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“ Afinal, há é que ter paciência, dar tempo ao tempo, já devı́amos ter aprendido, e de uma vez
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um auxı́lio precioso nas várias simulações desempenhadas com o software PENElOPE. A

todos eles um profundo bem-haja por todas as palavras de encorajamento.





UNIVERSIDADE DO PORTO

Abstract
Faculdade de Ciências da Universidade do Porto

Departamento de Fı́sica e Astronomia

MSc. Medical Physics

Radiosensitizing effect of gold nanoparticles: PENELOPE simulations

by Catarina F. DIAS

In 2020, breast cancer alone accounted for 12% of the staggering 18 million new cancer

cases worldwide, highlighting the urgent need for effective therapies. Among various

approaches, radiotherapy is a well-established method for combating cancer by inducing

DNA damage through ionizing radiation. Precision in delivering radiation doses is cru-

cial in this endeavor, and gold nanoparticles (AuNPs) have emerged as promising tools

to enhance the effectiveness of radiotherapy.

The fundamental principle behind AuNP radio-enhancement lies in their ability to

release numerous electrons within a nanoscale volume, thereby amplifying the biological

damage caused by radiation to the tumor while sparing the healthy tissue. To investigate

the sensitizing effects of AuNPs, researchers often employ Monte Carlo simulations to

calculate the dose enhancement in specific scenarios. One such simulation tool is the

PENELOPE code, which utilizes the PenEasy program for simulating coupled electron-

photon transport.

This study explores the underlying physical principles behind the growing interest

in AuNP radiosensitization, reviews the studies conducted in this field over the years,

and investigates the functionality of PENELOPE. Additionally, it aims to provide specific

results by simulating basic geometry setups.

In a water medium, simulations involving the irradiation of a gold nanoparticle with

a 50 kVp source revealed a higher production of low-energy electrons compared to when

using a 100 kVp source. This observation highlights the significant role played by low-

energy electrons in increasing energy deposition in the vicinity of AuNPs.

In breast tissue, smaller AuNPs have lower DER, using the same source size. For

instance, at 200-800 nm from a nanoparticle, the largest diameter (100 nm) have a dose
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increase of 100 times, while the smallest (12.5 nm) only doubles. Photoelectric absorp-

tion dominates gold volume, contributing with 95% of the total secondary electrons for

all studied diameters. A method based on the Local Effect Model (LEM) was employed

to predict survival curves influenced by AuNPs. This approach divided a volume into

concentric shells and computed damage using a spherical dose distribution. The results

indicated substantial damage when a single nanoparticle with a 100-nanometer diame-

ter was present, primarily due to its high gold mass concentration. Even at the lowest

concentration, there was a noteworthy reduction in survival fraction, with a SER of 1.77

attained. Incorporating a distribution of AuNPs within the cytoplasm of an elliptical cell,

it was determined that under a 1.5% mass-weight condition, the dose absorbed by the

nucleus doubled compared to the scenario without AuNPs. This outcome held true for

both 100 nm and 50 nm nanospheres.

Keywords: Gold nanoparticle (AuNp) – Monte Carlo – PENELOPE – photoelectric ab-

sorption – low-energy electrons – dose enhancement ratio (DER) – spherical shell
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Efeito de Radiossensibilização por nanopartı́culas de ouro: Simulações com

PENELOPE

por Catarina F. DIAS

Em 2020, o cancro da mama representou 12% dos 18 milhões de novos casos de cancro

em todo o mundo, enfatizando a necessidade urgente de terapias eficazes. Entre várias

abordagens, a radioterapia é um método bem estabelecido no combate ao cancro, cau-

sando danos no ADN através de radiações ionizantes. A precisão na administração das

doses de radiação é crucial neste esforço. As nanopartı́culas de ouro (AuNPs) têm emer-

gido como ferramentas promissoras para aumentar a eficácia da radioterapia.

O princı́pio fundamental por detrás do efeito de radiossensibilização das AuNPs en-

volve a libertação de numerosos eletrões num volume nanométrico, amplificando assim

os danos biológicos causados pela radiação. Para estudar os efeitos de sensibilização das

AuNPs, os investigadores frequentemente recorrem a simulações para calcular o aumento

da dose em cenários especı́ficos. Uma dessas ferramentas de simulação é o código PENE-

LOPE, que utiliza o programa PenEasy para simular o transporte acoplado de eletrões e

fotões.

Este estudo explora os princı́pios subjacentes ao crescente interesse na radiossensibili-

zação com AuNPs, analisa os estudos realizados neste campo ao longo dos anos e inves-

tiga a funcionalidade do PENELOPE. Além disso, tem como objetivo fornecer resultados

especı́ficos através da simulação de configurações geométricas básicas.

Num meio constituido por água, as simulações envolvendo a irradiação de uma na-

nopartı́cula de ouro com uma fonte de 50 kVp revelaram uma maior produção de eletrões

de baixa energia em comparação com o uso de uma fonte de 100 kVp. Esta observação su-

blinha o importante papel desempenhado pelos eletrões de baixa energia na amplificação

da deposição de energia nas proximidades das AuNPs.
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No tecido mamário, as AuNPs menores exibiram um DER menor, utilizando a mesma

fonte. Por exemplo, a uma distância de 200 a 800 nm de uma nanopartı́cula, o maior

diâmetro (100 nm) resultou em um aumento de dose cerca de 100 vezes maior, enquanto

o menor (12,5 nm) apenas duplicou a dose. A absorção fotoelétrica foi o fenómeno pre-

dominante no volume de ouro, contribuindo com 95% dos eletrões totais para todos os

diâmetros estudados. Para prever as curvas de sobrevivência influenciadas pelo ouro,

foi empregado um método com base no LEM. Esse método dividiu um volume em cas-

cas concêntricas e calculou o dano usando uma distribuição esférica de dose. Os resul-

tados indicaram danos significativos, mesmo quando considerando apenas uma única

nanopartı́cula com um diâmetro de 100 nanômetros, principalmente devido à sua alta

concentração de massa de ouro. Mesmo com concentrações mais baixas, houve uma

notável redução na fração de sobrevivência, alcançando um SER de 1,77. Ao incorporar

uma distribuição de AuNPs no citoplasma de uma célula elı́ptica, foi determinado que,

sob uma condição de 1,5% de massa de ouro, a dose absorvida pelo núcleo dobrou em

comparação com o cenário sem AuNPs. Esse resultado é válido tanto para nanoesferas

de 100 nm como para aquelas com 50 nm de diâmetro.

Palavras-Chave: Nanopartı́culas de ouro – Monte Carlo – PENELOPE – absorção fo-

toelétrica – eletrões de baixa energia – razão de melhoramento de dose – casca esférica
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Chapter 1

Introduction

For centuries, cancer has plagued humanity and remains a significant global health

concern in the 21st century. In 2020, there were an astounding 18.1 million new cases

of cancer, affecting people of all genders, with women experiencing slightly higher inci-

dence rates [1]. Breast cancer stands as a substantial global health challenge, constituting

a noteworthy 12.2% of all newly reported cancer diagnoses. In Portugal, particularly,

there were approximately 7000 new breast cancer cases reported, reflecting the consis-

tent global prevalence of this widespread disease. Tragically, approximately half of these

cases resulted in cancer deaths [2], highlighting the urgent necessity for comprehensive

healthcare initiatives and effective cancer management.

Researchers from all over the world have been dedicating their efforts to combat can-

cer. With its multifaceted causes, including exposure to radiation and pollutants, seden-

tary lifestyles, poor dietary choices, smoking, and stress [3], preventing cancer remains a

challenging task. As a result, various tumor therapy approaches have been investigated

to prevent the uncontrolled growth of cancer cells, which is often induced by mutations

in genes that are responsible for repairing DNA.

Radiotherapy is a well-researched field, known for its ability to kill cells and reduce

tumor sizes by inflicting in them irreversible DNA damage through the use of ionizing ra-

diation. Nonetheless, the efficacy of radiotherapy largely depends on avoiding radiation

exposure to neighboring healthy tissues, thus enhancing the overall quality of life of the

patient. It is crucial to ensure precise delivery of the radiation dose since cancerous and

healthy tissues have similar mass absorption properties. To achieve this, modern radia-

tion therapy techniques utilize a variety of spatially modulated beams to precisely shape

1
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the treatment volume, closely aligning it with the intended target. When combined with

strategies designed to increase the sensitivity of cancer cells to radiation, the chances of a

successful treatment outcome are significantly improved.

Furthermore, recent significant progress in nanotechnology has ignited optimism for

surpassing the limitations of conventional cancer treatments. Nanotechnology involves

engineering functional molecular systems within the nanometer range (1 − 100 nm), of-

fering unparalleled control over properties just beyond the scale of individual atoms. The

range of sizes in nanotechnology is highly important in the fields of medicine and biol-

ogy. Nanomaterials have the unique ability to interact closely with cellular components

and mimic biological molecules. This combination of nanotechnology and biology offers

great potential for improving diagnostic tools, contrast agents, drug delivery systems,

and pharmaceuticals [3].

Gold nanoparticles (AuNPs) have attracted considerable attention in medicine due to

their exceptional biocompatibility, remarkable optical properties, unique surface chem-

istry, and precise size and shape control [4]. Their versatility extends to various medical

applications, such as drug delivery, tumor detecting, and photothermal therapy, mak-

ing them an excellent choice for cancer treatment. However, this study is primarily con-

cerned with the use of AuNPs to enhance radiation effects. The basic idea behind AuNP

radio-enhancement is their ability to release electron cascades within a nanoscale volume,

resulting in an amplification of biological damage caused by the exciting radiation [5].

In order to understand the physical principles of radiosensitization with gold nanopar-

ticles, Chapter 2 is devoted to a basic understanding of the physical mechanisms involved

in the interactions of ionizing radiation with matter. In this chapter, ionizing radiation is

firstly divided into two fundamental components: photon interactions and electron inter-

actions. Subsequently, the chapter explores the atomic relaxation processes and reveals

the intricate sequence of events that unfold after these interactions. The remainder of the

chapter focuses on Radiobiology, investigating the biological effects induced by ionizing

radiation. Finally, a central aspect of radiation therapy is addressed: dosimetry, which

involves a thorough study of radiometric quantities, interaction coefficients and energy

deposition.

After explaining the fundamental principles and definitions related to ionizing radi-

ation, Chapter 3 discusses the physical mechanisms involved in AuNP’s effect on dose

enhancement. The interaction process known as photoelectric absorption is emphasized
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due to its role in initiating a cascade process that causes multiple emissions of electrons.

Then, a brief overview of the recent studies on gold nanoparticles is presented, covering

different approaches to assembly the varying AuNP size, cell geometry, gold distribu-

tion, energy source, and more. The chapter concludes with a reference to the Local Effect

Model (LEM), which extrapolates dose enhancements derived from a single AuNP. Accu-

rately quantifying the impact of a single AuNP on its immediate surroundings remains a

difficult task, therefore, in the case of multiple AuNPs, the LEM model is often used [6].

Given that the radiosensitizing effect of AuNPs is initiated by an external beam that

stimulates gold atoms, Chapter 2.3 is dedicated to providing a comprehensive exploration

of the X-ray source. The fundamental structure of an X-ray tube is introduced, along with

a briefly explanation of its individual components and their contributions to the output

spectrum. The conclusions of this section constitutes a summary of the functionality of a

toolkit utilized in this study called SpekPy.

To study the sensitizing effects of gold nanoparticles, researchers often use Monte

Carlo simulations to calculate the dose increase that AuNPs induce in specific scenar-

ios. The Monte Carlo technique is a numerical strategy for modeling the behavior of

complex systems through repeated random sampling. Since this method is now widely

used in radiation physics research, especially for calculating particle transport parameters

in certain media, one chapter is dedicated to the Monte Carlo technique. Chapter 4 first

introduces the principles of this method and mentions two random sampling methods

that are frequently used in the simulation of radiation transport in therapy: the inverse-

transform method and the rejection method. After that, the concepts of analog simulation

and condensed history are introduced and briefly elucidated.

The latter section of Chapter 4 is devoted to a specific Monte Carlo algorithm and

computer code known as PENELOPE, which was used in this thesis to simulate coupled

electron–photon transport. The aim is to provide a comprehensive understanding of how

Monte Carlo techniques are applied in PENELOPE, especially in the simulation of photon

interactions. Moreover, since PENELOPE relies on a main program, called PenEasy, for its

operation, this chapter also delves into the structure of the input file within the PenEasy

software. This work aims to provide all the information necessary for a user to operate

PenEasy from the beginning, taking into account all the peculiarities of the software lan-

guage. Not all the features available in the program were accessed, but the ones that are

used are explained in a clear manner.
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This thesis delves into the principles driving the increasing interest in AuNP radiosen-

sitization, investigates the studies conducted in this field over the years, and explores the

functionality of PENELOPE, but also aims to present specific simulation results. This

last purpose is presented in Chapter 6. In an initial approach, the results of simulations

involving AuNPs surrounded by water are presented. The objective is to validate the

employed methods through comparison with another study, as this marks the first sim-

ulation conducted with PENELOPE. After code validation, variations in the geometry of

gold nanoparticles were explored. Subsequently, simulations were performed with gold

nanoparticles in breast tissue, analyzing the impact of gold sphere diameter on energy

optimization. The influence of a single AuNP in its surroundings was studied and used

to extrapolate the survival curve, using a method based on the Local Effect Model (LEM).

After having investigated nanoparticle sizes, the study also explores the differences in en-

ergy absorption within a cell when considering a distribution of numerous AuNPs. The

chapter ends by assessing the impact of source size on dose enhancement in the vicinity

of a single gold nanoparticle.

Indeed, the focus in this study centers on the realm of AuNPs and their remarkable

ability to enhance energy deposition in their immediate surroundings. It’s truly extraor-

dinary to reflect on the early stages of radiation physics research where the potentially

harmful effects of ionizing radiation on human tissues were often ignored, leading to dis-

astrous consequences for many pioneers in the field [7]. However, the present landscape

has seen a remarkable transformation. Today, we are actively exploring the potential of

gold nanoparticles to aid in radiotherapy, marking the beginning of an exciting journey

filled with the promise of unveiling new perspectives and invaluable insights.



Chapter 2

Ionizing radiation

Ionizing radiation can be classified into two types, both of which result in the excita-

tion or ionization of atoms. What distinguishes these categories is the presence or absence

of charge. On one hand, we have ionizing radiation composed of charged particles, in-

cluding light particles like electrons and positrons, as well as heavy elements such as

protons, α particles, deuterium, and tritium. These particles directly transfer their energy

to matter through Coulomb interactions along their path. In the other type, that of un-

charged particles, like photons and neutrons, they indirectly transfer their energy to the

charged particles which then ionize the medium.

A very important quantity that helps to quantify the interaction of ionizing radiation

with matter is cross section (σ, generally in cm2), which can be defined in terms of atomic

cross section or macroscopic cross section.

FIGURE 2.1: The change in direction and energy of a particle following its collision with
a target (adapted from [8]).

5
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When a monoenergetic beam, with energy W, is emitted in a direction d̂ and hits a

target, the incident particle lose a certain energy dW and is deflected, as illustrated in Fig-

ure 2.1. The deflection depends on the solid angle dΩ, that is formed by the polar angle

between the direction of the incident particle before and after the interaction (θ) and the

azimuthal angle (ϕ). If a detector is placed at a macroscopic distance from the target, in or-

der to cover the deflection region, it is possible to count the number of particles that have

lost energy between W and dW [8]. This count depends on the number of incident par-

ticles per unit time and per target unit area (Ṅin). Thus, the number of particles detected

per unit of time is given by equation 2.1.

Ṅdet =
d2σ

dΩdW
Ṅin dΩ dW (2.1)

This equation takes into account the double differential cross section defined as the

probability of scattering into a given solid angle dΩ, losing a given energy dW. This

quantity, integrated twice, gives the total cross-section (σ) of a specific phenomenon:

σ =
∫ E

0

( ∫
Ω

d2σ

dΩdW
dΩ

)
dW (2.2)

Geometrically, the total cross section gives the area of a plane surface that, when

placed perpendicularly to the incident beam, is crossed by the same number of projec-

tiles that undergo interactions with any angular deflection and energy loss [8]. The data

provided in literature tables typically represent the values of the differential cross section

(DCS), corresponding to the term enclosed in parentheses in equation 2.2. It should be

noted that the characteristic angles of the deflection, θ and ϕ, are both random variables

whose probability distribution function (PDF) are defined by the molecular DCSs.

Another crucial quantity is the mean free path (MFP), which represents the average

distance traveled by the incident particle before it loses all of its energy. To compute the

probability p(s) of an interaction occurring in the range [s, s + ds], two separate events

must be contemplated (Table 2.1).
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TABLE 2.1: Events that must be considered during the calculation of the interaction prob-
ability.

The required parameter p(s) is obtained by multiplying the probabilities of both events.

Assuming that the probability of a particle traveling a long distance without interacting

is zero (p(∞)=0), the integral yields the exponential law of attenuation [8].

p(s) = Nσ exp(−sNσ) (2.3)

Given the probability of an interaction occurring in the range [s, s + ds], the average

free path is easily calculated:

< s >=
∫ ∞

0
s p(s) ds =

1
Nσ

(2.4)

For electrons, this amount has values of the order of 10−6 cm, but for photons, depend-

ing on their energy, free paths are observed in the tens of centimeters. This discrepancy is

due to charge differences, as the photon track is unaffected by Coulomb forces and rarely

interacts with atoms. On the other hand, a charged particle interacts aggressively with

matter, losing energy. This energy loss can be described as being gradual since most in-

elastic processes result in the transfer of a negligible fraction of the kinetic energy, i.e., it

can be regarded in the sense of ”continuous slowing down approximation” (CSDA) [9].

The macroscopic cross section of uncharged particles is specified by a parameter known

as the linear attenuation coefficient: µ = Nσ. The tabulated data are reported in the litera-

ture in terms of the mass attenuation coefficient ( µ
ρ , generally in cm2 g−1), that is affected

by incident energy, just as σ is.

µ

ρ
= σ

NA

A
(2.5)

Although attenuation coefficients and MFPs can be used to characterize charged-particle

interactions, the very high density of charged-particle interactions permits a more realistic

approach. When slowing down, each electron experiences an enormous amount of inter-

actions, allowing the dissipation to be calculated with the concept of stopping power,
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which considers the energy loss per unit path length. This formulation considers the sum

of two different ways of losing energy and transferring it to other particles. In the case of

electrons Coulomb interaction with the nuclei of the absorber, some of the kinetic energy

will be transferred to photons, resulting in a radiation loss. Otherwise, if the electrons

interact with orbital electrons of the absorber, transferring them energy through impact

excitation and ionization of absorber atoms, a collision loss will occur. In both of these

processes, the average energy loss per unit length, experienced by the incident charged

particle, can be calculated. Equation 2.6 represents the mass stopping power, which val-

ues are more frequently presented in literature. It can be seen that two parcels are consid-

ered, one for the radiation stopping power and another for collision stopping power*.

1
ρ

Stot = −
(

dE
ρds

)
rad

−
(

dE
ρds

)
col

(2.6)

The stopping power can be utilized to compute the distance required to decelerate an

electron to a specific energy level. This distance is referred to as the continuous slowing

down approximation range, denoted as RCSDA, and is determined by Equation 2.7.

RCSDA =
∫ Emax

E0

dE′

Stot(E′)
(2.7)

A related quantity is the linear energy transfer (LET), which is the energy transferred

per unit length of the track. The LET of charged particles in a medium relates to the

collision stopping power because it accounts for the average energy locally imparted to

the medium. This value represents an average quantity because, at the microscopic level,

the energy per unit length of the particle’s path varies across a broad range. Nevertheless,

it proves valuable in characterizing different types of radiation. It should be noted that the

higher the energy of a certain type of charged particle, the lower the LET and, therefore,

the lower its biologic efficacy [10].

In the following sections, the main processes of interaction between matter and ioniz-

ing radiation (specifically electrons and photons) are briefly described, as well as a brief

summary of radiobiology and the main concepts of dosimetry.

*Also named ionization or electronic stopping power.
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2.1 Photon interactions

Photons have the ability to interact with atoms within the medium through interac-

tions either with the atomic nucleus or the orbital electrons. In the former case, these

interactions may lead to processes such as photo-disintegration or pair production. In the

case of second interactions, it is crucial to assess whether electrons are highly bound or

can be regarded as free. The binding energy (EB) of the electron to the atom establishes

this division: if EB is low in comparison to the energy of the photon, the electron qualifies

as free; otherwise, it is a tightly bound electron.

Figure 2.2 illustrates the predominance of the three most relevant photon interactions

in energy deposition, for the various atomic numbers.

FIGURE 2.2: Predominant photon interaction in energy deposition, where k represents
the photon’s energy in units of the electron rest energy [11].

It should be emphasized that although the interactions depicted above imply signifi-

cant energy losses, there are also elastic collisions* between photons and matter.

2.1.1 Rayleigh scattering

An example of an elastic interaction between a photon and a bound atomic electron is

called Rayleigh diffusion. This process was presented by the physicist John W. Rayleigh

[7] in 1900 and is characterized by the absence of excitation or ionization of the atom. This

process is called ”coherent” because it arises from the interference between secondary

electromagnetic waves coming from different parts of the atomic charge distribution, that

is, the photon is scattered by the combined action of the whole atom. The absence of

*By definition, elastic interactions are those in which the initial and final quantum states of the target
atom are the same, normally the ground state [8].
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ionization is due to the passage of photons with negligible energy losses, where the atom

as a whole absorbs the transferred momentum but its recoil energy is very small. This

is therefore an elastic scattering event because the deflected photon has the same energy

as the incident photon and its scattering angle is very small. The atomic cross section

for this phenomena is proportional to Z2, meaning that this event occurs predominantly

for absorbers of high atomic number. Besides, it has more practical importance at low

energies, partly because the scattering angle is greater.

Rayleigh cross sections for scattering on molecular structures cannot be well approxi-

mated by an independent atom model because the electronic configuration in a molecular

structure is very different from that in an atomic structure [11]. Thus, the differential

atomic cross section corresponds to the electronic cross section (eσ) differential in solid

angle with a correction that accounts for the electron density spatial distribution, know as

atomic form factor (F(q, Z)).

daσR

dΩ
(θ, Z) =

deσR

dΩ
(θ)|F(q, Z)|2 (2.8)

The form factor depends on the atomic number, Z, and on the momentum transfer, q.

Assuming that the photon preserves its energy E after the collision:

|q| = |p − p′| = 2E
c

sin

(
θ

2

)
This expression is approximately valid only for photons with energy well above the

K absorption edge. This approximate method is sufficient for most applications because,

at the energies where anomalous scattering effects become significant, coherent scattering

has a very low probability.

Because radiation therapy entails transferring the energy of incoming particles into

biological tissue, this particular phenomenon is not considered significant.

2.1.2 Photoelectric Effect

The photoelectric effect is the most important interaction of low-energy photons with

matter with low Z [9]. It occurs when a photon, with energy Ei, interacts with a tightly

bound electron, such as those in the inner shells of an atom.

In this process, the incident energy is completely absorbed and the result is an ejected

electron with a velocity ve. For this to happen, the incident photon must be more energetic
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than the binding energy of the atomic electron shell. If so, the difference between those

energies* corresponds to the kinetic energy of the photoelectron emitted (Te = Ei − EB). In

fact, when the incident energy exceeds the K-shell binding energy, about 80% of all pho-

toelectric absorptions occur with the K-shell electrons of the absorber and the remaining

20% occur with less tightly bound higher shell electrons [7].

The direction in which the photoelectron is emitted, compared to the direction of the

absorbed photon, is determined by the polar angle θ and azimuthal angle ϕ. If the in-

cident photon is unpolarized, the angular distribution of photoelectrons is not affected

by ϕ, which is uniformly distributed in the range (0, 2π) [8]. Occasionally, introducing a

variable ν = 1 − cos(θ) seems to be advantageous.

