (T1/2 = 4.176 d) decays via either β+ (22.7% probability) or EC (77.3% probabil-
ity) to either excited states (65% probability) or to the ground state (35% probability) of
124Te [98].

125I (T1/2 = 59.49 d) decays by EC (100% probability) followed by either gamma ray
emission (6.68% probability) or IC (93.32% probability), to the ground state of the stable
125Te [99].

131Cs decays directly via EC decay to the ground state of 131Xe, hence, Auger elec-
trons are only emitted from the atomic relaxation in 131Xe from the vacancy created by
EC. 131Cs is one of the pure Auger emitters for nuclear medicine [100].

7.3.2 Atomic Relaxation in Geant4

Geant4 has the functionality of simulating both the radiative (X-ray) and non-radiative
(Auger electron) atomic relaxation process of singly ionised atoms [44, 48]. Geant4 treats
ionised atoms as isolated entities [63]. This means that an atom exists separately with-
out bonding with any other atom. The creation of a vacancy is handled by the Geant4
electromagnetic physics package. The generation of the relaxation cascade is handled by
the atomic relaxation component, which is used by all the primary processes generating a
vacancy [44, 46, 48]. The simulation of atomic relaxation takes place in two stages:

1. determination of the shell (or sub-shell) where the vacancy is created by the primary
process, radioactive decay in this case;

2. the relaxation cascade is then triggered, starting from the vacancy created by the
primary process; secondary photons or electrons are generated through radiative
and non-radiative transitions, based on the respective transition probabilities [44,
46, 48, 63].

In stage 1, the G4RadioactiveDecay module is used to simulate the decay, either at rest
or in flight, of radioactive nuclei by electron capture (EC) and by α , β− and β+ emission
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or isomeric (IT) decay. If the daughter of a nuclear decay is an excited isomer, its prompt
nuclear de-excitation is treated using the G4PhotoEvaporation class [92].

The sub-shell ratios for electron capture is calculated according to Bambynek [101].
In this model only electrons from the s1/2 and p1/2 sub-shells (K, L1-L2, M1-M2, N1-N2)
are captured. Whereas, for internal conversion the probabilities are specified in Geant4
PhotoEvaporation5.5 data library (version used in this work). These probabilities are
computed with BRICC code [102], except if they are provided in the ENSDF files.

Geant4 uses the Livermore Evaluation Atomic Data Library EADL [63] in stage 2 to
calculate the complete radiative and non-radiative emission of X-rays and Auger elec-
trons as the atom relaxes [92]. The energy of the relaxation product is calculated as the
difference of the sub-shell binding energies involved with the atomic de-excitation pro-
cess [63]. It is assumed that the binding energy of all sub-shells are the same for neutral
ground state atoms as for ionised atoms [63, 92]. The Geant4 Atomic Relaxation model
does not distinguish between Auger and Coster-Kronig transitions [44], thus, the term
Auger is used for both transitions.

7.3.3 Geant4 Simulation Setup

The Geant4 extended example rdecay01 was used in this study and Geant4 10.05.p01
version has been adopted. A cube of 20 mm size of vacuum is modelled, with a point
source of 123I, 124I, 125I and 131Cs in the centre of the box. The radioactive decay and the
full atomic relaxation are modelled. The output of the simulation is the emission yield
per radioactive decay and the energy spectra of the emitted Auger electrons. The number
of histories in the Geant4 simulation is 107 to obtain a statistical uncertainty below 1%.
Nevertheless, it should be noted that the uncertainty of EADL Auger electrons yields for
an inner shell vacancy is less than 15% [63]. Only inner shell vacancies are considered
in this work when comparing the simulation results to experimental data. The calculated
Auger electron spectra were binned using 50 eV bin width. In the analysis of the results,
the Auger electrons have been grouped according to the IUPAC notation, based on the
atomic shells involved in the transition [103]. Following this notation, Auger MXY, M-
shell Auger transition where neither of the two new vacancies is in the N-shell. Auger
LMX, L-shell Auger transition where one of the vacancies is in the M-shell. Auger LMM,
L-shell Auger transition where both new vacancies are in the M-shell. Auger KLL, K-
shell Auger transition where both new vacancies are in the L-shell. Auger KLX, K-shell
Auger transition where one of the two new vacancies is in the L-shell. And Auger KXY,
K-shell Auger transition where neither of the two new vacancies is in the L-shell.
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Figure 7.1: Energy ranges for Auger electron groups in tellurium according to EADL
[63]. Overlapping energy ranges are indicated with red squares below the axis.

Each individual Auger electron energy line calculated by means of the Geant4 simu-
lation needs to be associated to the specific transition producing it, as this information is
not provided automatically in a Geant4 user application. This method has been adopted
as currently it is not possible to directly retrieve the transition type in a Geant4 user ap-
plication. In the analysis of the simulation results, Auger KLL, KLX, and KXY lines were
grouped according to their energy ranges in EADL [63], as shown in figure 7.1 (e.g., the
line 3.6185 keV matches with L2M1O3 transition energy (EADL [63]), so it belongs to
group LMX). To note, the Geant4 simulation results showed a slight energy broadening of
the Auger lines due to momentum transfer to the daughter of the radioactive decay. When
I find two transitions for the same energy in overlapping energy ranges as represented in
figure 7.1, the difficulty to retrieve the transition shows up. This problem is due to the fact
that the bin width in the simulation is 1 eV, which is greater than the difference between
a few transition energies (e.g., the line L3M5M5 3.17422 keV and L3M1N1 3.17429 keV
(EADL [63]). In these situations, I decided to choose the most probable transition for the
specific line.

The mean energy, Ē of each Auger transition groups (MXY, LMM, LMX, KLL, KLX and
KXY) was evaluated as:

Ē =
∑i (Ei ·Y i)

YTotal
(7.1)

where Ei is the energy and Yi is the yield of an Auger line in the group. YTotal is the
total yield of the Auger group.

7.3.4 Theoretical Approaches Used to Benchmark Geant4 Atomic
Relaxation

The theoretical approaches used to benchmark Geant4 are based on the Monte Carlo based
calculations by Pomplun [104], Stepanek [105] and the BrIccEmis by Lee et al., devel-
oped at the Australian National University (ANU) [87, 106–108]. Table 7.1 summarises
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Table 7.1: Atomic and nuclear data used in the calculations by Stepanek [105], Pomplun
[104] and in BrIccEmis [106], as well as in Geant4.

Stepanek Pomplun BrIccEmis Geant4[105] [104] [106]
Nuclear decay ENSDF ICRP38 ENSDF ENSDF

data [109] [110] [109] [109]
Electron Gove et al.
capture [111] Gove et al. Schönfeld Bambynek et al.

probabilities Martin et al. [111] [112] [101]
[113]

Atomic shells K-N K-N K-O K-O
Storm et al.

Atomic [114]
transition Perkins et al. Chen et al. Perkins et al. Perkins et al.

rates (EADL) [63] [51] (EADL) [63] (EADL) [63]
McGuire et al.

[115]
Atomic transition Dirac-Hartree Dirac-Fock Dirac-Fock Perkins et al.

energies -Slater [50] Deslaux [116] Band et al. [117] (EADL) [63]

the models and data libraries used in the calculations. In the BrIccEmis calculations the
so-called “isolated atom” approximation was used, namely once a vacancy reached the
valence shell, it remained unfilled.

The yields of Auger electron emission have been calculated as described in section 7.3.3
and also computed analytically (called here Geant4Lib analytical code) by using directly
the radioactive decay, nuclear de-excitation, and atomic relaxation data contained in the
Geant4 data libraries. This approach allows to verify that the input data libraries are used
correctly by the Geant4 kernel when performing simulations of radioactive decay.

In the Geant4lib analytical code, the yield of a given Auger electron line is obtained by
the sum of the probabilities of the different disintegration branches leading to the emission
of this specific line. Each disintegration branch consists in the succession of a radioac-
tive disintegration of the parent nucleus to an excited state of the daughter, a cascade of
nuclear de-excitation with at least one electron conversion emission, and an atomic relax-
ation cascade leading to the emission of the considered Auger line. The probability of a
branch is obtained by the product of the probability of all steps involved in the branch.
This code does not take into account the nuclear recoil broadening, which is instead con-
sidered in the full Geant4 simulation used in this work.



CHAPTER 7. A BENCHMARKING STUDY OF GEANT4 AUGER ELECTRONS 95

Table 7.2: List of reference published data used in this study. I compare only K-lines in
the case of validation against experimental data.

Calculations Experimental

123I

BrIccEmis

-
[106]

Pomplun
[123]

124I
BrIccEmis

-
[106]

125I

BrIccEmis
[106]

Stepanek ANU (KLL
[105] spectrum) [118]

Pomplun
(KLL spectrum) [104]

131Cs -
JINR (KLL

spectrum) [121]

7.3.5 Reference Experimental Measurements

Two sets of experimental measurements of Auger electron spectra were used in this work.
The first set derives from experimental measurement with an 125I source performed at the
ANU obtained with an electron momentum spectrometer (EMS) which can measure elec-
trons from 2 keV to 40 keV (the energy resolution of the spectrometer is ' 6 eV) [118].
The iodine source was prepared at ANSTO (Australia’s Nuclear Science and Technology
Organisation) with a NaI solution deposited on top of a 200 µg/cm2 gold substrate, fol-
lowing the procedure described by Pronschinske et al [119]. The resulting source was a
monolayer of 125I on top of the gold substrate [120].

The second set of experimental measurements is documented in [121]. A BaCO3 target
was irradiated in the nuclear reactor IBR-2 of the JINR lab, Dubna, at the neutron flux of
∼ 2.5 × 1012 n

cm2.s for 10 days. The electron spectrum was measured using a combined
electrostatic spectrometer [122], consisting of a retarding sphere followed by a double-
pass cylindrical mirror energy analyser [121].

Table 7.2 summarises the radioisotopes under study and the reference theoretical and
experimental data used to benchmark Geant4.
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7.4 Results and Discussion

The first section shows the comparison of Geant4 results against the theoretical predic-
tions by BrIccEmis [106, 108], Pomplun [104, 123] and Stepanek [105] for 123I, 124I and
125I in terms of emission yields of Auger electrons. The second section is dedicated to
the comparison against experimental measurements for 125I and 131Cs radioisotopes.

7.4.1 Comparison to Other Theoretical Approaches

Figures 7.2 to 7.4 present the generated energy spectra and yield of Auger electrons for
123I, 124I and 125I decays, respectively, using the Geant4 simulation described in sec-
tion 7.3.3 and BrIccEmis [106].

Figure 7.2: Calculated Auger electron spectrum following the radioactive decay of 123I,
normalized for 1 radioactive decay. K, L and M indicate the major Auger groups.

Tables 7.3 to 7.5 show the Auger electron energies and emission yields for 123I, 124I

and 125I decay, respectively, as calculated by means of the Geant4 simulation described
in section 7.3.3, the Geant4Lib analytical code, BrIccEmis [106], Pomplun [123] and
Stepanek [105].

In reference to figures 7.2 to 7.4, the Auger electron lines can be separated according
to the atomic shell of the initial vacancy: above 20 keV for the K-shell, 2–5 keV for the
L-shells, 0.2–1 keV for the M-shells, and below 0.2 keV for the remaining outer electron
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Figure 7.3: Calculated Auger electron spectrum following the radioactive decay of 124I,
normalized for 1 radioactive decay.

Figure 7.4: Calculated Auger electron spectrum following the radioactive decay of 125I,
normalized for 1 radioactive decay.
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Table 7.3: Mean Auger electron energies and emission yields per decay calculated for
123I. Ē is the mean energy of the transition as calculated in equation (7.1).

Line

Geant4 Geant4Lib BrIccEmis [106] Pomplun [123]simulation Analytical Code
Ē Yield Ē Yield Ē Yield Ē Yield(keV) (keV) (keV) (keV)

Auger MXY 0.435 2.286 0.453 1.946 0.411 1.94 0.394 1.93
Auger LMM 3.067 0.653 3.085 0.734 3.047 0.733 3.028 0.711
Auger LMX 3.565 0.305 3.679 0.208 3.675 0.206 3.656 0.200
Auger KLL 22.666 0.0807 22.665 0.0807 22.525 0.0805 22.52 0.0731
Auger KLX 26.505 0.0355 26.506 0.0355 26.456 0.0354 26.43 0.0328
Auger KXY 30.348 0.00375 30.346 0.00374 30.312 0.00362 30.30 0.00280
Auger total 0.499 14.89 0.529 13.67 0.933 7.39 - 7.3

Auger above
- 1.30 - 1.29 - 1.27 - -500 eV

Table 7.4: Mean Auger electron energies and emission yields per decay calculated for
124I. Ē is the mean energy of the transition as calculated in equation (7.1).

Line

Geant4 Geant4Lib BrIccEmis [106]simulation Analytical Code
Ē Yield Ē Yield Ē Yield(keV) (keV) (keV)

Auger MXY 0.435 1.533 0.453 1.306 0.413 1.30
Auger LMM 3.086 0.491 3.085 0.492 3.048 0.492
Auger LMX 3.680 0.135 3.679 0.139 3.676 0.138
Auger KLL 22.666 0.0538 22.665 0.0541 22.525 0.0539
Auger KLX 26.506 0.0239 26.506 0.0238 26.460 0.0240
Auger KXY 30.348 0.00250 30.346 0.00251 30.308 0.00256
Auger total 0.499 9.99 0.528 9.17 0.922 5.04

Auger above
- 0.87 - 0.87 - 0.85500 eV
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Table 7.5: Mean Auger electron energies and emission yields per decay calculated for
125I. Ē is the mean energy of the transition as calculated in equation (7.1) and Yield is
Ytotal of equation (7.1).

