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Abstract

Cancer is one of the leading causes of mortality world-wide, killing more than
one million people per year just in Europe. Nowadays, proton therapy is one of the
most promising techniques in the fight against cancer, being two the main bases
of its success: (1) the physical advantages of protons with respect to conventional
radiotherapy with photons, resulting in a more selective energy deposition in depth;
(2) the increased biological effectiveness of protons with respect to photons and their
denser pattern of energy deposition in matter, usually determining a more lethal
damage to the DNA. The biological effect of protons and other ions with respect to
photons is described in terms of the Relative Biological Effectiveness (RBE), i.e., the
ratio between the doses of the reference and studied radiation determining the same
effect. In clinical proton therapy, a RBE value of 1.1 is currently used. However,
there is an increasing awareness that proton RBE is not a constant, but seems to
increase linearly with the Linear Energy Transfer (LD) of the proton as it slows down
in tissues, especially close to the distal region of the Bragg peak, possibly leading to
toxicity in healthy tissue beyond the target. In this context, recent studies aim at
including dose-averaged LET objective functions in treatment planning optimization
to take full advantage of the increased RBE in protons beams. This last problem, and
the characterisation of RBE, can be addressed with the formalism of microdosimetry,
which, on one hand, permits the calculation of RBE from a microscopic approach by
means of the microdosimetric kinetic model (MKM) and, on the other hand, provides
physical concepts and computational tools to calculate macroscopic LD distributions.

The rationale behind this thesis project is, therefore, given by the necessity of
performing studies of proton RBE at low energies, close to the Bragg peak region
of clinical proton beams (below 40 MeV), which would help reaching a consensus
on the variation of proton RBE with LET. To do so, two main objectives were
foreseen: (1) the design and mounting of a low energy proton facility at CNA (proton
kinetic energy below 18 MeV) for the experimental study of RBE in mono-layer
cell cultures and (2) the development of a simulation tool to study the patterns of
energy deposition of protons in water at a micrometric scale, for the computation of
microdosimetric quantities.
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This thesis is divided in four chapters. In Chapter 1, the physics foundations of proton
therapy are presented, followed by a description of the relevant biological parameters.
In this context, special attention is given to the formalisms of microdosimetry and
its most relevant quantities. Then, an insight into Monte Carlo simulations and
the main codes used in this work is presented, together with a description of the
radiation dosimeters employed for the experimental measurements performed.
Chapter 2 is dedicated to the description of the radiobiology beam line designed and
mounted at the 18 MeV proton cyclotron facility installed at the National Centre of
Accelerators (CNA, Seville, Spain), focusing especially on the overall optimization of
the beam parameters to define the best setup for the irradiation of mono-layer cell
cultures. In this chapter, a Monte Carlo simulation of the beam line, realised with
Geant4 and validated towards experimental measurements, is also presented.
In Chapter 3 a Monte Carlo track structure application, which was developed for the
computation of microdosimetric distributions of protons in liquid water, is described.
This application, based on Geant4-DNA, provides two sampling methods, uniform and
weighted, for the scoring of the quantities of interest in spherical sites. Furthermore, it
is used to verify the validity range of a formula that links microdosimetric quantities
to the macroscopic dose-averaged LET distribution, being a powerful tool for the
development of analytical models to be used in treatment planning optimisation.
Chapter 4 presents the results of the first irradiation of cell cultures at the radiobiology
beam line developed at the cyclotron facility. In this context, an application of the
Monte Carlo code for the computation of microdosimetric quantities is shown. With
this code, a theoretical derivation of the expected RBE for the experimental irradiation
and cells under study could be done, through the use of the microdosimetric kinetic
model.
Finally, a summary of the results obtained and a brief discussion on the future
perspectives of this project conclude this work.

x

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


Contents

Acknowledgements v

Abstract ix

1 Principles of Proton Therapy 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Physical aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 The stopping power and the Bragg peak . . . . . . . . . . . . 6
1.2.2 Range and energy straggling . . . . . . . . . . . . . . . . . . . 11
1.2.3 Lateral beam spread . . . . . . . . . . . . . . . . . . . . . . . 13

1.3 Radiobiological aspects . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.3.1 Absorbed dose and radiation damage . . . . . . . . . . . . . . 17
1.3.2 Survival curves and Relative Biological Effectiveness . . . . . 19
1.3.3 Microdosimetry . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.4 Monte Carlo simulations . . . . . . . . . . . . . . . . . . . . . . . . . 29
1.5 Radiation Dosimeters . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.5.1 Ionisation chambers . . . . . . . . . . . . . . . . . . . . . . . 32
1.5.2 Silicon detectors . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.5.3 Radiochromic films . . . . . . . . . . . . . . . . . . . . . . . . 35

1.6 Work outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2 Preparation of a radiobiology beam line at the 18 MeV proton
cyclotron facility at CNA 39
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.2.1 Beam line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.2.2 Monte Carlo simulation . . . . . . . . . . . . . . . . . . . . . 45
2.2.3 Setup for the irradiation of cell samples . . . . . . . . . . . . 54

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.3.1 Validation of the Monte Carlo code . . . . . . . . . . . . . . . 57

xi

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


2.3.2 Optimisation of the setup for the irradiation of cell samples . 65
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3 Microdosimetry-based dose-averaged linear energy transfer calcu-
lation for mono-energetic proton beams: a Monte Carlo study with
GEANT4-DNA 75
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.2 Theoretical Framework . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.2.1 Obtaining dose-averaged LET from microdosimetry . . . . . . 78
3.2.2 Sampling methods and their influence on chord length distri-

butions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.2.3 Macroscopic dose-averaged LET calculation method . . . . . 82

3.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.3.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.3.2 Scoring algorithms . . . . . . . . . . . . . . . . . . . . . . . . 84
3.3.3 Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.3.4 Simulation of mono-energetic proton beams . . . . . . . . . . 89

3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4 Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line 105
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.2.1 DNA damage induction and repair . . . . . . . . . . . . . . . 106
4.2.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 109
4.2.3 Irradiation of cells at the 137Cs irradiator . . . . . . . . . . . 111
4.2.4 Immunofluorescence microscopy . . . . . . . . . . . . . . . . . 111
4.2.5 Theoretical computation of RBE from microdosimetry . . . . 114

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.3.1 Irradiation of U2OS cell cultures . . . . . . . . . . . . . . . . 117
4.3.2 Derivation of RBE10 from the MKM . . . . . . . . . . . . . . 122

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5 Conclusions and perspectives 129
5.1 Final remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.2 Future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

xii

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


Contents

List of Figures 133

List of Tables 145

Bibliography 149

xiii

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


Chapter 1

Principles of Proton Therapy

1.1 Introduction

According to the estimates of the World Health Organization (WHO), cancer is
among the top two leading causes of premature death in most countries with a high
Human Development Index (HDI), and its incidence is expected to increase by about
70% over the next two decades [1]. Depending on the type of malignancy, location,
stage of the disease and general state of the patient, different treatment options exist,
surgery, chemotherapy and radiotherapy being the most common ones. If the tumour
is operable, surgery is the preferable option as it directly removes all the cancerous
tissue. Chemotherapy, on the other hand, is a pharmaceutical systemic treatment
targeting rapidly-growing cells, such as cancer ones, in the whole body. For this
reason, chemotherapy is an aggressive treatment for patients, as it also affects normal
cells causing important side effects. Finally, radiotherapy is a localised treatment
that uses ionising radiation to injure or destroy cancer cells. Radiotherapy plays an
important role in cancer management, as about 70% of all patients diagnosed with
cancer receive curative or palliative radiation treatments, most of the time performed
with photon or electron beams [2]. Combined therapy modalities can also be applied:
chemo-radiotherapy, for example, can be used to treat metastatic tumours, while
radio-surgery applications are mainly adopted to shrink the tumour volume before
irradiation or to reduce relapse probability after operation.

Thanks to the development of high-precision treatments and imaging techniques, the
number of patients effectively treated with radiotherapy increased in the last decades,
meaning that the improvement of this treatment modality may impact significantly
on the global outcome of cancer treatment [3,4]. At present, the Intensity Modulated
Radiation Therapy (IMRT) is one of the cutting edge technologies in traditional
radiotherapy with X-rays [5, 6]. IMRT is an advanced technique of high-precision
radiotherapy that allows to conform the radiation dose more precisely to the three-

1

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


1.1. Introduction

Figure 1.1: Comparison of the profiles of energy deposition in water as a function of
depth (Physical dose) of an X-ray beam and high-energy charged particles. While an X-ray
beam exhibits an exponential decrease of energy deposition at depths greater than few cm
(approximately 1.5 cm for a 6 MV clinical beam), charged particles deposit most of their
energy at the end of their path, defining a region usually called Bragg peak, while sparing
both proximal and distal located normal tissues (taken from [11]).

dimensional shape of the tumour, by modulating the intensity of the radiation beam.
Typically, multiple fields coming from different directions are combined to deliver
a patient specific radiation dose: maximised in the tumour and minimised in the
adjacent normal tissues [7]. However, since the aim of any treatment modality is to
kill as many cancerous cells as possible, while minimising damage to the healthy-
tissues, in some situations conventional radiotherapy is not sufficient due to the
tumour location close to organs at risks, that sometimes results in the delivery
of a radiation dose above their tolerance. The urge for clinical solutions to treat
these cases has stimulated in the last twenty years both remarkable technological
developments in conventional photon therapy and an increasing enthusiasm in the
use of particle beams for radiation therapy, which could not be fully exploited before
the achievement of these advances [8].

The article in Radiology [9], published by Robert Wilson in 1946 about the therapeutic
interest of protons for treating cancer, is usually considered as the starting point of
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Chapter 1. Principles of Proton Therapy

Figure 1.2: Comparison of saggital images of proton and photon treatment plans for a
pediatric patient treated with craniospinal radiation. On the right, the excess dose deposited
from photon treatment is highlighted (taken from [12]).

particle therapy: less than ten years later, in 1954, the first treatments with protons
took place in the Lawrence Berkeley Laboratory (Berkeley, CA, USA). Today, particle
therapy has grown into an advanced clinical modality, counting more than 100 000

patients treated worldwide with protons since the establishment in 1990 of the first
hospital-based treatment centre in Loma Linda (California, USA) and more than
10 000 treated with heavier ions, generally carbon [10].

The clinical interest in particle therapy comes from the favourable physical properties
of charged particles, especially their characteristic curve of energy deposition in
depth, which allows precise delivery of radiotherapy treatments. As emerges from
Figure 1.1, while an X-ray beam deposits energy slowly and mainly exponentially
as it penetrates tissue, the energy deposition of charged particles increases with
penetration depth, reaches a maximum just before coming at rest in the region called
the Bragg peak and then exhibits a rapid fall-off. Since the Bragg peak position
in depth increases with the kinetic energy of the incident particle, it is possible to
target a well-defined region at a certain depth in the body, tuning the position of
the Bragg peak by adjusting the energy of the incident particle beam, while sparing
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1.1. Introduction

both proximal and deeper located normal tissues, as shown in Figure 1.2.

As already mentioned, tumour indications for particle therapy are generally those
close to organs at risk, being chordomas and chondrosarcomas of the base of the
skull and eye tumours some typical cases [13]. However, other indications exist, for
example for patients where the reduction of the radiation dose received by normal
tissues is essential: children treated with curative intent and patients with genetic,
radiosensitive syndromes [13]. More generally, the high-precision and non-invasiveness
of the Bragg peak would be beneficial for most cancer cases. However, in some
situations the clinical benefit is not significant enough, while substantial differences
in cost exist between X-ray-based therapy and particle therapy, being the latter more
expensive both in terms of initial investment and cost per treatment, making the
issue of cost-benefit ratio highly controversial [14].

In addition to the physical advantages derived from the energy loss mechanism
that characterises the interaction of protons and other ions with matter, the use
of particle therapy is associated with important biological advantages, which can
be exploited in the clinics. The biological properties of any type of radiation are
derived from the energy deposition pattern: if compared to photons, charged particles
(especially light ions) exhibit a more condensed ionisation pattern in traversed cells,
resulting in the induction of more complex damages and different cellular responses,
which can be exploited in particle therapy. This is usually quantified by the Relative
Biological Effectiveness (RBE), defined for a given radiation type as the ratio between
a reference radiation dose (generally 60Co, γ-rays or 250 keV X-rays) and the dose
of the radiation type considered that produces the same biological effect. While for
heavy ions like carbon the increase in RBE is clearly advantageous for treatments,
the case of protons is not fully understood and a lot of uncertainties exist both in
experimental measurements and models of proton RBE [16]. In clinical practice
with protons, a fixed RBE value of 1.1 is used [15], despite the evidences suggesting
that the RBE changes along the Bragg curve, but that is justified by the fact that
the available biological data are insufficient to support the implementation of other
proposed RBE models in clinical environment [17–22].
The work presented in this thesis is inserted into this context and has two main
objectives: (1) the design and mounting of a low energy proton facility (proton
kinetic energy below 18 MeV) for the experimental study of RBE in mono-layer cell
cultures, as described in Chapter 2; and (2) the development of a simulation tool to
study the patterns of energy deposition events of protons in water at a micrometric
level, useful to infer the biological effects of protons at a macroscopic scale through
specific models as described in Chapters 3 and 4.

In the following sections, the physics fundamentals and the radiobiological bases of
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Chapter 1. Principles of Proton Therapy

proton therapy will be described in details; followed by a brief overview about Monte
Carlo methods and radiation detectors for dosimetry in particle therapy.

1.2 Physical aspects

The phenomena associated with the interaction of ionising radiation with matter
include a wide variety of physical mechanisms, whose knowledge is of fundamental
importance to allow the widespread of new techniques and applications. Radiation
interacts with matter in terms of its fundamental elements: atoms, nuclei and their
individual constituents, with a probability that is governed by quantum mechanics
and depends on radiation nature, energy and type of material. The type of processes
occurring for each type of radiation define its propagation through matter, its
detection characteristics as well as its effects on biological organisms. The most
common processes which take place when charged particles or photons pass through
matter are governed by electromagnetic interactions. Light ions undergo energy
losses mainly due to excitation and ionisation of the atoms of the medium close
to their trajectory. Electrons and positrons also lose energy by radiating photons.
Finally, photons are attenuated in matter by single scattering with atomic electrons
of the medium or by a few subsequent interactions mainly governed by Compton
scattering, photoelectric effect and pair production, the last two eventually leading
to full absorption of the photon in matter [23].

In this section, the physical principles of the interaction of protons with matter,
relevant to therapeutic applications, are discussed. Two are the main processes
that characterise the passage of these particles through a material: energy loss and
deflection from the particle original direction. Protons interact with matter primarily
through Coulomb forces between their positive charge and the negative charge of the
electrons of the absorber atoms. Depending on the closeness of such interactions,
the impulse felt by the electrons from the attractive Coulomb force may be sufficient
either to raise the electron to a higher-lying shell within the atom (excitation)
or to remove it completely from the atom (ionisation) [26], subsequently causing
new ionisations as the freed electron travels and interacts with other neighbouring
atoms. In the slowing down process, most protons travel in a nearly straight line
and no significant deflections of their trajectory are observed, as their rest mass is
approximately 2000 times greater than that of an electron. In contrast, a proton
passing close to the atomic nucleus of the absorber, whose mass is much bigger,
experiences a repulsive elastic Coulomb interaction, that deflects the proton from its
original trajectory. Although such interactions occur rarely, when they take place
the target nucleus absorbs a very little amount of energy while the incident particle
is scattered, causing a deflection of its trajectory. For example, for a 1 MeV proton
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1.2. Physical aspects

impinging on a carbon nucleus, the maximum scattering angle is approximately 5°
with an interaction probability of only about 0.1% that decreases with increasing
energy. Therefore, elastic nuclear interactions only play a small role towards the very
end of the proton path [24].

In the following, the two main processes of proton interaction with matter, which
can be generally identified as stopping and scattering, will be discussed in detail.

A third type of process contributes to determine the shape of the Bragg peak: the
nuclear interaction of proton projectiles with the target nuclei. This type of interaction
leads to the excitation of the target nucleus, to the formation of a compound nucleus
or to a direct interaction with an individual component of the nucleus. The result is
an energy loss of many MeV per collision, eventually accompanied by the emission of
secondary particles and by a significant change in the flight direction of the proton.
The probability for non-elastic nuclear reactions increases rapidly with increasing
proton energy being about 1% for a 25 MeV proton and up to 25% for a 200 MeV

proton [24, 25]. However, since for the energies considered for the purpose of this
thesis (below 18 MeV) head-on collisions of protons with nuclei are very rare, their
contribution will be neglected.

1.2.1 The stopping power and the Bragg peak

As previously mentioned, the energy loss of protons in matter is mostly described
by their electromagnetic collisions with the target electrons, which are statistical in
nature. The amount of energy transferred after each collision is a very small fraction
of the kinetic energy of the incident particle. However, depending on the density of
the material traversed by the protons, the number of interactions per unit of length
might be very large. It is then possible to define an average energy loss per unit path
length, the so-called stopping power dE/dx, where dE is the mean energy loss and
dx is the distance traversed by the particle in the medium. The energy loss rate is
described by the Bethe [27] and Bloch [28] formula reported here in the relativistic
version described by Fano [29]:

− dE
dx

= 4πNAr
2
emec

2ρ
Zt

A

Z2
p

β2

[
ln

2mec
2γ2β2

〈I〉
− β2 − C

Zt
− δ

2

]
, (1.1)

where NA is Avogadro’s number, re, me and e are the electron classical radius, mass
and charge, Zt and Zp denote the atomic numbers of the target and the projectile,
A is the atomic weight of the target material and ρ its mass density, β = v/c,
where v is the particle velocity and c is the speed of light, γ = (1 − β2)−1/2, and
〈I〉 is the mean excitation potential of the target material. The terms C and δ

are two correction factors which are derived from relativistic theory and quantum
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Chapter 1. Principles of Proton Therapy

Figure 1.3: Variation of −dE/dx as a function of the proton kinetic energy in water (blue
circles) and in Polymethyl methacrylate (PMMA, ρ = 1.19 g cm−3, orange triangles). Data
extracted from the National Institute of Standard and Technologies (NIST, Maryland, MD,
USA) Standard Reference Database PSTAR [31].

mechanics, and need to be considered respectively when projectiles at very low
(below few MeV for protons [23]) or very high energy (close to 1 GeV for protons in
biological materials [30]) are used in calculations. The shell correction C arises as
the incident particle velocity gets closer to the velocity of atomic electrons. In this
energy region, many complex phenomena take place, the most important of them
being the electronic capture by the incident particle, that determines a decrease of
its charge state and consequently of its stopping power. The density effect δ, instead,
originates from the electric field produced by the incident particle, which tends to
polarise the electrons of the medium along its path. This effect increases with the
particle energy, meaning that further electrons feel a shielded electric field and give
a lower contribution to the energy loss.

At high velocities the atomic electrons are completely stripped off and the projectile
charge is equal to the atomic charge Zp. At lower velocity, below about 10 MeV u−1

for light ions, the mean charge state decreases due to the interplay of ionisation
and recombination (electron exchange) processes. To account for this phenomenon,
Barkas [32] proposed to replace Zp by a projectile effective charge Zeff, parametrised
as a function of β and Zp of the incident particle with the following empirical formula:
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1.2. Physical aspects

Figure 1.4: A typical Bragg curve, showing the variation of −dE/dx as a function of the
penetration depth for protons having a kinetic energy of 70 MeV in water. Computed with
the Monte Carlo code Geant4 (see Section 1.4).

Zeff = Zp

[
1− exp

(
−125βZ−2/3

p

)]
. (1.2)

Some interesting considerations can be done by observing the dependences of the
energy loss on the projectile and material characteristics in Equation (1.1). Indeed,
dE/dx is proportional to the inverse square of the velocity of the incident particle
and on the square of its charge, and there is no dependence on the projectile mass.
On the other side, Equation (1.1) puts in evidence the strong influence of the target
material on the energy loss rate. In fact, the stopping power is proportional to
the electron density NAρZt/A of the target material, and depends on its 〈I〉 value,
which varies from about 19 eV for hydrogen to about 820 eV for lead, being 78 eV

the one of water [33]. However, since this last dependence goes with the logarithm of
〈I〉−1, its effect is diminished, and the strongest elements affecting the energy loss
in the human body are the material density, which can vary by about three orders
of magnitude from air in the lung to cortical bone, and the particle velocity, which
can cause the stopping power in water to vary by a factor of 60 for proton energies
between 1 and 250 MeV [34] (see Figure 1.3).

Taking into account the aforementioned considerations, as a light ion slows down
inside matter, its rate of energy loss changes, determining a greater amount of energy
deposited per unit length at the end of its path rather than at its beginning. This
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Chapter 1. Principles of Proton Therapy

Figure 1.5: Example of the method of summing up different Bragg peaks with different
energies and weights, to build the SOBP (taken from [35]).

effect is shown in Figure 1.4, which represents the amount of energy deposited by
a proton as a function of its position along its slowing-down path. The curve is
known as Bragg curve and its maximum is usually indicated as Bragg peak. In the
clinical practice, the aim is usually to obtain an irradiation profile broader than the
individual Bragg peak, in order to achieve a better coverage of the tumour volume.
This is done by superimposing different beams with slightly different energies and
fluence weights, as depicted in Figure 1.5, generating a spread out Bragg peak (SOBP)
that deposits the required radiation dose in the treatment volume.

Until now, proton energy loss has been described in an approximate way on the
assumptions that a proton loses energy along a linear trajectory and that the
energy loss is continuous. However, the absorption of this energy occurs in a three-
dimensional volume, and the random fluctuations in the location and size of primary
ionisation events result in a proton ionisation track with an irregular three-dimensional
structure. Indeed, some of the recoil electrons produced by the proton interaction,
usually defined as δ-rays, are sufficiently energetic to create small spur tracks of
ionisation emanating from the main track. The maximum possible energy transfer
to a δ-ray (Eδ

max) following the collision of a proton with an unbound stationary
electron is:

Eδ
max = 2mec

2β2γ2

[
1 + 2γ

me

M
+
(me

M

)2
]−1

, (1.3)

where M is the mass of proton. Even for very energetic protons, the secondary
electrons do not acquire enough energy to travel more than a few millimetres from
the proton track; for example, a 250 MeV proton can transfer to an electron a
maximum energy of ∼ 600 keV resulting in a maximum travelled distance from the
proton track in water of about 2 mm. For targets having atomic numbers ranging
between Zt = 6 and Zt = 92 in the δ-ray energy range 0.7 keV − 30 MeV, the
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1.2. Physical aspects

maximum distance travelled by secondary electrons (Rδ
max) can be calculated by a

semi-empirical equation developed by Tabata et al. [36]:

Rδ
max = a1

 1

a2
ln

(
1 + a2

Eδ
max

mec2

)
−

a3
Eδ
max

mec2

1 + a4

(
Eδ
max

mec2

)a5
 , (1.4)

where the parameters ai are given by simple functions of the atomic number Zt and
the mass number A of the target material. The expressions for the parameters ai
are listed here:

a1 = b1A/Z
b2
t ,

a2 = b3Zt,

a3 = b4 − b5Zt, (1.5)

a4 = b6 − b7Zt,

a5 = b8/Z
b9
t ,

where the symbols bi are constants, independent on the target material, which have
been determined by Tabata et al. [36] and whose values are listed in Table 1.1.

Table 1.1: Values of the constants bi(i = 1, 2, ..., 9) of Equation (1.5). Reprinted from [36]

i bi

1 0.2335
2 1.209
3 1.78× 10−4

4 0.9891
5 3.01× 10−4

6 1.468
7 1.180× 10−2

8 1.232
9 0.109

If Equation (1.4) is applied to materials that are mixtures or compounds, the atomic
and mass number should be replaced by respective effective values (Z∗t and A∗):

10

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


Chapter 1. Principles of Proton Therapy

Z∗t =
∑
i

fiZi, (1.6)

A∗ = Z∗t

(∑
i

fi
Zi
Ai

)−1

,

where fi is the fraction by weight of the constituent elements with atomic number Zi
and atomic weight Ai. For a water medium, for example, Z∗t = 7.22 and A∗ = 13.0.
The spatial characteristics of secondary electrons should, in principle, be taken into
account near material interfaces and in cases where the radiation quality is of interest,
as it happens in the microdosimetric characterisation of individual energy deposition
events, which will be described in Section 1.3.3.

1.2.2 Range and energy straggling

The peculiar shape of the stopping power distribution as a function of the material
penetration depth has led to the conception, and later on the development, of proton
therapy as a technique in cancer research and therapy. Indeed, a key aspect of proton
therapy is the precise knowledge of the beam range, a distance beyond which no
primary particle will penetrate. Assuming the energy loss to be continuous, this
distance should be a well defined magnitude, the same for all identical particles
with the same initial energy in the same medium. However, as shown in Figure 1.6,
this is not necessarily true as the incident protons stop within a certain interval
of thicknesses. This behaviour, known as range straggling, is due to the fact that
the energy loss has a statistical nature, which leads to an approximately Gaussian
distribution of the range. Consequently, the range is an average quantity, defined for
a beam and not for individual particles.

Since the path of most protons in matter is nearly a straight line, on average their
true path length is approximately equal to their projected path length and range.
This fact makes many proton range calculations resolvable with relatively simple
numerical or analytical approaches. Bearing in mind the previous considerations and
under the hypothesis of Continuous Slowing Down Approximation (CSDA), from a
theoretical point of view the range R(E0) of an incident particle with energy E0 can
be calculated integrating the Bethe and Bloch formula as follows:

R(E0) =

∫ R

0
dx(E) =

∫ 0

E0

dx
dE

dE =

∫ 0

E0

(
dE
dx

)−1

dE. (1.7)

For any given particle, however, the path-length or equivalently the amount of energy
loss per unit path length will not generally be equal to its mean value, due to the
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1.2. Physical aspects

Figure 1.6: Experimentally, the range can be determined by measuring the ratio of trans-
mitted to incident particles (I/I0), coming from a mono-energetic and collimated beam
impinging on different thicknesses of the same material. The distribution of ranges is
approximately Gaussian in form. The mean and extrapolated ranges are highlighted (taken
from [37]). A typical curve, depicted in , shows this ratio as a function of the absorber
thickness.

statistical fluctuations in the number of collisions and in the energy transferred,
resulting in a broadening of the Bragg peak. These fluctuations in energy lost, or
energy straggling, are described by the asymmetric Vavilov distribution [38], which is
characterised by a long tail deriving from the non zero probability of having large
energy transfers in a single collision. For relatively thick absorbers, in the limit of
many collisions, the Vavilov energy loss distribution becomes a Gaussian [39,40]:

f(∆E) =
1√

2πσE
exp

[
−
(
∆E −∆E

)2
2σ2

E

]
, (1.8)

where ∆E is the energy lost, ∆E is the mean energy loss and σ2
E is the variance,

which is proportional to the thickness of traversed material. Since, in principle, range
straggling imposes a limit on the accuracy with which the particle energy can be
determined from its range [41], the variance σ2

R of the range distribution is related
to the variance σ2

E of the energy loss straggling distribution:

σ2
R =

∫ E0

0

(
dσE
dx

)(
dE
dx

)−3

dE, (1.9)
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Chapter 1. Principles of Proton Therapy

Figure 1.7: Experimental depth dose curves of protons and 12C ions having the same mean
range in water (taken from [42]). Due to the higher relative range straggling experienced
by protons, the width of their Bragg peak is enlarged with respect to the carbon ions
distribution.

where E0 is the particle initial energy.

The relative range straggling of a particle of energy E and mass M is nearly constant
and can be described by [42]:

σR
R

=
1√
M
· f ·

(
E

Mc2

)
, (1.10)

where f is a slowly varying function depending on the target material [43]. Equa-
tion (1.10) means that the relative straggling is smaller for heavier particles: by
comparing Bragg peaks of protons and carbon ions having the same mean range in
water, as illustrated in Figure 1.7, it can be observed that the peak for a carbon ion
beam is much narrower than for a proton one.

1.2.3 Lateral beam spread

While the depth of the Bragg peak depends on the particle initial energy, its width
is modulated by the energy dispersion in both the longitudinal and the transverse
directions. The first is due to the energy straggling, as described in Section 1.2.2,
while the second is mainly due to the elastic Coulomb collisions experienced by the
primary particles when impinging on the target nuclei. In the treatment of Coulomb
scattering, three main regions can be distinguished [37]:
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1.2. Physical aspects

1. Single scattering occurring for very thin absorbers where the probability of more
than one Coulomb scattering is small. In this case, the angular distribution is
given by the Rutherford formula [44], valid in the classical limit for point-like
projectiles and targets.

2. Plural scattering occurring if the average number N of independent scattering
events is N < 20. This case is difficult to treat since neither Rutherford formula
nor statistical methods can be applied.

3. Multiple scattering occurring for N > 20. If the energy loss is small or negligible,
the problem can be treated statistically to obtain the probability distribution
for the net deflection angle as a function of the thickness of crossed material.
This is what is generally known as Multiple Coulomb Scattering.

In clinical proton therapy, most targets considered are thick enough to produce a
large number of scattering events, and multiple Coulomb scattering plays a major
role. A rigorous calculation of multiple Coulomb scattering is extremely complicated
and the most elegant and comprehensive theory for incident protons is that of
Molière, which is generally valid for all particles up to angles of θ ' 30° [37]. In the
formulation by Molière, the polar angle distribution is expressed as a power series. If
the target thickness is big enough, in the first approximation, the greater order terms
of this series may be excluded, and the angular distribution function is approximately
Gaussian in form:

P (θ) dΩ ' 2θ

〈θ2〉
exp

(
−θ2

〈θ2〉

)
dθ, (1.11)

where the parameter 〈θ2〉 represents the variance of the scattering angle distribution.
A better estimation of this quantity, however, is obtained using the empirical formula
proposed by Highland [45], which is valid for target atomic numbers Zt > 20 and for
target thicknesses 10−3 × Lrad < d < 10× Lrad:

σθ =
14.1 MeV

pβc
Zt

√
d

Lrad

(
1 +

1

9
log10

d

Lrad

)
. (1.12)

In the previous formula, Lrad is the material radiation length, d is the material
thickness, p is the particle momentum and σθ is the variance of the scattering angle
distribution expressed in radians. Equation (1.12) tells us that, independently of
their mass, particles with the same kinetic energy, which can be derived from pβc,
undergo the same deflection. At the same time, the term pβc in the denominator,
influences the behaviour of the lateral spread, which grows inversely with the energy.
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Chapter 1. Principles of Proton Therapy

Figure 1.8: Time-scale of the effects of radiation exposure on biological systems (taken
from [46]).