The basic theory of the photoelectric effect is based on the assumption that the interac-

tion between the atom and the electromagnetic field associated with the incident photon

is weak, and, to a first order, can be treated as a perturbation. Assuming that the pho-

ton energy is much larger than the binding energy but non-relativistic (EB ≤ Ei ≤ mec2)

and considering Fermi’s golden rule to determine the transition rate for the photoelectric

process [11], it yields that cross section is proportional to the first term in equation 2.9.

Then, including an additional relativistic correction term in square brackets, the angu-

lar distribution of the photoelectric cross section is given by:

dσPh

dΩ
∝

Z5β4 sin2 θ

(1 − β cos θ)4

[
1 +

1
2

γ(γ − 1)(γ − 2)(1 − β cos θ)
]

(2.9)

β =
ve

c
; γ =

1√
1 − β2

The angular distribution of photoelectrons is influenced by the energy of the incom-

ing photon. For energies around 10 keV, photoelectrons are generally emitted at angles

close to 90◦ relative to the direction of the incident photon [7]. As the incoming energy

increases, the peak of photoelectron emission gradually shifts towards more forward an-

gles. Occasionally, defining a variable A = 1
β − 1 can be useful.

2.1.3 Compton Scattering

The interaction of a photon with a loosely bound orbital electron is known as Compton

scattering, after Arthur Compton [7]. This event causes the incident photon, with energy

*Actually, the atom will gain a finite kinetic energy but it is negligible because the mass of the nucleus is
much larger than of the electron.
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Ei = hν, to deviate from its initial route. The transferred energy causes a recoil electron

that is released from the atom with kinetic energy EK, resulting in a scattered photon with

energy EC = hν′.

Although electrons occupy different atomic energy levels, which means they are in

motion and bound to the nucleus, for the Compton effect it is assumed that the electron

interacting with the incoming photon is typically unbound and stationary at the outset.

Thus, before the impact, the electron does not have kinetic energy and the collision can be

represented by the figure below:

FIGURE 2.3: Schematic representation of the Compton scattering [7].

The solution to the collision kinetics of the Compton scattering is based on the conser-

vation of both energy and momentum in the next equations, where pe is the relativistic

momentum of the recoil electron *.



Ei + mec2 = EC + mec2 + EK

Ei
c = EC

c cos θ + pe cos ϕ

0 = − EC
c sin θ + pe sin ϕ

These three equations, through some algebraic manipulation, enable the determina-

tion of the energy of the scattered photon given its deflection angle and the incident en-

ergy.

EC =
Ei

1 + Ei
mec2 (1 − cos θ)

*The electron is ejected with total energy that is considered relativistic: Ee =
√
(mec2)2 + p2

e c2
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The Klein–Nishina formulation (KN) provides the differential cross section (DCS) for

Compton scattering by a stationary free electron. Although this fundamental DCS was

once widely employed in certain radiation transport algorithms, it proves to be a lim-

ited approximation for photon–atom Compton interactions. In practical terms, atomic

electrons are not at rest but possess a momentum distribution, resulting in the Doppler

broadening of the Compton line, an effect accounted for in the so-called impulse approx-

imation. The DCS is calculated by assuming that electrons in the i-th subshell have a

momentum distribution. The active target electron is ejected to a free state after a Comp-

ton interaction with the i-th subshell, leaving the atom in an excited state with a vacancy.

Thus, the effect of electron binding may be included, which asserts that Compton excita-

tions are permitted only if the energy transfer is greater than the binding energy of the

active subshell. Therefore, the atomic DCS is given by the KN formula, corrected by a

factor S, known as the incoherent scattering function in the impulse approximation[12]

that accounts for Doppler broadening and binding effects [8]:

dσC

dΩ
≈ r2

e
2

(
EC

Ei

)2(
EC

Ei
+

Ei

EC
− sin2 θ

)
S(Ei, θ) (2.10)

It is worth noting that a large part of the energy region of radiation used in medical

applications is dominated by Compton scattering.

2.1.4 Pair production

A pair production process consists in a complete absorption of a photon by the atom

forming an electron/positron pair. In order to conserve linear momentum simultaneously

with total energy and charge, this phenomena can only occur in the presence of a Coulomb

field, that is commonly created by an atomic nucleus, with rest energy mAc2. It can also

arise, with lower probability, in the field of an atomic electron, originating a process called

”triplet production” because the creator of the Coulomb field gains a large amount of

kinetic energy.

In contrast to other photon interactions, there is a well-defined threshold energy be-

low which the pair production cannot happen, based on the invariant E2 − p2c2 before

and after the interaction. The values for the nuclear pair production (NPP) and triplet

production (TP) are:
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
ENPP

t = (1.022 MeV)×
(

1 + mec2

mAc2

)

ETP
t = 2.044 MeV

After the interaction, the photon loses its energy and an electron with energy E− is

created. The reduced energy ϵ is the fraction of the photon energy that is taken away by

the electron, that is: ϵ = E−+mec2

E

The Bethe–Heitler (BH) differential cross section accounts for the integrals that involve

the atomic form factor and assumes that the Coulomb field of the nucleus is exponentially

screened by the atomic electrons. Furthermore, the dependence of the triplet cross section

on the reduced energy, ϵ, is assumed to be the same as that of the pair cross section. Ac-

tually, the triplet contribution (η) varies with the photon energy and increases monoton-

ically, reaching a saturation value, η∞, at high energies [8]. However, the BH expression

fails at low energies, where it systematically underestimates the total cross section. There-

fore, it becomes necessary to introduce an empirical correction term. The differential cross

section can be expressed in the following simplified form:

dσPP

dϵ
∝

2
3

[
2

(
1
2
− ϵ

)2

ϕ1(ϵ) + ϕ2(ϵ)

]
(2.11)

Functions ϕ1 and ϕ2 account for correction factors that depend on the atomic number,

the atomic form factor, the ”reduced energy”, and the incident photon energy. The energy

distribution and angular distribution of electrons and positrons in pair production are

complex functions of the incident photon energy and the absorber atomic number [7].

With increasing incident photon energy the distribution of charged particles is peaked

increasingly in the forward direction.

2.2 Electron interactions

As previously observed, some interactions between photons and matter lead to the

ejection of orbital electrons, which may possess enough kinetic energy to interfere with the

surrounding medium. In this manner, charged particle Coulomb-force interactions can, in

a simplified classical view, be characterized based on the relationship between the atomic

radius (ra) and the impact parameter * (b). It is important to note that this characterization

*The impact parameter is defined as the perpendicular distance between the velocity vector of a projectile
and the center of the target [13].
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is not allowed in a quantum mechanical formulation, in which the uncertainty principle

limits the localization of a particle with well-defined momentum [11]. In summary, the

following cases are considered:

• b ≈ ra

In this situation, ”hard” inelastic collisions take place. The incoming particle pri-

marily interacts with a single atomic electron (often from internal shells). The en-

ergy transferred is greater than the binding energy of the orbital electron, hence it is

ejected with high speed. As a consequence, there is an emission of delta rays, also

known as ”knock-on” electrons [7],

• b >> ra

Due to the charged particle’s interference with the whole atom, this condition results

in a ”soft” inelastic collision, characterized by the excitation or ionization of matter.

Although the energy transferred to a particular orbital electron is very small, this

type of interaction is one of the most frequent [11], constituting almost half of the

energy delivered to the medium.

• b << ra

In this case, an elastic interaction usually occurs without excitation or ionization. In

reality, there is a certain energy transfer to the target, but the average energy lost

by the projectile is a very small fraction of the initial energy because of its insignif-

icant mass compared to the target. Consequently, energy loss and target recoil are

neglected [8]. The Coulomb field generated by the incident particle acts mainly on

the nucleus, that is, the electrical field of the core is the most relevant effect on the

deflection of the initial trajectory. Thus, in the presence of atoms with high Z values,

this kind of interaction explains the usual sinuosity of electronic trajectories.

However, when b << ra, a small percentage of interactions may be inelastic. One

such case consists of the disturbance generated by Coulomb fields, which cause a

deceleration of the incident charged particle, emitting a Bremsstrahlung photon (ex-

plained in section 2.3). Another example of inelastic interaction is the annihilation

of a positron by colliding with a resting electron in the medium, generating two

photons in opposite directions [11].
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FIGURE 2.4: Interactions between electrons and atoms for different impact parameters
[7].

2.2.1 Atomic relaxation

Ionizing radiation frequently excites atoms when it interacts with matter. However,

because these excited states are transient, the atom usually relaxes to recover its balanced

energy. These processes often involve the release of energy while the atom reorganizes

itself, causing an electron from a higher atomic shell to occupy the space left by one from

a lower one. The difference between the binding energies of the initial and final shells is

transmitted by means of radiative and non-radiative mechanisms.

When a photon is emitted with energy corresponding to the difference in orbital levels,

it results in fluorescence. This is a radiative mechanism that releases characteristic X-rays.

Conversely, if the energy between the two energy levels is transferred to a less tightly

bound orbital electron, it is ejected. This non-radiative process is known as the Auger

effect. This terminology is a generalization because, in reality, there are three distinct

phenomena, as depicted in Figure 2.5. In the so-called Auger effect, the primary transition

takes place between two electron shells, and the energy is transferred to an orbital electron

within the initial or upper shell. When the primary transition occurs between sub-levels,

we observe the Coster–Kronig effect, where the energy is transferred to an electron in a

different shell, or the super Coster–Kronig effect, where the energy is transferred to an

electron within the same sub-level where the initial transition occurred [7].

The amount of energy released via radiative or non-radiative methods is determined

by the shells or subshells involved and thus depends on the atomic number. In the case of

Compton effect or inelastic collisional interactions, gaps are created predominantly in the

outer layers [11]. On the contrary, when the photoelectric effect occurs, the probability of

gaps forming in the inner layers increases with the atomic number.
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FIGURE 2.5: Non-radiative processes caused by atomic relaxation phenomena [7].

2.3 X-ray source

The energy spectrum of the particles must be provided as an input to the source model

in order for the program to calculate the physical parameters according to the correct

energy range. In this section, there is a brief overview of the process of X-ray production in

a tube since the primary particles considered in this study are generated from the output

spectra of this type of device.

X-rays are released when very energetic electrons make contact with matter and con-

vert their kinetic energy into electromagnetic radiation. An apparatus that performs this

function is made up of an electron source, an evacuated channel for electron accelera-

tion, a target electrode, and an external energy source to accelerate the electrons [14]. An

example of this type of device is schematized in Figure 2.6.

FIGURE 2.6: Schematic representation of an X-ray tube [15], with a zoom within the red
circumference [14] in order to understand the line focus principle
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The cathode, which is made up of a wire filament and a negatively charged focusing

cup, is the source of electrons in the X-ray tube. When the tungsten filament is heated,

electrons are emitted, a process known as thermionic emission. The function of the cath-

ode cup is to direct the electrons toward the anode, a metallic target electrode, so that they

hit the target in a well-defined area known as the focal spot [15].

Electrons liberated from the filament traverse the vacuum within the X-ray tube as

the anode is maintained at a positive potential relative to the cathode. Prior to reaching

the target, these electrons move at high velocities, and their kinetic energy escalates lin-

early with the potential difference existing between the cathode and anode. When these

electrons make contact with an object, their kinetic energy undergoes transformation into

various forms of energy.

Most interactions result in undesired heat through small collisional energy exchanges

with target electrons. As a result, the anode in the X-ray generator produces a lot of heat

while producing the required number of X-rays for acceptable image quality [14]. The

target material is often tungsten because of its high melting point (3370 ◦C) and high

atomic number (Z = 74), which permits significant heat deposition without cracking of its

surface and prevents heat damage to the X-ray tube ([15]). A crucial component of anode

design is also determining the ideal target region size from which the X-rays are emitted.

The focal should be as small as possible to create sharp radiographic images but smaller

focal spots generate more heat per unit area of target, restricting currents and exposure.

Therefore, there are techniques that may be utilized in diagnostic X-rays to reduce the

temperature of the target at any location.

One of these strategies is the use of rotating anodes, which allow greater heat load-

ing and consequently higher X-ray production capabilities. Using this method, electrons

transfer their thermal energy to a continually revolving target, dispersing the heat over a

large surface and a large mass of anode disk [14].

Another strategy to avoid the increase in temperature of the target is to reduce the

apparent size of the focal spot [15], known as the line focus principle. This principle dis-

tinguishes between actual and effective focal spot sizes: the former is the area (A) of the

anode hit by electrons, which is determined by the length of the cathode filament and the

width of the focusing cup slot; the latter is the area (a) of the focal spot projected down the

central ray in the X-ray field [14]. Normally, the target is mounted on a steeply inclined

surface of the anode, which is characterized by an angle θ. The anode angle causes the
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effective focal spot length to be smaller than the actual focal spot length, as illustrated

in Figure 2.6. Thus, a may be decreased to a desirable size by making the target angle θ

small.

Although there are mechanisms for dissipating heat over the anode, electromagnetic

radiation emission only accounts for a small percentage of the energy (typically less than

1%). These released rays are caused by the electron–photon cascade process, which is ac-

tivated by incident electrons entering the target [16]. There are two different mechanisms

by which X-rays are produced. Radiation can be emitted as a consequence of Coulomb in-

teractions with target atoms (bremsstrahlung) or by fluorescence after atomic ionization

through electron impact or photon interactions (characteristic X-ray emission). Both of

these processes were indicated in Section 2.2, but now will be presented in more detail.

An electron occasionally comes into contact with a positively charged nucleus in the

target electrode. Whenever an electron with its corresponding electromagnetic field passes

near a nucleus, it experiences an abrupt deflection and deceleration. As a consequence,

a portion or all of its energy is dissociated from it and propagates in space as electro-

magnetic radiation named bremsstrahlung (a German word that translates to ”braking

radiation” [14]). The energy of the incoming electron dictates the direction and energy of

the resulting X-rays. Due to the possibility of one or more bremsstrahlung interactions,

each of which can result in a partial or complete depletion of the electron’s energy, the

resulting X-ray can exhibit energies ranging up to the initial energy of the electron [15].

However, the probability of an electron hitting a nucleus is incredibly low since it consti-

tutes a very small percentage of the atom’s volume and the nuclear cross section is very

small. Therefore, the subatomic distance between the bombarding electron and the nu-

cleus determines the energy lost by each electron throughout the bremsstrahlung process,

because the Coulomb force of attraction increases with the inverse square of the interac-

tion distance [14]. An electron’s kinetic energy is completely lost when it collides with

the target nucleus, resulting in the maximum X-ray energy. Higher energy X-rays approx-

imately drop linearly with energy up to the maximum energy of the incident electrons,

while lower-energy X-rays are more abundant.

On the other hand, the emitted radiation may have discrete energies that are specific

to an element, hence the term characteristic X-rays. This type of radiation is produced by

fluorescence, that is, when an atom has a vacancy in one of its inner shells and relaxes

from its excited state through a radiative transition. Atomic shell vacancies are created
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in an X-ray tube target as a result of two forms of particle–atom interactions: inner-shell

impact ionization, where an electron penetrating the anode knocks out an inner-shell elec-

tron in an inelastic hard collision, and photon–atom interactions, which occur when a

bound electron is ejected in a photoelectric absorption or Compton scattering of a gen-

erated bremsstrahlung photon [16]. When a vacancy occurs in an orbit, the empty shell

becomes energetically unstable, causing an outer orbital electron to fall down to replace

it. As this electron transitions to a lower energy state, the difference between the binding

energies of the electron shell can be released as a characteristic X-ray photon. The char-

acteristic radiations released by higher atomic number targets and transitions involving

inner shells such as K, L, M, and N have high enough energy to be recognized in the

X-ray region of the electromagnetic spectrum [15]. Because the two types of interaction

processes that create fluorescence are fundamentally different in that they are triggered

by charged (electrons) or uncharged (photons) particles, the spatial distributions of X-ray

fluorescence in the anode are distinctively different. In the case of impact ionization, the

fluorescence is restricted to penetration depths where the electrons retain enough of the

incident kinetic energy to exceed the inner shell ionization threshold. In contrast, because

of the long mean free path length of bremsstrahlung photons, X-ray fluorescence follow-

ing ionizations due to photon interactions penetrates much deeper into the target [16]

Bremsstrahlung and characteristic X-rays thus distinguish between two different en-

ergy emissions: the first process produces a broad spectrum limited by the energy of the

incident particle and the last phenomenon creates discrete peaks that correspond to the

binding energies of the atom. However, as shown in Figure 2.7, the output of an x-ray

spectrum also truncates low energies. This is because, despite the abundance of low en-

ergy X-rays in the bremsstrahlung spectrum, filtration prevents their emission.

Filtration is the removal of X-rays as the beam passes through a layer of material [14]

and can occur due to the glass or metal insert at the X-ray tube port (inherent filtration).

Since the lower-energy radiation is the least penetrating, it is removed from the beam

more quickly [17]. It can also be filtered through sheets of metal intentionally placed in

the beam to vary its effective energy. In general diagnostic radiology, added filters attenu-

ate low-energy X-rays, enriching the beam with higher-energy photons. The transmitted

beam hardens as the filtration increases, resulting in higher average energy and more pen-

etrating force. Consequently, using filters to absorb these X-rays instead of exposing the



2. IONIZING RADIATION 21

patient to them serves to minimize dose while enhancing the beam’s penetration capac-

ity. As the overall beam intensity decreases with greater filtration and rises with voltage,

it is imperative to find the right combination of voltage and filtration to achieve the de-

sired beam hardness [15]. Additionally, the choice of an appropriate filter holds crucial

significance in the operation of an X-ray machine, as it provides a means to reduce the

intensity of X-ray photons that would not contribute to the image. On rare occasions, it

may be desired to eliminate the high-energy component of the spectrum, but this is a more

challenging operation because the linear attenuation coefficient of all materials decreases

with increasing energy. In addition, because materials are generally transparent to their

own characteristic radiation, the effect of filtering may be rather striking when the filter is

made of the same material as the target anode emitting the X-rays [17].

FIGURE 2.7: spectrum[18]

As represented above, if no filtration, inherent or added, of the beam is assumed, the

calculated energy spectrum will be a straight line, whose equation is given by:

IE = KZ(Em − E)

This is known as the Kramer’s equation [15], where IE is the intensity of photons

with energy E, Z is the atomic number of the target, Em is the maximum photon energy,

and K is a constant. It is clear that, if E = Em, the intensity of photons will be zero,

confirming that a bremsstrahlung photon has energy less than or equal to the energy of

the incident electron. Hence, the unfiltered bremsstrahlung spectrum exhibits a ramp-

shaped correlation between the quantity and the energy of the generated X-rays, where

the peak voltage (kVp) applied to the X-ray tube determines the highest X-ray energy.

When filtration is employed, lower-energy X-rays are selectively absorbed, resulting in an
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average X-ray energy that is roughly one-third to one-half of the maximum X-ray energy

present in the spectrum [14].

2.3.1 SpekPy

The SpekPy toolkit is available for free under the MIT software license. The model

accesses data using empirical normalizations and assumes a uniform angular distribution

for bremsstrahlung emission. Furthermore, when calculating the X-ray contribution using

simple semi-empirical models, the model does not exclude the characteristic emissions by

the target. The National Institute of Standards and Technology (NIST) tabulations are the

source for the default photon coefficients (both for mass attenuation and mass energy

absorption).

It is essential to use the standard NumPy and SciPy Python libraries because of their

easy compatibility with the Python programming language. Furthermore, the ”Mat-

plotlib” package can be helpful in visualizing results effectively. Communication with

the toolkit is based on command inputs present in Appendix B.1. The toolkit’s main class

is Spek. The user creates instances of that class, each representing a separate X-ray tube.

There are several keyword parameters that may be used when constructing a specific

spectrum. With the extra tools supplied, it is possible to filter X-ray spectra, compute

alternative X-ray beam metrics, create new materials, and save SpekPy states.

The Diagram 2.8 presents a succinct illustration of the process for creating a simple X-

ray spectrum, leading to a graphical representation similar to the one portrayed in Figure

5.7. Initially, the spekpy package is imported; then, the spectrum is generated with the

necessary specifications and filtration, and finally, the fluence is calculated alongside the

energy bins.

FIGURE 2.8: Diagram illustrating the process of generating an X-ray spectrum using the
SpekPy package in the Python programming language.
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2.4 Dosimetry

In nature, many physical processes are considered random because the position and

time of a specific particle interaction can’t be anticipated. Contrarily, when considering

radiation interactions, since there are numerous particles present, the spatial and tempo-

ral dimensions of interest allow for a huge number of processes that can be characterized

in terms of mean or expectation values. Thus, at the macroscopic level radiation interac-

tions are well approximated by non-stochastic descriptions, where the quantities can be

predicted by calculations based on a ”point function” defined in an infinitesimal volume

[9]. When considering radiation fields, it is assumed that a large number of particles is in-

volved and particle interactions have well-defined probability distributions. Dosimetric

quantities describe the amount of energy the radiation beam deposits in a given medium

and, most of the times, they are calculated using radiometric quantities and interaction

coefficients [7].

2.4.1 Radiometric quantities

Radiation fields can be simply described by non-stochastic quantities that consider the

number and energy of particles constituting the radiation beam, known as radiometric

quantities.

One important radiometric quantity is particle fluence (ϕ), which accounts for the

expectation value of the number of particles dN striking a finite sphere during a time

interval. If the sphere is reduced to an infinitesimal with a cross sectional area of dA,

the particle fluence is given by the expression below, for all values of t through the time

interval:

ϕ =
dN
dA

(2.12)

Furthermore, there is a simple field-descriptive quantity which takes into account the

energies of the individual rays, called energy fluence (ψ) [9]. Considering R as the ex-

pectation value of the total energy (excluding rest energy), sometimes called ”radiant”

energy, of the incident particles striking a sphere with cross-sectional area dA, energy

fluence is given by:

ψ =
dR
dA

(2.13)
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Sometimes, it is useful to use particle fluence rate (ϕ̇) and energy fluence rate (ψ̇),

defined as the ratio dϕ/dt and dψ/dt, respectively.

2.4.2 Interaction coefficients

Radiation field quantities fall naturally into pairs, because there are always two differ-

ent entities referring either to the number of particles or the energy transported by them.

Interaction coefficients can be defined, considering this pairing.

For photons, two important interaction quantities are defined using the concept of

mass attenuation coefficient, referred to in Chapter 1. Considering Ētr as the mean energy

transferred from incident photon to charged particles averaged over all possible photon

interactions, it is possible to express the mass energy transfer coefficient (µtr) for an ab-

sorber material of density ρ and for incident uncharged particles of energy Ei:

µtr

ρ
=

µ

ρ

Ētr

Ei
(2.14)

When charged particles come to rest in the medium, a typical percentage of their ki-

netic energy (and any secondary charged particles created by them) is lost in radiative

processes such as bremsstrahlung, fluorescence, and annihilation in flight. This means

that, to a first approximation, a fraction of the radiative energy can be thought of as es-

caping the local volume, resulting in energy not locally absorbed. Considering ḡ as the

radiation yield averaged over the spectrum of energies of the charged particles liberated

by monoenergetic photons [11], the mass energy-absorption coefficient is defined by equa-

tion 2.15.

µab

ρ
=

µtr

ρ
(1 − ḡ) (2.15)

For electrons, the most important interaction coefficient is the mass stopping power,

already defined in this chapter. The collision term has a greater impact since it involves

more energy transfer. This term represents the average rate of energy loss experienced

by a charged particle in both hard and soft collisions. Hard collisions may produce suf-

ficiently energetic rays that transport their kinetic energy further away from the primary

track. Hence, the mass collision stopping power will overestimate the outcome when

calculating the dose in a thin body traversed by electrons. Sometimes, it is useful to in-

troduce the concept of restricted stopping power, which corresponds to the fraction of
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the collision stopping power that accounts for collisions emitting delta rays with energy

below a threshold.

