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ucléaire
CF C

¯
onF

¯
lat; C

¯
ontrol F

¯
ilm

DAC D
¯

igital-to-A
¯

nalog C
¯

onverter
DC D

¯
irect C

¯
urrent

DCCT D
¯

C
¯

C
¯

urrent T
¯

ransformer
DNA D

¯
eoxyribon

¯
ucleic A

¯
cid

DR D
¯

ose R
¯

ate

EBT E
¯

xternal B
¯

eam T
¯

herapy
ENET E

¯
therN

¯
E
¯

T
¯

EUR E
¯

u
¯
r
¯
o

xi



List of acronyms and abbreviations

FCT The Portuguese Foundation for Science and Technology, Lisbon,
Portugal, originally named F

¯
undação para a C

¯
iência e a T

¯
ecnologia

FWHM F
¯

ull W
¯

idth at H
¯

alf M
¯

aximum

Geant4 G
¯

e
¯
ometry a

¯
n
¯
d t

¯
racking 4

GPIB G
¯

eneral P
¯

urpose I
¯
nterface B

¯
us

GSI The German Society for Heavy Ions Research, Darmstadt, Germany,
originally named G

¯
esellschaft für S

¯
chweri

¯
onenforschung

HC H
¯

igh C
¯

urrent
HIT The Heidelberg Ion-Beam Therapy Center, Heidelberg, Germany,

originally named H
¯

eidelberger I
¯
onenstrahl-T

¯
herapiezentrum

HPC H
¯

igh P
¯

erformance C
¯

omputing

IBA I
¯
on B

¯
eam A

¯
pplication

ICNAS Portuguese Institute for Nuclear Sciences Applied to Health, University
of Coimbra, Portugal, originally named I

¯
nstituto de C

¯
iências N

¯
ucleares

A
¯

plicadas à S
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Resumo

O número de ciclotrões com capacidade para acelerar protões até cerca de 20 MeV
tem vindo a aumentar em todo o mundo. Apesar de o objectivo principal das
instalaçõoes que contêm estas máquinas ser a produção de radionucĺıdeos para
tomografia por emissão de positrões (PET, do inglês positron emission tomogra-
phy), algumas dessas instalações estão equipadas com várias linhas de feixe que
podem ser adaptadas para investigação cient́ıfica. Por exemplo, radiobiologia,
radiofisiolgia e outros estudos de dosimetria podem ser realizados utilizando uma
destas linhas de feixe devidamente adaptada para o efeito. Neste trabalho, uma
das linhas de feixe do ciclotrão PET da Universidade de Coimbra foi comple-
mentada e instrumentada por forma a possibilitar a irradiação de um arranjo
experimental com um feixe de protões de elevada qualidade. Esta nova linha de
feixe foi constrúıda de ráız e sem causar qualquer interferência com as demais
linhas do ciclotrão, dedicadas à produção de radionucĺıdeos. São apresentados
resultados tanto experimentais como de simulação, estes últimos obtidos através
dos pacotes de simulação SRIM/TRIM e Geant4, tendo como objectivo a medição
do pico de Bragg depositado pelo feixe de protões do ciclotrão PET, com uma
energia nominal de 18 MeV. Utilizando um bloco de plástico cintilador e uma
câmara fotográfica com ligação à internet da marca D-link foi posśıvel medir
tanto o alcance como a largura do feixe de protões com uma resolução espacial
inferior a 0,1 mm. Os alcances do feixe medidos após este passar pelo meio de
um tubo de alumı́nio com vácuo com 40 cm de comprimento e um segundo tubo
com 2,4 m de comprimento permitiram confirmar que a energia efectiva do feixe
é de 18 MeV. Mediu-se também o pico de Bragg utilizando um alvo constitúıdo
por várias folhas de alumı́nio intercaladas com lâminas de polietileno. O sinal
de corrente foi recolhido das várias folhas de alumı́nio através de amplificadores
de transimpedância fabricados no âmbito desta tese. Verificou-se que o pico de
Bragg assim medido é consistente com simulações realizadas utilizando o pacote
SRIM/TRIM.

Após a instalação da linha de feixe no peŕımetro exterior do ciclotrão, esta
foi caracterizada, calibrada e validada. Para tal, o sinal induzido pela passagem
do feixe por uma folha de alumı́nio com 20µm de espessura é lido através do
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amplificador de transimpedância mencionado. Este sinal amplificado providencia
informação de dose em tempo real através de um programa desenvolvido em
C/C++. Para além da dose, as principais variáveis de monitorização que este
programa providencia incluem a corrente do feixe, a carga integrada em conjunto
com a taxa de dose. Deste modo a dose e a corrente integrada (carga total)
entregue até um dado instante na montagem experimental pode ser controlada
por meio de um obturador controlado por computador. Feixes de protões com
correntes tão baixas como 10 pA podem deste modo ser aferidas. A folha de
alumı́nio foi escolhida por ser resistente à radiação, possuir baixa densidade e
baixa probabilidade de radioactividade induzida pelo feixe e, finalmente, por
representar um custo negligenciável. Junta-se a estas vantagens o facto de o
método potenciar o cálculo da dose entregue a um alvo durante uma irradiação,
com uma perda mı́nima da energia do feixe de protões, e com dispersão igualmente
mı́nima.

Resultados experimentais e simulações com o Geant4 são apresentados que
revelam a aplicação, pela primeira vez, de um feixe de 18 MeV proveniente de
um ciclotrão para irradiação de uma região seleccionada de um alvo. Fazendo
uso do sistema de dosimetria apresentado no parágrafo anterior foi posśıvel irra-
diar de modo homogéneo uma região circular com 18 mm de diâmetro. Torna-se
assim posśıvel irradiar culturas celulares localizadas em placas multi-poços com
um diâmetro por poço de 16 mm, como é usual em experiências de radiobiologia.
Verificou-se que o controlo do campo magnético aplicado dentro do ciclotrão é
crucial para se obter uma irradiação uniforme em todo o campo do alvo. Para
tal, efetua-se antes de cada irradiação e com o obturador fechado, um varrimento
à corrente que gera o campo magnético dentro do ciclotrão, medindo-se um perfil
quase gaussiano e tomando-se o seu valor central para se obter uma irradiação
homogénea. As taxas de dose no alvo (entre 500 mGy/s e 5 mGy/s) são obtidas
através de um disco em rotação posicionado na trajectória do feixe. O disco,
com 150 mm de raio e uma fenda de 0,5 mm na sua extermidade, permite re-
duzir a taxa de dose por um factor de 5×10−4. Finalmente, vários filmes do
tipo Gafchromic R© EBT2 foram expostos a diferente valores de dose por forma
a validar toda a instalação para irradiação de um alvo com feixes de protões.
Para tal validação fez-se uso do sistema de dosimetria em filme 2D do Serviço de
Radioterapia do Centro Hospitalar Universitário de Coimbra. A dose absoluta
nos filmes irradiados com protões foi verificada neste sistema e apresentou uma
precisão melhor que 2%.

Palavras-chave: Sistemas de monitorização e controlo online; Dosimetria; In-
strumentação para ciclotrões; Emissão secundária de electrões; Radiobiologia;
Simulação SRIM/TRIM; Simulação Geant4.
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Abstract

The number of cyclotrons capable of accelerating protons to about 20 MeV is
increasing throughout the world. Originally aiming at the production of positron
emission tomography (PET) radionuclides, some of these facilities are equipped
with several beamlines suitable for scientific research. Radiobiology, radiophysiol-
ogy, and other dosimetric studies can be performed using these beamlines. In this
work, a PET cyclotron was fitted with a long beam transport line to irradiate with
a good quality proton beam experimental setups. The beamline was configured
as a natural extension of one of the cyclotron beam ports, while keeping available
the other beam ports for PET radionuclides production. Experimental results
are reported, together with SRIM/TRIM and Geant4 simulations, which aim at
measuring the Bragg peak of the 18 -MeV proton beam from the PET cyclotron.
By using a piece of plastic scintillator and a D-link Ethernet-based camera, the
proton beam range and width were measured with a spatial resolution of 0.1 mm.
The ranges of the proton beam in the plastic scintillator were used to assess its
energy after trespassing one or two Havar R© windows and either a 40-cm-long
or a 2.4-m-long aluminum pipe. The initial energy of the proton beam from the
PET cyclotron was found to be 18 MeV. Additionally, the Bragg peak of the
protons from the PET cyclotron was assessed using a stacked target consisting of
several aluminum foils interleaved with polyethylene sheets, readout by in-house
made transimpedance electronics. The measured Bragg peak is consistent with
simulations performed using the SRIM/TRIM simulation toolkit.

An out-of-yoke irradiation setup using the accelerated proton beam coming
from the PET cyclotron was developed, characterized, calibrated, and validated.
A 20-µm-thick aluminum transmission foil is readout by in-house made tran-
simpedance electronics, providing online dose information via a C/C++ program.
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The main monitoring variables include beam current, integrated charge together
with dose rate. The beam monitor is able to readout and deliver these vari-
ables in real-time. Hence the dose and integrated current (total charge) delivered
upto a given instant to an experimental setup may be controlled via a computer-
controlled shutter that was installed in the beam path. Proton beam currents
down to 10 pA can be assessed using the thin aluminum foil. The aluminum
was chosen for this task because it is radiation hard, it has low density and low
radiation activity, and finally because it is easily available at negligible cost. In
addition, this method allows for calculating the dose delivered to a target dur-
ing an irradiation with high efficiency, and with minimal proton energy loss and
scattering.

Experimental results and Geant4 simulations are reported, which aim at using
for the first time the 18 -MeV proton beam from a PET cyclotron to irradiate a
selected region of a target using the developed dosimetry system. By using this
system, a homogeneous beam spot on target with a diameter of 18 mm can be
controlled. This allows controlled irradiation of cell cultures located in typical
biological multi-well dishes with diameters of 16 mm each. It was found that the
control of the magnetic field applied inside the cyclotron plays a major role for
achieving said homogeneity. For that, scanning the magnet current and mea-
suring the corresponding dose rate reveals a quasi-Gaussian shaped curve that
must be known before any irradiation procedure (the final shutter is closed during
such measurements). The optimum magnet current is taken from the center of
the Gaussian-shaped curve, hence producing a homogenous dose on target. The
measured dose rate on target ranges from 500 mGy/s down to 5 mGy/s. This is
achieved with a 150 mm radius rotating disk with a slit of 0.5 mm width, that
decreases target dose rates by a factor of 5 × 10−4. Several Gafchromic R© EBT2
films were exposed to different values of dose for validating the developed irradia-
tion setup using the 2D film dosimetry system of the Department of Radiotherapy
of Coimbra University Hospital Center. The absolute dose in the irradiated films
were assessed with a precision better than 2%. It is planned, in the near future,
to irradiate small animals, cell cultures, or other materials or samples.

Keywords: Control and monitor systems online; Dosimetry; Instrumentation for
cyclotrons; Secondary-electron emission; Radiobiology; SRIM/TRIM simulation;
Geant4 simulation.
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State of the art

The number of proton and heavy ion radiotherapy facilities is increasing through-
out the world, with about forty centers currently operational and more than
twenty in a planning stage or already under construction. Proton and heavy ion
therapy outcomes are triggering the interest of more and more medical facilities,
of a crescent number of countries, in making them available for their patients. At
the same time, cyclotrons capable of accelerating protons up to about 20 MeV are
being worldwide installed. Although the purpose of the latter is mainly positron
emission tomography (PET) radioisotope production, they are equipped with sev-
eral beamlines suitable for scientific research, rendering such proton beam ports
extremely useful for radiobiological and radiophysiological experiments.

In Portugal, an IBA (Ion Beam Applications, SA) model Cyclone R© 18/9 -HC
(high current) cyclotron was installed at ICNAS - Instituto de Ciências Nucleares
Aplicadas à Saúde, University of Coimbra, for positron emission tomography in
2010. Such facility is equipped with eight beamlines. Each beamline may deliver
proton currents up to 150µA (1 × 1015 particles/s). Radiobiology, radiophysi-
ology, and dosimetric studies, among others (e.g., space instrumentation tests)
can be performed using these beamlines. Radiobiological and radiophysiological
studies using proton beams from the PET cyclotron may contribute to further
improve proton therapy results, namely by giving input to pertinent scientific
questions such as: (1) the impact of fractionation of particle radiotherapy on
dose effectiveness, including different effects in regions irradiated in the Bragg
peak versus the plateau [Debus et al., 2003]; (2) the influence of living tissue re-
sponses to the radiotherapeutic injury, such as edema, tumor growth/shrinkage,
vascular damage with consequent increased tissue permeability, and inflammatory
processes with consequent changes in tissue density and stoichiometry [Denham
and Hauer-Jensen, 2002]; (3) the adjuvant and/or toxic effects of using natu-
ral [Drisko et al., 2003] or pharmaceutical compounds in concomitance with ra-
diotherapy (RT); (4) the causes of hypersensitivity to low doses of radiation, a
phenomenon called low-dose hyper-radiosensitivity [Schettino et al., 2010; Steel,
2007]; (5) the spatial and temporal evolution of radiation damage, which can be
evaluated through the spatial and temporal evolution of DNA (deoxyribonucleic
acid) single, double [Schettino et al., 2010], and clustered strand breaks [Elsässer
et al., 2010; Schardt et al., 2010]; (6) the beneficial (adaptive response, horme-
sis) and/or cancer-inducing effect of low-level radiation to living cells, requiring
precise delivery of cGy [Wolff, 1998] to tens of cGy [Feinendegen, 2005], as well
as the determination of whether a stochastic/deterministic threshold dose takes
place, and following which dose-response model, e.g., linear-quadratic, linear-
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threshold, linear-non-threshold, supra-linear, quadratic, or hormetic; and (7) the
mechanisms underlying the radiation-induced bystander effect [Mothersill and
Seymour, 2004; Wide let al., 2009]. Input to these and other issues shall con-
tribute to further improving radiotherapy outcomes and potentially decreasing of
mortality rates in cancer patients.

This line of research aims at developing an instrument for quantifying and con-
trolling in real time a proton beam at the PET cyclotron at ICNAS. The cyclotron
has been fulfilling, at the topmost level, its initial design goals: the production of
state-of-the-art/start-of-the-art radionuclide tracers for medical imaging, namely
positron emission tomography for disease staging and fundamental science in on-
cology, neurology, and cardiovascular pathologies. Within this line of research,
one of the beamlines of the cyclotron was identified as being capable of providing
scientific input to other areas of fundamental science with potential high impact
to society, namely radiotherapy and radiation protection. Radiotherapy studies
(radiobiology and radiophysiology) make use of relatively high dose values (few
Gy to tens of Gy) with curative intent for oncologic disease, among others. In
radioprotection the dose levels are very low (100 mGy or lower) and the scientific
goal is understanding radiobiological/radiophysiological carcinogenic responses to
such low levels of radiation.

Without disturbing the working cycles allocated for PET science, one ded-
icated beamline of the proton PET cyclotron was used to instrument a self-
developed system capable of monitoring beam variables, and of controlling the
dose on target based on a computer application located outside the bulky cy-
clotron bunker (2-m-thick concrete walls).
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Outline of the thesis

This manuscript, Development of a PET Cyclotron Based Irradiation Setup for

Proton Radiobiology, is organized in seven chapters. Chapter 1 starts with a brief
introduction about cancer incidence and mortality. A general introduction on
particle radiation therapy follows, with emphasis on the physical and biological
rationales for the use of ions (e.g., protons) compared to conventional radiation
(e.g., photons). Finally, the remainder of the chapter reviews the beam shaping
and dose delivery systems being used in ion therapy facilities. Chapter 2 starts
with a general introduction about instrumentation for beam diagnostics. Then,
the destructive and non-destructive methods for beam monitoring are presented,
respectively. The principle of operation and the advantages and disadvantages
of each instrument are given. Chapter 3 begins with a description of the cy-
clotron installed at the University of Coimbra in Instituto de Ciências Nucleares
Aplicadas à Saúde (ICNAS). The beam parameters that should be measured are
presented later. The chapter ends with a preliminary experimental and Geant4
simulation results about the characterization of the proton beam achievable out-
side the yoke of the PET cyclotron from the University of Coimbra. Chapter 4
shows experiments with a plastic scintillator. These experiments were performed
at ICNAS in order to assess the proton range after trespassing one or two Havar R©
windows and either a 40-cm-long or a 2.4-m-long aluminum pipe. The initial en-
ergy of the proton beam from the PET cyclotron was also evaluated. The fifth
and sixth chapters of the manuscript are the main contributions and each of
them corresponds to a scientific article. Chapter 5 describes a technique used
for on-line measuring the beam current from a PET cyclotron using a thin alu-
minum foil. Simulations performed using the SRIM/TRIM toolkit in order to
assess the proton Bragg peak and initial energy are also presented. On the other
hand, chapter 6 describes the design, characterization, calibration, and valida-
tion of an out-of-yoke irradiation setup that was assembled and installed at the
PET-dedicated cyclotron at ICNAS. The conclusions from this thesis, together
with future work suggestions, are presented in chapter 7. It recalls the context,
objectives, and achievements of this work.
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Thesis framework within the SESAME project
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As in daily life, in scientific research we learn by seeing things using light,
except that researchers use light that ranges beyond the visible, in the infrared and
the ultraviolet, to X-rays and beyond. The extraordinary power of synchrotron
light, which is one of the advanced sources of light, has made it an essential tool
for studying matter on scales ranging from biological cells to atoms. It has a
huge impact in fields that include archaeology, biology, chemistry, environmental
science, geology, medicine, and physics. Therefore, it is important to build a
synchrotron light source in the Middle East to promote regional cooperation in
science, solidarity, and peace.

The SESAME project is under constructing in the Middle East as a first major
international research center. It is located in Allan, Jordan (30 km from Amman).
The SESAME project aims to foster outstanding science and technology in the
Middle East and neighbouring countries and it is doing this with steadfast sup-
port from the united nations educational, scientific, and cultural organization
(UNESCO). It will build scientific and technical capacity and facilitate collabo-
ration between the region’s scientists and engineers. It involves at present the
following member states: Bahrain, Cyprus, Egypt, Iran, Israel, Jordan, Pakistan,
Palestine, and Turkey. In addition to Members, SESAME also has some observer
countries, among which a number of countries from Europe (France, Germany,
Greece, Italy, Portugal, Russia, Sweden, Switzerland and the United Kingdom)
but also from other regions (Brazil, China, Japan, Kuwait, and the United States
of America).

The decision to build SESAME was triggered by the gift from Germany of the
0.8 GeV BESSY 1 I storage ring and its injector, which consist of a 22 MeV mi-
crotron (figure 1) and 0.8 GeV booster synchrotron. A new 2.5 GeV storage ring
with a circumference of 133 m has been designed by SESAME staff in order to
meet the users’ demands. This compact ring provides twelve straight sections for
wiggler 2 and undulator 3 insertion devices, which will produce very intense syn-
chrotron light over a broad band of wavelengths, a feature which puts SESAME

1BESSY stands for Berlin electron storage society ring for synchrotron radiation.
2Wiggler is a periodic magnet array for the emission of very intense synchrotron light over

a broad band of wavelengths [Brown et al., 1983].
3Undulator is a periodic array of magnets for the emission of concentrated beams of syn-

chrotron light with very high brilliance at well-defined wavelengths [Brown et al., 1983].
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in the class of modern third generation intermediate energy storage rings. Table 1
summarizes the general storage ring parameters of the SESAME facility [Sesame
team, 2012].

Figure 1: Photograph of the microtron in the SESAME experimental hall [Sesame
team, 2013].

The SESAME users will be mostly from universities and research institutes in
the Middle East. They will visit the laboratory periodically to carry out experi-
ments, often in collaboration with scientists from other countries. SESAME will
have well-equipped beamlines, experimental end stations, laboratories, and other
support facilities will be available to users. Several hundred scientists, working
in disciplines ranging from the biological and medical sciences to archaeology,
are expected to use SESAME from day-one. This will make SESAME a unique
multidisciplinary center in the region. As more beamlines are built, the number
of users is expected to grow to about 1000 [Sesame team, 2012].

The main parameters that characterize the quality of synchrotron light sources
are flux i.e., the amount of light delivered to an experimental sample, and bril-
liance i.e., a measure of the concentration of photons. SESAME bending magnets
and multipole wigglers will provide a very high photon flux over the wide spectral
range required for most applications. SESAME is expected to begin operations
at the beginning of 2016. Seven beamlines are expected in Phase I, with three
available at the start-up of the new ring. In the longer-term, up to 18 further
beamlines can be added. Figure 2 shows schematically the layout of the SESAME
machine and its beamlines [Sesame team, 2013].
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Table 1: SESAME storage ring parameters [Sesame team, 2013].

Parameter Unit Value
Energy GeV 2.5
Maximum beam current (200 bunches) mA 400
Circumference m 133.2
Bending dipole field T 1.45545
Energy loss (bending)/turn keV 590.2
RF (radiofrequency) MHz 499.654097
Harmonic number 222
RF power kW 500
Number of accelerating cavities 4
Total cavity voltage kV 2400
Natural bunch length mm 11.42
Beam Lifetime (@ P = 1nTorr) hour 21.5

Figure 2: Scheme of SESAME machine and the beamlines[Sesame team, 2013].
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At SESAME the electrons will be injected from a 22 MeV microtron, and
accelerated to the maximum of 800 MeV in a booster synchrotron. After that,
electron bunches will be transported through a transfer line to a storage ring,
where they will be accelerated to 2.5 GeV. Through the path from the microtron
to and within the storage ring both destructive and non-destructive beam mon-
itoring instruments will be installed. For instance, Faraday cups, fluorescent
screens, current transformers, beam loss monitors, synchrotron light monitors,
and beam position monitor pick-ups [Varnasseri, 2005].

The Portuguese “Fundação para a Ciência e a Tecnologia” (FCT), Lisbon,
under an agreement with SESAME, offered four PhD fellowships for scientists
and/or engineers from Members of SESAME to allow them to receive training
and enhance their professional expertise in the fields of accelerator technologies,
beamline instrumentation, and related applications, mainly in the following ar-
eas: (1) instrumentation and electronics; (2) software and computing specific to
beamlines; and (3) vacuum and control systems.

After completion of the training period, the successful trainees may be offered
a working position at the SESAME site in Jordan, depending on the results of
their work carried out whilst in receipt of a fellowship and the availability of
positions at the Center.

Within the aforementioned agreement, the University of Coimbra and LIP
have made a selection of candidates to work within the ICNAS project described
in this PhD thesis, which aims at using one beamline of ICNAS cyclotron (proton
PET cyclotron), to instrument a self-developed system capable of (1) monitoring
beam variables, and (2) controlling the dose on target based on electronics and
instruments coupled to a self-developed computer application located outside the
bulky cyclotron bunker.
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Chapter 1

Physics and biology of proton
therapy

1.1 Introduction

According to estimates by the wold health organization (WHO), the number of
new cancer patients in 2012 is about 14 million worldwide, which is expected to
increase to 22 million by the year 2030. This represents an increase of 75% com-
pared with 2008. As a result, cancer will then be the main cause of death [Cancer
Research UK, 2012; Ferlay et al., 2010, 2014]. Cancer is considered to be respon-
sible for 25% of all deaths in Europe. Moreover, it is the largest killer of people
aged between 45 – 64 in Europe [Niederlaender, 2006]. World cancer statistics
for the most common cancers (excluding non-melanoma skin cancer) in 2012 can
be found in table 1.1. It can be noticed that lung cancer is the most common
cancer worldwide contributing 13% of the total number of new cases diagnosed
for both sexes.

Radiotherapy, surgery, and chemotherapy are the main therapies against can-
cer. Often various treatment possibilities are combined. The choice of treatment
depends on cancer type (table 1.1), location, stage of the disease, and the general
state of the patient. At present, in industrialized countries, about 70% of cancer
patients are referred to a radiation therapy department for at least part of the
treatment [IAEA and ICRU, 2008]. At the time of diagnostics, about 58% of tu-
mors have not formed metastasis (figure 1.1). Radiation therapy uses high-energy
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Table 1.1: World cancer statistics for the most common cancers (excluding non-
melanoma skin cancer) in 2012 for both sexes [Ferlay et al., 2014].

Cancer
New cases diagnosed
in 2012 (1,000s) Percent of all cancers*

Lung 1825 13.0
Breast 1677 11.9

Colorectum 1361 9.7
Prostate 1112 7.9
Stomach 952 6.8

Liver 782 5.6
Cervix uteri 528 3.7
Oesophagus 456 3.2

Bladder 430 3.1
Non-Hodgkin lymphoma 386 2.7

Leukaemia 352 2.5
Pancreas 338 2.4
Kidney 338 2.4

Corpus uteri (endometrium) 320 2.3
Lip, oral cavity 300 2.1

Thyroid 298 2.1
Brain, nervous system 256 1.8

Ovary 239 1.7
Melanoma of skin 232 1.6

Gallbladder 178 1.3
Larynx 157 1.1

Other pharynx 142 1.0
Multiple myeloma 114 0.8

Nasopharynx 87 0.6
Hodgkin lymphoma 66 0.5

Testis 55 0.4
Kaposi sarcoma 44 0.3

* excluding non-melanoma skin cancer.

radiation to kill cancer cells by damaging their DNA (deoxyribonucleic acid 1).

Surgery and radiotherapy are today of crucial importance, being successful in
22% and 12% of cancer cases, respectively. Another 6% of the cases receive a

1DNA is the hereditary material in humans and almost all other organisms.
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combination of surgery and radiotherapy. About 55% of all cancer patients could
be cured successfully if treatment modalities would be improved, such as the
application of protons in radiation therapy [Durante and Loeffler, 2010; Haberer,
2002; IAEA and ICRU, 2008].

Figure 1.1: Present situations of the different treatment methods against can-
cer [GSI Nachrichten, 1999; Kraft, 2003].

Radiotherapy has greatly improved since its early days, by the time of the
discovery of X-rays in 1895, and it is still in progress nowadays. Radiotherapy
is not limited to external beam radiation, comprised traditionally by photons
and electrons. There are other types of radiation treatments, such as internal
radiation therapy i.e., brachytherapy 1, charged particle therapy, and neutron
therapy.

The use of ion beams in tumor treatment was first proposed more than 60
years ago, when the depth-dose characteristics of proton beams were investigated
by Wilson [1946]. Since then, ion beam therapy has evolved and significantly
expanded. A brief historical diagram of the emergence of particle therapy over the
last century is presented in figure 1.2. The use of proton therapy as an alternative
to conventional radiation has led to important developments and refinements in
conventional treatment techniques. Protons and carbon ions are characterized
by a property not shared by photons and electrons, the Bragg peak 2, which
allows for highly conformal treatment of deep-seated tumors with great accuracy,

1Brachytherapy consists in applying radioactive seeds directly in contact with the tumor,
while external therapy is a non-invasive way of delivering high energy particle beams to the
tumor.

2The Bragg peak, named after William Bragg, who discovered it in 1905. He measured an
increase of ionization at the end of the range of alpha particles in air.
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Figure 1.2: Particle therapy evolution since the discovery of the X-ray by Roent-
gen in 1895 [ENLIGHT, 2013].

while delivering minimal doses to normal surrounding tissue. This characteristic
may allow improving cancer treatment results, consequently contributing to the
reduction of the mortality1 rates due to cancer.

Hadrontherapy is an advanced technique of external radiation therapy, using
either low-LET 2 ions such as protons or high-LET particles such as carbon ions.
High-LET particles have additional advantages in respect to low-LET radiation,
since the hight-LET particles produce more damages in the tumor located in
the Bragg peak, allowing to treat tumors that are radioresistant to low-LET
particles [IAEA and ICRU, 2008]. Patient statistics 3 of proton therapy facilities
over all the world are listed in tables 1.2 and 1.3, whereas the patient statistics of
carbon therapy facilities are listed in table 1.4. These statistics indicate a total
of 37 medical facilities offering proton therapy and 7 facilities offering carbon ion

1Mortality is the number of deaths occurring in a given period in a specified population. Of-
ten given as an absolute number of deaths per year or as a standardized rate per 100,000 [Cancer
Research UK, 2012].