Line

Geant4 Geant4Lib BrIccEmis [106] Stepanek [105]simulation Analytical Code
Ē Yield Ē Yield Ē Yield Ē Yield(keV) (keV) (keV) (keV)

Auger MXY 0.435 3.800 0.453 3.224 0.408 3.20 0.380 3.24
Auger LMM 3.093 1.228 3.090 1.218 3.047 1.21 3.01 1.22
Auger LMX 3.692 0.331 3.684 0.345 3.676 0.339 3.63 0.339
Auger KLL 22.666 0.1286 22.665 0.129 22.522 0.129 22.6 0.126
Auger KLX 26.506 0.0568 26.506 0.0566 26.454 0.0565 26.5 0.0580
Auger KXY 30.349 0.00604 30.346 0.00597 30.322 0.00595 30.3 0.00550
Auger total 0.490 24.85 0.519 22.81 0.953 11.8 - 8.92

Auger above
- 2.15 - 2.14 - 2.08 - -500 eV

shells. It can be observed that the Auger electrons spectra calculated with Geant4 and
BrIccEmis are similar from 500 eV to higher energies. For lower energies, the two theo-
retical approaches show differences in the calculation of the yields. In particular, Geant4
calculates higher Auger yields than BrIccEmis for all the radionuclides considered. It
was also noticed that the major contribution to Auger emissions with energy below∼ 500
eV derives from N shell transitions. These discrepancies between the two theoretical
approaches should be compared with absolute N-shell Auger electron transition rates,
however I am not aware of the existence of suitable experimental data.

Table 7.3 shows the Auger electron energies and emission yields for 123I decay as cal-
culated by means of BrIccEmis [106], Pomplun [123] and Geant4. Geant4 calculates by
default the full decay chain, therefore the decay of 123Te was switched off in the simula-
tion, in order to compare the same physical quantity against the other data. The Geant4
simulation results agree with the Geant4Lib analytical code data in terms of Auger elec-
tron kinetic energies and in terms of radiation yields with 4%, apart from the case of the
radiation yield of the MXY, LMM and LMX lines (17%, 11% and 46% of difference, re-
spectively). This difference is ascribed to the difficulty to identify the yields of specific
lines in the Geant4 simulation using the methodology described in section 7.3.3 because
of the overlapping of some group lines (see figure 7.1). Apart from this discrepancy, the
results show consistency between the Geant4 simulation output and the Geant4 data li-
braries used as input to describe Auger emission from radioactive decay, as expected.

In terms of both energy and radiation yield, BrIccEmis [106] within 1% with the Geant4
data libraries, apart from the case of Auger electron kinetic energies of MXY line where
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an agreement within 9% has been observed and from the case of the radiation yield of
the KXY line where a difference of 5% was found. For Pomplun [123], an agreement
within 2% with Geant4 data libraries was found in terms of Auger electron kinetic en-
ergies, apart from 12% difference for MXY line. In terms of radiation yield, there is an
agreement within 10% apart from the case of the KXY line where a difference of 25% was
found. The total emission yield above 500 eV shows a very good agreement for Geant4Lib
analytical code and Geant4 simulation (within 1%) and BrIccEmis [106] (within 2%).

Table 7.4 displays the Auger electron energies and emission yields for 124I decay calcu-
lated by means of Geant4 and BrIccEmis [106]. The Geant4 simulation results agree with
the Geant4Lib analytical code data in terms of Auger electron kinetic energies within 1%
for all lines, apart from the case of MXY line where an agreement within 5% was found.
In terms of emission yields, Geant4 simulation results are consistent with Geant4Lib an-
alytical code, apart from a 17% difference for the MXY line. As in the case of 123I, I
ascribe the difference to the difficulty to determine the transition line (see section 7.3.3
and figure 7.1), complicated by the overlapping of the Auger emission energies. BrIc-
cEmis [106] agrees with Geant4 data libraries within 1%, apart from the case of MXY

line where an agreement within 8% has been observed. With regard to the total emission
yield above 500 eV, there is excellent agreement between the Geant4 simulation and the
Geant4Lib analytical code (within 0.5%), as expected. Agreement within 3% was found
between the Geant4 data libraries and BrIccEmis [106].

Table 7.5 reports the Auger electron energies and emission yields for 125I decay cal-
culated by means of Geant4, BrIccEmis [106] and Stepanek [105]. In terms of Auger
electron energy, Geant4 simulation results agree within 1% with the Geant4 data libraries,
apart from the case of the MXY line (within 5%) and the total Auger electron emission.
The differences are ascribed to the difficulty to identify some lines (see figure 7.1), which
is further complicated by a slight broadening of the Auger electrons kinetic energies due
to the momentum transfer to the nuclear recoil. The Geant4 data libraries agree with
BrlccEmis within 1% apart from the MXY line (10%) and when considering the full spec-
trum of the Auger electrons. In terms of emission yields, Geant4 simulation results are
consistent with the Geant4Lib analytical code apart from the case of MXY line, where dif-
ferences up to 18% have been observed. This difference again should be due to the method
to distinguish the transition lines in the Geant4 simulation. BrIccEmis [106] agrees with
Geant4 data libraries within 2%. Besides, Stepanek [105] agrees within 3% with Geant4
data libraries, while 17% difference has been noticed in terms of Auger electron kinetic
energies. In the matter of the total emission yield above 500 eV, there was an excellent
agreement (within 0.5%) between the Geant4 data libraries and the Geant4 simulation.
An agreement within 3% was found between the Geant4 data libraries and BrIccEmis
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[106].

These results show, as expected, agreement between the Geant4 simulation and the
Geant4Lib analytical code. Eventual disagreement is ascribed to the difficulty to identify
the yields of specific lines in the Geant4 simulation. In addition, the results show an
agreement within few percent between BrIccEmis [106], Stepanek [105] data and the
Geant4Lib analytical code. Pomplun [123] data show less agreement with Geant4 and
BrlccEmis [106].

7.4.2 Comparison With Experimental Data

Figure 7.5 shows the yield per 125I decay for K Auger electrons using Geant4, BrIccEmis
[106] and Pomplun [104] data compared with the experimental results performed at ANU
[118]. Figure 7.6 shows the ratio of the Auger electron emission yield calculated by ei-
ther Geant4 or BrIccEmis [106] and the experimental results [118]. Figure 7.7 shows the
comparison of the Auger electron emission yield of 131Cs decay calculated by means of
Geant4, BrIccEmis [106] and the experimental data [121]. Figure 7.8 illustrates the ratio
of the emission yields calculated by either Geant4 simulation or BrIccEmis [106] and the
experimental results [121].

Figure 7.5: Comparison of the Auger electron yields calculated by means of Geant4,
BrIccEmis [106], and Pomplun [104] with experimental data [118] for KLL peaks in the
case of 125I decay.
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Figure 7.6: Ratio of the Auger emission yield calculated by means of either Geant4,
BrIccEmis [106], and Pomplun [104] with experimental data [118]. The ratio has been
calculated for KLL peaks in the case of 125I decay.

Table 7.6: 125I Auger electron yield calculated by means of Geant4, BrIccEmis [106,
118], Pomplun [104] and experimental data [118]. The experimental energy data have
an uncertainty of around 10 eV. The intensities are normalised to the KL2L3 line.

Line

Geant4 Geant4Lib BrIccEmis Pomplun Experimental
simulation Analytical Code [106] [104] [118]
Ē Yield Ē Yield Ē Yield Ē Yield Ē Yield(keV) (keV) (keV) (keV) (keV)

KL1L1(
1S0) 21.9765 0.309 21.9765 0.309 21.868 0.263 21.803 0.319 21.800(5) 0.262(5)

KL1L2(
1P1) 22.2725 0.367 22.2725 0.367 22.210 0.397 22.151 0.384

22.128(5) 0.296(10)
KL1L2(

3P0) 22.151(10) 0.086(6)
KL1L3(

3P1) 22.5515 0.459 22.5515 0.460
22.490 0.457 22.415 0.454

22.390(5) 0.309(7)
KL1L3(

3P2)+ 22.5685 0.047 22.5685 0.047 22.423(5) 0.153(6)
KL2L2(

1S0)

KL2L3(
1D2) 22.8475 1.000 22.8475 1.000 22.792 1.000 22.737 1.000 22.702(3) 1.000

KL3L3(
3P0) 23.1255 0.504 23.1255 0.504 23.068 0.436 22.970 0.514

22.948(10) 0.071(6)
KL3L3(

3P2) 22.995(4) 0.364(7)
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Figure 7.7: Comparison of the Auger electron yields calculated by means of Geant4,
BrIccEmis [106], with experimental data [121] for Auger electron KLL peaks produced
by 131Cs decay.

Figure 7.8: Emission yield’s ratio calculated dividing the results obtained with either
Geant4 or BrIccEmis [106], and the experimental data [121]. The ratios are shown for
Auger electron KLL peaks produced by 131Cs decay.
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Table 7.7: 131Cs Auger electron yield calculated by means of Geant4 and BrIccEmis
[23], and experimental yield [121].

Line

Geant4 Geant4Lib BrIccEmis Experimental
simulation Analytical Code [23] [121]
Ē Yield Ē Yield Ē Yield Ē Yield(keV) (keV) (keV) (keV)

KL1L1(
1S0) 23.722 0.328 23.722 0.329 23.521 0.330 23.526(6) 0.269(5)

KL1L2(
1P1) 24.035 0.391 24.035 0.390 23.876 0.379

23.875(8) 0.287(5)
KL1L2(

3P0) 23.906(12) 0.100(5)
KL1L3(

3P1) 24.364 0.472 24.364 0.470 24.200 0.471 24.181(14) 0.256(41)
KL1L3(

3P2) - - - - - - 24.232(10) 0.110(5)
KL2L2(

1S0) 24.348 0.047 24.348 0.048 24.178 0.047 24.187(18) 0.121(41)
KL2L3(

1D2) 24.677 1.000 24.677 1.000 24.516 1.000 24.522(20) 1.000
KL3L3(

3P0) 25.007 0.501 25.007 0.500 24.838 0.498
24.850(12) 0.074(5)

KL3L3(
3P2) 24.857(6) 0.346(5)

Table 7.6 shows the 125I Auger electron energies and yields obtained with Geant4 sim-
ulation, Geant4Lib analytical code, BrIccEmis [106] and Pomplun [104] models and the
experimental data [118]. The experimental spectrum and theoretical peaks are scaled to
match the intensity of the Geant4 KL2L3 Auger line. Good agreement in terms of Auger
electron yield was found among Geant4, the experimental data and the other theoretical
calculations. Geant4 simulations gave the same results of the Geant4Lib analytical code.
Regarding to the emission yields of the experimental data [118] (see figures 7.5 and 7.6),
an agreement within 15% (corresponding to the Geant4 model uncertainty) was found in
comparison to Geant4 and 20% agreement with Pomplun [104]. In addition, a 5% agree-
ment was found for BrIccEmis [106] in comparison to experimental data.

A comparison has been performed for the experimental KLL Auger energy spectrum
deriving from the decay of 131Cs, measured by Kovalik et al [121], with the theoreti-
cal one calculated using Geant4 simulation, Geant4Lib analytical code, and BrIccEmis
[23]. The experimental spectrum and theoretical lines are scaled to match the intensity of
the Geant4 KL2L3 Auger line. Table 7.7 displays the 131Cs Auger electron energies and
yields obtained with Geant4 and BrIccEmis [23] models and the experimental data. In
terms of emission yields, good agreement (within 3%) was observed between Geant4 and
BrIccEmis [23] theoretical calculations. Geant4 simulation results are consisted with the
Geant4 data libraries. In figure 7.8, differences up to 25% were observed between Geant4
and BrlccEmis against the experimental data [121]. The only exception is the KL2L2 line,
where a ∼ 250% discrepancy has been noticed in comparison to the reference data [121],
for both Geant4 and BrlccEmis.

In both comparisons (see figures 7.5 and 7.7), a kinetic energy shift (∼ 150 eV) of the
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emission lines is observed for the Geant4 results. This most likely comes from the fact
that Auger electron energies are derived from neutral binding energies (see section 7.3.3).
Moreover, the existing physics models describing atomic de-excitation of Geant4 disre-
gard the quantum electrodynamics (QED) and Breit magnetic electron interaction correc-
tions which could cause energy shift of the emitted Auger electrons and X-rays [23]. The
QED effect is due to the fact that an electron moving in the vacuum drags a cloud of vir-
tual photons with it [124, 125]. BrIccEmis has semi-empirical correction for these effects.

Another difference in the model calculations is the atomic structure effect (∼ 10 eV),
which is only included in BrIccEmis and arises due to the fast vacancy cascade in the
atom when it rearranges itself according to the atomic ground state of the daughter. This
effect is important especially for transitions involving K and L shells where the vacancies
have short lifetimes (∼ 10−17 – 10−15 sec) [23].

7.5 Conclusion

In this work I benchmarked for the first time the emission of Auger electrons deriving
from 123I, 124I, 125I and 131Cs decays calculated by means of Geant4 against other theo-
retical approaches (BrIccEmis [23, 106], Pomplun [104] and Stepanek [105]) and experi-
mental results performed at the Australian National University (ANU) [118] and the Joint
Institute for Nuclear Research (JINR) [121].

I verified the consistency between the Geant4 simulation results and the Geant4 data
libraries, input to the Monte Carlo code, to calculate Auger electron kinetic energies
and emission probabilities, deriving from atomic de-excitation after a radioactive decay.
When comparing Geant4 to other theoretical approaches, an overall good agreement, usu-
ally within few percent in terms of Auger electron energies, was found between Geant4
and other theoretical approaches. In terms of emission yields, a good agreement (within
3%) was found for vacancies in the K shell. In the case of vacancies in the L and M

shells, the level of agreement was worse (within 15%) because it was difficult to determine
the associated transition lines in the Geant4 simulation. Overall, the total number of the
Auger electron emitted per radioactive decay was found significantly higher in Geant4.
However, it was noticed that the difference was mostly coming from the low energy range,
below ∼ 500 eV, where the Auger electrons derive mainly from vacancies in N shell.

When comparing Geant4 simulation results to experimental data, a shift in the Auger
kinetic energies was found. This may be caused to limitations of the theoretical approach,
which considers the energy level of neutral atoms only and disregards quantum electrody-
namics (QED) effects, Breit magnetic electron interaction corrections and atomic struc-
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ture effects. These differences are not observed in the latest version of BrIccEmis [106],
as it recently adopted a semi-empirical correction, which reduces the difference between
the calculated and experimental Auger line energies below 10 eV [108].

In terms of Auger electron emission yields, once the results were normalised to KL2L3

line, an agreement within 15% for 125I and 25% for 131Cs radioactive decays, was found
among Geant4, BrIccEmis [106] and the measured K Auger intensity.