2.4.3 Energy deposition

The most important quantity in radiation dosimetry is the absorbed dose, which is

defined by equation 2.16a, where dEab is the mean energy imparted by ionizing radiation

to a certain mass [7]. Mathematically, dose is a point quantity representing the limit of

the mean specific energy as the mass tends to zero [11]. As previously stated, for photon

fields, energy must be transferred from indirectly ionizing radiation to energetic electrons

before the medium absorbs a fraction of the kinetic energy imparted by charged parti-

cles. This first step results in KERMA (”Kinetic Energy Released per unit MAss”), which

is given by equation 2.16b. KERMA occurs at the point of interaction between the in-

coming uncharged particle and the absorber atom, whereas dose is distributed across a

broader mass element (dm), whose size is critical. If dm is too small, there are statistical

fluctuations, and if dm is too large, spatial resolution is less than optimal.

D =
dEab

dm
(2.16a)

K =
dEtr

dm
(2.16b)

In the second phase of the dose delivery process for indirectly ionizing radiation, elec-

trons experience repeated Coulomb interactions with the atoms of the absorber medium,

gradually losing kinetic energy in two ways. As described in section 2.2, energetic sec-

ondary charged particles can interact with either the orbital electrons or the nuclei of

absorber atoms. In the first case, it results in a collision loss, where energy per unit mass

is called collision kerma (Kcol) and local deposition occurs. The second scenario leads

to radiation loss in the form of bremsstrahlung or photons produced by annihilation in

flight of positrons, resulting in radiation kerma (Krad). Therefore, total KERMA is divided

into two distinct quantities that vary according to the type of energy losses suffered by

electrons (K = Kcol + Krad). Because the collisional kerma does not account for radiative

losses, there is an expression analogue with equation 2.15, resulting in:

Kcol = K(1 − ḡ) (2.17)
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Besides, assuming that N photons of energy fluence ψ transfer a mean energy NdEtr,

equation 2.14 can be rearranged and divided by dm (see appendix A), yielding the expres-

sion below:

K = ψ
µtr(E)

ρ
(2.18)

According to these definitions, KERMA refers to the kinetic energy transferred to sec-

ondary electrons at the moment of release, whereas absorbed dose refers to the energy

lost by electrons along their paths [11]. Though, the radiation loss is more probable to

escape the volume of interest (V), not contributing to radiation absorbed dose. As a con-

sequence, the collisional kerma equals the dose when a perfect energy balance in volume

V prevails and the condition of ”charged particle equilibrium” (CPE) is verified. This

condition is possible when the atomic composition and density of the medium are ho-

mogeneous, when the field of indirectly ionizing radiation is uniform, and the volumes

considered have a radius which is higher than the range of the secondary electrons. Under

CPE, each charged particle of a given type and energy leaving volume V is balanced by a

particle of the same type and energy entering, in terms of expectation values [9]. Consid-

ering expressions 2.18 and 2.17, the condition D = Kcol is then valid in CPE conditions,

that is:

D = ψ
µab(E)

ρ
(2.19)

It should be emphasized that KERMA is specified exclusively for uncharged particles.

For electron fields, a quantity that might be regarded is CEMA (”Converted Energy per

unit MAss”), defined by the fraction between Ecol and dm, that is, it considers the mean

energy lost in electronic interactions in a mass of a material by the primary charged par-

ticles, excluding knock-on electrons [11]. Instead of relating to attenuation coefficients,

CEMA can be written in terms of the stopping power:

CEMA = ϕprim
Scol(E)

ρ
(2.20)

The unit of KERMA, dose and CEMA is J Kg−1, that has the special name Gray (Gy).

Furthermore, equal doses of different types of radiation do not produce equal biologic

effects. For example, 1 Gy of neutrons produces a greater biologic effect than 1 Gy of

X-rays [10]. It is typical to use X-rays as the reference radiation when comparing other
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forms of radiation. For this, it was defined the concept of relative biologic effectiveness

(RBE), that corresponds to the dose ratio between X-rays and the test radiation required

for equal biologic effect.





Chapter 3

Gold Nanoparticles and

radiosensitizing effects

As previously stated, this work focus on a method for irradiating tumors while pre-

serving healthy tissues. This method involves the use of ”radiosensitizers”, which are

substances designed to increase the sensitivity of cancer cells to radiation without affect-

ing the sensitivity of normal tissues. One of the materials often employed to achieve this

goal is gold, represented in the periodic table by the symbol Au, with an atomic number

of 79 and a density of 19.3 g/cm3.

In cancer therapy applications, it has been observed that nanoparticles naturally ac-

cumulate in tumor tissues through a passive mechanism called Enhanced Permeability

and Retention effect (EPR), without targeting ligands. This phenomenon is attributed to

the tumor’s flawed vascular system, characterized by irregular endothelium, diminished

lymphatic drainage, and reduced interstitial fluid absorption. These factors collectively

promote the passive retention of nanoparticles in tumor tissues [3].

Hence, the concept of Gold Nanoparticle-Assisted Radiation Therapy (GNRT) has

arisen [19]. It’s important to highlight that materials at the nanoscale often display unique

physical and chemical properties, such as fluorescence, electrical conductivity, or chemi-

cal reactivity, that diverge significantly from their larger counterparts. For instance, gold,

which typically appears yellow at its most common size, exhibits a blue color at the mi-

crometer scale and a reddish hue when reduced to sizes below 100 nm [3].

29
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3.1 Physics of Gold Atoms

This section explores the physics behind the interaction processes of gold with mat-

ter. Firstly, it is essential to examine the photoelectric cross-section of gold, because, as

illustrated in Figure 2.2, this effect is clearly predominant for energies below 500 keV. For

example, considering an incident photon with energy of 100 keV, gold has a photoelectric

cross section accounting for 94% of the total cross section [20].

In order for the photoelectric effect to take place, a photon must have enough energy to

overcome the binding energy of the electron in its current orbit. Without meeting this en-

ergy requirement, the electron will not be ejected. Hence, as the binding energy threshold

for each subshell is reached, the emission of additional photoelectrons becomes energet-

ically feasible. This gradual increase in excitation possibilities leads to the emergence of

minor absorption peaks within the photoelectric effect cross-section of gold (Figure 3.1).

FIGURE 3.1: Cross section of Photoelectric effect as function of photon energy [11].

The noticeable discontinuities in the graph above are indicative of the specific binding

energies associated with electronic shells. Interestingly, the structure of these absorption

peaks bears a resemblance to the fine structure within the orbital configuration of the gold

atom [11]. The photoelectric cross-section is significantly impacted by the atomic number,

especially when dealing with incident energies slightly below the absorption peak ener-

gies. Consequently, nanoparticles with high atomic numbers, such as gold, facilitate more

efficient energy transfer to the surrounding medium through processes like photoabsorp-

tion and subsequent electron emission, compared to substances like water. For example,

when a 100 keV photon interacts with a gold atom, there is a notable likelihood of eject-

ing an electron from the K-shell (with a binding energy of approximately 80.7 keV), which
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can travel a distance of around 9 µm in water, indicating that the photoelectron possesses

enough energy to traverse a cell. Additionally, when the incident energy is 200 keV, the

emitted photoelectron can travel approximately 200 µm, allowing it to traverse multiple

cells [5].

If the energy of the incident photon is less than EB(K) (see Table 3.1), it can only result

in the ejection of an electron from higher-energy layers. However, at lower energies, the

mass absorption and attenuation coefficients for photons in gold closely resemble those

for water and soft tissues. As a result, only interactions with the inner layers (K, L, M) of

the gold atom contribute significantly to dose enhancement.

TABLE 3.1: Electron binding energies for the gold element (Z=89) [21].

Examining Figure 3.2, a clear distinction between absorption and attenuation in the

energy range before the K layer is evident. This difference arises because, for energies

higher than this ”K-edge”, energy transfer primarily triggers fluorescence phenomena

[5]. As mentioned in Section 2, photons interact weakly with matter, so the energy carried

by fluorescence X-rays is transported away [11]. On the other hand, at energies below the

peak of the K layer, interactions with incident photons primarily induce the emission of

Auger electrons, i.e., they travel very short distances, and energy is deposited locally. In

fact, the probability of Auger electron emission in gold increases from 4.1% (K layer) to

74.6% (L layer), reaching as high as 98.5% (M layer). In the case of gold, a fluorescence

phenomenon triggered by a K layer transition gives rise to photons with a mean free path

of 5 cm in tissue, whereas Auger electrons with typical energy below 100 eV have a range

of 10 nm [5]. Although the behavior of low-energy electrons is not fully understood, it

is established that these particles can be rapidly stopped within the nanoparticle due to

its high density. Consequently, the size of a gold nanoparticle determines the number

of Auger electrons that can escape self-absorption and release their energy into the sur-

rounding medium [5]. Furthermore, Auger electrons demonstrate a relatively high aver-

age energy deposition per unit distance traveled, leading to an increased radiobiological

effect [11].
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FIGURE 3.2: Left side: Ratio of Mass Attenuation Coefficients (Material with 1% Gold vs.
Water); Right side: Ratio of Mass Energy Absorption Coefficients (Material with 1% Gold

vs. Water) [5].

The emission of multiple Auger electrons results in the accumulation of positive charge

on the nanoparticle, making it highly reactive with the surrounding medium. Conse-

quently, electrons from water molecules and other biomolecules in the vicinity are drawn

towards the nanoparticle. These phenomena involve exchanges of energy and charge,

leading to ultra-fast atomic relaxation processes, which, in turn, give rise to the produc-

tion of additional electrons and an increase in damage around the nanoparticle [19].

Given that the radiosensitizing effect of gold nanoparticles primarily arises from low-

energy emitted electrons, it’s valuable to understand how the range of these electrons

varies with their energy. Figure 3.3 illustrates this relationship for energies spanning from

10 to 10000 eV.

FIGURE 3.3: Range of low-energy electrons in liquid water [22] and in a gold material
[23].

The plot was generated using Equation 2.7 and relies on stopping power data for

both water and gold materials. Within the energy range of 10 to 100 eV, the electron
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range remains relatively constant, at approximately 100 Å* for water and above 50 Å

for gold. However, as the energy approaches 500 eV, the range shows an increase, and

within the range of 1000 to 10000 eV, it appears to vary nearly linearly with energy. A

significant observation is that, for electrons with the same energy, their range in water is

approximately twice as extensive as in gold.

3.2 Radiobiology

The interaction between photons or electrons with matter can lead to various mecha-

nisms that involve energy deposition. Understanding the effects of ionizing radiation on

biological systems is a crucial aspect of radiobiology. The first documented physiologi-

cal consequence of radiation was observed by Becquerel when he accidentally carried a

radium vial in his jacket pocket. This exposure resulted in cutaneous erythema and ulcer-

ation, capturing the scientist’s attention [10]. The study of radiobiology had its origins in

these early observations at the end of the 19th century.

The presence of a sensitive target inside the cell, DNA, must be considered when eval-

uating the consequences on tissues. In eukaryotic cells, the nucleus includes the major-

ity of the genes, formed by chromosomes, each one containing a lengthy DNA molecule

linked to proteins. The nucleus is involved in regulating cell division and longevity, con-

trolling protein synthesis, producing messenger RNA (mRNA) and delivering it to the

cytoplasm, where ribosomes transcribe genetic information into polypeptides [24]. There-

fore, maintaining the structural integrity of each DNA molecule is necessary for the cor-

rect function of a cell and the faithful transmission of its genetic information. The DNA

molecule is composed of two complementary strands, each one formed by a series of nu-

cleotides containing a base (purine or pyrimidine), a molecule of sugar and a molecule of

phosphoric acid. The strands are linked by hydrogen bonds between the bases and are

twisted together to form a double helix. During the process of replication, each strand

serves as a model of the new genetic material [25].

The kind of interaction between the particles and the cells determines how the bio-

logical effects of ionizing radiation are studied. Radiation can directly interact with DNA

molecules in a cell when it is absorbed by a tissue. In this situation, the atoms in the

target can be ionized or excited, resulting in a series of events that might trigger biolog-

ical changes. These direct action pathways are most common with high LET radiation.

*One Angstrom (Å) corresponds to 10−10 m.
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Nevertheless, radiation can also have an indirect effect, interacting with other atoms or

molecules within the cell instead of the sensitive target. Free radicals, which are molecules

or atoms with an unpaired orbital electron in the outer shell, are created in these circum-

stances. This means that there is one electron in the outer orbit for which no other electron

with an opposite spin exists, and hence there is a high level of chemical reactivity [10].

If radiation does not directly interact with the DNA molecule, it is plausible to sup-

pose that the action occurs on water molecules, which make up the majority of the cell’s

composition. Ionization can occur when a water molecule reacts with radiation, resulting

in the formation of an ion radical, which is a molecule with a positive electrical charge.

The ion radical reacts with another water molecule to form the highly reactive hydroxyl

radical (OH·), which possesses one electron unpaired and can diffuse a short distance to

reach a critical target in a cell. This molecule has a lifetime of about 10−9 seconds in cells

and is thought to cause almost two-thirds of the X-ray damage to DNA in human cells

[10].

Damage to DNA caused by ionizing radiation can result in alterations to the genetic

material. However, the time gap between the breakdown of chemical bonds and the emer-

gence of biological effects varies depending on the subsequent consequences. Irradiation

can lead to a range of lesions in DNA molecules, including strand breaks (both single and

double), base modifications, sugar damage, cross-links, and more [25]. In fact, there have

been identified 100 different types of lesions but strand breaks are the most common, both

in frequency and significance. A significant chromosomal aberration may be caused by

just one double strand break in a crucial section of DNA, destroying the cell [26].

A single strand break (SSB) of DNA may occur when cells are exposed to X-rays. If

the DNA is denatured and the supporting structure is removed, these breaks may be

measured based on the dose. On the other hand, if SSBs occur in intact DNA, they can be

quickly repaired through the copy of the complementary strand, being harmless for the

cell. Otherwise, a mutation might happen as a result of faulty repair. When the DNA is

fragmented into two well-separated strands, repair can still proceed effectively since the

two breaks are handled separately. Alternatively, if the breaks in the two DNA strands are

near together or directly across from one another, it may result in a double-strand break

(DSB). These are considered the most significant DNA damage induced by radiation in

chromosomes and are formed in a dose-dependent manner, proving that they are caused

by the passage of single ionizing radiation tracks [10]. Two lethal chromosome aberrations



3. GOLD NANOPARTICLES AND RADIOSENSITIZING EFFECTS 35

that can occur are the dicentric and the ring. The first results from the interruption of two

chromosomes, which causes an exchange between them and the development of a highly

malformed chromosome with two centromeres. The second aberration is caused by radi-

ation in each arm of a single chromatid, which results in the sticky ends reconnecting to

create a ring and a fragment [10].

The correlation between radiation exposure and the percentage of surviving cells is

shown by a cell survival curve. A cell may appear to be physically intact and be capable

of producing proteins or DNA, but if it is no longer able to divide indefinitely it has not

survived. In order to completely remove a tumor, cells simply need to be ”killed” in the

sense that they are made unable to proliferate and promote the malignancy’s develop-

ment and spread. It is feasible to create a single-cell solution from a tumor specimen in

which the cell membrane has been dissolved. In order to attach these cells to the surface

and allow them to develop, they are planted onto a culture plate and maintained there

under precise conditions. Trypsin is used to remove the cells off the surface and the ma-

jority of them are discarded. The culture flask is then reseeded with a modest number

of cells, which swiftly repopulate it. These are called established cell lines. Each cell di-

vides several times, forming a colony that can be seen with the naked eye. The number

of colonies counted should equal the number of cells implanted, although ambiguities in

counting the cell suspension and poor growing circumstances might arise [10]. These as-

pects are taken into consideration by using a control dish, allowing the plating efficiency

parameter (PE) to be calculated, which measures the percentage of cells implanted that

grow into colonies. Thus, the survival fraction (SF) is defined by the equation below:

SF =
Colonies counted

Cells seeded
1

PE
× 100

For viruses, bacteria, and haploid yeasts, the surviving fractions are shown to be ex-

ponentially dependent on dose, whereas survival curves for mammalian cells are more

complexly shaped, also approaching exponential curves [25].

These curves are typically plotted on a logarithmic scale for two main reasons: if the

surviving fraction is an exponential function of the dose, it results in a straight line on

a semi-log plot, clearer to analyze; a logarithmic scale makes it easier to compare the
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extremely low cell survival rates required to achieve a meaningful reduction in tumor

size [26].

FIGURE 3.4: Two possible lethal chromosome aberrations, depending on the dose [26].

For comparing survival curves it is convenient to represent them by mathematical

functions, based on hypothetical mechanisms of cell lethality. It is essential to remember

that no single model can describe response across the entire dose range from very low to

very high, unless that model is so complex that it is no longer therapeutically helpful [26].

In order to generate a curve that bends continually downward, as observed experi-

mentally, a model is applied that simply fits the cell survival by a second-order polyno-

mial, with a zero constant term to ensure that S = 1 at zero dose. This is known as the

linear-quadratic (LQ) model, which is expressed by equation 3.1.

SLQ = e−(αD+βD2) (3.1)

Biologically, this model proposes two mechanisms for cell death: accumulation of sub-

lethal events or a single lethal event [25]. Assuming that these two mechanisms are in-

dependent, the probability of survival is the product of the probabilities of each one. In

fact, the exponential term depending on α relates to the lethal events, while the term de-

pending on β refers to sublethal events. Furthermore, the two processes of cell death are

associated with the lethal chromosome aberrations, as illustrated in Figure 3.4. The linear

component, e−αD, refers to dicentric or ring chromosomes formed from a single electron

track intersecting both of two adjacent chromosomes. On the other hand, the quadratic

component, e−βD2
, arises from two independent electron pathways, each intersecting one

of two connected chromosomes.

The linear component of cell killing replaces the quadratic component of cell killing

as the dose rate is decreased. Cell survival curves become straight as the dose rate is
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decreased and tend to extend the initial slope of the high dose-rate curve. This is due

to the fact that at low dose rates, single-track events will happen further apart in time

and there will be little chance that they will interact with each other in two neighboring

chromosomes.

Moreover, LET affects the survival curve [10]. For low LET radiation doses, the sur-

vival fraction increases in direct proportion to dose, plotting a straight line with a small

starting slope. The curving zone extends over a few grayscale dose levels as the curve

bends. As dose rises, the curve straightens out once more so the survival fraction changes

again exponentially with dose. In contrast, for high LET radiations, the cell survival frac-

tion closely resembles an exponential function of dose over the whole region.

3.3 State-of-the-art

Numerous studies carried out in the latter part of the 20th century illustrated an in-

crease in radiation dose at the boundaries between materials with low and high atomic

numbers, especially when exposed to low energy photons. For instance, within the oral

cavity, tissue layers adjacent to metallic dental replacement received doses that were as

much as 2.6 times greater than that in tissues located further away when irradiated with

a Co-60 beam [27].

In 1998, one of the earliest studies was conducted to assess interface effects involving

a tissue-equivalent material in proximity to the surface of a metallic gold foil. The study

suggested that when cell monolayers are irradiated along single-plane metal scattering

surfaces with high atomic numbers (Z), cell death is optimized due to the presence of

low-energy backscattered electrons from photon beams. However, this geometric setup

is not applicable to the irradiation of solid animal tumors, and therefore, it cannot be

employed in medical applications.

With the advancement of technology, gold microspheres with diameters ranging from

1.5 to 3.0 µm began to be commercially available and utilized for dose enhancement. This

choice was motivated not only by the fact that particles of this size possess scattering

surfaces smaller than the size of human tumor cells but also due to gold’s biologically

inert properties [28].

In the year 2000, it was observed that suspensions containing up to 3% gold mi-

crospheres yielded highly favorable outcomes. However, concentrations exceeding 1%

raised specific concerns. Consequently, investigations into interface dose enhancement
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were limited to gold particle concentrations up to that threshold. The average dose in-

crease in solutions was approximately 42% for tumor treatments employing 200 kVp X-

rays.

Based on these findings, gold has emerged as a highly investigated substance in the

realm of cell sensitization for radiotherapy treatments. Nevertheless, a histological ex-

amination following a direct intratumoral injection of microspheres yielded no evidence

of gold particles in regions densely populated by tumor cells, implying that achieving

a uniform distribution with particles of this size would be challenging [29]. In contrast,

nanoscale spheres have demonstrated the capability to accumulate a vast number of high-

Z atoms within a single cell, along with the potential for tumor molecular conjugation.

In practice, a 2 nm-diameter gold sphere is estimated to encompass around 250 atoms,

while a 30 nm radiosensitization particle could contain a total of 835000 atoms [30]. Con-

sequently, research into the dosimetric implications of gold has extended to encompass

nanoscale geometries.

The initial demonstration of tumor control in vivo by absorbing X-rays using high-Z

nanoparticles was documented in 2004 [29]. This experiment involved the intravenous

administration of 1.9 nm gold nanoparticles to rats with subcutaneous mammary car-

cinomas, followed by X-ray irradiation (250KVp), considering a maximum density of

2.7 grams of gold per kilogram of tissue. The study revealed that the small size of the

nanoparticles promoted enhanced permeability and energy retention in tumor-related ar-

eas. The quantity of gold administered directly correlated with the safe and effective ab-

lation of tumors. Additionally, it was observed that the gold nanoparticles exhibited low

toxicity to mice and were predominantly eliminated from the body through the kidneys.

It was crucial to have a comprehensive understanding of the individual physical pro-

cesses involved in cell radiosensitization by AuNPs, based on experimental findings.

With the advancement of computational capabilities, the Monte Carlo method emerged

as the predominant technique for dosimetric calculations. The employed models provide

valuable insights into the behavior of secondary electronic processes, enabling the com-

putation of the dose enhancement attributed to the presence of AuNPs. This approach

allows for the investigation of various scenarios by manipulating factors such as target

shape, nanoparticle size and distribution, radiation source energy, and more, generating

results that are often unattainable through empirical means.
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In 2007, a significant study [31] employed Monte Carlo simulations to offer the ini-

tial evidence of how gold nanoparticles influence dose deposition at the molecular level.

Although nanoparticles locally absorb X-rays, there was limited information available

regarding the deposition of energy by low-energy electrons. The study employed a 100

kVp X-ray tungsten source, 3 nm-diameter gold nanoparticles, and a biological target con-

sisting of super-coiled DNA (scDNA). The results indicated that a substantial portion of

emitted electrons could traverse distances beyond the nanoparticle, with many electrons

possessing energies below 100 eV being generated during this process. The localized

distribution of energy deposition was confirmed through the observation of DNA chain

breaks caused by hydroxyl radicals. Additionally, the presence of ten gold nanoparticles

resulted in enhanced damage to a 5600 bp (base pair) DNA strand induced by X-rays.

Despite the demonstrated radiosensitization effect, previous estimations of the de-

posited dose resulting from nanoparticle activity tended to underestimate the actual ef-

fects due to the oversight of nanoscale non-homogeneities caused by gold. The initial

outcomes, which assessed X-ray-induced cell death and were consistent with experimen-

tal observations, emerged in the early 2010s. One such study [32] conducted irradiation of

a 20 nm-diameter nanoparticle with 100 KeV X-rays, detecting approximately 0.001 ion-

izations per Gy deposited in the vicinity. This finding highlights that the dose enhance-

ment is not evenly distributed but rather exhibits peaks located a few nanometers from

the nanoparticles. Notably, the dose deposited within a 1 nm-thick shell surrounding the

nanoparticle is primarily attributed to Auger electrons, as illustrated in Figure 3.5.

Furthermore, numerous studies have indicated that the proximity of Auger electron

generation to the gold surface results in a more substantial dose contribution to that re-

gion. Only high-energy electrons possess the necessary range to exit the gold surface and

deposit their energy at a greater distance, when ionization events take place within the

nanoparticle’s bulk. In contrast, at significant distances from the AuNP, the majority of

ionization events yield only one or two electrons. In close proximity, there is a more pro-

nounced electron dispersion, with approximately 5% of ionization events producing 10

or more electrons.