2LET stands for linear energy transfer and is described in section 1.2.1.3.
3Patient statistics of particle therapy facilities worldwide represents the number of patients

treated in operation and in closed facilities until August 2013.
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therapy worldwide. Since the early 50’s, more than 78,000 patients have been
treated with protons and about 10,000 patients with carbon ions.

Table 1.2: Proton therapy facilities in operation in 2013 (A) [PTCOG, 2013].

Who,
Where

Country
S/C* Max.
energy (MeV)

Start of
treatment

Total
patients
treated

ITEP, Moscow Russia S 250 1969 4246
St.Petersburg Russia S 1000 1975 1386
PSI, Villigen Switzerland C 250 1996 1409
Dubna Russia 200** 1999 922
Uppsala Sweden C 200 1989 1267
Clatterbridge England C 62 1989 2297
Loma Linda CA.,USA S 250 1990 16884
Nice France C 65 1991 4692
Orsay France C 230 1991 5949
NRF - iThemba Labs South Africa C 200 1993 521
IU Health PTC,
Bloomington

IN.,USA C 200 2004 1688

UCSF CA.,USA C 60 1994 1515
TRIUMF, Vancouver Canada C 72 1995 170
HZB (HMI), Berlin Germany C 72 1998 2084
NCC, Kashiwa Japan C 235 1998 1226
HIBMC,Hyogo Japan S 230 2001 3198
PMRC(2), Tsukuba Japan S 250 2001 2516
NPTC, MGH Boston MA.,USA C 235 2001 6550
INFN-LNS, Catania Italy C 60 2002 293
SCC, Shizuoka
Cancer Center

Japan S 235 2003 1365

STPTC, Koriyama-City Japan S 235 2008 1812
WPTC, Zibo China C 230 2004 1078
MD Anderson Cancer
Center, Houston

TX.,USA S 250 2006 3909

UFPTI, Jacksonville FL.,USA C 230 2006 4272
NCC, IIsan South Korea C 230 2007 1041
RPTC, Munich Germany C 250 2009 1377
ProCure PTC,
Oklahoma City

OK.,USA C 230 2009 1045

* S/C = Synchrotron (S) or Cyclotron (C)
** degraded beam
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Table 1.3: Proton therapy facilities in operation in 2013 (B) [PTCOG, 2013].

Who,
Where

Country
S/C* Max.
energy (MeV)

Start of
treatment

Total
patients
treated

HIT, Heidelberg Germany S 250 2009 252
UPenn, Philadelphia PA.,USA C 230 2010 1100
CDH Proton Center,
Warrenville

IL.,USA C 230 2010 840

HUPTI, Hampton VA., USA C 230 2010 489
IFJ PAN, Krakow Poland C 60 2011 15
Medipolis PTRC, Ibusuki Japan S 250 2011 490
CNAO, Pavia Italy S 250 2011 58
ProCure Proton
Therapy Center,
Somerset

NJ., USA C 230 2012 137

PTC Czech r.s.o., Prague Czech Republic C 230 2012 1
SCCA, Proton Therapy,
a ProCure Center,
Seattle

WA., USA C 230 2013 1

* S/C = Synchrotron (S) or Cyclotron (C)

Table 1.4: Carbon therapy facilities in operation in 2013 [PTCOG, 2013].

Who,
Where

Country
S/C* Max.
energy (MeV)

Start of
treatment

Total
patients
treated

HIMAC, Chiba Japan S 800/u 1994 7331
HIBMC,Hyogo Japan S 320/u 2002 788
HIT, Heidelberg Germany S 430/u 2009 980
GHMC, Gunma Japan S 400/u 2010 537
IMP-CAS, Lanzhou China S 400/u 2006 194
CNAO, Pavia Italy S 400/u 2012 22
SAGA-HIMAT,
Tosu

Japan S 400/u 2013 2

* S/C = Synchrotron (S) or Cyclotron (C)
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1.2. Rationale for proton therapy

1.2 Rationale for proton therapy

Proton therapy is a unique field at the border between physics, biology, and
medicine. The potential advantages of using protons in radiotherapy over con-
ventional radiotherapy with photons or electrons arise from these three science
domains.

1.2.1 Physical rationale for proton therapy

The precise range of charged particles in matter is the main advantage offered
by hadrons compared to conventional radiotherapy treatments. A comparison of
depth-dose curves for photon, proton, and carbon ion beams is shown in figure 1.3.
It can be seen that the dose decreases exponentially with penetrating depth for
conventional radiation (photons). However, charged particle beams lose a small
quantity of its energy at the access until the maximum penetration depth is
reached. There, the remaining energy is lost over a short distance, resulting in
the high dose peak, the so-called Bragg peak.

In radiotherapy, the challenge is to destroy cancer cells without affecting the
surrounding healthy tissue. Contrary to X-rays and electrons, protons and heavier
ions e.g., carbon ions, deposit a large part of their energy at a specific point near
the end of their path instead of all along their path. This means that one can
bring large amounts of energy exactly where needed without causing significant
damage along the way.

Normally, the target volume of tumors is much larger than the unmodified
Bragg peak width, as shown in figure 1.4, left. In the treatment of large tumors,
the Bragg peak must be broadened using overlapping beams with different ener-
gies. One technique is accomplished through modulating the particle energy from
pulse to pulse. Here, several pristine Bragg peaks form a superposition of Bragg
peaks (figure 1.4, right). A relatively consistent dose distribution can also be
delivered to tumors by spreading out the Bragg peak through range and intensity
modulation, which can be achieved by using a physical device e.g., ridge filter or
modulation wheel. The resulting spread-out Bragg peak (SOBP) aims to provide
a constant biologically effective dose within the tumor. The physical dose profile
is corrected according to the RBE 1 in order to provide a flat SOBP in the tumor
region. For protons, a constant RBE of 1.1 is used to convert the physical dose

1RBE stands for relative biological effectiveness and is described in section 1.2.2.2.

7



Chapter 1. Physics and biology of proton therapy

Figure 1.3: Depth-dose profiles for photons, protons, and carbon ions. It can be
seen that a large part of the energy of protons and carbon ions is liberated in
a very narrow peak known as the Bragg peak [Crespo, 2005; Fokas et al., 2009;
Kraft, 2000].

to the biological effective dose, whereas for carbon ions the RBE increases with
increasing depth in the tissue [Kraft, 2000].

Figure 1.4: Charged particles have an advantageous radiation depth-dose profile
compared with photons. Left: a comparison of the depth-dose profiles for photons
and charged particles. Right: superposition of Bragg peaks produced from several
pristine Bragg peaks [Durante and Loeffler, 2010].
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1.2.1.1 Stopping power and the Bethe-Bloch formula

The main advantage of charged particles over photons is the fact that charged
particles stop within matter at a known depth, with a maximum energy depo-
sition in the Bragg peak. This effect is characterized by the stopping power,
which is defined as the average energy loss per unit path length, resulting mainly
from Coulomb interactions with bound atomic electrons of the medium. In addi-
tion, charged particles also undergo elastic interactions with atomic nuclei of the
medium [Leo, 1994]. The electronic stopping power has a prevalent contribution
to the total stopping power, whereas the nuclear stopping power has a minor ef-
fect. The contribution of elastic nuclear collisions to total energy loss is very little
(less than 0.1%), when compared with the contribution from electronic stopping
power [Janni, 1982].

Since the energy dissipated in each electronic collision is very small, the energy
loss of the incident charged particle is practically continuous. The mean energy
loss is described by the Bethe-Bloch formula (equation 1.1). It is also called
stopping power and (unrestricted) linear energy transfer 1.

−dE

dx
= Kz2eff

Z

A

1

β2

[

1

2
ln

2mec
2β2γ2Tmax

I2
− β2 − δ

2

]

(1.1)

where Tmax is the maximum kinetic energy that can be imparted to a free electron
in a single collision (equation 1.2). Other variables are defined in table 1.5.

Tmax =
2mec

2(γ2 − 1)

1 + 2γme

M
+ (me

M
)2

(1.2)

where M is the ion mass (at rest) and γ is the Lorentz factor. Moreover, if
M ≫ me, then Tmax w 2mec

2(γ2 − 1) [Leo, 1994].

The two key factors to understand the appearance of the Bragg peak of protons
near the end of their range are 1

β2 and zeff . The 1
β2 ' 1

E
factor yields an increasing

energy loss with decreasing particle energy (equation 1.1), which can be seen in
figure 1.5 for several particles, with the stopping power displayed with units of
LET i.e, keV/µm.

The relation between the velocity of a projectile β and zeff is given by the

1The essential difference between the stopping power and the linear energy transfer is ex-
plained in section 1.2.1.3
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Table 1.5: Variables and values of the Bethe-Bloch equation [Leo, 1994].

Symbol Definition Unit or Value
dE
dx

Energy loss MeV g−1cm2

A Atomic number g mol−1

K
A

4πNA r2ec
2/A 0.307075MeV g−1 cm2

NA Avogadro’s number 6.0221367(36) × 1023 mol−1

Zeff Effective charge of incident particle
Z Atomic number of medium
mec

2 Electron rest energy 0.51099906(15)MeV
I Mean excitation energy eV

δ
Density effect, correction to
ionization energy loss

β v/c of the incident particle

γ 1/
√

1 − β2
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1
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Figure 1.5: Energy loss in water for several ions. The curves were calculated
with the computer code ATIMA (atomic interactions with matter) [Crespo, 2005;
Schwab, 1991]

Barkas formula (equation 1.3) [Barkas et al., 1956].

zeff = z(1 − e−125βz2/3) (1.3)

For heavier ions at low energies a positive projectile starts collecting electrons
from the surrounding target material, thus rapidly decreasing its effective charge
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1.2. Rationale for proton therapy

zeff . Therefore, the two contributions ( 1
β2 and zeff ) cause the special maximum

of energy loss i.e., the Bragg peak. The low energy loss at higher energies ex-
plains the quasi constant plateau of energy deposition at the entrance of the
target [Crespo, 2005; Kraft, 2000].

1.2.1.2 Absorbed dose

The primary physical quantity in dosimetry is the dose D, defined as the mean en-
ergy dE deposited by ionizing radiation in a mass element dm (equation 1.4) [ICRU,
1970].

D = dE/dm (1.4)

Dose is measured in Gray (Gy), where 1Gy = 1 J kg−1.

For a parallel beam of particles with a fluence F , the dose deposited in a
thin slice of an absorber with mass density ρ can be calculated with the formula
reported in equation 1.5 [Ahmed, 2007; Crespo, 2005; Kraft, 2000].

D[Gy] = 1.6 × 10−9 · dE
dx

[

keV

µm

]

· F
[

1

cm2

]

· 1

ρ

[

cm3

g

]

(1.5)

where dE
dx

represents the total energy loss1 of ions in the irradiated material.

1.2.1.3 Linear energy transfer (LET)

When ionizing radiation traverses through matter, it loses energy progressively
through various interaction processes along the length of its path. For a particular
material, the rate of loss of energy depends on energy and type of radiation as
well as the density of the material.

The concept of linear energy transfer (LET) was introduced by Zirkle et al.
[1952] to describe the quality of radiation. It represents the rate at which energy
is deposited by the ionizing particles. In such terms, LET and stopping power
represent the same quantity. Nevertheless, the essential difference between the
stopping power and the LET resides in the fact that some secondary electrons
created by the projectile have enough energy to travel away from the interaction

1The total energy loss, defined as the sum of electronic and nuclear stopping powers.
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Table 1.6: Typical LET values of ionizing radiation [Hall and Giaccia, 2006].

Radiation LET (keV/µm)
Co− 60 γ-rays 0.2
250 kVp X-rays 2.0
10 MeV protons 4.7
150 MeV protons 0.5
14 MeV neutrons 12
2.5 MeV α particles 166
2 GeV Fe ions 1000

point and to deposit their energy in a different area. Consequently, their contri-
bution to the main particle energy loss is then only included in the LET if their
energy is lower than the subscript of the LET [Turner, 2007].

The LET is often expressed in MeV/mm (or keV/µm). In ICRU’16, the LET
is defined as reported in equation 1.6 [ICRU, 1970].

L∆ =

(

dE

dl

)

∆

(1.6)

where L∆ is the LET, dl is the distance traversed by the particle, and dE is the
mean energy loss due to those collisions which have an energy transfer smaller
than a specified energy cut-off value ∆. For instance, L∞ designates the LET
when all possible energy transfers are included and in this case the concept of non-
restricted stopping power is used, whereas L100 means a cut-off value of 100 eV
and it is referred to as restricted stopping power. In such case, the secondary
electrons with energy more than 100 eV are not taken into account, as they leave
the volume of interest around the primary particle track [ICRU, 1970].

In general, ionizing radiation is categorized into low-LET and high-LET, with
charged particle radiation usually being high-LET, because of their greater energy
deposition along their paths, whereas X-rays are categorized as low-LET because
of their sparse ionizations. When a charged particle deposits energy in a target,
it slows down. Consequently, the LET varies along the path of the charged
particle, whereas the energy loss i.e., dE/dx increases (the Bragg peak). Typical
LET values for various types of radiation are listed in table 1.6.
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1.2.1.4 Multiple Coulomb scattering and range straggling

Proton scattering is mainly a result of deflections by atomic nuclei, which is
referred to as multiple Coulomb scattering (MCS). Although the strong inter-
actions also contributes to this phenomenon, most deflections are however due
to the elastic scattering with target nuclei via the Coulomb force [Janni, 1982].
Indeed, as the proton mass (∼ 938 MeV/c2) is about 2 × 103 times higher than
that of the electron (∼ 511 keV/c2), electrons hardly deflect protons. The mass
ratio also explains why heavier ions like carbon ions are deflected much less than
protons [Gottschalk, 2004].

The range of a monoenergetic beam of charged particles with energy E is
defined as the penetration depth at which half of its initial particles have already
stopped [Crespo, 2005]. The reciprocal of the stopping power gives the distance
traveled per unit energy loss. Therefore, the range R is the integral of the stopping
power down to zero energy (equation 1.7) [Turner, 2007].

R =

∫ T

0

− 1

dE/dx
dE (1.7)

where T is the particle kinetic energy.

Since the energy loss against atomic electrons is a stochastic process, a spread
in energy happens after a monoenergetic beam has passed through a given target
thickness. The energy spread leads to range straggling, which is defined as the
fluctuation in path length for individual particles of the same initial energy. As a
charged particle traverses a medium, statistical fluctuations occur in the number
of collisions along its path and in the amount of energy lost in each collision.
Consequently, identical particles starting out under the same conditions will show
a distribution of energies as they pass a given depth and a distribution of path
lengths traversed before they stop. The phenomenon of unequal energy losses
under the same conditions is referred to as energy straggling. The phenomenon
of unequal path lengths is called range straggling [Turner, 2007].

The main contribution to multiple Coulomb scattering theories was developed
by Molière in 1948. The theory of Molière was found to be accurate to better
than 1% on average for protons. It describes the shape of the particle angular
distribution and its characteristic width. The Coulomb scattering distribution is
roughly Gaussian for small deflection angles (< 10◦), however it deviates markedly
from a Gaussian shape for larger angles [Gottschalk et al., 1993]. For small
angles θ, it is preferable to use a Gaussian approximation with a width given
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by [Highland, 1975; Kraft, 2000]:

σθ =
14.1 MeV

βpc
z

√

x

X0

(

1 +
1

9
log10

x

X0

)

, (1.8)

where σθ is the mean scattering angle, p and v are the particle momentum and
speed, z the projectile charge number. Finally, x and X0 are the target thickness
and radiation length1, respectively.

A comparison of lateral spreading of photon, carbon, and proton beams in
water is shown in figure 1.6. This figure reveals that carbon ions have the best
lateral characteristics and protons have a worse lateral spread than well collimated
photon beams, at depths larger than 10 cm.

Figure 1.6: Beam width at different depths in water of photons, protons and
carbon ions [Crespo, 2005; Kraft, 2000]. The corresponding relative depth-dose
profiles are shown in figure 1.3. Despite the initial difference in beam widths, a
lower lateral scattering among the charged species is verified for carbon ions.

1.2.2 Radiobiological rationale for proton therapy

Ionizing radiation was used in the treatment of cancer shortly after the discovery
of X-ray radiation in 1895. At that time, the processes responsible for killing of
cancer cells were poorly understood. However, it is now known that radiation
causes damage to the DNA of living cells, and has a greater biological effect on

1Radiation length is the mean path length required to reduce the energy of relativistic
charged particles by the factor 1/e, or 0.368, as they pass through matter [Nakamura et al.,
2010].
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cancer cells compared to normal tissue [Jackson, 2002]. DNA is the heart of
the cell. It contains all the instructions for producing new cells. It is a complex
molecule formed of two long strands that are twisted around each other and linked
by chemical subunits. The DNA represents roughly 5% of the cell nucleus volume
and its size is around 10µm in diameter [Elsässer and Scholz, 2007; Shikazono
et al., 2006].

1.2.2.1 Biological effects of clustered DNA damage

Ionizing radiation deposits energy in its path, mostly in the form of secondary
electrons, which damage the DNA by creating molecular dissociation. In other
words, DNA may be damaged due to ionization caused by radiation, as presented
in figure 1.7. Clustered DNA damage would be produced where the density of
ionization is high, whereas the isolated damage would be generated where the
ionization density is low.

Figure 1.7: Schematic figure of radiation damage to DNA [Advanced Science
Research, 2008]. There are two main ways where the radiation can damage DNA
inside living cells. Radiation can strike the DNA molecule directly, ionizing and
damaging it. Alternatively, radiation can ionize water molecules, producing free
radicals that react with and damage DNA molecules.

The most severe damage to the cell results when the DNA is injured. There are
two major actions that produce radiation injuries to the DNA inside cells: Direct
and indirect actions. In the case of indirect action, the water inside cells tends
to absorb a large portion of radiation (high frequency radiation or fast moving
particles) and becomes ionized. After that, it produces free radicals 1 in the cell

1Free radicals are short lived and highly reactive molecules such as OH . .
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environment. These free radicals such as OH . (hydroxyl radical) can react with
and damage the DNA molecule. On the other hand, in direct action, radiation
can interact with the DNA molecule through Coulomb interactions, ionizing and
damaging it directly (figure 1.7). Photon irradiation yield mainly indirect effects,
while the opposite is observed for charged particles [Forshier, 2002].

A known important factor that can enhance the radiation damage is the
amount of oxygen in the cells. The presence or absence of molecular oxygen
within a cell influences the biological effect of ionizing radiation: the larger the
cell oxygenation above anoxia, the larger is the biological effect of ionizing radi-
ation.

High-LET radiation is more effective at creating double strand breaks [Hada
and Georgakilas, 2008], and this is one of the factors that creates demand for ion
therapy. The desired outcome of a critical interaction is the death or halting of
function of most cancer cells and the successful repair of healthy cells.

1.2.2.2 Relative biological effectiveness (RBE)

High-LET particles such as carbon ions have additional advantages over low-
LET, since high-LET particles produce more damages in the tumor located in
the Bragg peak and allow to treat tumors that are radioresistant to low-LET
particles such as photons and protons [IAEA and ICRU, 2008].

The LET of a given particle species is closely correlated with its biologi-
cal effectiveness, or the ability of the radiation to permanently damage cancer
cells [Hada and Georgakilas, 2008]. The relative biological effectiveness (RBE) is
defined in equation 1.9, as the ratio of X-rays and ion dose producing the same
biological effect.

RBE =
DX−rays

Dion

∣

∣

∣

∣

isoeffect

(1.9)

Moreover, different types of radiation have, for the same dose delivered to
the target volume, a different effectiveness in killing tumor cells, as shown in
figure 1.8.

The RBE of protons is assumed to be 1.1, based on a broad range of biological
end points, such as dose required to kill 90% of cells, over the full clinical range.
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Figure 1.8: Definition of RBE, the relative biological effectiveness, illustrated
with cell survival curves [Kraft, 2000].

This means that proton beams produce practically the same lethal damage as
conventional photon beams. For carbon ions, the RBE can range between 2 and
5 and it increases before the stopping of the ion at the end of its range. The
reason for the higher RBE is that the ionization density produced by a carbon
ion traversing a cell is twenty times larger than the one of a proton having the
same range [Kraft, 2007].

1.3 Advantages in comparison to photons

In radiotherapy, the main advantage of protons over photons is that protons stop
within matter at a known depth, with a maximum energy deposition within the
Bragg peak (figure 1.3). The precise range of protons in matter is the main
advantage offered by protons compared to conventional X-ray radiation. The
better ballistic of ions over photons allows decreasing the dose to surrounding
tissues by a factor of 2 – 10 [Dosanjh et al., 2010]. The main motivation behind
the use of protons for cancer treatment is its inverted depth-dose profile, i.e,
the Bragg peak, which is capable of greatly improving the dose profile over that
of photon radiation. Unlike protons and heavier charged particles, the depth-
dose profile of photons shows the highest energy deposition shortly after their
entrance in the tissue, which then decreases exponentially as the penetration
depth increases (figure 1.3) [Brown and Suit, 2004].

The initial energy of the protons can be adjusted in order to deposit the
maximum dose at a specific depth in a patient, in contrast to photons which
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Table 1.7: General cost estimation of radiation therapy for combined pro-
ton/carbon, proton-only, and photon facilities [Peeters et al., 2010].

Combined Proton-only Photon
Capital costs (million EUR) 138.6 94.9 23.4
Total costs per year (million EUR) 36.7 24.9 9.6
Cost per fraction (EUR ) 1128 743 233

deliver dose through the entire patient. This gives an advantage to protons,
where there is no dose deposited behind the tumor, thus reducing the probability
of complications and late effects such as secondary tumor formation [Brown and
Suit, 2004]. Moreover, photons lead to a larger volume of normal tissues exposed
to low doses and to an increased total body exposure, which are both known
to increase the risk of radiation-induced secondary cancer [Blakely and Chang,
2004].

Another advantage of protons is that the beam can be driven by magnetic
deflection. Therefore, protons can be directed and shaped in a suitable way. The
lateral scattering of protons is an advantage in comparison to photons, but only
if the penetration depth does not exceed 7 cm, because above this value, lateral
scattering of protons increases very steeply (figure 1.6).

Particle therapy has potentially a better therapeutic rationale than photon
therapy. But, investment costs are much higher. It is estimated that the cost
ratio particle/photon therapy is about 4.8 for combined proton/carbon facility
and 3.2 for proton-only facility [Peeters et al., 2010]. General costs for combined
proton/carbon, proton-only, and photon facilities are presented in table 1.7.

1.4 Advantages in comparison to other charged

particles

Protons have common features with heavy charged particles, such as the Bragg
peak, however there are some differences. As an example, the Bragg peak for
heavy charged particles is narrower than that of protons (figure 1.3), because
heavy particles suffer less Coulomb scattering from target atomic nuclei due to
its larger mass and therefore momentum, thus enabling sharper lateral gradients
to be delineated. However, heavy particles undergo a process called nuclear frag-
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mentation, which does not happen with protons, that enhances the dose beyond
the Bragg peak, and thus delivering unwanted dose distal to the tumor [Crespo,
2005].

The RBE of heavy particles increases with charge up to a certain degree. For
protons, a constant RBE of 1.1 is used to convert the physical dose to the bio-
logical effective dose, whereas for carbon ions the RBE increases with increasing
depth in the tissue. This allows for an increased dose essentially in the tumor,
while sparing the surrounding healthy tissues [Kraft, 2000].

High-LET particles or densely ionizing radiation (heavy charged particles)
have additional advantages over protons. High-LET particles produce more dam-
ages in the tumor located in the Bragg peak and allow to better treat tumors
that are radioresistant to low-LET particles, such as protons [IAEA and ICRU,
2008]. In addition, high-LET particles damage cells mainly through direct action,
which eliminates the dependence on the presence of oxygen within the cell, and
cause unrepairable damage in the DNA whether there is oxygen or not. Moreover,
heavy charged particles may interact with the target through a nuclear reaction,
causing auto and/or target activation, decaying by β+ decay. This is an enor-
mous advantage because the positrons emitted allow monitoring to some degree
the dose delivered to the patient with positron emission tomography (PET) 1

[Crespo, 2005; Cunha, 2010].

1.5 Beam transport systems

Two types of hadron accelerators (cyclotrons and synchrotrons) can be used in
order to produce charged particle beams with sufficient energy to pass through
a beam transport system and reach a target volume with enough intensity. For
instance, figure 1.9 shows a cyclotron and a nozzle of an IBA (Ion Beam Appli-
cation, Belgium) proton delivery system. In the cyclotron, the proton beam is
produced with a fixed energy of 230 MeV. The proton beam is transported into
treatment rooms via beam transport systems using several magnets. At the cy-
clotron exit, a carbon wedge is used to degrade the beam energy below 230 MeV
down to 70 MeV, while associated slits maintain the beam energy spread and
divergence, i.e., spot size, within clinical requirements.

1Positron emission tomography, also called PET imaging or a PET scan, is a type of nuclear
medicine imaging technique that provides medical doctors with functional information regarding
body organs and tissues.
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Performance standards1 of an ion therapy facility (an accelerator, delivery
systems, and beam transport systems) must satisfy a number of clinical require-
ments [Goitein, 2007]. Beam transport systems are used in order to transport
the extracted beam from an accelerator to treatment radiation therapy rooms.
These systems consist of bending (dipole) magnets2 and focusing and defocusing
(quadrapole) magnets3, vacuum chambers, and diagnostic instrumentation. An
efficient and stable transport of the beam from the accelerator to experimental
setups or treatment rooms is needed to transport the given beam to the required
location with the desired physical parameters. The stability of the beam posi-
tion is adjusted by using focusing and defocusing magnets to control the beam
position and profile [Chu et al., 1993].

Figure 1.9: An IBA proton beam delivery system. Left image shows an IBA
proton cyclotron, whereas the right image shows a gantry equipped with IBA
universal nozzle inside a treatment room [Freeman, 2008].

1.6 Beam shaping and dose delivery systems

Beam delivery systems are located in treatment rooms; lying between beam end
lines at vacuum windows and patients. Beam delivery systems have technical
components and a number of devices to adapt the beam, such as modulating
devices, range changing, and shaping devices, etc. Beam delivery systems are
needed to conform the delivered dose to the tumor volume and to spare surround-
ing healthy tissues and critical structures. Two types of dose delivery systems
are used (according to the method of beam spreading): (1) passive dose deliv-
ery systems (or broad-beam technique); and (2) active dose delivery systems (or
pencil-beam technique).

1The performance standards of an ion therapy facility are expressed in terms of beam
intensity, energy, range, distal dose fall-off, and time structure of the extracted beam, etc.

2Bending magnets deviate the charged particle beam, keeping it inside the vacuum chamber.
3Focusing and defocusing magnets control the characteristics of the transported ion beam.
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1.6.1 Passive beam shaping

Passive scattering is the most commonly used in proton and heavy ion therapy.
It consists in producing a broad beam, which is further collimated transversally
to conform itself to the tumor shape. The depth dose of a monoenergetic beam
from an accelerator is modulated by a variable degrader, which can be a rotating
wheel with varying thickness or a ride filter1. The modulator is designed in order
to achieve the predefined depth dose profile. In order to move the modulated
Bragg peak (SOBP) to the desired radiological depth, an additional range shifter
is needed. The distal part of a tumor is conformed using a range compensator,
at the expense of the proximal part.

To deliver a homogeneous in-depth dose distribution in the tumor, a SOBP
is produced by a range modulator, which is basically a wheel with steps of vari-
able thicknesses. Finally, the small sized beam has to be spread out laterally to
cover the whole target homogeneously, which can be achieved either by a double
scattering system, or by a magnetic wobbling system that moves the beam over a
defined area [Schardt et al., 2010]. The principle of passive shaping is illustrated
in figure 1.10.