1.3 Radiobiological aspects

When dealing with the biological effect of any radiation type on living cells and
tissues, several differences to the action on non-living material must be taken into
account, the first being the capability of living cells to actively process the damage
induced by radiation. This damage processing takes time, implying a strong time
dependence of biological effects, which spans a scale from minutes to years. Indeed,
the irradiation of any biological system generates a succession of processes that differ
enormously in time scale [46], as it is illustrated in Figure 1.8.
These processes can be divided into three phases: physical, chemical and biological,
each of them having a characteristic time span.

• Physical Phase

During the physical phase, radiation interacts with the atoms and molecules
composing the tissue. A high-speed electron, for example, takes about 10−18 s

to traverse the DNA molecule and about 10−14 s to pass across a mammalian
cell, inducing ionisation or excitation of the atoms.

• Chemical Phase

The chemical phase describes the period in which damaged atoms and molecules
react with other cellular components in rapid chemical reactions. Ionisation
and excitation lead to the formation of highly reactive molecules known as free
radicals.

• Biological Phase

The biological phase includes all subsequent processes; the vast majority of
lesions are successfully repaired, while some rare lesions fail to be repaired and
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1.3. Radiobiological aspects

Figure 1.9: Graphical representation of different types of DNA damage induced by ionising
radiation. (taken from [48]).

may eventually lead to cell death. At later times the so-called late reactions
appear, which may finally lead to carcinogenesis.

Although all molecules in the cell might be damaged by ionising radiation, experi-
mental results have demonstrated a strong correlation between radiosensitivity and
DNA content. Indeed, the damage to the DNA molecule appears to be the decisive
lesion for mutation induction, carcinogenic transformation and cell killing, due to its
central role in all cellular functions, such as cell division and gene expression.
DNA damage can be induced by radiation in two different ways: indirectly or directly.
In the former case, ionising radiation interacts with the water molecules surrounding
the DNA molecule, leading to the production of highly reactive free radicals; these
can migrate over distances of a few nanometres and react with the DNA or other
molecules of the cell, damaging them. In the latter case, the DNA of the exposed
cell is directly ionised, subsequently leading to the breakage of molecular bonds and
the disruption of one or both strands of the DNA [47].

Due to the importance of DNA, cells and organisms have developed a complex series
of processes and pathways for DNA-damage repair. Specialised repair systems have
therefore evolved for detecting and repairing damage to bases, Single-Strand Breaks
(SSB) and Double-Strand Breaks (DSB), which are the major types of DNA damage
induced by ionising radiation (see Figure 1.9). Since the information on both strands
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Chapter 1. Principles of Proton Therapy

Figure 1.10: Representation of 60Co photon (left) and 1 MeV proton (right) energy deposi-
tion patterns inside a cubic volume, for an absorbed dose of 2 Gy (taken from [49]).

of the DNA molecule is specular, injuries affecting only one strand of the double helix
can be potentially easily repaired by using the duplicated information. Therefore,
DSBs are generally considered as the critical event for the induction of lethal lesions.

The main radiobiological difference between photons and light ions resides in their
different direct ionisation capability: while photon ionisation density can be assumed
to be uniformly distributed and sparse, light ion ionisation density is very localised,
as depicted in Figure 1.10. This implies a higher probability, with respect to photons,
for DSBs, inducing a more severe damage to the cell.

1.3.1 Absorbed dose and radiation damage

To characterise the amount of radiation-induced damage during a radiotherapy
treatment, one of the most important physical quantities is the dose deposited in
tissues. The absorbed dose D is defined as the mean energy per unit mass deposited
by ionising radiation in a mass element:

D =
dE
dm

. (1.13)

The International System (SI) unit for the absorbed dose is the Gray (Gy), where
1 Gy = 1 J kg−1. The absorbed dose, though, is not enough to determine the biological
effect of different radiation qualities, as the most striking difference between photons
and ions concerns their microscopic spatial distribution of energy deposition events.
A physical quantity which better describes the radiobiological effect of different types
of radiation is the Linear Energy Transfer or LET. From a physical point of view,
the LET is equal to the electronic stopping power, but conceptually focuses on the
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1.3. Radiobiological aspects

energy locally given to the medium, rather than on the energy lost by the incident
particle. As for the electronic stopping power, the LET is defined as the mean energy
dE lost in the target medium by a slowing-down particle in a track segment of length
dl, and it is usually expressed in keV µm−1:

LET =

(
dE
dl

)
. (1.14)

The LET defined in this way is called unrestricted. In some practical cases, it can
be useful to exclude interactions that carry energy far away from the original track,
imposing an upper threshold ∆ for the energy of secondary electrons. This is usually
referred to as restricted LET (LET∆), and tends to the unrestricted LET (thus to
the electronic stopping power) if the threshold tends to infinity [51]. The physical
absorbed dose and the LET are strictly related; indeed, for a parallel beam with
particle fluence Φ, the dose deposited in a thin slice of an absorber material with
mass density ρ can be calculated as:

D = 1.6× 10−9 × Φ× LET× 1

ρ
. (1.15)

The LET depends on the energy of a particle and, in the usual case of a beam with
a broad energy spectrum, a distribution of LET will be observed in the exposed
material. Therefore, to characterise the radiation field by a single parameter, a
mean LET value must be used. There are two common ways of specifying LET
distribution and, consequently, two different mean values: the frequency distribution,
defined in terms of the total track length (which decreases as particles are stopped)
of the incident particle or, equivalently, in terms of the particle fluence, and the dose
distribution, defined in terms of the absorbed dose deposited by the particle at a
specified LET [50,51].

• Frequency distribution

Let F (L) be the distribution function of the fraction of the total track length
that is associated with a LET not larger than L:

F (L) =
φL
φ
, (1.16)

where φ is the total fluence and φL is the fluence of particles with LET not
exceeding L. The density of LET in track length or fluence is denoted by
f(L) = dF (L)/dL, being the frequency- (or track-) averaged LET, LF, its mean
value:
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Chapter 1. Principles of Proton Therapy

LF =

∫
Lf(L) dL. (1.17)

• Dose distribution

Let D(L) be the distribution function of the fraction of absorbed dose due to
particles with linear energy transfer not larger than L:

D(L) =
DL

D
, (1.18)

where D is the total absorbed dose, and DL is the absorbed dose due to
particles with LET not exceeding L. The corresponding density of LET in dose
is denoted by d(L) = dD(L)/dL. The dose-averaged (or weighted-averaged)
LET LD is:

LD =

∫
Ld(L) dL. (1.19)

The dose and frequency distributions of LET are related as follows:

d(L) =
Lf(L)

LF
. (1.20)

Accordingly, the dose-averaged LET can be expressed in terms of the first two
moments of f(L):

LD =
1

LF

∫
L2f(L)dL =

L2
F

LF
. (1.21)

1.3.2 Survival curves and Relative Biological Effectiveness

A common way to analyse the different effects of photons and light ions on living
materials is by means of cell survival curves.
A cell survival curve describes the relationship between the physical dose and the
portion of cells that survives. The word survival can take different meanings de-
pending on the context, but usually refers to the capability of a certain cell type to
preserve a specific function. In the case of proliferating cells, such as cancerous ones,
the response of the cells to ionising radiation, in vitro, is frequently quantified in
terms of the probability of clonogenic survival, where clonogenic refers to the ability
of the survivor to maintain the reproductive integrity and duplicate to form a large
colony. Cell survival experiments are relatively easy to perform: cells from an actively
growing stock culture are irradiated and then incubated for 1 or 2 weeks before being
fixed and stained. Then, cell proliferation is analysed counting as survivors only
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1.3. Radiobiological aspects

Figure 1.11: Survival curve for photons (solid black line) and ions (red dashed line), and
determination of RBE at 10% and 1% survival level (taken from [42]).

those cells which have formed colonies with more than a certain threshold of daughter
cells, usually set to 50. Finally the surviving fraction is given by normalisation to
the number of seeded cells [47].
Survival curves are usually reported plotting the dose on a linear scale and the
surviving fraction on a logarithmic scale, as shown in Figure 1.11.
Qualitatively, the shape of the survival curve can be described in simple terms:

• For low-LET radiation qualities, on the log-linear plot, the survival curve starts
with a finite initial slope, bends for higher doses and finally straightens again
for very high doses.

• For densely ionising or high-LET radiation qualities, the cell survival curve is
linear in the log-linear plot throughout the whole dose range.

Therefore, the most common way to parametrise the cell survival curve is by means
of an exponential function, theorised in the frame of the Linear Quadratic (LQ)
model:

S(D) = exp(−αD − βD2), (1.22)

where S is the survival fraction, D is the absorbed dose and α and β are experimentally
determined parameters. The LQ model assumes that there are two components to
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Chapter 1. Principles of Proton Therapy

cell killing by radiation, respectively proportional to the dose and to the square of
the dose, which in some way depend on the severity of DNA damage. The ratio
α/β determines the shoulder of the survival curve, i.e. the radiation sensitivity, and
corresponds to the dose at which the linear and quadratic contributions to cell killing
are equal. For a given endpoint, the dose-response curves from proton radiation are
steeper than those for photon radiation (higher α/β), probably indicating a lower
damage repair probability. This effect becomes more pronounced at low proton
energies and, specifically, α typically increases with increasing LET while β is not
significantly affected [25]. Even if the LQ model is rather accurate in the classical dose
range of conventional radiotherapy, the picture just presented is greatly simplified,
and a universal theory of radiation cell killing is not yet available [52, 53].

As mentioned in Section 1.3.1, the biological effects of radiation cannot be predicted
only by means of the absorbed dose. In order to take into account the different
biological effects induced by different radiation types for the same physical dose,
the Relative Biological Effectiveness (RBE) coefficient has been defined: the ratio
between the absorbed dose of a reference radiation (generally 60Co, γ-rays or 250 keV

X-rays) and that of the test radiation (for example light ions), required to produce
the same biological effect (isoeffect):

RBE =
Dref

Dtest

∣∣∣∣
iso
. (1.23)

Typically, the RBE is determined from cell survival curves, using for example the
10% survival fraction as isoeffect, as shown in Figure 1.11.
It is important to note that the statement of a RBE value requires both the spec-
ifications of the reference radiation and the level of the biological effect. Usually,
RBE values reported in literature use different types of reference photon energies,
from mega-voltage to kilo-voltage [19]. As emerges from Figure 1.12, however,
different photon energies are subject to a different LET, which for neutral beams
is defined via the respective secondary electrons and charged products. Therefore,
when reporting a RBE value, it is mandatory to give also the information about the
reference radiation.

In spite of its simple definition, the RBE is a very complex radiobiological concept,
which depends on several factors and variables. In the specific case of proton therapy
treatments, however, a proton RBE relative to high-energy photons equal to 1.1 is
currently assumed, neglecting any dependency of RBE on dose, biological endpoint
or proton beam properties [19]. Nevertheless, it is well known that the RBE is not a
constant, but clinical data can neither indicate that the use of a generic RBE of 1.1
is unreasonable nor confirm that it is correct [25]. Recently, efforts have been made
to include a variable RBE scheme in proton therapy treatment planning, and several
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1.3. Radiobiological aspects

Figure 1.12: Dose-averaged LET of the resulting secondary electrons as a function of the
nominal photon energy (taken from [19]).

Figure 1.13: RBE at 10% survival of different monoenergetic particle beams as a function
of LET, grouped in different α/β sensitivity ranges (taken from [54]).
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Chapter 1. Principles of Proton Therapy

Figure 1.14: Variation of the RBEα = αtest/αref as a function of the particle type and the
LET, where αref and αtest are the linear part of the survival curve for photons and ions,
respectively (taken from [48]).

models have been proposed for proton RBE prediction [21]. Indeed, evidences exist
that a generic RBE value of 1.1 could under- or overestimate the RBE for certain
tumours or organs at risk, having a potential impact on the clinical efficacy of proton
therapy [19].

In order to implement RBE variations in treatment planning, a deep understanding
of the relationship between RBE and LET, dose and biological endpoint is necessary.
In general, as emerges from Figure 1.13, for light ions, the RBE increases with
increasing LET up to a certain maximum, and then decreases due to a saturation
effect for LET values above 100 keV µm−1. This is related to the fact that, for
very high LET, a single-particle traversal is sufficient to reduce the cell survival
probability, making further ionisations unnecessary, leading to an "overkill" effect
and to a decrease of RBE with increasing LET. For protons, the maximum RBE
occurs at extremely low proton energies and a linear relation can be assumed between
RBE and LET, with a slope depending on the biological endpoint [25].
The position of the RBE maximum is also influenced by the particle type, being
shifted towards higher LET values for heavier particles as shown in Figure 1.14.
For example, comparing protons and alpha particles in the LET region from 20 to
30 keV µm−1, the first show a higher effectiveness. This is related to the different
track structure of the two particles: at equal LET, alpha particles have a higher
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1.3. Radiobiological aspects

Figure 1.15: Proton RBE values calculated as a function of α/β for 2 Gy (full dots) and 6 Gy
(open circles) (taken from [25]). An increase in RBE for late responding tissues (α/β < 4 Gy)
is observed for lower doses.

energy, resulting in broader tracks wih lower ionisation density in the centre, leading
to a lower RBE.

Finally, by definition, the RBE depends on the dose and on the chosen level of effect,
which can vary strongly based on the biological system considered. For example,
normal and malignant cells respond differently due to differences in their repair
and cell re-population mechanisms; furthermore, oxygenation is decisive, especially
for indirect effects, as low oxygen levels may determine a greater resistance to
radiation [47].

Usually, different cell lines and tissues are classified depending on the α/β ratio of
the photon survival curve. Two main groups can be identified: early responding
tissues (high α/β values above 4 Gy) and late responding tissues (low α/β values
between 1 and 4 Gy), depending on their damage repair capability. The dependence
of proton RBE on the α/β ratio has been extensively studied using experimental
data and theoretical models [19]. Figure 1.15 shows that the RBE for late responding
tissues seems to be higher than for early responding ones, and the biggest variations
in RBE are expected to be observed for low α/β ratios at low doses. This, for
example, can be advantageous in prostate (low α/β) treatment with proton therapy,
but disadvantageous for other treatment sites, if for example the spinal cord has to
be irradiated to achieve sufficient tumour coverage [25].

Some studies have been performed in the past, trying to include a variable RBE scheme
in proton therapy treatment planning [21], based on different phenomenological
models for RBE prediction [55,56]. Despite starting from different model assumptions,
these studies have shown the importance of considering RBE corrections in treatment
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Chapter 1. Principles of Proton Therapy

plans, as consistent deviations to the current practice of proton therapy biological
planning with a constant RBE of 1.1 have been observed [57–59]. These findings
suggest that considering at least main RBE dependencies, i.e. dose, LET and α/β,
would be beneficial for treatment planning, especially in correspondence to organs at
risk and for late responding tissues. Therefore, the development of computational
tools for the modelling of such variable RBE would be strongly advisable.

An alternative possibility with respect to the implementation of a variable RBE in
proton therapy could be the use of a dose distribution optimisation based on physical
quantities that can be predicted with higher accuracy. An example of this could
be a LET-guided plan optimisation capable to maximise dose-averaged LET in the
tumour while minimising it in the normal tissue, exploiting the linear dependence of
the RBE on the LET [60,61].

1.3.3 Microdosimetry

When describing the energy loss on a cellular level, the LET concept is only
a crude approximation, because the pattern of energy deposition events, which
are stochastic in nature, plays a role in defining the radiobiological properties of
radiations with similar LET. Indeed, the LET is a macroscopic parameter that, by
definition, describes the energy lost by an incident particle per unit path length,
and it is not well suited to describe the energy actually deposited in sub-cellular
volumes. On the other side, the biological effect of radiation depends strongly on the
information about the energy distribution in microscopic structures and in the local
concentration of radiation-induced ionisations.
To study the fluctuations of energy depositions in the tracks of charged particles, and
the resulting biological effectiveness of radiation, the formalisms of microdosimetry
was introduced by Rossi and co-workers [62–64]. Microdosimetry postulates that
the biological effect of radiation is determined by the amount of energy deposited in
certain sensitive cellular structures called sites. The basic microdosimetric quantities
are the energy imparted, ε, the specific energy, z and the lineal energy, y, defined in
a site S of a specified shape and size, usually having micron dimensions [65].
The energy imparted ε is the sum of all energy transfers εi within S:

ε =
∑
i

εi. (1.24)

The energy imparted is a random variable, and its value varies with repeated
irradiations, being the fluctuations greater for small sites, densely ionising radiations
and small doses. Therefore, predictions can be only made on the basis of probability
distributions.
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1.3. Radiobiological aspects

The specific energy z is closely related to the energy imparted and it is defined as:

z =
ε

m
(1.25)

where m is the mass of the site. The specific energy can be considered as the
stochastic microscopic analogous of the absorbed dose, and in the SI it is given in
Gy as well.
Finally the lineal energy y is somehow the stochastic analogous of the LET, and it is
defined by the quotient:

y =
εs

l
, (1.26)

where εs is the energy imparted to the site by a single energy-deposition event, and l
is the mean chord length of the site. The chord length l is a stochastic quantity and
represents the length of a particle track within a site. It depends on the shape and
dimensions of the site and, if the track is considered as a straight line, l is defined as
the mean length of randomly oriented chords in the site, whose determination is a
purely geometric problem.

An important concept in microdosimetry is that of event in a site, defined as the
energy deposition due to particles that are statistically correlated, e.g. a charged
particle and all the secondary electrons generated by its interaction with matter. The
single-event distribution f(εs) of the energy imparted is defined as the distribution
of energy deposited in the site by exactly one event:

f(εs) =
Nεs,dεs
N

, (1.27)

where Nεs,dεs is the number of events with energy imparted in the interval [εs, εs+dεs],
and N is the overall number of events.

The expectation value of εs following f(εs) is called frequency-mean imparted energy
per event εsF, and it is given by:

εsF =

∫ ∞
0

εsf(εs) dεs. (1.28)

For radiobiological considerations, it is also useful to consider the weighted or dose
distribution d(εs) of the energy imparted per event, where the contribution of each
event is weighted by the energy it deposits:

d(εs) =
εsf(εs)

εsF
. (1.29)

The expectation value of εs following d(εs) is called dose-mean imparted energy per
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Chapter 1. Principles of Proton Therapy

event εsD, and it is given by:

εsD =

∫ ∞
0

εsd(εs) dεs =
1

εsF

∫ ∞
0

ε2sf(εs) dεs =
ε2sF
εsF

. (1.30)

From Equation (1.30) it is possible to relate both averages through:

εsD = εsF +
σ2
εs

εsF
, (1.31)

where σ2
εs is the variance of f(εs).

Since εs = zs ·m = y · l, where zs = εs/m is the single event specific energy, frequency
and dose mean specific and lineal energy can be defined in an analogous way:

zsD =
z2
sF
zsF

, yD =
y2
F
yF
. (1.32)

The frequency mean lineal energy, yF, is approximately analogous to the frequency
mean LET, LF, introduced in Section 1.3.1. If energy-loss straggling and the lateral
escape of δ-rays out of the site are negligible, and if the range of the ionising
particle is sufficiently large, the two mean values tend to be equal and LF = yF.
As demonstrated by A. Kellerer in different works [66–68], a relation between the
dose-averaged LET, LD, and its microdosimetric equivalent, yD, can also be derived.
The demonstration, however, is not straightforward and will be discussed in more
detail in Chapter 3.

Microdosimetric Kinetic Model

One of the main advantages of the microdosimetry theory is that it permits the
calculation of RBE from a microscopic approach by means of the Microdosimetric-
Kinetic Model (MKM) [69–71]. The foundations of this model lay on the theory
of dual radiation action [72], which predicts that the observable effect of ionising
radiation is determined by the combined action of sub-lesions, generated in the cell
by a specific pattern of energy deposition, interacting in pairs to produce lethal
lesions. Based on this concept, the following fundamental assumptions are made in
the MK model [73]:

1. a cell nucleus can be divided into a number of microscopic volumes called
domains;

2. following radiation exposure, two types of DNA damage are created in cell
nuclei, named lethal and sub-lethal;
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1.3. Radiobiological aspects

3. the number of these lesions in a domain is proportional to the specific energy z
deposited in the domain;

4. a sub-lethal lesion can be repaired or converted into a lethal lesion by sponta-
neous transformation or interaction with another sub-lethal lesion created in
the same domain;

5. a domain is to be considered dead when a lethal lesion is formed within it;

6. a cell is considered dead when a domain in its nucleus has died.

Lethal lesions correspond to clustered DNA damages that are difficult to repair
and induce chromosome aberrations, whereas sub-lethal lesions are likely to be
double-strand breaks or similar damages that are generally repaired but, occasionally,
mis-repaired. In order to be repaired, the two sides of a break must not drift apart
and/or combine with another lesion. It is unlikely that actual compartments exist in
the nucleus corresponding to domains. More probably, the diameter of the domain is a
measure of the distance a sub-lethal lesion can travel through the nucleus before being
removed by repair. Nevertheless, the concept of a domain is useful, as mammalian
cells are found to survive or die after irradiation as if they had compartments like
domains, with diameters ranging from 0.5 to 1 µm [71].
The concept of domain is equivalent to the physical sites described by theoretical
microdosimetry. According to the MK model, therefore, the effects of ionising
radiation on a cell population depend on the statistical distribution of energy imparted,
or specific energy z, to these sites. The average number of lethal lesions L in a
domain for a specific energy z is given by [71]:

L = Az +Bz2, (1.33)

where A and B are domain dependent parameters.
Each passage of a charged particle through or close to the domain, determining an
energy deposition, identifies an event. The number of events in a domain is a random
variable following a Poisson distribution whose mean value and variance are equal to
ν. Furthermore, the dose deposited in a domain by each event zs is itself a random
variable, whose frequency mean is zsF. Therefore, if a nucleus contains N domains,
the average number of lethal lesions in a nucleus Ln is given by:

Ln = NL = N
(
Az +Bz2

)
= N

(
Az +B

(
z2 + σ2

z
))
, (1.34)

where σ2
z is the standard deviation of the distribution of z in a domain. The specific

energy z imparted to a domain by a beam is a function of the single event specific
energy zs. At a specified absorbed dose D, indeed, the specific energy imparted to
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Chapter 1. Principles of Proton Therapy

the domain is the result of a compound Poisson process with D = z, and it can be
demonstrated that z = ν zsF and σ2

z = zsDD [68].
For a LET low enough (approximately 40 − 90 keV µm−1 depending on the cell
type [74]), so that the lethal lesions can be considered as Poisson distributed among
the cells of the irradiated population, the fraction of cells that survive without a
lethal lesion is lnS = −Ln. Therefore, substituting the previous equivalences in
Equation (1.34), the following relation is obtained:

Ln = − lnS = (α0 + β0zsD)D + β0D
2, (1.35)

where α0 = NA and β0 = NB are parameters independent of LET and represent
the α, β parameters of the linear quadratic model in the limit LET = 0. Therefore,
for a general radiation type R, αR = α0 + β0zsD and βR = β0. Knowing that the
single event microdosimetric quantities zs and y are related by zs =

(
l/m

)
y, and

assuming a spherical domain, the expression for αR can be rewritten as:

αR = α0 + β0

(
yD
ρπr2

d

)
, (1.36)

where ρ and rd are the density and radius of the domain. As already mentioned,
Equation 1.35 is valid as long as the number of lethal lesions in the domain can
be considered as Poisson distributed. Indeed, corrections to the MK model will
be generally necessary to account for the overkill effect happening for high-LET
radiation [71, 73]. However, in the case of protons, typical yD values are not large
enough to reach the overkill effect [75], and Equation (1.36) can be used as a valid
estimator of the LQ model parameters.

1.4 Monte Carlo simulations

Computer simulations are used in many areas of research and development and,
among them, Monte Carlo techniques are rapidly increasing their relevance in the
field of medical physics, especially for particle therapy [76]. Indeed, Monte Carlo
simulations are an essential tool in particle therapy for many reasons, as they can be
used for the design and commissioning of clinical facilities, for treatment room design,
for shielding and radiation protection, for the commissioning of treatment planning
systems and for other applications [25]. This comes from the fact that Monte Carlo
techniques allow the precise simulation of experimental conditions and, if properly
benchmarked, can be used to create potential scenarios that are difficult to reproduce
experimentally, as it is the case of a patient being treated with particle therapy. The
main goal of these simulations in radiation therapy is the prediction of the delivered
dose distribution to the patient, especially in cases where the accuracy of treatment
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1.4. Monte Carlo simulations

planning systems (TPS) may not be optimal due to the particular geometry of the
treatment volume. However, such simulations constitute also a powerful tool to study
the physics of proton beams, and find multiple applications in the field of proton
therapy research.

The Monte Carlo method is the most detailed for the simulation of particle interactions
within a medium. In general, Monte Carlo techniques are numerical methods that
use random numbers to solve mathematical problems. These techniques, which were
initially developed to solve differential equations and calculate integrals, can be used
to simulate physical interactions on a step-by-step basis. The basic structure of
the Monte Carlo method is simple: first of all, a random number is sampled from
a probability density function of the magnitude of interest; then, this procedure is
repeated a number N of times so that the outcomes of the simulations are statistically
independent; finally, the value of the quantity of interest is computed as the mean
value of the obtained results, with an error proportional to 1/

√
N as follows from

the Central Limit Theorem.
The simulation of a particle track begins by sampling a number of events (usually
called histories in medical physics) from a starting source distribution. Then, the
passage of the particle through a well-defined geometry and material is simulated,
randomly sampling from one or more probability distributions at each step, to choose
how the particle interacts in consistency with the laws of physics. This procedure is
known as tracking.
In the specific case of charged particles, the outcome of such a Monte Carlo simulation
depends on the chosen step size. The smaller the step size, the more precise the
simulation results will be, but also more time consuming. Indeed, for uncharged
particles like photons, it is feasible to simulate all physics processes as they travel in
a straight line until a discrete interaction occurs (compton, photoelectric effect, etc.),
while this approach would be computationally ineffective for charged particles like
protons, which have a high interaction probability. Based on these considerations,
two main approaches exist in the development of Monte Carlo codes for charged
particles tracking: the condensed history method and the track structure method.

• Condensed history

In condensed history algorithms, a particle trajectory is segmented into discrete
steps in which energy losses and directional changes are condensed (or summed).
Therefore, at the end of each step, the scattering angle of the particle and the
energy transferred to the surrounding materials are determined using stochastic
methods based on the interaction probabilities of the relevant physical processes.
Typically, a maximum step size is defined, up to which continuous energy loss
and a certain multiple coulomb scattering angle is assumed. Furthermore, a
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Chapter 1. Principles of Proton Therapy

threshold for the explicit production of secondary particles might be defined,
below which continuous energy loss of the primary particle is assumed. This
permits to increase the computational efficiency of the simulation, provided
that not tracking these secondaries does not alter the simulation outcome.

• Track structure

In a track structure algorithm, interactions are simulated as they happen in
the real world on an collision-by-collision basis, following an explicit model of
each interaction. This technique is highly relevant at the microscopic scale but
also very time consuming, therefore it is usually applied below a certain energy
threshold, where particle tracking is switched from condensed history to event
by event mode.

Typically, Monte Carlo methods use a combination of both condensed history and
track structure algorithms, to model continuous and discrete processes, respectively.
In proton therapy, for example, discrete processes are typically nuclear interactions,
secondary particle production and large angle Coulomb scattering, while other
processes are usually treated with the condensed history approach [25].

In the following, the Monte Carlo codes used in this thesis work will be presented
briefly.

SRIM (The Stopping and Range of Ions in Matter) This program is specialised
in ion transport calculations up to 2 GeV through a geometry defined by sub-
sequent layers of different materials. It does not require a registration for its
use, but the source code is not public [77]; the current version is SRIM-2013.

GEANT4 (Geometry ANd Tracking) This code is able to simulate the trans-
port of particles of any kind in an energy range from 250 keV to 10 TeV. It is
especially powerful in the reproduction of complex geometries and can be used
both in high energy physics applications and medical physics. The current
version of GEANT4 is 10.6 (released in December 2019), its source code is
totally public and no registration is needed for its use [78–80].

GEANT4-DNA This code is an extension of GEANT4, which contains processes
for the modelling of biological damage induced by ionising radiation at the DNA
scale. In GEANT4-DNA, all the included processes are discrete and simulate
physical interactions in liquid water following a track structure approach down
to the eV scale [81–84].
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1.5. Radiation Dosimeters

1.5 Radiation Dosimeters

Dosimetry is one of the most important aspects of physics in radiation therapy,
since the assessment of the dose is a fundamental part of treatment planning. Usually,
quality assurance measurements are done in water phantoms and most analytical dose
calculation algorithms are based on water models, therefore dosimetry in radiation
therapy is mostly based on dose to water [85].
Dosimetry detector systems have different specifications; most of them, however, are
based on the detection of dose-dependent magnitudes such as charge, heat, light or
changes in the optical or chemical properties produced by the incident radiation on
the detector material [86]. In general, to be employed as a dosimeter, a detector
must own a physical property which can be correlated to the dosimetric quantity of
interest with a proper calibration. Furthermore, dosimeters should ideally have the
following properties: a linear response to the dose received, an independence from
the energy of the incoming particle and a high spatial resolution.
Primary standards for reference dosimetry are typically set by regulatory bodies, and
standard laboratories measure absorbed dose as accurately as possible under selected
reference conditions [33]. For particle therapy, there is in general agreement that
calorimetry is the method of choice for reference dosimetry, since temperature rise is
the most direct consequence of energy absorption in a medium. Water calorimeters
are the most popular but calorimeters based on other materials, for example graphite,
are used as well [13]. An alternative for reference dosimetry in particle therapy is
given by ionisation chambers that, once calibrated towards a primary standard, can
be used for the calibration of radiotherapy beams.
In the next sections, some of the most common detectors used for dosimetric purposes
will be presented, focusing especially on the radiation detectors employed for the
purpose of this thesis.

1.5.1 Ionisation chambers

Ionisation chambers are used in radiotherapy and diagnostic radiology for the
determination of radiation dose and for absolute dosimetry during routinely quality
assurance. These detectors are basically made of a cavity filled with gas surrounded
by conductive walls and having a central collecting electrode, as shown in Figure 1.16.
Their operation principle is based on the collection of electron-ion pairs generated
when the incident radiation ionises the gas contained in the chamber, whose number
is proportional to the energy deposited. By applying an electric field, the electrons
are accelerated towards the anode and the ions towards the cathode, generating a
current signal whose intensity depends on the magnitude of the voltage applied. In
order to reduce leakage current when the chamber is polarised, the wall and the
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Chapter 1. Principles of Proton Therapy

Figure 1.16: Scheme of a typical ionisation chamber (Farmer type). In the picture, the
materials used as electrodes, walls and insulators are also indicated (taken from [86]).

collecting electrodes are separated by an insulator. Furthermore, a guard electrode is
usually provided, which intercepts the leakage current and allows it to flow to ground,
improving the field uniformity in the sensitive volume. Finally, the output current
generated by ionisations and collected by the electrode is generally very small and
needs to be measured with an electrometer.