The size of nanoparticles is another critical factor determining energy deposition. Re-

search has revealed that when the smaller particles become ionized, they deposit larger

doses in their vicinity due to their higher surface-to-volume ratio [32]. For instance,

nanoparticles with a 2 nm diameter deposit approximately three times more energy within
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FIGURE 3.5: Contribution of Auger electrons and photoelectrons to dose deposition as a
function of distance from the center of the nanoparticle [32].

distances less than 200 micrometers compared to nanoparticles with a 50 nm diameter af-

ter a single ionization event. However, larger nanospheres, containing more gold atoms,

maximize the photoelectric absorption effect. When considering equivalent incident en-

ergy, experimental results showed that the photoelectric absorption rate as a function of

nanoparticle size follows a cubic relationship. An increase in size from 5 nm to 100 nm re-

sults in a four-order magnitude increase in the photoelectric absorption effect [30]. There-

fore, after comparing treatments using nanoparticles of different diameters but the same

amount of AuNPs per cell, it was found that energy deposition is more efficient when

employing larger diameter particles.

As nanoparticle diameter increases, a significant portion of the energy from Auger and

delta electrons is absorbed internally by the nanosphere. Consequently, the dose enhance-

ment ratio (DER) as a function of AuNP size is not precisely proportional to the AuNP

radius cubed. Thus, in terms of milligrams of AuNPs per gram of tumor, smaller parti-

cles provide a greater dose enhancement per ionization event, allowing more low-energy

electrons to escape into the surrounding tissue [30]. Furthermore, there are no significant

variations in radiosensitivity at considerable distances from gold because the highest dose

contribution consists of the more energetic electrons escaping from the spherical volume,

irrespective of its diameter. These findings are corroborated by a 2017 study [33], which

presents the dose per ionization event as a function of radial distance and demonstrates
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distinct ”step-like” patterns due to the substantial number of low-energy Auger electrons

emitted from the AuNP.

In addition to ionization event location and cell diameter, the effect of incident energy

on radiosensitization by AuNPs has been thoroughly investigated. X-ray irradiations at

different kilovoltages have resulted in slightly varied dose enhancements. Generally, it

has been observed that a 50 kVp source provides highly effective treatment [34]. How-

ever, a 51 KeV monoenergetic beam has a 20% lower likelihood of interacting with gold

compared to a 250 kVp beam. A study conducted in 2020 [19] produced similar results

regarding the impact of energy and size variations on energy deposition around AuNPs.

This study utilized nanoparticles with diameters of 50 and 100 nm and subjected them to

irradiation at 50 and 100 kVp. The findings revealed that the enhancement in dose depo-

sition within the first 10 nanometers was greater for the larger AuNPs irradiated with the

lower energy source.

While kilovoltage X-rays have demonstrated effectiveness in dose enhancement, in-

vestigations into the effects of external sources such as megavoltage and brachytherapy

seeds have also been conducted. It has been determined that the number of 30 nm-

diameter nanospheres required to induce a single photoelectric event in a cell using a 6

MV source is approximately a thousand times greater than when utilizing an I-125 source.

Furthermore, with a 6 MV source, doubling the prescribed dose would necessitate around

1000 mg of gold per milligram of tumor, which is a concentration that is not clinically fea-

sible [30].

Nevertheless, secondary electrons play a significant role in the dose distribution for

this type of therapy. When the dose is localized around a 50 nm-diameter nanoparticle,

photons account for only 42% of the total dose near the nanoparticle’s surface, increasing

to 97% at a distance of 10 µm [35]. It has also been demonstrated that for irradiation with

a 6 MV photon source, no radiosensitization effects were observed for an extracellular

distribution (2% mass weight) of 15 nm-diameter gold nanoparticles. In contrast, with an

I-125 source, the nanoparticle diameter affects energy deposition, with the greatest dose

enhancement occurring for smaller nanoparticles, unlike the situation with kilovoltage

X-ray sources [36].

It has also been demonstrated that when using a radiation source with energy below

the K-edge of the gold atom (80.7 keV), photoelectric absorption occurs predominantly
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in the external atomic shells. In this energy range, the localization of nanoparticles be-

comes a crucial factor in cell radiosensitivity because the photoelectrons generated have

limited ranges, and Auger electrons contribute significantly to the total escaping energy

[37]. Conversely, with a more energetic source like 300 kVp, photoelectric absorption

primarily occurs in the K-shell, indicating that the most significant contribution to dose

enhancement comes from high-range photoelectrons.

Figure 3.6 illustrates how various sources influence the energy spectrum emitted by

a 30 nm AuNP. For lower energy sources, such as Pd-103 and I-125, electron ranges are

confined within a single cell, assuming a hypothetical cell radius of 10 µm. In contrast,

higher energy sources cause photoelectrons to traverse multiple cells [30].

FIGURE 3.6: Range of electrons escaping a gold nanoparticle for different radiation
sources [30].

In general, studies have indicated a higher treatment efficacy when using external ra-

diation sources in kilovoltage X-rays. However, there have been limited investigations

into the radiosensitization induced by irradiating gold nanoparticles (AuNPs) with pro-

tons. In a 2014 study [35], it was reported that, for distances ranging from 1 to 10 µm from

the surface of a 50 nm AuNP, monoenergetic proton beams produced a dose enhance-

ment of 14 for all energies studied. Unlike photon irradiation, the dose enhancement was

found to be nearly independent of the proton’s incident energy. Furthermore, the number

of electrons generated per particle fluence was considerably higher compared to a 6 MV
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photon source. At a distance of 10 µm, the dose enhancement produced by 250 kVp pho-

ton irradiation was approximately 20 times greater than that of a proton source. These

results were confirmed by a study published a year later, which showed that although

proton irradiation exhibited an increase in energy deposition, it resulted in a substantial

reduction in dose and a very low likelihood of interaction with the AuNP compared to a

kilovoltage beam [38].

Many studies have traditionally focused on spherical geometry when considering

nanoparticles and cells, simplifying the complexities of real-world scenarios. However,

this approach may not fully capture the diverse geometries and arrangements of gold

nanoparticles and cells in actual biological systems. In a study published in 2016 [36], re-

searchers explored the impact of using an I-125 source enclosed by a gold nanoshell with

varying internal and external diameters. The findings indicated that, generally, the dose

enhancement was less than 1 for small distances, but it reached higher values when the

distance from the nanoshell ranged from 10 nm to 200 nm. This study highlighted that

the size of both the internal and external diameters of the nanoshell played a significant

role in maximizing dose enhancement.

In terms of cell geometry, a 2017 study [33] assumed the presence of nanoparticles (15

nm) distributed in the extracellular medium. The study concluded that radiosensitization

was slightly greater in the case of an elliptical cell with a high eccentricity. Additionally,

variations in the distance between the cell’s core and membrane were found to influence

the radiosensitization effect. Consequently, the distribution of lethal damage within the

cell nucleus exhibited heterogeneity, strongly correlating with the distance to the extra-

cellular medium containing nanoparticles. These findings underscore the importance of

considering realistic cell geometries and nanoparticle distributions in studying radiosen-

sitization effects.

Another crucial factor in the context of cell radiosensitivity is the localization and

concentration of nanoparticles within the cell. Many studies have consistently shown

increased radiosensitivity when nanoparticles are in direct contact with the cell nucleus

([34], [37], [38]), emphasizing the significance of localized dose deposition. In cases where

nanoparticles are distributed throughout the entire cell, including the nucleus that con-

tains DNA, the vulnerability of the nucleus to the effects of gold is heightened, reducing

the relative importance of cell geometry in dose deposition [33].

When cells take up AuNPs, a significant portion of them are internalized through
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endocytosis and subsequently reside in the lysosomes, with limited access to the nu-

cleus [35]. For instance, a study conducted in vivo [37] revealed that AuNPs are dis-

tributed randomly in the cytoplasm but do not penetrate the nucleus of PC-3 prostate

cancer cells. Moreover, a nanoparticle concentration of 2 mg/mL in the cell culture media

corresponded to a gold accumulation in the cytoplasm of 0.84 mg/mL, resulting in a con-

centration uptake ratio of 0.42. In such cases, if a kilovoltage photon source is employed,

the irradiated AuNPs can generate electrons with sufficiently long ranges to reach the

nucleus.

Figure 3.7 illustrates survival curves for a spherical cell with a spherical nucleus when

exposed to a 250 kVp photon beam, a proton beam, and a 6 MV photon beam. All scenar-

ios involve gold nanoparticles with a 50 nm diameter, but the concentration is ten times

lower for the kilovoltage source. Interestingly, irradiation with protons and megavoltage

photons results in significantly lower cell death [38]. Furthermore, for photon irradiation,

the nanoparticle’s location within the cell has a prominent impact on dose enhancement.

In proton irradiation, concentration becomes a critical factor only when nanoparticles are

distributed within the cell nucleus. When nanoparticles are internalized within the nu-

cleus, proton irradiation generates a sufficient number of secondary electrons to induce

DNA damage, underscoring the importance of cell uptake in this type of therapy [35].

FIGURE 3.7: Survival curves for different distributions of AuNPs (=GNPs) within a cell,
considering various radiation sources: kilovoltage photons on the left, protons in the

middle, and megavoltage photons on the right [38].

Besides the nucleus, a study conducted in 2006 explored the physical effects induced

by ionizing radiation in various cellular compartments, encompassing the cytosol and mi-

tochondria [39]. Cell death from ionizing radiation is traditionally linked to DNA dam-

age, implying that nanoparticles should be placed into the cell nucleus for efficient tumor
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tissue destruction. The researchers investigated how gold nanoparticles, which tend to ac-

cumulate in the cytoplasm, affect radiation therapy in homogeneous and heterogeneous

cellular configurations. For homogeneous cells, the addition of 1% gold was found to in-

crease both energy transfer and the total number of ionizations for all materials studied.

In the more realistic heterogeneous cell model, introducing 1% gold into the cytosol signif-

icantly enhanced energy deposition by 32% in the mitochondria and 13% in the nucleus.

This was due to photoelectrons transferred energy within the cytosol on a submicrometer

scale, with a greater impact on mitochondria due to its larger surface area in contact with

the cytosol compared to the nucleus. Although gold nanoparticles are mainly found in the

cytosol, they could still enhance dose effects in the nucleus and mitochondria, especially

in the latter organelle.

3.3.1 Local Effect Model

In recent years, some studies have explored how various factors, including the size of

AuNPs, the type of radiation source, cell geometry, and nanoparticle distribution, affect

cell radiosensitization. The non-uniform dose distribution induced by gold nanoparticles

was a crucial factor in these studies, motivating the implementation of the Local Effect

Model (LEM).

This model was originally developed for tumor treatment using heavy ions, which

have a high relative biological effectiveness (RBE) because of the unique dose distribution

within each particle track [40]. Since high local doses create lesions with a reduced likeli-

hood of repair, cell killing is optimized. This principle is also applicable in systems using

AuNPs as radiosensitizers because of their unique dose distribution patterns. Therefore,

LEM has been tested in this context as well.

As previously stated, gold nanoparticles generate an extremely high dose in their im-

mediate surroundings due to the emission of many secondary electrons. The Local Effect

Model takes into account the radial dose distribution formed by the secondary electrons

around the primary particle track, which enables accurate estimations of the deposited

energy.

In practical applications of the Local Effect Model (LEM), the required input param-

eters encompass local doses, the cell’s geometric model (which includes the volume of

the nucleus and the distribution of gold nanoparticles) and the dose-response curve spe-

cific to sparsely ionizing radiation [40]. Furthermore, the survival cell curve predicted by
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this model contains the radial dose distribution attributed only to the gold nanoparticles

added to the uniform dose provided by X-rays that do not interact with the nanoparticles

[32].

FIGURE 3.8: Exemplification of the LEM principle, where the nucleus is divided into
small compartments [41].

After acquiring the aforementioned input parameters, the radial dose distribution

generated by the gold nanoparticles is applied to the cell nucleus. The nucleus is sub-

sequently subdivided into compartments with uniform doses, as depicted in Figure 3.8,

and the number of lethal lesions is determined using the X-ray dose-effect curves, as fol-

lows.

For irradiation without gold nanoparticles, cell killing is induced by a homogeneous

dose, and the mean number of lethal events is determined by Equation 3.2, which takes

into consideration the survival fraction (S). As mentioned in Section 3.2, when a tissue

is exposed to ionizing radiation, the fraction of surviving cells is described by the linear-

quadratic model (Equation 3.1). The LQ model depends on parameters such as α and β

along with the mean dose computed on a macroscopic scale, averaged across a volume of

cells.

N̄X(D) = −log(S[D]) = αD + βD2 (3.2)

In the case of using AuNPs as radiosensitizers, a similar dose leads to a higher number

of cells killed, hence the need to consider inhomogeneous radiation for lethal events. In

the Local Effect Model (LEM), it is assumed that lethal events can occur independently

of interactions between sublethal damages over relatively large distances on the order of

micrometers [41]. Another fundamental assumption in LEM is that the event densities*

*The lethal event density corresponds to the fraction between the number of lethal lesions and the target
volume.
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resulting from photon irradiation, with or without the presence of gold nanoparticles,

are equivalent for the same local dose. This implies that the local biological effect remains

consistent regardless of the specific type of radiation responsible for the local dose. There-

fore, when considering νg (⃗r) and νx (⃗r) as the lethal event densities at a specific point (⃗r)

for irradiation in the presence and absence of gold nanoparticles, respectively, the equa-

tion νg (⃗r) = νx (⃗r) holds true [41]. Consequently, for a subvolume ∆V, the average number

of lethal lesions can be expressed as:

N̄AuNP = νg (⃗r) ∆V = νx (⃗r) ∆V =
N̄X(D[⃗r])

V
∆V (3.3)

Thus, for an inhomogeneous radiation field, the total number of lethal events Ntot

can be calculated by the lethal events produced by an homogeneous dose at each point

r⃗ integrated over the whole target volume [40]. By combining this consideration with

expressions 3.2 and 3.3, it follows:

Ntot =
∫

V
− log(S[D])

V
dV (3.4)

Finally, with the lethal events induced by the dose distribution caused by the gold

nanoparticles, the survival fraction (Sg) resulting from its inhomogeneous field is deter-

mined by Equation 3.5.

Sg = e−Ntot (3.5)

It should be noted that the linear-quadratic (LQ) model tends to overestimate the re-

sponse at high doses above a threshold dose, and sometimes the linear-quadratic-linear

(LQL) model is employed as an alternative [38], but in this work, only the LQ model will

be used.

Additionally, this method relies on the dose distribution induced solely by the gold

nanoparticles, which is not directly obtained from Monte Carlo simulations. Typically,

the data are expressed in terms of Gy/history, neglecting the probability of interaction

between the particles emitted by the source and the gold nanosphere. For example, Figure

3.7 depicts survival curves using LEM, where the dose was calculated by multiplying the

dose from a single ionizing event by the number of AuNPs, the interaction probability

per Gray, and the prescribed dose.
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FIGURE 3.9: Comparison of the survival curves derived from experimental data with the
predictions made by the LEM model, revealing a high degree of concordance [32].

Despite the additional assumptions and uncertainties introduced by LEM, they are

preferred because standalone Monte Carlo simulations often underestimate radiation ef-

fects when compared to experimental results, possibly due to a lack of consideration

for chemical interactions [6]. The Local Effect Model has displayed promising results,

showcasing a strong agreement between its predicted curves and those derived from ex-

perimental irradiations, as depicted in Figure 3.9. Nevertheless, it’s imperative to high-

light that for an emerging theoretical approach like LEM, thorough validation is essential

before its application in medical therapy. Additionally, it’s important to acknowledge

that the results obtained carry a degree of uncertainty, emphasizing the need for cross-

validation using various simulation codes to ensure the robustness and reliability of the

outcomes.



Chapter 4

Computational Techniques

4.1 Monte Carlo

The scientific approach to understanding nature involves two fundamental compo-

nents: conducting observational experiments and creating theoretical hypothesis. Various

mathematical, computational, and simulation techniques aid in the collaboration between

these components. The Monte Carlo method effectively encompasses and utilizes these

diverse approaches.

Stochastic sampling methods were known long before the computer era. In 1777,

Comte de Buffon proposed a method resembling Monte Carlo to determine the outcome

of an ”experiment”. This involved repeatedly tossing a needle onto a sheet of paper filled

with lines and calculating the probability of the needle crossing one of the lines [42]. In

1947, the first suggestion to use stochastic sampling methods for radiation transport cal-

culations was documented. Two years later, Metropolis and Ulam, who were engaged

in nuclear weapons projects at Los Alamos, coined the term ”Monte Carlo” to define a

class of numerical methods relying on random number usage [8]. Today, the Monte Carlo

method is a numerical technique employing repetitive random sampling to simulate the

behavior of intricate systems.

In practice, pseudo-random number generators are used. Unlike rolling dice or spin-

ning a roulette wheel, pseudo-random algorithms generate deterministic sequences that

depend on initial values, known as seeds. Simulations with different random seeds en-

sure simulations with independent statistics, while identical seeds produce identical sim-

ulations. Thus, pseudo-random number generators allow the creation of sequences with

49
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arbitrary behavior, and using the same seed becomes a valuable tool for code validation,

program installation verification, and error correction.

The main drawback of the Monte Carlo method lies in the statistical uncertainties asso-

ciated with the random nature of the generated sequences. Reducing these uncertainties

involves increasing the sampled population and, consequently, the computational calcu-

lation time. Nevertheless, Monte Carlo simulation has evolved into a widely used tool in

radiation physics research due to its capability to estimate parameters related to particle

transport within specific mediums. In medical physics, this approach proves exception-

ally valuable across diverse applications, including predicting patient dose deposition,

enhancing X-ray image reconstruction, optimizing radiotherapy procedures, and calcu-

lating radiological protection metrics [16].

The fundamental concept that defines radiation transport simulation is the trajectory

of a particle. As radiation passes through the medium, it interacts with its constituents,

causing the initial particles to change their direction, lose energy, and occasionally gener-

ate secondary particles. A particle’s history encompasses its entire path, consisting of a

sequence of successive random flights resulting from the interaction events it experiences.

For a photon, its history is defined by a low average number of interaction events. As

previously mentioned, a single photoelectric event, pair production event, or a few Comp-

ton interactions are adequate for a photon to completely lose its energy. Consequently,

simulating photon transport using the Monte Carlo method is relatively straightforward.

On the contrary, a high-energy electron can undergo millions of elastic scattering

events before it stops. This meticulous analysis, which involves tracking every interaction

in the trajectory of such particles, is referred to as analog simulation and requires a con-

siderable amount of computational time. To address this, techniques have been devised

to simulate condensed histories, which optimise electron transport by encompassing the

effects of multiple interactions within each step of the simulation [8].

4.1.1 Radiation Transport in Therapy

The trajectory of a specific particle is determined by its state immediately after an in-

teraction, meaning it is defined by its position coordinates r⃗ = (x, y, z), energy E, and

propagation direction d̂ = (u, v, w). The mean free path < s > between collisions, the in-

teraction mechanism at play, angular deflection, and energy loss are all random variables
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extracted from their respective probability distribution functions using various random

sampling techniques [8].

In particular, the length s, which represents the distance covered between interactions,

is computed using the inverse-transform method. This technique employs the inverse

of the cumulative distribution function to sample a variable with a known probability

distribution. It is established that s follows a continuous random distribution as described

by Equation 2.3. The cumulative probability function corresponding to this distribution,

denoted as F(s), varies between 0 and 1 and is defined as:

F(s) =
∫ s

0
p(s)ds =

∫ s

0
µ e(−sµ)ds = 1 − e(−µs) (4.1)

The cumulative distribution function is a function that increases monotonically with

the variable s, and as a result, it possesses an inverse function denoted as F−1(ζ) (as

illustrated in Figure 4.1.a). If there exists a random variable ζ such that ζ = F(s), then

its distribution follows a uniform pattern between 0 and 1. This principle also works in

reverse: if ζ is a random variable that is uniformly distributed between 0 and 1, and s

is another random variable linked by the relation s = F−1(ζ), then the distribution of s

corresponds to the function p(s).

FIGURE 4.1: Representation of two different Monte Carlo sampling techniques. a) Ran-
dom sampling from a distribution p(s) using the inverse-transform method [8] b) Ran-

dom sampling using a simple rejection method.

Equation 4.1 provides the means to sample the distance s between interactions. To

maintain notation appropriate for varying geometries [42], the introduction of the variable

λ is advantageous. This variable signifies the accumulation of the number of mean free

paths (MFP) in each medium i, and it establishes a relationship with Equation 2.4 in the

following manner:
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λ = ∑
i

si

< si >
= ∑

i
µisi (4.2)

Consequently, the distance traveled between interactions can be sampled using a uni-

formly distributed random variable ζ within the interval [0,1], as illustrated below*:

ζ = 1 − e−λ ⇔ λ = −ln(1 − ζ) ∼= −ln(ζ) (4.3)

Apart from calculating the distance covered between collisions, it’s equally crucial to

identify the specific interaction to be simulated. As explained in Section 2.1, the most

common interactions within the domain of radiation therapy’s energy range include Pho-

toelectric absorption (A), Rayleigh scattering (R), Compton scattering (C), and pair pro-

duction (P). Hence, the linear attenuation coefficient encompasses the cumulative impact

of all these effects.

µtot(E) = µA(E) + µR(E) + µC(E) + µP(E) (4.4)

It’s worth noting that the probability of a specific event occurring is calculated by

dividing the characteristic attenuation coefficient of that particular interaction by the to-

tal attenuation coefficient. By utilizing a randomly generated number ζ2 uniformly dis-

tributed in the range [0, 1], the interaction type can be determined as follows [42]:

ζ2 ∈



[0, µA
µtot

] → Photoelectric absorption

[ µA
µtot

, µA+µR
µtot

] → Rayleigh scatter

[ µA+µR
µtot

, µA+µR+µC
µtot

] → Compton scatter

[ µA+µR+µC
µtot

, 1] → Pair production

Once the interaction type and the distance between collisions are determined, values

for energy loss (denoted as W) and the characteristic deflection angles (θ and ϕ) need to

be established.

*This equivalence arises from the fact that 1 − ζ, akin to ζ, is a random number uniformly distributed
between [0,1], thereby avoiding one subtraction and leading to slightly faster computation [8]



4. COMPUTATIONAL TECHNIQUES 53

Because the molecules in the medium are randomly oriented, the differential cross-

sections are unaffected by the azimuthal angle. This suggests that the azimuthal an-

gle at each collision is uniformly distributed throughout the range [0, 2π]. Given that

dΩ = sin(θ)dθdϕ and that σ is obtained by integrating the double differential cross-

section, as described in Equation 2.2, the random variables θ and W have well-known

probability distributions [8], which can be efficiently sampled using appropriate meth-

ods. It is important to emphasize that both probabilities and cross-sections are affected by

the particles’ starting energy.

p(ϕ) =
1

2π

p(θ, W) =
2π sin(θ)

σ

d2σ(θ, W)

dΩdW

(4.5)

After sampling these variables, the particle’s energy is reduced, and its movement di-

rection is changed to d̂n = (u′, v′, w′) through rotations of the initial direction d̂n−1. As a

result, the positions of a specific collision depend on the previously generated variables,

namely r⃗n+1 = r⃗n + sd̂n. This principle operates under the assumption that particle trans-

port follows Markov processes, where ’future values of a random variable (interaction

event) are statistically determined by present events and depend only on the event imme-

diately preceding’ [8].

The rejection method is a notable Monte Carlo technique for sampling variables with

probability density functions (PDF) such as those presented in Equations 4.5. This algo-

rithm can be comprehended through straightforward graphical explanations, exemplified

in Figure 4.1.b.

The rejection method samples a random variable from a different distribution than

p(x) and then puts it into a random test to decide whether it should be accepted or re-

jected for future applications [8]. When a PDF Γ(X) generates a random value x, a corre-

sponding random value y is uniformly distributed in the interval (0, cΓ(X)), where c is a

positive constant. The points (x, y) created in this manner are clearly evenly distributed

in an area A below the curve y = cΓ(X). If (x, y) are uniformly distributed in the area

A and cΓ(X) ≥ p(x), then the locations where y ≤ p(x) have their x-coordinate scat-

tered according to p(x). This is equivalent to rejecting the point where y ≥ p(x); hence,
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expressing p(x) = cΓ(x)r(x), where Γ(x) is a PDF that is simple to sample, c > 0, and

0 ≤ r(x) ≤ 1, a rejection process is properly specified.