1.6.2 Active beam shaping

Active scanning systems typically do not include any scattering device in the
nozzle. A scheme of the active scanning technique is shown in figure 1.11. It is
currently the most advanced delivery system based on a pencil beam, which is
moved point-by-point to cover the whole target volume. As a result, this tech-
nique allows conforming better to the tumor shape and sparing healthy tissues.
This system takes advantage of the electric charge of ions, in order to produce
a tightly focused pencil beam that is then deflected laterally by two magnetic
dipoles to allow a scanning of the beam over the treatment field. To conform the
dose to the tumor in depth, the beam energy is modified. This technique has been
used in part for the first time at the Paul Scherrer Institute (PSI) in Switzerland
for proton therapy since 1996 [Soukup et al., 2005]. After, it was tested at the
Gesellschaft für Schwerionenforschung (GSI) in Germany with carbon ions since
1997 [Amaldi and Kraft, 2005] up to 2007. It is now under medical use at the
Heidelberg Ion Beam Therapy Center (HIT, Heidelberg, Germany).

1 The ride filter is a wobbling plate with shaped engravings.
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Figure 1.10: Sketch of a fully passive beam shaping system. For lateral scatter-
ing, sophisticated sets of combined absorber foils are used to reach a homogeneous
dose across the target volume. The outer contours are then defined by apertures.
Depth modulation is more difficult, because the depth distribution has to contain
also the information of the depth-RBE dependence. Consequently, the shape of
the teeth of the ridge filters determines the depth-dose distribution. Finally, com-
pensators in front of the patient can be used to shape the distal fall off [Schardt
et al., 2010].

Figure 1.11: Schematic view of the active beam scanning treatment modality.
The tumor is dissected into slices. Each iso-energy slice is covered by a grid of
pixels for which the number of particles has been calculated beforehand. During
irradiation, the beam is guided by the magnetic system in a row-by-row pattern
from pixel to pixel [Haberer et al., 1993; Kraft, 2007].
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Chapter 2

State-of-the-art instrumentation
for beam diagnostics

2.1 Introduction

The diagnostics is a vital part of any accelerator and it is the organ of sense for
the beam. Beam diagnostics allows us to understand the properties of the beam
and its behavior inside accelerators. It is an important part of any accelerator for
monitoring and assessing the beam. Therefore, an accelerator is just as good as its
diagnostics. Additionally, beam diagnostics is not only needed for the operation of
the accelerator itself, but also for its development. The beam diagnostic demands
at any accelerator facility can be divided into three groups, as follows [Forck, 2011;
Koziol, 2010]:

1. Quick and reliable measurements leading to single numbers or simple plots
in order to determine the basic parameters of the machine. The measuring in-
struments should be non-destructive for the beam i.e., the beam is not disturbed
by the measuring apparatus. For example, beam current measurements using
transformers 1.

2. Beam instrumentation for daily check of performance and stability of the
accelerator setting. These measuring instruments can also be used for malfunction
diagnostics. Such instrumentation can be either destructive or non-destructive.

1See section 2.3.1.

23



Chapter 2. State-of-the-art instrumentation for beam diagnostics

An example of a non-destructive device is a wire scanner 1.

3. Complex instrumentation for solving hard malfunction and for the com-
missioning of new accelerator components. These devices can be complex and
might be destructive for the beam.

After assessing beam values and determining machine parameters using beam
instrumentation, a feedback i.e., active influence of the beam settings, has to be
performed in order to yield an improved beam delivery.

Because the accelerating principle of linear accelerators (LINACs) differs from
that of synchrotrons, their diagnostic devices and methods are different. LINACs
and transfer lines are single pass i.e., the beam passes only one time through
the beam chamber. On the other hand, synchrotrons are considered as multi
pass, where the beam passes many times through the same beam chamber. For
this reason, it is important to use non-destructive methods to monitor the beam
behavior in synchrotrons. In cyclotrons, the beam is accelerated in a spiral path;
therefore destructive methods for monitoring the beam can be used. For example,
beam current measurements using Faraday cups 2.

In non-destructive methods, the beam is not disturbed by the instrument
and the instrument is not destroyed by the beam. The using of destructive or
non-destructive methods for beam monitoring depends on the beam parameters.
Another factor plays an important role in choosing the proper diagnostic devices
for assessing beam parameters is the type of beam itself. If the beam is composed
of electrons, we can always deal with it as relativistic beam 3 in any accelerator.
However, if the beam is made up of protons, then it is considered non-relativistic
if its kinetic energy less than 6.3 MeV 4. Another difference is the emission of syn-
chrotron radiation by electrons even at low energies. However, only at extremely
high energies of E > 1 TeV for protons the synchrotron radiation starts playing a
certain role [Wille, 2011]. Indeed, the proton mass (938MeV/c2) is about 2×103

times larger than that of the electron (0.511MeV/c2). Thereby, the gamma fac-
tor 5 of a 1.5 GeV electron beam is approximately 3000, whereas a proton beam
with 1 TeV energy has a gamma factor of only 1,000. Therefore, the synchrotron
radiation is much greater for electrons than for equal energy protons.

1See section 2.3.4.
2See section 2.2.1.
3Relativistic particle is the particle that moving close to the speed of light.
4The energies at which non-relativistic expressions for mechanical quantities of electrons

and protons are in error by 1% is a reasonable threshold for relativistic treatments [Nave,
2013].

5Gamma factor is the ratio of the energy of the particle to its rest mass-energy.
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Some beam quantities can be assessed using different techniques. On the other
hand, one technique can be used for assessing different beam quantities. Beam
diagnostics is a rich field covering the full spectrum of physics and technology.
There exist vast choices of different types of beam diagnostic instruments, mainly
based on one or more of the following physical processes [Forck, 2011]:

1. Electromagnetic influence by moving charges. This process is described by
classical electromagnetics and it is based on measurements of voltage or current.
For example, transformers 1.

2. Emission of photons by accelerated charges. This process is based on optical
techniques covering electromagnetic spectrum from visible light to X-rays. This
technique is used only for relativistic particles, mainly electrons. For instance,
synchrotron radiation monitors 2.

3. Interaction of charged particles with matter. This diagnostics is described
by atomic and solid state physics and it is based on measurements of beam current
For instance, ionization chambers 3.

4. Nuclear particle physics interactions between the incident particles and
a fixed target or between colliding beams. This diagnostics is based on nuclear
physics and particle detectors. For example, beam loss monitors 4.

The beam current is one of the most important parameters for operation of
particle accelerators; it is the basic quantity of the beam. The first check of
accelerator functionality in almost all accelerators is done by checking the beam
current. The beam current is determined in absolute manner, by displaying the
average current in the form of one single number. There are different devices used
to measure beam current, such as Faraday cups and ionization chambers.

1See section 2.3.1.
2Synchrotron radiation monitor is one of the non-destructive tool to easily obtain infor-

mation about beam position, beam size and beam stability. This monitor diagnoses beam
performance using synchrotron radiation produced when the beam traverses a bending mag-
net [Iriso and Pérez, 2006].

3See section 2.3.5.
4Particle is considered lost if it doesn’t follow design trajectory and interacts with matter.

Beam loss monitor is a device that detects instantaneous radiation caused by beam loss e.g.,
ionization chambers.
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2.2 Instrumentation for destructive beam diag-

nostics

2.2.1 Faraday cups

In general, beam current measurements are important for many experiments that
use high energetic beams. From the first days of accelerators, Faraday cups were
used for current measurements. Their principle of operation is based on shooting
the beam straight into a conducting plate or a cup, and conducting the current to
a measuring instrument via an electrical lead [Kim et al., 2010]. For high current
beams ('10 mA) this destructive method cannot be applied, because the total
energy carried by the beam can damage the cup. Nevertheless, low current beams
can be fully determined using this destructive method. A measurement of 10 pA
is possible with a low noise current-to-voltage amplifier and careful mechanical
design. For higher energetic particles, the range of the beam can be more than
several cm and Faraday cups are not useful any more.

Figure 2.1, left shows schematically the design of a Faraday cup, which con-
sists of an isolated metal chamber that intercepts the charged particle beam, the
cup being connected to an electrical lead which conducts the current to a mea-
suring equipment. Secondary electrons are liberated from the metal cup when
accelerated charged particles hit its surface. The energy of liberated electrons
is on average 10 eV. The liberated electrons can escape into the surroundings
and probably leave the metal cup. As a result, secondary electrons leaving the
cup would result in wrong current measurements. There are three ways to pre-
vent the liberated secondary electrons from leaving the isolated metal cup, as
following [Forck, 2011; Raich, 2005]:

1. Designing the metal cup by making the length of the cup in the beam
direction much longer than the cup diameter. For this long metal cup, the loss
of secondary electrons is low.

2. Applying a high voltage to the suppression ring close to the entrance of
the metal cup, as shown in figure 2.1. Since the liberated secondary electrons
have very low energies of less than 20 eV, a polarization voltage of some 100 V is
sufficient to prevent them from leaving the cup.

3. Applying a magnetic field to the surface of the metal cup by using perma-
nent magnets, as shown in figure 2.1. In this case, the secondary electrons move
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Figure 2.1: Left: Schematic diagram of a Faraday cup with magnetic and electric
suppression of secondary electron emission. It shows a metal cup (blue) and
a measuring electronics (current-to-voltage converter). Right: Photograph of a
Faraday cup [Forck, 2011].

in spiral motion around the magnetic field lines with a cyclotron radius rc given
in equation 2.1.

rc[mm] =

√
2meEkin

eB
= 3.37

√

Ekin[eV ]

B[mT ]
(2.1)

where B is the magnetic field, me is the electron mass, e its charge, and Ekin

being the perpendicular component of the electron kinetic energy.

Usually, Faraday cups operate in vacuum, but some experiments require mea-
suring beam current outside the chamber of an accelerator. For this reason, an
external Faraday cup has been developed by Kim et al. [2010] for low-flux exper-
iments with proton beam energy range up to 45 MeV. This cup is composed of a
vacuum chamber, an entrance window, a collimator, an electrostatic suppressor
ring, and a metal cup. The vacuum pressure inside the chamber during beam
measurements is on average 5 mTorr.

2.2.2 Scintillation-based devices

A scintillator is material that exhibits the property of luminescence when excited
by ionizing radiation. Scintillating materials when struck by a particle, absorb
its energy and scintillate i.e., re-emit the absorbed energy in the form of light,
typically in the visible range. Luminescent materials can emit light via two
processes. The first one is characterized by a direct jump of the excited electrons
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to the base level with a short decay time constant of a few tens of nanoseconds or
more precisely within 10−8 s 1, this process is called fluorescence. In the second
process, the de-excitation passes via an intermediate receiver level and takes much
longer, typically microseconds to seconds. This process is called phosphorescence.
If both processes are present, the light emission is called luminescence. Therefore,
the essential difference between fluorescence and phosphorescence is just a matter
of time [Ahmed, 2007; Knoll, 2000; Leo, 1994].

The four main factors on which the generated light yield of a scintillator
depends are: (1) the scintillation material; (2) the type of radiation; (3) the
energy of the incident particles; and (4) temperature. Desirable properties of a
good scintillator are listed in the following points [Ahmed, 2007; Knoll, 2000]:

1. High conversion efficiency 2 i.e., the produced light should be linear to the
energy deposited in the scintillator material.

2. Large dynamic range i.e., a good linearity between the incident particle
flux and the output light.

3. Decay time 3 of excited states of the scintillator material should be short.
Thereby, fast signal pulses can be generated.

4. The scintillator material should be transparent to its own emission for good
light collection.

5. The scintillator material should be easy to form and it should be possible
to get in large sizes.

6. The scintillator material should be radiation hard, so it will not be de-
stroyed by the incident particles in short time.

7. The wavelength of the scintillation light should be within the spectral range
of the photocathodes of photomultiplier tubes (PMTs 4) and within the spectral

110−8 s being roughly the time taken for atomic transition.
2The effect of decrease in light output of a scintillator due to change in some parameter

such as temperature, energy of the incident radiation, or impurity in the scintillator material
is called quenching.

3Most scintillators produce pulses with very fast rise times (less than 1 ns). However, the
decay time of typical scintillation pulse can be as low as a few nanoseconds and as high as
several milliseconds.

4 Photomultiplier tubes perform two functions: (1) covert ultraviolet and visible light pho-
tons into an electrical signal; and (2) amplify the produced signal, on the order of millions. A
photomultiplier tube consists of an evacuated glass tube containing a photocathode, followed
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range of charge-coupled devices (CCDs).

2.2.2.1 Thin scintillator readout by PMT

The scintillation detector is one of the widely used detection devices in nuclear and
particle physics. In scintillation detectors, when a particle penetrates scintillating
material, the electronic energy loss from the collisions between beam particles
and target electrons creates some fluorescent light. This light can be detected
and amplified using a photomultiplier tube (PMT). In other words, it can be
converted to electrical pulses which can be analyzed and counted electronically to
give information about the incident radiation. A scintillation counter (figure 2.2)
consists of a scintillation material, a light guide, and a device such as PMT that
converts scintillation light into an electrical signal [Leo, 1994].

2.2.2.2 Thin scintillator readout by CCD

A fluorescent screen is a sheet of material coated with fluorescent substance.
Therefore, it emits light when struck by ionizing radiation such as a proton beam.
The beam spot can be directly observed by intercepting the beam with a scin-
tillator screen and viewing the emitted light with a CCD camera. Scintillation
screens are the most direct way of beam profile observation as used from the early
days on. These devices are installed in nearly all accelerators from the source up
to the target. Figure 2.3, left shows schematically a scintillation screen. It is
moved into the path of the beam, and usually it is inclined at an angle of 45◦

to the beam direction as shown in figure 2.3. At an angle of 90◦ to the beam
direction, a CCD camera is used to see the two dimensional image of the beam
cross-section where the beam density information can be extracted [Bal et al.,
2005; Forck, 2011; Koziol, 2010].

The disadvantage of scintillation screens is related to the interception of the
beam. However, the main advantages are listed in the following points [Forck,
2011]: (1) direct two dimension measurement of the beam profile; (2) high spatial
resolution; (3) cheap realization; and (4) observation with a CCD camera with
digital output or video.

Several materials can be used in scintillation screens. Table 2.1 summarizes
some of these inorganic material and their basic properties. In order to compare

by typically 10 to 12 electrodes called dynodes, and an anode [Hamamatsu Photonics K. K.,
2006].
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Figure 2.2: Schematic diagram of a plastic scintillation counter connected to a
photomultiplier tube via a plastic light guide.

Figure 2.3: Schematic diagram (left) and photograph (right) of an intercepting
scintillation screen taped by a CCD camera [Forck, 2011].

the response of various scintillating materials to an incident beam, it is possible to
use a monitor having a screen holder fitted with different screen types, as shown
in figure 2.4.

The matrix Al2O3 (Chromolux) is a ceramic in form of glass. This material
has a high resistance against radiation damage and temperature caused by the
beam, therefore it is commonly used [Jung et al., 2003]. The disadvantages of
the Chromolux are: Its long decay time of about 100 ms and large absorption of
its own emitted scintillation light.

2.2.2.3 Plastic scintillators

Plastic scintillators offer high performance, ease of handling, and mechanical
stability at relatively low cost, consequently the use of plastic scintillators is very
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Table 2.1: Properties of common inorganic scintillators. The last four materials
are so-called phosphor screens, where a powder is deposited on glass or metal
plates [Forck, 2011; Knoll, 2000].

Abbreviation Material Activator Max. emission Decay time
Quartz SiO2 / CsI None / Tl Optical / 550 nm <10 ns / 1 µs
Chromolux Al2O3 Cr 700 nm 100 ms

Li glass Ce 400 nm 0.1 µs
P11 ZnS Ag 450 nm 0.2 µs
P43 Gd2O2S Tb 545 nm 1 ms
P46 Y3Al5O12 Ce 530 nm 0.3 µs
P47 Y2Si5O5 Ce, Tb 400 nm 100 ns

Figure 2.4: Screen holder with three screens (from bottom to top: Cr-doped
Al2O3, Tl-doped CsI, and Quartz) and one empty position for the free passage
of the beam [Jung et al., 2003].

attractive. Plastic scintillators can be made up of a solid solution of organic
scintillating molecules in a polymerized solvent. Because of the ease with which
they can be shaped and fabricated, they have become an extremely useful form
of organic scintillator. Some plastic scintillators are characterized by short decay
time, on the order of nanosecond. This makes the material well suited for fast
timing measurements. The disadvantage of the plastic scintillators is the low
radiation hardness, due to their complex organic molecular structure. Inorganic
crystals have much higher radiation hardness. However, these scintillators are
difficult to produce in larger sizes and in different mechanical shapes, because
they consist of single crystals [Ahmed, 2007; Knoll, 2000; Leo, 1994].

The major problem associated with plastic scintillators is their nonlinear be-
havior i.e., they do not respond linearly to the ionization density. The light yield
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per path length dL/dx as a function of the energy loss per path length dE/dx
for a particle traversing a scintillator is not linear at high loss rates. This behav-
ior is characterized by the so called Birks’ formula (equation 2.2), which posits
that recombination and quenching effects between the excited molecules and the
surrounding substrate reduce the light yield [Ahmed, 2007; Birks, 1951]:

dL

dx
=

A dE/dx

1 + k dE/dx
(2.2)

where A is the absolute scintillation efficiency and k is Birks’ constant, which
must be determined for each scintillator by measurement.

The light emission wavelength and the decay time depend on the type of
organic activator and on the host material. Plastic scintillators are commercially
available in a wide selection of standard sizes such as Pilot U [Eljen Technology
team, 2013].

2.2.3 Thermoluminescent dosimetry

The term thermoluminescence stands for thermally stimulated luminescence i.e.,
emission of light by thermal stimulation. Thermoluminescent (TL) materials
have the ability to store energy delivered by ionizing radiation and then release
it after being exposed to heat i.e., after their temperatures are raised above a
certain level. Thermoluminescent materials are used as radiation detectors since
1950s. Since that time such detectors are being extensively used in personal
dosimetry applications. Thermoluminescent dosimetry is one of the commonly
used methods for measured integrated dose. The thermoluminescent material is
used to record dose and then it is taken out of the radiation environment to read
the recorded value of dose.

The band theory of solids can be used to explain thermoluminescence phe-
nomenon. Thermoluminescent materials consist of crystals to which a small con-
centration of impurity is added as an activator e.g., CaSO4 : Mn, where the
manganese is the activator. Some others do not require the addition of an acti-
vator. TL materials are exhibited by host of materials such as glasses, plastics,
and some organic solids. The crystal defects and impurities in TL materials can
produce energy levels inside the forbidden gap. Such levels, which act as electron
traps, can be used to store information in TL materials. When a TL material
is irradiated by ionizing radiation, electrons and holes are produced, as shown
in figure 2.5. The incident radiation elevates electrons from the valence band to
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the conduction band and leaves behind vacancy holes in the valence band. Dur-
ing irradiation, electrons can be trapped at the defect sites near the conduction
band i.e., a metastable site. When the TL material is heated, these trapped
electrons get enough thermal energy to escape from the trap to the conduction
band. From here they may get re-trapped again at impurity levels near the va-
lence band and emit photons during this process. The electrons in impurity levels
near the valence band finally falls into the valence band and recombine with the
holes [Ahmed, 2007; Gei, 2002].

Figure 2.5: A simple model of energy absorption in a TL material. This dia-
gram shows processes involved in radiation induced electron/hole trapping and
subsequent recombination on thermal stimulation with associated light photon
emission [Ahmed, 2007].

The phenomenon of thermoluminescence is exploited in detectors called ther-
moluminescent detectors (TLDs), which are memory devices used to monitor
absorbed dose over a period of time. These devices have been highly successful
because of their following advantages: (1) wide useful dose range; (2) small phys-
ical size; (3) there is no need for high voltage or cables 1; and (4) their tissue
equivalence for most radiation types. The disadvantages of these materials are:
(1) they can not be used to measure instantaneous doses; and (2) they are not as
accurate as electronic detectors [Ahmed, 2007; Janovsky and Ross, 1993; Knoll,
2000].

1Thermo-Luminescent Detectors (TLDs) do not need any electronic circuitry for operation
and can be easily installed and retrieved.
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An example of a thermoluminescent dosimeter is lithium fluoride. A small
crystal of lithium fluoride (LiF ) containing a small quantity of manganese as
an impurity is placed into a holder. The TLD crystal absorbs and stores the
energy from ionizing radiation that strikes it. When heated, this stored energy
is released from the crystal in the form of light. When reading the TLD crystal,
it is placed in a dark chamber equipped with a photomultiplier tube (PMT)
(figure 2.6). When the crystal is heated, the photomultiplier converts the light
into an electronic signal which then is amplified and on through the system for
analysis. The resulting output of the TLD recorder is called a glow curve and the
area under this curve is directly proportional to the absorbed dose in the TLD
crystal [Ahmed, 2007; Gajewski, 2013].

Hsu et al. [1998] described the response of the thermoluminescent dosimeter
CaF2 : Tm (TDL-300) to protons with energies between 15 and 30 MeV. Glow
curve analysis indicates that the response of CaF2 : Tm to protons depends on
beam energy and beam current.

Figure 2.6: Schematic diagram of a simple TLD readout system. It shows a
power supply, a heater, a thermocouple, a TLD, an optical filter, a PMT, and a
recorder [Ahmed, 2007].

2.2.4 Film dosimetry

Radiographic films used in diagnostic radiology were used widely before afford-
able radiochromic films were introduced. The former were based on silver halide
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film technology from the photographic industry. Radiographic films were de-
signed primarily for detecting low energy keV radiation. These films have two
disadvantages: (1) the need for dedicated developers and darkrooms; and (2) the
presence of silver causes strong energy dependence of the film response to radi-
ation. For quantitative dose measurements in MeV beams, radiochromic films
were developed. The radiochromic film consists of a single or double layer of
radiation-sensitive organic microcrystal monomers, on a thin polyester base with
a transparent coating [Kirby, 2011].

Film dosimetry is based on the so called radiochromatic materials, which
change color when exposed to ionizing radiation. The amount of this coloration
is proportional to the delivered dose i.e., the darkness of the irradiated films
increase with increasing absorbed dose. Therefore, radiochromatic films provide
a direct way of dose measurements. The degree of film coloring is measured by
the optical density of the film (OD) (equation 2.3): with OD representing the
reduction in the intensity of light that is transmitted through the film when a
white light source is shone on it after irradiation. Since white light is composed
of photons of different wavelengths, its transmission through the film depends on
the absorption coefficient at each wavelength. Thus the film appears colored.

OD = log(I0/I) (2.3)

where I0 is the light intensity with no film present, and I is the light intensity
that passes through the film [Ahmed, 2007; Butson et al., 2003]. The reason
for defining optical density in this way is that the ratio I0/I has an exponential
dependence on dose D. Therefore, the relationship between OD and dose is
usually close to linear in the main range of operation.

Radiochromic films do not require a developer or a darkroom facility like
radiographic films [EBT2 team, 2009]. Earlier versions of radiochromic films
such as HD-810 (formerly: DM-1260) has nominal dose range from 10 Gy up to
1000 Gy [Soares, 2013]. Radiochromic films were limited to industrial irradiation
facility use. As film production technology improved, radiochromic films like the
MD-55 were introduced to clinical and research environments for MeV beams.
The nominal dose range of MD-55 films is 1 – 100 Gy [Soares, 2013]. However,
across a sheet of MD-55 film, the sensitivity varies by up to 15%. Such sensitivity
variation makes these films unattractive for accurate dose distribution measure-
ment. Gafchromic R© external beam therapy (EBT) films were released for the
first time in 2004 by the International Specialty Products (ISP, Wayne, NJ).
These films are the first type of radiochromic films suitable for use with doses
as low as the typical doses occurring in radiation therapy. The nominal dose

35



Chapter 2. State-of-the-art instrumentation for beam diagnostics

range of Gafchromic R© EBT films ranges from 0.05 Gy up to 100 Gy. In 2009, the
Gafchromic R© EBT film was replaced by Gafchromic R© EBT2 that incorporates
a yellow marker dye in the active layer and a synthetic polymer as the binder
component. The nominal dose of Gafchromic R© EBT2 films ranges from 0.01 Gy
up to 40 Gy [ISP team, 2010].

In 2011 a new generation of radiochromic films, Gafchromic R© EBT3, has
become available. Gafchromic R© EBT3 has the same composition and thickness
of the sensitive layer of the previous Gafchromic R© EBT2 film, but its symmetric
layer configuration allows the user to eliminate side orientation dependence, which
is reported for EBT2 films. Additionally, it makes the product more robust and
allows water immersion [Borca et al., 2013].

The different models of Gafchromic R© films are relatively new films developed
specifically for absorbed dose measurement of high energy photons, to speed up
the workflow and to improve the spatial accuracy of dosimetric measurements.
These films are used for daily quality assurance measurement of beam parameters
such as beam position and beam size. Because of their high spatial resolution
in two dimensions of less than 0.1 mm, tissue equivalence, energy independence
for photons, electrons and protons, and high sensitivity, Gafchromic R© films are
promising candidates for many applications. The alignment of proton beam verifi-
cation in many facilities can be performed using these films. The longitudinal and
the lateral proton beam profiles can be assessed using Gafchromic R© films [Kirby
et al., 2010; Martiśıková and Jäkel, 2010].

Gafchromic R© films are attractive in radiotherapy because of their self devel-
oping behavior. In addition, they can be handled and prepared in visible light
and they do not need any chemical or physical processing. This property elimi-
nates the needs for darkrooms. This feature is not available for the other kinds
of films but it is still recommended to keep the films in dark when they are not
in use [Zhao and Das, 2010]. Furthermore, Gafchromic R© films can be immersed
in water phantoms since the active layer is protected by two polyester substrates.
In addition, they withstand temperatures up to 70◦ C. The films may be stored
at room temperature but it is better to store them at refrigerator temperature.
It is recommended that the film be handled and prepared at room temperature.
Gafchromic R© films are available in large size and they are convenient to handle
and can be easily cut to required shapes and sizes. Moreover, they can be marked
with marker pen as needed since the outer layers are polyester [EBT2 team, 2009;
Kirby, 2011; Martiśıková and Jäkel, 2010].

Gafchromic R© films are constructed of clear, polyester outer layers which sand-
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Table 2.2: Nominal atomic abundances of Gafchromic R© EBT2 film, based on
data received from the International Specialty Products (ISP, Wayne, NJ) [EBT2
team, 2009].

Element Symbol Atomic abundances (%)
Carbon C 42.37

Hydrogen H 40.85
Oxygen O 16.59
Lithium Li 0.10
Chlorine Cl 0.04
Nitrogen N 0.01

Potassium K 0.01
Bromine Br 0.01

wich two sensitive layers of microcrystalline diacetylene suspended in gelatin [Rink,
2008]. Irradiation of Gafchromic R© EBT2 films causes a solid-state polymeriza-
tion via a free-radical mechanism, and the newly formed polydiacetylene chains
exhibit a black color, the blackness of which correlates to the dose deposited
in the sensitive layers [Kirby et al., 2010]. Figure 2.7, right, shows the con-
figuration of a Gafchromic R© EBT2 film, which is made by laminating an ac-
tive film coating by adhesive layers, where a 30µm active layer is coated on
175µm polyester layer. The over laminate consists of 50µm polyester layer and
25µm adhesive layer [EBT2 team, 2009; ISP team, 2010]. The atomic abun-
dances of a Gafchromic R© EBT2 film are listed in table 2.2. The density of
Gafchromic R© EBT2 was found to be 1.2224g/cm3 using SRIM/TRIM simula-
tion toolkit [Ziegler, 2013].

Figure 2.7: Configuration of Gafchromic R© EBT (left) and EBT2 (right) dosime-
try films.
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2.2.5 Semiconductor-based devices

A semiconductor detector (solid state detector) is a device that uses a semicon-
ductor to detect both traversing charged particles and photons. These detectors
are fundamentally different from scintillation detectors 1; they are based on de-
tection of charge carriers (electrons and holes) generated in semiconductors by
the energy deposited from ionized particles [Leo, 1994].