In the experimental measurements conducted in this thesis, a parallel plate ionisation
chamber was used. Chambers of this kind are usually made by two plane walls,
serving as entry window and polarising electrode and as back wall and collecting
electrode, respectively, separated by a guard ring system. Parallel plate ionisation
chambers are usually recommended for dosimetry of electron beams with energies
below 10 MeV [86]. Therefore, for detecting low energy protons as those used in
this project (see Chapter 2) a special ionisation chamber with thinner electrodes
was used, built at the GSI Helmholtz Centre for Heavy Ion Research laboratories
(Darmstadt, Germany).

1.5.2 Silicon detectors

Silicon is the most widely used semiconductor material for charged particle
detection [37]. A silicon dosimeter is basically a p-n junction diode, made by taking
an n type (excess of electrons) or p type (excess of holes) silicon and counter-doping
the surface to produce the opposite type material.
In the interface between the two materials of a p-n junction, the difference in
the concentration of electrons and holes generates a diffusion of holes towards the
n-region and a similar diffusion of electrons towards the p-region (see top panel
of Figure 1.17a). Since p and n structures are initially neutral, the electron-hole
recombination occurring after diffusion generates a charge build up on each side of
the junction and therefore an electric field gradient across the junction. The region
of changing potential is known as depletion zone and is sensitive to the passage of
ionising radiation: electron-hole pairs created in this area after a ionisation event
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1.5. Radiation Dosimeters

(a) (b)

Figure 1.17: Working principle of a p-n junction without (a) and with (b) the application
of an inverse bias voltage to increase the size of the depletion zone.

are swept out by the electric field and, if electrical contacts are placed on either end
of the junction, a current signal proportional to the ionisation can be detected, as
shown in Figure 1.17a (bottom panel).

In order to increase the depth of the depletion zone and the sensitive volume of
the detector, an inverse bias voltage is usually applied to the junction, as shown in
Figure 1.17b. The maximum voltage that can be applied, however, is limited by the
resistance of the semiconductor.

In radiotherapy applications, p-type silicon is generally used for dosimetry [86], as
it is less affected by radiation damage and has a small dark current, i.e. a small
fluctuating current that flows through the junction when the voltage is applied,
contributing to the signal noise. Silicon dosimeters are very sensitive and small in
size, being particularly useful for measurements in phantoms with small fields and
high dose gradients. However, they can be employed only for relative dosimetry,
since they are affected by radiation damage and their sensitivity might change with
repeated use.

For the experimental measurements conducted in this thesis, a lithium-drifted silicon
detector was used. One drawback of silicon detectors is the difficulty of achieving a
depletion zone thicker than a few millimetres, necessary to stop a proton beam of
tens of MeV. This problem is solved with lithium-drifted silicon detectors [37], which
can reach a depletion zone with thicknesses up to 10− 15 MeV.
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Chapter 1. Principles of Proton Therapy

1.5.3 Radiochromic films

Radiochromic films are extensively employed in radiation therapy for quality
assurance measurements [87]. These films are mainly used for photon dosimetry
because their response is independent on the energy of the incident clinical photons.
This is not true in the case of proton irradiation, where an energy dependence emerges
if the highly ionising region of the Bragg peak falls inside the active layer of the
film [88–93].

The most widely used radiochromic films in recent years are the Gafchromic EBT
films (Gafchromic, International Specialty Products, Wayne, New Jersey, USA),
which show a significantly increased sensitivity with respect to the previous models
available [94]. Different EBT type films exist, such as EBT2 and the most recent
EBT3 and EBT-XD [95], each of them having different properties and dynamic
ranges. For the measurements performed in this work, EBT3 films were used.

EBT3 type films are made of a single 28 µm thick active layer (56.8% H, 27.6% C,
13.3% O, 1.6% Al and 0.6% Li, with a mass density of 1.2 g cm−3 [96] compatible
with Lucite), mounted between two 125 µm thick polyester substrates. Their com-
position is nearly tissue equivalent [86, 87] and they contain a special dye that is
polymerised under exposure to ionising radiation developing a blue colour. The
polymer absorbs light, whose transmission through the film can be measured with
a suitable densitometer such as a flatbed scanner. EBT3 films are self-developing
films and do not require post exposure processing. The full colour development of
these films is usually very rapid, occurring in a few milliseconds. However, some
chemical processes require more time, minutes and even hours after irradiation, to
reach completion. Therefore, a time window of 24 h is usually recommended before
scanning [97].

The dynamic dose range of these films goes from 0.1 Gy to 20 Gy, but the optimum
dose range lays between 0.2 Gy and 10 Gy. Above 10 Gy the EBT3 dose response
curves show a shallow slope, which may lead to increased uncertainties at higher
doses [98].

The working principle of radiochromic films is based on the colour change after
radiation exposure, which is somehow proportional to the absorbed dose. The
response of a radiochromic film to irradiation is commonly expressed in terms of the
change in its net optical density (netOD), that represents the difference in optical
densities of the same film piece sampled after and before irradiation, where the
optical density is computed as the logarithm of the inverse transmission. To compute
the netOD, pixel values (PV ) of the film scanned in transmission mode are sampled
over predefined regions of interest and the following formula is applied:
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1.5. Radiation Dosimeters

Figure 1.18: EBT3 dose response curves (left) and first derivatives (right) for dose values
up to 40 Gy, plotted for the three colour channels that compose the image: red, green and
blue (taken from [99]).

netOD = ODf −ODi = log10

PV0

PVf
− log10

PV0

PVi
= log

PVi
PVf

, (1.37)

where PV0 represents the pixel value of a non attenuated beam and for a 16-bit
image is equal to 216, and PVi and PVf are the pixel values of the film before and
after irradiation, respectively.

As can be observed in Figure 1.18, each colour channel of a scanned EBT3 film shows
a different slope in the netOD-to-dose curve, related to the different ratio between the
dose dependent and dose independent portion of the signal [99]. The red channel has
a higher response from 0 to 10 Gy, visible from the derivative of its response curve
in this dose range, which is higher than the green and blue ones. Above 10 Gy, the
use of the green channel would be preferable, while the blue channel is generally less
useful for dose measurements. Recently, dosimetric methods have been proposed for
the combined used of all colour channels for the computation of the dose [100,101];
however, the discussion of these methods is beyond the scope of this thesis.

Radiochromic films are known to show a significant under-response in dose for higher
LET radiation in the proximity of the Bragg peak [88–93]. This effect, known as
quenching, is related to the local saturation of the polymerisation process: the
number of radiation-induced activated polimerysation sites increases with LET until,
eventually, no more sites are available for activation and the polimerysation stops
locally. Therefore, corrections must be applied if films are used for dose determination
in the Bragg peak region or, more generally, in low energy ion beams [92,93].
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Chapter 1. Principles of Proton Therapy

1.6 Work outline

The work performed during this doctoral thesis was framed in the context of
proton RBE variability, a topic that has been faced with two different approaches.
The first one, experimental, focused on the design of a beam line for radiobiology
experiments at the 18 MeV proton cyclotron installed at the National Centre of
Accelerators (CNA, Seville, Spain). The second one, computational, was centred on
the development of a Monte Carlo track structure application for the computation of
microdosimetric quantities in water, to be used for the calculation of macroscopic
dose-averaged LET distributions.
The core of the thesis is divided in three main parts. Chapter 2 is dedicated to
the description of the radiobiology beam line, focusing especially on the overall
optimization of the beam parameters to define the best setup for the irradiation of
mono-layer cell cultures. In this chapter, a Monte Carlo simulation of the beam
line, realised with Geant4 and validated towards experimental measurements, is also
presented.
In Chapter 3 the Monte Carlo track structure application developed for the compu-
tation of microdosimetric distributions of protons in liquid water, is described. This
application, based on Geant4-DNA, provides two sampling methods, uniform and
weighted, for the scoring of the quantities of interest in spherical sites. Furthermore, it
is used to verify the validity range of a formula that links microdosimetric quantities
to the macroscopic dose-averaged LET distribution, being a powerful tool for the
development of analytical models to be used in treatment planning optimisation.
Chapter 4 presents the results of the first irradiation of cell cultures at the radiobiology
beam line developed at the cyclotron facility. In this context, an application of the
Monte Carlo code for the computation of microdosimetric quantities is shown. With
this code, a theoretical derivation of the expected RBE for the experimental irradiation
and cells under study could be done, through the use of the microdosimetric kinetic
model.
Finally, Chapter 5 collects a summary of the results obtained, followed by a brief
discussion on the future perspectives of this work.
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Chapter 2

Preparation of a radiobiology
beam line at the 18 MeV proton
cyclotron facility at CNA

2.1 Introduction

As explained in Section 1.3.2, in current clinical practice it is assumed that proton
beams are 10% more efficient than clinical photon beams as for cell-killing effectiveness;
i.e., they have a constant RBE value of 1.1. However, the conventional use of this
value has been questioned for some time, as the RBE varies with parameters such as
tissue type, dose, biological endpoint and LET [19]. Nevertheless, the lack of accurate
biological data, makes it difficult to implement biophysically optimised treatment
plans in clinical practice. In this context, radiobiological investigations using particle
accelerators have gained an increasing interest in the last decades [102–106], aiming
at collecting accurate biological data especially for proton energies typically found at
the Bragg peak region of clinical beams, roughly below 40 MeV, where the RBE is
expected to increase [19,107].

Low energy proton accelerator facilities provide the perfect tool for this kind of
studies, as they can produce high LET beams with narrow energy distributions. In
fact, radiobiological experiments with low energy protons should be ideally performed
at facilities providing proton beams with nominal energy below the limit mentioned,
in order to minimise the straggling related to passive degradation.

At the National Centre of Accelerators (CNA, Seville, Spain), two beam lines of
this kind are available at the 3 MV tandem (Pelletron 9SDH-2 model) and at the
cyclotron (Cyclone 18/9 model) facilities, respectively. To adapt these beam lines
for radiobiological studies, special beam optimisation and dosimetric techniques
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2.1. Introduction

Figure 2.1: Picture of the experimental room. From the exit flange to the room wall there
is approximately a distance of 2 m.

are needed [102–106]. Indeed, radiobiological experiments at proton facilities pose
stringent conditions both on the physical and on the biological point of view. Firstly,
a homogeneous dose distribution throughout the biological sample must be ensured,
with a meaningful dose rate comparable to that used in the clinic (≈ 2 Gy min−1).
Furthermore, when dealing with low-energy accelerators, the limited particle range
(lower than 5 mm in water for a proton beam of 20 MeV) makes it difficult to irradiate
samples in tissue flasks filled with medium, meaning that cells must be exposed inside
open culture vessels vulnerable to bacterial contaminations. Finally, as biological
targets are always made of living material, the environmental parameters such as
room temperature, air pressure and humidity must be kept under control, to ensure
no external factor impacts on the cell viability.

In the case of the radiobiology beam line designed for the 3 MV tandem, these
constraints were met by making some significant changes in the beam line, adding a
manipulator for the insertion of a scattering foil in the vacuum pipe and a fast-closing
valve to start and stop irradiations [106]. A specific sample holder was then designed,
to irradiate cell culture plates in the vertical position, removing the growth medium
immediately before exposure and treating the cells immediately afterwards to fix the
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

damage.

Compared to the tandem, the 18 MeV cyclotron facility offered some increased
challenges, mainly related to its installation environment and workflow. First, unlike
the tandem beam line, the experimental beam line of the cyclotron is common to
different research groups and it is devoted to multi-purpose research. Therefore,
potential changes in the beam line structures should interfere neither with the
experimental work of other groups nor with the normal workflow of the production of
radioisotopes for Positron Emission Tomography (PET). Second, the space available
in the experimental room is limited (approximately 2 m from the exit window to the
wall, see Figure 2.1), and the insertion of new elements extending the length of the
beam line was not feasible.

In this chapter the setup proposed for the irradiation of cell samples at the cyclotron
facility is presented, focusing in particular on the beam optimisation procedures and
dosimetric characterization, and on the Monte Carlo simulations performed to attain
these tasks.

2.2 Materials and Methods

The cyclotron installed at the CNA in Seville is a Cyclone 18/9 from the IBA
company (Ion Beam Applications, Louvain-La-Neuve, Belgium), which accelerates
protons and deuterons to 18 and 9 MeV, respectively. This cyclotron has eight target
ports: seven dedicated to the production of radioisotopes for PET and one used
for the transport of the proton beam to an external beam line for interdisciplinary
research.

Figure 2.2: Schematic representation of the beam line (not scaled).
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2.2. Materials and Methods

In this section, the procedures and equipment used to obtain a proton beam suitable
for the irradiation of cell samples are described, focusing on the characterisation of
the beam energy and profile and on the optimisation of the experimental setup for
radiobiological measurements.

2.2.1 Beam line

As depicted in Figure 2.2, the 18 MeV proton beam, produced by the cyclotron,
proceeds horizontally to the experimental room via the beam transport system.
The beam line is divided into two sections, respectively located in the cyclotron
bunker and in the experimental room, separated by a two meter thick concrete
wall (number 9 in Figure 2.2). The first section includes a series of remote control
permanent elements to monitor and define the beam current and size:

1. a retractable graphite Faraday cup for beam current monitoring (number 3);

2. a variable graphite slit (number 5), an XY set of magnetic steerers (number 6)
and a quadrupole doublet (number 7, left) for beam shaping and guidance.

A neutron shutter (number 8 in Figure 2.2) completes this part of the beam line,
protecting the downstream elements in the experimental room from neutron radiation
when the cyclotron is under operation for radioisotopes production.
The second section of the beam line, in the experimental room, contains a single
quadrupole magnet (number 7, right), a circular water-cooled fixed aluminium
collimator of 15 mm diameter (number 12), a pumping station (number 13) and
a second retractable graphite Faraday cup (number 11), covered with a phosphor
scintillator (ZnS–Ag) to observe the beam shape and size by means of a video camera.
Finally, a pneumatic isolation valve (number 10) placed between the wall and the
fixed collimator, and controlled manually from the control room, can be used to
isolate the vacuum in the cyclotron from the beam pipe of the experimental room.

All the elements described above are an integral part of the experimental beam line,
and cannot be modified or replaced without interfering with the normal workflow
of the facility or with other research activities. Apart from them, however, two
other components complete the beam line, playing a major role in the optimisation
of the system for the irradiation of cell cultures: a manipulator (not represented
in Figure 2.2), for the insertion of targets in the vacuum pipe, and the exit flange
(number 14). The target manipulator is placed between the wall and the isolation
valve, at a distance of 2 m from the exit flange, and can be used to insert scattering
foils of different thicknesses and materials in the beam path. It has different slots for
the insertion of various targets, whose position can be changed manually. However
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

Figure 2.3: Graphical representation of the external beam line in the experimental room
(not scaled), with a particular focus on the positioning of the two collimators.

due to its placement upstream the isolation valve, the insertion of targets in the
manipulator can only be done during special maintenance days, when the whole
beam line and cyclotron are ventilated. For this reason, the preliminary tests for the
development of the radiobiology beam line at the cyclotron facility were conducted
degrading the beam directly in air, placing scattering foils of various thicknesses after
the exit window.
On its part, the design of the exit flange was especially developed to reduce activation
of its components during irradiation, covering the internal part with a 5 mm thick
absorbent layer of graphite acting as a collimator with customisable inner diameter.
Therefore, on its path the beam encounters two subsequent collimators, as shown
in Figure 2.3, the aluminium one of 15 mm diameter, and the graphite one with
variable aperture, separated by a distance of 1.5 m. Finally, exit windows of different
materials and thicknesses can be attached to this collimator, being Mylar the material
chosen for the purpose of this study.

As already mentioned, some major requirements must be taken into account when it
comes to the irradiation of biological samples.

1. The beam intensity impinging on the sample should be of the order of tens
of pA to control properly the fluence within suitable irradiation time scales.
Ideally, a dose rate comparable to that used in the clinic should be achieved,
of the order of 2 Gy min−1.
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2.2. Materials and Methods

2. In order to cover the whole sample a broad irradiation field is necessary, which
in the case of Petri dishes means of about 10 cm2.

3. All cells in the sample must receive the same dose, therefore a homogeneous
beam profile in both energy and spatial distribution must be achieved over the
whole sample surface.

Following these considerations, the first measures taken were to lower the extracted
beam current to the minimum achievable, without losing beam stability, and to turn
off all the magnets for beam optics, with the aim of enlarging the beam spot by
having a completely unfocused beam. With these conditions, however, the control
of the position of the beam maximum intensity became harder, and could be only
partially achieved by resorting to the set of steering magnets placed immediately
after the cyclotron exit port.

The solutions presented above were not enough to attain the objective sought.
Therefore, two different approaches were tested, both relying on passive degradation
through scattering foils to reduce beam intensity and enlarge the beam spot. The
general underlying principle is that of taking advantage of the multiple Coulomb
scattering occurring when the beam traverses any material, while preserving at the
same time a narrow energy distribution with the highest possible mean energy value.
To do so, ideally, very thin foils of a high Z material should be used, such as gold or
tungsten, since Coulomb scattering and energy straggling are directly proportional
to the atomic number of the material, being the second also linear with the material
thickness.

Due to the initial difficulties encountered in the insertion of scattering foils directly
in the manipulator mounted inside the beam line, the first tests for the preparation
of the radiobiology beam line were conducted intercepting the beam directly in air.
Furthermore, at the beginning of the project, all the available flanges had a built-in
collimator of 15 mm diameter. The first feasibility study, therefore, was carried out
by placing tungsten scattering foils of two different thicknesses, 150 and 220 µm,
immediately after a 125 µm thick Mylar exit window.

For the final setup, instead, a 500 µm aluminium scattering foil was inserted in
the manipulator to scatter the beam at a further distance from the sample, taking
advantage of the subsequent angular spread to flatten the profile. Then, a different
exit flange was chosen for the irradiation of biological samples, consisting of a 100 µm

thick Mylar window mounted on a circular graphite collimator of 40 mm diameter.
A summary of the differences between the two exit flanges can be found in Table 2.1.

As described in Section 2.3.2, with these modifications a higher degree of homogeneity
could be achieved at the position of the samples, reducing the distance from the exit

44

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

Table 2.1: Summary of the characteristics of the two exit flanges used for the preliminary
and final configurations tested for the preparation of the radiobiology beam line.

Exit Flange Preliminary (A) Final (B)

Collimator diameter 15 mm 40 mm
Window material Mylar Mylar
Window thickness 125 µm 100 µm

window and increasing the energy range available, if compared to the preliminary
setup.

2.2.2 Monte Carlo simulation

As emerges from the previous section, the cyclotron external beam line structure
is simple and versatile, having been installed for general purpose experiments and
interdisciplinary research. This beam line does not count on many devices for beam
diagnostics, being the two Faraday cups the only instruments available to monitor the
beam. Furthermore, the limited space left in the experimental room, approximately
2 m from the exit window to the wall, reduces the possibility of inserting new elements
for diagnostics extending the length of the beam line. Finally, the necessity to turn
off all the focusing magnets, makes it more difficult to control the beam optics and
to get information about the position of the maximum beam intensity.
Taken together, the previous considerations imply that beam diagnostics must
necessarily be performed at the exit of the beam line, in air, measuring the beam
energy distribution and lateral profiles and comparing the observations with Monte
Carlo simulations. To this end, a dedicated and versatile Monte Carlo application
with GEANT4 was developed, to reproduce the geometry of the beam line and the
different experimental setups mounted for measurements.

In the following, the characteristics of the Monte Carlo code developed and the
measurements carried out to characterise the beam and benchmark the simulation
are presented.

Geometry

Figure 2.4 illustrates the geometry of the simulation of the experimental beam line.
The primary protons are created 2 m far from the exit flange, immediately upstream
the aluminium scattering foil; if not intercepted by the aluminium collimator, protons
proceed horizontally in the vacuum pipe, cross the exit window and reach the
detector, whose characteristics and distance from the flange are easily customisable.
The various elements of the beam line have been implemented with an accuracy
better than 2 mm in what respects their thickness and positioning.
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2.2. Materials and Methods

Figure 2.4: Geometry of the GEANT4 simulation developed to reproduce the cyclotron
external beam line.

To make this simulation versatile, the materials, dimensions and positions of all the
variable elements, i.e., scattering foils, exit window and detectors, can be changed
before running the simulation by a series of simple macro commands, so that no new
compilations of the code are needed whenever a parameter is changed. An example
of a typical macro file for the initialisation of the geometry is shown in the following:

Listing 2.1: Geometry initialisation

[...]
# %%%% SCATTERING FOIL IN MANIPULATOR %%%%
/mygeom/foil false
/mygeom/FoilZ 500. um
/mygeom/FoilMat G4_Al

# %%%% EXIT WINDOW %%%%
/mygeom/EWColR 7.5 mm
/mygeom/WindZ 125 um
/mygeom/WindMat G4_MYLAR

# %%%% SCATTERING FOIL IN AIR %%%%
/mygeom/degrader true
/mygeom/DegZ 150 um
/mygeom/DegMat G4_W

# %%%% DETECTOR: IONISATION CHAMBER %%%%
/mygeom/holder false
/mygeom/chamber false

# %%%% DETECTOR: EBT3 FILM %%%%
/mygeom/film false
/mygeom/FilmMat G4_POLYSTYRENE
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

/mygeom/SensFilmMat G4_LUCITE

# %%%% DETECTOR: SILICON DETECTOR %%%%
/mygeom/sidet true
/mygeom/SiDetZ 5. mm
/mygeom/SiDetR 4. mm
/mygeom/SiColZ 5. mm
/mygeom/SiColR 4. mm
/mygeom/SiColMat G4_GRAPHITE

# %%%% FILM TO EXIT WINDOW DISTANCE %%%%
/mygeom/WFdist 30. cm

# %%%% CHAMBER HOLDER TO EXIT WINDOW DISTANCE %%%%
/mygeom/WHdist 25.3 cm

# %%%% SILICON DETECTOR TO EXIT WINDOW DISTANCE %%%%
/mygeom/WSdist 22.5 mm
[...]

where the boolean variables allow to insert or remove specific elements, and the
commands ending with Z, R or Mat set their length along the beam axis, radius
(if applicable) and material, respectively. Specifically, the example reported in
Listing 2.1 refers to one of the configurations for the measurement of the beam energy
distribution, characterised by the exit flange (A) in Table 2.1, on which a tungsten
scattering foil of 150 µm is attached for beam degrading, and the silicon detector as
the only scorer activated.

Following the definition of the geometry, the initial characteristics of the beam must
be implemented in the code to allow for a realistic reproduction of the experimental
measurements. To this end, different experiments were performed, whose results were
used to adjust the initial beam parameters, such as energy spread and shape, and
validate the simulations. Since the aim of these measurements was to infer the initial
characteristics of the beam, to be eventually used in other experimental applications,
they were carried out without the aluminium scattering foil inside the beam line.
All the simulations were conducted by using our computing cluster hosted at Cen-
tro Informático Científico de Andalucía (CICA, Seville, Spain), consisting of 24
computational nodes, each with 2× 12C AMD Abu Dhabi 6344 (2.6 GHz/6 MB) L3.

Determination of the beam energy distribution

The measurements to obtain the energy distribution of the beam were carried
out with the exit flange of the preliminary configuration (A) in Table 2.1. A lithium-
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2.2. Materials and Methods
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Figure 2.5: Fit of the α MCA spectrum acquired with the silicon detector. Each of the
three peaks has been fitted with a Gaussian function, to extract information about the
position of the mean value. These fits have been performed only on the peaks, since the
Gaussian tails of the three emissions are overlapping each other and with noise. The results
of these fits are reported in Table 2.2.

drifted silicon detector (L-040-075-5, ORTEC, Oak Ridge, Tennessee, USA) was
used to measure the energy and energy distribution of the beam. This detector,
powered with a bias voltage of 800 V, has an active thickness of 5 mm, sufficient to
stop the 18 MeV protons coming from the cyclotron. To calibrate the detector and
its electronic chain, a triple alpha source of 239Pu–241Am–244Cm was employed.

The three isotopes of the 239Pu–241Am–244Cm emit, on their most probable decay
channels, α particles of energies 5156.59, 5485.56 and 5804.82 keV respectively. Due
to the limited range of these α particles in air, the calibration of the silicon detector
and its electronic chain was carried out attaching the radioactive source to the
external support of the detector, at a distance of 2.5 mm from the surface of the
active area. Then, to derive the actual energy of the particles impinging on the
detector, a SRIM simulation was used.

After being amplified, the signal coming from the detector was read by a multi-channel
analyser (MCA-8000D, AMPTEK, Bedford, Michigan, USA) and the content of each
channel was saved in a ROOT histogram format to be subsequently analysed with a
custom-made ROOT macro. This macro acquired the histogram and then fitted the
three peaks of the α spectrum with Gaussian functions, as shown in Figure 2.5, in
order to extract information about the mean channel value to be associated with the
respective α energies.
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

Table 2.2: Summary of data points used for the calibration curve plotted in Figure 2.6.
The initial particle energies (Ein) are the decay energies of the α particles and the nominal
energy of the proton beam; while the final energies (Efin) are those with which the particles
imping on the detector, computed with SRIM. The associated MCA channels have been
extracted from the Gaussian fit of the measured spectra.

particle Ein Efin channel

α 239Pu 5156.59 keV 4916.8 keV 207
α 241Am 5485.56 keV 5256.2 keV 222
α 244Cm 5804.82 keV 5585.8 keV 235
proton 18 MeV 17.46 MeV 738

channel
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Figure 2.6: Calibration curve energy-channel of the silicon detector. The points in Table 2.2
have been fitted with a linear equation of the form y = p0 + p1 · x, where p0 = 0.01(9) MeV
and p1 = 0.0236(3) MeVchannel−1.

The α source used covers only the energy range 4.9− 5.5 MeV, while the maximum
proton energy emitted by the cyclotron, 18 MeV, is well above. Even if a linear
response of the detector towards higher energies can be assumed, for the sake of
the calibration an extra measurement was taken, irradiating the detector with the
direct proton beam. This was done to avoid subsequent extrapolations far from
the calibration range with experimental points. The high energy point was then
added to the calibration curve, computing again with SRIM the residual energy of
the proton after crossing the exit window and the air distance to reach the detector.
Indeed, a difference of 10 channels was observed for an energy of 18 MeV between
calibration curves depending on the inclusion or not of the high energy point, leading
to a difference in energy of almost 0.3 MeV. Table 2.2 collects the information about
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2.2. Materials and Methods

Figure 2.7: Setup for the measurement of the energy distribution of protons with a 5 mm
thick lithium-drifted silicon detector.

the points used to build the energy-channel calibration curve shown in Figure 2.6.

Once calibrated, the silicon detector was used to measure the energy distribution
of the beam in different configurations, by placing the detector in front of the exit
window together with a graphite collimator of 1 mm diameter to avoid saturation,
and by degrading the beam with tungsten scattering foils with thicknesses ranging
from 50 to 320 µm. A picture of the experimental setup is shown in Figure 2.7.

Finally, experimental spectra were compared to simulated ones to find the optimal
values for the initial mean energy and energy spread, to be inserted as initialisation
parameters in the Monte Carlo code. To this end, a point-like proton source with
Gaussian energy distribution was simulated, setting the mean energy equal to 18 MeV

and changing the standard deviation from 0.10 to 0.18 MeV in steps of 10 keV. The
optimal value for the energy spread was then set as that minimising the differences
between experimental and simulated data for all the experimental configurations
considered.
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

Figure 2.8: EBT3 dose-to-optical density calibration curves under 6 MV photon irradiation,
for two different lots of films identified as #1 (full dots) and #2 (full squares). The measured
points have been fitted with functions of the form D = a · netOD+ b · netODc; the results of
these fits are listed in Table 2.3 for the two lots (#1 full lines and #2 dotted lines) and for
the three colour channels: red, green and blue.

Determination of the beam profile

After determining the energy distribution of the beam, various measurements
were carried out to determine its spatial distribution, using Gafchromic EBT3
films previously calibrated under known photon doses at the "Virgen Macarena"
University Hospital in Seville. A medical linear accelerator (Siemens ONCOR,
Siemens Healthineers, Erlagen, Germany) in 6 MV photon mode was used for this
calibration, irradiating stripes of a sheet of EBT3 film from the same lot used at
the cyclotron, with doses in the range 0 − 20 Gy, under standard conditions, i.e.,
10×10 cm2 field size, Source to Surface Distance (SSD) equal to 10 cm and at a depth
of 1.5 cm in solid water at the isocentre. Twenty-four hours after irradiation, the films
were scanned with an Epson Perfection V700 photo scanner (Suwa, Nagano, Japan),
and acquired images converted from colour value to net optical density (netOD). To
do so, films were scanned in transmission mode with a resolution of 75 dpi, 48-bit
colour mode and without any image correction, taking special attention to scan all
the images in the same direction. Digitised films were saved using an uncompressed
tagged image file format (tiff) to be lately analysed with ImageJ (Image processing
and analysis in Java), a public domain software for image processing.

Different lots of EBT3 films might have in principle different optical properties, which
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2.2. Materials and Methods

Table 2.3: Results obtained for the parameters of Equation (2.1) from the fit of the data in
Figure 2.8 for the three colour channels and for the two lots used.

Film Lot Parameter Red Channel Green Channel Blue Channel

#1
a [Gy] 10.2± 0.2 16.0± 0.5 35± 3
b [Gy] 61± 3 33± 2 110± 40
c 3.44± 0.09 2.51± 0.13 2.4± 0.3

#2
a [Gy] 5.4± 0.2 9.6± 0.2 26± 4
b [Gy] 57± 2 59± 4 180± 60
c 3.03± 0.07 2.68± 0.10 2.4± 0.3

can also vary with time. Therefore, a different photon calibration curve should be
applied every time a new lot is used, and should be ideally checked for a known dose
and eventually corrected previously to any measurement.
During the experimental campaigns conducted at the CNA, two lots of EBT3 films
were used, whose photon calibration curves are reported and compared in Figure 2.8
for the three colour channels (red, green and blue). Fit functions of the type:

D = a · netOD + b · netODc, (2.1)

were used to fit the data points, as suggested in literature [108]; the results of these
fits, for the different colour channels, are listed in Table 2.3. Since the irradiation of
the films to obtain the calibration curves was performed in solid water, the doses
reported in Figure 2.8 are intended in water.
The dose-to-optical density calibration curves obtained in the red channel (most
sensible in the dose range 0− 10 Gy, see Section 1.5.3) were then used to convert in
a first approximation the experimental netOD profiles measured at the cyclotron to
dose, with the purpose of comparing them with the ones obtained from the Monte
Carlo simulation. These profiles were measured in air at various distances from the
exit flange (see Figure 2.9) and with various experimental configurations, listed in
Table 2.4.
The average beam energy impinging on the active layer of the film ranged from
17.2 to 13.6 MeV, as reported in Table 2.4. While the EBT3 response to photon
radiation is generally independent from the energy, this is not true for proton
radiation, where a saturation in the darkening, or quenching effect, emerges as the
LET increases [93]. Even if the application of the same calibration curve to all the
configurations considered is not strictly correct, in the energy range considered the
quenching effect is very small [92], and therefore the same calibration curve has been
used for all the experimental configurations.