With this technique, it is possible to sample from any probability density function in

a flexible way. However, it might not always be the simplest or most effective course of

action. The simple rejection method offers a direct algorithm, but its efficiency compared

to the inverse-transform method depends on the properties of the specific distribution

[42].

4.1.2 Analog simulation vs. condensed history

The trajectory of a particle is determined by calculating specific parameters that are

sufficient to generate the particle’s path. With each collision, new variables are computed,

and all steps are iterated, as depicted in Figure 4.2. The simulation ends when the particle

exits the region of interest or when its energy falls bellow a certain value (Ecut), indicating

absorption.

FIGURE 4.2: Illustration depicting the generation of random trajectories using a detailed
simulation approach [8].

The outlined process takes into account all interactions taking place within the ge-

ometry of interest, along with all deviations experienced by the simulated particle. This

approach is referred to as analog simulation. This method is applicable to photons due

to the fact that the average distance between two interactions in the therapeutic energy

range is comparable to the dimensions of the considered geometries [42].

However, the same principle doesn’t apply as effectively to electrons. For radiother-

apy energies, electrons follow intricate paths, undergoing numerous collisions within the

medium. As a result, determining electron transport parameters using analog simulations

is computationally time-intensive and unfeasible. Despite this, in the case of electrons,
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nearly all collisions are either elastic or semi-elastic, involving small energy transfers to

the surrounding medium and slight deviations in the initial direction at small angles.

To accelerate computational processes, a strategy known as the condensed history tech-

nique is employed. This approach, introduced in 1963, involves grouping multiple soft in-

teractions into a single event, effectively replacing numerous small deflection angles with

a single larger multiple scattering angle. As a result, the simulation implicitly considers

soft collisions, where charged particles progressively transfer energy to the medium. On

the other hand, hard collisions are explicitly simulated, following a methodology sim-

ilar to that used for photons [42]. Distinguishing between these types of interaction is

based on assigning arbitrary values, denoted as WCC for collision mechanisms and WCR

for bremsstrahlung processes. In practical terms, ”soft collisions” refer to events where

collisional interactions transfer energy within the range E ∈ ]0, WCC] to secondary parti-

cles. Consequently, the parameter WCC sets a threshold for the maximum range of charged

secondary particles within the medium under consideration. Ensuring the accuracy of

simulation outcomes sometimes requires that the chosen value for WCC is smaller than

the spatial resolution of the geometry. However, extremely small values of WCC result

in longer computational times, so a careful balance must be taken into account. Similar

considerations apply to the bremsstrahlung production threshold, WCR.

In addition to the defined energy thresholds, another parameter called the ”maximum

step size” (DSmax) is introduced, which imposes a limit on the distance covered between

consecutive condensed history steps. If the distance sampled exceeds this predefined

maximum value, the particle’s trajectory is adjusted to cover a distance of DSmax, devi-

ating from the originally sampled value. Upon completing this adjusted distance, the

particle’s energy and direction remain unchanged, resulting in what is termed a ”delta

interaction” [8]. This maximum step size becomes particularly relevant when dealing

with very thin volumes. In such cases, if a lengthy distance is randomly sampled, the

particle might traverse a thin medium without undergoing significant interactions, ig-

noring the medium’s influence. The introduction of DSmax ensures that the conclusion

of a condensed history step is determined either by reaching the maximum step size or

encountering the next hard interaction.
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4.2 PENELOPE

The Monte Carlo algorithm and computer code used for simulating coupled electron–

photon transport in this study is the 2018 version of PENELOPE. The name stands for

”PENetration and Energy LOss of Positrons and Electrons”, which was established in

1996. Subsequently, enhancements were made to include photon interactions, as well as

improvements aimed at enhancing the code’s reliability and flexibility [8]. The core of the

system is based on a set of Fortran * subroutines designed to handle the complexities of

the transport process. As a result, the programs should be compatible with any platform

equipped with a Fortran 90 or later compiler. It’s important to emphasize that measure-

ments are presented in centimeters for lengths, degrees for angles, electronvolts (eV) for

energies, and seconds for times.

The interaction models employed, along with their associated databases in PENE-

LOPE (refer to Appendix C.1), facilitate the simulation of electron/positron and photon

transport over a wide energy range spanning from 50 eV to 1 GeV [8]. Furthermore,

PENELOPE provides users with the capability to develop their own simulation programs,

incorporating custom geometries and scoring methodologies, all without necessitating a

profound grasp of the theoretical intricacies of scattering and transport theories.

To better comprehend the importance and practical application of Monte Carlo tech-

niques in radiation transport simulations, the following succinct explanation elaborates

on how the PENELOPE system employs these methods to generate specific quantities

during photon interactions. Equations 2.8, 2.9, 2.10, and 2.11 are employed to describe

the differential cross sections of the photon processes.

The initial step involves using these equations to construct the probability density

function of a variable X in the form: p(X) = Γi(X) gi(X), as illustrated in Table 4.1 for the

case of the photoelectric effect. The functions for other interactions are presented in the

Appendix C.1.

TABLE 4.1: An example of the PDFs employed for simulating Photoelectric absorption in
PENELOPE.

*Fortran is a high-performance parallel programming language, representing an optimal tool to perform
fast arithmetic computation over large numeric arrays [43].
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Then, for each interaction, Monte Carlo techniques such as the inverse-transform method,

rejection method, or RITA algorithm * are utilized to generate random values from the

probability distribution Γ(X). For instance, in the case of the photoelectric effect, the vari-

able ν = 1 − cos(θ) ranges from 0 to 2. Here, the function g(ν) is always positive and

reaches its peak at ν = 0, while the function Γ(ν) is also positive and normalized to unity.

A random variable ζ can be generated using the inverse-transform method as follows:

ζ =
∫ ν

0
Γ(ν′)dν

⇔ ζ =
∫ ν

0

A(A + 2)2

2
ν′

(A + ν′)3 dν′ ⇔ ζ =
(A + 2)2

2
ν2

2(A + ν)2

⇔
(

4ζ

(A + 2)2 − 1

)
ν2 +

(
4ζ

(A + 2)2 2A

)
ν +

4ζ A2

(A + 2)2 = 0

This approach allows for the generation of the variable X, in this case ν, using the

distribution Γ(ν):

ν = 2A
2ζ + (A + 2)ζ

1
2

(A + 2)2 − 4ζ
(4.6)

Finally, random sampling can be performed using the rejection method, in which a

random number U is generated and then compared to the function g(ν) to decide if it is

accepted or rejected. This action eventually results in the angular deflection of the pho-

toelectron. The process described is illustrated in Figure 4.3, which provides a schematic

representation applicable to all photon interactions.

4.2.1 PenEasy

PENELOPE cannot operate independently; it functions as a subroutine package and

therefore requires a steering main program to simulate specific problems. For this pur-

pose, the main program utilized in this study is penEasy, responsible for defining the

essential parameters required for the simulation. PenEasy employs an input file with the

*Rational Inverse Transform with Aliasing, developed by PENELOPE to simulate elastic collisions of
electrons and positrons, and coherent (Rayleigh) scattering of photons
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FIGURE 4.3: A schematic representation exemplifying how PENELOPE operates during
photon simulations.

extension *.in, structured into distinct ordered sections to enhance the user’s simulation

experience. The layout of this text file is depicted in Figure 4.4.

Upon executing the input file, the program generates an output file that allows users

to monitor the simulation’s progress and verify the processed data against the initially

anticipated input. Furthermore, by reviewing the final sections of the PenEasy output

file, users can promptly identify potential errors or discrepancies in data entry.

Additionally, dump files and dat files are generated. The former provides a snapshot

of the code’s state at regular time intervals at the end of the simulation. This feature is

particularly useful when simulations conclude before attaining the desired statistical pre-

cision. With dump files, users can resume calculations from the precise point at which they

were interrupted. The latter, dat files, contain data derived from dosimetric calculations

based on the performed tallies.

The subsequent sections will focus on four significant parts of the input file: source

models, geometry, transport parameters and tallies. However, only the settings relevant

to this study will be highlighted, with some details omitted.

4.2.2 Source Models

There are two distinct methods for specifying the simulation source: Source Box-

Isotropic-Gauss-Spectrum (BIGS) and Source Phase Space File (PSF). If both models are

enabled simultaneously, an error will occur and the code will terminate.
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FIGURE 4.4: Tree diagram illustrating the structure of the PenEasy input file.

The key distinction between these two models is that the PSF source necessitates the

incorporation of an external file, whereas the BIGS source is established within the pro-

gram by defining several parameters. Moreover, the BIGS source can be conveniently

replicated to generate multiple primary particles per iteration, making it a more versatile

model.

Source Box-Isotropic-Gauss-Spectrum (BIGS)

When defining a radiation source, it’s crucial to specify the particle type of the ini-

tial radiation. In PENELOPE coding, electrons, photons, and positrons are respectively

represented by the numbers 1, 2, and 3.

Next, it is mandatory to describe the spatial position of the radiation source. The BIGS

model assumes that particle positions are generated inside a cuboid, known as the source

box, whose center coordinates and size must be determined. One advantage of the BIGS

model is that it allows the rotation and translation of the box center position, covering a

wide range of possible configurations of the source.

Due to the possibility of the box source overlapping with various geometry compo-

nents of different materials, PenEasy includes a setting called ”source material” that mod-

ifies the portion of the box that actually serves as the source. As a result, the source can

encompass the entirety of the box, regardless of the material in which it is positioned, or

it can be limited to the region aligned with the specified material. In scenarios where the

source box contains multiple geometries constructed from the same material, the ”source
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material” option can be employed to adjust the source volume and achieve the desired

shape.

Additionally, the emitted particles from the source must possess a specific emission di-

rection. This direction is characterized by three sets of coordinates: the ”direction vector”,

followed by the ”direction polar angle interval”, and finally, the ”direction azimuthal an-

gle interval”. The initial set determines the coordinates of the reference vector, from which

the angles are calculated. The spherical window established by the angle limits ensures

isotropic particle emission. The polar angle set comprises two values, θ0 and θ1, both

falling within the interval of [0◦, 180◦], while the azimuthal angle set is determined by ϕ0

and ∆ϕ, which can assume values within the range of [0◦, 360◦].

Energy is another fundamental aspect of the source. The primary particles generated

possess an energy spectrum defined by two columns of numbers: one indicating the initial

energy of a channel and the other representing the unnormalized probability. As long

as the probabilities remain non-negative, the software proceeds to normalize them. If a

negative probability is encountered, the list is terminated, indicating the completion of

the energy spectrum construction.

Through the particle type, spatial position, emission direction, and energy spectrum,

the source attains complete definition.

Source Phase Space File (PSF)

The initial particle states in this source model are obtained from an external phase-

space file (PSF), as indicated in the PSF FILENAME field. This file is constituted by fifteen

columns, indicated in Table 4.2. The position vector and flight direction of each parti-

cle are obtained from the PSF and are rotated depending on the Euler angles. After the

rotation, all particle locations may be modified by applying a translation.

The current history number N is adjusted by the Fortran code of the PSF source model

to match the value in the ”parent” simulation. For this, PenEasy has established the vari-

able ”dn” to represent the increase in the history number compared to the previous record.

Since the main program automatically increments N by one unit, it is essential to subtract

one unit from N every time the source routine is invoked. For instance, N will rise by 4

units if dn=5 [44].
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TABLE 4.2: Labels of the columns presented in a Phase Space File produced by PenEasy.

As indicated in the final row of Table 4.2, five labels provide a description of the origin

of secondary particles. This becomes especially valuable when examining partial contri-

butions from particles.

The initial element, ILB1, can assume the value of 1 if it relates to a primary particle or

2 if the particle is a direct descendent. In the latter case, ILB2 denotes the parent particle’s

type (1, 2, or 3), while ILB3 stands for the interaction mechanism responsible for generat-

ing the particle (labeled in accordance with table C.3). Moreover, ILB4 takes a numerical

value calculated through Equation 4.7, where Z is the atomic number, and ISi represents

the labels of the active atomic electron shells (referred to in the Table C.2). Lastly, ILB5 is

an arbitrary label defined by the user to identify the particle’s descendants.

ILB4 = Z × 106 + IS1 × 104 + IS2 × 100 + IS3 (4.7)

4.2.3 Geometry

During practical simulations of radiation transport, the inclusion of geometrical oper-

ations are crucial for defining the active medium and its alteration, when particles traverse

interfaces. In the context of PENELOPE, these operations are executed by a dedicated

Fortran subroutine package called PENGEOM [8]. This section focuses exclusively on the

quadric geometry model despite the available of alternative geometry models.

The quadric geometry model characterizes any geometry as a system comprising ho-

mogenous bodies enclosed by quadric surfaces. These bodies can be organized into mod-

ules, which can then be interconnected with other modules to construct larger, more in-

tricate structures, enhancing computational efficiency. This approach allows the creation

of a 3D body with assigned material.
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Within the PENGEOM package, bodies are universally bounded by quadric surfaces.

Using simple analytical functions to define surfaces simplifies the computation of inter-

face crossings [8]. Consequently, the master equation that governs all surfaces is provided

by the ”implicit” Equation 4.8.

G(⃗r) = Axxx2 + Axyxy + Axzxz + Ayyy2 + Ayzyz + Azzz2 + Axx + Ayy + Azz + A0 (4.8)

The geometry’s structure demands the use of three separate operations: scaling (S),

translating (T) and rotating (R), described by equations 4.9a, 4.9b and 4.9c.

S(α)⃗r = (αxx, αyy, αzz) = (x′, y′, z′) (4.9a)

T(t)r̃ = r⃗ + t⃗ = (x + tx, y + ty, z + tz) (4.9b)

R(ω, θ, ϕ)⃗r =


cos ϕ − sin ϕ 0

sin ϕ cos ϕ 0

0 0




cos θ 0 sin θ

0 1 0

− sin θ 0 cos θ




cos ω − sin ω 0

sin ω cos ω 0

0 0 1

 (4.9c)

Through the application of these operations, a new surface can be generated, although

the order of the transformations should be scale-rotate-translate. This is because the prod-

uct of the same factors in reverse order transforms the initial vector into a total different

result.

These spatial operations can also be applied to the Equation 4.8 in order to obtain a

reduced form of the analytical equation of a quadric surface, given by the equation 4.10.

G(⃗r) = I1x2 + I2y2 + I3z2 + I4z + I5 (4.10)

In this reduced form, the indices Ii can only take the values −1, 0 or 1. Besides, the

equation have central symmetry about the z-axis.

A surface can be defined in implicit form by the function G(⃗r) = 0, which represents

the boundary of two regions. When creating the geometry file, it is important to correctly

identify which side of the surface the body encounters. This characterization depends on

a parameter called ”surface side pointer” (SP). If SP = −1 for a point with coordinates b
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contained in a body, then G(b) ≤ 0, indicating that the body is inside the surface. Oth-

erwise, if SP = +1, G(b) > 0 and the body is outside the surface. Consequently, as a

particle crosses a surface, its SP changes. The SP values of the surfaces at the particle’s

present position must be checked in order to appropriately identify the body through

which the particle is traveling.

In the course of a simulation, the computation of where particle track segments meet

with boundary surfaces is the primary geometric process that must be repeated many

times over. The program determines if the particle track segment crosses any of the sur-

faces by solving the equation below:

G(r⃗0 + sd̂) = 0 (4.11)

This equation assumes that a particle starts a free flight from a point with coordinates

r⃗0 and travels a distance s in the direction d̂ until it intersects the surface. As a result,

G(r⃗0 + sd̂) is the value of the surface function along the ray. This indicates that a particle

will interact with the surface during its free flight of length s0 if there exists a solution s

for Equation 4.11 where s ≤ s0. In addition, only intersections ahead of the ray must be

considered, hence s > 0.

Quadric surfaces are flexible enough to model many material structures because their

equation for the ray intersections (Eq. 4.11) is quadratic. For a plane surface, there is

only one root, but for other types of surfaces, quadric surfaces consider three potential

solutions: if the particle intersects the surface twice, the ray equation has two real roots;

if it grazes the surface, there is only one real root with a multiplicity of two; finally, the

equation may not have any real roots and the particle does not hit the surface.

Input geometry file

The geometrical model mentioned above introduces its elements through a plain text

file named *.geo, made up of a series of blocks that specify the various elements. For the

geometry to be correctly read, a separate line filled with zeros must precede and succeed

each of the blocks.

Following the ”zero segment”, there is a 8-character string indicating the type of ele-

ment (surface, body, or module)*, followed by a 4-character string label present between

*There are other possible types, but they won’t be mentioned.
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parenthesis. It is imperative to ensure the correct number of characters in each compo-

nent, even if it is a white-space character because it is critical to successfully define the

system. Since modules are constituted by bodies, which are defined through surfaces, the

geometry file must have its blocks ordered accordingly.

First, the surface element must have a segment specifying the indices of the quadric

structure. If the reduced form (Equation 4.10) is employed, a line like ”INDICES=(I1,I2,I3,I4,I5,I6)”

must be written, followed by the scaling, rotating and translating transformations men-

tioned before. When using the implicit form, all indices are set to 0, and the parameters

present in Equation 4.10 should be defined below. In this case, there is no need for scal-

ing operations but the other transformations are defined after a line filled with ones. In

both cases, these parameters can be entered in any sequence and even more than once,

accepting only the last input value. A detail that must be noted is that every numeri-

cal parameter must be expressed as a 22-character string; thus when written in scientific

notation, a number must have 15 decimal places (format E22.15). Also, each number is

enclosed in brackets and has a corresponding 4-character string, separated by a comma,

that must be set to zero for the parameter value to be valid.

Secondly, the body should be described through the previously mentioned surfaces.

After the definition of the body and its associated label, there is a line specifying the

material number. This value should agree with the convention adopted in the ”transport

parameters” of the simulation, presented in Section 4.2.4. Then, each limiting surface

with its side pointer must be written in a line. It is not necessary to declare the limiting

bodies because they are supposed to be specified in ascending order. However, all of the

components that really restrict the body must be clearly declared in order to speed up

computations.

Finally, there is a block for building modules that has the same structure as the body

block, with the exception that a module can suffer rotation and translation. These opera-

tions must be separated from the remaining components with a line filled with ones.

This arrangement can be repeated to set up the required geometry system. Besides,

before the first ”zero segment”, the document can begin with informative text, as many

lines as needed. Also, a brief description can be written at the end of the first line of

each element. Additionally, comment lines, starting with ”C”, ”c” or ”#”, can be included

anywhere in the file for a rapid understanding of the geometry.
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After executing the input file with the particular geometry attached, an output file

including all geometric system information is created. If the geometry file is incorrectly

defined, an error warning is displayed in the output, and the simulation does not be-

gin. The PENELOPE distribution package includes an application named GVIEW2D that

may be used as a tool to debug the geometry definition file. This utility creates an out-

put file called geometry.rep that precisely defines the same geometry as the input file. The

programs are terminated when an wrong input format is detected or when an obvious

mismatch in the definition file is discovered. Error messages are also written to that file,

making it extremely easy to identify discrepancies. When the input file structure is cor-

rect, the algorithms continue and the geometry is shown for additional study. Therefore,

GVIEW2D enables the detection of faults and inconsistencies in the geometry specifica-

tion file that may impact the outcomes of real simulations. The image displayed is a map

of the bodies or materials that the window plane intersects. The window plane’s orienta-

tion, as well as the position and size of the window view, may be modified interactively.

GVIEW2D enables arbitrary magnification inspection of the system’s internal structure,

restricted only by the intrinsic resolution of the PENGEOM algorithms.

It is important to note that, even if no error notice is shown, the application may not

be considering the geometry correctly. Because the software permits overlapping bodies

to be created without causing an error, only one of them is considered in the coincident

volume. The bodies that are taken into account depend on how the geometry file was

created.

Consider the basic scenario of a tiny sphere trapped within a bigger one. This geom-

etry is as simple as creating two spherical surfaces with varying radius. As previously

stated, the bodies are expected to be defined in ascending order to prevent an incorrect

specification of volumes. As a result, the smallest sphere must be created first, or else it

will not be recognized.

The sequence of definitions of the spheres, however, is insufficient to yield the re-

quired geometry. To include the smaller sphere inside the bigger volume, the geometry

file may be written in two distinct ways: by defining the value of the SPs to prevent am-

biguity of the specified bodies (4.5 on the left) or by including the smaller body at the end

(4.5 on the right).
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FIGURE 4.5: Two distinct ways of representing the identical geometry file, emphasizing
the significance of accurately specifying the superimposed bodies.

4.2.4 Transport Parameters

Apart from geometry, the input file must encompass transport parameters. PenEasy

dedicates a section to these configurations, featuring a table with one material per line.

The initial column designates the material index (”MAT#”), represented as a consecu-

tive integer commencing from 1. This index corresponds to the material label specified in

the geometry file and is crucial for correctly linking the material to the designated body.

The second column refers to the material data file, which PENELOPE reads to obtain

the necessary physical information about each substance. This file, which is commonly

identified by the extension ”*.mat,” is created by the auxiliary program ”material,” which

makes use of atomic interaction data extracted from the database. This generation process

can alternatively involve inputting composition data via keyboard. This entails selecting

the number of elements in the molecule and entering their weight percentages (or the

chemical stoichiometric formula).

The parameters contained within the remaining columns influence the speed and pre-

cision of the simulation for electrons and positrons.

There is a designated column for absorbed energy (EABS) for each particle type. This

value is determined either by the specific characteristics of the experiment or the desired

spatial resolution [8]. Yet, only radiation possessing energy greater than this threshold can

be tracked because the interaction cross-section database covers the energy range above 50

eV. Using different absorption energies in nearby bodies may cause observable artifacts

in the way the absorbed dose is distributed spatially. In order to reduce these impacts,

it is thus advised to keep absorption energy levels across the region of interest roughly

constant.
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Two additional columns are designated for parameters associated with hard elastic

events. The parameter C1 represents the average angular deflection (C1 ≈ 1− < cos θ >)

resulting from multiple elastic scatterings between successive hard elastic events. This

parameter is tied to the corresponding mean free path. Subsequently, the simulation pa-

rameter C2 indicates the maximum average fractional energy loss in a single step and it is

effective only at high energies. These two settings determine the computer time needed

to simulate each track and, ideally, they should not have any influence on the accuracy

of the simulation results. PENELOPE admits values of C1 and C2 from 0 up to 0.2, being

recommended using the values C1=C2=0.05.

The simulated energy distributions are primarily influenced by the cutoff energies

WCC and WCR associated with hard inelastic collisions and hard bremsstrahlung emis-

sions, respectively. Larger cutoff energies speed the simulation, but if they are too large,

they might have an adverse effect on the simulated energy distributions. In practice, these

values exert a minor influence on the result accuracy as long as they remain below the bin

width utilized for computing energy distributions. Consequently, the maximum allow-

able cutoff energies are determined by the desired energy resolution.

The final necessary parameter is DSMAX, which has already been elucidated in Sec-

tion 4.1.2. DSMAX determines the maximum permissible step length for electrons and

positrons. If this column is left unfilled, PenEasy defaults it to infinity (1030).

To conclude the ”Transport parameters” section, there is a column labeled ”COM-

MENTS”, designed for users to provide descriptions or notes to enhance comprehension

of the simulation details.

4.2.5 Tallies

Generally, the purpose of radiation simulations is the calculation of dosimetric quan-

tities. The act of obtaining data from particle tracks to estimate observable quantities is

known as ”tallying” and the estimators used for this purpose are known as ”tallies” [42].

When using PenEasy, the section for defining the tallying is divided into different

types of tallies, each one starting with a STATUS switch that can be ON or OFF. An OFF

tally is inactive and won’t generate any data reports, while an ON tally creates new files

according to the required information. Another feature common to the tallies involving

spatial distributions is that they define volume elements, called spatial bins, where the

energy deposition is collected. These volumes do not exist in the geometrical description
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of the material object given in the GEO file and, therefore, they do not represent a hard

boundary for the transport of particles [44]

In this chapter, it will be presented some of the tallies available in PenEasy that were

used for this work.