For the future, I recommend extending the benchmarking to the conversion lines, other
radioisotopes and to other sets of experimental measurements. As far as I know, this is
the first time that the Geant4 Auger emission from radioactive decay of medical radioiso-
topes has been benchmarked against other theoretical approaches and validated against
experimental measurements.
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Chapter 8

Auger electron yields by means of the
novel fluo ANSTO library

In this chapter, the influence of the fluo ANSTO X-ray fluorescence data library (described
in chapter 4) on calculated Auger electron emission yields has been investigated. This
work was presented at the 26th Geant4 Collaboration meeting 2021 (Online: https:

//indico.cern.ch/event/1052654/).

8.1 Introduction

The Auger effect is characterised by the emission of atomic electrons as an alternative
channel to X-ray fluorescence during atomic de-excitation (see section 2.2) [85, 86]. If
the de-excitation channels from the excited atomic state are assumed to be independent,
the radiative width ΓR the Auger emission width, ΓA and the Coster-Kronig width ΓCK is
based on the Evaluated Data Library EADL [63] and provides the radiative (fluorescence)
and non-radiative (Auger and Coster–Kronig electrons) transition probabilities [23].

In this project, I developed a X-ray fluorescence data library, identified as fluo ANSTO,
which was derived from ANSTO calculations using the Hartree-Fock method (see chap-
ter 4)[17]. Because the sum of X-ray fluorescence, Auger, and Coster-Kronig yields is
equal to one, altering one would impact the others (see equation (2.6)), hence it is nec-
essary to investigate the effect of using the new library, fluo ANSTO, on Auger yields for
software verification purposes.

The current chapter discusses the Auger electron emission that occurs as a result of
22Al, 28P, 38Ca, 49Fe, 61Ga, 90Ru, 123I, 124I, 125I and 131Cs radioactive decays. These
radionuclides were chosen because they eject Auger electrons [126] to cover the entire
range of Z. In addition, 123I, 124I, 125I, 131Cs are already known Auger emitters used
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in nuclear medicine, hence the 123I, 124I, 125I, 131Cs results can provide a useful cross-
reference against data already available. The particular purpose of this work is to examine
the effect of using the fluo ANSTO X-ray fluorescence library on the calculation of the
yields of Auger electrons.

8.2 Materials and Methods

8.2.1 Geant4 Simulation Setup

In the Geant4 simulation study, two models were utilised; the first model uses fluo ANSTO

(see chapter 4) data sets for the fluorescence X-ray emission rates. The second model
includes the fluo default atomic relaxation library, based on EADL [63] to compute fluo-
rescence X-ray emission rates once an electron shell vacancy has been created.

In this work, the Geant4 extended example rdecay01 was used for guidance, and the
Geant4 10.05.p01 version was used for calculations. A vacuum cube of 20 mm dimension
was modelled, with a point source of the radionuclide in the centre of the box. The
radioactive decay as well as the whole atomic relaxation were modelled by the software.
The simulation produces a value of emission yield per radioactive decay and the energy
spectrum of the emitted Auger electrons. The number of particle “histories” used in the
Geant4 simulation is 107, in order to achieve a statistical uncertainty of less than 1%.

8.2.2 Radionuclides Under Investigation

The chosen range of radionuclides allows selection and study of materials with a range
of both X-ray and Auger electron emission behaviours. This will allow fine-tuning of
the energy-dependent characteristics stored in the libraries used by Geant4. The selected
radionuclides have favourable properties as follows:

22Al (half-life T1/2 = 91.1 ms) decays by β+ and electron capture (EC, with accompa-
nying Auger X-ray emission) to an excited state of 22Mg [127].

28P (T1/2 = 270.3 ms) decays by β+ and EC to a stable state of 28Si [128].

38Ca (T1/2 = 443.76 ms) decays by β+ and EC to an excited state of 38K [129].

49Fe (T1/2 = 64.7 ms) decays by β+ and EC to an excited state of 49Mn [130].



CHAPTER 8. AUGER ELECTRON YIELDS BY MEANS OF THE NOVEL FLUO ANSTO LIBRARY109

61Ga (T1/2 = 167 ms) decays by β+ and EC to an excited state of 61Zn [131].

90Ru (T1/2 = 11.7 s) decays by β+ and EC to an excited state of 90T c [132].

123I (T1/2 = 13.224 hr) decays by EC to an excited state of 123Te. The most probable
transition at 159 keV carries 99% of the total intensity and 19% of the time will decay via
internal conversion (IC) to 123Te, which has a very long half-life (T1/2 = 9.2×1016 year)
[97].

124I (T1/2 = 4.176 d) decays via either β+ (22.7% probability) or EC (77.3% probabil-
ity) to either excited states (65% probability) or to the ground state (35% probability) of
124Te [98].

125I (T1/2 = 59.49 d) decays by EC (100% probability) followed by either gamma ray
emission (6.68% probability) or IC (93.32% probability), to the ground state of the stable
125Te [99].

131Cs (T1/2 = 9.689 d) decays directly via EC decay to the ground state of 131Xe [100].

8.2.3 Auger Electron Emission in Geant4

Geant4 calculates the total radiative and non-radiative emission of X-rays and Auger elec-
trons when the atom relaxes, by using the Livermore EADL Data Library [63, 92]. The
relaxation energy product is determined via the difference between the sub-shell binding
energies involved in the atomic de-excitation process [63]. The binding energy of all sub-
shells is considered to be the same for neutral ground state atoms as for ionised atoms
[63, 92].

It is worth noting that Geant4 Atomic Relaxation model does not discriminate between
Auger electrons and Coster-Kronig transitions; they are all treated as Auger electrons [44].

8.3 Results and Discussion

The figures below compare Geant4 Auger electron emission yields results utilising the
X-ray fluo default and fluo ANSTO libraries. Figures 8.1a to 8.10a show the produced
energy spectra and Auger electron yield for 22Al, 28P, 38Ca, 49Fe, 61Ga, 90Ru, 123I, 124I,
125I and 131Cs radioactive decays. The Auger electron lines can be distinguished accord-
ing to the atomic shell level of the initial vacancy. Figures 8.1b to 8.10b illustrate the ratio
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(a) (b)

Figure 8.2: (a) Calculated Auger electron spectrum following the radioactive decay
of 28P, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 28P.

of Auger electron yield values specified in the aforementioned two libraries.

(a) (b)

Figure 8.1: (a) Calculated Auger electron spectrum following the radioactive decay of
22Al, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 22Al.

The Auger electron emission yields for 22Al, 28P and 38Ca are shown in figures 8.1a
to 8.3a, respectively. In these figures, only K and L Auger electron emission yields
are visible. The first Geant4 library is the fluo ANSTO (in blue), while the second is the
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(a) (b)

Figure 8.3: (a) Calculated Auger electron spectrum following the radioactive decay of
38Ca, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 38Ca.

(a) (b)

Figure 8.4: (a) Calculated Auger electron spectrum following the radioactive decay of
49Fe, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 49Fe.
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(a) (b)

Figure 8.5: (a) Calculated Auger electron spectrum following the radioactive decay of
61Ga, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 61Ga.

(a) (b)

Figure 8.6: (a) Calculated Auger electron spectrum following the radioactive decay of
90Ru, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 90Ru.
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(a) (b)

Figure 8.7: (a) Calculated Auger electron spectrum following the radioactive decay
of 123I, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 123I.

(a) (b)

Figure 8.8: (a) Calculated Auger electron spectrum following the radioactive decay
of 124I, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 124I.
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(a) (b)

Figure 8.9: (a) Calculated Auger electron spectrum following the radioactive decay
of 125I, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 125I.

(a) (b)

Figure 8.10: (a) Calculated Auger electron spectrum following the radioactive decay
of 131Cs, normalised for 1 radioactive decay. (b) The ratio of Auger electrons emission
(ANSTO/default) for 131Cs.
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Table 8.1: Total Auger electron emission yields per decay for radionuclides using
fluo default and fluo ANSTO X-ray emission libraries.

radionuclide G4 G4 (fluo ANSTO/fluo default)
fluo ANSTO fluo default ratio

22Al 0.000078 0.000083 0.944
28P 0.0006 0.0006 0.994

38Ca 0.0072 0.0072 0.998
49Fe 0.0015 0.0016 0.959
61Ga 0.049 0.049 0.998
90Ru 6.39 6.43 0.994
123I 14.79 14.89 0.993
124I 9.92 9.99 0.993
125I 25.58 25.75 0.993

131Cs 11.8 11.9 0.992

fluo default (in red); It can be observed that fluo default and fluo ANSTO both libraries
produce fairly similar results. The discrepancies in results between these two libraries are
seen in figures 8.1b to 8.3b.

Figures 8.4a to 8.10a illustrate the Geant4 Auger electron spectra for 49Fe, 61Ga, 90Ru,
123I, 124I, 125I and 131Cs, respectively, using the two libraries under consideration. K , L ,
and M Auger electron emission yields are visible in these figures. The difference in the
results of the studied libraries is hard to distinguish. Thus, figures 8.4b to 8.10b, show the
ratio of Auger electron yields generated by the fluo ANSTO library over those provided
by the fluo default library. However, it remains difficult to distinguish between the results
of these two libraries.

Table 8.1 shows the total Auger electron emission yields for previously stated radionu-
clides, as calculated by means of the Geant4 using fluo default and fluo ANSTO X-ray
fluorescence yield libraries (see section 8.2.1). Additionally, table 8.1 includes the ratio
of fluo ANSTO over fluo default. It is clear from this table that the fluo default library
produces slightly higher results than the fluo ANSTO library in all scenarios.

The findings of this investigation were expected since the X-ray fluorescence predicted
by Geant4 fluo ANSTO library is slightly greater than the prediction from the fluo default

library (as shown in chapter 4). The relationship between X-ray fluorescence and Auger
electron yields is seen in equation (2.6). As a result, the greater the X-ray fluorescence
yield, the lower the Auger electron yield.
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8.4 Conclusion

The impact of the recently included X-ray fluorescence data library, titled fluo ANSTO,
on the calculation of the Auger electrons emission yield has been examined in this study.
The Auger electron spectra and the total Auger electron yields for several radionuclides
predicted by the fluo ANSTO and fluo default data libraries were compared to one another.

The comparison reveals that the results produced by both data libraries are up to 5%
different. However, the fluo ANSTO data libraries exhibit slightly lower Auger electron
yields than the fluo default data library, which is understandable given that the fluo ANSTO

data library predicts a greater X-ray fluorescence yield than the fluo default data library
does. Furthermore, because the X-ray fluorescence yield and the Auger electron emis-
sion yield collectively total to unity, the results are consistent with the underlying theory.
These simulation results for Auger electron behaviour should be compared to many exper-
imental measurements to understand which approach is more accurate. This was beyond
the scope of this PhD thesis.



Chapter 9

General Conclusion

The purpose of the project is to develop a cutting-edge PIXE Package (G4–ANSTO) in the
Geant4 simulation toolkit. This package will provide the most precise description of par-
ticle interactions at the micro- and nano-scale levels, not just with any PIXE-specific soft-
ware tool, but also with any general-purpose Monte Carlo code used in radiation physics.
This research will have an influence on fields ranging from environmental science and
geology to space, materials, and life sciences.

To accomplish this, I revised the existing G4-PIXE in chapter 3 based on the recommen-
dations of D. D. Cohen and R. Siegele, international leaders in experimental PIXE and
associated theoretical modelling. Geant4 now includes the ECPSSR ANSTO ionisation
cross sections for proton and α particles for PIXE simulation. Only the ECPSSR ANSTO

and ECPSSR FormFactor approaches are capable of handling M sub-shells relaxations.

To get a unique complete G4–ANSTO approach based on the ANSTO calculations and
recommendations of D. D. Cohen and R. Siegele, in chapter 4, I integrated the ANSTO

HF X-ray fluorescence yields, the second component of G4–ANSTO approach. The G4–

ANSTO approach utilises both the ECPSSR ANSTO ionisation cross sections and ANSTO

HF fluorescence yield libraries. The G4–default approach includes the ECPSSR FormFactor

ionisation cross sections and the EADL fluorescence yield libraries. Geant4-calculated
X-ray emission spectra were compared to those computed using the G4–ANSTO and G4–

default approaches in terms of fluorescence X-ray yields per incident proton and α par-
ticles. Several target materials were investigated, ranging from low to high atomic num-
ber Z materials. Protons and α particles were employed as monoenergetic beams. The
investigation found that the Geant4-calculated X-ray emission spectra and the ANSTO
experimental results agreed pretty well.

Chapter 5 presents the additional experimental data that I obtained in order to conduct
further validation tests for the new approach G4–ANSTO. The X-ray spectra were gener-

117
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ated using a variety of materials at the ANSTO utilising ANTARES tandem accelerator.
The spectra were obtained using the heavy ion microprobe beamline, which used carbon
ions, and then were compared with the Geant4 in chapter 6. In terms of fluorescence
X-ray yields, the G4–ANSTO and G4–default approaches were used to compare with the
experimental results for incident carbon ion. Several target materials were studied, rang-
ing from low to high atomic number Z. For all samples, the majority of lines were much
greater when utilising the G4–ANSTO approach rather than the G4–default approach. Fur-
thermore, the investigation discovered that the Geant4-calculated X-ray emission spectra
and the ANSTO experimental measurements matched rather well. However, I am just
looking at a few peaks with PIXE, but G4–ANSTO exhibits considerable variances with
G4–default for other lines, which might be crucial in other application areas.

The emission of Auger electron benchmarking study had never been done before, so in
chapter 7, I benchmarked for the first time the emission of Auger electrons derived from
some medical radioisotope decays calculated using Geant4 against other theoretical ap-
proaches and experimental results performed at the Australian National University (ANU)
[118] and the Joint Institute for Nuclear Research (JINR) [121]. I validated the compati-
bility of the Geant4 simulation results with the Geant4 data libraries to determine Auger
electron kinetic energies and emission probabilities derived from atomic de-excitation fol-
lowing radioactive decay. When comparing Geant4 to other theoretical methods, it was
discovered that there was an overall good agreement, generally within a few percent in
terms of Auger electron energies.

Because the X-ray fluorescence yield and Auger electron yield should be equal to one,
the G4–ANSTO approach, which includes the ANSTO HF X-ray fluorescence compo-
nent, may have an effect on the Auger electron emissions. As a result, the influence of
a recently included ANSTO HF X-ray fluorescence data library on the Auger electrons
emission yield has been investigated in chapter 8. The Auger electron spectra and to-
tal Auger electron yield for various radionuclides were compared using the most recent
and default data libraries. The Auger electron yields in the ANSTO HF data libraries are
slightly lower than in the default data library, which is acceptable given that the ANSTO

HF data library has a higher X-ray fluorescence yield than the default data library. Addi-
tionally, the results are rational and predictable since the X-ray fluorescence yield and the
Auger electron emission yield are both equal to one.