Considering the characteristics of the experimental proton beam produced, which was
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

Figure 2.9: Example of a setup for the measurement of the beam profiles. A piece of EBT3
film is placed at a distance of 10.9 cm from the exit flange (configuration B.2 in Table 2.4).

Table 2.4: Experimental configurations for the determination of the spatial characteristics
of the proton beam to be compared with Monte Carlo simulations. Two different exit flanges
have been used, described in Table 2.1. All these measurements were carried out without
inserting the aluminium foil in the beam line; two of them (A.3 and A.4) were performed
attaching a thin tungsten foil to the exit flange. The distance reported was measured from
the exit window to the surface of the film. Finally, the energy corresponds to the average
proton kinetic energy impinging on the active layer of the film.

Configuration Film Lot Exit Flange W Foil Distance Energy

A.1 #1 (A) — 48 cm 15.5 MeV
A.2 #1 (A) — 63 cm 15.0 MeV
A.3 #1 (A) 50 µm 48 cm 14.1 MeV
A.4 #1 (A) 50 µm 63 cm 13.6 MeV

B.1 #2 (B) — 0.5 cm 17.2 MeV
B.2 #2 (B) — 10.9 cm 16.9 MeV
B.3 #2 (B) — 15.7 cm 16.7 MeV
B.4 #2 (B) — 20.5 cm 16.5 MeV
B.5 #2 (B) — 25.3 cm 16.4 MeV
B.6 #2 (B) — 51.5 cm 15.5 MeV
B.7 #2 (B) — 65.9 cm 15.0 MeV
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2.2. Materials and Methods

(a) (b)

Figure 2.10: Pictures of the experimental setup for dosimetry and irradiation of biological
samples. The ionisation chamber is placed between two PMMA supports on a moving table
on which a plastic board can be screwed to extend its length (see (b)). On the back of the
second holder, a custom made guide can be mounted to allow for the positioning of Petri
culture dishes or pieces of EBT3 film.

completely defocused and collimated with a 15 mm collimator 1.5 m upstream the
exit window, two initial spatial configurations were tested in the simulation: uniform
circular, with a radius of 8 mm, and Gaussian elliptical, with a sigma varying from 8

to 20 mm independently in both directions on the transversal plane.

2.2.3 Setup for the irradiation of cell samples

The experimental setup for dosimetry and for the irradiation of cell samples,
shown in Figure 2.10, is similar to that used in the 3 MV tandem radiobiology beam
line [106]. It consists of a Polymethylmethacrylate (PMMA) holder, made of two
supports of 1 cm thickness each, mounted on a table which can be moved remotely
with micrometric precision. Each side of the sample holder has a circular collimator
of 35 mm diameter, coinciding with the entrance and exit windows of a parallel plate
ionisation chamber inserted in between. This chamber, especially designed at the
GSI-Heavy Ion Research Centre laboratory (Darmstadt, Germany) for radiobiology
experiments with ions, is made of three thin parallel kapton electrodes of 7.5 µm with
two air gaps of 6.75 mm thickness in between, operates at 400 V and it is connected
to an electrometer (Unidos E, PTW, Freiburg, Germany) for charge readout. On the
back of the holder, a custom made guide is mounted to allow for the positioning of
Petri culture plates in the vertical position, with one plate aligned with the PMMA
collimator and beam each time. This position can be also used to make dosimetric
studies by means of Gafchromic EBT3 type films. Finally, to extend the length of
the table and move the samples closer to the exit window, a rigid plastic board has
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

Table 2.5: Summary of the characteristics of the two configurations, preliminary and final,
tested for the preparation of the radiobiology beam line.

Preliminary Final

Manipulator Out In
Foil material — Aluminium
Foil thickness — 500 µm
Fixed Collimator In In
Collimator diameter 15 mm 15 mm
Exit Flange (A) (B)
External Foil In Out
Foil material Tungsten —
Foil thickness 150-220 µm —
Window-Sample distance 50 cm 25 cm

been designed and built, which is screwed to the table and moves jointly with it.

To attain beam homogeneity over the whole sample surface, as already mentioned
in previous sections, the beam had to be scattered through foils of different thick-
nesses and materials, and samples placed at an appropriate distance from the exit
window. In the optimisation process, two different configurations were tested, whose
characteristics are summarised in Table 2.5.
However, these measures alone were insufficient, since the beam needed also to be cen-
tred so that its maximum intensity reached the sample. Indeed, a slight misalignment

(a) (b)

Figure 2.11: Beam spots measured by attaching a piece of EBT3 film directly on the exit
flange in the (a) preliminary and (b) final configurations. A misalignment of the beam with
respect to the fixed collimator is clearly visible in (a), where the spot appears to be cut
on one side. This effect fades away in (b) thanks to the insertion of the aluminium foil in
vacuum, which increases beam divergence.
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2.2. Materials and Methods

(a) (b) (c)

(d) (e) (f)

Figure 2.12: Displacement of beam maximum intensity as a function of steering magnets
coordinates along x-axis. No evident displacement emerged by varying y-axis coordinates,
therefore the current applied to the steering magnet along y-axis was fixed to 1.98 A while
varying that applied to the x-axis magnet: (a) -3 A, (b) -2.66 A, (c) -2.33 A, (d) -2 A, (e)
-1.66 A and (f) -1.33 A. In this example, configuration (d) was chosen for the subsequent
irradiations.

of the beam with respect to the fixed collimator could be observed, especially relevant
for the preliminary configuration, as shown in Figure 2.11. Therefore, previous to the
calibration, different pieces of EBT3 were irradiated for approximately the same time
to centre the beam, changing by small steps the current of the steering magnet coils
to slightly move the beam and find the conditions that maximised beam homogeneity
at the sample position. Figure 2.12 depicts the displacement of the maximum of
beam intensity as a function of the steering magnets parameters, measured with the
final configuration in Table 2.5.
Following the identification of the best steering magnet parameters, proton dose
calibration curves were measured attaching pieces of EBT3 film to the back of the
sample holder, and monitoring the fluence by means of the charge readout of the
ionisation chamber. Indeed, from the charge Q collected by the ionisation chamber,
the incident proton fluence φ can be derived as follows:

φ =
1

A
· Q ·W
e ·∆EIC

, (2.2)

where A is the area of the collimator placed in front of the chamber, W = 34 eV is the
ionisation potential of the gas contained in the chamber, ∆EIC is the mean energy
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

deposited by individual protons in the ionisation chamber and e is the elementary
charge. Knowing the proton fluence, the dose deposited D can be derived with the
formula:

D =
∆Emat

∆x
· f · φ · 1

ρmat
, (2.3)

where ∆Emat is the mean energy deposited per proton in the thickness ∆x of the
material considered, ρmat is its density and f is a correction factor introduced to
account for the fluence loss due to the broadening of the beam inside the ionisation
chamber. Since the computation of the dose is done under the assumption that the
proton fluence does not vary over the sample surface, Equation (2.2) is a further proof
of the importance of achieving homogeneous and uniform beam profiles. Finally, to
compute ∆EIC, ∆Emat and f the Monte Carlo simulation, previously validated as
described in Section 2.2.2, was used.

2.3 Results

2.3.1 Validation of the Monte Carlo code

In this section, the results obtained for the characterisation and benchmarking
of the simulated beam are presented. Firstly, the identification of the best energy
distribution is discussed, focusing in particular on the determination of the energy
spread of the beam. Secondly, on the other hand, is dedicated to the characterisation
of the beam spatial profile.
In both cases, simulation outcomes are compared with experimental measurements,
and the final result is considered as that minimising the relative differences between
the two. The beam energy and spatial distributions identified from this analysis are
then used in all the subsequent application of the Monte Carlo simulation of the
external beam line.

Beam energy distribution

With the purpose of characterising the initial energy distribution of the beam, to
be implemented in the Monte Carlo simulation, different measurements were carried
out as described in Section 2.2.2 and summarised in Table 2.6.
These measurements were then reproduced in various Monte Carlo simulations,
initialising the beam as a point-like source with Gaussian energy distribution. A
fixed initial proton beam energy of 18 MeV was used for these simulations, changing
the initial standard deviation (σi) from 0.18 MeV (nominal value) to 0.10 MeV in
steps of 10 keV. The comparison between experimental and Monte Carlo results is
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2.3. Results

Table 2.6: Experimental configurations used for the determination of the spectral distribution
of the beam, to be compared with the simulations. In all cases the energy was measured
with a 5 mm thick calibrated silicon detector at a distance of 22 mm from the exit window,
intercepting the beam path with tungsten degraders of various thicknesses. The values of
the mean energy and energy spread reported and their errors have been obtained from a
Gaussian fit of the experimental energy distributions.

W foil measured mean measured energy
thickness [µm] energy (Eexp) [MeV] spread (σexp) [MeV]

no foil 17.463(4) 0.143(5)
50 16.135(7) 0.188(6)
100 14.861(2) 0.201(2)
150 13.441(2) 0.232(2)
220 11.201(5) 0.283(4)
270 9.563(6) 0.364(5)
320 7.533(9) 0.402(7)

shown in Figure 2.13 and Figure 2.14.

Deviations of the Monte Carlo mean energy values from experimental ones are
generally below 1% and always smaller than the experimental energy spread σexp,
while deviations in energy spread are mostly below 5% and up to 10% in the worst
case. From Figure 2.14 it emerges that a Gaussian energy distribution with mean
value of 18 MeV and σi of 0.14 MeV gives the best agreement between measured and
simulated energy spectra.

Beam spatial distribution

After tuning the Monte Carlo simulation to reproduce the initial energy distri-
bution of the beam, its spatial distribution could be characterised. To do so, as
described in Section 2.2.2, measurements of the beam profile were performed, placing
EBT3 films at different distances from the exit window and in different configurations,
listed in Table 2.4. Concerning the simulation, various initial spatial configurations of
the beam were considered: circular uniform, circular Gaussian and elliptical Gaussian,
with radius or standard deviation varying from 8 mm to 20 mm independently in the
two transverse directions.

A first comparison of Monte Carlo simulations with the measured lateral dose profiles
is shown in Figure 2.15. In this Figure, the beam spot measured at a distance of 0.5 cm

from the exit window (Figure 2.15a) is compared with the simulated ones, starting
respectively from a circular uniform beam with radius ri = 8 mm (Figure 2.15b), a
circular Gaussian beam with σi = 8 mm (Figure 2.15c) and an elliptical Gaussian
beam with σi,x = 12 mm and σi,y = 20 mm (Figure 2.15d). Figure 2.16 shows the
same comparison, where the dose profiles along the two axes have been extracted
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

(a) (b)

Figure 2.13: (a) Comparison between experimental mean energy measured (shaded gray
area and black dots) and mean energy obtained from Monte Carlo simulations (red dots)
as a function of the foil thickness. The mean energy obtained at the end of the simulation,
computed as the energy deposited in the silicon detector, does not depend on the initial
σi of the beam. The energy width of the experimental shaded area is given by σexp. (b)
Percentage deviation of the Monte Carlo mean energy (EMC) from the experimental one
(Eexp). The error bars have been computed with standard uncertainty propagation over the
errors associated to the mean energies obtained from the fits.

Figure 2.14: Comparison between the experimental σ measured (shaded gray area) and
those obtained from the Monte Carlo code run with different initial standard deviations of
the Gaussian beam σi, as a function of the foil thickness. The width of the experimental
shaded area is given by the error associated to σexp.
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2.3. Results

from the two-dimensional distributions in Figure 2.15 and superimposed, to allow for
a better visualisation.

From the visual comparison of measured and Monte Carlo profiles in Figure 2.16,
one might conclude that the two-dimensional elliptical Gaussian beam having σi,x =

12 mm and σi,y = 20 mm is the one that best reproduces the experimental data.
However, this is not necessarily the case for all the experimental configurations
considered (see Table 2.1). For a better understanding of the performances of the
Monte Carlo code in reproducing experimental profiles with varying initial beam spot
shapes and sizes, the standard deviations of the simulated final spatial distributions
were studied in comparison with the measured ones. The result of this analysis
is reported in Figure 2.17 for some of the configurations listed in Table 2.4. In

(a) (b)

(c) (d)

Figure 2.15: Beam spot at a distance of 0.5 cm from the exit window (configuration B.1
of Table 2.4). The colour scale is in dose units (Gy). (a) Measured. (b) Simulated with
a circular uniform distribution having a radius of 8 mm. (c) Simulated with a circular
Gaussian distribution having σi,x = σi,y = 8 mm. (d) Beam spot simulated with an elliptical
Gaussian distribution having σi,x = 12 mm and σi,y = 20 mm.
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

(a) (b)

(c) (d)

(e) (f)

Figure 2.16: Lateral dose profiles along x (left) and y (right) directions, extracted from
the measured (red) and Monte Carlo (blue) beam spots plotted in Figure 2.15: (a) and
(b) beam simulated with a circular uniform distribution with radius of 8 mm; (c) and (d)
beam simulated with a circular Gaussian distribution with σi,x = σi,y = 8 mm (e), (f)
beam simulated with a two dimensional Gaussian distribution having σi,x = 12 mm and
σi,y = 20 mm.
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2.3. Results

this plot, the percentage distance of the Monte Carlo standard deviation of the
dose spatial distributions from the experimental one is represented, considering
the two extreme cases in terms of initial spatial distribution of the beam: circular
Gaussian with σi = 8 mm and uniform with ri = 8 mm. Indeed, due to the size of the
aluminium fixed collimator, whose radius is equal to 7.5 mm, an upper limit exists
in the dimensions of the beam spot achievable, beyond which changes in the initial
parameters of the Monte Carlo simulations would not produce any modification
in the final result. For the sake of comparison, results obtained with an elliptical
Gaussian spot having σi,x = 12 mm and σi,y = 20 mm are also represented, and the
points lie between the two extreme cases, as expected.

From Figure 2.17 emerges that, in general, a beam with initial uniform spatial
distribution performs better in reproducing measured profiles at least with respect to
their standard deviations, especially for the higher proton energies, with deviations
mostly below 10% and lower than 5% in the best cases. As the proton energy decreases
with the increasing distance from the exit window and the introduction of degraders,
the differences between the two Monte Carlo simulations become negligible, because
the main contribution to the shape of the final dose profile is given by multiple
Coulomb scattering in the materials traversed by the beam. In all cases, however,
some small differences could be observed between the experimental and simulated
profiles, which most probably were related to the initial in-homogeneity of the beam
that is not reproduced in the simulations.

(a) (b)

Figure 2.17: (a) Percentage distance of the Monte Carlo standard deviation of dose profiles
along the x axis (σMC) from the experimental one (σx) as a function of the proton kinetic
energy in the active layer of the film. (b) Percentage distance of the Monte Carlo standard
deviation of dose profiles along the y axis from the experimental one (σy) as a function of
the proton kinetic energy in the active layer of the film. Three initial configurations of the
Monte Carlo beam are compared, circular Gaussian with σi,x,y = 8 mm (yellow triangles),
elliptical Gaussian with σi,x = 12 mm and σi,y = 20 mm (cyan stars) and circular uniform
with ri = 8 mm (green diamonds).
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2.18: Comparison of measured (red) and Monte Carlo dose profiles (blue) along
the x-axis, whose standard deviations are those used for the calculation of the percentage
distance in Figure 2.17a. The energies reported in the plots refer to the kinetic energy of
protons in the active layer of the EBT3 film. For this comparison, Monte Carlo simulations
have been performed with an initial circular uniform beam of radius ri = 8 mm. The
following experimental configurations, listed in Table 2.4, are shown: (a) configuration B.1;
(b) configuration B.3; (c) configuration B.5; (d) configuration A.1; (e) configuration A.2;
(f) configuration B.7; (g) configuration A.3; (h) configuration A.4.
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2.3. Results

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2.19: Comparison of measured (red) and Monte Carlo dose profiles (blue) along
the y-axis, whose standard deviations are those used for the calculation of the percentage
distance in Figure 2.17b. The energies reported in the plots refer to the kinetic energy of
protons in the active layer of the EBT3 film. For this comparison, Monte Carlo simulations
have been performed with an initial circular uniform beam of radius ri = 8 mm. The
following experimental configurations, listed in Table 2.4, are shown: (a) configuration B.1;
(b) configuration B.3; (c) configuration B.5; (d) configuration A.1; (e) configuration A.2;
(f) configuration B.7; (g) configuration A.3; (h) configuration A.4.
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

Finally, Figure 2.18 and Figure 2.19 collect the profiles along the x-axis and y-
axis, respectively, whose standard deviations are those used in Figure 2.17 for the
calculation of percentage distance between experimental data and Monte Carlo
simulations. In these plots, experimental profiles (red) are compared with Monte
Carlo profiles (blue), obtained with an initial circular uniform beam with radius
ri = 8 mm. A good agreement is generally observed, which improves as the energy of
the incident proton decreases. The worse agreement observed in the tails of the two
lower energies is associated to an intrinsic limit of the scanner used for the acquisition
of experimental profiles from EBT3 films, whose surface was not big enough to collect
the full beam spot.

2.3.2 Optimisation of the setup for the irradiation of cell samples

As described in Section 2.2.3, after the identification of the best steering magnet
parameters for the achievement of beam homogeneity, EBT3 proton dose calibration
curves were measured for the two configurations listed in Table 2.5, attaching pieces
of film to the back of the sample holder. For the preliminary configuration, two
different tungsten scattering foil thicknesses were tested:

1. 150 µm, resulting in an average kinetic energy of the proton beam in the active
layer of the film of 10.6 MeV with a 0.3 MeV Gaussian standard deviation;

2. 220 µm, corresponding to an average kinetic energy in the active layer of
7.9 MeV with a 0.4 MeV Gaussian standard deviation.

However, very few points were measured with the thicker foil, as the aim of the
optimisation process was to obtain the best homogeneity in the sample position while
preserving as much as possible the energy of the beam. For the final configuration, on
the other side, the beam was scattered with a 500 µm thick aluminium foil inserted
in the manipulator of the beam line, resulting in a beam energy of 12.8 MeV with a
0.2 MeV Gaussian standard deviation.
All the irradiations presented in this section took from 10 seconds to 6 minutes
maximum, resulting in an average dose rate of approximately 2− 3 Gy min−1 for the
preliminary setup and of approximately 5 Gy min−1 for the final one.

In order to calibrate EBT3 films under proton irradiation, for the different energies
considered, the irradiated films were scanned and the images converted from colour
value to net optical density, with the aim of extracting an average netOD value
relative to the whole irradiated area. In this process, beam homogeneity played
a major role. To check beam homogeneity and highlight the possible presence of
gradients, maps of the relative difference of netOD values from the average (netODµ),
computed pixel by pixel, were built. Some of these maps are shown in Figure 2.20.
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2.3. Results

(a) (b) (c)

(d) (e)

Figure 2.20: Maps of the relative percentage deviation of the netOD computed in each pixel
from the average value (|netOD− netODµ|/netODµ). (a) Preliminary configuration with a
tungsten foil of 220 µm, lot of films #1, netODµ = 0.20. (b) Preliminary configuration with
a tungsten foil of 150 µm, lot of films #1, netODµ = 0.19. (c) Final configuration, lot of
films #2, netODµ = 0.16. (d) Preliminary configuration with a tungsten foil of 150 µm, lot
of films #1, netODµ = 0.58. (e) Final configuration, lot of films #2, netODµ = 0.58.

In general, average relative deviations from netODµ lower than 4% were observed
in all the samples, with localised maximum differences up to 20%, usually found in
small spikes close to the edges of the irradiated area.

For the computation of the dose, the validated Monte Carlo simulation of the beam
line was used to derive the mean energies deposited in the ionisation chamber (∆EIC)
and in the active layer of the film (∆EAL), and the fluence fraction (f) of particles
impinging on the film, to be inserted in Equation (2.2) and (2.3). Table 2.7 collects
the values of these quantities for the different experimental configurations considered,
extracted from the Monte Carlo distributions shown in Figure 2.21.

From the netODµ values measured and the computed doses, calibration curves for
the three colour channels were obtained and fitted with Equation (2.1). The resulting
curves are depicted in Figure 2.22 and compared to the respective photon calibration
curves depending on the film lot, while fit parameters are listed in Table 2.8.

As expected [92,93], a dependence of proton calibration curves on the energy emerged.
For the purpose of observing better this effect, independently from the lot of films
considered, a plot of the relative difference of proton calibration curves from photon
ones as a function of the netOD has been built and is shown in Figure 2.23. In this
plot, for the highest incident proton kinetic energy (12.8 MeV) the relative difference

66

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-c

77
c-

c4
fa

-1
ae

5-
4a

1b
-8

d1
0-

36
b4

-c
9a

3-
a8

93
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893 21/09/2020 08:04:43 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000043582 https://sede.administracionespublicas.gob.es/valida

GEISER-c77c-c4fa-1ae5-4a1b-8d10-36b4-c9a3-a893

https://sede.administracionespublicas.gob.es/valida


Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

(a)

(b)

(c)

Figure 2.21: Distribution of energy deposited per individual proton track in the ionisation
chamber ∆EIC (left) and in the active layer of the film ∆EAL (right). (a) Preliminary
configuration with tungsten scattering foil of 220 µm; (b) preliminary configuration with
tungsten scattering foil of 150 µm; (c) final configuration. Mean values and standard
deviations of the distributions are listed in Table 2.7.
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2.4. Discussion

Table 2.7: Mean values and associated standard deviations obtained from the distributions
shown in Figure 2.21. Ekin is the kinetic energy of the protons in the centre of the active
layer of the film, ∆EIC is the average energy deposited by protons in the ionisation chamber,
∆EAL is the average energy deposited by protons in the active layer of the film and f is the
fraction of protons that reaches the film after having crossed the ionisation chamber.

Configuration Ekin [MeV] ∆EIC [keV] ∆EAL [keV] f

Preliminary
7.9± 0.4 70.8± 0.6 183.4± 0.7 0.93(220 µm W)

Preliminary
10.6± 0.3 57.3± 0.6 144.0± 0.7 0.93(150 µm W)

Final 12.8± 0.2 50.4± 0.6 125.1± 0.8 0.98

increases slowly with the netOD, with values varying from 8% to 10% in the [0,0.7]
netOD range. For the lower energetic protons (10.6 MeV) on the other hand, this
relative difference increases steeply in the [0,0.4] netOD range, going from 15% to
30%, reaches a maximum and then decreases again.

2.4 Discussion

In this chapter, the experimental setup for the irradiation of biological samples,
designed for the cyclotron experimental beam line installed at the CNA, has been
presented. The main advantage of using an 18 MeV proton beam relies in the
possibility of achieving energy distributions with mean values corresponding to the
Bragg peak region of a clinical proton beam with a much lower energy spread. As a
drawback, however, the range of applicability of such a beam is limited to experiments
with mono-layer cell cultures, for which the energy and the stopping power of protons
reaching the cells can be calculated accurately. Indeed, for floating cell culture
experiments, beam energy degradation along the culture itself would have to be taken
into account, leading to a high variability of the stopping power in depth within the
sample and subsequently to higher uncertainties in the deposited dose.

In order to achieve dose homogeneity over the irradiated samples with a manageable
dose rate (around 2 Gy min−1), the beam intensity was decreased by lowering as much
as possible the extraction current of the cyclotron and by turning off all the magnets
for beam optics. A further decrease in the beam intensity, as well as a broadening
of the beam profile, was obtained by intercepting the beam path with scattering
foils of different materials and thicknesses, and by varying the distance between the
exit flange and the position of the samples. Two different setups were tested: a
preliminary one, where the beam was broadened in air by attaching tungsten foils of
150 µm or 220 µm to the exit flange; and the final one, where the beam was scattered
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

Figure 2.22: Dose-to-netOD calibration curves for the three colour channels. Experimental
data are presented together with their fit (dashed line) and compared with the corresponding
photon calibration curves (solid lines). Fit parameters are reported in Table 2.8. On the left
experimental data obtained with both preliminary configurations (lot #1) are plot: (1) beam
broadened with a 150 µm tungsten foil (empty diamonds) and (2) with a 220 µm tungsten
foil (full stars). On the right the experimental data obtained with the final configuration
(empty circles) are presented. The energies indicated in the legend are the same Ekin listed
in Table 2.7

Table 2.8: Results obtained for the parameters of Equation (2.1) from the fit of the data
in Figure 2.22 for the three colour channels and the different experimental configurations.
Since in the range covered by the measurements performed with the 220 µm tungsten foil
(stars of Figure 2.22) the dose is mostly a power of the netOD, parameter a has been set
equal to zero for the three channels.

Configuration Parameter Red Channel Green Channel Blue Channel

Preliminary a [Gy] 0 0 0
Ekin = 7.9 MeV b [Gy] 25± 2 33± 3 120± 40

(lot #1) c 1.38± 0.04 1.23± 0.05 1.4± 0.1

Preliminary a [Gy] 11.8± 0.4 19± 1 39± 8
Ekin = 10.6 MeV b [Gy] 70± 7 41± 6 120± 60

(lot #1) c 3.1± 0.2 2.3± 0.3 2.0± 0.5

Final a [Gy] 5.9± 0.9 10± 2 20± 10
Ekin = 12.8 MeV b [Gy] 65± 9 60± 10 110± 30

(lot #2) c 3.1± 0.3 2.6± 0.3 1.8± 0.4
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2.4. Discussion

Figure 2.23: Relative difference of the proton dose (Dp) from the photon dose (Dγ),
evaluated with the respective calibration curves, as a function of the netOD. For the more
energetic incident protons (12.8 MeV, circles) this relative difference increases slowly and its
value lays between 8% and 10%. For the 10.6 MeV, on the other hand, the relative difference
increases steeply, reaches a maximum at a netOD of around 0.4, and decreases again, varying
from 15% to 30%.

by means of a 500 µm thick aluminium foil inserted in the manipulator mounted 2 m

upstream the exit flange. Further, for dosimetry purposes, the geometry of the beam
line and the irradiation setup were implemented in Geant4, developing a dedicated
Monte Carlo application which was validated and benchmarked towards comparison
with experimental data.

Validation of the Monte Carlo code Measurements of beam energy and shape
were performed with a lithium-drifted silicon detector and EBT3 films, to be compared
with Monte Carlo simulations for the validation of the code. In order to determine
the initial Monte Carlo beam characteristics, multiple simulations were run changing
by small steps and one at a time different parameters, such as energy spread and
shape of the spatial distribution, to find the set of parameters that better reproduced
experimental data.

An initial proton beam energy of 18 MeV with a Gaussian energy spread of 0.14 MeV

gave the best agreement between experimental and simulated results, with percentage
deviations generally lower than 1%. The highest discordances between measurements
and Monte Carlo, relatively to the energy distribution, were observed for the thicker
tungsten foils used to degrade the beam, as can be seen in Figure 2.13. This result
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

could have been influenced by two different factors: the lower statistics collected
experimentally for these points and the uncertainty associated to the thickness of
the foil, reported to be up to 10% by the manufacturer.
Regarding the reproducibility of lateral dose profiles, a circular uniform Monte Carlo
beam spot, having radius ri = 8 mm, gave the best agreement with the experimental
profiles measured with EBT3 films. The asymmetry in some of the measured dose
profiles, especially those detected at a closer distance from the exit window, was not
reproduced by the Monte Carlo simulation, since it was probably related to an initial
misalignment of the beam coming from the cyclotron. This effect, which could be
partially corrected by resorting to the steering magnets of the beam line, fades away
as the distance from the exit window increases and the broadening due to multiple
Coulomb scattering in air becomes predominant. In general, differences between
simulated and measured profiles were mostly below 10%, being usually Monte Carlo
beam spots slightly smaller than experimental ones. These differences arose probably
from the calibration curve used to scale measured netOD profiles to dose. Indeed,
photon dose calibration curves were used to this purpose in the first approximation.
However, since the quenching effect observed in EBT3 films under proton radiation
decreases as the proton energy increases, the "true" calibration curves for the energies
considered (between 13.6 and 18 MeV) are expected to lay between the 12.8 MeV

proton curve and the photon one shown in Figure 2.22, and the quenching effect is
expected to be negligible.

Optimisation of the setup for the irradiation of cell samples A homoge-
neous lateral dose profile is beneficial in cell experiments, to ensure that the dose
stays constant throughout the culture dish at a given depth. With both setups
tested for the irradiation of biological samples, preliminary and final, average relative
deviations from homogeneity lower than 4% were observed, with some localised
maximum differences up to 20% located at the edges of the irradiated area. In
Figure 2.20c, a gradient exists in the netOD profile obtained with the final configu-
ration, whose deviation from homogeneity is still below 10% and decreases as the
netOD increases, as can be seen by comparing for example with Figure 2.20e. This
behaviour is probably related to the fact that, without any degradation in air with
tungsten foils, the residual misalignment of the beam might still be visible in the
sample, as the beam undergoes less divergence (see Figure 2.11). For this reason
the initial alignment with steering magnets is crucial and must be performed before
every experimental campaign, since the coil parameters that give the best alignment
are not always reproducible. Furthermore, some evidences emerged, depicted in
Figure 2.24, suggesting that the beam suffered a small drifting in time within the
same experimental campaign, as the coils of the steering magnets heated up with
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2.4. Discussion

(a) (b)

Figure 2.24: Maps of the relative percentage deviation from homogeneity of two samples
having the same netODµ = 0.60, but measured at the beginning (a) and at the end (b) of
the experimental campaign at a distance of approximately two hours.

use, determining a displacement of the beam maximum intensity. Even if this effect
can be considered negligible for the film calibration and computation of the dose,
it must be taken into account, and minimised when it comes to the irradiation of
biological samples. Therefore, a check on beam homogeneity and a setting of the
steering magnet parameters is strongly recommended before and after any irradiation
of biological material.