4.2.5.1 Tally Spatial Dose Distribution

Activating this tally permits the calculation of the absorbed dose distribution per his-

tory. In this work, it is tallied a 3D distribution, where the intervals and bins for the

cartesian coordinates are defined. The mass density of each small volume is given by

the material in the center of each bin, assuming it is homogeneous. The file created con-

tains eight columns: six indicating the low and middle positions of each bin for x, y and

z axis; one for the dose in the corresponding bin; and the last for the uncertainty of the

determined dose. The units of dose are given in eV/g per history.

4.2.5.2 Tally Spherical Dose Distribution

Instead of defining bins in cartesian coordinates, it is possible to calculate the absorbed

dose distribution in the radial interval using the Tally Spherical Dose Distribution. Thus,

the file created by this tally gives the dose (and respective uncertainty) calculated in a

spherical shell defined by low (rl) and high (rh) end position. It is printed the average

radius of each shell volume given by the expression below.

ravg =
3
4

r4
h − r4

l

r3
h − r3

l

4.2.5.3 Tally Energy Deposition

When the section Tally Energy Deposition is ON, it is created a file with three distinct

columns: the first column indicates the label of the material where the tally is being calcu-

lated; the second consists in the energy absorbed per history in each material measured in

eV; and the third columns represents the uncertainty of the value displayed. To obtain the

dose absorbed by a specific material, the values of the second column must be multiplied

by the charge of an electron, to convert the energy to Joule, and then divided by the mass

of the specific body.
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4.2.5.4 Tally Fluence Track Length

This tally creates a file that displays the distance traveled by each particle in a specific

material as a function of the energy. The user must define the energy interval and the

number of bins that should be considered in the calculation. Since the output of the Tally

Fluence Track Length relates to the fluence spectrum integrated over a particular volume,

the units correspond to the product between the differential fluence in energy and the

volume, that is, 1
eVcm2 × cm3 = cm/eV.

4.2.5.5 Tally Phase Space File

When this tally is activated, a Phase Space File is written, considering the dynamic

state of all particles that entered or were created inside a specific material. In this work, the

standard PenEasy text format is selected, originating a plain text file where each variable

is separated from the next by one or more spaces. Although accessing recorded data takes

up a significant portion of the simulation, using the standard format is easier for human

reading. Another particularity that should be taken into consideration when using this

tally is that the detecting material should be a perfect absorbent. It is undesirable for a

scoring particle to create secondary particles downstream, which might then reach and

be scored by the detecting material, because when the created PSF is used as a source to

a subsequent simulation, these secondary particles would be tallied twice [44]. Thus, all

absorption energies for the detecting material must be set to a large number, otherwise

the simulation will not start and an error message will be displayed.





Chapter 5

Monte Carlo simulations: results and

discussion

5.1 Gold nanoparticle surrounded by water

The first step in this work consisted on evaluating the radiosensitization impact of a

single AuNP in water after being exposed to an X-ray beam. The input parameters used

were based on another article [19], allowing for comparison and validation of the results.

In terms of the source, an X-ray emitting circle larger by 10 nanometers than the

nanoparticle was positioned at a distance of 100 micrometers from its center. Figure 5.4.a

provides a clear visual representation of this geometric configuration. Due to PENE-

LOPE’s limitation in producing two-dimensional objects, the circular source was con-

structed by overlaying a sphere with the same radius onto the previously mentioned

source box described in Section 4.2.2. In the PenEasy input file, a source box was defined

with its center positioned at coordinates (0, 0,−100) µm, and its sides defined within the

xy plane. The particle’s direction was set to be parallel to the z-axis, resulting in every po-

lar and azimuthal angles set to zero, and the ”source material” parameter corresponded

to the material of the sphere with the same size and position as the box. In the geometry

input file, it was necessary to assign different material labels for this sphere and the ex-

ternal medium, even though both are composed of water. This approach was crucial to

ensure that the source emissions were confined to the overlapping region, thus forming a

circle. However, this method led to an output error upon executing the PenEasy program.

Fortunately, the issue was originated from a few lines of text within the Fortran package

(showed in Appendix D.1), which could be easily removed from the file.

71
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As stated in Section 2.3, the output spectrum of an X-ray tube is heterogeneous in

energy, showing a continuous distribution of energies for the bremsstrahlung photons

superimposed by characteristic radiation of discrete energies. To obtain these spectra,

SpekPy was used. Two tube voltages, 50 kVp and 100 kVp, were examined, while main-

taining a fixed anode angle of 20◦ and utilizing a filtration setup of 0.8 mm of beryllium

(Be) and 3.9 mm of aluminum (Al). In order to obtain similar spectra to those considered

in a reference article [19], the curves obtained for the probability of emitted photons were

multiplied by arbitrary factors, resulting in the spectra represented in Figure 5.1. Because

this was the first PENELOPE simulation, input parameters were intended to be very sim-

ilar to those in the article to ensure that the methods implemented might be validated.

FIGURE 5.1: Output spectra generated using SpekPy for tube voltages of 50 kVp (blue)
and 100 kVp (orange).

The system’s geometry comprises two concentric spheres with different radii, and

its input file resembles the one depicted in Figure 4.5. One sphere represents the gold

nanoparticle, with a diameter of 50 or 100 nm, while the other is the external medium,

which is water and has a much larger diameter (40 cm). The respective materials, gold

and water, were obtained from the database available in PENELOPE.

In Appendix D.2 the input parameters used for these simulations are given. There are

two things that are important to mention. Essentially, the absorbed energy of all parti-

cles must be adjusted to a minimum of 50 eV. This is due to the fact that gold atoms are

expected to optimize the impact of local deposition by generating particles with an ex-

tremely low range, i.e., very low energy. Hence, if the absorbed energy is large, materials

will absorb energy before these low-energy particles are created, neglecting the local im-

pact of energy deposition. Secondly, the parameter ”DSMAX” for gold material should be
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small enough to ensure that, in the Monte Carlo simulation, particles do not pass through

the nanosphere without noticing it.

The dose around the AuNP was scored in shells (1µm thickness) up to 50 µm from the

nanoparticle’s center, using the ”Tally Spherical Dose Distribution”. Absorbed dose was

scored in 1000 shells (10 nm thickness) in order to optimize the local energy deposition

of Auger electrons close to the AuNp. These data were also tallied in the absence of gold

to evaluate the effect of the nanoparticle. Figure 5.2 shows the dose enhancement ratio

(DER) (Equation 5.1) for both nano and microscales, considering all possible combinations

of energy source and diameter of AuNP.

DER =
Dose in the presence of AuNP

Dose without AuNP
(5.1)

Bar errors in each graph were determined with the general propagation of error ex-

pressions (see Appendix D.3). Considering D1 and D2 as the absorbed dose* in the pres-

ence and absence of gold, respectively, with the corresponding uncertainties† (u1 and u2),

the error (u) for DER is given by:

uDER =

√√√√( u1

D2

)2

+

(
D1

D2
2

u2

)2

Figure 5.2 displays the results. The first obvious observation is that the nanometric

scale results have much larger associated error than the micrometetric scale ones. This

was expected because the dose values calculated by PENELOPE represent an average

over the considered volume. In smaller shells, there is a reduced number of particles

depositing their energies within the volumes, leading to a reduced number of parcels

contributing to the calculation of the mean absorbed dose. Consequently, the associated

uncertainties are greater for the values obtained in the nanometric scale.

Furthermore, the shape of the DER curves as a function of radial distance differs

slightly between the two scales analyzed. At the nanometric scale, the 50 kVp source

shows greater improvement in dose for both sizes of nanoparticle. For distances up to

1 µm (=1000 nm) from the sphere center, the AuNP with 100 nm diameter has a DER

about two times greater compared to a diameter of 50 nm. Also, for both sphere sizes, the

dose ratio varies more dramatically near the spherical surface. When the 100 kVp source

*To simplify, the term ”absorbed dose” will be simply referred to as ”dose”.
†Uncertainties u1 and u2, related to the doses with and without the gold nanoparticle, are obtained in the

output tally file created by PenEasy.
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(A) (B)

(C) (D)

FIGURE 5.2: Dose enhancement ratio for different combinations of energy source and
nanoparticle size. a) nanometric scale for DNP = 100nm; b) nanometric scale for DNP =

50nm; c) micrometric scale for DNP = 100nm; d) micrometric scale for DNP = 50nm.

is used, DER diminishes by about 85% of its original value in the first 200 nm. If the 50

kVp source is employed, DER decreases by approximately 75% in the first 100 nm. After

this notable decline, DER varies slowly until 1 µm distance.

At the micro scale, the size of the AuNP has less impact on the DER, but the large

diameter still produces better dose improvement. It turns out that for both AuNP, the 50

kVp source produces more energy at closer distances to the gold sphere and, at distances

greater than 10 µm, the most energetic source optimizes dose deposition. Actually, the

influence of the gold nanosphere is insignificant from 25 µm, for the less energetic source,

while for 100 kVp source, the effect of the AuNps only stops being noticed at distances

around 50 µm.

Aside from DER, the electron fluence inside the AuNP was also computed by using
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”Tally Fluence track length”. Because the output data file created by PenEasy has units of

cm/eV, as indicated in Section 4.2.5.4, each value was divided by the AuNP volume and

then multiplied by the sectional area irradiated by the source. In this way, the final data

corresponds to the probability of emitting an electron per unit energy, which is plotted in

Figure 5.3 for both sizes of nanosphere.

(A) (B)

FIGURE 5.3: Probability of electron emission, considering an irradiation with 50 kVp and
100 kVp X-rays. a) diameter of 100 nm; b) diameter of 50 nm.

It is clear that with both AuNPs, the source of 50 kVp exhibits greater emission prob-

abilities for the same energy bins. This is not valid for energies above 50 keV because the

mean energy of the 100 kVp spectrum is higher. Certainly, when the maximum photon

energy from a 50 kVp source is 50 keV, it becomes evident that photoelectrons cannot

possess energies exceeding this limit. Besides, the distribution has a similar shape for all

cases, where less energetic electrons have higher probability (above 10−6) of being emit-

ted. There is a valley observed between [1.5, 5] keV, however the diameter of 50 nm

displays a more significant depression. In this region, probabilities go below 10−7 and

10−8 for diameters of 100 and 50 nanometers, respectively. Following this significant de-

crease, all graphs exhibit a peak with a characteristic shape at energies ranging from [5,

10] keV.
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FIGURE 5.4: Geometry setups considered, where the source has a circular shape. a) irra-
diation of a sphere; b) irradiation of a cylinder through its transversal axis; c) irradiation

of a cylinder through its longitudinal axis.

These findings were consistent with the research used for comparison, which had

identical input parameters. Thus, the two tallies computed with nanospheres were also

applied in a different setup where the AuNP geometry corresponds to a cylinder with

diameter of 10 nm and length of 40 nm, that is, with aspect ratio (AR*) equal to 4. The

energies of irradiation were the same as the ones used for spheres, the spectra of which

are represented in Figure 5.1, and the geometry source was also equivalent. In order to

evaluate if the sectional area exposed by the X-ray beam influences the improvement of

dose, the nanorod was positioned in two distinct configurations: one with the beam’s di-

rection parallel to the transversal axis (5.4.b) of the cylinder and the other with the beam

parallel to the longitudinal axis (5.4.c).

(A) (B)

FIGURE 5.5: Dose enhancement ratio for cylinder irradiations and different energy
source. a) 100 shells up to 1 µm distance; b) 50 shells up to 50 µm distance.

The results obtained for DER for both energies and dispositions are illustrated in Fig-

ure 5.5. Similarly to nanosphere irradiation, the 50 kVp source is displayed in blue and the

*AR corresponds to the ratio between the length and diameter of the cylinder, also known as a nanorod.
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100 kVp source in orange. Irradiation across the nanorod’s transversal axis is shown by

solid marks, whereas longitudinal irradiation is represented by hollow points. Even at the

nano scale, there is no significant difference between the two geometric forms throughout

the whole radial distance range. Nevertheless, the less energetic source still shows a better

improvement in energy deposition in the vicinity of the AuNP surface. Similarly to what

happens with nanospheres, the 50 kVp source is more efficient in dose enhancement up

to a distance of 8 µm. Furthermore, at the micro scale, it is visible that the gold nanorod

has no effect on energy deposition at distances greater than 10 µm for both sources.

Because longitudinal and transversal irradiation did not show substantial differences

in energy improvement near the gold surface, the study of electron emission was limited

to transversal irradiation. Figure 5.6 represents the probability of electron emission as a

function of energy.

The graph plotted has a similar shape to that obtained for nanospheres, but the prob-

abilities are about one order of magnitude lower. Low-energy electrons still have greater

emmission probabilities, and there is also a noticeable decline followed by a distinct peak

at the energy interval [1.5, 10] keV. Besides, the maximum energy of the electrons emitted

is bigger for spheres.

FIGURE 5.6: Probability of electron emission for irradiation through the transversal axis
of a cylinder.

For both spherical and cylindrical geometries, the shape of the electron spectra can

be correlated with the binding energies of the electrons, as detailed in Table 5.3. When
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an electron is emitted with an energy of 150 keV, the photon responsible for its ejection

must possess energy at least equal to that energy plus the binding energy of the electron

shell. Hence, it becomes more likely for electrons to have considerably lower energy lev-

els since photons with energies as low as a few keV can ionize electrons from the outer

shells, specifically O and N. The probability of emitted electrons decreases as their energy

increases because there are fewer photons with enough energy to ionize the inner shells.

The pronounced dip seen in all cases results from the energy gap between ionizations of

the L and M shells. After the valley, there is an increase in emitted electrons with energies

around 10 keV. This happens because photons with energies exceeding this limit can ion-

ize the L shell, which contributes to the emission of electrons. Moreover, when the 50 kVp

source is employed, the K shell does not contribute to the probability of emitting electrons

because its binding energy exceeds the maximum energy of the incident photons. When

utilizing the 100 kVp source, ionizations from the K-shell can lead to emitted electrons

with a maximum energy of 20 keV. This could provide a plausible explanation for the

observed proximity of the spectra at this energy level in Graphs 5.3 and 5.6.

Besides, the almost steady DER at distances from 200 to 700 nm can be attributed to

the high probability of electron emission from the outer shells. The energy deposition

in those shells is primarily caused by low-energy electrons that end their tracks at those

specific distances. From the left side of Figure 3.3, electrons having ranges from 200 to

700 nm have energies approximately in the interval [300, 1000] eV. Electrons with these

energies are generated mainly by ionizations from the outer shells.

Given that AuNPs appear to enhance the deposited dose in their immediate surround-

ings when surrounded by water, and the obtained results align with those in the refer-

enced article [19]), the code used was validated. The subsequent phase involved investi-

gating the influence of gold nanospheres in breast tissue.

5.2 Radiossensitization effect of a single AuNP in breast tissue

The initial step in simulating a single nanoparticle surrounded by breast tissue was

to create the material file because this kind of tissue is not included in the PENELOPE

material database, contrarily to substances like water and gold.

As mentioned in Section 4.2.4, materials can be generated through the software ”ma-

terial”, indicating the fraction by weight of each element. This was executed to create the
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file ”breast.mat”, where the composition of tissue was taken from ICRU Report 44 (1989)

[45].

In terms of source, the spectrum was generated by SpekPy, using a tube voltage of

50 kVp and equal filtration as indicated in the section above. Though, in simulations

with breast tissue, the previously applied multiplication factor was not considered be-

cause there was no need to strictly compare results with another study for code valida-

tion purposes. Figure 5.7 illustrates the resulting spectrum, which was employed in all

simulations involving an external source irradiating AuNPs in a breast tissue medium.

The section BIGS was activated, forming a square source with a side of 110 nm defined in

the xy-plane. It was positioned at 100 µm distance from the AuNP center with the beam

parallel to the z-axis, that is, with direction vector (0, 0, 1) and θ0 = θ1 = ϕ0 = ∆ϕ = 0

(see Section 4.2.2).

FIGURE 5.7: X-ray spectra obtained by SpekPy, using a tube voltage of 50 kVp.

In the Appendix D.4.1, the input parameters used in simulations involving breast tis-

sue are presented. The setting for absorbed energy (EABS) is kept the same as in the

simulations with water, as this parameter is crucial for ensuring accurate results, as ex-

plained earlier. The parameter ”DSMAX” for gold material was adjusted to a lower value

than previously employed due to the smaller diameters of nanoparticles considered in

these simulations. The ”DSMAX” of the breast material does not need to be so small be-

cause, although dose is computed in extremely thin shells, in reality, they are not part

of the geometry system*. Therefore, to enhance computational efficiency, this parameter,

*Indeed, the body composed of breast tissue material has dimensions much larger than the diameter of
the gold nanoparticles.
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along with the other parameters, was adjusted to a larger value than previously chosen,

while still maintaining output accuracy.

These input settings were consistent for nearly all of the simulations developed when

examining the effect of AuNPs in radiosensitizing breast tissue.

5.2.1 Dose enhancement ratio

The geometry file consists of two concentric spheres, one representing the AuNP and

the other representing the exterior medium made of breast tissue. The external sphere has

a diameter of 20 cm, while the gold sphere has varying diameters of 100, 50, 25, and 12.5

nm. In contrast to the water situation these simulations assumed a tally spherical dose

distribution with 1000 concentric shells of 10 nm thickness around the AuNP.

Given that several shells were computed, the PenEasy output data file was read and

analyzed in Python. A function called ”radial dose”, which is available in Appendix

D.4.2, was developed. Its input parameter corresponds to the name of the data report,

with ”tallySphericalDoseDistrib.dat” as default from PenEasy. The file content is then

copied to a string variable a. Because there is a qualitative description at the beginning

of the document, only the lines with numerical data (from line 12 to 1012) are saved. The

variable L results from a customized Python function called ”split”, dividing the entire

line into a list, with each list item being a numerical parameter. In this manner, the second,

fourth, and fifth columns* are copied to the R, dose and error variables, respectively.

Finally, these values are combined into an array and returned as an output.

Figure 5.8 depicts DER data for each diameter of nanoparticle: 100 (dark blue), 50

(green), 25 (red) and 12.5 (black) nanometers. In order to adequately appreciate the dif-

ferences between every size of AuNP, each graph shows a separate range on the x-axis.

The plot on the left displays DER up to 1 µm, demonstrating that nanoparticles op-

timise the delivered dose to their surroundings. Their impact is particularly noticeable

at the first 200 nm distance, where DER is defined by a sharply sloped line. Larger di-

ameters clearly have a higher DER, since at the first nanoshell around the AuNP energy

deposition improves by roughly 300 times. This value is much lower for the diameter of

12.5 nm, which has a DER of 10 in the first nanoshell. For distances between 200 and 700

nanometers, DER seems to be characterised by a steady line. This constant step corre-

sponds to a DER of about 75, 11.5, 2.6 and 1.2 for AuNPs with diameters of 100, 50, 25 and

*Python begins counting indices at zero, thus the first column has index 0, the second has index 1, and so
on.
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(A) (B) (C)

FIGURE 5.8: Dose enhancement ratio in the vicinity of a gold nanoparticle surrounded
by breast tissue. a) distances up to 1000 nm; b) distances between 1000 and 5000 nm; c)

distances further than 5000 nm.

12.5 nm respectively. Beyond 700 nm, dose enhancement continues to decrease, but at a

slower rate compared to shorter distances.

Graph 5.8b focuses on distances ranging from 1 to 5 µm. The energy maximisation is

still noticeable for the two largest nanoparticles, with the DER increasing by a factor of 5

when the diameter is doubled from 50 nm to 100 nm. Meanwhile, for shells above 1500

nm distance, the smaller AuNP exhibits negligible dose enhancement. Besides, at 2500

nm, a nanosphere with a diameter of 25 nm begins to have a DER considerably similar to

the one obtained with a diameter of 12.5 nm.

Finally, Figure 5.8c shows DER for external shells at distances above 5 µm. Again,

the largest AuNP has a considerable impact on energy deposition in the medium. At 10

µm, this nanosphere increases the dose by a factor of 3, a value that is even greater than

that observed for a 25 nm diameter particle at half distance. Also, the impact of the two

smallest nanospheres becomes indistinguishable at shells distanced further than 7 µm,

approximately.

5.2.2 Surrounding Halo

In order to investigate the effects occurring in the vicinity of a AuNP due to interac-

tions between tissue atoms and gold, a Phase Space File (PSF) was generated using the

following method.
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First, it’s crucial to consider that the ”Tally Phase Space File” requires a detection ma-

terial that acts as a complete absorber. Therefore, when the goal is to create a PSF within

a halo encompassing the AuNP, the simulation must be divided into two stages. Without

this division, when irradiating a nanoparticle using an external source, the particle would

be absorbed by the halo before even reaching the gold material. To provide a clearer

understanding of the simulation process, refer to Figure 5.9.

The same geometry as the one used in the DER analysis was established to generate

a PSF within the AuNP. In the section of transport parameters, the absorption energy for

the nanosphere’s material was configured to a large value of 5.0E50. This choice ensures

the absorption of all particles (see Section 4.2.5.5), thereby recording detailed information

about particles entering the nanosphere.

The setup for the second stage included the AuNP and a surrounding halo with an

external diameter 20% larger than that of the nanoparticle. In this scenario, rather than

utilizing an external source with the spectrum depicted in Figure 5.7, a PSF source corre-

sponding to the file created in the previous simulation was employed. After designating

the halo material as a perfect absorber, it was employed as the detection material for gen-

erating a second Phase Space File (PSF2).

Combining these two simulations is equivalent to assuming an external X-ray source

irradiating a single nanoparticle and then recording particles that exclusively come from

the AuNP and enter the halo.

FIGURE 5.9: Scheme for better understanding the method used in the creation of PSFs.

To compare the effects of gold presence and absence, the described process was re-

peated twice: once with the AuNP and another with the nanosphere’s material replaced

by tissue. Similar to the DER analysis, diameters of 100, 50, 25, and 12.5 nm were consid-

ered. For all sizes, the initial source emitted approximately 1.43 × 108 photons through
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the z-axis toward the nanoparticle. Due to the large size of the generated PSF, Python soft-

ware was employed to analyze the recorded particles. Indeed, Jupyter Notebook might

crash or fail to open due to the extensive memory required to store data. Alternatively,

such issues might arise from bugs caused by improper closure of the Jupyter file. This

problem was resolved by developing new code sourced from [46], available in Appendix

D.3.

Apart from those challenges, the examination of the PSF2 was sped up by using the

custom function ”read psf” provided in Appendix D.4. The Python ”split” function was

utilized once again to generate a list for each line in the file. The elements of interest

within each list are designed by indices 0, 1, 10, 11, 12, and 13, which correspond to the

parameters K, E, ILB1, ILB2, ILB3, and ILB4, respectively. Further details on these variables

can be found in Section 4.2.2.

There are two* basic conditions for each line in the file: either the particle being read

is a primary particle (when ILB1 = 1) or it is not (when ILB1 differs from 1). In the first

scenario, the variable prim, which starts at 0, increments by one. Consequently, upon

completing the file reading, this variable represents the total count of primary particles.

In the second scenario, multiple operations are performed. Specifically, each ILB3 value is

assigned to a variable denoted as icol, and all ILB4 values are appended to a list. More-

over, besides categorizing the particle type, where K = 1 denotes electrons and K = 2

represents photons, the parent particle’s type was also assessed based on the value of

ILB2: if it equals 1, the parent is categorized as an electron, and if it equals 2, it is classified

as a photon. Depending on the parent–daughter (PD) combination, the value stored in

the variable icol is added to one of the following lists: icolee, icolep, icolpe, or icolpp, cor-

responding to PD combinations of electron–electron, electron–photon, photon–electron,

and photon–photon, respectively. In this manner, every icol list is formed by eight ele-

ments, each one corresponding to the counts of a collision interaction as described in C.3.