The significance of obtaining accurate results from Geant4 and data that is as near to
reality as possible comes from the requirement for such a simulation toolkit in medical
applications for cancer treatment. This aim might be accomplished by examining dose
enhancement of the treatment dose with the addition of nanoparticles made of high-Z ma-
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terials and irradiation with X-rays. This will generate Auger electrons from these high Z

materials, and because Auger electrons have a short range in tissue, they will increase the
dosage to malignant cells while having negligible effect on normal tissue.

The Geant4 users will be able to use our novel G4–ANSTO libraries and models, which
provide a unique, self-consistent, and stable recommended approach, for the first time in
Geant4 11.0. My motivation for future research is to include the ANSTO ionisation cross
section for carbon, oxygen, and any recommended ion, in PIXE domain, directly into
Geant4, avoiding the scaling of proton ionisation cross section, to achieve better results.
Additionally, I recommend extending the Auger electron benchmarking to the conversion
lines, other radioisotopes and to other sets of experimental measurements.



Bibliography

(1) S. Agostinelli, J. Allison, K. a. Amako, J. Apostolakis, H. Araujo, P. Arce, M.
Asai, D. Axen, S. Banerjee, G. 2. Barrand et al., “GEANT4—a simulation toolkit”,
Nuclear instruments and methods in physics research section A: Accelerators,

Spectrometers, Detectors and Associated Equipment, 2003, 506, 250–303.

(2) D. D. Cohen, J. Crawford and R. Siegele, “K, L, and M shell datasets for PIXE
spectrum fitting and analysis”, Nuclear Instruments and Methods in Physics Re-

search Section B: Beam Interactions with Materials and Atoms, 2015, 363, 7–
18.

(3) S. McKinnon, E. Engels, M. Tehei, K. Konstantinov, S. Corde, S. Oktaria, S.
Incerti, M. Lerch, A. Rosenfeld and S. Guatelli, “Study of the effect of ceramic
Ta2O5 nanoparticle distribution on cellular dose enhancement in a kilovoltage
photon field”, Physica Medica, 2016, 32, 1216–1224.

(4) D. D. Cohen, “Particle induced x-ray emission.”, 1991.

(5) S. A. Johansson and J. L. Campbell, “PIXE: A novel technique for elemental
analysis”, 1988.

(6) I. Mitchell and K. Barfoot, “Particle induced X-ray emission analysis application
to analytical problems”, Nucl. Sci. Appl., Sect. B, 1981, 1, 99–162.

(7) J. R. Bird, P. Duerden and D. J. Wilson, “Ion beam techniques in archaeology and
the arts”, Nucl. Sci. Appl.;(United States), 1983, 1.

(8) D. D. Cohen and E. Clayton, in Elsevier, 1990, ch. 5, Ion Induced X-ray Emission.

(9) S. A. Johansson, J. L. Campbell and F. Adams, PIXE: A novel technique for el-

emental analysis: Wiley, New York, 1988 (ISBN 0-471-92011-8). xii+ 347 pp.

Price£ 42.50, 1989.

(10) F. Watt and G. W. Grime, “Principles and applications of high-energy ion mi-
crobeams”, 1987.

(11) https://www.ansto.gov.au.

(12) S. A. Johansson and T. B. Johansson, “Analytical application of particle induced
X-ray emission”, Nuclear Instruments and Methods, 1976, 137, 473–516.

120

https://www.ansto.gov.au


BIBLIOGRAPHY 121

(13) T. Johansson and R. Akselsson, “SAE Johansson X-ray analysis: elemental trace
analysis at the 10–12g level Nucl”, Instr. Meth, 1970, 84, 141–143.

(14) H. B. Abdelouahed, S. Incerti and A. Mantero, “New Geant4 cross section mod-
els for PIXE simulation”, Nuclear Instruments and Methods in Physics Research

Section B: Beam Interactions with Materials and Atoms, 2009, 267, 37–44.

(15) R. Zeisler and V. P. Guinn, Nuclear Analytical Methods in the Life Sciences,
Springer Science & Business Media, 2012.

(16) S. Bakr, D. D. Cohen, R. Siegele, S. Incerti, V. Ivanchenko, A. Mantero, A. Rosen-
feld and S. Guatelli, “Latest Geant4 developments for PIXE applications”, Nu-

clear Instruments and Methods in Physics Research Section B: Beam Interactions

with Materials and Atoms, 2018, 436, 285–291.

(17) S. Bakr, D. D. Cohen, R. Siegele, J. W. Archer, S. Incerti, V. Ivanchenko, A. Man-
tero, A. Rosenfeld and S. Guatelli, “Geant4 X-ray fluorescence with updated li-
braries”, Nuclear Instruments and Methods in Physics Research Section B: Beam

Interactions with Materials and Atoms, 2021, 507, 11–19.

(18) M. H. Kabir, “Particle Induced X-ray Emission (PIXE) Setup and Quantitative
Elemental Analysis”, 2007.

(19) R. K. Hobbie and B. J. Roth, Intermediate physics for medicine and biology,
Springer, 2007.
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“A stochastic cascade model for Auger-electron emitting radionuclides”, Inter-

national journal of radiation biology, 2016, 92, 641–653.
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Appendix A

Dose Enhancement Using
Nano-particles

In this appendix the dose enhancement of the treatment dose with the addition of nanopar-
ticles made of high-Z materials and irradiation with X-rays has been examined.

This chapter is a modified version of the published work:
E.Engels, S. Bakr, D. Bolst, D. Sakata, N. Li, P. Lazarakis, S. J. McMahon, V. Ivanchenko,
A. Rosenfeld, S. Incerti, I. Kyriakou, D. Emfietzoglou, M. L. F. Lerch, M. Tehei, S. Corde
and S. Guatelli, (2020) “Advances in modelling gold nanoparticle radiosensitization
using new Geant4-DNA physics models”, Physics in Medicine and Biology, November
2020, 174.

https://doi.org/10.1088/1361-6560/abb7c2

My participation percentage in this work is roughly 5%. In this work, I have used
Geant4 10.4.p01 version to run the application using only Livermore physics models
through all geometrical set-up.

A.1 Abstract

Gold nanoparticles have demonstrated significant radiosensitization of cancer treatment
with X-ray radiotherapy. To understand the mechanisms at the basis of nanoparticle ra-
diosensitization, Monte Carlo simulations are used to investigate the dose enhancement,
given a certain nanoparticle concentration and distribution in the biological medium. Ear-
lier studies have ordinarily used condensed history physics models to predict nanoscale
dose enhancement with nanoparticles. This study uses Geant4-DNA complemented with
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novel track structure physics models to accurately describe electron interactions in gold
and to calculate the dose surrounding gold nanoparticle structures at nanoscale level.
The computed dose in silico due to a clinical kilovoltage beam and the presence of
gold nanoparticles was related to in vitro brain cancer cell survival using the local ef-
fect model. The comparison of the simulation results with radiobiological experimental
measurements shows that Geant4-DNA and local effect model can be used to predict cell
survival in silico in the case of X-ray kilovoltage beams.

A.2 Introduction

High atomic number (Z) nanoparticles (NPs), such as gold, platinum and ceramic metal
oxide particles are sub-cellular in size and are ideally suited to internalize within cells
[133–136]. When exposed to X-rays used in radiotherapy, NPs enhance local radiation
doses and increase cancerous cell destruction [137]. This is due to an excess of low en-
ergy electrons produced from the NPs, which deposit energy locally in the surrounding
biological medium [134].

With inert properties and high Z of 79, gold NPs (GNPs) are among the most researched
candidates for NP-enhanced cancer treatment using methods such as Monte Carlo sim-
ulations [3, 138–140], and both in vitro [141, 142] and in vivo studies [143, 144]. The
enhanced photoelectron production, emission of low energy Auger electrons and fluores-
cence X-rays associated with the high-Z of gold cause significant localized damage to
cancer cells, particularly in kilovoltage (kV) radiation fields [141, 145]. Currently, kV
radiotherapy is used to treat skin cancer [146, 147], but could be used to treat brain and
central nervous system cancers (CNS), [75, 148, 149].

Where normal tissue sparing remains a concern with standalone radiation treatments,
GNPs offer a means to better target cancerous cells, maintaining tumor control, while
reducing the normal tissue radiation dose [145]. Optimal energies for dose enhancement
effects with GNPs is estimated to be 60–90 keV using monochromatic beams due to the
comparatively smaller X-ray absorption of tissues (or water) at these energies [150].

A.2.1 Monte Carlo Simulation and GNP-enhanced Radiotherapy

Monte Carlo (MC) simulations describe particle transport in matter and interactions,
and are widely used to investigate the energy deposition around GNPs in the biologi-
cal medium when irradiated by a radiotherapeutic field. Simulations determine the effect
of varying the size, distribution and shape of the GNPs [151, 152].
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The physics models, included in the “general purpose” MC codes such as EGS [153],
PENELOPE [154], Geant4 [1], and MCNP [155] adopt a condensed history (CH) ap-
proach, where a large number of collision processes are grouped together (“condensed”),
producing an artificial mean free path called a “step”. This approach has made MC sim-
ulations a highly useful investigation tool, but inherently inadequate to describe detailed
particle interactions at nanometer scale and low energy (<keV).

Specialized MC codes, such as PTra [156] PARTRAC [157], KURBUC [158], NOREC
[156], and TRAX [159] usually known as “track structure codes” (TS codes), have been
developed to calculate the energy deposition at nanometer scale, modelling particle tracks
according to each physics process occurring, typically in gaseous medium or liquid water,
to approximate biological systems [158].

The Geant4 electromagnetic physics classes adopt the CH approach and contain models
addressed to medical physics applications [93]. One is based on the Livermore evaluated
data library [160] with a recommended low-energy limit of 250 eV [63, 161]. The second
one is based on the Penelope MC code, valid down to approximately 100 eV [162–164].

Geant4 is the only general-purpose radiation transport MC code which offers TS physics
models to describe particle interactions in liquid water at nanometer level, through the
Geant4-DNA Package (G4DNA), [48, 94, 165, 166]. This package currently provides a
complete set of models describing process by process the electromagnetic interactions of
particles (including electrons, protons, α particles and ions) with liquid water [165].

Sakata et al (2016) developed the first TS-based physics models within G4DNA capable
of describing electron interactions in GNPs [167, 168]. Such models have been refined
in a second iteration, where the Energy Loss Function formalism has been adopted to
describe the ionization and excitation processes in gold down to ∼ 10 eV [169]. The new
gold models adopt the ELSEPA code to calculate elastic scattering cross section [167].

A.2.2 Modelling Cell Survival

Translation from Monte Carlo simulations to in vitro experimental results is still sought
after, particularly concerning the nanoscale dose inhomogeneity produced by GNPs. The
linear quadratic model (LQM) is based on the linear quadratic nature of the cell survival
curve, [170, 171]. The LQM relates the average dose, D, delivered to the cell population
with X-rays, to the cell surviving fraction, SX , according to equation (A.1)

SX = exp(−(αD+βD2)) (A.1)
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The parameters α and β relate D to SX and can be evaluated experimentally in vitro.
The LQM, in its simplicity, is ideally suited to describe the effect of averaged and uniform
radiation field doses on cell survival. Due to this, the LQM is not well-suited to spatially
fractionated or non-uniform dose fields such as microbeam radiation therapy [149] and
particle therapy [138, 172]. This has led to the development of other radiobiological
models including the local effect model (LEM), [172–174].

The LEM, described in equations (A.2) and (A.3), is a more sophisticated approach
to dose non-uniformity than the LQM and was originally developed to determine the
radiobiological effectiveness of heavy ion radiation field for hadron therapy applications
[172]. LEM relates energy depositions on the nanoscale to the cell survival S, determined
from in vitro experiments. S can be expressed as function of the number of lethal events,
N, following Poisson statistics, equivalent to equation equation (A.2)

S = exp(−N) (A.2)

N is calculated by means of equation (A.3) where the local dose in the biological
medium, D(x,y,z), due to the incident X-ray field is used to compute a spatially depen-
dent S(D(x,y,z)), obtained using equation (A.2), which is evaluated at nanoscale volumes
(dV ) within a sensitive volume, VS

N =−
∫

VS

ln(S(D(x,y,z)))
VS

dV (A.3)

The average number of lethal events due to a non-uniform radiation field, such as the
one obtained with NPs internalized in the cell (NNP), can also be evaluated using this ap-
proach. Implementation of the LEM for this purpose is described further in the method
for our study.

Many correlations to in vitro studies with GNPs have been made using LEM [170, 171,
175, 176], however, this is the first study to investigate the impact of new specialized
G4DNA gold physics models [167, 168] in GNP radio-enhancement and how this is re-
lated to cell survival in vitro for a more realistic GNP distribution. This work calculates
the dose enhancement on the nanoscale with a single GNP and a simplistic model of the
clustering GNPs around the cell nucleus. G4DNA, with the novel specialized gold TS
physics models was compared to the case with the CH Livermore Package to describe
particle interactions in the medium. The cell surviving fraction with GNPs was then cal-
culated in silico by applying the LEM to 9 l gliosarcoma cancer cells irradiated with kV
X-rays. Direct correlation was made between the computed cancer cell survival and the
in vitro results with GNPs.
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A.3 Method

A.3.1 Cell Experiment Design

Cell experiments were carried out with 9 l gliosarcoma (9LGS), rat glioma cells derived
from an N-nitroso-N-methylurea (NMU)-induced tumor and were purchased from the Eu-
ropean Collection of Cell Cultures (ECACC). Cell cultures were maintained at 37 ◦C and
5% (v/v) CO2 in a T75 cm2 tissue culture flask containing complete-DMEM (Dulbecco’s
Modified Eagle Medium, Gibcor, Life Sciences), supplemented with 10% (v/v) FBS
(Fetal Bovine Serum, Invitrogen) and 1% (v/v) PS (penicillin/streptomycin, Gibcor,
Life Sciences)). GNPs with a diameter of 15 nm are studied in many radiosensitization
studies [137, 177]. They are commonly used in vitro and in vivo experiments as they have
low toxicity [178], and show more lingering internalization and efficient localization at
tumor site through the vasculature supply [179]. AuroVistT M 15 nm diameter NPs are
commercially available for preclinical use (Nanoprobes Inc. NY). To prepare the GNPs, a
portion of the original 200 mg ml−1 GNP stock was diluted in phosphate buffered saline
(PBS, Gibcor) to a final concentration of 10 mg ml−1.