After assuring the beam homogeneity over the sample, EBT3 films were calibrated
under proton irradiation and the resulting curves compared with photon ones. A
dependence on the proton energy emerged, resulting in a progressive distancing of
proton curves from photon ones, leading to a lower darkening of the film for the
same level of absorbed dose and thus to a lower sensitivity. To study the effect of the
proton energy on the calibration curve, independently from the film lot considered,
the relative difference of the predicted proton dose from the photon one was plotted
as a function of the netOD (see Figure 2.23). While for the more energetic protons
the relative distance between the curves remains almost constant, with a small
increase towards higher netOD values, for the lower energetic protons this distance
increases steeply up to a maximum at a netOD of around 0.4, and then decreases.
This behaviour is probably related to two factors: the quenching effect triggered
by the lower energetic protons of the incident kinetic energy distribution, and the
saturation of the film response to high doses.

Finally, dose rates of approximately 2− 3 Gy min−1 and 5 Gy min−1 were obtained
for the preliminary and final setup, respectively. The slightly higher dose rate of
the final setup was probably influenced by the material of the scattering foil used.
Indeed, the atomic number of aluminium is much smaller than that of tungsten
(ZAl = 13 and ZW = 74), determining a smaller multiple Coulomb scattering effect
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Chapter 2. Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at CNA

and therefore a reduced beam loss in the different collimators constituting the beam
line and the experimental setup. Furthermore, the beam settings and intensities are
subject to variations from one irradiation to another, affecting the reproducibility of
the dose rate.

2.5 Conclusions

A beam line diagnostic and irradiation scheme, based on a completely defocused
beam, a 500 µm thick aluminium scattering foil and an ionisation chamber coupled
with EBT3 radiochromic films, was identified as the best setup for the irradiation of
mono-layer cell cultures at the external beam line of the CNA cyclotron facility. With
this setup, a homogeneous irradiation field was achieved, with average deviations
from homogeneity lower than 4% in the whole sample area (3.5 cm diameter) for a
beam energy of 12.8 MeV and a dose rate of about 5− 6 Gy min−1.
A specific Monte Carlo simulation was built and developed to reproduce the beam
line and the experimental setup, using the Geant4 Monte Carlo code. Simulations
were tested towards experimental measurements and reproduced experimental data
in what concerned the beam energy distribution and dose profiles with differences
lower than 1% and 10%, respectively.
From the setup just described, in principle, lower proton energies with higher levels of
homogeneity over the sample surface and lower dose rates could be easily achieved, by
further degrading the beam with scattering foils of different materials and thicknesses
and by changing the exit window to sample distance. On the other side, a proton
beam energy distribution with a higher average value (12.8 MeV < Ekin < 18 MeV)
could probably be obtained by increasing the atomic number of the scattering foil
material in the manipulator while decreasing its thickness.
Finally, in Chapter 4, the first irradiations of mono-layer cell cultures performed in
the cyclotron radiobiology beam line will be presented.
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Chapter 3

Microdosimetry-based
dose-averaged linear energy
transfer calculation for
mono-energetic proton beams: a
Monte Carlo study with
GEANT4-DNA

3.1 Introduction

Many radiobiological effects of ionising radiation can be traced back to the
microscopic spatial distribution of energy deposition in irradiated media, whose
stochastic nature is described quantitatively with the formalism of microdosimetry.
Consequently, in recent years several studies have turned to the framework of micro-
dosimetry to approach problems such as the characterisation of LET distributions
for radiotherapy beams and the determination of their RBE.

In view of the growing awareness of the variations or proton RBE with increasing
LET at the distal Bragg peak region [109–111], recent studies aim at including
LET and/or dose-averaged LET (LD) objective functions in treatment planning
optimisation [112,113], taking advantage of the monotonic dependence of the RBE
on LET for clinical proton beams.

Microdosimetry, on one hand, permits the calculation of RBE from a microscopic
approach by means of the Microdosimetric-Kinetic Model (MKM) [69–71] and, on
the other hand, provides physical concepts and computational tools to calculate
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3.2. Theoretical Framework

macroscopic LD distributions. The microscopic analogue of the LET is called lineal
energy (y, see Chapter 1), which is a stochastic quantity that accounts for the
energy imparted per unit length to a certain sensitive volume, called site, by an
incident particle and all its secondary products. Macroscopic distributions of LET
and microscopic distributions of y can be biologically characterised by their dose-
weighted averages, LD and yD, which are especially relevant when the incident
beam is composed by particles of different LET. The difference between these two
distributions is given by the straggling, which can be accounted for by considering
the weighted average δ2 of the energy imparted per collision εc of the traversing
beam (see Section 3.2). The mathematical description of this relation was given by
Kellerer, and can be used to extract the macroscopic dose-averaged LET of a beam
from its microdosimetric distributions [66–68].

The calculation of microdosimetric distributions and their moments can be carried
out both analytically or by means of Monte Carlo simulations. In this chapter, a
track structure Monte Carlo application, developed for the computation of micro-
dosimetric distributions of protons in liquid water, is presented. This application,
based on Geant4-DNA, provides two sampling methods, uniform and weighted, for
the computation of the microdosimetric quantities of interest in spherical sites, with
diameters ranging from 1 to 10 µm. Besides the distribution of energy imparted per
single event, the code computes also the distribution of the energy imparted to the
site per electronic collision of the proton, which has never been included in any of
the microdosimetry examples in the official release of Geant4.
Following the description of the geometry and the sampling algorithm implemented,
results obtained for microdosimetric distributions for different site sizes and energies
are presented. Finally, the code is tested and benchmarked by computing the dose-
averaged LET with the formula proposed by Kellerer and comparing it with the
macroscopic one.

3.2 Theoretical Framework

There are often serious limitations to the use of LET for the description of the
biological effect of different radiation qualities. Firstly, particles with different charges
and different energies can have the same LET. However, the particle energy, mass and
charge are what determine the spectral distribution of delta rays, which play a major
role in the spatial distribution of the energy. Secondly, the LET does not take into
account the length of the track relative to a finite target structure, which is especially
relevant for low energies or large sites. Finally and more importantly, the LET does
not consider the random nature of energy loss along the track. Consequently, the
LET, which is defined as the mean energy lost by a charged particle per unit path
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

Figure 3.1: Ranges of site diameters and proton energies in which other factors in addition
to LET influence the energy deposition. The symbols R, S and δ identify, respectively, the
domains where limited particle range, energy-loss straggling and δ-ray escape or influx are
relevant. In the remaining region (II), the deposition of energy is approximately proportional
to the (unrestricted) LET [114].

length and, therefore, accounts for a large number of electronic collisions, cannot
express the features of a given distribution of energy imparted per event to a small
sensitive volume, which frequently arises form a small number of collisions [65].
The effects of these limitations, and the ranges of proton energies and diameter
sites (in the hypothesis of traversal or partial traversal of a microscopic spherical
site) in which they are relevant to energy deposition, were illustrated by Kellerer
and Chmelevsky [114] and are summarised in Figure 3.1. This Figure shows that
in a substantial range of site diameters and particle energies (region II), the LET
concept is appropriate and can be applied without consideration of additional factors.
However, moving to larger site diameters or smaller particle energies (region I), the
limited range of particles strongly influences the energy deposition, since the LET
may change significantly along the path through the site and the track might even
begin or end in the site. On the other hand, moving to small site diameters and
larger particle energies, energy straggling (regions III and IV) and eventually δ-rays
influx and escape (region IV) play an important role.
The interplay of the various factors affecting the energy deposition in cellular or
sub-cellular regions and their contribution to the macroscopic dose-averaged LET
(LD) are discussed in the following sections. The reason for using LD, according to
dual radiation action theory, is that biological damage is related to the amount of
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3.2. Theoretical Framework

Figure 3.2: Chain or random factors that determine the energy deposition in a site [68].

energy imparted and the spatial concentration of this energy, being LD simultaneously
representative of both [115].

3.2.1 Obtaining dose-averaged LET from microdosimetry

As mentioned above, if the medium is exposed to an absorbed dose D the energy
imparted to a specified site is determined by a chain or random factors. In the
specific case of short track segments, i.e., site dimensions considerably smaller than
the particle range so that the LET can be considered constant, these factors are
represented in Figure 3.2. The first random variable, ν, is the number of events, i.e.,
the number of independent charged particles traversing the region, which follow a
Poisson distribution. The second random variable, L, is the LET of the ionising
particle in the medium, which, if the range of the most energetic δ-rays is comparable
to or greater than the size of the region, is to be considered as restricted. Looking at
the problem microscopically, an ionising particle can traverse the site from a random
direction. The length of the particle track within the site is the fourth random
variable, l, called chord length. In the case of straight tracks within the site, the
mean chord length is defined as the mean length of randomly oriented chords in the
site [65].
The expected energy imparted by an event to a site is the product of the frequency-
averaged LET, LF, of the particle and the mean chord length lF in the site, εF = LF·lF ,
where the subscript s used in Section 1.3.3 to indicate the single event distribution
has been omitted to ease the notation. Due to the energy-loss straggling, the actual
energy imparted to the site of interest deviates from the product of the chord length
and the restricted LET, and it is influenced by the two last random factors: the
number µ of collisions along the chord and the energy lost in each collision εc.
The influence of the different random factors on the single-event distribution can
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

be considered in terms of the relative variance of the different quantities, i.e., the
variance divided by the square of the mean:

Vx =
σ2
x

x2 =
x2 − x2

x2 =
xD
xF
− 1, (3.1)

where

xF =

∫
xf(x) dx (3.2)

is the frequency average of the quantity x and

xD =

∫
xd(x) dx =

1

xF

∫
x2f(x) dx (3.3)

is its weighted average. Under the condition of short track segments, the variance of
the single-event spectrum (Vε) is given by [67]:

Vε = VLET + Vl + Vl · VLET + VS, (3.4)

where VLET, Vl and VS are the relative variances of the distributions of LET, chord
length and energy straggling, respectively. While LET and chord length distributions
present no particular difficulties in the calculation of the single-event spectrum, the
straggling problem is complicated in microdosimetry by the fact that the interest
rotates around the distribution of energy deposition by a particle and not around the
distribution of energy loss. The escape and influx of δ-rays from and into the region
of interest presents considerable theoretical difficulties, and the problem needs to be
studied by Monte Carlo simulations of δ-ray tracks [67]. The straggling distribution
reflects the succession of statistically independent collision events of varying size and
is therefore the solution of a compound Poisson process:

s(εc; εF) =

∞∑
µ=0

e−n
nµ

µ!
· w∗µ(εc), (3.5)

where n = εF/εc and w∗µ(εc) is the µ-fold convolution product of w(εc), the proba-
bility distribution of energy transfers in the collisions encountered by the charged
particles. Defining the weighted average of the w(εc) distribution as:

δ2 = εc

(
1 +

σ2
εc

ε2
c

)
, (3.6)

the relative variance of the straggling distribution can be demonstrated to be equal
to [66]:
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3.2. Theoretical Framework

VS =
δ2

εF
. (3.7)

Consequently, from Equation (3.4), the following formula can be obtained:

εD
εF

=

(
LD

LF
− 1

)(
lD

lF

)
+
lD

lF
+
δ2

εF
. (3.8)

According to the definition of lineal energy y, the frequency-averaged lineal energy
and the frequency-averaged LET coincide as long as the short track segment condition
is met: yF = εF/lF = LF. By using the previous relations, and considering that
yD = εD/lF, the derivation of the subsequent relation for the dose-averaged LET is
straightforward:

LD = yD
lF

lD
− δ2

lD
. (3.9)

From Equation (3.9) emerges the link between macroscopic and microscopic quantities
in the short track segment approximation. Therefore, to obtain the dose-averaged
LET of a particular composite beam the microdosimetric quantities yD, δ2 and the
chord length distributions must be evaluated, operation that can be carried out by
means of Monte Carlo track structure simulations.

3.2.2 Sampling methods and their influence on chord length distri-
butions

In order to calculate the various microdosimetric quantities in Equation (3.9)
through Monte Carlo track structure simulations, a particle track needs to be
simulated and sampled, i.e., a site must be placed in such a way that at least one
energy deposit is produced inside it. There are different types of randomness for the
interception of a convex body by straight lines; in the following two types will be
distinguished [116]:

isotropic uniform randomness , that results when the body is exposed to a
uniform isotropic fluence of infinite straight lines;

weighted randomness , that results when a uniformly distributed random point is
chosen in the body and that point is traversed by a straight line with uniform
random direction.

From a computational point of view, uniform sampling consists in randomly selecting
a position for the center of the site within the region of interest, while weighted
sampling consists in selecting an energy transfer point and then placing a site
randomly around it. While the first method can be computationally inefficient, as
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

the chances of selecting areas with no energy imparted to them are really high, the
second ensures the occurrence of at least one energy transfer within the site and is
more suitable for Monte Carlo track structure calculations. The term weighted in this
context refers to the fact that the probability of selecting a point centred at a certain
elementary volume dV is not uniform but weighted by a factor, determined by the
fact that in a particle track the density of transfer points is not uniform. Therefore,
in order to obtain the correct frequency single-event distributions a compensation
factor must be applied, which is in general inversely proportional to the probability
of selecting a certain transfer point, as explained in Section 3.3.2.

The chord length is a stochastic quantity that depends on the geometry of the site
and on its position with respect to the particle track core. Therefore, the chord length
distributions are influenced by the sampling method chosen. In the case of spherical
sites and straight particle tracks, following the short track segment condition, the
chord length distributions are well known [116].
The situation in which a particle traverses the site in a completely random way is
known as µ-randomness and, in this case, the frequency chord length distribution
is given by fµ(l) = 2l/d2, where d is the site diameter. This kind of randomness
applies in experimental microdosimetry and clinical radiation therapy, where targets
are uniformly irradiated from the exterior.
However, when the same track is sampled through weighted sampling, it is set to
pass through a specific point inside the site and is not coming from a random point
in the exterior anymore. This kind of randomness is known as ν-randomness and its
frequency chord length distribution is given by fν(l) = 3l2/d3. Table 3.1 collects the
relations of interest for the chord lengths distributions for both types of randomness.

Table 3.1: Relations of interest for the chord length distributions depending on the type of
randomness.

µ-randomness ν-randomness

fµ(l) = 2l/d2 fν(l) = 3l2/d3

lµF = 2d/3 lνF = 3d/4
lµD = 3d/4 lνD = 4d/5

Following the previous considerations, the relation between LD and yD is also affected
by the type of randomness, and the formula in Equation (3.9) assumes the form

LD =
8

9
yD −

4δ2

3d
(3.10)

for µ-randomness, and

LD =
15

16
yD −

5δ2

4d
(3.11)
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3.3. Materials and Methods

for ν-randomness, where yD is defined with the mean chord length of the respective
randomness type. Straggling, on its side, is an independent factor from LET and
chord length, and its distribution should not be affected by them and by the sampling
method considered.

3.2.3 Macroscopic dose-averaged LET calculation method

From a macroscopic point of view, the calculation of restricted and unrestricted
dose-averaged LET distributions in clinical proton beams can be carried out either
by means of analytical models or by Monte Carlo simulations. In both cases,
calculations are usually based on the spectral fluence evaluation of primary and,
sometimes, secondary particles composing the beam.
In the case of Monte Carlo simulations, a step-by-step approach can be followed in
the computation of LET, using the true step length and the electronic energy loss at
that step. Different Monte Carlo algorithms for the computation of LD, based on a
condensed history method, were compared by Cortés-Giraldo and Carabe [117] using
Geant4, to test their robustness towards the variation of different parameters. The
following method:

LD =

∑N
n=1

∑Sn
s=1 ωnLsnεsn∑N

n=1

∑Sn
s=1 ωnεsn

(3.12)

was identified as the one giving the most consistent performances, being n and
s the event and step index respectively of the primary proton track simulated,
Lsn the mean energy loss per unit path length in the material, εsn the energy
deposited by the primary proton along the step and ωn the statistical weight of
the primary proton. In this calculation, Lsn was obtained with the Geant4 method
ComputeElectronicDEDX() of the G4EmCalculator class, which computes the LET
from electronic stopping power tables, provided the particle type, kinetic energy and
material traversed; while εsn was obtained by summing up the continuous part of the
energy deposition due to the passage of the primary proton and the kinetic energy of
the δ-rays released in the medium by the incident proton in the step considered.
In the present work, Equation (3.12) was used to calculate macroscopically the
dose-averaged LET in the simulations, to be compared with the results of the
microdosimetric calculations.

3.3 Materials and Methods

In this section, the main features of the Monte Carlo application developed for
the computation of the microdosimetric quantities in Equation (3.9) are presented.
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

Figure 3.3: Scheme of the geometry used for microdosimetry simulations (2D projection).
The primary proton (red track) is generated at the surface of a cubic water volume (world
volume) and travels along the Z axis. The energy transfer points (hits) are then scored in the
middle of the volume (shaded area), in a slab whose thickness (ZS) varies depending on the
dimension of the site. The spherical sites are not physically simulated, as they are virtually
selected in the scoring volume with an algorithm that depends on the type of randomness
considered. Finally, the half-dimension of the world volume (Rmax) varies according to the
maximum energy of the incident protons, and is slightly greater than the maximum range of
the δ-rays emitted.

All the simulations were carried out with the Geant4 toolkit, by using our computing
cluster hosted at Centro Informático Científico de Andalucía (CICA, Seville, Spain),
consisting of 24 computational nodes, each with 2 × 12C AMD Abu Dhabi 6344
(2.6 GHz/6 MB) L3. The Geant4-DNA package, available within Geant4, was used to
this purpose, as it makes possible to carry track structure simulations and tracking
of electrons down to ≈ 10 eV.

3.3.1 Geometry

The geometry of the microdosimetry application is really simple, as shown in
Figure 3.3. The world volume, i.e., the volume that represents the experimental area
and contains all the other components, consists of a water cubic box having half
dimension Rmax slightly greater than the maximum range of the δ-rays emitted by
the incident protons Rδ,max. This range is calculated with Equation (1.4), and the
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3.3. Materials and Methods

condition Rmax ≥ Rδ,max is necessary to ensure intra-track electronic equilibrium.
The scoring volume, i.e., the volume in which the energy transfer points (hits) are
detected and stored, is a water slab positioned in the centre of the world volume with
same transversal dimensions and variable thickness ZS, depending on the dimension
of the site chosen. The beam (red track in Figure 3.3) originates at the surface of
the cubic volume and travels along the z-axis. The physical quantities of interest are
scored in randomly-placed spherical sites, with diameters ranging from 1 to 10 µm.
These sites are not simulated as physical volumes, but are virtually identified as
regions in the scoring volume thanks to specific algorithms for the selection of their
centres. For the site positioning, two sampling methods have been implemented,
uniform and weighted random sampling, whose detailed description is given in
Section 3.3.2.

In order to study the performance of the code, simulations were initially carried out
with mono-energetic proton beams with energies ranging from 10 to 90 MeV, for
spherical sites with diameters of 1 and 10 µm. The upper energy limit was imposed by
the physics list employed for the simulations, as Geant4-DNA only allows calculations
for proton energies lower than 100 MeV. On the other side, the lower energy limit
was chosen to ensure that the short track segment condition was valid for all the
energies and site dimensions considered.
Furthermore, to understand the dependence of the simulation results on the lon-
gitudinal dimensions of the scoring slab, a preliminary study was performed by
varying the size of the scoring volume for the two extreme energies and site diameters.
As a general rule, to allow for the correct functioning of the scoring algorithms
(see Section 3.3.2) the relation ZS > 2d must hold, where d is the site diameter.
Therefore the formula ZS = 2d+ η was used, choosing for η the values 0.1d, d, 2d

and 10d (the latest only for the 1 µm diameter site). Since for the lowest energy
and biggest site dimensions the maximum δ-ray range is smaller than half of the
scoring volume thickness, Rδ,max < ZS/2, and in order to have the same proton
kinetic energy distribution at the centre of the world volume for both site diameters,
the decision to set Rmax = Rδ,max + (ZS,max/2) for all the simulations was taken,
with ZS,max = 40 µm.

3.3.2 Scoring algorithms

The most intuitive way of scoring energy deposition events in micrometric sites
along a proton track would be to randomly select a point

−→
P C in the region of interest

with a uniform probability and consider all the energy transfer points (hits)
−→
P hi

within a distance |
−→
P hi −

−→
P C| ≤ d/2 from it. This sampling method, known as

µ-randomness, is very robust and is not subject to any bias. However, this technique
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

(a) (b)

Figure 3.4: Graphical representation of the working principle of the two sampling algorithms:
(a) uniform sampling (µ-randomness) and (b) weighted sampling (ν-randomness). In both
cases, a hit selection region (maroon shaded area) is identified, where the centres of the sites
(yellow circles) are sorted. The dimensions of this region depend on the sampling algorithm
used and on the diameter of the site, as lateral margins must be left to ensure that the site
is always fully included in the scoring volume. For uniform sampling this margin must be set
equal to the site radius, while for weighted sampling the margin is equal to the site diameter.

is likely to be highly inefficient, as the probability of selecting volumes with no hits
is really high and increases for the smaller sites and higher energies.

To increase the sampling efficiency, ν-randomness can be used instead. In this case,
an energy transfer point

−→
P H is randomly chosen with uniform probability among the

hits of the simulated track. Then, the centre of the site
−→
P C is sampled with uniform

probability in a sphere of radius d/2 around
−→
P H, i.e at a distance |

−→
P C−

−→
P H| ≤ d/2.

Finally, all the energy transfer points
−→
P hi within a distance |

−→
P hi −

−→
P C| ≤ d/2

are considered for the computation of microdosimetric quantities in the site. In
this way, the presence of a at least one energy transfer point

−→
P H in the site is

always ensured, and a 100% sampling efficiency can be achieved. As a drawback,
however, this method is spatially biased towards regions of high density of hits, and
a compensation factor must be introduced to account for it. As suggested in other
works [118,119], this factor should be equal to the ratio of the number of hits that
can be selected to the number of hits located in the randomly placed site.

Both methods were implemented in our Monte Carlo code developed for the com-
putation of microdosimetric quantities, and their working principle is graphically
represented in Figure 3.4. In order to increase the sampling efficiency of the uniform
random method, a while loop controlled by a flag to a maximum of 1000 loops was
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3.3. Materials and Methods

Figure 3.5: Detail of the working principle of the weighted sampling method in Figure 3.4b.
The compensation factor is computed as the ratio between the number of selectable hits
(with deposited energy different from zero) in the hit selection region (Nsel) and the number
of hits in the intersection volume of the site with the hit selection region (Nint).

introduced to repeat the sorting procedure on the same track until one good event
was found to the expenses of computational time. In both cases a hit selection
region (maroon shaded area in Figure 3.4) must be identified, in which

−→
P C and

−→
P H are sorted. The dimensions of this region depend on the sampling algorithm
used and on the diameter of the site. The general rule is that a margin must be
left, both in the longitudinal and transverse dimensions, in order to ensure that all
the randomly selected sites are always fully included in the scoring volume. For the
uniform random sampling, this margin must be set equal to the site radius, while for
weighted sampling it is equal to the site diameter.

Following the previous considerations, in the case of weighted sampling, the compen-
sation factor must be set equal to Nsel/Nint, as shown in Figure 3.5, where Nsel is the
number of hits (with energy deposited different from zero) in the hit selection region
that can be randomly selected, and Nint is the number of hits in the intersection
volume of the site and the hit selection region.

After sorting the position of the site, three main quantities are computed: the total
energy deposited in the site per event (ε), the total energy deposited for a single
proton collision (εc) and the chord length (l) of the proton traversing the site. While
the computation of ε is straightforward, i.e., the sum of the energies deposited by
each hit happening within the site, the computation of εc and l cannot be done
directly and will be discussed in the following paragraphs.
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

Figure 3.6: Schematic representation of the scoring method for the evaluation of the energy
deposited per single proton collision in the site, εc. The primary δ-ray generated by the
proton collision is identified and assigned one distinctive tag, that is then inherited by all the
secondary electrons in the shower. Only the energy deposition events happening within the
site are accounted for in the calculation of εc, including δ-ray influx from outside the site.

Figure 3.7: Graphical representation of the possible configurations in which proton tracks
(red lines) can cross a site. The black points identify the position of the proton hits, for
which the spatial coordinates are known and stored. The track segment between two hits
identifies a step. The solid red lines are the proton track segments to be considered for the
computation of the chord length distribution. Depending on the position of the site with
respect to the proton track, a step can start and end outside the site (A), have one or both
ends included in the site (B), or originate (or end) at the surface of the site (C).
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3.3. Materials and Methods

Computation of energy deposited per individual proton collision In order
to compute the energy imparted to the sensitive volume per each individual proton
collision, the electronic showers generated by each collision must be uniquely identified.
This was done by means of a Sensitive Detector class coded for this purpose, by
identifying the primary electrons set in motion by a proton collision and assigning
them a distinctive tag equal to their track identification number during the Geant4
simulation. By doing so, and thanks to the structure of the tracking algorithm of
Geant4, all the subsequent secondary electrons created by further collisions of the
electron originating the shower can be assigned the same tag. In this way, the energy
deposited in the site by each δ-ray shower originating in the site or entering the site
can be scored independently, as graphically represented in Figure 3.6.

Computation of chord length For the computation of the chord length distri-
bution, the length of the segments of the primary proton trajectories intercepting
the site must be evaluated. If the sites were built as physical volumes in the Geant4
application, this procedure would be straightforward, as track steps are always forced
to end at the interface between two volumes. This, however, does not apply in
the case under consideration, as the randomly placed sites do not have a physical
interface and track steps can cross the volume surface. Therefore, proton chord
lengths had to be computed manually from geometric considerations, taking into
account all the possible configurations in Figure 3.7.

3.3.3 Output

Once the site is positioned, the different microdosimetric quantities can be
computed and stored. The Monte Carlo code developed provides two ways of storing
and saving the results, both in ROOT format: histograms containing the distributions
of the physical quantities of interest and trees containing detailed information of
each track. The ROOT tree format offers the advantage of being more flexible, as
it allows to analyse the proton tracks on an event by event base after having run
the simulation. To do so, a ROOT macro was developed implementing the same site
positioning algorithms just described. However, the size of the outputs produced in
this way might be of several GB and they are not always easy to handle. ROOT
histograms, on the other side, provide a compact and more manageable output, at
the expense of the information about the single events.

When considering the histogram output format, the best way of representing mi-
crodosimetric distributions is to use the semi-logarithmic scale, since the energy
deposited in each event has a variability of different orders of magnitude. By defini-
tion, the probability densities of the single event distributions are normalised to one.
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

This normalisation must remain unchanged when f(ε) is plotted on a logarithmic
scale of ε, therefore a proper normalisation factor must be applied.
Let the logarithmic scale of ε be subdivided in B increments per decade, such that
the i-th value of ε is:

ε = ε0 · 10

i

B , (3.13)

where ε0 is the lowest value of ε to be considered in the histogram. In this case, the
logarithmic increment of ε is d log ε ∼ 1/B. Therefore, the content of the i-th bin of
the histogram distribution becomes:

n
(
εi+ 1

2

)
=

∫ ε
i+1

2

εi

f(ε) dε = ln 10

∫ ε
i+1

2

εi

εf(ε) d log ε ∼ ln 10

B
εi+ 1

2
f
(
εi+ 1

2

)
, (3.14)

where εi+1/2 =
√
εi+1 · εi is the central value of the i-th bin.

Finally, for the computation of the uncertainties associated to the averaged values
extracted from the Monte Carlo simulation, an event by event approach can be
used [120]:

σX =

√√√√√ 1

N − 1

∑N
i=1X

2
i

N
−

(∑N
i=1Xi

N

)2
, (3.15)

where N is the number of independent events and X is the quantity under study.

3.3.4 Simulation of mono-energetic proton beams

Our Monte Carlo code developed accepts as input proton beams with any energy
distribution, thanks to a PrimaryGeneratorAction class able to import spectral
fluence distributions in ROOT format and to use them as a beam generator. For
the sake of testing the code performances, however, simulations were performed with
mono-energetic proton beams having energies of 10, 20, 40, 70 and 90 MeV, for site
sizes of 1 and 10 µm diameter.
For all the cases considered, simulations were run both with uniform and with
weighted random sampling, the first serving as reference. A number of 250 000 proton
tracks was simulated for every case, divided in 250 parallel jobs, and the efficiency
of each sampling method was evaluated and compared, measuring also the time
required by an individual job to complete the simulation.
Finally, LD values were computed with Equation (3.9) from the microdosimetric
quantities, and compared to the macroscopic LD computed with Equation (3.12).
Furthermore, since in the case of mono-energetic proton beams the LET distribution
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3.4. Results

(a) (b)

Figure 3.8: Chord length distributions obtained for 10 MeV protons impinging on sites
of 1 (a) and 10 µm (b) diameter. The distributions obtained with uniform (blue, u) and
weighted random sampling (red, w) have been fitted with functions of the form fu(l) = p0l
and fw(l) = p0l

2 according to Table 3.1. The values obtained for the fit parameters (see
Table 3.2) are in perfect agreement with the theoretical ones.

can be considered as a delta function, centred at the LET of the particle for the
specific energy considered, the relation LD = LF = yF should hold and was used for
an extra validation.

3.4 Results

The easiest way to check for the correct functioning of the sampling methods
implemented in the code is to analyse the chord length distributions obtained, and
compare their mean values with the theoretical ones listed in Table 3.1. An example
of this comparison is shown in Figure 3.8 for sites of 1 and 10 µm diameter.
The chord length distributions computed with the simulations were then fitted with
the corresponding functions for uniform (µ-randomness) and weighted (ν-randomness)
random sampling, and the obtained parameters compared with the theoretical values.

Table 3.2: Fit functions and resulting parameters (p0) obtained from the fit of the chord
length distributions in Figure 3.8, compared with the expected parameter for the type of
randomness considered.

d[µm] fit function p0 expected p0

1
fu(l) = p0l 2.00(1) µm−2 2/d2 = 2 µm−2

fw(l) = p0l
2 3.006(6) µm−3 3/d3 = 3 µm−3

10
fu(l) = p0l 2.000(4)× 10−2 µm−2 2/d2 = 0.02 µm−2

fw(l) = p0l
2 3.006(6)× 10−3 µm−3 3/d3 = 0.003 µm−3
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

Table 3.3: Values of the longitudinal dimensions assigned to the world volume and the scoring
volume to study the dependence of the simulation results on the geometrical parameters.
The longitudinal half dimension of the world volume Rmax is equal to Rδ,max + ZS,max/2,
where Rδ,max is the maximum range of the δ-rays emitted by the incident protons and
ZS,max is the maximum thickness of the scoring volume among the ones considered. Indeed,
the thickness ZS of the scoring volume is variable and must be chosen according to the size
of the site and the energy of the incident particle, in such a way that the short track segment
condition is always preserved; however, the condition ZS > 2d must hold. In this study ZS
was set equal to 2d+ η, assigning to η the values 0.1d, d, 2d and 10d.