In a semiconductor detector, the radiation is measured by means of number
of charge carriers set free in the detector. An electric field is applied to the de-
tector volume using two electrodes. Figure 2.8 shows the energy band structure
of insulators, semiconductors, and conductors. The band gap in insulators and
conductors are opposite to each other, being very large for insulators (∼6 eV)
and non-existent for conductors. Semiconductors, on the other hand, have a
small band gap, the smaller the band gap, the easier it is for electrons to move
to the conduction band. An electron in the semiconductor is fixed in its valence
band till a radiation interaction provides the electron enough energy to move
to the conduction band, thereby ionizing radiation produces free electrons and
holes [Ahmed, 2007]. The number of electron-hole pairs is proportional to the
energy transmitted by the radiation to the semiconductor [Knoll, 2000]. As a
result, a number of electrons are transferred from the valence band to the con-
duction band, and an equal number of holes are created in the valence band.
Electrons in the conduction band can respond to the electric field between the
two electrodes of the detector, and therefore move to the positive contact that
is creating the electrical field. When the electrons are drifted to the positive
voltage, the holes are drifted to the other direction, producing a current in the
detector. The electrical signal is sent to a preamplifier and on through the system
for analysis. As the amount of energy required to create an electron-hole pair is
known, and it is independent of the energy of the incident radiation, measuring
the number of electron-hole pairs allows the energy of the incident radiation to
be assessed. Common semiconductor-based detectors include silicon, germanium,
and diamond [Ahmed, 2007; Leo, 1994; Lutz, 1999].

Semiconductor detectors have several advantages listed in the following points
[Knoll, 2000; Lutz, 1999]:

1. High energy resolution. The energy required for production of electron-hole
pairs is very low compared to the energy required for production of electron-ion

1See section 2.2.2.1.
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Figure 2.8: Simplified energy band structure diagrams for insulators, semiconduc-
tors, and conductors. The electronic configuration of atoms consists of a valence
band where atomic electrons reside, a forbidden band, and a conduction band. In
semiconductors, the forbidden band is on the order of 1 eV, where electrons with
enough energy can jump to the conduction band. As temperature of the material
is increased, electrons gain more thermal energy and it is easier for them to jump
to the conduction band [Ahmed, 2007].

pairs in a gas detector 1, for example.

2. Relatively fast timing characteristics. The time resolution is very good
since electrons travel very fast in the conduction band.

3. Compact size. Compared with gaseous ionization detectors, the density of
a semiconductor detector is very high, and charged particles of high energy can
give off their energy in a semiconductor of relatively small dimensions.

4. The effective thickness of the detector can be varied to match requirements
of the applications.

2.2.5.1 Silicon-based semiconductor

Semiconductor detectors can be used as particle counters. For charged particles
detection, silicon is the most widely used semiconductor material. In typically

1See section 2.3.5.
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about 100µm thick depletion layer of doped silicon crystal, electron-hole pairs
are generated by the energy deposited from the ionized particles (figure 2.9).
Electrons and holes are swept away under the influence of the electric field and a
proper electronics can collect the charges [Forck, 2011].

Most silicon particle detectors work in principle by doping narrow (nearly
100µm wide) strips of silicon to make them into diodes, which are then reverse
biased. As charged particles pass through these strips, they cause small ion-
ization currents which can be detected and measured. Silicon detectors have a
much higher resolution in tracking charged particles than older technologies e.g.,
ionization chambers. The disadvantage of these detectors is that they are much
more expensive than those older technologies [Knoll, 2000].

Figure 2.9: Schematic diagram of semiconductor detector (silicon-based detector).
Radiation incident upon the semiconducting junction produces electron-hole pairs
as it passes through it. Electrons and holes are moved away under the influence
of the electric field. The sensitive volume of the semiconductor detector (depleted
region) is an electronically conditioned region in the semiconductor material in
which liberated electrons and holes move freely [NSEP team, 2011].

The silicon-based semiconductor has several desirable features listed in the
following points [Ahmed, 2007; Knoll, 2000; Lutz, 1999]:
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1. Semiconductor with moderate band gap of 1.12 eV.

2. Room temperature operation. The thermal energy of silicon semiconductor
is 25 meV i.e., little cooling for silicon-based detectors is typically required.

3. The energy required for creating an electron-hole pair is 3.6 eV. This value
of energy for electron-hole pair creation is low when compared to the energy re-
quired to create an electron-ion pair in an ionization chamber 1. Consequently,
the carriers yield in silicon-based detectors is higher than that in ionization cham-
bers, and thereby the energy resolution is better.

4. The carrier mobility is high. Therefore, the time needed to collect the
entire signal is typically less than 30 ns.

2.2.5.2 Diamond-based semiconductor

Diamond-based detectors have many similarities with silicon-based detectors,
however diamond-based detectors offer significant advantages, in particular high
radiation hardness 2, i.e., less vulnerability to radiation damage. Using diamond
as a detector is not a new technology and as early as the 1920s highly selected
natural diamonds were being used for ultraviolet (UV) light detection. The recent
commercial availability of high purity single crystal diamond with excellent bulk
uniformity is however a new development. Diamond-based detectors (figure 2.10)
are much more expensive and more difficult to manufacture when compared to
silicon-based detectors.

There are several reasons for choosing diamond to be used as a detector, which
are listed in the following points [Breidenbach et al., 2004; Stolz, 2013; Tapper,
2000]:

1. High sensitivity i.e., low absorbance gives great throughput, improving the
detector sensitivity.

2. High temperature operation without the needs for cooling because diamond
has high thermal conductivity.

1For example, the energy required to create an electron-ion pair (W-value) in an ionization
chamber that contains argon in its active region is 26 eV. See section 2.3.5.

2For diamond the main damaging effect of radiation is the production of energy levels
inside the band gap. These gaps can act as electron traps and thus introduce non-linearity and
degradation in the detector response.
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Figure 2.10: Sketch of a simple diamond-based detector [Tapper, 2000].

3. Radiation hard up to 1015 protons/cm2.

4. Wide band gap of 5.5 eV. Consequently, there is no noise generated ther-
mally i.e., diamond can be used at room temperature.

5. High hole and electron mobilities. The high mobility of free charges in
diamond is a positive factor for radiation detection since it implies fast charge
collection and consequently fast overall response of the detector.

6. Good spatial and temporal resolution achievable.

7. Low leakage current. At room temperature the resistivity of diamond
is about 6 orders of magnitude higher than that of silicon. Due to such high
resistivity and large band gap the leakage current is extremely small.

Due to the aforementioned advantages of diamond-based detectors, they are
used in several fields, such as high energy physics, medical therapy, synchrotrons
and cyclotrons. Table 2.3 summarizes the main properties of silicon and diamond
crystals. The signal generated in a diamond-based detector is faster than that
generated in a silicon-based detector, because the carrier mobilities in diamond
are larger than that in silicon. Furthermore, in diamond-based detectors, more
energy is required to damage their crystal structure, since the displacement energy
of diamond (43 eV/atom) is larger than that of silicon (13 – 20 eV/atom). Finally,
it can be concluded, based on the average signal values for both diamond and
silicon (table 2.3), that the signal amplitude for the same thickness detector is
about half for diamond when compared to silicon.
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Table 2.3: Properties of silicon and diamond crystals [Ahmed, 2007; Breidenbach
et al., 2004; Stolz, 2013].

Property Silicon Diamond
Band gap, Eg(eV ) 1.12 5.5
Resistivity (Ωcm) 2.3×105 >1011

Intrinsic carrier density (cm−3) 1.5×105 <103

Electron mobility, µe (cm2/Vs) 1500 1800
Hole mobility, µh (cm2/Vs) 450 1200
e–h creation energy (eV) 3.6 13
Displacement energy (eV/atom) 13 – 20 43
Mass density (g/cm3) 2.33 3.52
Dielectric constant 11.9 5.7
Radiation length, X0(cm) 9.4 12.2
Average signal (e–h/µm) 89 36

2.3 Instrumentation for non-destructive beam

diagnostics

2.3.1 Transformers

The beam current is the basic quantity of any charged particle beam. It is the
first check of any accelerator functionality. In several cases, the beam current
is measured with transformers. Their principle of operation is based on mea-
suring the magnetic field induced by the beam (figure 2.11). Transformers are
non-destructive devices i.e., they are independent of the beam energy. In an ac-
celerator, the beam current of N charged particles of charge state q per unit time
t or length l and velocity β = v/c is given by equation 2.4 [Forck, 2011].

Ibeam = qe · N
t

= qe · βc · N
l

(2.4)

where e is the electron charge (e = 1.6 × 10−19C).

The magnetic field carried by the beam has only azimuthal component due
to the cylindrical symmetry, as shown in figure 2.11. The relation between this
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Figure 2.11: Schematic view showing the magnetic field induced by a charged
particle beam [Forck, 2011].

Figure 2.12: Schematic view of a current transformer for pulsed beams. The
pulsed beam, such as a current-carrying wire, creates a magnetic field and the
transformer feels this field.

magnetic field and the beam current and distance r is given by equation 2.5.

~B = µ0

Ibeam
2πr

~eϕ (2.5)

with µ0 = 4π · 10−7V.s/A.m being the magnetic permeability of the vacuum and
r being the distance between the center of the beam and the point where the
magnetic field is measured.

The pulsed beam current can be determined by monitoring the accompanied
magnetic field using a current transformer (figure 2.12). In transformers, the
pulsed beam is considered as a primary winding. An insulated wire wrapped
around a torus with N turns, serves as a secondary winding of the transformer
with an inductance L. The torus is used in order to: (1) increase the inductance of
the transformer; and (2) guide the magnetic field lines to the secondary winding,
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where only the azimuthal component of the magnetic field is measured. The
inductance of a torus of relative permeability µr and N windings is reported in
equation 2.6.

L =
µ0µr

2π
· lN2 · ln(

rout
rin

) (2.6)

where l is the length of the torus material in the beam direction, rin is the inner
radius of the torus, whereas the outer radius is rout.

For a loaded current transformer with low ohmic resistance R, the primary
current (beam current) Iprim is a function of the secondary current Isec in the
isolated wire wrapped around the torus (equation 2.7) [LHC team, 2013].

Isec
Iprim

=
Nprim

Nsec

(2.7)

The beam acts as primary winding with one turn (Nprim = 1), therefore the beam
current is given by equation 2.8.

Ibeam = N · Isec (2.8)

where N being the number of turns in the secondary winding. For most practi-
cal cases a measurement of voltage V is preferred, therefore the resistance R is
introduced (figure 2.12), leading to equation 2.9.

V = R · Isec ⇒ Ibeam = N · V
R

(2.9)

At LHC 1 two DC current transformers (DCCT) (figure 2.13) and two fast
beam current transformers (FBCT) are being used per ring i.e., eight transformers
in total are being used because the LHC has two rings. The principles of operation
of the DCCT and the FBCT transformers are beyond the scope of this thesis.

2.3.2 Secondary electron monitors

The emission of secondary electrons from a metallic surface due to beam energy
loss can be exploited in order to assess the intensity of high current beams. Such

1LHC stands for large hadron collider.
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Figure 2.13: Photograph of DC current transformer (DCCT) being used at LHC
at CERN [Odier et al., 2009].

a setup is shown schematically in figure 2.14, where three 100µm thick aluminum
foils are used. The outer two foils are biased by typically 100 V to ensure that
the liberated electrons are rapidly cleared away. Otherwise, an electron cloud
may form over the foil surface and impede further emission. The middle foil
is connected to a sensitive current amplifier where the beam current Ibeam can
be assessed by measuring the secondary electron current Isec. The formula that
relates both currents is known as Sternglass formula, which is reported in equa-
tion 2.10 [Forck, 2011; Sternglass, 1957].

Isec = Y · dE

ρ dx
· Ibeam, (2.10)

with Y being the yield factor describing the amount of secondary emission per
unit of energy loss at the surface of the metal foil, ρ is the density of the foil
material, and dE/dx is the stopping power for the incident beam in this material.
It must be taken into account that only electrons liberated close to the surface
have enough energy to overcome the work function 1 of the metal. As a result,
most of the liberated electrons are emitted with a relatively small kinetic energy
of less than 10 eV due to the thermalization process inside the material. Since
this phenomenon is a surface phenomenon, the secondary emission coefficient
is not only depend on the material but also on the state of cleanliness of its
surface [Karzmark, 1964; Koziol, 2010].

1Work function (Φ) is the least energy necessary to free an electron from a metal surface.
The work function of aluminum, for example, is 4.08 eV [Tipler and Llewellyn, 2008]
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Figure 2.14: Schematic diagram (left) and photograph (right) of a secondary
electron monitor made of 3 aluminum foils used for current measurements at the
Gesellschaft für Schwerionenforschung (GSI) in Germany [Forck, 2011].

2.3.3 Secondary electron emission (SEM) grids

Secondary electron emission (SEM) grids make use of the phenomenon that under
the impact of beam particles on some solid materials, electrons are liberated from
their surfaces, therefore producing a flow of current. Beam position and beam
intensity can be assessed using an array of sensing wires with typically 1 mm
spacing (figure 2.15). The sensing wires pick up the beam current when the grid
crosses the beam.

Figure 2.15: Photograph of a SEM grid made of thin ribbons attached to contacts
on a ceramic frame [Koziol, 2010].

For assessing the beam profile, individual wires of a SEM grid interact with the
beam; each wire has an individual current-to-voltage amplifier. W-Re (tungsten-
rhenium) alloys are often used in fabricating the metallic wires for their excellent
refractory properties [Savitskii et al., 1960]. A SEM grid in the form of an array
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of wires is a much-used device in assessing beam profiles. Sequential display of
the signals from the wires gives the beam profile as shown in figure 2.16. To
enhance the signal strength, the whole array can be inclined with respect to the
beam direction, therefore presenting a greater effective surface. When the signal
strength is not a problem, the array and the electrodes can be made of thin
wires, as a result this instruments becomes nearly a non-destructive beam profile
monitor [Koziol, 2010].

Figure 2.16: Scheme shows a SEM grid consisting of an array of sensing wires, seen
in beam direction (left) and transverse beam profile obtained from the sensing
wires (right).

Care has to be taken to prevent overheating by energy loss. For low energy
beams, the ratio between wire spacing to the wire width can be 10 (spacing-to-
diameter ratio = 1mm/0.1mm = 10) i.e., the energy loss in this case represents
only 10%. On the other hand, for high energy beams (Ekin > 1 GeV/u), wires
with larger width can be used, due to negligible energy loss in this case [Forck,
2011].

Park et al. [2006] developed a current sensor module in order to measure the
beam profile of a 45 MeV proton beam from a cyclotron. The wires of the sensor
were made from tungsten and they were assembled into an array and placed in
parallel with the beam direction. The current output from each wire is amplified
using a trans-resistance amplifier. When the wire ensemble is scanned across the
beam, the beam position and intensity can be obtained from the measured output
current of each wire. Normally, all sensing wires are placed in the perpendicular
direction to the incident beam, as shown in figure 2.17, left. The wire in this
configuration measures the average beam current along itself. In such case, it is
difficult to obtain the beam position accurately. To overcome this problem, Park
et al. [2006] proposed to place the sensor in parallel with the incident beam. In
this case, each wire detects the beam intensity at the given position. Therefore,
by scanning the array vertically, the whole beam profile can be determined ac-
curately. The current from each wire is converted into a voltage by a cascade
differential amplifier, then the measured voltage is digitized to determine the
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beam properties.

Figure 2.17: Schematic view shows a conventional BPM (beam position monitor)
(left) and the one proposed by Park et al. [2006] (right). In the conventional
BPM, all sensing wires are placed in the perpendicular direction to the incident
beam, whereas in the proposed one all the wire are placed in a direction parallel
to the beam.

2.3.4 Wire scanners

The SEM grid, which is made of several wires (with individual expensive electron-
ics), disturbs the beam too much, mostly through multiple Coulomb scattering.
Therefore, instead of using a fixed grid, one single wire can be used to scan the
beam, as shown in figure 2.18. In wire scanners, the resolution is not limited
by the wire spacing, as the case of SEM grids. Thus beam position and beam
profiles can be measured with high spatial resolution [Forck, 2011].

A fast moving wire can be used even on a circulating beam. Speeds of 20 m/s
have been obtained with a thin carbon wire, which allowed beam profiles to be
assessed without disturbing the beam [Koziol, 2010].

The wire is usually made from carbon due to its low weight and low nuclear
charge. As a result, low energy loss occurs due to Bethe-Bloch formula (dE/dx ∝
ρ · Z/A). Furthermore, this material can withstand high temperatures without
melting. The thickness of the wire can be down to 10µm in order to achieve high
resolution.

2.3.5 Gas-filled chambers

Ionization chambers are one of the earliest constructed radiation detectors. Be-
cause of their simplicity in design and well understood physical processes, they are
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Figure 2.18: Pendulum scanner or “flying wire” being used at CERN synchrotron.
The wire is extended between tips of two lightweight arms [Forck, 2011].

still one of the most widely used detectors. These devices are based on direct col-
lection of electrons and ions created in an active gas by passing radiation through
it. A gas is the most obvious medium to be used for collection of ionization from
radiation, because of the high mobility of electrons and ions in this medium. The
ionization chamber is composed basically from two parallel plates maintained at
opposite electrical potentials, as shown in figure 2.19. The curvature in the elec-
tric lines of force at the edges of such detector can potentially cause nonlinearity
in the response of the ionization chamber to the incident charged beams, however
with proper designing this problem can be overcome. Figure 2.20 shows three
metalized electrodes confined with active gas inside a chamber. Two of these
metalized electrodes are biased with about 1 kV to separate charges generated in
the gas gaps. The third electrode measures the amount of secondary charge with
a current amplifier [Forck, 2011; Leo, 1994].

Figure 2.19: Schematic diagram of a parallel plate ionization chamber (left) and a
two dimensional view of electric field inside its active volume (right). The curved
electric field at the sides may induce nonlinearity in the response of the ionization
chamber to incident beam [Ahmed, 2007].
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Figure 2.20: Diagram of ionization chamber. It shows three metalized electrodes
confined with active gas inside the chamber. Charged particles passing through
the chamber ionize the gas, the ions travel towards the cathode, whereas the elec-
trons travel towards the anodes, thus the beam current can be measured [Forck,
2011].

When the beam crosses about 5 mm of active gas, the collisions with the gas
molecules produce ion-electron pairs i.e., charged molecules and free electrons.
Due to the biased voltage between the two electrodes of the ionization chamber, an
electric field is present; therefore the ions and electrons move apart, each moving
in opposite directions along the electric field lines until they reach the electrode
conductors that are producing the electric field. The voltage should be in the
plateau region (ion chamber region), where all generated charges are collected
but no avalanche occurs (figure 2.21). The collection efficiency of electron-ion
pairs in the recombination region increases with applied voltage until all created
charges get collected. Further increasing the biased voltage does not affect the
measured current. The current measured by the associated electronics in this
region (i.e., ion chamber region) is called saturation current and is proportional
to the energy deposited by the incident radiation.

Due to the large statistical fluctuations associated with the energy required
to produce an electron-ion pair, its average value is used, which it is called the
W-value. This value represents all ionizations that occur inside the active volume
of the chamber. Sometimes it is important to know the primary ionization yield
as well. However, because of almost inevitable secondary ionizations that occur
at nominal applied voltages, it is important to determine this number experi-
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Figure 2.21: Variation of pulse height produced by different types of detectors
with respect to applied voltage. The two curves correspond to two different en-
ergies of incident radiation. In case of ionization chambers, the biased voltage
should be in the plateau region (ion chamber region), where all charges are col-
lected but no avalanche occurs [Ahmed, 2007].

mentally. Table 2.4 summarizes W-value, primary ionization yield , and total
ionization yield for some gases at standard atmospheric conditions for minimum
ionizing particles.

In the ion chamber region, all electrons created by the beam in the active
length ∆x of the ionization chamber are collected at the anode of the chamber.
By using the W-value of the gas and the calculated linear energy transfer of the
beam in the gas, dE/dx, the beam current Ibeam can be calculated using equa-
tion 2.11. The precision of such measurements depends mainly on the accuracy
of the stopping power calculations. A secondary current down to the pA region
can be measured precisely using ionization chambers [Yun et al., 2008].

Isec =
1

W
· dE
dx

4 x · Ibeam (2.11)

In most cases, pure argon (Ar) is used as an active gas in ionization chambers,
sometimes it is mixed with about 10% of molecular gases such as CO2. Gases
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Table 2.4: Ionization potentials Ie, W-values, stopping powers (dE/dx), primary
ionization yield np , and total ionization yield nt for some gases (ip stands for the
number of electron-ion pairs) Ahmed [2007]; Forck [2011].

Gas
Density
(×10−4g/cm3)

Ie (eV)
W-value
(eV/pair)

dE/dx
(keV/cm)

np

(ip/cm)
nt

(ip/cm)

H2 0.8 15.4 37 0.34 5.2 9.2
He 1.6 24.6 41 0.32 5.9 7.8
N2 11.7 15.5 35 1.96 10 56
O2 13.3 1.2 31 2.26 22 73
Ne 8.4 21.6 36 1.41 12 39
Ar 17.8 15.8 26 2.44 29 94
Kr 34.9 14.0 24 4.60 22 192
Xe 54.9 12.1 22 6.76 44 307
CO2 18.6 13.7 33 3.01 34 91
CH4 6.7 10.8 28 1.48 46 53

with high electron affinity 1, like O2 and H2O, should be avoided. The presence
of negative ions enhances the recombination with positive ions, resulting in a
smaller amount of measured secondary charge.

Ionization chambers are not vulnerable to radiation because inert gases, single
or diatomic, such as Ar and air are usually used in the detection volume of the
chambers. Ionization chambers do not react as fast as scintillators, because the
gas ions, created by the radiation, need about 100µs to reach the electrodes. This
time constant leads to a convolution of the primary signal [Forck, 2011].

Figure 2.22 shows schematically the layout of a free-air 2 ionization chamber.
The collecting volume is defined as the column of air between the collecting
electrode area and the high voltage electrode. Two guard electrodes are used to
surround the collector with the same potential, although they do not contribute
to the measured charge. They also serve to prevent leakage current from the high
voltage electrode from reaching the collector [Ahmed, 2007; AIST team, 2009].

1The electron affinity describes the probability of electron capture.
2The W-value for proton beams in dry air is 34.2 eV [Jones, 2006].
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Figure 2.22: Schematic diagram of a parallel plate type free air ionization cham-
ber. The small shaded volume element subtended by the narrow beam and the
electric lines of force between anode and cathode form the measurement volume.
The energy absorbed in this volume is actually measured and constitutes the
absorbed dose. The guard electrodes are mainly used to smooth out the electric
field non-linearities at the edges of the anode and also provide safety against high
voltage on the anode [AIST team, 2009].
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Proton beam monitoring system
at PET-dedicated cyclotrons

3.1 The PET cyclotron at the University of Coim-

bra

Within the past three decades, the number of commercial cyclotrons for produc-
tion of medical and industrial isotopes is increasing throughout the world. Dif-
ferent cyclotron models capable of accelerating protons up to 20 MeV have been
worldwide installed. The main goal of these cyclotrons is radionuclide production
for positron emission tomography (PET). In addition, others aim in parallel at
scientific experiments for production of medical and industrial isotopes, tumor
therapy, applied studies using heavy ion beams (e.g., nanotechnology develop-
ment), and nuclear waste transmutation [Papash and Alenitsky, 2008].

In Portugal, an IBA (Ion Beam Applications, Belgium) model Cyclone R©
18/9 -HC (high current) cyclotron has been installed at ICNAS, University of
Coimbra, for PET radionuclides. The cyclotron is located inside a bunker room,
in a proper and specific infrastructure in underground floor (figure 3.1). The walls
of the cyclotron bunker room are made of concrete with thickness of 200 cm. The
bunker room is closed during irradiation by a concrete door of the same thickness.
The goal of this design is to limit the dose to the workers to 0.5 mSv/year by
shielding the neutron and gamma radiation produced by nuclear reactions during
irradiation.
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Figure 3.1: Photograph of the Cyclone R© 18/9 -HC cyclotron inside the bunker
room at ICNAS.

The control room of the cyclotron is located beside a power supply room,
where a software application allows specialized personnel to check and control
the radiofrequency (RF) and vacuum inside the cyclotron, its magnets and ion
source cabinets.

The production of the radionuclides is done by the irradiation of liquids, gases,
and solids with 18 MeV protons or 9 MeV deuterons i.e., the radionuclides are
produced by nuclear reactions. After that, the radionuclides are automaticaly and
remotely transported to radiochemistry/radiopharmaceutical labs, where they are
used in the syntheses of PET radiotracers and PET radiopharmaceuticals.

3.1.1 Internal beam characteristics: Performance up to
the beam port

In the Cyclone R© 18/9 -HC cyclotrons, negative ions (H− ions) are produced at
the center of the machine. These ions are subjected to a magnetic field and
gain energy due to a high-voltage alternating electric field induced on two semi-
circular flat evacuated metallic Dees, where the ions are accelerated in spiral
paths as shown in figure 3.2. When the ions reach nominal high energy (i.e.,
18 MeV), they are extracted from the cyclotron by using charge exchange of H−

to H+ on a thin carbon foil (5-µm-thick) known as stripper foil, and therefore
are bent out into primary beamlines. The negative ion cyclotron extraction pro-
cess is called extraction by stripping (figure 3.2). The measured current on the
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stripper foil, which is located at the inner circumference of the magnet yoke of
the PET cyclotron, is known as stripper current [Papash and Alenitsky, 2008].
Achievable ion beam currents on the stripper foils are 150 and 40µA for protons
and deuterons, respectively [IBA team, 2013].

Figure 3.2: Schematic view representing extraction by stripping in a PET cy-
clotron. It shows the magnet yoke of the cyclotron and a stripper foil.

Figure 3.3: Schematic view of one of the exit ports of the Cyclone R© 18/9 -HC
cyclotron. It shows a cyclotron, a Havar R© foil, a gaseous helium flow, and an
aluminum/titamium foil. The beam path is represented by a horizontal red arrow.
The target for PET radionuclide production is not shown in the image.

The Cyclone R© 18/9 -HC is manufactured by IBA since the early 1990s as a
commercial PET cyclotron. It is used for production of a whole range of medical
isotopes. The cyclotron is raised above concrete floor to a height of ∼100 cm
in order to place four diffusion pumps in addition to other equipment under the
shell type magnet. Table 3.1 summarizes the main properties and parameters of
the Cyclone R© 18/9 -HC cyclotron.
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Table 3.1: Different parameters of the Cyclone R© 18/9 -HC cyclotron [IBA team,
2013; Papash and Alenitsky, 2008].

Parameter Unit Value
H−(D−) energy MeV 18(9)
H−(D−) current µA 150(40)
Energy variation No
Average field kG 13.5
Magnet current A 200
Magnet power supply kW 24
Magnet weight t 20
RF H−(D−) frequency MHz 42(42)
Number of Dees 2
RF harmonic H−(D−) 2(4)
Voltage on Dee kV 32
Energy gain/turn keV 64(110)
RF system power kW 10
Ion source 2 cold Penning ion gauge
Current from the source mA ∼1.2
Basic vacuum Torr 3×10−6

Vacuum with the beam Torr 8×10−6

Vacuum pumps 4 diffusion pumps
H− stripping losses 50%
Number of extraction channels 8
Targets In yoke

The exit port of ICNAS cyclotron through which the ion beam is passed before
leaving the cyclotron is composed of Havar R© 1 plus aluminum/titanium, with he-
lium cooling in between as shown in figure 3.3. The Havar R© is a thin foil (50µm)
used to maintain the necessary low operating pressure inside the cyclotron. In
the outer end of the exit port usually a thin foil (∼12µm) of aluminum or tita-
nium is placed in order to: (1) separate the gaseous helium from the exterior of
the cyclotron; (2) support the target; and (3) act as a thermal bridge between
the gaseous helium and the target [Pinto, 2010]. ICNAS cyclotron can accelerate
protons and deuterons up to 18.2 and 9.2 MeV, respectively. Nevertheless, the
energy of protons and deuterons after leaving one of the cyclotron exit ports is
17.5 ± 0.2 MeV and 8.2 ± 0.1 MeV, respectively. This is due to energy loss in
the exit port materials [Cunha, 2010].