Cell Imaging for Simulation Set Up

Confocal imaging was performed to determine the distribution of GNPs in 9LGS, adapt-
ing a similar method outlined by Kim et al [180].

9LGS cells were incubated with or without GNPs in an ibidir µ-slide, 8 well, cham-
bered coverslip (ibidi GmbH, Lochhamer Schlag 11, 82 166 Grafelfing). GNPs were
added to 9LGS cell medium 24 h before imaging, at a final concentration of 500 µgml−1.
Images were acquired with a Leica TCS SP5 confocal microscope (Leica Microsystems
Pty Ltd, Macquarie Park, 2113 Australia). After 24 h incubation, the µ-slide was placed
directly in the confocal microscope (without washing) on a movable stage and a 40x oil
immersion lens used to image cells once immersion oil was applied to the slide. An argon
laser with wavelength 488 nm was used to expose the cells and GNPs, in order to produce
fluorescence or light scatter from the sample. Light was detected using a photomultiplier
tube in the range of 510–600 nm. Bright field (BF) images were also collected. Images
were obtained at multiple depths within the cell.

Figure A.1 shows a confocal microscopic image of GNPs inside the 9LGS cells, with
pixel size of 0.48 µm by 0.48 µm. The green light scatter indicates the presence of GNPs
by exploiting the surface plasmon resonance of gold above 10 nm [180] and shows that
the GNPs tend to congregate around the cell nucleus of the 9LGS. This motivated the use
of a simplistic geometrical model of the GNP configuration for the evaluation of the LEM.
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When using BF imaging alone (no laser, as shown in figure A.1, top-left), there is no
visible evidence of GNPs. The accumulations of GNPs therefore are of a size much less
than the BF visible resolution of 0.48 µm, and only appear present with laser light. These
experimental findings have prompted the use of a GNP upper size limit of 100 nm diam-
eter in the simulation study to mimic the order of magnitude of the largest possible GNP
clusters, as well as the original single GNPs that are 15 nm diameter.

Figure A.1: Confocal microscopy of GNPs (shown in green) incubated in 9LGS for 24
h at a concentration of 500 µgml−1. Insert (top-left), shows image of 9LGS cells without
argon laser illumination. Dimensions of cell nuclei are shown.

In biological experiments multiple GNPs and GNP clusters often develop into larger
structures which affect the dose enhancement of the GNPs to the cell [3, 140]. For the
LEM method, the GNP-shell geometry resembling the realistic GNP distribution was
therefore considered by recording the positions of the GNPs over the entire volume of the
9LGS cell. On average, a shell-like distribution was seen, as shown in figure A.1, which
was estimated in 3 dimensions to be 1 GNP thick throughout the shell. It was also found
that the GNPs were less likely to be on the top of the nucleus or on the bottom against
the flask. Therefore, a GNP shell distribution was modelled 2 µm from the top of the
9LGS nucleus, 6 µm deep, and surrounding the 9LGS nucleus of 10 µm diameter (see
figure A.4).
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Cell Irradiation

24 hrs prior to irradiation, 500 µgml−1 GNPs were added to 9LGS cells that were sub-
cultured into T12.5 cm2 flasks (BD FalconTM) containing c-DMEM. The irradiation of 9
l cells with and without GNPs was performed at the Prince of Wales Hospital (Randwick,
New South Wales, Australia 2031) using a Nucletron Oldelft Therapax DXT 300 Series
3 Orthovoltage X-ray machine (Nucletron B.V., Veenendaal, The Netherlands). T12.5
cm2 flasks containing a monolayer of 9 l cells under 6 mm medium were positioned at
a distance of 50 cm from the X-ray tube. Flasks rested on a 10 cm solid water phantom
and were surrounded by 6 mm of solid water to ensure full particle equilibrium. X-rays
were generated at 150 kVp with a beam current of 20 mA using inherent filtration of 3
mm beryllium with additional 0.35 mm of copper and 1.5 mm of aluminum (HVL = 0.68
mm Cu). Cells were irradiated with a dose rate of 0.754 Gy min−1 for doses ranging from
1 to 8 Gy at 6 mm depth. Figure A.2 shows the 150 kVp spectra. Following the X-ray
irradiation, cells were seeded at low density into 100 mm petri dishes containing 10 ml
of c-DMEM. Each independent flask was seeded in triplicate sets corresponding to each
radiation dose including an unirradiated control sets with and without GNPs to determine
any toxicity due to GNPs. After 14 doubling times (necessary to obtain an adequate num-
ber of colonies), each dish was washed with 5 ml PBS (calcium and magnesium positive)
and stained with a solution of 25% crystal violet solution (2.3% crystal violet, 0.1% am-
monium oxalate, 20% ethyl alcohol, from Sigma-Aldrichr, Australia) and 75% ethanol
(v/v).

Surviving colonies of 50 cells or more were counted and divided by the original seed-
ing number to determine the plating efficiency (PE). For each treatment group, the PE was
averaged, and standard deviation of the mean calculated. The surviving fraction SX was
evaluated by taking the ratio of the PE of the treated cells and the PE of the non-irradiated
control.

A.3.2 Simulation Methods

Characterization of Single GNP Dose Enhancement

To compare G4DNA TS physics models with the CH Livermore models, a single GNP
was simulated using Geant4 10.4 patch01 and placed at 6 mm depth in a liquid water
phantom with dimensions of 12×12×12 mm3 to replicate the setup of the experimental
study. A schematic of the simulation geometry is shown in figure A.3.

The incident radiation field modelled in the Geant4 simulation was the 150 kVp ortho-
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Figure A.2: 150 kVp orthovoltage X-ray spectra (generated using SpekCalc, Polud-
niowski et al [181]) used to irradiate 9LGS cells experimentally and used in the simula-
tion.

Figure A.3: Geometry of the Monte Carlo simulation (sizes not to scale). The X-ray
beam is incident normally on the water phantom (A). The orange box shows the lateral
dimensions of the incident beam. A single GNP is set at 6 mm depth in the phantom.
The G4DNA is active within VC (6 µm diameter sphere), with Livermore physics in the
surrounding water volume, as shown in the magnified view (B).
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voltage X-ray beam used in the experiment (figure A.2). A maximum of 1011 histories
were simulated to obtain each set of results. The beam was incident normally to the water
phantom with a lateral size of 10 µm. Two GNP radii were considered; a GNP radius of
7.5 nm, corresponding to the real dimension of individual GNPs, and 50 nm, to mimic a
GNP aggregate, as observed with confocal imaging (figure A.1). A cell volume (VC) was
added to encompass the GNP with dimensions shown in figure A.3(B).

The following situations were considered when modelling the physics processes in the
simulation:

• G4DNA in the GNP (gold material) and VC (liquid water material). A cut of 10
eV was adopted. The newly developed G4DNA models specialized for gold targets
(described in Sakata et al [168]) were used to model electron interactions in the
GNP. The Livermore physics models were used to describe particle interactions
in the water phantom surrounding the VC, up to a distance of 6 mm, to reduce
simulation execution times.

• Livermore physics models were used throughout all the geometrical set-up (that is
within the GNP, within VC and in the water phantom surrounding VC).

Atomic de-excitation was also modelled. Auger electrons and fluorescence photons
were simulated, including the full relaxation cascade.

The Livermore physics models were adopted for the CH approach because Lazarakis
et al [163] and Kyriakou et al [164] showed that such models could begin to approximate
G4DNA better than the other available CH approaches of Geant4 when using a 10 eV
secondary electron production lower energy limit, while a limit of 250 eV has been rec-
ommended by the authors of the Livermore models [44].

The low electron energy (LEE) limit controls the cut of the secondary electron produc-
tion in the CH models. The LEE limits of 10 eV and 250 eV were investigated in this
study of the case of a 50 nm radius GNP radioenhancement.

The simulation calculated the radial absorbed dose distribution from the surface of the
GNP per incident photon and the Dose Enhancement Ratio (DER). The DER is the ratio
of the absorbed dose with and without the GNP in water.

Dose Enhancement of a GNP in a Partial Shell Configuration

A GNP shell-like configuration was considered to match experimental observations (fig-
ure A.1) and is similar to the distribution previously described in McKinnon et al [3] and
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Liu et al [140]. This design was considered as there were some initial discrepancies with
LEM using single GNPs (not shown) that we estimated were due to incorrect extrapola-
tion of realistic GNP geometry in 9LGS.

VC, originally 3 µm in radius, was increased to 10 µm in radius to encompass the 9LGS
cell nucleus which has a radius of 5 µm, based on experimental observations (figure A.1).
The beam dimensions were increased to 24×24 µm2 accordingly.

In this geometrical cell configuration, the cell “nucleus” with radius 5 µm, was partially
surrounded with a 15 nm thick GNP shell. The confocal imaging showed that the GNPs
were only visible using light scatter from the 20 mW Argon laser, and have sizes smaller
than the visible resolution. The GNP shells were sometimes incomplete or had regions of
thicker deposits of GNPs. On average, the coverage of the GNPs around the nucleus of
9LGS was approximated to be 1 GNP thick (15 nm) with the top and bottom of the nucleus
uncovered by GNPs. This geometry in a simplistic sense mimics the average GNP distri-
bution surrounding the 9LGS nucleus using confocal imaging, and is shown in figure A.4.

Figure A.4 represents the geometrical set-up in Geant4, including dimensions of the
GNP shell and position of the incident beam. The inner radius of the GNP shell was
set equal to 5 µm based on the 9LGS nucleus size in the confocal images. The energy
deposited within the cell nucleus was scored as well as 5 µm outside the shell. G4DNA
and Livermore physics models were activated for this simulation as described in the next
section.

A.3.3 Analysis Using LEM-based Radiobiological Models

To determine the effect of the average dose enhancement due to the GNP shell congrega-
tion, a LEM approach was considered which adapts equations (A.2) and (A.3). The dose
D(x,y,z) is calculated in terms of radial distance r, as D(r), and ranges from the origin
at the center of VC to the interior surface of the GNP shell in 1 nm steps (4r = 1nm),
denoted by the total radius of VC (RC).

Equation (A.3) can then be used to compute the lethal events due to the GNP alone
(D(r)), after subtracting the dose calculated without GNPs in water (D(r) = DGNP(r)−
Dwater(r)). The lethal events due to the GNP alone are shown in equation (A.4)

NNP =
1

R3
C

RC

∑
r=0

(αD(r)+βD(r)2)((r+4r)3− r3) (A.4)

Characteristic parameters α and β were obtained from the experimental cell survival
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Figure A.4: The partial GNP shell (yellow) modelled in the Geant4 simulation, shown
from a beam view and 30◦ perspective. The red arrow shows the direction of the incident
beam. The 6 µm-wide GNP shell surrounds VC and begins at 2 µm depth from the
surface of VC, and was constructed to surround 60% of the cell as estimated from confocal
imaging.

obtained in absence of GNPs. For this study, the lethal events were considered to be in-
side the nucleus of 9LGS. Therefore D(r) was calculated from the inside of the GNP shell.

The complete cell survival due to the GNPs (SNP) and X-rays was then evaluated with
the number of lethal events created by X-ray interaction with the GNP alone (NNP) and
without the GNP (NX ), described in equation (A.5)

SNP = exp(−(NNP +NX)) (A.5)

SNP was evaluated for each dose delivered to water (D in equation (A.1)), ranging from
1 to 10 Gy. The additional dose predicted by LEM due to the GNPs in VC can also
be recorded. The effective dose De f f following treatment with 1 Gy of X-rays in the
presence of GNPs was calculated by substituting S for SNP in equation (A.1) and solving
for D. This substitution is shown in equation (A.6)

−ln(SNP) = αDe f f +βD2
e f f (A.6)

De f f is the effective dose due to the GNPs and X-rays as calculated by the LEM, SNP is
calculated using equation (A.5), and the α and β parameters are due to X-ray irradiation
of 9LGS only (no GNPs). The effective dose was calculated using the quadratic formula.
The effective dose enhancement DEe f f in VC was then derived as DDEe f f = De f f /1 Gy.
For comparison, the average dose enhancement (DEav) in VC was also calculated.
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Table A.1: Summary of the radiobiological parameters (α and β ) due the radiation
treatment of 9LGS cells with (500 µgml−1 GNPs) and without (0 µgml−1) GNPs. LQM
fits were performed in MAT LABr R2018b using the Curve Fitting ToolT M (MATLAB
2018). Errors are within a 95% confidence interval.

Treatment α Gy−1 β Gy−2

Control (0 µgml−1 GNPs) 0.135 ± 0.052 0.011 ± 0.008
500 µgml−1 GNPs 0.334 ± 0.027 0

A.4 Results

A.4.1 Experimental Results

To characterize the effect of the AuroVistT M GNPs on 9LGS cells, a clonogenic assay was
performed and confirmed that the GNPs did not produce any intrinsic toxicity towards
9LGS cells, with a surviving fraction of (1 ± 0.1). Figure A.5 shows the clonogenic
surviving fraction of 9LGS cells following irradiation with 150 kVp orthovoltage X-rays
with and without GNPs at a nominal concentration of 500 µgml−1.

The addition of GNPs with increasing X-ray radiation dose, causes radiosensitization
of the 9LGS cells, as expected. As a result, the GNPs produce a reduction in the cell
surviving fraction (shown by SNP) across all doses compared to X-rays alone (SX ). The
500 µgml−1 concentration of GNPs and corresponding enhancement is comparable to
other radiosensitization studies with kilovoltage X-rays at similar concentrations [170,
175]. The α and β parameters, obtained by fitting the SF curves with the LQM model,
are shown in table A.1.

The primary effect of the addition of GNPs to 9LGS was on the α parameter, which
produces significantly more linearity to the surviving fraction SNP and is often related to
unrepairable double strand DNA breaks [171].

These parameters will be used in the LEM in the final section.