Energy d Rδ,max Rmax ZS,max ZS η

10 MeV 1 µm 8.3 µm 28.3 µm 40 µm

2.1 µm 0.1d
3 µm d
4 µm 2d
12 µm 10d

10 MeV 10 µm 8.3 µm 28.3 µm 40 µm
21 µm 0.1d
30 µm d
40 µm 2d

90 MeV 1 µm 410 µm 430 µm 40 µm

2.1 µm 0.1d
3 µm d
4 µm 2d
12 µm 10d

90 MeV 10 µm 410 µm 430 µm 40 µm
21 µm 0.1d
30 µm d
40 µm 2d

A perfect agreement emerged, as reported in Table 3.2.

As described in Section 3.3.1, a preliminary study was performed to assess the
influence of the longitudinal dimension of the scoring volume (ZS) on the simulation
output. To do so, simulations were carried out with mono-energetic proton beams
of 10 and 90 MeV on spherical sites of 1 and 10 µm diameter, assigning to ZS the
values listed in Table 3.3, both with uniform and weighted random sampling.

For the uniform random sampling method no differences were observed in the resulting
distributions of energy imparted f(ε) and energy imparted per collision f(εc); on the
contrary, the weighted sampling method showed a clear dependence of the results
on the ZS selected, as emerges from Figure 3.9. In this figure, the normalised
distributions of εf(ε), represented in the semi-logarithmic scale, obtained for the
different ZS with weighted sampling (w), are plotted together and compared with
the distribution obtained with uniform random sampling (u).

While distributions obtained by uniform sampling are not affected by ZS, they are
strongly affected by statistics, as the efficiency of the method drastically decreases
for higher energies and smaller site sizes, as can be seen in Figure 3.9c. On the other
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3.4. Results

(a) (b)

(c) (d)

Figure 3.9: Variation of the distribution of energy imparted εf(ε) with the thickness of
the scoring volume ZS. Simulations were done with 10 MeV protons on sites of 1 (a) and
10 µm diameter (b), and with 90 MeV protons on sites of 1 (c) and 10 µm diameter (d).
The distributions of energy imparted obtained with the uniform random sampling method
(u) are not affected by ZS, and are represented here as a reference (black solid lines).

(a) (b)

Figure 3.10: Relative difference of the average values of the distributions of energy imparted
(a), and energy imparted per collision (b) obtained with the weighted and uniform random
sampling methods, as a function of η.
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

hand, the distributions obtained with weighted random sampling (w) vary strongly
with the thickness of the scoring volume, resulting in a general underestimation of
the low energy tail of the distributions. The difference between the shape of uniform
and weighted distributions decreases as ZS increases, and tends to disappear for
η >> 2d.

This is shown more clearly in Figure 3.10a, where the relative difference between
the mean values of εf(ε), or εF, for weighted and uniform sampling is plotted as a
function of η. The absolute values of εF for the different cases are listed in Table 3.4.
Maximum deviations from the mean value of the uniform distributions of about 15%
were observed in the worse cases; but this percentage decreased below 5% for η ≥ 2d.
The exception in the behaviour shown by the 90 MeV case for the site of 1 µm is
related to the low statistics achieved with uniform random sampling. At this energy,
indeed, the density of hits in the scoring volume decreases drastically and so does
the efficiency of the uniform random sampling method.

Figure 3.10b, on the other hand, shows the relative difference between the mean
values of the εcf(εc) distributions, εc, obtained with weighted and uniform random
sampling, which are listed in Table 3.5. In this case, no evident dependence on η
emerges, and the difference between the two sampling methods is almost constant and
lower than 2% for most cases. In view of the outcomes of this preliminary analysis,
the decision of setting ZS = 4d (corresponding to η = 2d) for all the subsequent
simulations was taken, and results obtained with weighted random sampling were
treated equivalently to uniform ones, applying Equation (3.10) for both methods.

Following the identification of the best ZS, various simulations were carried out with
beams of 10, 20, 40, 70 and 90 MeV on sites of 1 and 10 µm diameter to derive
the values of LD from Equation (3.10) and compare them with the macroscopic LD

obtained from the Monte Carlo with Equation (3.12). Figure 3.11 shows the depen-
dence on the impinging proton energy of the frequency-averaged energy imparted per
event (εF). Here, the results obtained with weighted and uniform random sampling
are plotted together and compared: relative deviations lower than 5%, between the
values obtained with weighted and uniform random sampling, emerged for all the
energies considered.

As briefly stated in Section 3.2.2, the energy deposited per single proton collision, that
reflects the effects of energy straggling and δ-ray influx and escape, is an independent
random factor from LET and chord length, and its distribution should not be affected
by them. Therefore, when calculating LD with Equation (3.10), the variance of LET
and the variability of the chord length should not be included in the computation of
the second moment of the distribution of energy imparted per single proton collision,
δ2. In other words, only the distribution of energy imparted per single proton collision
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3.4. Results

Table 3.4: Values of the frequency-averaged energy imparted per event as a function of η
for the different sampling methods and energies considered.

εF [keV]

η
d = 1 µm

10 MeV 90 MeV

u w u w

0.1d 2.62(1) 2.995(3) 0.46(2) 0.522(2)
1d 2.62(1) 2.770(3) 0.47(2) 0.474(1)
2d 2.63(1) 2.707(3) 0.48(2) 0.464(1)
10d 2.62(1) 2.640(3) 0.43(2) 0.452(1)

η
d = 10 µm

10 MeV 90 MeV

u w u w

0.1d 28.86(3) 33.55(2) 4.53(2) 4.95(1)
1d 28.85(3) 30.92(3) 4.55(2) 4.73(1)
2d 28.99(3) 30.09(3) 4.54(2) 4.67(1)

Table 3.5: Values of the first moment of the energy deposited per collision as a function of
η for the different sampling methods and energies considered.

εc [keV]

η
d = 1 µm

10 MeV 90 MeV

u w u w

0.1d 0.0491(6) 0.0499(4) 0.044(5) 0.0454(4)
1d 0.0491(6) 0.0493(4) 0.048(7) 0.0455(3)
2d 0.0491(6) 0.0494(3) 0.048(6) 0.0447(3)
10d 0.0492(6) 0.0493(3) 0.042(4) 0.0445(3)

η
d = 10 µm

10 MeV 90 MeV

u w u w

0.1d 0.0578(6) 0.0585(7) 0.053(1) 0.0532(6)
1d 0.0579(6) 0.0583(6) 0.053(1) 0.0528(6)
2d 0.0580(6) 0.0582(6) 0.052(1) 0.0528(6)
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

corresponding exactly to a frequency-averaged energy imparted per event εF and
a chord length lF should be considered to calculate δ2. This was firstly done by a
dedicated simulation, positioning the site in such a way that the particle traversed it
with a path length equal to lF [115]. Later on, a new approach was introduced in
our Monte Carlo code, to extract the value of δ2 directly from the main simulation
results, consisting of a two dimensional plot of the distribution ε2

cf(εc) as a function
of the primary proton trajectory length l. From this plot, projections were taken for
intervals of l with size 0.1d, and a graph of δ2 values as a function of l was extracted,
as shown in Figure 3.12.

For values of l < d/2, the main contribution to δ2 is given by the δ-ray influx, whose
influence decreases quickly as l increases up to a point in which, for l > d/2, the
value of δ2 can be considered as constant. Since lF > d/2, the final values of δ2 were
extracted from the average of the points in the range l > d/2 weighted by their
uncertainty, as depicted in Figure 3.12.

Finally, in Figure 3.13 results of δ2 obtained with weighted and uniform random
sampling are plotted together as a function of the energy, being the relative difference
of the first from the second always lower than 6%, as expected. From this figure

Figure 3.11: frequency-averaged energy imparted per collision εF as a function of the proton
energy. Uniform (open markers) and weighted (full markers) random sampling results are
plot together and compared for sites of 1 (blue triangles and diamonds) and 10 µm (red
circles and stars).
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3.4. Results

(a) (b)

Figure 3.12: Variation of δ2 as a function of the proton trajectory length l for the different
energies and sites of (a) 1 µm and (b) 10 µm diameter obtained with weighted random
sampling. For the lower l values, the main contribution to δ2 is given by the δ-ray influx,
whose influence decreases quickly as l increases. For l > d/2, the value of δ2 can be considered
as constant. Since lF > d/2, the final values of δ2 were extracted by averaging the points
(weighted by their uncertainties) in the range l > d/2 (solid lines).

Figure 3.13: Second moment of the energy imparted per individual proton collision δ2 as a
function of the proton kinetic energy. Uniform (open markers) and weighted (full markers)
random sampling results are plotted together and compared for sites of 1 (blue triangles
and diamonds) and 10 µm (red circles and stars).
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

Figure 3.14: Frequency-averaged lineal energy yF as a function of the incident proton
kinetic energy. Values obtained for uniform (open markers) and weighted (full markers)
random sampling methods are plotted together for sites of 1 (blue triangles and diamonds)
and 10 µm (red circles and stars) diameter. For mono-energetic proton beams the relation
LD = yF should hold (see Section 3.3.4), therefore yF values are reported superimposed to
the respective LD values derived from Equation (3.10), represented as shaded areas whose
thickness is given by the error associated to LD for each diameter site. The macroscopic LD
computed with Equation (3.12) (black shaded area) is also reported as a reference.

emerges slightly the relative impact of the straggling distribution on the value of
LD, graphically justified in Figure 3.1, as a function of the energy: for sites of 1 µm

diameter, the effect of straggling is mostly relevant in the range of proton energies
4−12 MeV, while for higher energies δ-ray influx and escape become predominant; for
sites of 10 µm diameter, on the other hand, the effect of straggling becomes relevant
from 14 MeV up to ∼ 70 MeV. This is the reason why the value of δ2 decreases for
the 10 µm site at proton energies lower than 20 MeV.

The results obtained for the frequency-averaged lineal energy yF with both sampling
methods are presented in Figure 3.14. In this figure, yF values are reported as a
function of the incident proton energy, and superimposed to the LD values derived
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3.4. Results

Figure 3.15: Relative difference of LD from yF for the different site diameters (blue markers
for 1 µm and red markers for 10 µm) and sampling methods considered (open markers for
uniform sampling and full markers for weighted sampling).

from Equation 3.10. As stated in Section 3.3.4, for mono-energetic proton beams the
relation yF = LD should hold. In this context, this relation is used as a further test
of the code performances, and LD values are represented in Figure 3.14 as shaded
areas whose width is given by the uncertainty associated to them.

Figure 3.15 represents the relative difference of LD from yF for the different site
diameters and sampling methods considered. While for the 10 µm diameter site
these differences are always lower than 6%, for the 1 µm site the difference increases
with energy, reaching values of 30%. This effect is especially evident looking at the
weighted random sampling points, which are not affected by the lack of statistics
that characterises the uniform sampling method at higher energies. Moreover, this
increasing difference between LD and yF for the 1 µm site results in an anomalous
behaviour of LD if compared to the macroscopic dose-averaged LET obtained from
Equation (3.12), represented as a black shaded area in Figure 3.14. Indeed, as stated
in Section 3.2.1, the LD computed with Equation (3.10) is restricted, being this
statement especially true for the 1 µm site, and should never be higher than the
dose-averaged LET computed macroscopically, as it happens instead in Figure 3.14.

To solve this problem, the concepts of effective mean chord length l∗F and effective
frequency- and dose-averaged lineal energy y∗F,D were introduced. As done for the
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

(a) (b)

Figure 3.16: Variation of the mean energy imparted per event, ε, as a function of l for the
different energies and sites of (a) 1 µm and (b) 10 µm diameter obtained with weighted
random sampling. For l ∼ 0, i.e proton tracks that don’t cross the site or pass tangent to
it, the only contribution to ε is given by the δ-ray influx. Then, for higher l, ε increases
linearly with the chord length, as can be observed from the linear fit of the data (solid
line). The overall frequency-averaged energies imparted per event, εF obtained for each
simulation considering the full data set, are reported as horizontal dashed lines, each colour
corresponding to one proton energy. The intersection point of the linear fit of ε as a function
of l and the value of εF corresponds to the effective l

∗
F.

Figure 3.17: Effective mean chord length l
∗
F as a function of the proton energy, obtained

with uniform (open markers) and weighted (full markers) random sampling for sites of 1 µm
(blue triangles and diamonds) and 10 µm (red circles and stars). The true mean chord length
lF = 2d/3 is reported as a yellow horizontal dashed line for each site dimension.
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3.4. Results

energy imparted per single proton collision, a two dimensional plot of εf(ε) as a
function of l was implemented in the simulation, and projections were extracted for
intervals of l with width 0.1d. In this way, plots of the mean energy imparted per
event, ε as a function of the chord length could be built, as shown in Figure 3.16.
For l ∼ 0, i.e proton tracks that don’t cross the site or pass tangent to it, the only
contribution to ε is given by the δ-ray influx. Then, for higher l, ε increases linearly
with the chord length. Comparing the overall frequency-averaged energies imparted
per event, εF obtained for each simulation considering the full data set, and the
linear fits of ε as a function of l, the values of l corresponding exactly to an energy
imparted per event equal to εF could be obtained. This value, defined as effective
mean chord length l∗F should in principle be equal to lF. However, this is not the
case as emerges from Figure 3.17, and l∗F differs from the true value of lF = 2d/3 and
varies with the proton energy.

Using the effective chord lengths corresponding to each energy, for the computation
of frequency- and dose-averaged lineal energies, the results shown in Figure 3.18 could
be obtained. In this figure, a general better agreement between uniform and weighted
random sampling methods emerges, if compared to Figure 3.14. Furthermore, as
shown in Figure 3.19 relative differences of LD from yF lower than 6% could be
observed for both site dimensions and all energies, being the only exception the points
obtained for the two highest energies and 1 µm diameter with uniform sampling, due
to the lack of statistics. Finally, all the values of LD obtained with Equation (3.10)
lay below the macroscopic unrestricted dose-averaged LET, as expected.

The lower efficiency of uniform random sampling has emerged numerous times along
this section, being its effects especially evident for sites of 1 µm diameter and proton
kinetic energies above 70 MeV. In order to quantify this effect, Table 3.6 collects
the sampling efficiencies and computational times of the simulations performed with
sites of 1 µm diameter with both sampling methods.

While the difference in computational time is not critical when comparing the time
needed to generate 1000 events, the loss in statistics is dramatic and the efficiency
drops to less than 40% for the best case. Considering that with the uniform random
sampling algorithm each track is sampled to a maximum of 1000 times until one event
is "detected", i.e., at least one energy deposition is found inside the site, the actual
efficiency of the method is even lower. To give a clearer idea of the computational
cost, the time needed to achieve the same statistics (i.e. 250 000 detected events) with
uniform random sampling has been extrapolated in the last column tE of Table 3.6.
As emerges from these data, the time needed to achieve an equivalent statistical level
with uniform random sampling grows exponentially with the energy of the incident
proton energy, being more than 5 years for a beam of 90 MeV.
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

Figure 3.18: Effective frequency-averaged lineal energy y∗F as a function of the incident
proton kinetic energy. Values obtained for uniform (open markers) and weighted (full markers)
random sampling methods are plotted together for sites of 1 (blue triangles and diamonds)
and 10 µm (red circles and stars) diameter. Values of y∗F are reported superimposed to
the respective LD values derived from Equation (3.10), represented as shaded areas whose
thickness is given by the error associated to LD for each diameter site. The macroscopic LD
computed with Equation (3.12) (black shaded area) is also reported as a reference.

3.5 Discussion

In this chapter, a novel Monte Carlo code for the computation of microdosimetric
distributions generated by proton track segments in liquid water was presented. Two
different algorithms were implemented for the scoring of the quantities of interest:
uniform random sampling and weighted random sampling. While the first is ideally
better as it is not subject to any bias, it is also very inefficient due to the high
chances of selecting sites with no energy depositions within. On the contrary, weighted
random sampling has a 100% efficiency, but might be subject to biases related to
the choice of the size of the scoring volume and of the weighting factor.
One of the main elements of novelty of our code is the inclusion of an algorithm for
the computation of the distribution of energy imparted per individual proton collision,
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3.5. Discussion

Figure 3.19: Relative difference of LD from y∗F for the different site diameters (blue markers
for 1 µm and red markers for 10 µm) and sampling methods considered (open markers for
uniform sampling and full markers for weighted sampling).

which has never been included in any of the Geant4-DNA examples of the official
release of Geant4. This distribution, which is not easy to measure experimentally,
reflects the action of energy straggling and δ-ray influx and escape on the energy
deposited in the site, and it is fundamental for the computation of dose-averaged
LET from microdosimetric quantities with Equation (3.9).

In this study, our weighted random sampling algorithm was optimised and the
dimensions of the scoring volume were chosen accordingly, so that the results obtained
could be considered equivalent to uniform ones, with relative differences generally
lower than 6%.
Once optimised, the code was used to run various simulations with mono-energetic
proton beams, with energies in the range 10− 90 MeV impinging on spherical sites of
1 µm and 10 µm diameter. The lower limit of the energy range was chosen to ensure
that the short track segment condition, necessary to apply Equation (3.9), held for
all the cases considered; while the upper limit of the energy range was determined
by the Geant4-DNA physics list, which only allows calculations for proton energies
lower than 100 MeV.
Since for mono-energetic proton beams the relation LD = yF holds, frequency-
averaged lineal energy values obtained with both sampling methods were used as
a reference for the validation of the code and the comparison with dose-averaged
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Chapter 3. Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-DNA

Table 3.6: Sampling efficiencies and computational times of the simulations performed with
sites of 1 µm diameter. A total of 250 000 events (Nsim) in batches of 1000 were generated.
The sampling efficiency has been computed as the ratio between the detected events (Ndet,
at least one energy deposition in the site) and the generated ones. The times reported refer
to the simulation of one batch of 1000 events, where tR is the actual time taken for the
simulation and tE is the extrapolated time that would be necessary to achieve the same
statistics with uniform random sampling.

Efficiency Ndet/Nsim [%] Computational time per batch

weighted uniform weighted uniform
Energy [MeV] tR tR tE

10 100 38.4 1 h 31 min 3 h 46 min > 9 h
20 100 14.9 1 h 30 min 2 h 51 min > 19 h
40 100 2.6 2 h 5 min 2 h 43 min > 4 d
70 100 0.5 3 h 13 min 3 h 27 min > 30 d
90 100 0.2 3 d 15 h 3 d 15 h > 5 y

LET values obtained with Equation (3.9). Since the site dimensions considered were
generally smaller than the maximum range of δ-rays emitted by the incident proton,
the dose-averaged LET obtained with this equation was expected to be restricted.
To prove this concept, microscopic LD values were compared with macroscopic ones,
unrestricted, obtained with Equation (3.12).

While generally no evident problems emerged in the results obtained with the 10 µm

diameter site, the 1 µm diameter site arose questions about the validity of Kellerer’s
formula, due to the fact that the LD curve obtained intersected the macroscopic
unrestricted dose-averaged LET curve. This apparent contradiction was solved
introducing the concept of effective mean chord length l∗F, i.e., the mean chord length
corresponding exactly to an energy imparted per event to the site equal to εF. In
general, l∗F should be equal to the true value lF = 2d/3. However, this is not true
in the simulations considered, and the effective value of the mean chord length not
only differs slightly from the expected one, but varies with the impinging proton
energy. This behaviour is probably related to the action of δ-ray influx, which affects
the distribution of energy imparted to the site per event, slightly increasing the
actual value of εF with respect to what would be obtained only by considering direct
traversals of proton tracks through the site, especially for the highest energies.

By using the effective mean chord length values for the computation of frequency-
and dose-averaged effective lineal energies, a general better agreement was observed,
both between uniform and weighted random sampling results, and between LD and
y∗F curves. Furthermore, the nature of restricted LET emerged clearly in this case,
being all the LD values computed with Kellerer’s formula below the macroscopic LD

and generally lower for the 1 µm diameter site compared to the 10 µm one. Indeed,
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3.6. Conclusions

the difference between the restricted dose-averaged LET values computed in the two
site dimensions decreases as the energy increases, due to the fact that for the 10 µm

diameter site the maximum range of δ-rays is comparable to the site dimensions for
proton energies below 20 MeV. Therefore, the microscopic LD is initially unrestricted
for the 10 µm diameter site, and approaches the curve of restricted dose-average LET
obtained with the 1 µm diameter site as the energy increases.

3.6 Conclusions

A Monte Carlo code for the computation of microdosimetric distributions gen-
erated by proton track segments in liquid water was presented. Apart from the
distribution of energy imparted per event, our code computes also the distribution of
energy imparted per single proton collision, a feature that is foreseen to be included
in an example of one of the next official releases of Geant4.
Two different sampling algorithms were implemented, uniform and weighted, the
first serving as reference for the second, with the aim of obtaining an efficient and
unbiased algorithm for the fast computation of microdosimetric distributions. By
choosing appropriately the dimensions of the scoring volume, weighted sampling
results could be considered as equivalent to uniform ones. However, the effect of the
scoring volume thickness on the distribution of energy imparted per event obtained
with weighted random sampling needs to be study more accurately, as the underlying
mechanisms are not yet clear.

Various simulations were run to test the performances of the code, and to benchmark
it, by comparing dose-averaged lineal energy results with dose-averaged LET values
computed with Kellerer’s formula, given by Equation (3.9). In this context, the
concept of effective mean chord length was introduced, defined as the value of chord
length corresponding exactly to an energy imparted to the site per event equal to εF.
A very good agreement between simulation results and theoretical expectations was
met, with relative percentage differences always lower than 6%.
In the future, more studies are foreseen to test the robustness of the code against
variations of site dimensions and shape. Indeed, the implementation of cylindrical sites
would be highly interesting as many microdosimeters have this shape. Furthermore,
the validity of Kellerer’s formula and the performances of the code should be tested for
higher proton energies, at least comparable to the ones used in clinical applications.

The results obtained with our code were used as a base for the definition of ana-
lytical microdosimetric models, whose description is given in [121,122]. Finally, an
application of the code is presented in Chapter 4, where it is used for the theoretical
derivation of the RBE by means of the Microdosimetric Kinetic model.
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Chapter 4

Irradiation of mono-layer cell
cultures at the cyclotron
radiobiology beam line

4.1 Introduction

In Chapter 2 the preparation of a radiobiology beam line at the cyclotron external
beam line of the CNA was presented. This chapter, on its side, will focus on the first
irradiation of cell samples carried out to test the performance of this beam line.

To this end, a collaboration was established with a research group of the Andalusian
Molecular Biology and Regenerative Medicine Centre (Centro Andaluz de Biología
Molecular y Medicina Regenerativa-CABIMER), who made available their cell lines,
laboratories and expertise to carry out a parallel irradiation of cell cultures with
protons and photons using the cyclotron radiobiology beam line and a 137Cs irradiator,
respectively.

During this experiment, Human Bone Osteosarcoma (U2OS) cells were irradiated
with two doses (6 and 10 Gy), and the response to irradiation was studied in terms
of DNA damage induction, through the analysis of γH2AX and RPA foci with
immunofluorescence microscopy.

The most common way to study and compare the effects of different radiation qualities
on cell cultures and tissues is to derive the RBE for a particular biological endpoint,
usually chosen to be the 10% clonogenic survival, RBE10 [54]. Clonogenic essays,
and the respective cell survival curves, are performed by irradiating a controlled
number of cells (' 100) with different doses and incubating them after irradiation
for some time (approximately one week) to count for the remaining colonies. Then,
cells are designated as survivors if they preserve their reproductive integrity after
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4.2. Materials and Methods

irradiation, i.e., are able to form a colony with more than at least 50 cells.
With the irradiation setup proposed in Chapter 2, however, it was not possible
to measure a proton cell survival curve, since the brief exposure of cells to air
and the subsequent loss of sterile conditions enhanced the probabilities of bacterial
infections, that could be propagated to other cultures in the incubator. In view of
these considerations, and with the perspective of improving the setup to allow for
the irradiation of cell cultures in a sterile environment, a theoretical derivation of the
RBE was done, taking advantage of the microdosimetry code presented in Chapter 3
and of the Microdosimetric Kinetic Model (MKM) [69–71].

4.2 Materials and Methods

In this section, the main characteristics of the experiments and analysis carried
out for the first irradiation of cell cultures at the cyclotron radiobiolgy beam line are
presented. The U2OS cell line, which exhibits optimal characteristics for immunoflu-
orescence microscopy [123], was used to study and compare the effects of different
radiation qualities in the induction of γH2AX and RPA foci, indicators of specific
damage and repair pathways of the DNA molecule.
In order to understand the experiments and the analysis performed in this chapter,
a brief explanation of the main aspects of DNA structure and of the mechanisms of
damage induction and repair are first given. Then the experimental setups for the
irradiation of cell cultures, both with protons and photons, are described, followed
by the procedures and protocols for the subsequent treatment and manipulation of
the samples.
Finally, the steps followed for the theoretical derivation of the RBE of U2OS cells at
10% survival are described.

4.2.1 DNA damage induction and repair

The DNA is the main repository of the genetic information in the cells [124]. This
macromolecule consists of two opposing strands of nucleotides linked by hydrogen
bonds forming a double helical structure. Each strand is a linear chain of four
bases, adenine (A), thymine (T), guanine (G) and cytosine (C), connected by sugar
molecules and a phosphate group. Genetic information is encoded in the sequence
of these bases, that can only bond in pairs: A with T and G with C. The two
strands are therefore complementary. The DNA double helix is wrapped at regular
intervals around some specific proteins called histones, forming the nucleosomes (see
Figure 4.1). Other proteins are also linked to the DNA, and the ensemble of the
DNA and its associated proteins is called chromatin. Finally, further levels of folding
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

Figure 4.1: DNA packaging and structure of chromosomes (taken from [125]).

and looping make up the structure of the chromosomes.

Since the DNA is the largest molecule of the cell and is central to all cellular
functions, it is also the principal target for radiation induced cell killing. Because of
its importance, cells and organisms have developed a complex series of processes and
pathways to ensure that the DNA remains intact and unaltered, including specialised
repair systems detecting and repairing damages to bases, single strand breaks (SSBs)
and double-strand breaks (DSBs).

The DNA damage response is a complex and coordinated system determining the
cellular outcome following DNA damage, as that induced by ionising radiation. This
response is characterised by various signalling pathways, each of them controlling
a different effect on the cell, and can be divided into two parts: the sensors of
DNA damage and the effectors of damage response. The sensors consist of a group
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4.2. Materials and Methods

of proteins that actively survey the genome for the presence of damage. These
proteins then signal this damage to three main effector pathways that together
determine the outcome for the cell: (1) programmed cell death, (2) DNA repair or (3)
temporary or permanent block in the progress of the cells through the cell cycle [46].
In the following, the main aspects of the response and repair pathways for DSBs are
described.

The initial cellular response to DSBs is characterised by the gathering of a large
number of different proteins to the sites of DNA damage, which can be visualised
microscopically by staining these proteins with their antibodies. These clusters of
proteins appear as subnuclear regions commonly referred to as ionising radiation
induced foci. One of the earliest events known to occur in the DNA damage response
is the phosphorylation of the H2AX histone, which takes place within 5-30 min after
DSB induction [46]. This histone is distributed throughout the entire nucleus and
becomes phosphorylated in a region that extends around the site of unrepaired DSBs.
Its phosphorylated form, known as γH2AX, acts as a signal for the recruitment of
the other proteins involved in damage repair. Therefore, the presence of γH2AX foci,
which can be detected using microscopy, is a highly sensitive method for detecting
the presence of individual DSBs in irradiated cells.

Once detected by the cell, two are the main repair pathways for DSBs:

1. theHomologous Recombination (HR), which uses homologous undamaged
DNA as the template to repair the DNA with the DSBs in it;

2. the Non Homologous End Joining (NHEJ), which joins two DNA DSB
ends together without requiring homologous DNA sequences.

The two pathways are quite different in the genes involved, the position in the cell
cycle where they primarily act and in the speed and accuracy of repair. The rejoining
of DNA ends by NHEJ is a fast and error-prone process and can occur at every
stage of the cell cycle. On the contrary, HR requires the presence of a reference
homologous DNA sequence to occur, being therefore more precise, but can only take
place during the replication phases of the cell cycle (late S-phase and G2-phase).
In the process of HR, the Replication Protein A (RPA) plays a central role, being
an universal response of the cell to any single-stranded region of the DNA. The
RPA binds to the single-strand, starting a chain of events that eventually leads to
HR [46]. Foci of the RPA protein can be stained and visualised microscopically with
the immunofluorescence technique; co-localisation of RPA foci over γH2AX ones can
be then studied as a marker for HR.
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

Table 4.1: Material and thickness of the components of the experimental setup traversed
by the proton beam.

Element Material Thickness

Scattering foil Aluminium 500 µm
Exit window Mylar 100 µm

Window-IC distance Air 26.3 cm
IC electrodes Kapton 3× 7.5 µm

IC active volumes Air 2× 6.75 mm
IC-sample distance Air 2.5 cm

Cell layer Water 11 µm

4.2.2 Experimental setup

The setup for the irradiation of cell cultures was the same as described in
Section 2.2.3. A six-well plate was inserted in the sample holder, aligning the
well hosting the cell culture with the ionisation chamber collimator. In order to
monitor the dose delivered to the cell cultures, a charge-to-dose calibration curve
was built using the measurements performed for the calibration of the EBT3 films in
Section 2.3.2. To do so, a dedicated Monte Carlo simulation was run to derive the
energy deposited in the layer of cells irradiated, assuming water as the cell material.
A thickness of 11 µm was considered for the layer of U2OS cells, corresponding to
the mean value of the thicknesses of cells in different phases of their cycle, measured
with a confocal microscope. The different distances and materials traversed by the
proton beam before impinging on the samples are listed in Table 4.1.

The charge-to-dose calibration curve obtained is reported in Figure 4.2, where a
linear function has been fitted to the points.

Under these experimental conditions, protons reached the sample with an average
kinetic energy of 13.2 MeV and 0.2 MeV standard deviation, resulting in a frequency-
averaged LET in water of ≈ 3.8 keV µm−1. This energy was the highest achievable
with a proper dose homogeneity over the sample surface (relative deviations lower
than 4%), as described in Chapter 2.

Previous to irradiation, U2OS were grown over coverslips in a 6-well plate with Dul-
becco’s modified Eagle’s (DMEM) medium (Sigma Aldrich, Merck KGaA, Darmstadt,
Germany) supplemented with 10% fetal bovine serum (FBS, Sigma Aldrich, Merck
KGaA, Darmstadt, Germany), 100 unitsml−1 penicillin, 100 µg ml−1 streptomycin
and 2 mmol l−1 L-glutamine at 37 ◦C in 5% CO2.