1See appendix A.
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3.1.2 Beam external to the cyclotron radius

Proton and deuteron beams have nearly Gaussian distributions at targets for
radiopharmaceutical production, which are located in air but still within the
shielding of the cyclotron. Information provided by the manufacturer states that
the FWHM (full width half maximum) at 30 cm after the exit port of the cyclotron
is 10 mm. According to the same source, this FWHM contains 80% of the protons
and 70% of the deuterons. This beam dispersion is a result from the interaction of
the beam with the exit port materials, mainly with the Havar R© foil [Pinto, 2010].
For experimental procedures to be performed at setups outside the cyclotron
radius, the beam path must be prolonged, which will change its characteristics.

3.2 Characterizing external beam parameters

In recent years, the interest of utilization of high energetic proton beams has been
growing up not only in the fields of radiotherapy, but also in non-therapeutic ap-
plications such as radiation hardness tests of materials and devices for spacecraft,
detector developments, and nuclear physics studies, among others [Kim et al.,
2007; Papash and Alenitsky, 2008].

Proton beam current measurements are required to determine the dose de-
livered to a target. Dose rate and total dose can be monitored by ionization
chambers 1, which are based on detecting direct ionization created by the pas-
sage of protons [Kim et al., 2006; Renner et al., 1989]. In addition to ionization
chambers, the Faraday cup 2 is a widely used method for measuring proton beam
current.

For proton irradiation experiments, the in-situ provision of information about
the incident proton beam at user target is very important for developing tech-
nologies for beam utilization. Yun et al. [2008] developed a beam monitoring
system to measure beam intensity and beam profile of an external proton beam
entering a target with 45 MeV. The developed system composed of beam intensity
monitor and beam profile monitor. An ionization chamber was chosen as a beam
monitor for current measurements. The structure of the beam profile monitor is
similar to that of the ionization chamber, except that the beam profile monitor is
equipped with a position-sensitive electrode. Therefore, the proton beam profile

1See section 2.3.5.
2See section 2.2.1.
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can be assessed. Thereby, information on the proton beam can be assessed and
monitored during irradiation.

A precise dosimetry is needed for successful radiobiology, radiophysiology, and
dosimetric studies with proton beams from a PET-dedicated cyclotron. Several
beam parameters have to be assessed in order to insure that the right value of
dose is delivered to the target.

3.2.1 Fluence

In particle and accelerator physics, fluence is defined as the number of particles
that enter an imaginary sphere, with a cross sectional area of a [m2], and it
has units of m−2 [Knoll, 2000]. It is considered one of the fundamental units in
dosimetry, highly affected by beam divergence. A beam scattering system can
deliver the desired beam fluence of protons on a target.

The accurate definitions of terms relating the number of accelerated particles
(N) are as the following:

Fluence, Φ: particles/unit area,

Φ = dN/da (3.1)

Flux or intensity, F : particles/unit time,

F = dN/dt (3.2)

Flux density, φ: energy/unite area/unit time,

φ = d2E/dt da = E dΦ/dt = E dF/da (3.3)

where E is the energy of the accelerated particles.

For our purpose of describing monoenergetic protons (i.e., 18 MeV), it is suit-
able to define, flux density, φ: particles/unit area/unite time,

φ = d2N/dt da = dΦ/dt = dF/da (3.4)
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The beam current I is defined as follows:

I = qe · F = qe · dN/dt (3.5)

where q being the charge state of the accelerated particles and e is the elementary
charge.

3.2.2 Beam energy

ICNAS facility is a computer controlled cyclotron with fixed energy of 18 MeV
for protons. Nevertheless, the energy of the protons after leaving one of the exit
ports of the cyclotron is 17.5 ± 0.2 MeV [Cunha, 2010]. The energy measurement
of proton beam with high accuracy is very important for many experiments,
potentially including radiobiological and dosimetric studies. To adjust the energy
level of a proton beam, two methods are generally used: (1) adjust the beam
energy directly in the accelerator; and (2) adjust the beam energy after extraction
from the accelerator. Since ICNAS cyclotron is a fixed energy facility, thus its
beam energy can be adjusted after beam extraction only. A degrader system can
be used to adjust the energy level of the beam used for various application fields.
The energy degrading system can offer the desired beam energy. This system can
be made of foils such as aluminum foils with different thicknesses.

3.2.3 Bragg peak

Protons have an energy curve with a very specific peak known as the Bragg
peak (figure 3.4), where they deposit most of their energy. The Bragg peak can
be measured using a scintillator readout by a CCD camera, for example. The
distance between the points of 100% and 20% of post the Bragg peak is called
post peak fall-off.

3.2.4 Beam range

The range of protons in a medium is defined as the depth of penetration measured
along straight line parallel to the original direction of motion of protons from the
point where they penetrate the medium to the point where they stop in it. From
the Bragg peak curve (figure 3.4), the range is related to the distance between
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the entrance surface of the protons and the distal point of 50% of the Bragg peak
as shown in figure 3.4.

Figure 3.4: Depth-dose profile for proton beam in a medium. It illustrates the
definition of the proton beam range in the medium.

3.2.5 Beam current

The proton beam current achievable on a stripper foil 1 at ICNAS cyclotron is
150µA. However, it is possible to lower this value down to ∼1µA or even less
by controlling the current on the ion source, Isource, using the computer system
of the cyclotron. Several instruments can be used for measuring proton beam
current, which might be destructive or non-destructive to the proton beam such
as secondary electron monitors 2.

3.2.6 Beam profile

The motivation for measuring beam profiles of proton beams is to know the
spatial fluence distribution as well as the uniformity and the size of the beam
spots at irradiated targets. Furthermore, extracted information from the beam
profiles can be utilized in configuration of the beam tuning conditions. The proton
beam from ICNAS cyclotron has nearly Gaussian distribution with a FWHM of
10 mm at 30 cm after the exit port, with 80% of the protons [Pinto, 2010]. The

1Stripper foil is a 5-µm-thick carbon foil. The measured current on this foil, which is
located at the inner circumference of the magnet yoke of the PET cyclotron, is known as
stripper current [Papash and Alenitsky, 2008].

2See section 2.3.2.
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dispersion of the beam is a result from the interaction of the protons with the exit
port materials, mainly with the Havar R© window. Proton beam profiles can be
assessed by several methods, such as dosimetric films (e.g., Gafchromic R© EBT2)
or plastic scintillators readout by CCD cameras. The proton beam is made to pass
through a set of collimators before irradiating a target. Therefore, the collimators
are the ones that define the shape of the beam.

3.2.7 Dose and dose rate

Radiation is capable of causing damage to both living and non-living things by
energy deposition. If a high level of dose is delivered in a short period of time,
the damage can be acute because the dose delivered per unit time is so high that
the material does not get enough time to repair the damage. The acute damage
depends on the time integrated energy deposited by the radiation. If the energy
deposition time is shorter than the repair mechanisms, acute damage can occur.
Therefore, it is important to use dose and dose rate to refer to the integrated
energy deposited and the energy deposited per unit time, respectively.

The amount of energy deposited in a medium per unit mass of the medium
by ionizing radiation is called absorbed dose. It is measured in units of gray i.e,
1 Gy = 1 J/kg. However, the same absorbed dose in some media are charac-
terized by large damage in respect to other living media exposed to the same
dose. In addition, absorbed dose treats all types of radiation equally i.e., there
is no difference between a photon and a proton if they deposit the same amount
of energy. Therefore, a quantity called equivalent dose has been defined that
characterizes the damaging effect of radiation on tissues. The unit for equivalent
dose is the sievert (Sv), which is one joule/kilogram. The equivalent dose HT,R

(equation 3.6) can be obtained by multiplying the absorbed dose DT,R generated
by the radiation type R and the radiation weighting factor WR. This factor is
suited to the biological effectiveness of the particular type of radiation 1. For
photon and electron radiation, the radiation weighting factor WR has the value
of one independently of the energy of the radiation, for other particle species see
table 3.2 [Ahmed, 2007; European Nuclear Society, 2013; Knoll, 2000].

HT,R = WR ·DT,R (3.6)

The equivalent dose can be used for one tissue type only. To account for

1See section 1.2.2.2.
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Table 3.2: Radiation weighting factor WT for different types of particles [Ahmed,
2007; European Nuclear Society, 2013].

Type of radiation Radiation weighting factor, WR

Muons 1
Alpha particles 20
Heavy nuclei 20
Protons > 2 MeV 5
Neutrons 5 – 20

Table 3.3: Tissue weighting factors WT according to 1990 recommendations of
ICRP [Ahmed, 2007; European Nuclear Society, 2013].

Tissue or Organ Tissue weighting factor, WT

Gonads 0.20
Bone marrow (red), Colon, Lung, Stomach 0.12
Bladder, Breast, Liver, Oesophagus, Thyroid 0.05
Skin, Bone surface 0.01
Pancreas, small intestine, uterus,
brain, spleen, muscle, suprarenal gland,
kidney, thymus gland

0.05

the differing radiosensitivity of various types of tissue, a set of tissue weighting
factors WT (table 3.3) are introduced to allow calculation of what is now called
the effective dose E (Sv), which is defined as reported in equation 3.7.

E = WT ·HT (3.7)

where HT is the equivalent dose in the tissue T .

In experiments of biological science, the measurement of dose, dose rate, and
depth-dose distribution are very important. In general, dosimetric films and
ionization chambers are the main methods used for measuring these quantities.
Beam divergence dictates achievable doses and dose rates on targets.
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3.3 Preliminary characterization of the external

proton beam from ICNAS cyclotron

3.3.1 Motivation

A cyclotron facility has been recently installed at ICNAS for production of ra-
dioisotopes for medical use. This facility is equipped with eight beamlines suitable
for scientific research. Development of a proton beam monitoring system will be
very useful for a number of different future developments and applications of
proton beams. Such system is predicted to be capable of providing input for
experiments in the fields of medical and biological sciences as well as in other
scientific fields, such as materials radiation hardness tests for space applications.
With this goal set for the long run, among others, in the present section experi-
ments and simulation address the characterization of the proton beam achievable
outside the yoke of the PET cyclotron from the University of Coimbra.

3.3.2 Out-of-yoke proton beam

For experimental procedures to be performed at setups outside the cyclotron ra-
dius, the beam path must be prolonged, which will change its characteristics.
The common exit port windows at ICNAS cyclotron are made of Havar R© plus
titanium/aluminum foils and a flow of helium for cooling placed in between (fig-
ure 3.3). This can certainly be a major beam dispersing and energy degradation
factor located inside the cyclotron. On the other end from the exit port to the
outside wall of the cyclotron there are 40 cm. In order to reduce the dispersive
in-to-outside window and to transport the proton beam outside the cyclotron
yoke, a 40-cm-long aluminum pipe (figure 3.5) was constructed and utilized. A
vacuum isolation window (Havar R© window) was fixed at the outer end of the
aluminum pipe. This system allows the beam to travel in vacuum along these
40 cm, bringing the exit port therefore outside the cyclotron shielding.

For a first trial of the divergence of the proton beam off the ICNAS cyclotron,
the 40-cm-long aluminum pipe and a simple 50 mm CF (ConFlat) flange fitted
with an extra O-ring were used. The O-ring was used to hold a 50-µm-thick
Havar R© window (30 mm in diameter). An aluminum disk was used to hold the
Havar R© window screwed to the CF flange, as shown in figure 3.5. The 40-cm-long
aluminum pipe with the Havar R© window was fixed to one of the exit ports of
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Figure 3.5: Schematic diagram (left) and photograph (right) of the 40-cm-long
aluminum pipe. They show a 40-cm-long aluminum pipe, a CF (ConFlat) flange,
a 50-µm-thick Havar R© window, and an aluminum disk.

ICNAS cyclotron, where the vacuum inside the aluminum pipe was adapted to be
same as the vacuum inside the cyclotron (∼ 10−5 mbar). Therefore, the proton
beam travels in the cyclotron vacuum inside the aluminum pipe and only after
traversing the Havar R© window it travels in air. This system allows to position
experimental setups as close as possible to the exit gate of the cyclotron. In order
to obtain first information about beam divergence and beam uniformity in this
configuration, the experiments described in the next subsection were performed.

3.3.3 Setup for the characterization of in-air beam diver-
gence

Several experiments were carried out at ICNAS cyclotron in order to provide a
first insight onto the achievable in-air proton beam i.e., a beam contained within
the concrete bunker walls but transported outside the cyclotron yoke. In addi-
tion, the Geant4 simulation toolkit [Agostinelli et al., 2003; Allison et al., 2006]
(Geant4 version 9.3.p01) with the QGSP_BERT_HP physics package activated was
utilized, after validation with published experimental data with protons of similar
energy 1 [Verbinski and Burrus, 1969], in order to explain experimental results
described in this chapter. Furthermore, Geant4-based Monte Carlo was utilized
in order to evaluate the possibility of using one beamline of ICNAS cyclotron
for an out-of-yoke irradiation setup. Dose and dose rate on target were studied,
together with the undesirable effects of neutron and γ-ray dose, the latter be-
ing produced in the cyclotron material, the irradiation setup, and the concrete

1See appendix B.
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Figure 3.6: Experimental setup (left) and photograph (right) at ICNAS for mea-
suring in-air proton beam divergence. Three films were placed at the outer side
of the Havar R© window, at a distance of 1, 39.5, and 69 cm from that window,
respectively.

bunker walls.

3.3.3.1 Experiment at the PET cyclotron at ICNAS

The setup shown in figure 3.6 was utilized in order to provide a first measurement
of the proton beam divergence in-air. The beam was transported outside the
cyclotron yoke by means of an aluminum pipe specially built for that purpose
(figure 3.5). A 50-µm-thick Havar R© window separated the vacuum inside the
aluminum pipe from the air in the bunker. Three Gafchromic R© external beam
therapy (EBT2) film sheets were positioned perpendicularly to the beam axis at
different distances in front of the exit port of the cyclotron.

Figure 3.7: Experimental results obtained with three EBT2 Gafchromatic R© films
irradiated with the proton beam at ICNAS, with the setup of figure 3.6.

The color of the irradiated area in each film changed to black when exposed
to ionizing radiation (i.e., proton beam) as shown in figure 3.7. This figure
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shows that the beam profile becomes broader with increasing distance in-air after
the exit port of the cyclotron because of multiple scattering, mainly within the
Havar R© window.

Figure 3.8: In-air beam profile obtained with three Gafchromic R© EBT2 films
(figure 3.7) irradiated with protons at ICNAS.

The normalized beam profiles of the three films are shown in figure 3.8. These
profiles were obtained by scanning each film with a transparency scanner and fur-
ther processing of the resulting image with the software package ImageJ [ImageJ
team, 2004]. From the photographs and beam profiles (figures 3.7 and 3.8) of the
three films, three regions can be distinguished, corresponding to film saturation
(black), film proportional response (grey), and no-response (yellow) (figure 3.9).
The first one is the saturated region (flat central interval region in the beam pro-
files). The second region is the proportionality region, which is located around
the saturated region. The third outer region corresponds to the area where the
irradiation was insufficient to impress the films.

The measured proton beam current 1 directly after the ion source of the cy-
clotron during irradiation was on average 2.7µA, however during acceleration it is
known that approximately half of the beam is lost. Thus the beam current outside
the cyclotron was assessed to be ∼1.35µA i.e., the cyclotron delivered high den-
sity ion pulses at approximately 1013 protons/s. Figure 3.10 shows schematically
the irradiated areas of the three EBT2 films used in the experiment (figure 3.6),
where the irradiated area of the three films has nearly a circular shape with a
diameter of 2.2, 18 and 25 cm, respectively. In addition, it shows the divergence

1The beam current inside the cyclotron, directly after the ion source, is measured using a
Faraday cup.
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Figure 3.9: Saturated, proportionality, and no-response regions for the second
Gafchromic R© EBT2 film irradiated with protons from ICNAS cyclotron.

of the proton beam, where the angular width of the proton beam was found to
be approximately 0.151 rad (8.59◦).

Figure 3.10: Schematic diagram of the irradiated area for the three EBT2 films
irradiated with the proton beam at ICNAS (figure 3.6). It shows the divergence
of the proton beam after one of the exit ports of ICNAS cyclotron.

The flux density φ at the position of each film was calculated using equa-
tion 3.8.

φ[protons/s · cm2] =
1013[protons/s]

πr2[cm2]
(3.8)

where r 1 is the radius of the irradiated area, the values of the flux density at the
locations of the three films are listed in table 3.4.

1The radius r being taken as the full width at half maximum of the profiles shown in
figure 3.8.
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Table 3.4: The flux density values φ at the locations of the three EBT2 films that
have been irradiated with protons at ICNAS.

Film no. Distance from exit port Flux density
(cm) (protons/s . cm2)

1 1 2.6 × 1012

2 39.5 3.9 × 1010

3 69 2.0 × 1010

3.3.3.2 Geant4 simulations

The experimental setup of the EBT2 films experiment (figure 3.6) was transported
into Geant4 allowing a simulation to be carried out in similar experimental con-
ditions (figure 3.11). A proton beam (dark blue) is started inside the cyclotron
and shot through the Havar R© window (white circle), crossing three EBT2 films
(cyan squares) positioned in air. Green trajectories correspond to neutral parti-
cles (neutrons or γ-rays), whereas red trajectories correspond to negative particles
i.e., electrons arising from ionization in air or in the crossed material such as the
Havar R© foil.

The simulation results are shown in figure 3.12. It can be seen that the
beam size observed in films 2 and 3 increases with distance for 100 k, 1 M, and
10 M initial protons. These results are consistent with the experimental ones.
In addition, figure 3.12 shows that the beam size increases with increasing the
number of protons started. This is expected, because by increasing the number
of protons shot onto the EBT2 films, more protons deposit energy in the films,
resulting in an increase of the radius of the saturated region. The beam size of the
films in the first column does not increase with increasing the number of protons
because this film was positioned at the outer surface of the Havar R© window.
There, the beam impresses the film with its initial beam radius of 7.5 mm before
spreading itself due to beam divergence. This beam size represents the beam
size inside the aluminum pipe that constitutes the beam port. Furthermore, it
can be noticed that the dose increases with increasing the number of protons
due to the increasing of the energy deposited in the films. Finally, the arrows in
figure 3.12 show two regions of equal dose (cf. different dose color scales) with
increasing radiuses due to the increasing total number of protons shot on film in
each situation.

70



3.3. Preliminary characterization of the external proton beam from
ICNAS cyclotron

Figure 3.11: Two views (side view (left) and top view (right)) of the experimental
setup of the EBT2 films experiment (figure 3.6) simulated with Geant4. Three
EBT2 film (cyan) were positioned in-air and irradiated with protons(dark blue)
from ICNAS cyclotron (yellow).

Figure 3.12: Simulation results obtained with the three EBT2 Gafchromatic R©
films. The beam size and dose are presented for 100 k, 1 M, and 10 M initial
protons.
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3.3.3.3 Neutron and γ-ray dose contribution of an irradiation setup

Figure 3.13 was constructed by using the Geant4 package, and it extends the
setup described in section 3.3.3.2. It shows a vacuum-filled aluminum pipe (cyan)
that further transports the proton beam (dark blue) produced in the cyclotron
(yellow) to a target positioned at its end (white) consisting of an EBT2 film.
At the end of the 2-m-long aluminum pipe a circular hole with variable diameter
was positioned. Two 50-µm-thick Havar R© windows were considered at both ends
of the 2-m-long aluminum pipe. The first one separates the vacuum inside the
cyclotron (10−5 mbar) from the vacuum in the long aluminum pipe (10−2 mbar),
while the second one separates the latter from the atmosphere in the bunker.
The 18- MeV proton beam (dark blue in figure 3.13) exits the cyclotron through
the first Havar R© window, travels along the pipe and is shot through the second
Havar R© window. Thus part of the proton beam passes through the hole and
impinges on the target positioned in the air immediately after this collimator.

Green trajectories in figure 3.13 correspond to neutral particles traveling inside
the bunker. Most of these neutral particles stop on the concrete bunker walls or
on the cyclotron wall. Red trajectories correspond to negative particles ejected
from the surrounding material. Finally, the yellow tube represents the iron yoke
of the cyclotron.

Figure 3.14 shows the irradiated areas of two Gafchromic R© EBT2 films which
were positioned by means of Geant4 directly after the circular hole in the long
aluminum pipe (figure 3.13). Such a location is hereafter referred to as the center
of the irradiation setup. The films were positioned at the center of the irradiation
setup one at a time during two different simulation runs, each with 10 M initial
protons generated inside the cyclotron. The diameter of the irradiated area on
the left EBT2 film is 1 mm while that on the right is 3 cm. From the figure
it can be noticed that the dose in the film is restricted to the diameter of the
circular hole in both cases (1 mm and 3 cm, respectively). From these results it
can be concluded that most of the energy deposited in the film is due to the
protons crossing the film. In other words, the dose contribution from neutrons
and γ-rays created in the surrounding materials is negligible down to at most the
1 % level. This can be concluded by analyzing the dose spots outside the beam
regions in the films. The maximum dose on these outer spots reaches 13 % of the
maximum dose on target in one pixel having a front area of 200× 200 [µm] only.
This dose value in an out-of-target pixel with such small front area is on average
unrepresentative of the out-of-target region. Therefore, it is possible to irradiate
a selected region of a target down to 1 mm diameter.

72



3.3. Preliminary characterization of the external proton beam from
ICNAS cyclotron

Figure 3.13: Two views (side view (left) and top view (right)) of the irradiation
setup simulated with Geant4. The length of the aluminum pipe is 2.4 m and its
diameter is 52.2 mm. The diameter of the circular hole at the end of the aluminum
pipe is 3 cm. An EBT2 film (white) of 285-µm thickness was positioned in-air
directly after this hole.

Figure 3.14: Simulation results obtained with EBT2 films positioned directly after
the circular hole of the aluminum pipe shown in figure 3.13. The hole diameter
was 1 mm (left) and 3 cm (right). Ten million protons were simulated which, at a
stripper current of 1.5µA, corresponds to a film dose rate of 1 kGy/s at the plateau.

Because the protons cross the film without stopping in it, the energy deposited
in the film is not at the Bragg peak region but at the plateau. As shown for
example in figure 3.4 the physical dose in water of an 18- MeV proton beam at
the Bragg peak is a factor 3 larger than at the plateau. Therefore, the dose values
shown in figure 3.14 should be multiplied by 3 if the beam would stop in the film.
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3.3.3.4 Assessing beam uniformity

In order to investigate the possibility of utilizing the 18- MeV proton beam from
the PET cyclotron to irradiate a selected region of a target with 1- mm diameter,
the Geant4 simulation toolkit was used. For that, a stacked target consisting of
9 EBT2 films was considered after an aluminum collimator with 1- mm diame-
ter at the end of the long aluminum pipe of the irradiation setup (figure 3.13).
Furthermore, the proton beam uniformity was assessed.

In addition to simulation, an experimental setup (figure 3.15) has been as-
sembled at ICNAS to investigate the possibility of utilizing the 18- MeV proton
beam to irradiate a selected region of a target with 1- mm diameter. For that,
two 2 -cm-thick aluminum squares, each with 9× 9 cm2 front area and 1- mm di-
ameter circular hole located at the center of the square, have been used. Three
4× 4 cm2 Gafchromic R© EBT2 film sheets were positioned perpendicularly to the
beam axis at different distances in front of one of the exit ports of ICNAS cy-
clotron. The first film was placed at the outer surface of the exit port, the second
one was positioned between the two aluminum squares, whereas the third one was
placed at the outer surface of the second aluminum square. A photograph of the
experimental setup before and after irradiation is shown in figure 3.15. Dose and
beam uniformity on the films were studied, together with the undesirable dose
effects of neutrons and γ-rays (neutral particles represented by green trajectories
in figure 3.13).

Figure 3.15: Two photographs before (left) and after (right) irradiation of the
experimental setup of the aluminum collimators experiment. Two aluminum
squares and three EBT2 films have been used.

Figure 3.16 shows the Geant4 simulation results obtained for nine EBT2 films
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Figure 3.16: Simulation results obtained for nine EBT2 Gafchromatic R© films
(figure 3.13). The beam size and dose are presented for 1010 initial protons.

Figure 3.17: Experimental results obtained with three EBT2 films. The films
were positioned before, between, and after the two aluminum collimators from
left to right, respectively. The color of the irradiated area in each film changed
to black when exposed to the proton beam.

positioned in air, after the 1- mm-diameter circular hole. The irradiated area on
the films is represented and it can be noticed that the dose in each film is restricted
to a 1 mm diameter region. By analyzing the dose spots in the films, it was found
that the dose in the Bragg peak region (sixth film) is a factor three larger than
the dose at the plateau (films 1 to 5). Furthermore, the beam size in the sixth film
is slightly larger than the beam size in the previous ones. This is expected due
to lateral beam straggling, maximum at the Bragg peak. Moreover, figure 3.16
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shows that the dose is homogeneous in the beam region, with a sub-millimetric
radial fall off down to negligible dose outside the irradiated spot.

On the other hand, figure 3.17 shows the experimental results obtained with
three EBT2 films (figure 3.15). It can be seen that the dose on the third film,
which was positioned after the 1- mm-diameter aluminum collimator, is extremely
homogenous and restricted to the 1 mm diameter region (i.e., the beam spot is
very sharp). These results are consistent with the simulation ones. They are
very important for radiobiological and dosimentric studies, e.g., when irradiating
a small tumor xenotransplanted into a mouse.

3.4 Summary and outlook

A cyclotron facility has been recently installed at ICNAS for production of ra-
dioisotopes for medical use. The accelerator is an IBA model Cyclone R© 18/9 -HC
with fixed energy of 18 MeV for protons and 9 MeV for deuterons. Such facility
is equipped with eight exit ports suitable for scientific research. The rationale
for performing radiobiological and dosimetric studies among others requires high-
precision dosimetry and controlled knowledge about on-target and out-of-target
dose. From the experimental results shown, together with Geant4 extrapolations
showing possible further improvements regarding out-of-yoke beam delivery, it
was concluded that it is possible and feasible to use the cyclotron proton beam
to perform such studies.

Measured beam profiles show good qualitative agreement with simulations
performed with Geant4. In this chapter we proved by simulation and experiment
that we are able to use the 18- MeV proton beam from the PET cyclotron to
irradiate a selected region of a target with 1- mm diameter. The dose contribution
from neutron and γ-ray on a target is negligible down to at least the 1 % level
when compared to the proton dose.
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Chapter 4

Fast and precise verification of
proton beam position, range, and
energy using a plastic scintillator
at PET cyclotrons

4.1 Motivation

Proton beams produced by different cyclotron models can be used in order to
perform radiobiological experiments, radiation hardness tests of materials and
devices for spacecraft, detector developments, and nuclear physics studies, among
others [Papash and Alenitsky, 2008]. Protons and heavier ions are characterized
by a property not shared by photons or electrons, the Bragg peak, which allows
for a higher deposition of energy in the target volume while lowering the dose to
the vicinity. This characteristic may allow improving the experimental results of
studies that use proton beams as, for instance, radiobiology and radiophysiology.
In addition to the Bragg peak, protons and heavier ions are characterized by a
well-defined range with relatively little range scattering in comparison to electrons
and X-ray radiation [Kraft, 2000].

Proton beam position, range, and energy measurements are required in order
to determine the dose to be deposited into a target volume to be irradiated.
Conventional tools for measuring therapeutic proton beam ranges consist of a
water phantom and an ionization chamber. However, these tools take a long
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time to be installed, because they are large and heavy [Fukushima et al., 2006].
Therefore, the need to find fast and precise tools for measuring proton beam
ranges is imperative.