A.4.2 Characterization of Physics Models for Gold Nanoparticles in
Geant4

Radial Dose Calculation Using Different Geant4 Physics Models

GNP dose enhancement due exposure with an X-ray beam was investigated initially on
single GNPs to understand the differences between TS and CH physics models. The ra-
dial dose distribution and DER produced around a single GNP of two sizes (7.5 or 50 nm)
due to 150 kVp X-rays was compared in figure A.6 using Livermore low energy limit cut
(LEE) of 10 eV and G4DNA.
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Figure A.5: Clonogenic surviving fraction of 9LGS following 150 kVp orthovoltage X-
ray irradiation, showing the surviving fraction without GNPs, 0 µgml−1 (SX ), and with
500 µgml−1 GNPs (SNP), and the corresponding linear quadtric model (LQM) fitted
lines. The continous and dashed black lines are the LQM fits to the radiobiological
experimental data with without NPs (-NPs) and with (+NPs), respectively.
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CH Livermore physics produced more dose near the GNP than the G4DNA TS models.
With a low energy limit of 10 eV (below the recommended 250 eV), the results obtained
with Livermore show a DER of (22.2± 3.9) and (47.5± 2.6) within 1 nm of the GNP for
the 7.5 nm and 50 nm GNP radius, respectively. G4DNA produced DERs of (18.7 ± 3.6)
and (37.5± 1.9) at the GNP surface with 7.5 nm and 50 nm GNPs, respectively, due to an
overall greater electron stopping power in gold with the TS approach, as noted by Sakata
et al [168]. DER decreases with distance as low-energy secondary electrons originating
in the GNP deposit energy locally in the surrounding biological medium. Sakata et al
[168] likewise shows additional absorbed dose produced with Livermore (but with LEE
= 250 eV) compared to TS models up to 1 µm from the center of a GNP with radius 30 nm.

Figure A.6: Dose enhancement ratio (DER) with respect to the distance from the edge
of the GNP, for 7.5 nm and 50 nm radius GNPs, using the specialized TS gold physics
models (G4DNA in the legend) and the Livermore models (Livermore in the legend).
Inserted graph shows the radial dose per incident photon using each physics model for a
50 nm radius GNP.

The DER becomes equal to 1 at a radial distance of 250 nm using the 50 nm radius
GNP for both TS and Livermore models in our case. After this, the statistical fluctuation
of DER lies within 3% of 1 (equivalent to water) within 95% confidence level. However,
some secondary electrons created by the GNP can travel to micrometer distances away
from the GNP, but these do not produce a significant change to the DER produced by a
single GNP.
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Effect of Auger Electrons on the Radial Dose Distribution

The Auger electrons are suspected to be responsible for significant dose enhancement
near GNPs [175]. Auger generation was switched off in the GNP region only and com-
pared to complete Auger activation throughout all volumes between Livermore (LEE =
10 eV) and G4DNA models in figure A.7.

Our results confirm that Auger electrons have a significant impact on the energy de-
posited near the GNP, as noted in previous studies [175]. The additional dose produced
by the Auger electrons emitted by the 50 nm GNP is (43. ± 1.)% and (53. ± 2.) %
when considering distances up to 500 nm from the GNP surface, using the G4DNA and
Livermore physics models (LEE = 10 eV), respectively.

Effect of the Low Electron Energy Limit Cut

The kinetic energy of the secondary electrons leaving the GNP was scored for both the
Livermore approach and the G4DNA models to compare the effect of changing the Liv-
ermore LEE with G4DNA. Figure A.8 shows the kinetic energy spectra and number of
electrons per incident photon emerging from a 50 nm radius GNP.

The spectra calculated with the two physics approaches are similar for energies above
∼ 1 keV. For lower energies Livermore tends to produce more electrons, on average (1.4±
0.3) times for electrons below 5 keV, which is expected due to the higher stopping power
of the G4DNA models for gold and accurate modelling of the production and transport
of low energy electrons [168]. Overall, G4DNA produces fewer electrons from the GNP
than Livermore.

The Livermore LEE = 250 eV spectra shows that there are no electrons with energy be-
low 250 eV, as expected. The LEE of 250 eV results in more energy deposition near the
GNP due to the lost energy being deposited locally rather than converted into δ -electrons.

The average kinetic energy of electrons emerging from the GNP is (18 ± 1) keV, (21
± 1) keV and (24 ± 1) keV, when using the G4DNA and Livermore LEE = 10 eV and
250 eV, respectively. These energies correspond to ranges between 7 µm to 9.5 µm in
water, and 1 µm and 1.45 µm in gold [182]. Therefore, the average electron will traverse
a single GNP without self-absorption for both 7.5 nm and 50 nm radius GNPs.

Figure A.9 shows the effect of changing the Livermore LEE from 10 eV to 250 eV in
terms of radial dose distribution and DER, in the case of a GNP with a 50 nm diameter.
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Figure A.7: A comparison of the effect on the DER due to Auger electrons produced by
the GNP using G4DNA (A) and Livermore physics models (LEE = 10 eV) (B). For each
physics model, Auger electron production in the GNP was switched off (white boxes)
and compared with the case with GNP Auger electrons switched on (black boxes).

Figure A.8: Kinetic energy spectra of electrons leaving the GNP using G4DNA and
Livermore physics models (LEE = 10 eV and LEE = 250 eV). The main plot shows the
kinetic energy of electrons per incident photon for G4DNA (red), Livermore LEE = 10
eV (light blue) and LEE = 250 eV (dark blue). The inserted graph shows the ratio of the
number of electrons emitted when activating Livermore and G4DNA. Minimum bin size
is 0.1 keV.
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10 eV LEE provides a much better agreement with G4DNA than the 250 eV limit, con-
firming the results of Lazarakis et al [163] and Kyriakou et al [164]. When using LEE =
250 eV, Livermore produces larger doses that diverges from G4DNA by 37% within 10
nm from the GNP surface. The LEE = 250 eV Livermore produces a large dose depo-
sition near the GNP due to the higher electron production cut leading to a higher local
energy deposition. These results show that the Livermore physics models, with a LEE
of 10 eV, could be used when calculating the dose at sub-µm scale if TS codes are not
available. This should be done with care, given that the authors of the Livermore models
recommend its use down to 250 eV.

Figure A.9: Radial dose distribution obtained with LEE equal to 10 eV and to 250 eV
in the case of the Livermore physics. DER is shown on main plot and radial dose per
incident photon on inserted graph.

Thus far, differences between G4DNA with TS-based code and CH Livermore have
been identified for GNP simulations involving radial dose on the nanoscale in a kV field.
The next section will compare models for more “realistic” GNP geometry which will be
used for the LEM comparison.

A.4.3 Partial Shell GNP Configuration and in silico Cell Survival

Rarely GNPs accumulate homogeneously within cells, instead GNPs aggregate into new
configurations, such as the “shell”-like structures in 9LGS (see figure A.1). We simu-
lated the shell to be 1 GNP (15 nm) thick based on confocal imaging and constructed to
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Figure A.10: Dose per incident photon due to the GNP shell with Livermore LEE = 10
eV (blue) and LEE = 250 eV (black), compared to G4DNA (red). The inserted image
shows a 9LGS cell including the radius of the cell nucleus.

surround 60% of the 9LGS nucleus volume with radius 5 µm, shown in the insert on fig-
ure A.10. The entire radial dose on the nanoscale was recorded inside VC, in figure A.10,
and extending 1 µm beyond.

The dose per incident photon between Livermore and G4DNA is significantly different
both in water and when the GNP shell is present. Livermore produces (30 ± 4)% more
dose than G4DNA in water alone. Using the data presented in figures A.10 and A.11
shows the resulting radial DER for each physics model due to the GNP shell, including
an insert showing more detail within 200 nm of the GNP surface. In this case the sig-
nificant dose discrepancy between Livermore and G4DNA is eliminated by normalizing
to water in the DER calculation. However, there is still significant differences in the ab-
sorbed dose near the GNP.

The DER inside VC never approaches 1 in contrast to the case of a single GNP where
DER = 1 from ∼ 70 nm from the edge of the NP. This occurs due to the greater number
of high energy electrons that have been produced from the greater likelihood of X-ray
interaction with gold (the shell is made of thousands of single GNPs). This highlights the
benefit of the GNP-shell formation in largely increasing the dose to the nucleus of cancer
cells without having to be internalized into the nucleus, as mentioned in previous studies
as an ideal case to produce Auger electrons near DNA [3, 135].

Comparing directly between CH Livermore with LEE = 10 eV and LEE = 250 eV and
G4DNA for the GNP shell, Livermore consistently produces greater radial dose and DER
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Figure A.11: “Realistic” GNP distribution radial DER using G4DNA (red) and Liver-
more physics with a 10 eV (blue) and 250 eV LEE (black). The DER near the GNP shell
is zoomed in the top insert.

near the GNP surface, as noted in the previous section. The Livermore (LEE = 10 eV)
DER converges to the G4DNA DER after 800 nm from the GNP surface, whereas the
LEE = 250 eV never completely converges to G4DNA.

A.4.4 Evaluating LEM-based Radiobiological Models for Clustered
Shell GNP Configurations

The expected surviving fraction of 9LGS with GNPs (SNP) using the LEM was calcu-
lated from the radial dose profiles presented in figures A.10 and A.11, for CH Livermore
(LEE = 10 eV and LEE = 250 eV) and G4DNA TS codes. The resulting SNP for the mod-
els is shown in figure A.12, compared to the experimental data for SNP and SX (no GNPs).

Using the “realistic” GNP distribution, the LEM method agrees with the experimental
results. The large changes in the DER gradient from the surface of the GNP shell are
evaluated through calculation of the lethal events at each 1 nm step from the shell using
LEM.

This allows an effective dose due to the inhomogeneous dose field of the GNPs to be
calculated inside VC.

Table A.2 shows a comparison of the effective dose enhancement due to the GNP shell
in VC using the LEM (DEe f f ) as calculated using equation (A.6), with the average dose
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enhancement in VC (DEav) for each of the physics models considered.

The DEe f f is smaller than the average dose enhancement in VC for each physics ap-
proach considered. This is due to the calculation of the cell survival with GNPs at each
radial dose step from the GNP shell minimizing the impact of the large dose near the GNP
shell. In contrast, DEav is affected by this initial large radial dose near the GNP surface
(as seen in figure A.11). This is a result of the assumption that there is no interaction
between GNP-related dose and water-only related dose (equation (A.5)), which reduces
the impact of the added dose from the NPs. As a result, the average dose enhancement
provides over 2.2 times the dose in water alone for each physics model and would cause
a significant divergence in the predicted LQM cell survival. For this study, the DEav was
therefore not appropriate for GNP modelling of cell survival with our GNP distribution.

Figure A.12: Predicted cell surviving fraction using the LEM for the “realistic” GNP
shell distribution modelled with G4DNA (red line), Livermore physics with LEE = 10 eV
(blue line) and LEE = 250 eV (black line). The LEM-computed survival without GNPs
is shown for G4DNA. Experimental data with (SNP) and without (SX ) GNPs, (white and
black squares, respectively) is overlaid. In the legends, (+NP and -NP) indicate with and
without the NP in the biological medium.

Instead, the similar DEe f f produced by G4DNA and 10 eV LEE Livermore produced a
good agreement with the experimental data. The higher effective dose enhancement using
the 250 eV LEE Livermore model increased the predicted cell killing of the SNP, as seen
in figure A.12.
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Table A.2: Effective dose enhancement in VC using LEM, compared to the average DER
in VC , determined using G4DNA and Livermore physics with LEE = 10 eV and 250 eV.

G4DNA Livermore LEE 10 eV Livermore LEE 250 eV
DEe f f 1.72 1.75 1.89
DEav 2.28 ± 0.03 2.44 ± 0.04 2.22 ± 0.03

A.5 Discussion

This study has characterized the variations in absorbed dose to water produced by single
GNPs in an X-ray field due to TS and CH physics models in Geant4. We applied these
findings to simplistically model a GNP distribution in Geant4 confocal imaging of GNPs
in 9LGS cells, and calculate the corresponding cell survival using the LEM. Our results
show that the new TS-based G4DNA models for gold can produce a good correlation to
experimental GNP radiosensitization, if considering the nanoscale dose and a partial-shell
GNP structure.

Livermore CH models with an LEE of 10 eV provided a dose enhancement result that
was more consistent with the TS model than when using the recommended LEE of 250 eV.

Livermore physics produced 30% more dose in water than G4DNA. The greatest differ-
ence between G4DNA and Livermore was the larger DER at the GNP surface regardless
GNP size, and further increased when increasing the cut threshold from 10 eV to 250 eV.

Livermore at LEE = 10 eV overall produced good agreement to G4DNA, in agreement
with Lazarakis et al [163] and Kyriakou et al [164]. However, Livermore is not recom-
mended to be used below 250 eV, [63, 161] with significant differences in terms of spectra
of low energy secondary electrons and calculation of energy deposition around GNPs with
respect to G4DNA [167, 168].

When using TS and CH models, Auger electrons are predominantly contributing to
single GNP dose enhancement. For small radii, this happens when the GNPs are situated
near or inside the cell nucleus to maximize the DNA damage. With larger GNP distri-
butions, where multiple GNPs interact to enhance the dose to the cell, the higher energy
electrons, and not the Auger electrons, enhance significantly the dose distribution over
micrometer distances [3, 183].

Previous studies have scarcely considered the effect of a more realistic GNP distribution
in the LEM when translating Monte Carlo results to radiobiological experiments. Instead,
single GNPs are often used [175, 176] with one study randomizing GNP positions within
the cell before applying the LEM using PENELOPE CH models [170].
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The distribution of GNPs must be considered carefully as it is known to differ between
cell lines [175, 184]. More homogeneously distributed GNPs in cells can produce good
agreement between using a single GNP and the LEM, as the GNP systems are more iso-
lated and significant dose enhancements occur within 10–100 nm. However, in some cell
lines (such as 9LGS), the clustering of NPs causes superimposing and shielding effects
on the dose enhancement [3]. Brown and Currel [184] include components accounting
for dose saturation when NP shells form around 9LGS, and other cell lines in the LEM
calculation. In our study, electrons with energies between 10–100 keV (figure A.8) have a
larger role in the dose enhancement in the cell when the GNPs are configured in a “shell-
like” distribution. This was also noted by McKinnon et al [3] and in other kV applications
with NPs [75]. Our GNP layer around 9LGS cells can be thicker than 1 GNP realistically
(see figure A.1) and can be partially incomplete around the cell nucleus. This in turn af-
fects the dose to the nucleus and nearby cells, and may be of interest in future simulations.