These lists maintain the order of PENELOPE, with the first entry referring to ICOL=1, the

second to ICOL=2, and so forth. Finally, the mean energy of the secondary particles is

determined and separated into two groups: electron energy (E1) and photon energy (E2).

The input for the function described corresponded to the PSFs generated within the

halo. Table 5.1 provides a summary of the results obtained when considering gold in the

various cases. The icol lists were found to have most of their elements equal to zero.

*The first ”if” condition in the function is designed to filter out lines that contain qualitative information
rather than quantitative data.
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Therefore, in the table, only the processes that were counted are represented. It’s impor-

tant to emphasize that the labels of these processes should be interpreted in relation to

the parent particle. In other words, the recorded collision interaction refers to the one

responsible for generating the daughter particle.

TABLE 5.1: Data obtained in the surrounding halo of a gold nanoparticle.

The first thing to note is that the nanosphere with a diameter of 100 nm interacts with

more particles due to its larger volume during the initial step of PSF creation. Conse-

quently, it is predicted that the largest AuNP will have a higher number of primary par-

ticles recorded in the surrounding shell, which was confirmed. Despite this, the number

of detected secondary particles is also higher for the larger diameter, constituting approx-

imately 0.31% of the total detected particles. To put this into perspective, this percentage

decreases to 0.18%, 0.08%, and 0.03% for diameters of 50, 25, and 12.5, respectively.

Additionally, the mean energy of the secondary electrons decreases with nanoparticle

size, ranging from approximately 12 keV, in the case of the largest size, to 7.5 keV, for the

smallest sphere. Conversely, the mean energy of the secondary photons does not vary

significantly, maintaining a value of about 9.5 keV, except for the nanoparticle with D =

12.5 nm, which exhibits a value of 9.1 keV.

Regarding the collisions, all diameters produced secondary particles through the same

types of interactions. Electrons can be produced through distinct mechanisms. They may

originate from an electron parent undergoing a hard inelastic collision or inner-shell ion-

ization interaction. Alternatively, they can be generated when a photon parent is involved
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in Compton scattering or photoelectric absorption. Across all the sizes investigated, a con-

sistent pattern emerges: photoelectric absorption yields the greatest quantity of secondary

electrons. The left graph in Figure 5.10 visually illustrates this fact for a nanosphere with

diameter of 50 nm. The percentages were calculated across all the studied sizes and the

interactions bear a similar weight in all cases. Therefore, the graph remains consistent for

all sizes and is not represented separately, as it would be redundant to do so.

Previous studies have indicated that, for equivalent incident energy, the rate of pho-

toelectric absorption as a function of nanoparticle size follows a cubic relationship. In-

deed, in this study the number of electrons generated by a photoelectric mechanism is

proportional to the diameter of the AuNP raised to an exponent of 3.1. However, when

considering the total number of generated electrons, the contribution of the photoelectric

absorption is approximately the same for all the studied nanoparticle diameters. In the

case of the smallest AuNP, it accounts for approximately 93% of the total electrons gener-

ated. This percentage shows a slight increase as the nanoparticle size grows, eventually

reaching 95% for the largest diameter. The number of electrons produced by inner-shell

impact ionization also decreases with the diameter of the nanosphere, representing a per-

centage ranging from 1.12% to 1.45%. On the other hand, both hard inelastic collisions

and Compton scattering produce fewer particles as the nanosphere size increases. Hard

inelastic collisions contribute to between 3.44% and 5.03% of the total secondary elec-

trons, whereas Compton scattering produces a number of particles equivalent to 0.09% of

the total secondary electrons for the larger AuNP and 0.84% for the smaller one.

In the case of photon generation, the processes leading to their production include

hard bremsstrahlung emissions, inner-shell impact ionizations and photoelectric absorp-

tions*. The last process, photoelectric absorption, is the one that produces a larger number

of particles, contributing to the generation of more than 99% of the total secondary pho-

tons for all diameters. Although the other two processes contribute minimally to photon

generation, hard bremsstrahlung emissions generate a slightly higher number of photons.

The PSF generated when replacing gold with breast tissue was also examined and the

results are presented in Table 5.2. The table closely resembles the one created for gold, but

it excludes the rows corresponding to secondary photons generated by electron parents.

The reason for this omission is that these entries were consistently empty for all diameters.

The results indicate that the total number of primary particles detected is slightly higher

*These mechanisms may not directly produce the secondary photon but instead initiate de-excitation
processes that result in the emission of a photon.
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for all AuNP sizes, whereas the total number of secondary particles is significantly lower.

The number of secondary photons produced is practically zero, with only a single photon

detected at an energy of 0.5 keV for the larger nanoparticle. Regarding secondary elec-

trons, their mean energy does not appear to exhibit a clear relationship with the diameter

of the nanosphere. In fact, their energy is higher for diameters of 50 and 12.5 nanometers

in the case of breast tissue material, while it is lower for the remaining diameters.

TABLE 5.2: Data obtained in the surrounding halo of a nanoparticle made of tissue.

Furthermore, in the case of the two smaller sizes, only a limited number of secondary

electrons are detected in the outer shell, primarily resulting from Compton scattering and

photoelectric absorption. In contrast, the two larger diameters exhibit secondary electrons

produced through similar processes as observed in the case of gold material. However,

the contribution of these processes differs from what was previously observed, with vary-

ing percentages for each process across different sizes. Nevertheless, it remains consistent

that Compton scattering is the primary mechanism responsible for generating the major-

ity of secondary electrons, followed by photoelectric absorption, hard inelastic collision,

and inner-shell impact ionization. The right graph in Figure 5.10 illustrates the contribu-

tion of these processes to the generation of secondary electrons when considering breast

tissue and a diameter of 50 nm. At this size, Compton scattering has a relatively minor

contribution compared to the other processes, yet the differences compared to the gold

case are substantial. The graphs for the remaining diameters can be found in Appendix

D.5. The primary conclusion is that in the presence of gold atoms, the photoelectric phe-

nomenon is maximized, leading to a significant number of emitted electrons, regardless

of the nanoparticle’s diameter.



5. MONTE CARLO SIMULATIONS: RESULTS AND DISCUSSION 87

FIGURE 5.10: Contribution of the different interactions for secondary electrons genera-
tion in gold (left) and in breast tissue (right).

In addition to the data presented in the aforementioned tables, the ”read psf” function

also provides the ILB4 values. For each material and nanoparticle size, ILB4 data were

analyzed using a custom function called ”transitions”, which can be found in Appendix

D.6. This function initiates by identifying the unique elements within an array, employing

Python’s built-in function called ”unique”. Consequently, the variable labels captures the

ILB4 list values without any duplicates, while the variable counts records the frequency

at which each label occurs. Following this, two lists, co and lab, are generated. The

former stores the counts, while the latter stores the corresponding labels. These lists are

created exclusively for cases where the counts surpass a specified minimum value, which

is determined by the function input parameter represented as mini.

Accordingly to Equation 4.7 and assuming that the variable labs corresponds to the

ILB4 value, the following relationships can be established*:



z = labs//106

i1 = (labs − z106)//104

i2 = (labs − z106 − i1104)//102

i3 = labs − z106 − i1104 − i2102

*The symbol ”//” corresponds to the floor division, which rounds the result down to the nearest whole
number.
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The function ”transitions” also append the values of z, i1, i2, and i3 to the lists Z, IS1, IS2

and IS3, respectively. In this way, the lists created have integer elements, each one corre-

sponding to a label of a shell, as mentioned in Section 4.2.2. To obtain the labels of the

ionization transitions, a function named ”shell” was created. This function is available in

Appendix D.7 and essentially associates the input numerical label with the corresponding

shell.

The atomic transitions associated with the release of the detected particles are dis-

played in the Tables D.3, D.4, and D.5. These Tables represent only a portion of the total

transitions detected. Given the considerably high number of transitions observed when

considering gold for all diameters, specific threshold values were chosen for the variable

mini. These values were 500, 100, 15, and 2 for diameters of 100, 50, 25, and 12.5 nm,

respectively. When considering breast tissue material, this minimum threshold was set to

1, displaying all the transitions that occurred. As previously mentioned, these particles

are emitted as a result of atomic relaxation events triggered by photoelectric absorption,

leading to an initial vacancy in the decaying atom.

For the two smaller sizes, nanospheres made of breast tissue do not produce particles

through atomic relaxation. Conversely, for the two larger diameters, particles are emitted

due to K-L-L transitions, with the largest diameter showing 2 transitions of the K-L-M

type. However, it’s important to note that the total number of particles emitted from

atomic relaxation is considerably lower when compared to the scenario involving AuNPs.

With AuNPs, the number of K-L-L type transitions remains relatively stable, but there is

a noticeable increase in transitions among outer shells.

Considering the greater number of particles detected in the halo for larger AuNP sizes,

it was expected that the total counts of the shell transitions would also be higher. For in-

stance, the total count of transitions decreased by approximately 500 times when chang-

ing from a diameter of 100 nm to 12.5 nm. The counts within the same transition are

higher for larger diameters, and there is also an increased number of distinct transitions.

However, there is a commonality among the three larger diameters: the L3–M5 transition

predominates. In the case of the AuNP with a 100 nm diameter, this transition contributes

to 9.9% of the total counts. This percentage decreases to 7.7% for the 50 nm diameter, and

further reduces to 5.3% for the 25 nm diameter. In the case of the smaller AuNP, the dom-

inant transition is M5–N6–N7, accounting for 11.7% of the total counts, and the transition

L3–M5 comes in second with a contribution of 10.1%.
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FIGURE 5.11: Spectra of Auger electrons that were detected in the halo surrounding a
AuNP with 100 nm diameter.

As the largest AuNP emitted a significant number of electrons, Auger electron spec-

tra were obtained from the surrounding halo. Specifically, electrons recorded in the PSF

with a non-zero ILB4 value were selected, and their energies were extracted. These values

were subsequently categorized based on the parent particle responsible for generating

the Auger electron. The resulting spectra are illustrated in Figure 5.11. The energies of

particles generated by electron parents are considerably lower compared to those gener-

ated by photon parents. This implies that mechanisms originating from a photon parent

result in transitions that emit a greater amount of energy, subsequently transferred to the

emitted Auger electrons. However, it’s clear from both graphs that there is a peak in the

number of detected electrons at lower energies. The distinctive shape of the right graph

can be attributed to the binding energy of atomic shells, given that the majority of Auger

electrons are released as a result of cascade processes initiated by the photoelectric effect.

5.3 Survival curves

This section provides a preliminary estimation of survival fractions influenced by the

presence of gold nanoparticles. The approach used in this study is based on the Local

Effect Model, incorporating certain approximations and simplifications.

The method involves evaluating the spherical dose distribution generated by the gold

nanoparticle. These values were obtained from the simulations conducted for DER cal-

culations, specifically, the doses within a sphere with a radius of 1.0E-3 cm around the
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AuNP were considered. There were 1000 shells, each one associated with a dose value

(di).

The doses were divided into bins, meaning that the shells were grouped to create

thicker shells with homogeneous doses (D̄i). The survival fraction for each D̄i was cal-

culated by summing the contributions of every subshell in the following manner. Firstly,

each di is applied in the linear-quadratic model. Subsequently, an additional term takes

into account the fraction f . This value is determined by Equation 5.2, which corresponds

to the volume exposed to a specific dose (di) divided by the volume of the grouped shells

that receive the homogeneous dose.

f =
dVi

∑ dVi
=

dVi

Vt
(5.2)

To better understand this division, please refer to Figure 5.12, which provides a sim-

ple example. The thicker shells with homogeneous doses are highlighted in yellow, pink,

and blue. Inside the pink shell, three subshells, with doses d1, d2, and d3, are explic-

itly displayed (where D̄2 corresponds to the average value). These doses are associated

with volumes V1, V2, and V3, respectively, and the total volume Vt is the sum of these

volumes. Therefore, to calculate the survival curve for the homogeneous dose D̄2, the

linear-quadratic model is applied individually to each value of di, and then the results are

summed.

FIGURE 5.12: Diagram illustrating the partitioning in spherical shells surrounding a gold
nanoparticle for the application of a model based on LEM.

However, the dose distribution obtained from the Monte Carlo simulation is deter-

mined when an external source irradiates the AuNP at 100 µm from its center. In this



5. MONTE CARLO SIMULATIONS: RESULTS AND DISCUSSION 91

way, there are photons emitted by the source that may contribute to the dose without even

interacting with the gold nanosphere. For these reason, the exponential factor given by

the LQ-model is multiplied by the term ∆N, which is related to the particles that actually

interact with the AuNP. Since a single AuNP in the considered volume is not sufficient to

draw a curve for all the diameters studied, the number of nanoparticles (NP) is also taked

into account in order to obtain reasonable survival curves. In this way, for each group of

subshells where the dose could be considered homogeneous, the lethal events are given

by Equation 5.3.

Nlethal(D̄) = ∆N × NP × ∑
i
(α di + β d2

i )
dVi

Vt
(5.3)

It should be noted that, although this approach is based on LEM, it does not follows

the exact same principle. Instead of subdividing the target into a grid, as illustrated in

Figure 3.8, a certain volume was divided into groups of shells and the damage induced in

that volume was determined based on the spherical dose distribution of just one AuNP.

Subsequently, it was assumed that various nanoparticles are concentrated at the center of

a tissue sphere, superimposing the effects of each AuNP over the entire tissue volume.

The number of lethal events is then proportional to the number of particles and to the

particles that interact with them, as each subshell contributes NP times to the calculation.

The value ∆N was determined based on the following assumptions. Firstly, the num-

ber of particles that interact with the gold nanoparticle without being absorbed corre-

spond to:

∆N = N0[1 − e−µabx]

Where µab is the linear absorption coefficient of gold, x is the diameter of the AuNP,

and N0 is the total number of particles emitted with direction through the gold nanopar-

ticle. In this case, the number of particles contributing to the deposition of 1 Gy in the

tissue was chosen. Thus, the expression above is equivalent to Equation 5.4.

∆N = N1Gy × AuNP area
Source area

×

1 − exp

−ρ x

(
µab

ρ

)Au

30 keV

 (5.4)

The mass absorption coefficient is related to an energy of 30 keV, as it corresponds to

the mean energy of the X-ray spectrum used as the source. The value for this coefficient,

as well as for other materials and energies, can be obtained from [47]. Since the source is
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much larger than the gold nanoparticle, the fraction between their areas was considered

to discard the emitted particles that travel far away from the gold atoms.

Finally, N1Gy was determined based on the principle of charged particle equilibrium,

where the collisional kerma equals the absorbed dose within the studied cell volume.

This assumption is valid because the range of the secondary electrons is smaller than the

size of the spherical volume considered, with a radius of 1.0E-3 cm. Additionally, it was

assumed that ψ in Equation 2.13 is equivalent to the product of particle fluence (ϕ) and

the mean energy of the particles’ source (< E >). Thus, Equation 2.19 can be expressed as

follows:

(
µab

ρ

)t

30 keV

ϕ < E >= D (5.5)

The mass energy-absorption coefficient is associated with breast tissue (t) and calcu-

lated for the specific energy < E >. It is important to recall that ϕ represents the number

of particles impacting a specific area. Consequently, it yields:

(
µab

ρ

)t

30 keV

N0

A
< E >= D

⇔ N0 =
A D

< E >

(µab

ρ

)t

30 keV


Since primary particles can only interact within an area equivalent to that of the source,

A = Asource. Based on the values presented in Table 5.3, it can be determined that 1998

particles are emitted by the source in order to deposit 1 Gy in the breast tissue material.

This number is significantly lower than the typical number of particles used in dosimetry

calculations, mainly due to the nanometric dimensions involved in this case. Finally, the

number of particles that interact with the AuNP is obtained using Equation 5.4, where

certain values are substituted with those provided in Table 5.3*, and the sizes of the gold

nanoparticles studied in the previous section are assumed.

TABLE 5.3: Numerical values used for calculation of the Equation 5.3.

*To obtain the correct unit for the number of particles, it is necessary to convert the dose to joules per
gram (J/g) and the energy to joules (J).
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At this stage, Equation 5.3 can be solved for a specific value of NP, considering each

group of subshells with a dose approximately at a constant value. The division into

groups was carried out using Python software, with a function named ”group”, which

can be found in Appendix D.8. This function requires three input parameters. The term

bins represents the dose that delineates a cluster of subshells. In this study, a list ranging

from 0 to 10 Gy was employed, with intervals of 0.01 Gy. The bins list contains one more

element than the number (N) of shells because it includes the null dose. For instance,

in Figure 5.12, there are three thick shells, and the bins list is defined as [0, D̄1, D̄2, D̄3].

It’s worth noting that, as PenEasy provides spherical doses in eV per history, these val-

ues were multiplied by an arbitrary factor to ensure a sufficient range of dose points,

extending up to 10 Gy. This adapted dose list was utilized as the dose input parameter

in the ”group” function. The final input is a list of volumes corresponding to the sub-

shells where the doses were tallied. With these parameters, the function generates two

lists, g and dV, where each element corresponds to the doses and volumes of a cluster of

subshells, respectively. Consequently, these variables are created with N elements, each

having a length corresponding to the respective number of subshells. In the case illus-

trated in Figure 5.12, g and dV appear as follows:

ggroup =

[
[D̄1], [d1, d2, d3], [D̄3]

]

dVgroup =

[
[Vyellow], [V1, V2, V3], [Vblue]

]

This approach allows for the calculation of Nlethal according to Equation 5.3 for each

thicker shell. Summing the contributions from all subshells, the survival fraction can be

computed for each D̄ using Equation 5.6.

S(D̄) = e−Nlethal(D̄) (5.6)

The graph in Figure 5.13 displays the data points (D̄, S(D̄)) for each of the studied

nanoparticle diameters. The variable NP, representing the number of nanoparticles, was

assigned values of 1, 4, 16, and 64 for nanoparticle diameters of 100, 50, 25, and 12.5 nm,

respectively. The legend of the figure expresses this information in terms of concentration,
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FIGURE 5.13: Survival curves obtained based in the DER around an unique AuNP.

measured in milligrams of gold per gram of tissue (mg/g). It is also illustrated the sur-

vival curve for the LQ model applied in breast tissue, using the parameters α = 0.019 Kg/J

and β = 0.052 Kg2/J2, sourced from [34].

TABLE 5.4: Values obtained for parameters α, β and the calculated SER.

The parameters α and β characteristic of the curves in the presence of gold were de-

termined using Excel. Following this, the area under the curves was calculated to derive

the Sensitizer Enhancement Ratio (SER). This ratio is obtained by dividing the area under

the curve when gold is absent by the area under the curve when gold nanoparticles are

present. The results are displayed in Table 5.4.

While the method assumes a concentration of AuNPs at the center of a sphere, super-

imposing their effects uniformly over the analyzed volume, the results obtained are not

necessarily unreasonable. In a study that generated the plots in Figure 3.7, a concentration

of 100 nM with 50 nm diameter nanoparticles was assumed, resulting in a SER of 5.97 for

a distribution within the nucleus and a SER of 1.77 for a distribution in the cytoplasm.
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These values showed a slight decrease with an increase in the energy source. In com-

parison, this work uses a much higher concentration* and a slightly lower energy source.

Additionally, the model employed here does not assume a uniform distribution in the

volume of interest. Given the significant differences in environmental parameters and the

arrangement of nanoparticles within the cell, the value obtained for the 50 nm nanoparti-

cles cannot be directly compared to that study. Nevertheless, the obtained value of 3.815

is higher than that of the cytoplasm distribution case, which is expected due to the larger

concentration used, and still lower than the case of a uniform distribution throughout the

nucleus. This is reasonable because the latter scenario induces more damage to the cell.

Thus, even with a higher concentration of gold, the radiosensitizing effect does not reach

the same level as in the case of an uniform nucleus distribution.

Furthermore, it is evident that the larger nanoparticle size induces more damage in

terms of the number of AuNPs per unit volume. Even with just one nanoparticle having a

diameter of 100 nm considered, it results in a higher gold concentration within the tissue,

leading to a greater survival fraction.

5.4 Distribution of AuNPs in a cell

The subsequent stage of this study involved assessing the impact of a distribution of

gold nanospheres within a cell. Based on a previous study [34], an elliptical cell geometry

was considered, which is defined by three design parameters: a, b and c radii. These

radii define the semi-major and semi-minor axes of an ellipsoid in x, y and z directions,

respectively. The cell is defined by the set of all points that satisfy Equation 5.7 with

(a, b, c) = (9.25, 4.25, 1) µm.

x2

a2 +
y2

b2 +
z2

c2 ≤ 1 (5.7)

Instead of a sphere, as in many studies, the nucleus was also described as an ellipsoid

with (an, bn, cn) = (4, 4, 0.1) µm. Figure 5.14(a) shows cell geometry viewed through the

z-axis. The input geometry file considers the implicit form defined by Equation 4.8 for

the definition of the ellipsoids that limit the cytoplasm (pink) and the nucleus (yellow) of

the cell, while the exterior medium (grey) is a sphere described by the induced form (see

Appendix D.9).

*The concentration used in this work is about 100 times higher because 100 nM is equivalent to 1.931E-5
mg of gold per gram of breast tissue.
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FIGURE 5.14: Cell geometry. a) Vision through the z-axis of a cell in the absence of gold
nanoparticles; b) Vision through the y-axis of a cell containing 6 AuNPs; c) Vision through

the z-axis of a cell with 2000 AuNPs distributed in the cytoplasm.

The source was located at 100 µm from the cell’s centre, forming a square with 20 µm

side in the xy-plane and emitting particles with direction parallel to the z-axis. Moreover,

section ”Tally spatial dose distribution” was activated, dividing the cell’s nucleus into 200

voxels and computing the dose deposited in each of them. Both x and y directions were

split into 10 bins, while the z direction was divided into two bins.

In Appendix D.10 the Python code used for reading the output data is shown. The

function ”vox dose” uses as input the number of histories (N), the number of bins for

each axis (xbins, ybins and zbins) and the name of the data file. PenEasy creates a doc-

ument with a 14-line header preceding the numerical data reported in blocks. Similarly

to the ”radial dose” function, a variable named a corresponds to a string with the docu-

ment content except the header. Considering xbins = 10, there are ten lines that mod-

ify only the x coordinates while keeping the y and z values constant. When y changes,

there is one blank line dividing the blocks; when z changes, there are two blank lines.

All the coordinates are in ascending order. The function ”vox dose” creates two matri-

ces with dimensions xbins × ybins × zbins. One of the matrices (mat dose) contains

the mean dose and the other (mat sigma) contains the corresponding uncertainty. For

clarity, Figure 5.15 presents a simplified representation of the output file generated by Pe-

nEasy, assuming xbins = ybins = zbins = 2. On the right, mat dose is divided into

two separate 2D matrices, each having a constant z value. This arrangement mirrors the

geometric configuration of the voxel’s nucleus.

6 AuNps (D = 100 nm) in the cytoplasm

In the first stage, the dose absorbed in the voxels was compared in the absence of gold

and in the presence of six AuNps with diameter of 100 nm. The nanospheres were located

in the cytoplasm at coordinates (µm): (-6,0,0), (6,0,0), (-2,0,-0.6), (2,0,-0.6), (-2,0,0.6) and
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FIGURE 5.15: Example of the structure of a PSF, as well as the creation of the matrix
”mat dose”.

(2,0,0.6), as shown in Figure 5.14(b). Mean doses were grouped forming an histogram*,

which is represented in figure 5.16.

The dose in each voxel is normally distributed with a mean and a double standard

deviation corresponding to the two last columns in the output file (see Figure 5.15). Be-

cause the volume of the voxels is very small, only a small fraction of the simulated tracks

contribute to the partial scores [8], thus the dose detected has a considerable statistical un-

certainty associated with it. As a result, rather than fitting a curve to the histogram with

the mean doses, it is reasonable to superimpose all of the probability distributions to get a

more plausible curve that reflects the data (including uncertainties). Figure D.11 displays,

on the left, an example of 10 dose values with the respective probability distributions and,

on the right, the curve resulting from their sum. This method was applied†, resulting the

lines traced in Figure 5.16, with the respective means (µ) and standard deviations (σ).