The most recent addition to the armory of proton range measurements is
the using of an organic radio-fluorogenic gel, which is able to make fixed flu-
orescent images of the track of the proton beam with spatial resolution better
than 0.1 mm [Warman et al., 2013]. Liquid scintillators are being used for beam
range, intensity, and position verification in intensity-modulated proton therapy
(IMPT), with submillimeter spatial localization of proton spots delivered in a 3D
volume [Archambault et al., 2012]. In addition, plastic scintillators are also being
used for the same purposes, where the precision of proton range measurements is
about 0.7 mm at therapeutic ranges [Fukushima et al., 2006].

In summary, studies presented in this chapter were performed using a block
of plastic scintillator. The visible scintillation light generated by proton irradia-
tion on the plastic scintillator was recorded with a CCD-based camera, and the
length, shapes and brightness distribution were analyzed to obtain longitudinal
and lateral distributions.

4.2 A 40-cm-long aluminum pipe

4.2.1 Setup description

The proton beam is transported outside the cyclotron yoke by means of a 40-cm-
long aluminum pipe specially built for that purpose 1. A 50-µm-thick Havar R©
window was fixed at the outer end of the aluminum pipe. In such configuration,
this window separates the vacuum inside the pipe (∼10−5 mbar) from the air in
the bunker.

4.2.2 Assessing proton Bragg peak

The experimental setup which is shown in figure 4.1, left, was assembled at ICNAS
for measuring the Bragg peak of the protons delivered by the cyclotron after the
40-cm-long aluminum pipe. In this work, the Bragg peak of the proton beam

1See section 3.3.2.
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from the PET cyclotron was measured by photographing the scintillation light
generated when the proton beam irradiated a piece of plastic scintillator, which
was positioned in air perpendicularly to the beam path. The overall dimensions
(length × width × thickness) of the plastic scintillator piece are 2.0 × 2.0 × 1.0
cm3, with its density being 1.02 g/cm3. This plastic scintillator was covered by
black tape in all faces except one in order to reduce the reflection of scintilla-
tion light at the edges of the scintillator and at the surrounding material. The
generated light was recorded by using a D-link Ethernet-based camera (model
no. DCS-910), which was connected to a computer located outside the bunker
via an Ethernet cable. The D-link camera was positioned perpendicularly to the
scintillator piece as shown in figure 4.1, left. The length, width, and bright-
ness distribution were analyzed offline with the software package ImageJ [ImageJ
team, 2004] in order to obtain the range, longitudinal and lateral beam profiles
of the proton beam. The aluminum and carbon foils shown in figures 4.1, left,
and 4.5 were used to measure the current of the proton beam.

Figure 4.1: Left: Scheme of the experimental setup for the first plastic scintilla-
tor experiment. It shows a 40-cm-long aluminum pipe and a plastic scintillator
videotaped by a D-link camera. Right: Brightness distribution of phosphorescent
light in the plastic scintillator. The plateau and Bragg peak regions can be seen
clearly. Particle-induce glowing can be seen at several locations.

The Bragg peak of the proton beam was successfully measured as shown in
figure 4.1, right. The plateau and Bragg peak regions can be seen clearly. The
image in figure 4.1, right, was taken directly after irradiation, right after stopping
the proton beam at the plastic scintillator. Consequently, this corresponds to
phosphorescent light generated in the plastic scintillator.

The corresponding longitudinal and lateral beam profiles of the measured
image are shown in figure 4.2. The length of proton track within the plastic
scintillator to distal 50% of the Bragg peak was found to be 2.58 mm (spatial
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resolution = 0.07 mm) with 100-20% post peak fall-off in 0.14 mm. An image for
the plastic scintillator (thickness = 1 cm) was taken before irradiation, when the
light inside the bunker was still on. This image was taken for calibration purposes.
It was found that every 14 pixels corresponded to 1 mm (spatial resolution =
0.07 mm). The intensity of the scintillation light at the Bragg peak is a factor of
2.7 larger than that at plateau. From the lateral profiles at the plateau and at
the Bragg peak, the FWHM (full width half maximum) of the beam was found
to increase from 1.93 mm to 2.16 mm, with the total intensity of the scintillation
light being increased by a factor of 2.5.

Figure 4.2: Longitudinal (left) and lateral (right) profiles for the measured image
of figure 4.1, right. The measured proton range is 2.58 mm. The FWHM of the
Gaussian fit (dashed curves) of lateral profiles is 1.93 and 2.16 mm at the plateau
and at the Bragg peak, respectively.

The measured proton beam range in the scintillator, for the material present in
the beam path in this experiment (figure 4.1) was found to be 2.58 mm. This range
corresponds to a beam energy of 15.45 MeV at the entrance of the plastic scintil-
lator, obtained by using SRIM/TRIM simulations [Ziegler, 2013]. SRIM/TRIM
simulation results shown in figure 4.3, report ion range distribution and the pro-
ton ionization curve (Bragg peak curve) versus the target depth for a simulation
of 15.45 MeV beam incident perpendicularly to a plastic scintillator target. Simu-
lation indicates 2.59 and 0.06 mm longitudinal range and straggling, respectively.
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Figure 4.3: Simulation results for 15.45 MeV protons in a block of plastic scin-
tillator. Left image shows ion range distribution, while the right one shows the
longitudinal ionization. These results are presented for 103 initial protons.

4.3 A 2.4-m-long aluminum pipe

4.3.1 Setup description

In a first stage the proton beam was brought outside the yoke of the cyclotron
using a 40-cm-long aluminum pipe (figure 4.4). A first 50-µm-thick Havar R©
window separates the vacuum inside the aluminum pipe (∼10−5 mbar) from the
atmosphere in the bunker.

Figure 4.4: Schematic diagram of the 2.4-m-long aluminum pipe. It shows a
40-cm-long aluminum pipe and another two 1-m-long pipes.
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Experimental data 1 and simulations with Geant4 2 reveal that the 50-µm-
thick Havar R© window is responsible to a certain degree of beam divergence. In
order to take advantage from this fact and to reduce by large the number of
protons shoot on a target positioned in air after the 40-cm-long pipe, another 2-
m-long aluminum pipe was added to the 40-cm-long pipe, as shown in figure 4.4.
The 2-m-long aluminum pipe consists of two 1-m-long aluminum pipes fixed to
each other without internal windows. The three pipes (the 40-cm-long pipe and
the two 1-m-long pipes) are connected to each other by means of aluminum pieces
fitted with an extra O-ring each.

In addition to the first 50-µm-thick Havar R© window (30 mm in diameter),
which is located at the end of the 40-cm-long aluminum pipe, a second Havar R©
window was positioned at the end of the 2-m-long aluminum pipe (figure 4.4).
This window separates the vacuum inside the 2-m-long aluminum pipe (∼10−2

mbar) from the atmosphere in the bunker. Right after the second Havar R© win-
dow, an aluminum collimator with variable diameter (23 mm down to 0.5 mm) can
be screwed to the 2-m-long aluminum pipe. This pipe decreases the total flux of
the protons on a target due to beam divergence, since the proton beam spreads
itself with distance because of multiple scattering mainly in the first Havar R©
window.

4.3.2 Assessing proton Bragg peak

In the first stage of Bragg peak measurements, the proton beam was transported
outside the cyclotron yoke by using the 40-cm-long aluminum pipe (section 4.2).
In order to reduce the number of protons arriving on a target, positioned in
air after the 40-cm-long pipe, another 2-m-long aluminum pipe was added to
the first 40-cm-long pipe (figures 4.4 and 4.5, left). In the second stage of Bragg
peak measurements, the experimental setup which is shown in figure 4.5 has been
assembled at ICNAS for measuring the location of the Bragg peak of the proton
beam after the 2.4-m-long aluminum pipe. The scintillation light (fluorescent
light) was recorded for several values of the cyclotron stripper current.

Figure 4.6 shows the measured images for the setup of figure 4.5 at several
values of stripper current. It can be seen that the intensity of the scintillation
light is increasing with stripper current up to saturation (Istripper = 1.0 µA). The
left image was taken before irradiation, where the light inside the bunker was

1See section 3.3.3.1.
2See section 3.3.3.2.
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Figure 4.5: Scheme of the experimental setup for the second plastic scintillator
experiment. It shows a 2.4-m-long aluminum pipe and a plastic scintillator video-
taped by a D-link camera. The photograph on the right shows a detail of the
target area where the scintillator was positioned.

Figure 4.6: Five photographs for the plastic scintillator for the setup of figure 4.5.
The left image was taken before irradiation, while the other four were taken during
irradiation at different values of stripper current.

still on. This image was taken for calibration purposes, where a printed scale
was fixed on the top of the scintillator block. On the other hand, the other four
images were taken during irradiation for a stripper current of 0.15, 0.4, 1.0, and
1.6µA, respectively. The Bragg peak in the middle image (Istripper = 0.4 µA) can
be seen. Moreover, it can be seen that the last two images (Istripper = 1.0 and 1.6
µA) are saturated. The blue light outside the proton range is due to the reflection
of the scintillation light inside and at the edges of the plastic scintillator.

Figure 4.7, left, shows the longitudinal beam profiles for the images in fig-
ure 4.6 at several values of stripper current. The corresponding lateral beam
profiles at the Bragg peak are shown in figure 4.7, right. For the middle image of
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Figure 4.7: Longitudinal (left) and lateral (right) beam profiles for the images of
figure 4.6 at 0.15, 0.4, 1.0, and 1.6µA stripper current.

figure 4.6 (Istripper = 0.4µA), the measured range of the proton beam within the
plastic scintillator to distal 50% of the Bragg peak is 2.5 mm (spatial resolution
= 0.1 mm, with every 10 pixels corresponding to 1 mm (figure 4.6, left image)).
This range corresponds to a beam energy of 15.2 MeV at the entrance of the
plastic scintillator, obtained by using SRIM/TRIM simulations. A decrease of
the height of the Bragg peak is observed due to quenching effects (Birks’ for-
mula 1). Longitudinal beam profiles (figure 4.7, left) do not fall steeply after the
Bragg peaks, most probably because of reflection of the generated scintillation
light inside and at the edges of the scintillator block during irradiation, as shown
in the right image of figure 4.6, for example. Figure 4.8, left, shows lateral beam
profiles at the plateau and at the Bragg peak for the middle image of figure 4.6
(Istripper = 0.4µA), the FWHM of the beam was found to increase from 9.5 mm
to 9.7 mm, where the intensity of the scintillation light was increased by a factor
of 1.2.

In addition, figure 4.7 shows that the intensity of the scintillation light in-
creases with stripper current, up to saturation, as shown also in figure 4.8,
right. By simulating the experimental setups of figures 4.1 and 4.5 with the
SRIM/TRIM simulation toolkit, the initial energy of the proton beam was found
to be 18 MeV. This energy should not be confused with the beam energy at the
entrance of the plastic scintillator, which changed between experiments due to
the different material present in each case.

1See section 2.2.2.3.
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Figure 4.8: Left: Lateral beam profile at the Bragg peak and at the plateau for
the middle image of figure 4.6 at 0.4µA stripper current. Right: Gray value as a
function of stripper current for the setup of figure 4.5.

4.3.3 Assessing initial energy of the proton beam

The experimental setup shown in figure 4.9 has been assembled at ICNAS. The
setup was assembled for assessing the initial energy of the proton beam from the
PET cyclotron. This was achieved by measuring the range of the proton beam in
a plastic scintillator block, and further processing the measured range with the
SRIM/TRIM simulation toolkit.

Figure 4.10, left, shows the measured images for the setup of figure 4.9. The
left image was taken before irradiation, whereas the other image was taken during
irradiation with a stripper current of 0.25µA. During irradiation, some particles
reached the D-link camera, with some of these particle-induced glowing shown in
the right image of figure 4.10, left. Figure 4.10, right, shows the longitudinal and
the lateral beam profiles for the right image in figure 4.10, left. The measured
range of the proton beam within the plastic scintillator to distal 50% of the
Bragg peak is 2.78 mm with a spatial resolution 1 of 0.11 mm, with every 9 pixels
corresponding to 1 mm (left image of figure 4.10). This range corresponds to an
initial beam energy of 18 MeV obtained by using the SRIM/TRIM simulation
toolkit. There is less material in the beam path in respect to the previous setup
(figure 4.5), hence the beam range is increased as expected. The lateral profiles
at the plateau and at the Bragg peak reveal that the beam width increases with
distance in the plastic scintillator, until the end of their range.

1The way of evaluating the spatial resolution was described in section 4.3.2.
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Figure 4.9: Scheme of the experimental setup for the third plastic scintillator
experiment. It shows a 2.4-m-long aluminum pipe, an 8-mm-diameter collimator,
and a plastic scintillator videotaped by a D-link camera. The photograph on the
right shows a detail of the target area where the scintillator was positioned.

Figure 4.10: Left: Two photographs for the plastic scintillator for the setup of
figure 4.9. The left image was taken before irradiation, whereas the right one
was taken during irradiation. Right: Longitudinal (left) and lateral (right) beam
profiles. The measured proton beam range within the plastic scintillator to distal
50% of the Bragg peak is 2.78 mm. The lateral beam profiles were assessed at the
Bragg peak and at the plateau, i.e., at 0.3, 1.3, and 2.78 mm from the entrance
surface of the scintillator block.

The experimental setup of figure 4.9 was simulated by using the software pack-
age SRIM/TRIM (figure 4.11). The simulation results show that the projected
range of the proton beam with an initial energy of 18 MeV is 2.89 mm. This range
is consistent with the measured one (2.78 mm).

The setup in figure 4.9 was also used in order to assess the stability of the
proton beam energy and intensity. This was achieved by photographing 10 images
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Figure 4.11: Simulation results for the experimental setup of figure 4.9. Left
image shows ion range distribution, while the right one shows the longitudinal
ionization. These results are presented for 103 initial protons with an initial
energy of 18 MeV. The two 50-µm-thick Havar R© foils were considered in addition
to the plastic scintillator piece.

Figure 4.12: Seven photographs for the plastic scintillator for the setup of fig-
ure 4.9. The left image was taken before irradiation, while the other six were
taken in 12 s during irradiation, one every 2 s.

of the plastic scintillator during an irradiation-time interval of 20 s, and further
processing the resulting images with the software package ImageJ.

Figure 4.12 shows the measured images for the setup of figure 4.9 that have
been taken during an irradiation-time interval of 20 s, at a stripper current of
0.25µA. The energy stability of the protons from ICNAS cyclotron in an irradiation-
time interval of 20 s are shown in figure 4.13, left. The range of the proton beam
can be measured during irradiation with a standard deviation of 0.05 mm. On
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the other hand, figure 4.13, right, shows the stability of the intensity of the scin-
tillation light in the same time interval. The intensity of the scintillation light
can be measured with a standard deviation of 1.06.

Figure 4.13: Time variation of the proton beam range (left) and of the intensity
of the scintillation light (right) for the setup of figure 4.9 at a stripper current of
0.25µA. The range varied from 2.78 mm to 2.83 mm, whereas the intensity varied
from 192.3 to 195.3 during an irradiation-time of 20 s.

When the beam current was set to higher values, we verified that there is a
radiation damage to the plastic scintillator block as shown in figure 4.14. The
proton beam has distorted the scintillator block in two places; the first place with
a diameter of 1 mm, whereas the second one with a diameter of 8 mm. The plastic
scintillator can be used for a long time if the stripper current is below the µA
level. In addition, the beam intensity should be low, i.e., Istripper = 0.5µA or
even less, in order to avoid reflection of scintillation light inside and at the edges
of the scintillator block.

Figure 4.14: Two photographs for the distorted scintillator piece. Left image
shows the distorted irradiated area of the black tape that covers the plastic scin-
tillator, whereas the right one shows the distorted areas in the plastic scintillator
block. No scintillator distortion was induced if the beam stripper current was left
below 0.5µA.
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4.4. Discussion

4.4 Discussion

The dose rate DR was computed following equation 4.1 [Crespo, 2005; Kraft,
2000], by taking into consideration the total beam current delivered on a target,
which was measured by means of a thin aluminum foil trespassed by the beam
and readout by in-house made transimpedance amplifiers 1.

DR
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]

= 1.6 × 10−9 · dE
dx
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[
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· 1

ρ

[
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g

]

(4.1)

dE/dx being the stopping power of the incident protons. The stopping power
for 15.2- MeV 2 protons in the plastic scintillator is 3.355 MeV/mm, which was
calculated by using SRIM/TRIM toolkit [Ziegler, 2013]. The density of the plastic
scintillator ρ is 1.02 g/cm3. The measured proton beam current at a stripper
current of 0.4µA is 0.62 nA, which corresponds to a flux of 3.87 ×109 protons/s.
Consequently, the flux density φ of the protons at the irradiated area of the
plastic scintillator, with 9.5- mm-FWHM at the plateau (figure 4.8, left), is given
by equation 6.4.

φ [protons/(s . cm2)] =
3.87 × 109 [protons/s]

πr2 [cm2]
(4.2)

where r is the radius of the irradiated area (r = σ = FWHM/2.35). As a result,
the calculated flux density is about 7.54×109 protons/(s . cm2). By substituting
these values in equation 4.1, we have obtained the dose rate at the entrance
surface of the scintillator block, which is about 25 Gy/s.

4.5 Summary and outlook

In this chapter, we report on experimental results and SRIM/TRIM simulations,
which aim at measuring the Bragg peak of the 18 -MeV proton beam from the
PET cyclotron. By using a piece of plastic scintillator and a D-link Ethernet-
based camera, we measured the proton beam range and width with a spatial
resolution of 0.1 mm. The relation between the intensity of the scintillation light,
which was generated by irradiation with the proton beam, and the cyclotron
stripper current shows good linearity below 0.6µA. In addition, we plotted the

1See chapter 5.
2This energy corresponds to the assessed beam energy at the entrance of the plastic scin-

tillator for the setup of figure 4.5.
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stability of the proton beam range within the scintillator block. The ranges of
the proton beam in the plastic scintillator were used to assess its energy after
trespassing one or two Havar R© windows and either a 40-cm-long or a 2.4-m-long
aluminum pipe. The initial energy of the proton beam from the PET cyclotron
was found to be 18 MeV. The dose calculation follows immediately by taking into
consideration the total beam current delivered on a target, which was measured
by means of a thin aluminum foil trespassed by the beam and readout by in-house
made transimpedance amplifiers.

In summary, we provide a fast and precise technique for measuring position,
range, and energy of proton beam from a PET cyclotron. This technique can be
useful for improving the experimental results of studies that use proton beams
as, for instance, radiobiological, radiophysiological and other dosimetric studies.
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Chapter 5

On-line measurements of beam
current from a PET cyclotron
using a thin aluminum foil

5.1 Motivation

Proton beam current measurements are required to determine the dose delivered
to a target. Dose rate and total dose can be monitored by ionization chambers,
which are based on detecting direct ionization created by the passage of protons.
Ionization chambers are still the most widely used and most accurate technique,
because of their stable operation and wide dynamic range for detection of proton
beams [Kim et al., 2006; Renner et al., 1989]. In addition to ionization chambers,
the Faraday cup is a widely used method for measuring proton beam current. The
principle of operation of a Faraday cup is based on shooting the beam straight into
a conducting plate or cup, and conducting the current to a measuring instrument
via an electrical lead [Kim et al., 2010].

However, some difficulties appear when measuring beam currents from a PET
cyclotron during target irradiation. The beam must not be disturbed by the mea-
suring apparatus and the technique must also be able to measure in short time
intervals (a few Hz to tens of Hz) due to eventual cyclotron current oscillations.
The nominal energy of the proton beam from ICNAS cyclotron, at the University
of Coimbra, is 18 MeV. This energy corresponds to a range of 3.45 mm in wa-
ter [Ziegler, 2013], therefore the transmission detector used to measure the beam
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current should be thin enough to minimize scattering and energy degradation.
A possible solution is the use of a thin aluminum foil (20-µm-thick), readout by
in-house made transimpedance electronics. The method is based on measuring
the secondary electrons liberated from the aluminum foil when protons traverse
it (section 5.4).

5.2 The emission of secondary electrons from a

thin foil bombarded with protons

Conventional systems for ion detection use a thin carbon or metal (e.g., alu-
minum) foil and a related electronics for detecting electrons ejected from the foil
when ions traverse it. The interaction of ions (e.g., protons) with solid targets
such as carbon and aluminum foils gives rise to secondary-electron emission from
the target [Potiriadis et al., 2005].

The source of the secondary electrons is the energy lost by the protons as
a result of ionization processes. The lost energy results in the formation of in-
ternal secondary electrons. The majority of these electrons lose their energy in
various types of collision processes before reaching the surfaces of the target.
Consequently, only a small fraction of all formed electrons are able to reach the
surfaces of the foils with sufficient energy to escape from the surfaces (i.e., only
electrons that are formed within about 100 Å of the surfaces of the foils can es-
cape from them) [Sternglass, 1957]. Secondary electron emission is the dominant
surface yield when MeV-energy protons enter metallic targets [Borovsky et al.,
1988].

The most important quantity to be measured in this phenomenon is the av-
erage number of secondary electrons escaping from the surface of the target per
incident ion, i.e., the secondary electron yield Y . In case of using a thin foil such
as 5-µm-thick carbon or 20-µm-thick aluminum foil, the protons cross the foil and
the electrons are emitted from both surfaces of the solid target. Electron emission
from the entrance surface is called backward emission YB, while electron emission
from the exit surface is called forward emission YF . The electron emission from
both surfaces (entrance and exit) of the target is called total emission (and the
total yield is denoted by YT , where the total secondary-electron yield is the sum
of the backward yield and forward yield (YT = YB + YF ) [Potiriadis et al., 2005].

Koschar et al. [1989] separated the secondary electrons in two groups: (1)
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low-energy secondary-electrons excited in distant collisions and (2) high-energy δ-
electrons excited in close collisions. A fraction β of the energy lost by the incident
proton is supposed to be lost in close collisions (β = 0.5 [Sternglass, 1957]), the
rest of the lost energy being lost in distant collisions. The low-energy secondary-
electron transport is represented by an exponential decreasing function with a
characteristic length LSE, which is supposed to be small (LSE = 65 Å [Jung
et al., 1996]). The δ-electrons transport energy according to a diffusion function
f(x, Lδ) = 1 − exp(−x/Lδ), where Lδ is a characteristic energy transport length
supposed to be comparable to the range of δ-electrons inside the solid target.
The value of Lδ is found to increase strongly with increasing projectile velocity
and can be described by a simple power law reported in equation 5.1 [Jung et al.,
1996].

Lδ = 390(Ep/Mp)
1.22 (5.1)

with Ep/Mp (projectile energy per mass unit) measured in units of MeV/u and
Lδ in units of Å. For the 18-MeV proton beam, Lδ was found to be 1.326µm.

For a target of thickness d, the forward and backward secondary-electron
yields are reported in equations 5.2 and 5.3, respectively [Koschar et al., 1989].

YF (d) = Λ(dE/dx)[1 − (1 − β) exp(−d/LSE) − β exp(−d/Lδ)] (5.2)

YB(d) = Λ(1 − β)(dE/dx)[1 − exp(−d/LSE)] (5.3)

where Λ is a constant depending on the target material (for carbon Λ ≈ 10 µg/(keV ·
cm2) [Jung et al., 1996]) and dE/dx denotes the electronic stopping power for
the incident ions in the target material.

5.2.1 The emission of secondary electrons from a thin car-
bon foil bombarded with protons

The electronic stopping power dE/dx for the 18 -MeV protons in carbon equals
25.51 keV/(mg/cm2). The forward and backward secondary-electron yields for
the 18 MeV proton beam incident on a 5-µm-thick carbon foil can be calculated
using equations 5.2 and 5.3, respectively. As a result, the total secondary-electron
yield was found to be 0.38.
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5.2.2 The emission of secondary electrons from a thin alu-
minum foil bombarded with protons

The proton beam current can be assessed by measuring the current of secondary
electrons liberated from a 20-µm-thick aluminum foil (section 5.4). However, pure
aluminum, which is a soft and lightweight metal, has a dull silvery appearance
because of a thin layer of oxidation that forms quickly when it is exposed to air.
In 1938, it was found by Bruining and de Boer [Borovsky et al., 1988] that the
secondary electron yield from oxidized aluminum is a factor 2.25 larger than the
secondary electron yield from pure aluminum.

Theoretical prediction of the secondary-electron yield for protons normally
incident on pure aluminum surfaces is given by equation 5.4. This expression was
termed equation of Sternglass [Borovsky et al., 1988]:

YAl = 1.6×10−9
(

dE/dx
)

[

1 +
1

1 + E
0.183

]

(5.4)

with YAl being the yield factor describing the amount of secondary emission per
incident proton on the surface of the thin pure aluminum foil (unitless), dE/dx
is the stopping power of the incident protons in aluminum (eV/cm), while E is
the energy of the incident protons (MeV). By considering the oxidized aluminum
foil equation 5.4 must now be:

YAl2O3
= 2.25 · YAl (5.5)

The stopping power for 18 -MeV protons in aluminum is 5.802 MeV/mm i.e.,
dE/dx = 5.802×107eV/cm. Therefore, the calculated secondary-electron yield
for protons with energy of 18 MeV incident on oxidized aluminum was found to
be 0.211.

5.3 Assessing proton Bragg peak

The experimental setup shown in figure 5.1 has been assembled at ICNAS for
assessing the range of the protons from the cyclotron based on beam current
measurements around the Bragg peak. This was achieved by measuring the cur-
rent of secondary electrons liberated (secondary current) from several aluminum
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foils positioned in a stacked target. The signals from the aluminum foils of the
stacked target were measured by using in-house made electronics (figure 5.2).

Figure 5.1: Schematic diagram of the experimental setup of the stacked target
experiment (left). The scheme shows a 40-cm-long aluminum pipe, an aluminum
collimator with 1-mm diameter hole, and a stacked target consisting of 6 alu-
minum foils interleaved with polyethylene sheets. Photograph of the experimen-
tal setup (right). It shows the aluminum collimator, the stacked target, and the
in-house made electronics.

Figure 5.2: Schematic diagram of the in-house made electronics, with total gain
of 1010, that has been used to readout the signals from the aluminum foils of the
stacked target. It shows a current to voltage converter followed by a low pass
filter, a voltage offset adjustment, a voltage amplifier circuit, and an oscilloscope
(Tektronix TDS7104).

An aluminum collimator with 1-mm diameter hole has been positioned di-
rectly after the 40-cm-long aluminum pipe, the latter connected to one of the
exit ports of ICNAS cyclotron. The stacked target was positioned after the alu-
minum collimator, at a distance of 2 cm (figure 5.1).

The stacked target consists of 6 aluminum foils, each with 20-µm thickness
and with 5× 5-cm2 front area, interleaved by 6 polyethylene sheets, each with 1-
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mm thickness. In between every two aluminum foils one sheet of polyethylene has
been used in order to separate the aluminum foils from each other and to decrease
the energy of the incident protons every time they pass through a polyethylene
sheet, until they stop in the vicinity of the fourth aluminum foil, as per simulation
results for the stacked target experiment by using SRIM/TRIM [Ziegler, 2013].

The signals from the aluminum foils of the stacked target were measured us-
ing a current to voltage converter, with amplification factor of 107 V/A, followed
by a low pass filter. The filtered signals were amplified again by using a voltage
amplifier with gain of 103. Finally, the resulting signals were measured using
a Tektronix TDS7104 oscilloscope. The voltage offset adjustment shown in fig-
ure 5.2 was used to balance the voltage offset within the range of ±14 V, where
the 1 MΩ resistor injects a current which produces a voltage drop across the 1
kΩ resistor, and therefore changes the voltage offset. The output signals were
adapted by using the potentiometer (47 kΩ) of the voltage offset adjustment cir-
cuit. This in-house made electronics was installed inside an aluminum box for
shielding the radiofrequency (42 MHz) of the cyclotron.