Due to the low proton energy impinging on the target (residual range in water of
∼ 2 mm), samples had to be irradiated without growth medium. Therefore, in order
to limit as much as possible the time of exposure to air, only one well was used for
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4.2. Materials and Methods

Figure 4.2: Charge-to-dose calibration curve. Experimental points have been fitted
with a linear function of the form y = p0 + p1 · x, where p0 = 2(1)× 10−3 Gy and
p1 = 2.48(1)× 10−3 Gy nC−1.

each plate, hosting 2 cell culture coverslips. Immediately before the irradiation with
protons, the growth medium was removed; furthermore, the temperatures of the
control room and of the experimental room were set to an average of 22 ◦C to limit
the thermal shock.

Under these conditions, two samples of cell cultures were irradiated with approxi-
mately 6 and 10 Gy respectively. A third sample was kept as a control, undergoing
the same manipulation as the other two but receiving no dose. Table 4.2 collects the
charge readout of the ionisation chamber, the final absorbed dose and the overall
time of exposure to air for each sample. The actual doses received by the samples,
indeed, were slightly higher than the planned ones, due to the difficulties associated

Table 4.2: Experimental parameters of the cell culture irradiation with protons at the
cyclotron radiobiology beam line. Absorbed doses are different from planned ones due to
the manual stopping of beam irradiation.

Planned dose Charge readout Absorbed Dose Air exposure time

0 Gy (control) 0 nC 0 Gy 5 min
6 Gy 2640 nC 6.56(3) Gy 7.7 min
10 Gy 4400 nC 10.93(5) Gy 8.3 min
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

to manually stop proton irradiation at an exact amount of charged collected in the
ionisation chamber.

After the irradiation campaign, that took a total time of approximately 30 min, 1 ml

of PBS was added to the samples to preserve them, before proceeding with the cell
fixation and the preparation of samples for immunofluorescence analysis.

4.2.3 Irradiation of cells at the 137Cs irradiator

Concomitant with the irradiation of the cell cultures with protons at the cyclotron
radiobiology beam line, a parallel irradiation with photons was performed. To this
end, a 137Cs calibrated gamma irradiator (Biobeam GM 8000, Gamma-Service
Medical GmbH, Leipzig, Germany), i.e., a fully protected irradiation device providing
an optimum dose distribution, was used. This irradiator is hosted at the CABIMER
building, and cells can be irradiated with their growth medium, avoiding extra stress
related to transport and exposure to air. As for the irradiation with protons, 3 dose
points were acquired: controls (0 Gy), 6 Gy and 10 Gy.

Different photon energies are subject to different LET values, defined via the respec-
tive secondary electrons. In the case of the 137Cs irradiator, a γ-ray of 662 keV is
emitted by the 137mBa generated from the β decay of 137Cs, resulting in a LET in
water of approximately 0.35 keV µm−1 [126].

4.2.4 Immunofluorescence microscopy

Immunofluorescence is a technique used for light microscopy with a fluorescence
microscope. This technique uses the specificity of antibodies to their antigen to attach
fluorescent dyes to specific biomolecules targets within a cell, therefore allowing the
visualisation of the distribution of these molecules through the sample.

In order to allow for the passage of large molecules such as antibodies into intracellular
structures, and to be able to visualize them under the microscope, the subsequent
protocol was followed.

Pre-extraction with buffer After irradiation, coverslips were washed once with
cold PBS and transferred to a 24-well plate. Then, 500 µl of freshly prepared
cold pre-extraction buffer (25 mmol l−1 Tris-HCl pH 6.8, 50 mmol l−1 NaCl,
1 mmol l−1 MgCl2, 300 mmol l−1 sucrose and 0.5% Triton X-100) were added
to each well and removed after 5 min on ice. Antibody proteins are too large
to pass through cell membranes without prior permeabilisation; Triton X-100
is a widely used detergent that efficiently dissolves cell membranes without
disrupting protein-protein interactions, granting access to the nuclear interior.
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4.2. Materials and Methods

Table 4.3: Primary and secondary antibodies used for immunofluorescence analysis in this
study.

Protein Antibody Concentration Supplier Reference

Primary

γH2AX rabbit 1:1000
Cell Signaling

2555LTechnologies
(Leiden, NL)

RPA mouse 1:500 Abcam ab2175(Cambridge, UK)

Secondary

γH2AX
Alexa Fluor 488

1:500
Invitrogen

A11034goat anti-rabbit ThermoFisher
(green) (Waltham, MA, USA)

RPA
Alexa Fluor 594

1:500
Invitrogen

A11034goat anti-mouse ThermoFisher
(red) (Waltham, MA, USA)

Figure 4.3: Representative pictures of the images used for the γH2AX and RPA foci
quantitative analysis. Cells irradiated with photons (top) and protons (bottom) with a
dose of 10 Gy and 10.93 Gy respectively. DAPI staining images (on the left) identify the
cell nucleus contour, where γH2AX foci (centre) and RPA foci (right) accumulate after
irradiation in correspondence to DNA DSBs.
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

Cell fixation The goal of fixation is to preserve cell morphology as close as possible
to its native state during immunostaining protocols. After pre-extraction, the
wells were washed again with cold PBS and then fixed, filling them with 4%
paraformaldehyde (Santa Cruz Biotechnology, Dallas, Texas, USA) for 15 min

on ice.

Blocking Following fixation, blocking prevents primary and secondary antibodies
from binding to non-specifical proteins, by masking potential sites of generic
interaction. A blocking solution of 5% FBS in PBS was used to this purpose,
leaving the samples for 1 h at room temperature.

Antibodies For the purpose of this experiment, an indirect immunofluorescence
technique was used. This technique uses two antibodies: a primary unlabelled
antibody that specifically binds to the target molecule and a secondary antibody,
which carries the fluorophore, recognises the primary antibody and binds to it.
The primary and secondary antibodies used for γH2AX and RPA foci detection
are listed in Table 4.3. A self-adhesive film was glued to the microplate to
host drops of primary antibody solution. Then coverslips were placed on
the antibody solution drops upside down, so that cells got in touch with the
antibodies. The microplates with the coverslips were incubated overnight at
4 ◦C, then the coverslips were washed with PBS and incubated again with
secondary antibodies for 1 h at room temperature in the dark, following the
same procedure. Excess reagents and antibodies need to be removed following
each incubation. Therefore, cells were washed with PBS and dehydrated with
successive washes of 70% and 100% ethanol.

Mounting Finally, coverslips were mounted on microscope slides using Vectashiled
mounting medium (Vector Laboratories, Burlingame, California, USA) con-
taining DAPI, a fluorescent marker that attaches to regions with DNA, thus
permitting the visualisation of nuclei borders.

To visualise and acquire images, a Leica DM600 microscope (Leica microsystems,
Wetzlar, Germany) was used, with a HCX PL APO 63x/1.4 OIL objective. Images
of at least 200 cells were taken for every experimental condition: an example of these
images is shown in Figure 4.3. Later on, images were processed and analysed with
the MetaMorph Microscopy and Image Analysis Software (Molecular Devices LLC,
San Jose, California, USA), which enables background subtraction, the selection
of fluorescent regions and the quantification of foci thanks to a number of built-in
applications.
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4.2. Materials and Methods

Table 4.4: Parameters for the identification of foci with the built-in application Granularity
implemented in the MetaMorph software.

Image Intensity above background Dimension [min–max] pixels
Foci Nucleus Foci Nucleus

γH2AX 300 300 [4–20] [80–300]
RPA 800 300 [4–20] [80–300]

Analysis with MetaMorph Software

For the quantitative analysis of the images acquired with the microscope, the
subsequent procedure was followed in the MetaMorph software.

1. First, two images were opened at a time, the γH2AX- or RPA-stained image
and the corresponding DAPI-stained one.

2. Both images were then converted to black and white (16 bit format) and their
background subtracted.

3. A threshold was then selected in the DAPI-stained image to identify the contour
of the nuclei and their inner region, where γH2AX and RPA foci are located.
Once the threshold was selected, a binary image was created highlighting the
nuclei regions.

4. The binary image created from the DAPI-stained image was then used as a
mask, superimposing it to the γH2AX- or RPA-stained image with subtracted
background.

5. Finally the foci were identified from the masked image with the built-in ap-
plication Granularity, by selecting their intensity above background and their
pixel size.

Once established, the parameters for the identification of foci were kept fixed for all
the different series of images. Their values are collected in Table 4.4.
Finally, a spreadsheet file was generated, listing the information for every cell nucleus
identified in the images, i.e., number of foci, total area occupied by foci, foci average
and total intensity, nuclear area and nuclear average and total intensity.

4.2.5 Theoretical computation of RBE from microdosimetry

As described in Section 1.3.3, the MK model assumes that the α parameter
of the Linear Quadratic model for low-LET radiation is proportional to the dose
mean lineal energy yD, and inversely proportional to the squared radius of the
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

site considered, called domain. Therefore, in principle, once determined the linear
quadratic parameters for a reference radiation and the characteristic dimension of
the domain for a specific cell line, it should be possible to derive the LQ parameters
for proton irradiation at a given yD value.

This concept was applied to the U2OS cell line used for the first radiobiology
experiments at the cyclotron facility to derive the theoretical survival curve under
proton irradiation. In order to do so, U2OS clonogenic survival data under photon
irradiation, collected by different groups of the CABIMER, were used to build
a photon survival curve and extract the reference αγ and βγ parameters. Then,
assuming the radius of the domain rd = 0.42 µm, equal to that of HSG cells [75],
a commonly used cell line for radiobiological studies derived from a human cervix
carcinoma, and using the microdosimetry code described in Chapter 3 to calculate
the value of yD, it was possible to derive a rough estimation of the expected cell
survival curve under proton irradiation.

Photon survival curve

Clonogenic survival data for U2OS cells, collected by different research groups of
the CABIMER, were used to build a cell survival curve and extract the αγ and βγ
of the linear quadratic model under photon irradiation.

The data were fitted separately depending on the operator that collected them,
as shown in Figure 4.4a, and final values of αγ and βγ were obtained computing
the average and standard deviation of the respective parameters obtained from the
different fits.

Figure 4.4b shows the linear quadratic curve (solid line) obtained with the average α
and β parameters, whose values are αγ = 0.20±0.03 Gy−1 and βγ = 0.06±0.03 Gy−2,
with an α/β ratio of 3.3± 1.7 Gy. In this figure, the dashed lines correspond to the
maximum range of variation of the α and β parameters, and were obtained with
(αγ − σα, βγ − σβ) for the upper curve and (αγ + σα, βγ + σβ) for the lower curve.
The α and β parameters obtained for U2OS cells are compatible, within the error,
with HSG ones (αX(HSG) = 0.19 Gy−1, βX(HSG) = 0.05 Gy−1 [75]), being both cell
lines made of epithelial adherent cells. Therefore, the assumption of the same domain
size rd = 0.42 µm for U2OS seemed to be reasonable.

Once known the dimension of the domain and the (αγ, βγ) parameters, it is possible
to extract the value of the parameter α0 of the MK model. To do so, however,
information about the dose-averaged lineal energy for the radiation type considered
is also necessary. Figure 4.5 reports the dose-averaged lineal energy distribution for
662 keV photons emitted by 137Cs measured with a tissue equivalent proportional
counter, whose average value is yD,γ = 1.85 keV µm−1 [127].
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4.2. Materials and Methods

(a) (b)

Figure 4.4: (a) Clonogenic survival data for U2OS irradiated with the 137Cs-irradiator,
collected by different research groups from CABIMER. The colours and marker shapes
distinguish the different sets of data, separated according to the operator that collected
them. Each set of data was fitted separately (dashed lines) and final values of αγ and βγ
parameters were computed as average values of the parameters obtained from these fits. (b)
Cell survival curve (solid line) obtained with the average αγ and βγ parameters resulting
from the fit of the experimental data. The dashed lines correspond to the maximum range
of variation of α and β, and are obtained with (αγ − σα, βγ − σβ) for the upper curve and
(αγ +σα, βγ +σβ) for the lower curve. In this plot, the experimental data are summarised by
reporting the median value for each set, with the 25th (lower) and 75th (upper) percentiles
as asymmetric error bars.

Figure 4.5: Distribution of y d(y) as a function of y for a 1 µm diameter site at eight photon
energies [127]. The highlighted curve represents the distribution for 662 keV photons emitted
by 137Cs.
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

Gathering all this information, and knowing that β0 = βγ the value of α0 could be
computed from Equation (1.36) as follows:

α0 = αγ − βγ
yD,γ

ρπr2
d

= 0.16± 0.03 Gy−1. (4.1)

Dose-averaged lineal energy computation from the Monte Carlo code

The microdosimetry code described in Chapter 3 allows for the computation
of microdosimetric quantities in water for any incident energy distribution and for
spherical sites with various sizes. In order to reproduce the experimental conditions
presented in Section 4.2 as realistically as possible, a simulation was run using as
incident energy distribution the fluence spectrum of protons coming out from the
ionisation chamber, and converting the air distance between the chamber and the
cell layer (2.5 cm) into a water equivalent thickness. To do so, the following formula
was applied [128]:

tw = tm
ρmSm

ρwSw
, (4.2)

where tm/w, ρm/w, and Sm/w identify the thickness, mass density and average mass
stopping power of the target material and water respectively. The mean energy
of protons coming out from the ionisation chamber is 13.3 MeV, and corresponds
to a mass stopping power of approximately 31.9 MeV cm2 mg−1 in air (Sm) and
36.3 MeV cm2 mg−1 in water (Sw), resulting in a water equivalent thickness tw =

26.5 µm. Following these considerations, a simulation was run setting ZS = 11 µm

and Rmax = tw + ZS/2 = 32 µm, with a site diameter of 0.84 µm.

4.3 Results

4.3.1 Irradiation of U2OS cell cultures

Before proceeding with the actual analysis of nuclear foci with the MetaMorph
software, a preliminary visual analysis was performed to derive the percentage of
positive cells for the different irradiation conditions, where positive means with a
number of clearly distinguishable foci equal or greater than 10. The same analysis
was then performed with the results extracted from MetaMorph, to check for the
proper identification of foci by the software.
The results of this analysis and the comparison between visual and automated
counting are collected in Table 4.5. For the sake of simplicity, in the following
the labels 0 Gy, 6 Gy and 10 Gy will be used to identify the different irradiations
performed both with photons and with protons, keeping in mind that the actual
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4.3. Results

Table 4.5: Percentage of positive cells after proton and photon irradiation. Results obtained
from the visual analysis of immunofluorescence images are compared with the results
extracted from the analysis of the images with MetaMorph.

Dose [Gy] photons protons photons protons

Visual γH2AX RPA

0 0% 0% 13% 7%
6 100% 100% 11% 36%
10 97% 100% 50% 48%

MetaMorph γH2AX RPA

0 1.4% 4% 35% 17%
6 98% 97% 17% 24%
10 91% 97% 48% 40%

dose received by the samples irradiated with protons was slightly higher (6.56 Gy

and 10.93 Gy respectively, see Table 4.2 and related explanation).

In general, the visual and the automated analysis with MetaMorph gave compatible
results in what concerned the recognition of positive cells. The only anomalous result
was the one associated with RPA foci in the controls for the photon irradiation, which
were in higher number than what could be normally expected for non-irradiated cells.

When comparing the different effects of proton and photon irradiation in what
respects damage induction and response in terms of γH2AX and RPA foci, various
parameters can be taken into account. First, the number of foci per nucleus, which
in principle is expected to increase for increasing doses for both radiation qualities.
However, the higher LET of the 13.2 MeV protons with respect to photons could
result in a more clustered damage, possibly leading to an overlapping of foci, which
could decrease their absolute number. Therefore, the pixel average size and the
total intensity of foci per nucleus could give additional information to highlight the
differences in energy deposition patterns between photon and proton radiation. In
Figure 4.6 and Figure 4.7 the distributions of γH2AX and RPA foci number, average
size and intensity are plotted, respectively, for the different radiation qualities.

In Figure 4.8 and Figure 4.9 the median values of the distributions shown in Figure 4.6
and Figure 4.7 are plotted as a function of the dose together with their uncertainties,
considering only positive cells. For the computation of the uncertainties associated to
the median values, their distances to the 25th and 75th percentile of the corresponding
distributions were computed. The data relative to the irradiations with 6 Gy and
10 Gy were normalised to their controls in order to directly compare proton and
photon results independently from the initial foci background.

No evident differences between the two radiation qualities emerged from the compari-
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(b) Distribution of the average pixel size of γH2AX foci per nucleus
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(c) Distribution of the total intensity of γH2AX foci per nucleus

Figure 4.6: Distribution of γH2AX foci number (a), average size (b) and total intensity
(c) after irradiation with photons (blue) and protons (shaded red).
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4.3. Results
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(c) Distribution of the total intensity of RPA foci per nucleus

Figure 4.7: Distribution of RPA foci number (a), average size (b) and total intensity (c)
after irradiation with photons (blue) and protons (shaded red).
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

(a) (b)

(c)

Figure 4.8: Median (a) number of γH2AX foci, (b) total foci intensity and (c) average foci
pixel size per positive nucleus (more than 10 foci), as a function of the dose after proton
(red) and photon (blue) irradiation. The asymmetric uncertainty intervals associated to
the experimental points correspond to the 25th (lower) and 75th (upper) percentile of the
distributions in Figure 4.6. The experimental points for the number of foci and total intensity
are reported normalised to their controls and fitted with a linear function.
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4.3. Results

(a) (b)

(c)

Figure 4.9: Median (a) number of RPA foci, (b) total foci intensity and (c) average foci
pixel size per positive nucleus (more than 10 foci), as a function of the dose after proton
(red) and photon (blue) irradiation. The asymmetric uncertainty intervals associated to
the experimental points correspond to the 25th (lower) and 75th (upper) percentile of the
distributions in Figure 4.6. The experimental points for the number of foci and total intensity
are reported normalised to their controls and fitted with a linear function.

son of the number of γH2AX foci per nucleus. However, the results obtained seemed
to indicate a slight dependence on the incident particle of the total intensity and
average size of foci per nucleus, which was anyway smaller than the errors associated
to the individual points. On the other side, none of the RPA foci distributions
showed any dependence on the radiation type, and the increase in the number, total
intensity and average size of foci per nucleus with dose was less pronounced.

4.3.2 Derivation of RBE10 from the MKM

The distributions of energy deposited in the cell layer per event, ε2f(ε), obtained
both with uniform and weighted random sampling are plotted in Figure 4.10.
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

Figure 4.10: Distribution of ε2f(ε) as a function of ε for a 0.84 µm diameter site at a proton
energy of 13.2 MeV.

The values of the dose-averaged energy deposited per collision, effective mean chord
length and resulting dose-averaged lineal energy transfer, for the two sampling
methods, are listed in Table 4.6.

Table 4.6: Dose-averaged energy deposited per event, effective mean chord length and
dose-averaged lineal energy computed with the microdosimetry Monte Carlo code (see
Chapter 2) for the U2OS cell layer with uniform and weighted random sampling.

εD [keV] l
∗
F [µm] yD [keV µm−1]

uniform 2.67± 0.08 0.521± 0.009 5.1± 0.2
weighted 2.709± 0.006 0.5243± 0.0005 5.17± 0.01

Since ZS >> 2d the results obtained with the two sampling methods were completely
equivalent, and only weighted random sampling results are presented in the following
discussion. Once obtained the value of the dose-averaged lineal energy of protons in
the site, yD,p = 5.17 keV µm−1, the parameter αp of the theoretical proton survival
curve could be obtained with Equation 1.36 as follows:
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4.3. Results

Figure 4.11: Theoretical U2OS cell survival curve for proton irradiation (green solid line)
derived from the MK model and compared with the experimental survival curve for photon
irradiation (red solid line). The dashed lines correspond to the maximum range of variation
of the α and β parameters for each of the radiation qualities considered.

αp = α0 + β0

(
yD,p

ρπr2
d

)
= 0.26± 0.06 Gy−1, (4.3)

where α0 = 0.16± 0.03 Gy−1 and β0 = 0.06± 0.03 Gy−2 (see Section 4.2.5).

Figure 4.11 shows the theoretical proton survival curve derived from the MK model
(green solid line), with its respective maximum range of variation (green dashed
lines), compared to the experimental photon survival curve (red lines). From the
comparison between the photon and proton survival curves it was possible to extract
the expected RBE value at 10% survival, or RBE10:

RBE10 =
−αγ +

√
α2
γ − 4βγ ln 0.1

−αp +
√
α2
p − 4βp ln 0.1

= 1.1± 0.5, (4.4)

which was ∼ 1.1, as expected for the proton energy considered and in agreement
with the results obtained from the comparison of γH2AX and RPA foci distributions
for photon and proton irradiation.
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

4.4 Discussion

The study presented in this chapter showed the potential of performing cell
irradiations for exploring the RBE of protons, and presented the feasibility of the
setup proposed in Chapter 2 to produce proton beams for radiobiology experiments.
To test the performance of this setup, a preliminary irradiation of U2OS cell cultures
was performed, with the aim of investigating the differences in damage response of
this cell line to 13.2 MeV proton and photon irradiation (LET of ≈ 3.8 keV µm−1

and ≈ 0.35 keV µm−1, respectively).

No significant differences in the response to the two radiation qualities emerged in
terms of the percentage of γH2AX and RPA positive cells; and comparable results
were obtained by the visual and software analysis of immunofluorescence images.

The distributions of the number of γH2AX and RPA foci per nucleus in Figure 4.6a
and Figure 4.7a did not differ significantly after proton and photon irradiation for
the doses considered. However, a slight difference emerged in the total intensity of
γH2AX foci per nucleus, being the intensity of foci higher for protons at the same
level of absorbed dose (see Figure 4.8b), probably indicating a higher and more
localised concentration of DSBs per incident particle. This difference, nevertheless,
was in any case smaller than the error associated to the individual points, being
necessary more measurements and data to confirm the tendency observed. On the
contrary, no dependence on the radiation quality was observed for RPA foci.

The pixel size of γH2AX foci seemed to increase significantly after irradiation, but its
median value remained approximately constant, within the error bars, independently
on the dose. Proton induced foci appeared to be generally larger, but no definite
conclusion could be made due to the uncertainties observed. Finally, the pixel size of
RPA foci was almost constant for both radiation qualities and for all doses, showing
a decreasing tendency for higher doses. Some works suggest that proton irradiation is
more likely to activate the HR repair pathway than photon irradiation [129–132], due
to the higher severity of the DNA damage induced. As explained in Section 4.2.1, the
RPA is an universal response to any single-stranded region of the DNA and activates
a chain of events that eventually leads to HR. Therefore, some extra information
about the different outcomes of the irradiation could be obtained from the study
of the co-localisation of γH2AX over RPA foci, which is a marker for HR. Even if
foreseen, this study could not be accomplished due to the extraordinary measures
introduced with the lockdown associated to COVID-19 and the subsequent limited
access to laboratories, but it is planned as a next step.

The results just presented were, in general, not unexpected, since in the range of
LET considered for this preliminary experiment, no major differences have been
reported in the dependence of the biological effect on the LET [47]. Furthermore, to
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4.5. Conclusions

extract significant conclusions from this comparison, other experimental data should
be collected, considering more dose points, increasing the statistics and comparing
different cell lines. In this context, the dependence of radiobiological effects on the
LET could also be explored with our setup, by further degrading the incident beam
energy.

In order to compute a rough estimation of the expected RBE for the cell line and
proton LET considered in this experiment, the MK model was applied to derive the
theoretical proton survival curve. With this purpose, a reference photon survival curve
in the dose range 0− 5 Gy was built, taking advantage of clonogenic survival data
provided by different research groups of the CABIMER. Due to the various operators
involved and the difficulties in counting survivor colonies for the higher doses, these
data showed a large variability. Therefore, the set of data were fitted separately
and final αγ and βγ parameters were computed as the average of the resulting fit
parameters, accounting for the dispersion of data by considering their maximum
range of variability. Knowing the LQ model parameters for photon irradiation and
assuming rd = 0.42 µm, it was possible to extract the α0 and β0 values of the MK
model, to be used for the derivation of αp and βp for proton irradiation. To do so,
the Monte Carlo code developed for the computation of microdosimetric quantities,
described in Chapter 3, was used to extract the value of yD,p in the cell layer. A
proton survival curve with αp = 0.26 ± 0.06 Gy−1 and βp = 0.06 ± 0.03 Gy−1 was
obtained, resulting in an RBE at 10% survival approximately equal to the value of 1.1
used in clinical proton therapy. This result agrees with the experimental observation
that the number of γH2AX and RPA foci does not vary with the radiation type, for
the proton energy considered.

4.5 Conclusions

To test the performance of the cyclotron radiobiology beam line, a preliminary
irradiation of U2OS cell cultures was conducted, with success. A concomitant
irradiation with photons and protons was carried out, to compare the damage
response of the cell cultures to the two radiation qualities.
At the proton LET considered (3.8 keV µm−1 in water) no major differences were
expected in terms of damage response, since the RBE of protons at those energies
is close to 1, as emerged also from the theoretical estimation of the RBE10 with
the MK model. The results obtained for the distributions of γH2AX and RPA foci
confirmed the expectations and, apart from a slight increase of the total intensity
of γH2AX foci per nucleus after proton irradiation, no significant differences were
observed between the two radiation qualities. This result, however, served as a proof
of the validity of the cyclotron beam line for radiobiology experiments, since the
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Chapter 4. Irradiation of mono-layer cell cultures at the cyclotron radiobiology
beam line

irradiation conditions did not alter the outcome of the experiment and the cells did
not suffer from the stress of transportation, temperature variations and exposure to
air.
Furthermore, a system to irradiate the cell cultures without the necessity of removing
their growth medium before the irradiation is currently under study. Indeed, this
would allow to investigate the kinetics of repair and to build clonogenic survival
curves. One possible solution would be to grow the cell cultures on wells with a
very thin bottom, in order to allow for the irradiation from behind with minimum
energy loss. In this way, cells could be maintained in a sterile environment during
the whole irradiation process, and then re-seeded and incubated to study the effects
of radiation in time.
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Chapter 5

Conclusions and perspectives

5.1 Final remarks

In clinical practice, proton beam therapy is based on the use of a generic RBE of
1.1, an assumption justified by the fact that the magnitude of RBE variations with
treatment parameters is small relative to the uncertainties associated to RBEs [17].
However, the use of this generic, spatially invariant RBE within tumours and normal
tissues disregards the evidence that proton RBE varies with linear energy transfer,
physiological and biological factors and clinical endpoint. Furthermore, recent studies
suggest that not taking into account RBE variations in proton therapy treatments
could increase the dose delivered to organs at risk in the vicinity of the target
volume, leading to possible toxicity [57–59,107]. Taking advantage of the monotonic
dependence of the RBE on LET, various efforts have been done to optimise LET
distributions in treatment planning by introducing dose-averaged LET objective
functions [113,133], with the aim of mitigating the impact of RBE uncertainties in
treatment planning decisions.

The thesis presented here fitted in this context, and faced the topic of proton RBE
from two different perspectives:

1. experimentally, by designing and mounting a radiobiology beam line for the
irradiation of mono-layer cell cultures with low energy proton beams (below
18 MeV);

2. computationally, by developing a Monte Carlo track structure application for
the computation of microdosimetric quantities in water, to be used for the
calculation of macroscopic dose-averaged LET distributions.

The main results obtained from this work are summarised in the following paragraphs.
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5.1. Final remarks

Preparation of a radiobiology beam line at the 18 MeV proton cyclotron
facility at the CNA Two different irradiation setups for radiobiology experiments
were tested at the cyclotron external beam line installed at the CNA. Both setups
resorted to a passive scattering of the beam, by means of foils of different thicknesses
and materials, to obtain low-intensity broad homogeneous profiles suitable for the
irradiation of mono-layer cell cultures. Finally, a beam line irradiation setup, based
on a completely defocused beam, a 500 µm thick aluminium scattering foil and an
ionisation chamber, was identified as that giving the best results in terms of dose
rate and beam homogeneity. With this configuration, a homogeneous irradiation
field was achieved, with average deviations from homogeneity lower than 4% in the
whole sample area (3.5 cm diameter) for a beam energy of 12.8 MeV and a dose rate
of about 5− 6 Gy min−1, close to the value used in the clinics (usually 2 Gy min−1).
Furthermore, a Monte Carlo simulation of the beam line and experimental setup was
developed, using the Geant4 Monte Carlo toolkit. Simulations were tested towards
experimental measurements and reproduced experimental data in what concerned
the beam energy distribution and dose profiles with differences lower than 1% and
10%, respectively.
Finally, a protocol for the irradiation of biological samples was established, consisting
in: (1) an accurate alignment of the target position with the beam axis by means of
the steering magnets of the cyclotron external beam line; (2) a verification of the
beam profile homogeneity, prior to irradiation, with radiochromic EBT3 films and
(3) a control of the environmental parameters, such as temperature and pressure, to
avoid extra stress to the cells that could lead to biased results.
The results of this work were published in two journals [134,135].

Microdosimetry-based dose-averaged linear energy transfer calculation
for mono-energetic proton beams: a Monte Carlo study with GEANT4-
DNA A Monte Carlo code for the computation of microdosimetric distributions
generated by proton track segments in liquid water was developed. With our code,
the averages of the main microdosimetric variables (chord length, specific energy and
lineal energy) in spherical sites can be obtained, including those of energy imparted
per single proton collision, a feature that is foreseen to be included in an example
of one of the next official releases of Geant4. This last quantity, in particular, is
especially important, as the weighted average of the energy imparted per collision
of the traversing proton can be used to obtain macroscopic dose-averaged LET as
proposed by Kellerer [68].
The code implements two sampling algorithms for the scoring of the quantities of
interest, uniform and weighted, the first serving as a reference for the second. By
choosing appropriately the dimensions of the scoring volume, weighted sampling
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Chapter 5. Conclusions and perspectives

results could be considered as equivalent to uniform ones. Furthermore, with the
weighted method efficient and unbiased calculations of microdosimetric distributions
could be obtained, saving computational time if compared to uniform calculations.

The code was tested and benchmarked by comparing dose-averaged lineal energy
results with dose-averaged LET values obtained from Kellerer’s formula. A very
good agreement between simulation results and theoretical expectations was met,
with relative percentage differences always lower than 6%.

The results obtained with our code were published in three papers [115, 121, 122],
where they were used as a base for the definition of analytical microdosimetric models.

Irradiation of mono-layer cell cultures at the cyclotron radiobiology beam
line Once identified the best setup for the irradiation of cell samples, a preliminary
irradiation of U2OS mono-layer cell cultures was conducted, with success. In this
occasion, a concomitant irradiation with photons and protons was carried out, to
compare the differences in damage response between the two radiation qualities.