Modelling multiple GNPs with accurate physics models and including real GNP distri-
butions is an important step to advance the modelling of NP radioenhancement by means
of the LEM and Monte Carlo simulations. Future studies should also consider the effect
of indirect radiation damage by modelling radiochemistry [165] and other radiobiological
models besides LEM which incorporate DNA damage on the nanoscale [185].

A.6 Conclusion

This research marks the first use of the new Geant4 TS-based models for gold to predict
GNP dose enhancement in a cancerous cell line. This study has investigated simulation
physics models (CH and TS) and parameters (LEE) to describe GNP radioenhancement in
kV beam when considering a distribution of GNPs that more resembles the configuration
of GNPs seen in an in vitro cell population.

We have demonstrated a noticeable difference in physics models in Geant4 on the
nanoscale dose around a gold nanoparticle. Overall, (CH) Livermore physics overesti-
mated the dose and dose enhancement with GNPs compared to Geant4-DNA models. The
advantage of the TS-models in this study was an accurate secondary electron production
and tracking, which led to significant differences in terms of dose calculation to the Liver-
more close to the GNP surface. Accurate low-energy electron tracking will become more
important for further studies investigating GNP radioenhancement considering realistic
distributions of the gold nanoparticles and when including the chemical stage modelling
(radiolysis). When the TS models are not available for modelling NP dose, using Liver-



APPENDIX A. DOSE ENHANCEMENT USING NANO-PARTICLES 160

more with a 10 eV LEE appears to be an alternative for NP dose calculations. In addition,
we underlined the necessity of simulating fully Auger emission, which directly impacts
DER.

The local effect model (LEM) was used to calculate the cancer cell survival according
to an approximation of a more realistic GNP distribution. A good agreement was found
between the simulation results and the experimental measurements. To our knowledge,
this is the first study to use a shell-like geometric model of GNPs in the translation of
Monte Carlo to experimental data with the LEM. In future, simulations should consider
more realistic conditions, and we will be considering an alternative model which instead
calculates the direct and indirect (chemical) damage of radiation in a GNP configuration
that is based in individual particle positions in the cell.

This work contributes to the translation of Monte Carlo based studies in GNP dose en-
hancement to experimental GNP radiosensitization. This study highlights the benefits of
combining state of the art Monte Carlo simulation with biological imaging, radiobiologi-
cal models and in vitro studies.
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B.1 Abstract

We report on developments of the Geant4 electromagnetic physics sub-libraries of Geant4
release 10.4 and beyond. Modifications are introduced to the models of photoelectric ef-
fect, bremsstrahlung, gamma conversion, single and multiple scattering. The theory-based
Goudsmit-Saunderson model of electron/positron multiple scattering has been recently re-
viewed and a new improved version, providing the most accurate results for scattering of
electrons and positrons, was made available. The updated interfaces, models and config-
urations have already been integrated into LHC applications and may be useful for any
type of simulations.
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B.2 Introduction

The Geant4 electromagnetic (EM) physics sub-libraries [47, 186] are an important com-
ponent of the Geant4 toolkit [1, 37, 38]. In this work, we report on recent progress in EM
model developments and on updates of user interfaces, which are included in the Geant4
versions 10.4 and 10.5beta. In our previous reports [187, 188], earlier Geant4 versions
were described.

Important modifications were made in the material, EM physics, and physics list Geant4
sub-libraries. The goal was to make the most advanced EM theoretical models available
to the groups performing LHC and other HEP experiment simulations. In Run-3 at LHC,
higher statistics are expected than in Run-2. To provide adequate accuracy of simulations,
EM physics models are under continuous review and the next-to-leading-order corrections
are taken into account. This reduces systematic uncertainties in simulation predictions and
provides simulation of second order effects which are important for very high energies
(LHC and FCC programs), and in simulation of backgrounds in the dark matter searches
[189]. Although focused on HEP experiments, these upgrades are at the same time useful
for many other applications including those in medical physics and space science.

B.3 EM Model Developments

In Geant4 10.4, substantial improvements were introduced in the models of photoelectric
effect, gamma conversion, multiple, and single scattering. Corrections to scattering of
positrons and to sampling of displacement have been recently added to the Geant4 default
Urban model. In Geant4 10.5beta, some minor fixes were added and code clean-up was
performed for these models as well as for bremsstrahlung models. Additionally a new
alternative model for gamma conversion to e+ e− pair was introduced. In what follows
we describe the most important modifications of EM models.

B.3.1 The Goudsmit-Saunderson Multiple Scattering Model

The Geant4 Goudsmit-Saunderson (GS) model for multiple Coulomb scattering of e± is
based on the “any-angle” multiple scattering model developed by Kawrakow and Biela-
jew [190]. The exact Goudsmit-Saunderson [191] angular distributions, computed by
utilising the screened Rutherford differential cross section (DCS) for elastic scattering,
can be represented in a compact numerical form suitable for fast run-time sampling of
the corresponding angular deflections. The accuracy of the GS model is already appro-
priate for many HEP applications. However, starting from Geant4 version 10.4, the GS
model provides an option of using a more accurate description of the scattering problem
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through the introduction of higher order corrections. The most important among these is
the correction to the GS angular distributions, computed by using the screened Rutherford
DCS, based on the more accurate Mott elastic DCS (spin effects) [192]. Besides the accu-
rate multiple scattering angular distributions, the GS model provides the possibility to use
the Lateral and Longitudinal Correlation Algorithm (LLCA) [193, 194], that can produce
lateral and longitudinal condensed history end-point distributions that are very close to
those obtained by using the corresponding single scattering model. Moreover, the algo-
rithm makes sure that the boundary is always crossed in the single scattering mode, which
makes this stepping algorithm free from stepping artefacts.

As a result of these improvements, the Geant4 version 10.4 of the GS model can pro-
vide highly accurate e± transport simulations even in the case of extreme geometrical
conditions (e.g. high granularity calorimeters) or low energies, independently from the
target atomic number as illustrated in figure B.1 (see more details in [188]).

Figure B.1: Comparison of experimental (symbols [195]) and simulated (histograms
Geant4 10.4. EM Opt4) electron energy deposition profiles in semi-infinite U, Mo, Al,
C media with primary electron energy of 1.0 MeV and in Be with 1.033 MeV. Coor-
dinates are normalized to the CSDA (continuous-slowingdown-approximation) range of
electrons in corresponding materials.

B.3.2 WentzelVI Combined Scattering Model

The WentzelVI multiple scattering model combined with the single elastic scattering (SS)
model [196] is the current Geant4 default approach for e± above 100 MeV and for all
other charged particles at any energy [38]. The limited scattering angle between multiple
and single scattering is selected dynamically depending of step size and particle momen-
tum. In Geant4 version 10.4, both models use the same Wentzel cross section [197],
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which does not take into account Mott corrections. For Geant4 10.5beta the SS model has
been updated for e± to use an alternative single scattering model which takes into account
the Mott corrections. The model was developed for the e± non-ionising energy loss com-
putations [187]. Both GS and SS models implement Mott corrections now and the results
of the simulations of scattering off thin foils become very similar for these models.

B.3.3 5D Gamma Conversion to e+ e− Pair Model

The differential cross section of the conversion of a γ ray to an e+ e− pair in the field of
the nucleus (“nuclear conversion”) or of an electron (“triplet conversion”) of an atom was
first computed by Bethe and Heitler [198]. The phase space consists of five variables that
can be chosen to be the azimuthal and the polar angles of the electron and of the positron
and the fraction of the photon energy taken away by the positron.

The existing Geant4 γ-conversion models are appropriate for the simulation of EM
showers, but are not accurate enough for a precise simulation of the high-performance
γ-ray telescopes [199]. This is due to their sampling the polar angles of the two leptons
independently and due to performing the decay in a plane containing the directions of the
photon, of the electron and of the positron, without any allowance for a transverse out-of-
plane recoil momentum. The class G4BetheHeitler5DModel [166, 200] samples the full,
5D, Bethe-Heitler differential cross section, energy-momentum is strictly conserved and
this model samples realistic correlations between the variables.

Figure B.2: Performance of the 5D gamma conversion model. Left: recoil momentum
distribution compared to the analytical high-energy expression from [201]. For isolated
targets, the simulation (bullets) matches nicely a distribution obtained from [201]. For
nuclei inside an atom (triangles), the suppression of lowrecoil-momentum events is vis-
ible below a few 10−2 MeV/c. The ratio plot is relative to [201]. Right: polarization
asymmetry as a function of available energy, compared to published asymptotic expres-
sions (dotted line – low energy from [199], dashed line – high energy from [202]).
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The distribution of the magnitude of the recoil momentum is found (figure B.2 left
and [166, 200]) to be compatible with the analytical expression computed in the high-
energy approximation [201]. The nuclear or triplet conversion of linearly polarized or
non-polarized γ rays on isolated or atomic targets is simulated. For linearly-polarized γ

rays, the polarization asymmetry is found (figure B.2 right and [166, 200]) to be com-
patible with the known asymptotic expressions [199, 202]. Because of 5D sampling,
the new model is significantly slower than the default Bethe-Heitler model, so the 5D
model is included only in the two EM physics constructors G4EmLivermorePhysics and
G4EmLowEPPhysics.

B.3.4 Livermore Photoeffect Model

A revised Livermore model of the photoelectric effect is provided with Geant4 10.4. The
total photoelectric and single shell cross sections are based on the evaluated cross sec-
tion data from the EPICS2014 (Electron Photon Interaction Cross Sections) data library
[203]. This updated library has been reported to be more accurate with respect to the pre-
vious version EPDL97 [161], previously used. Depending on the energy of the incident
γ , the model provides cross sections based either on the interpolation (linear or spline) of
tabulated cross sections or on the parameterisation of cross sections data. The parameter-
isation over γ energy E was obtained through two fits in two different energy ranges, with
six parameters each, as follows:

σ(E) =
a1

E
+

a2

E2 +
a3

E3 +
a4

E4 +
a5

E5 +
a6

E6 (B.1)

The intervals ranges are set dynamically and they depend on the atomic number of the
element and the corresponding K-shell binding energy.

These improvements allowed the reduction of the threshold for the parameterisation
from 600 keV to 5 keV, resulting in a measured speedup of about 20% for the final state
generation sampling. In figure B.3 the results of speedup of the updated Livermore model
for different elements are shown. The simulations used 106 γ with energy 0.4 MeV, and
20 repetitions for each element.

The angular distribution of the emitted e− follows the Sauter-Gavrila distribution [204]
initially proposed for the K-shell. It is based on a new and optimised implementation
(similarly to the model of Penelope 2014). This implementation is faster and gives a 4%
to 20% speedup. The updated Livermore model has been tested and verified against other
Geant4 photo-electric models and the observed cross sections have a maximum variation
of 5% with respect to the Penelope cross section. For the majority of atoms and energy
ranges cross sections agree within 1%. Since Geant4 10.4, the new Livermore model is
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Figure B.3: Comparison of execution times between the updated Livermore model
(green), the old Livermore (yellow) and the standard model (orange) as a function of
the atomic number.

the default in all EM physics lists except Penelope.

B.3.5 Gamma Conversion to Muon Pair Model

The total cross section and the angular distribution of muons in Geant4 gamma conversion
model is based on the multi-differential cross section [205] (G4GammaConversionToMuons

class). For Geant4 10.4 we validated the total cross section of the process using direct
integration of the Williams-Weizsacker differential cross section using Wolfram Math-
ematica 11.0 [206]. The obtained values for several targets agree within a few percent
with the current parameterisation [205]. The model used for the final state generation was
improved. The dependence of the angular distribution on the momentum transfer to the
recoiling nucleus was taken into account, which slightly reduced scattering to the back-
ward hemisphere. This update was inspired by the dark matter search experiment SHiP
study on muon background and other projects in this area [189].

B.3.6 Improved Threshold for Positron Annihilation to µ+ µ−

The threshold positron energy in the laboratory system for the positron annihilation with
atomic electrons into µ+ µ− pair is Eth = 43.69 GeV. Taking into account that the electron
is much lighter than the muon, the lowest order cross section can be written as

σ =
πr2

µ

3
ε(1+

ε

2
)
√

1− ε (B.2)

where rµ = reme/mµ is the classical muon radius, me and mµ are electron and muon
masses, re is the classical electron radius, ε = Eth/Elab, where Elab is the total positron
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energy in the laboratory frame. We now take into account the increase in cross section
by the Sommerfeld-Schwinger-Sakharov (SSS) threshold Coulomb re-summation factor
[207]

S(β ) =
X(β )

1− e−X(β )
, X(β ) =

πα

βγ
= πα

√
1− (β )2

β
(B.3)

where α is the fine structure constant, β and γ are kinematic variables of muons in the
centre of mass frame. The SSS-corrected cross section can be written at all energies as

σSSS =
πr2

µ

3
ε(1+

ε

2
)

πα
√

ε

1− e−
πα
√

ε√
1−ε

(B.4)

These expressions are used in the simulation of this process since Geant4 10.5beta. The
final factor in the expression is replaced by its asymptotic value of unity close to thresh-
old to avoid numerical instabilities. The cross section with and without the correction is
shown in figure B.4. The noticeable increase of the cross section close to threshold by the
SSS-factor is of practical interest for the low emittance production of muons, as proposed
in [208].

Figure B.4: Total cross section for e+e− −→ µ+µ− as a function of the e+ energy in
the laboratory system. With (solid line) and without (dashed red line) SSS Coulomb re-
summation factor, zoomed close to the threshold (left), and using a wider energy range
(right).

B.4 Updates to EM Physics Infrastructure

Interfaces to material properties and density effect parameterisation for compounds were
improved. Additional C++ interfaces to EM parameters and corresponding UI commands
were introduced. The method of automatic documentation for EM models, processes and
physics list constructors has been developed. The web documentation for EM physics
was reviewed and re-structured. Some of these developments will be described below.
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B.4.1 Geant4 Material Properties

The interface for material properties defined in user code have been improved to allow
significant speed-up, particularly in transport of optical photons. These properties are
stored in a C++ standard template library map. The keys for this map are now elements
of an enumeration, replacing the char pointers used previously. The user still defines the
material property vectors and constants in user code with AddProperty(const char∗ key,

...) or AddConstProperty(const char∗ key, ...). Here “key” is, for example, “RINDEX”
for the refractive index. Corresponding physics process classes in the Geant4 distribution
have been updated to retrieve the material property vectors and constants with GetProp-

erty(G4int) and GetConstProperty(G4int) methods. The parameter is the enumerator, for
example, kRINDEX for the refractive index.