Four BNC (Bayonet Neill Concelman) signal cables and one SHV (Safe High
Voltage) cable were connected from outside of the bunker by means of an under-
ground plastic tube. Therefore, equipment sensitive to radiation can be installed
outside the bunker during measurements.

In the first stage of measurements, the first four aluminum foils of the stacked
target have been connected via BNC signal cables to the four channels of the Tek-
tronix TDS7104, with each aluminum foil connected to one channel. Therefore,
we were able to measure the signals from the first four foils at the same time. In
the second stage, the signals from the last four foils were measured. Therefore,
we were able to measure the signals from the last four foils at the same time by
the oscilloscope. For both measurement stages, the cyclotron stripper current 1

has been kept at a constant value of 2.5µA.

The signals from the first three and the last three aluminum foils of the stacked
target experiment (figure 5.1) are shown in figures 5.3 and 5.4, respectively. These
two figures show that the signals from the six aluminum foils are shifted down-
wards during irradiation (beam on). For instance, it can be seen clearly that the
signal of foil no. 4 (figure 5.4) was shifted downwards by about 11.2 V, while the
signal of foil no. 6 was shifted downwards by just about 0.3 V. This is expected
from the simulation results that have been obtained by using the SRIM/TRIM
simulation toolkit for the stacked target experiment (figure 5.5).

1See section 3.1.1.
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Figure 5.3: Signals from the first three aluminum foils of the stacked target
setup of figure 5.1. The left signals were acquired when the proton beam was
off (before irradiation). The RF (radiofrequency), the magnetic field, and the
ion source of ICNAS cyclotron were on. The right ones were acquired when the
proton beam was on (during irradiation). The signals from the three foils were
shifted downwards during irradiation by 1.88, 1.79, and 2.26 V, respectively.

Figure 5.4: Signals from the last three aluminum foils of the stacked target setup
of figure 5.1. The left signals were acquired when the proton beam was off (before
irradiation). The RF (radiofrequency), the magnetic field, and the ion source
of ICNAS cyclotron were on. The right ones were acquired when the proton
beam was on (during irradiation). The signals from the three foils were shifted
downwards during irradiation by 11.22, 1.04, and 0.29 V, respectively.

In figure 5.5, the six aluminum foils are represented by the black vertical
lines (left image) and by the gray vertical lines (right image). In between every
two aluminum foils a sheet of polyethylene was considered with 1 mm thickness.
Figure 5.5 shows that the majority of the protons stop in the vicinity of the fourth
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aluminum foil. As a result, the protons lose most of their energy in the vicinity
of the fourth foil. Therefore, the signal from the fourth foil (figure 5.4) has the
largest voltage shift compared to the others. In addition, the projected range of
the proton beam, with energy of 18 MeV is 3.08 mm in the stacked target.

Figure 5.5: Simulation results for the experimental setup of the stacked target
experiment (figure 5.1). Left image shows the XY longitudinal particle distri-
bution, while the right one shows the longitudinal ionization. The results were
obtained by using the SRIM/TRIM toolkit. These results are presented for 103

initial protons with an initial energy of 18 MeV. The 50-µm-thick Havar R© foil
was considered in addition to the aluminum and polyethylene stacked target.

Figure 5.6: Secondary current with error bars as a function of foil number for
protons from ICNAS cyclotron measured with the setup of figure 5.1.

The setup shown in figure 5.1 allows for measuring the secondary current at
different values of beam energy, particularly in the vicinity of the Bragg peak.
The measured Bragg peak of the proton beam from ICNAS cyclotron is shown in
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figure 5.6. Simulation results (figure 5.5) for the stacked target experiment show
that part of the Bragg peak of the protons from the cyclotron has been measured
by the fourth aluminum foil. The measured proton Bragg peak (figure 5.6) is
consistent with the one simulated with SRIM/TRIM (figure 5.5, right). The
Bragg peak to plateau ratio is about six for both the simulated and the measured
peaks. Furthermore, the projected range of the protons with 18 MeV by using
SRIM/TRIM simulation is 3.08 mm in the stacked target, which is in agreement
with the measured one (∼3.08 mm).

5.4 Assessing beam current using a thin alu-

minum foil

Figure 5.7 shows the experimental setup that has been assembled at ICNAS for
assessing the beam current of the protons from ICNAS cyclotron. The beam
current on target was assessed by measuring the current of secondary electrons
liberated (secondary current) from a 20-µm-thick aluminum foil.

Figure 5.7: Schematic diagram of the experimental setup of the aluminum foil
experiment (left). It shows a 2.4-m-long aluminum pipe, a piece of black foil, an
aluminum foil, and a plastic scintillator. Photograph of the experimental setup
(right).

The 2.4-m-long aluminum pipe (figures 4.4 and 5.7) permits the proton beam
produced in the cyclotron to reach a target at its end, where the beam enters
through an 8- mm-diameter hole (figure 5.7).

The 8-mm-diameter hole was covered by a piece of black foil in order to pre-
vent the secondary electrons liberated from the aluminum collimator and the
second Havar R© window from reaching the aluminum foil. The 20-µm-thick alu-
minum foil was fixed at the outer surface of the black foil in alignment with
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the 8-mm-diameter hole. Then, the signal from the aluminum foil was ampli-
fied and connected via a 25-m-long BNC cable to an oscilloscope (PicoScope
2203) positioned outside the bunker. On the other hand, a plastic scintillator
was positioned in air perpendicularly to the beam axis after the aluminum foil
at a distance of about 2 cm. The visible scintillation light was recorded by us-
ing a D-link Ethernet-based camera (model no. DCS-910), which was positioned
perpendicularly to the scintillator piece as shown in figure 5.7.

The D-link camera was connected to a computer located outside the bunker.
Therefore, we were able to monitor the scintillation light during irradiation. The
plastic scintillator was used in order to make sure that the proton beam is passing
through the aluminum foil during irradiation by seeing the generated scintillation
light from the plastic scintillator.

The aluminum foil was connected to a modified in-house made electronics
(figure 5.8), where an 11th order Chebyshev low pass filter was used in order
to attenuate undesired 50 Hz frequency noise that would otherwise decrease the
voltage dynamic range and increase the error percentage in the measurements.
The 11th order Chebyshev low pass filter is shown in figure 5.8 between Vout1 and
Vout. The AC analysis for the in-house made electronics of figure 5.8 is shown in
figure 5.9, which was obtained by using the LTspice toolkit [LTspice, 2013]. In

Figure 5.8: Schematic diagram of the in-house made electronics, with total gain
of 1010, that has been used to readout the signals from the thin aluminum foil
(figure 5.7). It shows a current to voltage converter followed by a low pass filter, a
voltage offset adjustment, a voltage amplifier circuit, an 11th order Chebyshev low
pass filter, and an oscilloscope (PicoScope 2203) positioned outside the bunker.
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figure 5.9 it can be seen that the gain at 100 mHz is 198.5 dB, whereas at 50 Hz
it is 67.1 dB (∼3.7 M attenuation factor).

Figure 5.9: AC analysis of the output voltage with the in-house made tran-
simpedance electronics followed by the 11th order Chebyshev low pass filter (fig-
ure 5.8). This analysis was obtained by using the LTspice toolkit.

The signals from the aluminum foil acquired with the experimental setup of
figure 5.7 and amplified with the in-house made electronics of figure 5.8 (total gain
= 1010), before and during irradiation, are shown in figure 5.10, where the output
signals were shifted downwards during irradiation by 11.28, 8.36, and 1.64 V for
stripper currents of 1.6, 1.0, and 0.4 µA, respectively. Furthermore, the signal
transition for a stripper current of 0.15µA was 0.29 V (not shown).

The corresponding images for the generated scintillation light are shown in
figure 5.11. It can be seen clearly that the scintillation light intensity is increasing
with stripper current, up to saturation.

5.5 Assessing beam current using a thin carbon

foil

In order to compare between measuring proton beam current from a PET cy-
clotron by using a thin aluminum foil and by using a thin carbon foil, the exper-
imental setup which is shown in figure 5.12 has been assembled at ICNAS. The
beam current was assessed by measuring the current of secondary electrons liber-
ated (secondary current) from a 5-µm-thick carbon foil and from a 20-µm-thick
aluminum foil, one at a time during two different beam irradiation.
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Figure 5.10: Signals from the aluminum foil for the setup of figure 5.7, amplified
with the electronics of figure 5.8. The purple signals were acquired when the
proton beam was off (before irradiation). The RF (radiofrequency), the magnetic
field, and the ion source of ICNAS cyclotron were on. The brown signals were
acquired when the proton beam was on (during irradiation). The black signals
represent the transition signals between beam on and beam off. The signals were
shifted downwards during irradiation by 11.28, 8.36, and 1.64 V, respectively. The
corresponding secondary currents were found to be, respectively, 1.34 (Istripper =
1.6 µA), 0.98 (Istripper = 1.0 µA), and 0.15 nA (Istripper = 0.4 µA).

Figure 5.11: Four photographs showing the plastic scintillator of the setup of
figure 5.7. The left one was taken before irradiation, while the other three were
taken during irradiation at different values of stripper current.

The signals from the foils were measured with a current to voltage converter
followed by a voltage amplifier circuit (gain 1000) and an oscilloscope (figure 5.2).

At the beginning, a 1-mm-diameter aluminum collimator was screwed to the
40-cm-long aluminum pipe. After that, a carbon foil was positioned in air after
the collimator at distance of about 1 cm as shown in figure 5.12. Then, the foil
was connected to one channel of the Tektronix TD7104 channels (figure 5.2).
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Figure 5.12: Schematic diagram of the experimental setup of the carbon foil
experiment (left). It shows a 40-cm-long aluminum pipe, a carbon foil, and a
piece of plastic scintillator. Photograph for the same experimental setup (right).

Therefore, we were able to measure the signal from the foil by using the scope.
In a second stage, a 20-µm-thick aluminum foil was used instead of the carbon
foil under the same experimental conditions.

The output signals from the carbon and the aluminum foils were shifted down-
wards during irradiation (beam on) by 1.75 and 0.93 V, respectively. The corre-
sponding secondary currents are, respectively, 1.75 and 0.93 nA.

The proton beam energy after the 40-cm-long aluminum pipe was found to
be 15.45 MeV 1. The calculated secondary-electron yield (section 5.2) for protons
with energy of 15.45 MeV incident on oxidized aluminum and on carbon was
found to be 0.238 and 0.431, respectively. The ratio of the calculated secondary
electron yield for the 15.45 MeV proton beam incidents on carbon foil to that on
oxidized aluminum is 1.81. This ratio is consistent with the ratio of the measured
secondary current from the carbon foil to that from the oxidized aluminum foil,
which is 1.88.

5.6 Discussion

In order to calibrate the signals measured from the aluminum foils, a PicoScope
2203 waveform generator was used to apply a DC signal (100 mV) through a
1 MΩ load to the readout electronics. This corresponds to an injected current of

1See section 4.2.2, where the material between the beam port and the plastic scintillator is
described in detail.
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100 nA. The mean voltage of the corresponding measured signal was 1 V. In the
in-house made electronics (figures 5.2 and 5.8), the current to voltage converter
was followed by a voltage amplifier, with an amplification factor of 103 (i.e., total
gain = 1010). Therefore, the relation between the mean voltage of a signal being
read and the secondary current from a given foil is given by equation 5.6. By
following the same procedure, the calibration curve of figure 5.13 was obtained.
The PicoScope 2203 was used to inject several values of DC signals through a
load of 10.22 MΩ, which therefore correspond to the injected currents shown in
the y-axis of figure 5.13.

Figure 5.13: Calibration curve for secondary current measurements with a thin
aluminum foil. Isec. is the injected secondary current, with the average voltage
being the signal read at the oscilloscope.

∆V

Isec.
= − 1 volt

100 pA
(5.6)

In equation 5.6, ∆V is the mean voltage of a given signal (beam on) without
offset i.e., the mean voltage of a given signal (beam on) minus the mean voltage
of the same signal (beam off). Isec. for a given foil is then the measured secondary
current.

The proton beam energy after the 40-cm-long aluminum pipe was found to
be 15.45 MeV. The stopping power for 15.45 -MeV protons in aluminum and in
oxidized aluminum are 6.546 MeV/mm (i.e., dE/dx = 6.546×107eV/cm) and
10.31 MeV/mm, respectively. Therefore, the calculated secondary-electron yield
(equation 5.4) for protons with energy of 15.45 MeV incident on oxidized alu-
minum (YAl2O3

= 2.25 · YAl) was found to be 0.238.

The beam current (Ibeam) at the position of the first foil in the stacked target
experiment (figure 5.1) was calculated by substituting the measured secondary
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current (Isec. = 188 pA) and the calculated secondary-electron yield (YAl2O3
=

0.238) in the so-called Sternglass formula 5.7 [Forck, 2011]:

Isec. = YAl · Ibeam (5.7)

As a result, the calculated beam current is 0.8 nA.

This beam current of 0.8 nA corresponds to 5 × 109 protons/s. Consequently,
the flux density φ of the protons from ICNAS cyclotron on a selected region of a
target positioned in-air after the 1- mm diameter collimator is given by equation
6.4.

φ [protons/(s . cm2)] =
5 × 109 [protons/s]

πr2 [cm2]
(5.8)

where r is the radius of the irradiated area (r = 0.5 mm (figure 5.1)). As a result,
the calculated flux density is about 6.4×1011 protons/(s . cm2).

The relationship between the dose rate DR and the flux density φ is given by
equation 4.1, where ρ, in this case, is the density of oxidized aluminum (ρAl2O3

=
3.97 g/cm3). The calculated DR in the plateau region in the stacked target
experiment (figure 5.1) is about 3 kGy/s.

In respect to the experiments carried out at the end of the 2.4-m-long alu-
minum pipe (figure 5.7), the proton beam current was measured on-line by using
one single thin aluminum foil, with the secondary currents measured by using the
calibration curve of figure 5.13. Several measured and calculated values are sum-
marized in table 5.1. These values correspond to the 8-mm-diameter collimator.
The results were obtained for 1.6, 1.0, 0.4, and 0.15µA stripper currents.

The energy of the proton beam at the position of the thin aluminum foil
without any material between the beam exit and the aluminum foil (figure 5.7)
was assessed by measuring its range in the plastic scintillator (figure 5.11). The
middle image in figure 5.11 was analyzed with proper software in order to obtain
the range (2.5 mm). Then, the energy of the protons was assessed by using the
SRIM/TRIM simulation toolkit. As a result, the energy of proton beam at the
position of the thin aluminum foil is 15.2 MeV. The stopping power for the 15.2-
MeV protons in aluminum and in oxidized aluminum are 6.632 MeV/mm (i.e.,
dE/dx = 6.632 keV/µm ) and 10.44 MeV/mm, respectively.

Table 5.1 shows that when the stripper current is decreased by a factor 11
between the first and the last lines, the corresponding dose rate is decreased
by a factor of 1675. This is because, for obtaining smaller currents, the proton
beam had to be defocused at the 5-µm-thick stripper foil by means of the applied
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Table 5.1: Measured and calculated values from the aluminum foil experiment.
Signal transition, secondary current, beam current, and dose rate @ plateau are
listed for several values of stripper current for the setup of figure 5.7.

Measured Calculated
Stripper current Signal transition Isec. Ibeam Dose rate @ plateau

(µA) (V) (nA) (nA) (Gy/s)
1.6 11.28 1.34 5.54 289.83
1.0 8.36 0.98 4.05 211.97
0.4 1.64 0.15 0.62 32.44
0.15 0.29 0.0008 0.0033 0.173

magnetic field. Consequently, only a much smaller fraction of all the accelerated
protons of the resultant broader beam is bent out in a way to reach the very end
of the beamline, with the rest of the proton beam being stopped along the way.

Figure 5.14 shows that measuring the secondary current from a thin aluminum
foil positioned in the beam path allows for the dose rate (and total dose) to be
assessed for the cyclotron proton beams. This technique is based on measuring
secondary electrons liberated when the protons traverse a thin aluminum foil (20-
µm-thick). Since the aluminum foil is thin, the lost energy from the protons when
they traverse through the foil is negligible when compared with the nominal beam
energy (∼0.116 MeV vs. 18 MeV). In addition, the effect of the aluminum foil on
the proton direction is negligible. As a result, the method allows for proton beam
currents to be measured with minimal proton energy loss and direction change.

Figure 5.14: Calculated dose rate as a function of the measured secondary current.
The linearity between both values can be seen clearly.
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5.7 Summary and outlook

We measured the Bragg peak of the protons from a PET cyclotron using a stacked
target consisting of several aluminum foils interleaved with polyethylene sheets,
readout by in-house made transimpedance electronics. The measured Bragg
peak is consistent with simulations performed using the SRIM/TRIM simulation
toolkit. Furthermore, we report on experimental results aiming at measuring
proton beam currents down to 10 pA using a thin aluminum foil (20-µm-thick).
The aluminum was chosen for this task because it is radiation hard, it has low
density and low radiation activity, and finally because it is easily available at
negligible cost. This method allows for calculating the dose delivered to a target
during an irradiation with high efficiency, and with minimal proton energy loss
and scattering. This technique can be used for measuring beam currents from
a PET cyclotron during target irradiation, thus allowing the control of the dose
delivered to a target.
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Chapter 6

PET cyclotron based irradiation
setup for proton radiobiology and
radiophysiology

6.1 Motivation

The nominal energy of the proton beam from ICNAS cyclotron, at the University
of Coimbra, is 18 MeV. This energy corresponds to a range of 3.45 mm in wa-
ter [Ziegler, 2013], therefore the transmission detector used to measure the proton
beam current has to be thin enough to minimize proton energy loss and direction
change. A possible solution is the use of a thin aluminum foil (20-µm-thick) po-
sitioned in the beam path. This foil allows for the dose rate (and total dose) to
be assessed for the cyclotron proton beam. The signal from the 20-µm-thick alu-
minum transmission foil is readout by in-house made transimpedance electronics.
This method is based on measuring the secondary electrons liberated from the
thin aluminum foil when protons traverse it 1.

A precise dosimetry is needed for the implementation of radiobiology, radio-
physiology, and other dosimetric studies with proton beams. For that, we describe
in this chapter the design, characterization, calibration, and validation of an out-
of-yoke irradiation setup that was assembled and installed at the PET-dedicated
cyclotron at the University of Coimbra. This monitoring system was adjusted to
the special characteristics of a proton beam from a PET cyclotron. The system

1See chapter 5.
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is intended to be applicable to quasi-static proton beams and able to measure
total dose as well as dose rate every second, which makes it suitable for real-time
target dosimetry. It could be very useful for a number of different future devel-
opments and applications of proton beams. To the best of our knowledge this
is the first time that a radiobiological irradiation setup was implemented at a
PET-dedicated proton cyclotron.

6.2 Developments for an out-of-yoke irradiation

setup

6.2.1 Out-of-yoke chopped beam

In a first stage the proton beam was brought outside the yoke of the PET cyclotron
(ICNAS cyclotron) using a 40-cm-long aluminum pipe (figure 6.1). The dose rate
at this stage was assessed to be of the order of 3 kGy/s for minimum cyclotron
currents 1. In order to decrease this too high dose rate value, a 2-m-long aluminum
pipe was further attached to the first pipe (figure 6.1). Simulations with Geant4
and experimental data 2 show that the beam disperses at a 50-µm-thick Havar R©
foil positioned at the end of the first pipe, reaching the end of the 2-m-long pipe
with a proton flux decreased by two to three orders of magnitude, depending on
cyclotron current settings.

In addition to the first 50-µm-thick Havar R© window (30 mm in diameter),
which is located at the end of the 40-cm-long aluminum pipe, a second Havar R©
window was positioned at the end of the 2-m-long aluminum pipe (figure 6.1).
This window separates the vacuum inside the 2-m-long aluminum pipe (10−2 mbar)
from the atmosphere in the bunker. Right after the second Havar R© window, an
aluminum collimator with variable diameter (23 mm down to 0.5 mm) can be
fixed to the 2-m-long aluminum pipe.

The measured dose rate at the end of the long pipe ranges from 1 kGy/s down
to 10 Gy/s. These dose rate values are too high for radiobiology studies controlled
by a shutter that responds on the order of fractions of a second i.e., irradiation
of tens and hundreds of mGy would not be possible. This excessive dose rate is
overcome by using a rotating disk with a slit of 0.5 -mm width located at a disk

1See chapter 5.
2See section 3.3.
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radius of 150 -mm (figure 6.1) allowing for decreasing target dose rates by a factor
of 0.5 mm/(2π150 mm) = 5 × 10−4 (figure 6.2). As a result, the target dose rate
after the rotating slit is ranging from 500 mGy/s down to 5 mGy/s (figure 6.1).
The slit was implemented with a width of 0.5 mm (reduction factor of 5 × 10−4)
and can be adjusted up to 3 mm (reduction factor of 3×10−3). The rotating disk
was fixed to an aluminum support and coupled to a geared DC motor, which is
controlled using a four quadrant, linear output motor driver.

Figure 6.1: Schematic diagram of the irradiation setup. It shows a PET cyclotron,
a 2.4-m-long aluminum pipe, an aluminum table (70×100-cm2-surface area) and
a 300-mm-diameter rotating disk with a slit of variable width. In addition, it
shows dose rate values before and after the rotating slit.

6.2.2 Hardware and software for dose and dose rate mea-
surements

Figure 6.3 shows the out-of-yoke irradiation setup that has been assembled at
ICNAS. The 2.4-m-long aluminum pipe permits the proton beam produced in
the cyclotron to reach a target at its end, where the beam enters through a
23-mm-diameter hole. The 18-MeV proton beam exits the cyclotron through
the first Havar R© window, travels along the pipe and passes through the second
Havar R© window. The proton beam that passes through the 23-mm diameter hole
positioned after the second Havar window trespasses a 20-µm-thick aluminum foil
positioned in air immediately after this collimator. The beam current on target is
assessed by measuring the current of the secondary electrons liberated (secondary
current) from this thin aluminum foil (figure 6.3, top left).
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Figure 6.2: Schematic view of the beam duty cycle (right images) resulting from
a 3 Hz chopper (middle image) for high-intensity proton beams from a PET cy-
clotron.

The 23-mm-diameter hole is covered at the outside by a piece of black foil in
order to prevent the secondary electrons liberated from the aluminum collimator
and the second Havar R© window from reaching the aluminum foil. The aluminum
foil was fixed at the outer surface of the black foil in alignment with the 23-mm-
diameter hole. Another piece of black foil is used to cover the outer surface of
the thin aluminum foil in order to prevent the secondary electrons liberated from
the rotating disk from reaching it. The aluminum foil is covered by a sheet of
aluminum (figure 6.3, top right) to shield it from noise signals of 3 Hz induced by
the rotating slit.

The signal from the aluminum foil is amplified and connected via a 25-m-
long BNC cable to a digital oscilloscope (PicoScope 2203) positioned outside the
bunker and connected by USB to a laptop on Linux. Another 25-m-long BNC
cable is connected to the thin aluminum foil through a 110MΩ resistor from one
side and biased by a DC voltage supplied by the PicoScope 2203 from the other
side for the purpose of current calibration. A target can be positioned in air next
to the rotating disk perpendicularly to the proton beam axis and in alignment
with the 23-mm-diameter hole. A computer-controlled shutter positioned at a
distance of 1 cm after the rotating slit (figure 6.3, top) allows to control the dose
on target.

The thin aluminum foil is readout by the in-house made electronics shown in
figure 6.4. The signals from the thin aluminum foil go through a current to volt-
age converter, with amplification factor of 107 V/A, followed by a low pass filter.
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Figure 6.3: Schematic diagram of the out-of-yoke irradiation setup. It shows a
2.4-m-long aluminum pipe with a 23-mm-diameter hole at its end, an aluminum
foil, a 300-mm-diameter rotating disk with a slit of 0.5-mm width, a computer-
controlled shutter, and a target positioned in air perpendicularly to the proton
beam path. The three photographs (top right and bottom) show a detail of the
area where the irradiation setup was assembled.

The filtered signals are amplified again using a voltage amplifier with adjustable
gain between 102 to 103. The amplified signals are filtered again using an 11th

order Chebyshev low pass filter in order to attenuate undesired 50 Hz frequency
noise that would otherwise decrease the voltage dynamic range and increase the
error percentage in the measurements. The 11th order Chebyshev low pass filter
is shown in figure 6.4 between Vout1 and Vout. Finally, the resulting signals are
measured using a PicoScope 2203 oscilloscope, which is connected to a laptop on
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Linux running an in-house developed C/C++ program. A voltage offset adjust-
ment is shown in figure 6.4 at the negative input of the second amplifier. This
offset is used to balance the output voltage within the range of ±10 V, where
the 1 MΩ resistor injects a current which produces a voltage drop across the 1 kΩ
resistor, and therefore changes the voltage offset. The output signals are adapted
using a high precision potentiometer (50 kΩ) of the voltage offset adjustment cir-
cuit. The main terminal of the potentiometer is connected to the 1 MΩ resistor,
whereas one of the remaining two terminals is connected to the ground and the
other one is connected to a power supply through a voltage regulator (KA7805).
The latter was necessary in order to provide a rejection of power supply oscil-
lations in the range of tens of mV that would otherwise disturb the precision
of the secondary current measurements. The in-house developed electronics was
installed inside a grounded aluminum box for shielding the radiofrequency (42
MHz) of the cyclotron.

Figure 6.4: Schematic diagram of an in-house made transimpedance electronics,
with total gain of 1010, that is used to readout the signals from the thin aluminum
foil. It shows a current to voltage converter followed by a low pass filter, a voltage
offset adjustment, a voltage amplifier circuit, an 11th order Chebyshev low pass
filter and an oscilloscope (PicoScope 2203).

In order to calibrate the signals measured from the thin aluminum foil, the
built-in waveform generator was used to inject several DC signals VDC through
a 110 MΩ load to the readout electronics as shown in figure 6.4 (total gain =
1010). This corresponds to an injected current Iinjected given by Ohm’s law (equa-
tion 6.1).

Iinjected[nA] =
VDC signal[mV ]

110[MΩ]
(6.1)
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A console-mode program in C/C++ has been written to read and analyze
the signals from the 20-µm-thick aluminum foil. This program is able to collect a
stream of data in sampling intervals of 960 ns each, using free trigger mode. Every
second, the program calculates the average voltage of all measured signals. The
corresponding secondary-electron current Isec. is calculated using a calibration
equation. In addition, proton beam current, flux, flux density, and dose rate are
also assessed every second. Furthermore, the accumulated dose during target
irradiation is also computed.

The beam current Ibeam at the position of the thin aluminum foil is calcu-
lated by substituting the measured secondary current Isec. and the calculated
secondary-electron yield YAl2O3

1 in the so-called Sternglass formula 6.2 [Forck,
2011]:

Ibeam =
Isec.
YAl2O3

, (6.2)

the corresponding flux is calculated using equation (6.3).

Flux[protons/s] =
Ibeam[A]

e−charge[C]
, (6.3)

where e−charge is the electron charge (1.6 × 10−19C).

The flux density φ of the protons from ICNAS cyclotron on a selected region of
a target positioned in-air after a collimator at the end of the 2.4-m-long aluminum
pipe (figure 6.3) is given by equation 6.4:

φ [protons/(s . cm2)] =
flux [protons/s]

πr2 [cm2]
, (6.4)

where r is the radius of the irradiated area.

The relationship between the dose rate DR and the flux density φ is given by
equation 6.5 [Kraft, 2000].

DR[Gy/s] = 1.6 × 10−9 .
dE

dx

[

keV

µm

]

. φ

[

1

s . cm2

]

.
1

ρ

[

cm3

g

]

, (6.5)

dE/dx being the stopping power of the incident protons in the irradiated target
and ρ is the density of the irradiated target.