At the cyclotron radiobiology beam line, cells were irradiated without growth medium
in the vertical position, trying to reduce as much as possible the time of exposure
to air. Overall, the irradiation took approximately 30 minutes, after which the cells
were immediately treated to be analysed with immunofluorescence.

No major differences emerged in terms of damage response at the proton LET
considered (3.8 keV µm−1 in water), a result that was not unexpected, since the
proton RBE at those energies is close to 1.1. This result, however, served as a proof
of the validity of the cyclotron beam line for radiobiology experiments, since the
irradiation conditions did not alter the outcome of the experiment and the cells did
not suffer from the stress of transportation, temperature variations and exposure to
air.

One of the main limitations of the setup proposed is that irradiations cannot be
performed in a sterile environment, enhancing the probabilities of bacterial infections.
Therefore, it was not possible to perform a clonogenic essay, which is one of the
most common ways to derive proton RBE. With the aim of computing a rough
estimation of the expected RBE for the cell line and proton LET considered, the
microdosimetric kinetic model was applied. To do so, our microdosimetry Monte
Carlo code was used to extract the value of the dose-averaged lineal energy in the cell
layer, reproducing in the simulation the experimental irradiation conditions. From
this calculation, the expected U2OS proton survival curve could be obtained and
compared with the experimental photon survival curve, resulting in an RBE at 10%
survival of 1.1, as expected.
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5.2. Future perspectives

5.2 Future perspectives

Regarding the setup proposed for the irradiation of biological samples, various
studies are foreseen to extend the energy range available for radiobiology experiments.
In principle, lower energies should be easily obtained by further degrading the beam,
eventually decreasing the dose rate while improving the dose homogeneity over the
sample surface. With respect to higher energies, different foils with higher atomic
numbers and lower thicknesses could be taken into consideration for the dispersion
of the beam line in vacuum, thus achieving an increased beam aperture with lower
energy degradation. A detailed study of the effects of changing the foil thickness and
material will be performed in the next future, using the Monte Carlo simulation of
the beam line to identify the best configuration. The addition of a second ionisation
chamber, right after the exit window of the external beam line, has also been planned,
to allow for a precise measurement of the beam fluence independent from Monte Carlo
simulations. Furthermore, the design of a system to irradiate cell cultures within
their growth medium is fundamental to exploit the potential of the radiobiology
beam line, and is currently under study. Indeed, this would allow to investigate the
kinetics of repair and to build clonogenic survival curves. On one hand, a system
similar to that described in [136] could be built, with seeded culture plates vertically
inserted in a box filled with medium and extracted only for the time of irradiation.
On the other hand, customised culture plates, like the ones in [109], or commercial
ones with an ultra-thin bottom could be used, in order to allow irradiations from
behind with minimum energy loss.

Concerning our code for the computation of microdosimetric quantities, more studies
are foreseen to test its robustness against variations of site dimensions and shape.
Indeed, the implementation of cylindrical sites would be highly interesting as many
microdosimeters have this shape. A collaboration has also been established, to
compare the results obtained with our Geant4-DNA application with the PARTRAC
code [137], a well-established tool for track structure calculations. Furthermore, the
validity of Kellerer’s formula and the performances of the code should be tested for
higher proton energies, at least comparable to the ones used in clinical applications.

At the radiobiology beam line, experimental measurements with 3D solid state
microdetectors [138–140] are also foreseen in the future, to measure lineal energy
distributions and compared them with Monte Carlo ones. This measurements would
be of great interest for radiobiology experiments, as they would allow for a direct
evaluation of the RBE through the MK model. Finally, following our first irradiation
of cell cultures (described in this thesis), that has been carried out successfully, we
espect to begin a prolific collaboration with our colleagues at the CABIMER, thus
establishing new research lines in our group related to radiobiology.
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List of Figures

1.1 Comparison of the profiles of energy deposition in water as a function
of depth (Physical dose) of an X-ray beam and high-energy charged
particles. While an X-ray beam exhibits an exponential decrease
of energy deposition at depths greater than few cm (approximately
1.5 cm for a 6 MV clinical beam), charged particles deposit most of
their energy at the end of their path, defining a region usually called
Bragg peak, while sparing both proximal and distal located normal
tissues (taken from [11]). . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Comparison of saggital images of proton and photon treatment plans
for a pediatric patient treated with craniospinal radiation. On the
right, the excess dose deposited from photon treatment is highlighted
(taken from [12]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Variation of −dE/dx as a function of the proton kinetic energy in
water (blue circles) and in Polymethyl methacrylate (PMMA, ρ =

1.19 g cm−3, orange triangles). Data extracted from the National
Institute of Standard and Technologies (NIST, Maryland, MD, USA)
Standard Reference Database PSTAR [31]. . . . . . . . . . . . . . . . 7

1.4 A typical Bragg curve, showing the variation of −dE/dx as a function
of the penetration depth for protons having a kinetic energy of 70 MeV

in water. Computed with the Monte Carlo code Geant4 (see Section 1.4). 8

1.5 Example of the method of summing up different Bragg peaks with
different energies and weights, to build the SOBP (taken from [35]). 9

1.6 Experimentally, the range can be determined by measuring the ratio of
transmitted to incident particles (I/I0), coming from a mono-energetic
and collimated beam impinging on different thicknesses of the same
material. The distribution of ranges is approximately Gaussian in form.
The mean and extrapolated ranges are highlighted (taken from [37]).
A typical curve, depicted in , shows this ratio as a function of the
absorber thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
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1.7 Experimental depth dose curves of protons and 12C ions having the
same mean range in water (taken from [42]). Due to the higher relative
range straggling experienced by protons, the width of their Bragg peak
is enlarged with respect to the carbon ions distribution. . . . . . . . 13

1.8 Time-scale of the effects of radiation exposure on biological systems
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1.9 Graphical representation of different types of DNA damage induced
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line), and determination of RBE at 10% and 1% survival level (taken
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function of LET, grouped in different α/β sensitivity ranges (taken
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1.14 Variation of the RBEα = αtest/αref as a function of the particle type
and the LET, where αref and αtest are the linear part of the survival
curve for photons and ions, respectively (taken from [48]). . . . . . . 23

1.15 Proton RBE values calculated as a function of α/β for 2 Gy (full dots)
and 6 Gy (open circles) (taken from [25]). An increase in RBE for late
responding tissues (α/β < 4 Gy) is observed for lower doses. . . . . . 24

1.16 Scheme of a typical ionisation chamber (Farmer type). In the picture,
the materials used as electrodes, walls and insulators are also indicated
(taken from [86]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

1.17 Working principle of a p-n junction without (a) and with (b) the ap-
plication of an inverse bias voltage to increase the size of the depletion
zone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.18 EBT3 dose response curves (left) and first derivatives (right) for dose
values up to 40 Gy, plotted for the three colour channels that compose
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2.1 Picture of the experimental room. From the exit flange to the room
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2.3 Graphical representation of the external beam line in the experimental
room (not scaled), with a particular focus on the positioning of the
two collimators. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.4 Geometry of the GEANT4 simulation developed to reproduce the
cyclotron external beam line. . . . . . . . . . . . . . . . . . . . . . . 46

2.5 Fit of the α MCA spectrum acquired with the silicon detector. Each
of the three peaks has been fitted with a Gaussian function, to extract
information about the position of the mean value. These fits have
been performed only on the peaks, since the Gaussian tails of the
three emissions are overlapping each other and with noise. The results
of these fits are reported in Table 2.2. . . . . . . . . . . . . . . . . . 48

2.6 Calibration curve energy-channel of the silicon detector. The points
in Table 2.2 have been fitted with a linear equation of the form y =

p0 + p1 · x, where p0 = 0.01(9) MeV and p1 = 0.0236(3) MeVchannel−1. 49

2.7 Setup for the measurement of the energy distribution of protons with
a 5 mm thick lithium-drifted silicon detector. . . . . . . . . . . . . . 50

2.8 EBT3 dose-to-optical density calibration curves under 6 MV photon
irradiation, for two different lots of films identified as #1 (full dots)
and #2 (full squares). The measured points have been fitted with
functions of the form D = a · netOD + b · netODc; the results of these
fits are listed in Table 2.3 for the two lots (#1 full lines and #2 dotted
lines) and for the three colour channels: red, green and blue. . . . . . 51

2.9 Example of a setup for the measurement of the beam profiles. A piece
of EBT3 film is placed at a distance of 10.9 cm from the exit flange
(configuration B.2 in Table 2.4). . . . . . . . . . . . . . . . . . . . . 53

2.10 Pictures of the experimental setup for dosimetry and irradiation of bio-
logical samples. The ionisation chamber is placed between two PMMA
supports on a moving table on which a plastic board can be screwed
to extend its length (see (b)). On the back of the second holder, a
custom made guide can be mounted to allow for the positioning of
Petri culture dishes or pieces of EBT3 film. . . . . . . . . . . . . . . 54

2.11 Beam spots measured by attaching a piece of EBT3 film directly on
the exit flange in the (a) preliminary and (b) final configurations.
A misalignment of the beam with respect to the fixed collimator is
clearly visible in (a), where the spot appears to be cut on one side.
This effect fades away in (b) thanks to the insertion of the aluminium
foil in vacuum, which increases beam divergence. . . . . . . . . . . . 55
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2.12 Displacement of beam maximum intensity as a function of steering
magnets coordinates along x-axis. No evident displacement emerged
by varying y-axis coordinates, therefore the current applied to the
steering magnet along y-axis was fixed to 1.98 A while varying that
applied to the x-axis magnet: (a) -3 A, (b) -2.66 A, (c) -2.33 A, (d)
-2 A, (e) -1.66 A and (f) -1.33 A. In this example, configuration (d)
was chosen for the subsequent irradiations. . . . . . . . . . . . . . . . 56

2.13 (a) Comparison between experimental mean energy measured (shaded
gray area and black dots) and mean energy obtained from Monte
Carlo simulations (red dots) as a function of the foil thickness. The
mean energy obtained at the end of the simulation, computed as the
energy deposited in the silicon detector, does not depend on the initial
σi of the beam. The energy width of the experimental shaded area
is given by σexp. (b) Percentage deviation of the Monte Carlo mean
energy (EMC) from the experimental one (Eexp). The error bars have
been computed with standard uncertainty propagation over the errors
associated to the mean energies obtained from the fits. . . . . . . . . 59

2.14 Comparison between the experimental σ measured (shaded gray area)
and those obtained from the Monte Carlo code run with different
initial standard deviations of the Gaussian beam σi, as a function of
the foil thickness. The width of the experimental shaded area is given
by the error associated to σexp. . . . . . . . . . . . . . . . . . . . . . 59

2.15 Beam spot at a distance of 0.5 cm from the exit window (configuration
B.1 of Table 2.4). The colour scale is in dose units (Gy). (a)Measured.
(b) Simulated with a circular uniform distribution having a radius
of 8 mm. (c) Simulated with a circular Gaussian distribution having
σi,x = σi,y = 8 mm. (d) Beam spot simulated with an elliptical
Gaussian distribution having σi,x = 12 mm and σi,y = 20 mm. . . . . 60

2.16 Lateral dose profiles along x (left) and y (right) directions, extracted
from the measured (red) and Monte Carlo (blue) beam spots plotted
in Figure 2.15: (a) and (b) beam simulated with a circular uniform
distribution with radius of 8 mm; (c) and (d) beam simulated with
a circular Gaussian distribution with σi,x = σi,y = 8 mm (e), (f)
beam simulated with a two dimensional Gaussian distribution having
σi,x = 12 mm and σi,y = 20 mm. . . . . . . . . . . . . . . . . . . . . 61
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2.17 (a) Percentage distance of the Monte Carlo standard deviation of dose
profiles along the x axis (σMC) from the experimental one (σx) as a
function of the proton kinetic energy in the active layer of the film.
(b) Percentage distance of the Monte Carlo standard deviation of dose
profiles along the y axis from the experimental one (σy) as a function
of the proton kinetic energy in the active layer of the film. Three
initial configurations of the Monte Carlo beam are compared, circular
Gaussian with σi,x,y = 8 mm (yellow triangles), elliptical Gaussian
with σi,x = 12 mm and σi,y = 20 mm (cyan stars) and circular uniform
with ri = 8 mm (green diamonds). . . . . . . . . . . . . . . . . . . . . 62

2.18 Comparison of measured (red) and Monte Carlo dose profiles (blue)
along the x-axis, whose standard deviations are those used for the
calculation of the percentage distance in Figure 2.17a. The energies
reported in the plots refer to the kinetic energy of protons in the
active layer of the EBT3 film. For this comparison, Monte Carlo
simulations have been performed with an initial circular uniform beam
of radius ri = 8 mm. The following experimental configurations, listed
in Table 2.4, are shown: (a) configuration B.1; (b) configuration B.3;
(c) configuration B.5; (d) configuration A.1; (e) configuration A.2;
(f) configuration B.7; (g) configuration A.3; (h) configuration A.4. 63

2.19 Comparison of measured (red) and Monte Carlo dose profiles (blue)
along the y-axis, whose standard deviations are those used for the
calculation of the percentage distance in Figure 2.17b. The energies
reported in the plots refer to the kinetic energy of protons in the
active layer of the EBT3 film. For this comparison, Monte Carlo
simulations have been performed with an initial circular uniform beam
of radius ri = 8 mm. The following experimental configurations, listed
in Table 2.4, are shown: (a) configuration B.1; (b) configuration B.3;
(c) configuration B.5; (d) configuration A.1; (e) configuration A.2;
(f) configuration B.7; (g) configuration A.3; (h) configuration A.4. 64

2.20 Maps of the relative percentage deviation of the netOD computed in
each pixel from the average value (|netOD− netODµ|/netODµ). (a)
Preliminary configuration with a tungsten foil of 220 µm, lot of films
#1, netODµ = 0.20. (b) Preliminary configuration with a tungsten
foil of 150 µm, lot of films #1, netODµ = 0.19. (c) Final configuration,
lot of films #2, netODµ = 0.16. (d) Preliminary configuration with
a tungsten foil of 150 µm, lot of films #1, netODµ = 0.58. (e) Final
configuration, lot of films #2, netODµ = 0.58. . . . . . . . . . . . . . 66
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2.21 Distribution of energy deposited per individual proton track in the
ionisation chamber ∆EIC (left) and in the active layer of the film
∆EAL (right). (a) Preliminary configuration with tungsten scattering
foil of 220 µm; (b) preliminary configuration with tungsten scattering
foil of 150 µm; (c) final configuration. Mean values and standard
deviations of the distributions are listed in Table 2.7. . . . . . . . . . 67

2.22 Dose-to-netOD calibration curves for the three colour channels. Ex-
perimental data are presented together with their fit (dashed line)
and compared with the corresponding photon calibration curves (solid
lines). Fit parameters are reported in Table 2.8. On the left experi-
mental data obtained with both preliminary configurations (lot #1)
are plot: (1) beam broadened with a 150 µm tungsten foil (empty dia-
monds) and (2) with a 220 µm tungsten foil (full stars). On the right
the experimental data obtained with the final configuration (empty
circles) are presented. The energies indicated in the legend are the
same Ekin listed in Table 2.7 . . . . . . . . . . . . . . . . . . . . . . . 69

2.23 Relative difference of the proton dose (Dp) from the photon dose (Dγ),
evaluated with the respective calibration curves, as a function of the
netOD. For the more energetic incident protons (12.8 MeV, circles)
this relative difference increases slowly and its value lays between 8%
and 10%. For the 10.6 MeV, on the other hand, the relative difference
increases steeply, reaches a maximum at a netOD of around 0.4, and
decreases again, varying from 15% to 30%. . . . . . . . . . . . . . . . 70

2.24 Maps of the relative percentage deviation from homogeneity of two
samples having the same netODµ = 0.60, but measured at the be-
ginning (a) and at the end (b) of the experimental campaign at a
distance of approximately two hours. . . . . . . . . . . . . . . . . . . 72

3.1 Ranges of site diameters and proton energies in which other factors
in addition to LET influence the energy deposition. The symbols
R, S and δ identify, respectively, the domains where limited particle
range, energy-loss straggling and δ-ray escape or influx are relevant.
In the remaining region (II), the deposition of energy is approximately
proportional to the (unrestricted) LET [114]. . . . . . . . . . . . . . 77

3.2 Chain or random factors that determine the energy deposition in a
site [68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
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3.3 Scheme of the geometry used for microdosimetry simulations (2D
projection). The primary proton (red track) is generated at the
surface of a cubic water volume (world volume) and travels along
the Z axis. The energy transfer points (hits) are then scored in the
middle of the volume (shaded area), in a slab whose thickness (ZS)
varies depending on the dimension of the site. The spherical sites are
not physically simulated, as they are virtually selected in the scoring
volume with an algorithm that depends on the type of randomness
considered. Finally, the half-dimension of the world volume (Rmax)
varies according to the maximum energy of the incident protons, and
is slightly greater than the maximum range of the δ-rays emitted. . . 83

3.4 Graphical representation of the working principle of the two sampling
algorithms: (a) uniform sampling (µ-randomness) and (b) weighted
sampling (ν-randomness). In both cases, a hit selection region (maroon
shaded area) is identified, where the centres of the sites (yellow circles)
are sorted. The dimensions of this region depend on the sampling
algorithm used and on the diameter of the site, as lateral margins
must be left to ensure that the site is always fully included in the
scoring volume. For uniform sampling this margin must be set equal
to the site radius, while for weighted sampling the margin is equal to
the site diameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.5 Detail of the working principle of the weighted sampling method in
Figure 3.4b. The compensation factor is computed as the ratio between
the number of selectable hits (with deposited energy different from
zero) in the hit selection region (Nsel) and the number of hits in the
intersection volume of the site with the hit selection region (Nint). . . 86

3.6 Schematic representation of the scoring method for the evaluation
of the energy deposited per single proton collision in the site, εc.
The primary δ-ray generated by the proton collision is identified and
assigned one distinctive tag, that is then inherited by all the secondary
electrons in the shower. Only the energy deposition events happening
within the site are accounted for in the calculation of εc, including
δ-ray influx from outside the site. . . . . . . . . . . . . . . . . . . . . 87
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3.7 Graphical representation of the possible configurations in which proton
tracks (red lines) can cross a site. The black points identify the position
of the proton hits, for which the spatial coordinates are known and
stored. The track segment between two hits identifies a step. The
solid red lines are the proton track segments to be considered for
the computation of the chord length distribution. Depending on the
position of the site with respect to the proton track, a step can start
and end outside the site (A), have one or both ends included in the
site (B), or originate (or end) at the surface of the site (C). . . . . . 87

3.8 Chord length distributions obtained for 10 MeV protons impinging
on sites of 1 (a) and 10 µm (b) diameter. The distributions obtained
with uniform (blue, u) and weighted random sampling (red, w) have
been fitted with functions of the form fu(l) = p0l and fw(l) = p0l

2

according to Table 3.1. The values obtained for the fit parameters
(see Table 3.2) are in perfect agreement with the theoretical ones. . . 90

3.9 Variation of the distribution of energy imparted εf(ε) with the thick-
ness of the scoring volume ZS. Simulations were done with 10 MeV

protons on sites of 1 (a) and 10 µm diameter (b), and with 90 MeV

protons on sites of 1 (c) and 10 µm diameter (d). The distributions of
energy imparted obtained with the uniform random sampling method
(u) are not affected by ZS, and are represented here as a reference
(black solid lines). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

3.10 Relative difference of the average values of the distributions of energy
imparted (a), and energy imparted per collision (b) obtained with
the weighted and uniform random sampling methods, as a function of η. 92

3.11 frequency-averaged energy imparted per collision εF as a function
of the proton energy. Uniform (open markers) and weighted (full
markers) random sampling results are plot together and compared for
sites of 1 (blue triangles and diamonds) and 10 µm (red circles and
stars). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

3.12 Variation of δ2 as a function of the proton trajectory length l for
the different energies and sites of (a) 1 µm and (b) 10 µm diameter
obtained with weighted random sampling. For the lower l values, the
main contribution to δ2 is given by the δ-ray influx, whose influence
decreases quickly as l increases. For l > d/2, the value of δ2 can be
considered as constant. Since lF > d/2, the final values of δ2 were
extracted by averaging the points (weighted by their uncertainties) in
the range l > d/2 (solid lines). . . . . . . . . . . . . . . . . . . . . . . 96
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3.13 Second moment of the energy imparted per individual proton collision
δ2 as a function of the proton kinetic energy. Uniform (open markers)
and weighted (full markers) random sampling results are plotted
together and compared for sites of 1 (blue triangles and diamonds)
and 10 µm (red circles and stars). . . . . . . . . . . . . . . . . . . . . 96

3.14 Frequency-averaged lineal energy yF as a function of the incident
proton kinetic energy. Values obtained for uniform (open markers)
and weighted (full markers) random sampling methods are plotted
together for sites of 1 (blue triangles and diamonds) and 10 µm (red
circles and stars) diameter. For mono-energetic proton beams the
relation LD = yF should hold (see Section 3.3.4), therefore yF values
are reported superimposed to the respective LD values derived from
Equation (3.10), represented as shaded areas whose thickness is given
by the error associated to LD for each diameter site. The macroscopic
LD computed with Equation (3.12) (black shaded area) is also reported
as a reference. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.15 Relative difference of LD from yF for the different site diameters (blue
markers for 1 µm and red markers for 10 µm) and sampling methods
considered (open markers for uniform sampling and full markers for
weighted sampling). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.16 Variation of the mean energy imparted per event, ε, as a function of l
for the different energies and sites of (a) 1 µm and (b) 10 µm diameter
obtained with weighted random sampling. For l ∼ 0, i.e proton tracks
that don’t cross the site or pass tangent to it, the only contribution to
ε is given by the δ-ray influx. Then, for higher l, ε increases linearly
with the chord length, as can be observed from the linear fit of the
data (solid line). The overall frequency-averaged energies imparted
per event, εF obtained for each simulation considering the full data
set, are reported as horizontal dashed lines, each colour corresponding
to one proton energy. The intersection point of the linear fit of ε as a
function of l and the value of εF corresponds to the effective l∗F. . . . 99

3.17 Effective mean chord length l
∗
F as a function of the proton energy,

obtained with uniform (open markers) and weighted (full markers)
random sampling for sites of 1 µm (blue triangles and diamonds) and
10 µm (red circles and stars). The true mean chord length lF = 2d/3

is reported as a yellow horizontal dashed line for each site dimension. 99
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3.18 Effective frequency-averaged lineal energy y∗F as a function of the
incident proton kinetic energy. Values obtained for uniform (open
markers) and weighted (full markers) random sampling methods are
plotted together for sites of 1 (blue triangles and diamonds) and
10 µm (red circles and stars) diameter. Values of y∗F are reported
superimposed to the respective LD values derived from Equation (3.10),
represented as shaded areas whose thickness is given by the error
associated to LD for each diameter site. The macroscopic LD computed
with Equation (3.12) (black shaded area) is also reported as a reference.101

3.19 Relative difference of LD from y∗F for the different site diameters (blue
markers for 1 µm and red markers for 10 µm) and sampling methods
considered (open markers for uniform sampling and full markers for
weighted sampling). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.1 DNA packaging and structure of chromosomes (taken from [125]). . . 107

4.2 Charge-to-dose calibration curve. Experimental points have been
fitted with a linear function of the form y = p0 + p1 · x, where
p0 = 2(1)× 10−3 Gy and p1 = 2.48(1)× 10−3 Gy nC−1. . . . . . . . . 110

4.3 Representative pictures of the images used for the γH2AX and RPA
foci quantitative analysis. Cells irradiated with photons (top) and
protons (bottom) with a dose of 10 Gy and 10.93 Gy respectively.
DAPI staining images (on the left) identify the cell nucleus contour,
where γH2AX foci (centre) and RPA foci (right) accumulate after
irradiation in correspondence to DNA DSBs. . . . . . . . . . . . . . . 112

4.4 (a) Clonogenic survival data for U2OS irradiated with the 137Cs-
irradiator, collected by different research groups from CABIMER.
The colours and marker shapes distinguish the different sets of data,
separated according to the operator that collected them. Each set of
data was fitted separately (dashed lines) and final values of αγ and
βγ parameters were computed as average values of the parameters
obtained from these fits. (b) Cell survival curve (solid line) obtained
with the average αγ and βγ parameters resulting from the fit of the
experimental data. The dashed lines correspond to the maximum
range of variation of α and β, and are obtained with (αγ−σα, βγ−σβ)

for the upper curve and (αγ +σα, βγ +σβ) for the lower curve. In this
plot, the experimental data are summarised by reporting the median
value for each set, with the 25th (lower) and 75th (upper) percentiles
as asymmetric error bars. . . . . . . . . . . . . . . . . . . . . . . . . 116
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4.5 Distribution of y d(y) as a function of y for a 1 µm diameter site at
eight photon energies [127]. The highlighted curve represents the
distribution for 662 keV photons emitted by 137Cs. . . . . . . . . . . 116

4.6 Distribution of γH2AX foci number (a), average size (b) and total
intensity (c) after irradiation with photons (blue) and protons (shaded
red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.7 Distribution of RPA foci number (a), average size (b) and total
intensity (c) after irradiation with photons (blue) and protons (shaded
red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.8 Median (a) number of γH2AX foci, (b) total foci intensity and (c)
average foci pixel size per positive nucleus (more than 10 foci), as a
function of the dose after proton (red) and photon (blue) irradiation.
The asymmetric uncertainty intervals associated to the experimental
points correspond to the 25th (lower) and 75th (upper) percentile
of the distributions in Figure 4.6. The experimental points for the
number of foci and total intensity are reported normalised to their
controls and fitted with a linear function. . . . . . . . . . . . . . . . 121

4.9 Median (a) number of RPA foci, (b) total foci intensity and (c)
average foci pixel size per positive nucleus (more than 10 foci), as a
function of the dose after proton (red) and photon (blue) irradiation.
The asymmetric uncertainty intervals associated to the experimental
points correspond to the 25th (lower) and 75th (upper) percentile
of the distributions in Figure 4.6. The experimental points for the
number of foci and total intensity are reported normalised to their
controls and fitted with a linear function. . . . . . . . . . . . . . . . 122

4.10 Distribution of ε2f(ε) as a function of ε for a 0.84 µm diameter site at
a proton energy of 13.2 MeV. . . . . . . . . . . . . . . . . . . . . . . 123

4.11 Theoretical U2OS cell survival curve for proton irradiation (green solid
line) derived from the MK model and compared with the experimental
survival curve for photon irradiation (red solid line). The dashed
lines correspond to the maximum range of variation of the α and β
parameters for each of the radiation qualities considered. . . . . . . . 124
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2.6 Experimental configurations used for the determination of the spectral
distribution of the beam, to be compared with the simulations. In all
cases the energy was measured with a 5 mm thick calibrated silicon
detector at a distance of 22 mm from the exit window, intercepting
the beam path with tungsten degraders of various thicknesses. The
values of the mean energy and energy spread reported and their errors
have been obtained from a Gaussian fit of the experimental energy
distributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.7 Mean values and associated standard deviations obtained from the
distributions shown in Figure 2.21. Ekin is the kinetic energy of the
protons in the centre of the active layer of the film, ∆EIC is the
average energy deposited by protons in the ionisation chamber, ∆EAL

is the average energy deposited by protons in the active layer of the
film and f is the fraction of protons that reaches the film after having
crossed the ionisation chamber. . . . . . . . . . . . . . . . . . . . . . 68

2.8 Results obtained for the parameters of Equation (2.1) from the fit
of the data in Figure 2.22 for the three colour channels and the
different experimental configurations. Since in the range covered by
the measurements performed with the 220 µm tungsten foil (stars of
Figure 2.22) the dose is mostly a power of the netOD, parameter a
has been set equal to zero for the three channels. . . . . . . . . . . . 69

3.1 Relations of interest for the chord length distributions depending on
the type of randomness. . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.2 Fit functions and resulting parameters (p0) obtained from the fit of the
chord length distributions in Figure 3.8, compared with the expected
parameter for the type of randomness considered. . . . . . . . . . . . 90

3.3 Values of the longitudinal dimensions assigned to the world volume
and the scoring volume to study the dependence of the simulation
results on the geometrical parameters. The longitudinal half dimension
of the world volume Rmax is equal to Rδ,max +ZS,max/2, where Rδ,max

is the maximum range of the δ-rays emitted by the incident protons
and ZS,max is the maximum thickness of the scoring volume among
the ones considered. Indeed, the thickness ZS of the scoring volume
is variable and must be chosen according to the size of the site and
the energy of the incident particle, in such a way that the short track
segment condition is always preserved; however, the condition ZS > 2d

must hold. In this study ZS was set equal to 2d+ η, assigning to η
the values 0.1d, d, 2d and 10d. . . . . . . . . . . . . . . . . . . . . . . 91
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3.4 Values of the frequency-averaged energy imparted per event as a
function of η for the different sampling methods and energies considered. 94

3.5 Values of the first moment of the energy deposited per collision as a
function of η for the different sampling methods and energies considered. 94

3.6 Sampling efficiencies and computational times of the simulations per-
formed with sites of 1 µm diameter. A total of 250 000 events (Nsim)
in batches of 1000 were generated. The sampling efficiency has been
computed as the ratio between the detected events (Ndet, at least
one energy deposition in the site) and the generated ones. The times
reported refer to the simulation of one batch of 1000 events, where
tR is the actual time taken for the simulation and tE is the extrapo-
lated time that would be necessary to achieve the same statistics with
uniform random sampling. . . . . . . . . . . . . . . . . . . . . . . . . 103

4.1 Material and thickness of the components of the experimental setup
traversed by the proton beam. . . . . . . . . . . . . . . . . . . . . . . 109

4.2 Experimental parameters of the cell culture irradiation with protons
at the cyclotron radiobiology beam line. Absorbed doses are different
from planned ones due to the manual stopping of beam irradiation. . 110

4.3 Primary and secondary antibodies used for immunofluorescence analy-
sis in this study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.4 Parameters for the identification of foci with the built-in application
Granularity implemented in the MetaMorph software. . . . . . . . . 114

4.5 Percentage of positive cells after proton and photon irradiation. Re-
sults obtained from the visual analysis of immunofluorescence images
are compared with the results extracted from the analysis of the images
with MetaMorph. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.6 Dose-averaged energy deposited per event, effective mean chord length
and dose-averaged lineal energy computed with the microdosimetry
Monte Carlo code (see Chapter 2) for the U2OS cell layer with uniform
and weighted random sampling. . . . . . . . . . . . . . . . . . . . . . 123
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