In the user code, the material property vectors and constants may be retrieved using
either the enumerator or the string label. Internally, a vector of string names is used to de-
termine the integer corresponding to the string. In the case of a custom property (those not
pre-defined in Geant4), an integer key is assigned automatically when the property is de-
fined. In order to retrieve a custom property by index, the integer key may be first obtained
using the methods GetPropertyIndex(G4String key) or GetConstPropertyIndex(G4String

key).

B.4.2 EM physics configuration

In recent versions of Geant4, explicit EM model parameters were introduced [187, 188].
Each EM physics list has a set of specific parameters which users may modify using User
Interface (UI) commands or the C++ interface. In Geant4 10.4 we extended the list of
parameters and improve the visibility of the list in the output. In addition, we add extra
methods to stream out model and process descriptions enabling automatic documentation
generation for each EM configuration.

The default EM physics list (Opt0) is used in the majority of Geant4 Physics Lists. The
Urban multiple scattering model is used for e± below 100 MeV [38]. In the Opt4 EM
physics list the GS model of multiple scattering with Mott corrections enabled is used
below 100 MeV instead of the Urban model. The Opt4 physics list uses the most accu-
rate models for each process, as well as stricter configuration parameters for tracking of
charged particles. The alternative EM physics list Opt3 may be considered as an interme-
diate variant between Opt0 and Opt4.

For testing purposes of novel calorimeters, we provide a configuration of electron scat-
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tering based on the GS model or on the SS model. In addition, the GS model with Mott
corrections enabled is included in the Livermore and Penelope EM physics constructors.
To improve usability, a new set of UI commands and corresponding C++ interfaces have
been added. In particular, the photo-absorption ionisation model may be enabled per de-
tector region using the corresponding UI command.

Since version 10.4, three new EM physics constructors (G4EmDNAPhysics optionX,
where X=2, 4 or 6) are available. They allow a discrete simulation of particle interactions
in liquid water, the main component of biological media, down to a few tens of eV. These
constructors are developed in the context of the Geant4-DNA project [209, 210]. The
processes they include: ionisation, electronic excitation, elastic scattering, vibrational ex-
citation and molecular attachment for electrons. For protons, neutral hydrogen atoms, α

particles and their charge states, the ionisation, electronic excitation, elastic scattering,
and charge exchange processes are available. These processes have been recently de-
scribed in detail in [165, 211] and the performance of these three physics constructors has
been evaluated for nano- and micro-dosimetry simulations, notably through the usage of
Geant4 extended examples [212, 213]. A variety of their applications is described in [94].

B.5 Summary

Goudsmit-Sounderson model, which is the most accurate one for e± transport, was im-
proved in Geant4 10.4. The model may be recommended for a wide variety of simulation
applications. Improvements in modelling of other processes, as well as in EM code in-
frastructure were introduced. Mott corrections were added to the WentzelVI model used
for simulation of high energy scattering. In Geant4 10.5beta the new 5D gamma conver-
sion model was added. More effective handling of the material properties is provided,
the interface to EM parameters is extended, and the set of EM physics list components
is improved. We continue reviewing EM models in order to take into account various
next-to-leading-order corrections to the cross sections and to the final state generation.
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C.1 Abstract

The Geant4 electromagnetic (EM) physics sub-packages are a component of LHC exper-
iment simulations. During long shutdown 2 for LHC, these packages are under intensive
development and we report progress of EM physics in Geant4 versions 10.5 and 10.6,
which includes faster computation, more accurate EM models, and extensions to the val-
idation suite. New approaches are developed to simulate radiation damage for silicon
vertex detectors and for configuration of multiple scattering per detector region. Improve-
ments in user interfaces developed for low-energy and the Geant4-DNA project are used
also for LHC simulation optimisation.
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C.2 Introduction

EM physics sub-libraries [47, 186] are an important component of the Geant4 toolkit [1,
37, 38], which affects both Monte Carlo (MC) simulation accuracy and CPU performance
of LHC detector simulations. In this work, we report on recent progress in EM model de-
velopments and on updates of user interfaces, which are included in the Geant4 versions
10.5 and 10.6. In our previous reports [38, 187, 188, 214], earlier Geant4 versions were
described. Combined configurations of Geant4-DNA and standard models were described
in Refs. [47, 138, 168]. Common validation efforts for high and low-energy use-cases
allow improving quality of EM simulation in general.

C.3 EM Physics Progress

Two recent Geant4 versions, 10.5 and 10.6, were released during the large shutdown of
LHC between data taking periods Run-2 and Run-3. In these Geant4 versions, all EM
physics developments are included into the toolkit without any restriction. EM physics
updates are focused on improving of accuracy and speed of MC simulations.

C.3.1 Updates for Geant4 10.5

The Geant4 default model G4UrbanMscModel [38] for electron and positron multiple
scattering (MSC) was tuned to backscattering data at low energies from different targets
(full set of references in [188]). Above 100 MeV, a combination of the G4eCoulombScatteringModel

single scattering model and the G4WentzelVIModel multiple scattering model was used
[38]. For these models Mott corrections were added using a pre-existing data class, which
was also optimized for more effective usage of precomputed data.

For gamma conversion and bremsstrahlung, the default angular generator was updated
to G4ModifiedTsai. For gamma conversion, the main models (G4BetheHeitlerModel and
G4PairProductionRelModel) were reviewed. Several improvements were introduced for
the screening function approximation, Landau-Pomeranchuk-Migdal function approxi-
mation, and selection of elements in compounds. A new option was added to G4SeltzerBergerModel

for bremsstrahlung: a mechanism of sampling of final state using a sampling table instead
of differential cross section table.

New EM model classes were added:

• G4BetheHeitler5DModel (5D) - sampling of final state for gamma conversion con-
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sidering nuclear recoil and linear polarisation of primary gamma [214], which is
used in gamma-ray astronomy and may be applied for LHC simulations. This
model is more accurate but is slower than the default model.

• Optional ICRU90 data for stopping powers of protons and α particles, requested
for simulation of proton/ion therapy.

• G4LindhardSorensenModel – parametrized ion ionisation model above 10 MeV/u
based on Lindhard-Sorensen theory [215], also alternative models G4AtimaEnergyLossModel

and G4AtimaFluctuations, which are C++ implementations of the ATIMA code.
Both new models are used for relativistic ion transport simulations.

• G4eplusTo2GammaOKVIModel and G4eplusTo3GammaOKVIModel classes imple-
ment 2-gamma and 3-gamma positron annihilation in flight and at rest, essential for
positron tomography simulations.

These models are not included in the default EM configuration (Opt0) but are avail-
able in the alternative EM physics configuration (Opt4) prepared for accurate simulations
including medical and space applications of Geant4, it is also called EMZ in reference
Physics Lists.

C.3.2 Updates for Geant4 10.6

In this version of Geant4, previously introduced models were updated and substantial
effort went to speed up computations in EM physics. Kernel classes used for handling
of data tables were reviewed, and several optimizations were introduced into the toolkit.
The most critical is the reduction of the number of calls to the logarithm function. This
improvement was possible because EM tables are logarithmic over particle kinetic energy.
At every step of every track, energy loss, ranges, and cross sections are recomputed using
internal tables. The main optimisation was to only compute the logarithm once, unless the
particle energy changes. Also, the interpolation code was optimized such that number of
lines of code at each call was reduced nearly a factor of 10. Benchmark results for speed
up of simulation for CMS geometry without hit creation:

• ∼ 8% faster for Mac Book Pro (Mac OS 10.13.2) 2.8 GHz i7;

• ∼ 5% faster for AMD (SLC6 gcc8.2.0) 3.5 GHz.

Another optimisation was implemented as “general” process for gamma (figure C.1).
This approach means that Geant4 kernel sees the transportation process and only one
physical process, which combines all 6 different gamma interactions implemented in
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Figure C.1: General process for gamma includes 6 different Geant4 processes.

Geant4. In this case, only one integral interaction length is calculated at a step of a
gamma. At the interaction point, the concrete process is selected randomly according to
partial cross sections. The CPU advantage of this approach depends on the concrete ge-
ometry and may be estimated on level of 5% for HEP applications.

It is expected that similar EM results will be obtained with Geant4 10.5 and 10.6. This
may be illustrated using ATLAS type simplified calorimeter response (figure C.2). For
Geant4 10.4 visible energy was lower for ∼ 1% and the resolution was wider for ∼ 2%.

The process class G4GammaConversionToMuons has been available for a long time,
but was recommended only for the ultra-relativistic case [216]. Due to the request of the
Gamma Factory design group [217], the applicability area of this process was extended
down to the muon pair production threshold (figure C.3). For that, recently introduced
5D-model has been extended for the case of the muon pair production, which required a
revision of sampling algorithm to increase its efficiency.

For radiation damage studies [218] a new helper class G4NIELCalculator has been in-
troduced for computation of non-ionising energy loss (NIEL). This class may be used in
user classes at each step of a particle in silicon detector. The advantage of this method
is in independence of computations of crystal displacement on Geant4 cuts and stepping
algorithm. Also, the model of displacement probability may be customized by users.

C.4 Low-Energy EM Physics

Geant4-DNA example applications relevant for the simulation of track structures (TS)
in liquid water were reviewed [212]. These examples serve for evaluating Geant4-DNA
physics models performance. We have also undertaken calculations on the influence of
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Figure C.2: Simulation of the response of simplified ATLAS type EM calorimeter for
10 GeV gamma as a function of cut in range (Geant4 tracking parameter, see description
in [1, 186]) for different Geant4 versions from 10.4 to 10.6: top - visible energy, bottom
– resolution. GS is the EM physics configuration where the default MSC model for e± is
substituted by the Goudsmit-Saunderson model [188]. EMY is the EM physics config-
uration used for medical and other low-energy applications. For this type of calorimeter
for cut value 1 mm, in Geant4 10.5 and 10.6 compared to 10.4 visible energy increases
by 1.5% and resolution decreases by 1.5%.

Figure C.3: Geant4 10.6 cross sections of lepton pair production in a tungsten target as a
function of gamma energy. The arrow shows approximate working point for the Gamma
Factory [217].
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some user-defined simulation parameters (tracking and production cuts and maximum
step size) in liquid water medium using some of the condensed history (CH) and TS mod-
els of Geant4 [164]. Using the TS models as reference, it was shown that Livermore
inelastic models offer the best performance among the CH models for nanoscale electron
transport.

Apart from lineal and specific energy simulated in Geant4 with the extended example
“microyz”, another fundamental description of the energy deposition pattern is obtained
through the differential proximity function of tracks [219]. These functions are defined
as the mean energy deposited to a spherical shell of given radius and thickness centred
at a randomly chosen energy-transfer point in the shower of tracks induced by a primary
particle and all its secondaries. In Geant4 version 10.6 a new Geant4-DNA application is
implemented dedicated to the simulation of proximity functions in liquid water.

C.5 Validation of EM Physics

Validation of EM physics is carried out permanently for each reference development ver-
sion and each release using the EM testing suite [38, 187, 188, 214]. The response and
resolution for various calorimeter setups, response of tracking devices, backscattering of
electrons and transmission via absorbers are controls. For Geant4 10.6 EM physics tests
become a part of the geant4-val tool [219], which allows a significant improvement in the
statistics of these tests and in the number of variants of EM calorimeter configurations.

C.6 Customisation of EM Physics

Geant4 distributions include a sub-library of Physics Lists components. The recom-
mended physics list for HEP applications is FTFP BERT, which includes the default EM
physics constructor. In order to reach desired optimum between simulation accuracy and
CPU speed, the user may customise EM physics by varying values of cuts in range (fig-
ure C.2), changing the EM physics constructor, defining alternative EM physics models
per detector region, and changing EM parameters [5-8].

In Geant4 10.6, modifications in the default EM physics compared to 10.5 are the lat-
eral displacement algorithm in Urban multiple scattering model and the angular generator
for bremsstrahlung and pair production. For applications which require high simulation
accuracy, it is recommended to use the Opt4 (EMZ) EM physics configuration, which
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includes more strong step limitations, the Goudsmit-Saunderson (GS) model of MSC for
electrons and positrons below 100 MeV, 5D-model of gamma conversion, and a more ac-
curate model for the Compton scattering. A significant CPU penalty compared with the
default EM physics is expected depending on geometry and primary energies. It may be
more than factor 2 for LHC experiment simulations. However, this EM configuration is
recommended as an alternative to the default for estimation of systematic uncertainty of
the simulation.

For simulations where CPU efficiency is essential, there are more options which can be
applied on top of the default EM physics. First, Opt1 (EMV) and Opt2 (EMY) EM physics
constructors include simplified step limitations for MSC. This may be recommended for
simulation of crystal calorimeters but not for sampling calorimeters, for which several
parameters of electron multiple scattering are available:

• RangeFactor – defines step size in vicinity of geometry boundary.

• GeomFactor – defines number of steps in thin layers for the Urban model.

• Stepping algorithm – type of step limitation.

• LateralDisplacement flag enabling lateral displacement of an end point at each step.

• SafetyFactor – additional step limitation factor for the Urban model.

• LambdaLimit – parameter for the Urban model sensitive to material density.

These parameters are different for the default, EMY, and EMZ configurations. They
may be changed via C++ interface or by Geant4 UI commands. This should be done be-
fore Geant4 initializes physics models.

For the case where a detector consists of several different calorimeters, it is possible to
configure electron MSC for each calorimeter separately. For that, a new instance of the
MSC model object should be created and desired parameters should be set only for this
object and this object should be locked from further changes of parameters. This method
should be implemented in custom EM physics constructor, for example, as is implemented
for the CMS simulation [214]. Note, that such customisations may be performed both to
speed-up simulation and to improve its accuracy.

C.7 Summary

The Geant4 version 10.6 includes several new EM models and helper classes which allow
extend Geant4 capabilities for LHC experiments simulations. Geant4 10.6 is faster than
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previous Geant4 versions. New instruments are also available for customisation of MSC
parameters per calorimeter region, which allows further increases in speed.
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