FIGURE 5.16: Histogram of the dose deposited in the voxels that constitute the nucleus
for the case of 6 AuNPs distributed in a cell.

*The values given by PenEasy have units of dose per history. It was considered an arbitrary number of
107 histories in order to obtain a dose around 1 Gy in the case of absence of gold.

†The probability function considered a confidence of 95.4% for each dose (corresponding to 2σ).
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In both scenarios, whether in the absence of gold or in the presence of 6 AuNPs, the

dose distribution within the nucleus conforms to a normal distribution. The curves have a

center around 1.2 Gy with a standard deviation of approximately 0.4. Although the mean

value obtained in the absence of gold is slightly lower, and there is a slight rightward shift

in the orange line, these differences are not considered significant.

Despite the presence of only six nanoparticles dispersed in the cytoplasm, their posi-

tions are relatively close to the sensitive target. Specifically, the maximum distance to the

center of the nucleus is 6 µm. As illustrated in the right plot of Figure 5.8, a gold nanopar-

ticle with a diameter of 100 nm still causes significant damage at such distances. However,

it’s essential to take into account that the DER calculations were based on a source signif-

icantly smaller than the one used for cell irradiation. Consequently, the incident particles

were well-directed to interact with the AuNPs, thereby increasing the energy deposition.

The doses obtained in this simulation, despite the substantial uncertainties involved, indi-

cate that six nanoparticles with a diameter of 100 nm are insufficient to induce significant

damage to the nucleus, even when positioned in close proximity.

2000 AuNPs in the cytoplasm

Since there was no significant dose enhancement observed in the preceding scenario,

2000 nanoparticles were distributed in cytoplasm and the scattering code may be found

at Appendix D.12. The coordinates of AuNPs location were determined using the Python

package ”random.uniform”.

Initially, a function named ”aleat cell” was defined, which provides the coordinates of

a sample located within an ellipsoid defined by the parameters a, b, and c. To accomplish

this, a sample (num) with uniform distribution is created over the interval [-1,1]. This

sample is then employed to calculate the polar angle as θ = arcsin(num). Afterward, the

azimuthal angle (ϕ) is generated using a uniform distribution within the range [0, 2π].

Finally, the variable rad is computed as the cube root of a sample drawn from a uniform

distribution over the interval from 0 to 1. To establish the coordinates (x, y, z), the angles

and the radius are interrelated through the following equations:


x = a × rad × cos ϕ × cos θ

y = b × rad × sin ϕ × cos θ

z = c × rad × sin θ
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Because AuNPs are only expected to be scattered in the cytoplasm, a function named

”nucleus” was built, which returns 1 if the sample is inside the nucleus and 0 otherwise.

Basically, this function verifies if the coordinates (x, y, z) given by ”aleat cell” do not fol-

low Equation 5.7 for the nucleus parameters an, bn and cn. If the generated points fall

within the ellipsoid that limits the nucleus, that position is rejected, and a new set of

coordinates is generated. This iterative process continues until a total of 2000 spots are

sampled.

Having the location of each nanoparticle, the input geometry file must be written.

Due to the large number of spheres, this file was produced using Python programming

rather than being done manually. Basically, the function ”sphere” shown in Appendix

D.13 returns the lines that must be written to define a single sphere. For that, the function

requires six input parameters: body label (n), material label (mat), sphere radius (R) and

its positional coordinates (xx, yy, and zz). Depending on the value of n, the construction

of certain lines, specifically L2, L11, and s1, may undergo alterations. This variability

arises because n can be a numerical value composed of one, two, three, or four charac-

ters, and this must be taken into consideration to ensure the proper spacing of elements

within a line. Likewise, lines L7, L8, and L9 are built depending on xx, yy and zz, re-

spectively, because the minus character (-) must be taken into account if a coordinate is

negative. As indicated in Section 4.2.3, white-space characters are vital to the accurate

reading of the input geometry file; therefore, these considerations are very important to

execute PENGEOM without errors.

The geometry consisting of 2000 AuNPs is formed by the lines generated through

the ”sphere” function within a loop. During each iteration of the loop, the variable n

increases by one unit, while mat and R remain constant, representing the gold material

and the radius of the AuNPs, respectively. The coordinates are determined based on

positions sampled by the ”aleat cell” function. After the nanospheres, the cytoplasm and

nucleus are defined in the same manner as when AuNPs were not present, using the

implicit form. However, because these bodies overlap into the volumes of the spheres, it

is crucial to include the ”important lines” analogous to the example illustrated in Figure

4.5. When several bodies are inserted in an ellipsoid, it is safer to employ the method

shown in Figure 4.5 on the right, which involves writing many ”important lines” from 1
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to 2000 after defining the cytoplasm. Without this detail, the geometry file won’t be read

correctly even if there isn’t an error message, making it impossible to get accurate results.

The method described results in Figure 5.14.c), that contains a distribution of 2000

nanoparticles viewed through the z-axis. Because the image shows the overlapping of

numerous xy-planes, nanospheres are illustrated in the nucleus area, even though their

distribution is solely in the cytoplasm.

The cell nucleus was once again divided into small voxels, and the ”Tally spatial dose

distribution” section was ON. In this stage, nanoparticles with diameter of 50 nm were

used, corresponding to a concentration of 15.3 mg of gold per cm3 of cell. The histogram

of the detected doses within the nucleus is presented on the left of Figure 5.17. The soft-

colored background results from the superimposition of the probability distributions of

each dose, as explained earlier. The line displayed represents the best-fit curve obtained

to account for the uncertainties in the distribution.

Although using a diameter of 100 nm results in a concentration of 120 mg/cm3, which

is not applicable in real situations, this scenario was also considered in order to compare

dose results between the same number of AuNps with different sizes. As the particles

emitted from the source irradiate the entire cell, which is significantly larger than the

nanoparticles, the likelihood of a photon interacting with an AuNP diminishes as the size

of the AuNP decreases. Consequently, using smaller diameters results in a substantial

increase in computational time required to achieve an acceptable level of accuracy. The

outcome obtained for nanoparticles with a diameter of 100 nm is depicted at the center of

Figure 5.17.

Additionally, the graph on the right side of Figure 5.17 displays the distributions ad-

justed for the obtained doses. This comparison enables the assessment of the doses de-

tected in the absence of gold in contrast to the presence of 2000 AuNPs.

The doses acquired for the scenario involving AuNPs with a 50 nm diameter follow

a normal probability density function, with a mean of 2.41 Gy and a standard deviation

of 0.88 Gy. Despite the considerable uncertainty, when compared to the case without

gold, nanoparticles of that diameter appear to enhance nucleus damage when distributed

solely within the cytoplasm. In the case of particles with a 100 nanometer diameter, the

results highlight the effects of gold atoms even more prominently. The histogram exhibits

dose values that are widely distributed, forming a relatively flat bell curve, which resem-

bles a log-normal distribution. The parameters s, loc and scale are explicitly explained in
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Appendix D.4.5). The data enabled the calculation of a mean dose of approximately 11.8

Gy and a standard deviation of 5.1 Gy, clearly indicating a significant increase in nucleus

damage.

In addition to assessing the dose distribution within the smaller compartments of the

nucleus, the total absorbed dose by that sensitive target was also determined. Rather than

summing the doses detected by the voxels, the ”Tally energy deposition” section was used

due to its smaller associated uncertainties and the ease of interpretation of the output file.

Figure 5.18 illustrates the results for the four previously described situations, with the

consideration of 107 histories to attain a dose of approximately 1 Gy for the cell without

AuNPs.

FIGURE 5.17: Histogram and adjusted PDF curve for a distribution of 2000 AuNPs with
diameter of 50 nm (left) and 100 nm (center). On the right, their distributions are illus-

trated together with the case of absence of gold for comparison.

The first noteworthy observation is that the dark blue bar, corresponding to 2000

AuNPs with a 100 nm diameter, is significantly taller than the others, reaching a dose of

9 Gy. Therefore, even though this concentration is not applicable in a real-world scenario,

the influence of gold atoms on the radiation increase is evident, as the AuNPs impact a

body that is not in direct contact with them. In the scenario involving the distribution

of 2000 nanoparticles with half the diameter, the gold concentration consists on a mass

weight condition of approximately 1.5%, which is comparable to the gold concentrations

achieved in vivo for tumors [29]. Consequently, despite the significant difference in dose

compared to the case using the same number of nanoparticles but with a larger diam-

eter, the dose still doubles in comparison to the cell without gold. On the other hand,

the orange bar, representing six AuNPs with a diameter of 100 nm, shows no significant

differences when compared to the case without gold, confirming the results mentioned

earlier.
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FIGURE 5.18: Energy deposition in the nucleus for different distributions of AuNPs in a
cell.

Equivalent mass of nanoparticles

Aside from the simulations described, three alternative scenarios were considered.

However, calculating the dose detected by very small voxels through the use of the ”Tally

spatial dose distribution” demands a significant amount of computational time. There-

fore, in the subsequent cases, only ”Tally energy deposition” is being utilized.

Considering the impracticality of the scenario involving 2000 large-sized AuNPs and

the favorable results obtained with 50 nm nanoparticles, an equivalent concentration of

the latter scenario using nanoparticles with a diameter of 100 nm was implemented. This

enables a comparison of the radiosensitization effect using the same mass of gold but with

two different nanosphere sizes. The results are presented on the left side of Figure 5.19.

The dose obtained for the larger nanoparticles with a 100 nm diameter is similar to that

obtained for 50 nm AuNPs, both reaching approximately 2.2 Gy in the nucleus.

FIGURE 5.19: Dose absorbed by the nucleus for the same concentration of gold nanopar-
ticles with different diameters in the cytoplasm (left) and on the surface (right).
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Furthermore, the same concentration for both sizes was employed in a distribution on

the cell’s surface rather than a distribution within the cytoplasm. In these instances, the

absorbed dose was also computed within the nucleus to assess the influence of AuNPs

when they are distributed in the external medium, distant from the sensitive target. For

the scattering, the same method as previously described was employed, with the excep-

tion that the variable rad was set to a value of 1 instead of being randomly sampled with

a uniform distribution. Subsequently, the positions of the nanospheres are generated, and

the function ”spheres” is employed to construct the input geometry file. The resulting

scattering is illustrated in Figure 5.20, where the left side depicts the distribution within

the cytoplasm, and the right side displays the distribution on the surface.

FIGURE 5.20: Scheme representing the distribution of 2000 AuNPs in the cytoplasm (left)
and on the surface of a cell (right).

The results comparing the two studied diameters are illustrated on the right side of

Figure 5.19. It is demonstrated that, once more, both sizes deliver approximately the same

amount of energy to the nucleus. However, distributing nanoparticles on the cell surface

has a minor impact on the absorbed dose in the nucleus compared to distributing them

within the cytoplasm for both examined sizes. In this geometric configuration, the doses

only reach slightly over 1.5 Gy.

Nevertheless, when compared to the first bar in Figure 5.18 (related to the case without

AuNPs), all the distributions examined in this subsection demonstrate higher dose values.

Consequently, even when nanoparticles are distributed in the external medium, there is

clear evidence of dose enhancement attributed to the presence of gold nanospheres.





Chapter 6

Conclusion

This work conducted various simulations that provide evidence of the radiosensitiz-

ing effect of AuNPs in their surrounding medium.

Compared to a tube voltage of 100 kVp, the 50 kVp source emits a greater number

of low-energy electrons in a water medium, resulting in a higher DER within the first

8 µm distance from the nanoparticle. This observation supports the notion that low-

energy electrons have a substantial impact on increasing energy deposition in the vicinity

of AuNPs. Additionally, it was observed that irradiating a nanorod with a diameter of 10

nm and a length of 40 nm along its longitudinal axis produces the same DER outcomes

as irradiating it along its transverse axis. In the simulations conducted within a water

medium, it was also concluded that smaller volumes result in lower enhancement doses

and have a lower probability of emitting electrons.

In simulations with breast tissue as the medium, it was observed that the DER rapidly

decreases within the first 100 nm around the AuNP, remains relatively constant up to a

distance of one micrometer, and then decreases proportionally to the inverse square of

the distance. When using the same source size, the constant step value decreases with

the diameter of the nanoparticle: for the largest AuNP, it is approximately 100, while for

the smallest, that value is around 2. For the 100 nm diameter, the influence of gold is

significant even at considerable distances from the nanosphere surface. However, for the

50 nm diameter nanosphere, the impact is only mildly noticeable. As for the two smaller

sizes, the effect of gold is negligible at substantial distances from the AuNP surface, which

can be advantageous for sparing adjacent healthy tissues.

After examining the PSF within a halo surrounding a single AuNP, it was determined

105



106 RADIOSENSITIZING EFFECT OF GOLD NANOPARTICLES: PENELOPE SIMULATIONS

that the detected electrons were generated through four mechanisms: hard inelastic col-

lision, inner-shell ionization, Compton scattering, and photoelectric absorption. When

considering a nanosphere composed of breast tissue, it was observed that the primary

mechanism generating the detected electrons was Compton scattering, regardless of the

nanoparticle size. However, when gold atoms were introduced, photoelectric absorp-

tion became the dominant contributor, accounting for 95% of the total electrons gener-

ated within the nanoparticle, for every diameters studied. Furthermore, it was noted that

the detected particles originate from transitions that primarily involve the outer electron

shells of the gold atoms. Notably, a consistent transition, namely the L3–M5 transition,

was observed across all studied diameters.

Revisiting the investigation of effects in the vicinity of a single nanoparticle, a method

based on the LEM was employed to predict the survival curves influenced by the pres-

ence of AuNPs. In the applied method, a specific volume was partitioned into concentric

shells, and the damage induced in that volume was calculated based on the spherical

dose distribution generated by a single nanoparticle. This calculation assumed a concen-

tration of AuNPs at the center of a sphere and evenly superimposed their effects across

the analyzed volume. The survival curves obtained lead to the conclusion that significant

damage is caused by only one nanoparticle with a diameter of 100 nanometers, primarily

due to its high gold mass concentration (≈ 2.4E-3 mg/g). Moreover, even with the lowest

concentration tested, which amounts to approximately 3.0 × 10−4 mg of gold per gram of

tissue and employs nanoparticles with a diameter of 12.5 nanometers, the survival frac-

tion is significantly reduced. In this scenario, the SER reached its minimum value of 1.77,

while the maximum value was achieved for the case with the largest nanoparticle diam-

eter. The proposed method, although slightly different from the LEM principle, yielded

reasonable results, and conducting experimental tests will be essential to establish practi-

cal correlations between theory and medical applications.

Simulations involving the distribution of AuNPs within an elliptical cell were also

conducted, and they confirmed that gold nanoparticles can enhance energy deposition

in the nucleus, even when they are not in direct contact with it. The enhancement was

demonstrated in two different ways: by assessing the dose within small compartments of

the nucleus and by calculating the total energy deposited within the entire nucleus. The

results obtained from both approaches are consistent. It was concluded that six AuNPs

with a diameter of 100 nm are insufficient to induce significant damage to the nucleus,
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even when positioned in close proximity. On the other hand, 2000 AuNPs dispersed in

the cytoplasm caused noticeable damage, whether using AuNPs with a diameter of 100

or 50 nm. Although the scenario with the largest diameter is not applicable in real life,

it demonstrated the undeniable radiosensitizing effect of gold atoms. In the scenario in-

volving the distribution of 2000 AuNPs with a 50 nm diameter, the gold concentration is

comparable to the gold concentrations achieved in vivo for tumors, and the results were

promising. Using this concentration, the dose absorbed by the nucleus approximately

doubled compared to the case without AuNPs, for both nanosphere diameters of 100 and

50 nm. Besides, when considering the same distribution of AuNPs dispersed in the ex-

ternal medium, both studied sizes lead to a similar dose in the sensitive target. It was

noticed that even when AuNPs are at considerable distances from the nucleus, a con-

centration consisting of a mass-weight condition of 1.5% is sufficient to provide the dose

enhancement attributed to the presence of gold.

Although this study concludes that the inclusion of gold nanoparticles in a medium

enhances energy deposition within that medium, it is important to note that there is still

much work to be done in this field. This is primarily due to the significant uncertainties

associated with Monte Carlo simulations. In addition to running the simulations with

different random number generation seeds, considering the utilization of variance reduc-

tion techniques should be a viable option in future work. Furthermore, the influence of

nanosphere size on dose enhancement was explored through irradiation using the same

source size. This inherently benefits larger AuNPs because more incident photons interact

with gold atoms instead of being dispersed in the surrounding medium. Therefore, future

tasks could focus on studying smaller nanoparticles with sources that closely match the

size of the nanosphere. This investigation will entail exploring new values for the DER,

which in turn will influence the survival curve predicted by the method proposed in this

work. As the technique used to derive the survival curves relied on several theoretical ap-

proximations, it becomes imperative to conduct experimental studies to assess the prac-

ticality and validity of the method. Finally, further simulations can investigate the use of

various energy sources and nanoparticle sizes. Notably, at the Institute of Physics for Ad-

vanced Materials, Nanotechnology, and Photonics (IFIMUP), nanoparticles are produced

through laser ablation, leading to diameters that frequently conform to log-normal or nor-

mal distributions. Therefore, it would be advantageous to explore distributions of AuNPs

with diverse sizes in future research, moving away from a fixed diameter approach.





Appendix A

KERMA expression

Consider N photons, each with an initial energy of k and transferring a mean energy of

dEtr. In this context, Equation 2.14 can be expressed as follows:

µtr

ρ
=

1
ρ dl

NdEtr

Nk

The total energy transferred to the charged particles in a certain volume V and mass

density rho is:

dEtr

dm
=

k dl µtr

dm

⇔ dEtr

dm
= k

[
dl
dV

]
µtr

ρ

⇔ dEtr

dm
= kϕ

µtr

ρ

If ϕ is the particle fluence and k the energy of each particle, their product is the energy

fluence psi, thus resulting in Equation 2.16b.

109





Appendix B

SpekPy settings

TABLE B.1: Available features within SpekPy toolkit [48].
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Appendix C

PENELOPE data

C.1 Database for photon interactions

This appendix provides a brief overview of the database and some of the methods

employed by the PENELOPE system.

Rayleigh: The atomic cross sections and non-relativistic atomic form factors employed

in PENELOPE are sourced from the EPDL (Evaluated Photon Data Library) [49]. Com-

putations of the atomic form factor F(x, Z) are challenging and, due to their reliance on

atomic wave functions, they can be analytically performed solely for the hydrogen atom.

In the case of all other atoms, these calculations depend on a range of approximations and

atomic models.

Photoelectric: The photoelectric absorption database within PENELOPE consists of

tables that include total atomic cross sections, as well as cross sections for the K shell, and

the L, M, and N subshells. This database covers an energy range from 50 eV to 1 GeV

for elements with atomic numbers Z = 1 − 99. PENELOPE employs ionization energies

obtained through a combination of experimental data and theoretical calculations [50].

The compilation of photoelectric cross section data has been carried out using the Fortran

program photacs [51]. This program has the capability to compute partial cross sections

for specific subshells up to a predetermined maximum energy, effectively describing the

behavior of the cross section near absorption edges. For energies beyond this maximum,

the partial cross section was extrapolated from the numerical table using an analytical

formula [52], followed by the inclusion of necessary corrections.
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Compton: The differential cross section (DCS) for Compton scattering by a free elec-

tron at rest is expressed by the familiar Klein–Nishina formula. However, while this sim-

plistic DCS was commonly utilized in older Monte Carlo transport codes, it merely pro-

vides a rough approximation for the Compton interactions of photons with atoms. In the

context of PENELOPE, Compton scattering events are delineated using the cross section

derived from the relativistic impulse approximation [12], which necessitates the incorpo-

ration of ionization energies [50]. With the scattering angle of the incident photon known,

it becomes possible to compute both the energy of the scattered photon (E’) and the angle

of the Compton electron.

Pair Production: The polar angles of the directions of movement of the electron and

positron (θ−andθ+) relative to the direction of the incident photon are sampled from ex-

pressions obtained from high-energy theory [53].

TABLE C.1: Probability density functions (of the type Γ(X)g(X)) used by PENELOPE for
simulation of photon interactions.
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C.2 Number codes used by PENELOPE

TABLE C.2: Numerical labels for designating atomic electron shells [8].

TABLE C.3: Code number for the interaction events (ICOL) [8].





Appendix D

Implemented simulations -

additional information

D.1 Fortran error within source material

When the ’source material’ parameter is set to a non-zero value, it results in an error

in the Fortran file ’sourceBoxIsotropicGaussSpectrum’ To resolve this issue, the lines 195,

196, 272, and 273 shown in Figure D.1 should be removed.

FIGURE D.1: Fortran code that generates errors when specifying the ’source material’ in
PenEasy input file.
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D.2 Water medium

The section of transport parameters in PenEasy input file correpsonds to Table D.1,

for all the combinations of source energy and nanoparticle size.

TABLE D.1: Transport parameters used for all the simulations that considered a medium
of water.

D.3 Propagation of uncertainties

Consider that y is related to n independent measured variables X1, X2, ..., Xn by a

functional representation:

y = f (X1, X2, ..., Xn)

Then, the uncertainty ∆y is given by the following Equation:

∆y =

√√√√( ∂ f
∂X1

∆x1

)2

+

(
∂ f

∂X2
∆x2

)2

+ ... +

(
∂ f

∂Xn
∆xn

)2

(D.1)

The variables ∆x1, ∆x2, ..., ∆xn are the uncertainties of X’s around x̄1, x̄2, ..., x̄n [54].

D.4 Breast tissue medium

D.4.1 Transport Parameters

The section of transport parameters in PenEasy input file corresponds to Table D.2, for all

the combinations of source energy and nanoparticle size.

TABLE D.2: Transport parameters used for the simulations using a medium of breast
tissue.
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D.4.2 Code for reading Spherical dose

FIGURE D.2: Code implemented for reading data files of spherical dose.

FIGURE D.3: Function that can resolve some issues related with the large extent of Phase
Space Files in Jupyther Notebook.
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D.4.3 Creation of PSF

FIGURE D.4: Funtion used for reading and examinign the Phase Space Files.
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FIGURE D.5: Contribution of the different mechanisms for secondary electrons genera-
tion in tissue, assuming an AuNP with diameter of 100 nm (left), 25 nm (center) and 12.5

nm (right).

FIGURE D.6: Function used to determine the principal shell transitions involved in atoms
ionization.
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FIGURE D.7: Function developed to transform the number code used by PENELOPE in
shell labels.

TABLE D.3: Principal transitions detected in the surrounding halo of a nanoparticle with
100 nm diameter.
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TABLE D.4: Principal transitions detected in the surrounding halo of a nanoparticle with
50 nm diameter.
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TABLE D.5: Principal transitions detected in the surrounding halo of a nanoparticle with
25 nm (left) and 12.5 nm diameter (right).
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D.4.4 Function for grouping shells

FIGURE D.8: Function developed for grouping the subshells around a AuNP in ticker
shells.

FIGURE D.9: Input geometry file of the cell. The nucleus and the cytoplasm are defined
by ellipsoids with different axis. The external medium is a sphere.
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FIGURE D.10: Code used for reading the file ’TallySpatialDose Distrib’ given by PenEasy.

FIGURE D.11: Example of various probability density functions for doses on the left and
the result of their superimposition on the right.

FIGURE D.12: Developed code for scattering the positions of numerous nanoparticles
within the cytoplasm of a cell.
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FIGURE D.13: Code used for writing the geometry file of one nanosphere.

D.4.5 Lognormal Distribution

The probability density function for lognorm in the standardized form is [55]:

f (x, s) =
1

sx
√

2π
exp

(
− log2(x)

2s2

)
(D.2)

where x > 0 and s > 0.

This function can be shift and scaled by the use of loc and scale parameters, as follows:

g(x, s) =
f ( x−loc

scale , s)
scale

This means that, if a random variable X is normally distributed with mean µ and

standard deviation σ, then Y = exp(X) is lognormally distributed with s = σ and scale =

exp(µ).
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