1See section 5.2.2.
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The input voltage range of the PicoScope 2203 waveform generator (i.e., ±20,
±10, ±5, ±2, and ±1 V) for the used channel has to be selected before running
the C/C++ program (before starting the acquisition process). In order to cali-
brate the collected ADC (analog-to-digital converter) counts, a PicoScope 2203
waveform generator, a Tektronix TDS7104, a power supply, and a personal com-
puter (PC) were used (figure 6.5, left). The power supply was used in order to
inject several values of DC signals. The voltage values of the output signals were
confirmed using the Tektronix TDS7104. The corresponding ADC values were
measured using the PicoScope 2203 waveform generator via the C/C++ program.
Since the trigger level was set to 1500 ADC counts, the trigger point varies de-
pending on the voltage range. The calibration was performed for a voltage range
of ±10 V. The calibration curve (calibration equation) is shown in figure 6.5,
right.

Figure 6.5: Left: Schematic diagram of the experimental setup that was used for
converting the measured ADC counts by a PicoScope 2203 waveform generator
via a C/C++ program into volts. It shows the PicoScope 2203, a Tektronix
TDS7104, a power supply, and a personal computer (PC). Right: The output
calibration curve, converting the measured ADC counts into volts for a voltage
range of ±10 V, is shown. The corresponding calibration equation can be seen on
the figure.

6.2.3 Controlled beam exposure via a ground-isolated power
system

In order to develop a proton beam monitoring system at a PET-dedicated cy-
clotron that can control the dose delivered to a target during irradiation, a shutter
which can be controlled using a computer with isolated ground is needed.
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6.2.3.1 Beam shutter

A computer-controlled shutter was installed before the target (figure 6.6). A 4-
mm-thick (4.5×7.0-cm2-front area) aluminum piece was fixed on the outer surface
of the animated widget of the shutter. As a result, this piece can be moved via
the motor forth and back on the railway of the shutter by delivering the proper
voltage from a CAMAC (computer automated measurement and control) system
(section 6.2.3.2). The proton beam before target irradiation is stopped on the
4-mm-thick aluminum piece, whereas during irradiation the motor moves this
piece away from the beam path, therefore allowing the beam to impinge on the
target. The C/C++ console-mode program insures that, when a prescribed dose
is achieved, the aluminum piece is moved back to its original place in the beam
path.

Figure 6.6: Two photographs of a computer-controlled shutter, opened (left) and
closed (right). They show a DC motor and a 4-mm-thick aluminum piece.

6.2.3.2 Hardware for beam control

Figure 6.7, top, shows the in-house developed electronics systems for beam read-
out and control of beam exposure. This figure shows a laptop on Linux with
isolated grounds. Consequently, the electronics of the computer-controlled shut-
ter is totally separated from that of the thin aluminum foil that provides beam
current information. Thus, the shutter electronics does not disturb the output
signals from the thin aluminum foil 1.

1A frequency-to-voltage converter circuit (appendix C) has been assembled at ICNAS in
order to control the beam shutter via a PicoScope 2203 waveform generator. However, exper-
imental results reveal that the in-house developed electronics systems for beam readout and
control of beam exposure (the shutter and its related electronics i.e., the frequency-to-voltage
converter) have a common ground, where the shutter electronics was introducing some noise to
the output signals from the aluminum foil. This issue was solved by controlling the shutter via
a CAMAC system and a laptop with isolated grounds.
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Figure 6.7: Schematic diagram of in-house developed electronics systems for beam
readout and control of beam exposure. It shows a laptop on Linux, a router, a
controller “GPIB-ENET/100”, a crate controller “cc3988”, a DAC 3112 module,
a current amplifier “OPA548”, a computer-controlled shutter and three 25-m-
long coaxial cables. In addition, this scheme shows a transmission thin (20-
µm-thick) aluminum foil trespassed by the proton beam and readout by in-house
made transimpedance amplifiers, providing online dose information via a C/C++
program that reads an oscilloscope (PicoScope 2203). The photograph on the
bottom shows a detail of the area, outside the bunker of the PET cyclotron,
where the modules of the hardware for beam control and the PicoScope 2203 are
assembled.
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The laptop on Linux, which is shown in figure 6.7, is part of the hardware
for beam control. This laptop is used in order to run a C/C++ program that
sends commands to CAMAC modules to generate a voltage of ±2.5 V that is
applied to the motor of the shutter before, during and after irradiation. A router
is used to connect the laptop with a GPIB-ENET/100 (general purpose interface
bus/etherNET/100) controller, which allows the laptop to communicate with a
crate controller “cc3988”. The GPIB-ENET/100 controller communicates with
a DAC (digital-to-analog converter) 3112 module via the GPIB crate controller
“cc3988”. The DAC 3112 module is a single-width CAMAC module for generat-
ing eight output voltages. In the CAMAC system installed at ICNAS, channel 4
was adjusted via straps so that the output range of this channel can be changed
in the field of ±10 V at 5 mA maximum.

The DAC 3112 module is used to generate a voltage of ±2.5 V. Both voltages
are necessary for the operation of the shutter in the proper way. Since the driven
current from the DAC 3112 module (5 mA maximum) to the shutter motor is not
sufficient for the motor to operate, then a high-voltage high-current operational
amplifier (OPA548) is used, as shown in figure 6.7, top. The irradiation time on a
target is controlled via the developed computer-controlled shutter that responds
on the order of fractions of a second.

A time calibration for the whole system has also been performed. For that,
a timer was run for 100 s. At the same time, the C/C++ program was run (all
codes and commands that deal with the CAMAC system and with the PicoScope
2203 waveform generator were written previously). As a result, the 100 s in real-
time was found to be 93 s in system-time i.e., there was a time delay of 7 s in
the developed dosimetry system-time. In order to solve this issue, the number
of sampling points in the C/C++ program was adapted so that the system-time
equals the real-time.

6.3 Results

6.3.1 Optimum cyclotron magnetic field for homogenous
target irradiation

Beam homogeneity can be achieved by scanning the magnet current IB with the
target shutter closed and the dose rate measurement system on, as shown in
figure 6.8. The magnet current is scanned and the corresponding dose rate is
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measured using the developed irradiation system (figure 6.3). Such a scanning
process is needed to be performed before target irradiation at a PET-dedicated
cyclotron in order to determine the value of the electric current that has to be
injected in the cyclotron magnet coils (i.e., magnet current) in order to produce
focused protons hence producing a homogenous target dose. This value depends
on the daily use of the cyclotron, thus it changes from one day to another. Data
evaluation (section 6.3.1.1) reveals that the proton beam is focused at a magnet
current that corresponds to the top of the Gaussian curve of figure 6.8, whereas
it is defocused at magnet currents that correspond to the skirts of the curve.
The measured dose rate using the developed irradiation system can be adapted
to a certain value by adjusting the ion source current Isource using the computer
system of the cyclotron.

Figure 6.8: Measured dose rate as a function of magnet current IB for two different
ion source currents. The dose rate was measured using the developed irradiation
system, whereas the magnet current and the ion source current were adjusted
using the computer system of the cyclotron. Target irradiation revealed that the
proton beam is focused at a magnet current of 144.10 A (left) and 144.0 A (right),
respectively.

6.3.1.1 On target beam inhomogeneity with defocused magnetic field

Two stacked targets, each one consisting of 10 Gafchromic R© EBT2 films, were
irradiated with focused and defocused beams with a preset dose of 4.2 Gy. The
measured signal-to-noise ratio SNR was found to be superior to 100 1. The color
of the irradiated areas of the EBT2 films changed to black when exposed to
ionizing radiation (i.e., proton beam) as shown in figure 6.9. The signals from
the thin aluminum foil were acquired with the experimental setup of figure 6.3
and amplified with the in-house made electronics of figure 6.4 (total gain = 1010).

1The measured signal of several volt oscillated with an amplitude of a few mV only.
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Figure 6.9: Experimental results obtained with two stacked targets for the setup
of figure 6.3. The left 10 EBT2 films, each with 285-µm thickness, compose the
stacked target that was irradiated with focused protons, whereas the right ones
compose the stacked target that was irradiated with defocused protons.

Figure 6.10: Proton beam profiles for the beam spots that were induced by focused
(left) and defocused (middle) protons in the first 8 EBT2 films of the two stacked
targets (figure 6.9). The right figure shows the proton beam profiles obtained for
beam spots at the plateau of the focused (violet) and defocused (brown) beams.

The corresponding on-target beam profiles are shown in figure 6.10, left (fo-
cused beam) and middle (defocused beam). These profiles were obtained by
scanning the films with a scanner and further processing the resulting images
with the software package ImageJ [ImageJ team, 2004]. Figure 6.10, right, shows
the beam profiles at the plateau (film 5) of the focused and defocused beams
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from the PET cyclotron. It can be seen that the proton beam profiles of the
beam spots that were induced by the focused beam are uniform (i.e., the pixel
color oscillates within ±2% in the middle flat region). However, the profiles of
the beam spots that were induced by the defocused beam are asymmetric, they
are shifted to the right side (i.e., the pixel color oscillates within ±6% in respect
to the middle region).

Figure 6.11, right, shows a 3D surface plot of a homogenous proton beam
spot (figure 6.11, left). The beam spot was obtained after irradiating an EBT2
film with focused protons using the developed irradiation setup at ICNAS. As it
can be observed the irradiation was quite uniform i.e., the fluence distribution is
uniform to within ±2% over a central field of 18 mm in diameter.

Figure 6.11: Left: A scan copy of an irradiated EBT2 film with focused protons
at ICNAS. Right: 3D surface plot of the beam spot obtained with the software
package ImageJ [ImageJ team, 2004]. It can be seen that the central region is
quite uniform (the pixel color oscillates within ±2% in the middle flat region),
hence the dose in this region is quite homogeneous.

A rectangular slit of 0.5 mm width, and 5 cm length along the wheel diameter,
is used as a beam chopper (figure 6.1). The distance of the center of the slit to the
rotation axis is 150 mm. Then, for beam spots of 18 mm diameter, there is a gra-
dient of the transmitted fluence for a uniform flux beam of ±9/150 = ±6% along
the diametric direction of the wheel. However, the gradient of the transmitted
beam fluence caused by means of the rotating disk is not the dominant factor. In
this case, there is another factor playing a major role, which is the magnetic field
inside the cyclotron (section 6.3.1). Figure 6.12 shows proton beam profiles of two
beam spots, which were induced by defocused beams. The proton beam profile
which is shown in figure 6.12, left, corresponds to a beam spot that was induced
by defocused protons using a magnet current of 143.6 A, which corresponds to
the left skirt of the Gaussian curve of figure 6.8, left. On the other hand, the
proton beam profile which is shown in figure 6.12, right, corresponds to a beam
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spot that was induced by defocused protons using a magnet current of 144.54 A,
which corresponds to the right skirt of the Gaussian curve. Therefore, the pro-
ton beam profile asymmetries, which are induced by defocused beams, might be
shifted to the left or to the right, depending on the magnet current that is used
to produce the defocused beam. Hence, optimum magnet current must be taken
from the center of the Gaussian-shaped curve, producing a homogenous dose on
target.

Figure 6.12: Proton beam profiles obtained for two beam spots at the plateau of
defocused beams. It can be seen that both beam profiles are asymmetric. The
left beam profile is shifted to the left (IB = 143.6 A), whereas the right one is
shifted to the right (IB = 144.54 A).

The setup shown in figure 6.3 allows for measuring the Bragg peak of the
proton beam from the PET cyclotron. The measured Bragg peaks for the focused
and defocused beams are shown in figure 6.13. For proton dose verification, the
under-response in the Bragg peak region, which can be seen in the measured Bragg
peaks (figure 6.13), has to be taken into account. For EBT2 films, Reinhardt et al.
[2012] reported a dosimetric under-response of about 3% in the Bragg peak for
proton energy less than 40 MeV and up to 17% for proton energy of 4 MeV.

Due to the material present in front of the stack of EBT2 films, the measured
beam range in the stack of consecutive EBT2 films was found to be 1.8 mm, with
a spatial resolution of 0.14 mm given by half the width of each EBT2 film (fig-
ure 6.14). This range corresponds to a beam energy of 13.75±0.55 MeV. This
energy was obtained for the proton beam at the entrance surface of the stacked
target using the SRIM/TRIM simulation toolkit [Ziegler, 2013]. The stopping
power for 13.75 -MeV protons in aluminum is 7.171 MeV/mm (i.e., dE/dx =
7.171×107eV/cm). Therefore, the calculated secondary-electron yield 1 for pro-
tons with energy of 13.75 MeV incident on oxidized aluminum (YAl2O3

= 2.25·YAl)
was found to be 0.262.

1See section 5.2.2.
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Figure 6.13: Measured Bragg peak for focused (left) and defocused (right) proton
beams from the PET cyclotron for the setup of figure 6.3. The dosimetric under-
response in the Bragg peak regions can be seen.

Figure 6.14: Schematic view of the stacked target that was irradiated with focused
protons from the PET cyclotron. It shows three dot-dashed lines (front, middle,
and back) used to assess proton beam energy at the entrance of the stacked
target. These lines correspond to beam energy of 13.15, 13.75, and 14.3 MeV,
respectively.

6.3.1.2 Explaining on target beam inhomogeneity

The experimental setup of the stacked target experiment was simulated by means
of Geant4 for a proton beam incident at 0◦ and 2◦, respectively. The stacked tar-
get was considered at a distance of 5 cm after a 20-mm-diameter aluminum colli-
mator at the end of the 2.4-m-long aluminum pipe (figure 6.15). Figure 6.16 shows
the corresponding results obtained at the sixth EBT2 film of the two stacked tar-
gets that were irradiated with focused (beam incident at 0◦) and defocused (beam
incident at 2◦) beams, respectively.
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Figure 6.15: A view of the experimental setup of the stacked target experiment
simulated by means of Geant4 for a proton beam (dark blue) incident at 2◦.
The length of the aluminum pipe (cyan tube) is 2.4 m, whereas the diameter
of the circular hole at its end is 20 mm. Nine EBT2 films, each with 285-µm
thickness, were positioned in-air and placed after the hole and a Havar R© window
that separates the irradiated stacked target from the vacuum in the pipe. Green
trajectories correspond to neutral particles (neutrons or γ−rays). The violet
circle represents the iron yoke of the cyclotron.

Figure 6.16: Simulation results obtained with the sixth EBT2 film of the two
stacked target that were irradiated with focused (left) and defocused (right)
beams. Despite the very low simulated statistics (∼20µGy), it can be seen that
the beam spot on the EBT2 film that was irradiated with focused beam is uni-
form, whereas the beam spot of the one that was irradiated with defocused beam
is asymmetric. The corresponding central beam profiles for the two beam spots
are shown at the bottom.
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These simulations were performed in order to investigate the asymmetry of
beam spots on the irradiated EBT2 films with defocused protons (figures 6.9
and 6.10). Figure 6.16 shows that the dose is homogeneous in the beam region
that was induced with focused beam with a steep profile. This result is consistent
with the experimental one, where the beam spots on the EBT2 films that were
induced by the focused protons are uniform (figures 6.9 and 6.10, focused beam).
In addition to that, figure 6.16 shows that the irradiated area of the EBT2 film
with defocused protons is asymmetric, where the right side of the beam spot has
higher dose than the left one. This result is also consistent with the experimental
one (figures 6.9 and 6.10, defocused beam). Therefore, the simulation results seem
to indicate that the asymmetric beam spots that were induced by the defocused
protons have their origin due to proton scattering inside the inner surface of the
long aluminum pipe. In summary, beam homogeneity is repeatedly achieved by
scanning the magnet current with the target shutter closed and the dose rate
measurement system on, as shown in figure 6.8.

6.3.2 Current-based dose estimation using published film-
response data

The irradiation setup which is shown in figure 6.3 has been used to irradiate 9
EBT2 films with focused protons from the PET cyclotron with different values of
dose (figure 6.17). The films were irradiated one at a time during nine different
irradiation.

The thin aluminum foil (figure 6.3) was connected to a modified in-house made
electronics, where the total gain of the in-house developed electronics (figure 6.4)
was decreased by a factor of 10 in order to accommodate measurements with
larger ion source currents. Therefore, the time needed for target irradiation with
a preset dose would be decreased.

In order to assess the absolute dose in the irradiated EBT2 films (figure 6.17),
a published experimental data was used [Wang et al., 2012]. Eight EBT2 films
irradiated with photons with 0, 100, 200, 300, 400, 500, 600, and 700 cGy, respec-
tively, were considered. These films were irradiated for providing a calibration
dose curve. Reinhardt et al. [2012] concluded that the dosimetric response of
EBT2 films to photon and proton beams is the same. No dependence on radia-
tion type has been found between photon and proton exposure for the investigated
EBT2 films, except for protons in the vicinity of the Bragg peak, where the dosi-
metric response of EBT2 films is below that expected (i.e., EBT2 films suffer
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Figure 6.17: Experimental results obtained with 10 EBT2 films irradiated with
protons at different values of dose using the developed irradiation setup. The
films were positioned after the rotating slit perpendicular to the proton beam
axis. The first film is a non-irradiated film. The seventh and tenth films were
irradiated with the same value of dose, but at two different dose rates. It can be
seen that the EBT2 film becomes darker with increasing absorbed dose.

from under-response to proton beams in the vicinity of the Bragg peak only).

Figure 6.18 shows the relation between the dose (X-ray dose) and film dark-
ening (relative pixel color) obtained from the work of Wang et al. [2012]. The
relative pixel color of a certain film is defined as the mean of the pixel color
values for the film before irradiation minus the mean of the pixel color values
in the uniform region for the same film after irradiation with a certain dose. A
dose calibration equation (Wang’s equation) was obtained from the fitting of the
X-ray dose versus relative pixel color (figure 6.18).

The X-ray dose in the irradiated EBT2 films with protons from the PET cy-
clotron (figure 6.17) was assessed using the dose calibration equation obtained
in figure 6.18, as shown in figure 6.19. This figure shows that two independent
methods for measuring dose (i.e., current-based dose and X-ray dose) are con-
sistent within around 8% accuracy. The current-based dose was measured using
the developed irradiation system (figure 6.3). The values of proton dose (i.e.,
current-based dose) based on equation 6.5, which are the ones computed with
the dosimetry system developed for ICNAS, where multiplied by 75% after taken
into consideration the ratio of the measured beam current with respect to the
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dose in a circular region with radius R1 containing the central uniform region of
a beam spot 1.

Figure 6.18: Absolute dose (X-ray dose) in the irradiated EBT2 calibration
films [Wang et al., 2012] as a function of relative pixel color (film darkening).
It can be seen that a parabolic fit to the data allows for a high R2 (coefficient of
determination) value to be obtained.

Figure 6.19: Left: Relative pixel color for the irradiated EBT2 films with protons
as a function of dose (i.e., current-based dose (squares) and X-ray dose (triangles).
Right: Current-based dose as a function of X-ray dose. The linearity between
both values can be seen, being consistent within around 8% accuracy.

1See section 6.3.3.3.
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6.3.3 Assessing target dose by means of absolute 2D dosime-
try with Gafchromic R© EBT2 film

In order to improve the accuracy (8%) of the assessed absolute dose in the irradi-
ated EBT2 films, which was evaluated using a published experimental data [Wang
et al., 2012], an experimental setup using Gafchromic R© EBT2 films was used.
For that, the irradiation setup which is shown in figure 6.3 was used to irradiate
EBT2 films with focused protons from the PET cyclotron with different values of
dose. In order to assess the absolute dose in the irradiated films, the 2D dosime-
try system of the Department of Radiotherapy of Coimbra University Hospital
Center was used.

6.3.3.1 X-ray film dosimetry

In order to validate the developed proton irradiation setup at ICNAS, the film
dosimetry system of the Department of Radiotherapy of Coimbra University Hos-
pital Center has been used. Twenty EBT2 films have been irradiated with 4 MV
photon beam (Clinac 600C – Varian Medical Systems, Palo Alto, CA). These films
were irradiated with different values of dose ranging from 0.5 Gy up to 13.0 Gy
for providing a calibration dose curve. Additionally, another 17 EBT2 films were
irradiated with protons from the PET cyclotron using the developed irradiation
setup at ICNAS.

Before irradiation, all EBT2 films to be used for calibration purposes were
scanned. For that, an inexpensive flatbed scanner, Epson Perfection V700 (Seiko
Epson Corporation, Nagano, Japan) was used in transmission mode to scan the
films. The images were acquired with films positioned with the same orientation
and placed at a specific position on the scanner bed with the use of a frame,
ensuring a reproducible positioning (figure 6.20). All EBT2 films were marked
in order to keep the original portrait orientation information. The films were
scanned surrounded by a film template to keep the same scanning conditions for
all films.

The region of interest (ROI) of 16× 16 pixels size was defined at the center of
each film and the mean pixel value PV was evaluated. The use of a control film
(CF ) is needed to correct any drift effects. Insertion of a 3×3 cm2 unexposed
EBT1 film piece at one corner of the scanner bed (figure 6.20), was used as the
control film. The film piece is subjected to the same scanning conditions and
therefore the output scanner signal of the film piece can be used to partially
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Figure 6.20: Experimental results obtained with an EBT2 film scanned before
(left) and after (right) irradiation with a 4 MV photon beam from a clinical linear
accelerator. The control EBT1 film and the template around the scanned EBT2
films can be seen.

correct system fluctuations. The mean corrected pixel value PVcorr is calculated
using the following equation:

PVcorr = PV ·
PV bkg

cf

PVcf

, (6.6)

where PV bkg
cf and PVcf are the CF mean pixel value without and with insertion

of an EBT2 film at the scanner flatbed, respectively.

During the scanning process of an EBT2 film, the intensity of the transmitted
light is reported as the image pixel value (PV ) and it is converted to optical
density OD using the following formula:

OD = log10

PV bkg

PV
, (6.7)

where PV bkg is the mean pixel value from a background scanned image (empty
scanner).

The calibration EBT2 films were irradiated in sequence with a 4 MV photon
beam from a clinical linear accelerator with different values of dose ranging from
0.5 Gy up to 13.0 Gy. The actual dose values were measured at the center of
each film using a PTW (Physikalisch-Technische Werkstätten) thimble 0.125 cm3

ionization chamber. The films were scanned once again after one week of irra-
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diation to prevent uncertainties caused by post irradiation growth (figure 6.20,
right). Images from pre-irradiation and post-irradiation sessions were analyzed
using an in-house developed SciLab code. For all images, the red component
was extracted and the red net optical densities netODr were calculated using the
following expression:

netODr = ODe
r −ODu

r , (6.8)

where ODe
r and ODu

r are the measured optical densities for post-irradiation (ex-
posed) and pre-irradiation (unexposed), respectively. Finally, a sensitometric
calibration curve was established using the dose steps in the calibration films
(figure 6.21, left). The calibration curve function fcal was obtained from the
fitting of measured dose D versus mean netODr values.

fcal(x) =
x− a

bx2 + cx + d
(6.9)

with x = netODr and the four parameters a, b, c, and d being found to be
−3.6056 × 10−7, 0.107 784 97, −0.261 277 81 and 0.193 415 74, respectively.

In order to validate the stability of the 2D dosimetry system, another 8 EBT2
films were irradiated with a 4 MV photon beam from the clinical linear accelerator
with different values of dose. Three of them were irradiated on the same day of
irradiation of the 20 EBT2 films that were used to establish the calibration dose
curve (figure 6.21, left). The remaining five films were irradiated one week after,
on the same day where the 17 EBT2 films were irradiated with protons from the
PET cyclotron using the developed irradiation setup at ICNAS. The absolute
dose in these 8 EBT2 films were assessed using the 2D dosimetry system with a
precision better than 1% (figure 6.21, right). In this figure, two points show three
and four different irradiation in one week different time.

6.3.3.2 Validating proton dose based on X-ray film dosimetry

Seventeen EBT2 films were irradiated with protons from the PET cyclotron using
the irradiation setup developed at ICNAS. Figure 6.22, right, shows one example
of a film irradiated with 3.8 Gy. One week after that irradiation, the absolute
dose in the irradiated films were evaluated using the 2D film dosimetry of the
Department of Radiotherapy of Coimbra University Hospital Center.
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Figure 6.21: Left: Absolute dose (optical-density dose) in the irradiated EBT2
calibration films as a function of netODr. It can be seen that the relation be-
tween both values is parabolic. Right: Validation of the 2D dosimetry system
by irradiation 8 EBT2 films with 4 MV photon in one week different time. The
optical-density dose in these films were assessed with uncertainty less than 1%.

Figure 6.22: Experimental results obtained with an EBT2 film scanned before
(left) and after (right) irradiation with protons using the developed irradiation
setup at ICNAS. The control EBT1 film and the template around the scanned
EBT2 films can be seen.

6.3.3.3 Estimating out-of-field dose

In order to calculate the ratio of the measured beam current in respect to the
dose in a circular region with radius R1 containing the central uniform region of
a beam spot, the pixel color values of the beam spot were assessed (figure 6.23).
For that, the netODr (equation 6.8) and the corresponding optical-density dose
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(equation 6.9) were taken into account. This allows to calculate the optical-
density dose within the uniform circular region (R1 = 9 mm) and in the circular-
ringed regions around the uniform area (figure 6.23, left).

The pixel-color original beam profile and the corresponding dose-based beam
profile were plotted on the same figure, as shown in figure 6.23, right. The ratio
of the measured beam current in a selected region within the uniform part of the
beam spot can be assessed using equation 6.10.

Current ratio [R1] =
π(R2

1 −R2
0)D1

N
∑

i=1

π(R2
i −R2

i−1)Di

(6.10)

where Di is the optical-density dose in the corresponding region (D1 is the optical-
density dose in the uniform region), Ri is the radius of the corresponding circular
area on the beam spot (figure 6.23, left). For the uniform circular region (fig-
ure 6.23), R0 and R1 equal 0 and 9 mm, respectively. Based on that, the ratio
of the measured beam current in the uniform circular area (18-mm diameter) in
respect to the whole beam current measured was found to be 55%.

Figure 6.23: Left: A scan copy of an irradiated EBT2 film with focused protons
at ICNAS. The dose in the uniform circular area (R1) and in circular-ringed
areas around the uniform one were calculated based on equation 6.9. Right: The
brown profile corresponds to the pixel-color original beam profile of the beam
spot, whereas the violet profile corresponds to a corrected profile based on dose
measurements (dose-based beam profile). The diameter of the uniform region
(18 mm) on the beam spot is considered to be the distance between two points on
the beam profile, where the pixel color between these two points oscillates within
± 2%.

We observe an excess of the measured dose signal in respect to the film optical-
density dose of the order of 20%. This may be explained by the fact that protons
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suffer from multiple scattering inside the beam pipe. This effect decreases beam
energy to the extent of creating low-energy protons capable of producing a sec-
ondary current on the aluminum foil, yet not escaping either this film nor the
aluminum sheet covering it. Figure 6.24 shows this fact. It was obtained by
means of Geant4 simulations and it allows to see that 20% of the initial protons
scattered in the Havar foils reach the measuring aluminum foil with an energy
inferior to 2.5 MeV. At this energy and below the protons lack enough energy to
leave the foil, therefore contributing to the measured current (i.e., “increased”
measured dose) but without inducing a contribution to an effective target dose
(i.e., film darkening). For this reason, the values of proton dose based on equa-
tion 6.5, which are the ones computed with the dosimetry system developed for
ICNAS, were multiplied by 75% (55% from equation 6.10, and 20% from the
results explained in figure 6.24).

Figure 6.24: Geant4 simulation results obtained for proton spectrum at the end
of the long pipe of the irradiation setup, for proton beam incident at angles of 0◦,
1◦, 2◦, 3◦, 4◦, 5◦, 6◦, and 7◦, respectively. The ratio of the number of protons with
energies inferior to 2.5 MeV to the total number of protons, which were scored
by a perfect detector, are shown on the corresponding figures. The simulation
results are presented for 109 initial protons. Twenty percent of all protons do not
escape the aluminum foil.

Simulation results shown in figure 6.25 reveal that by deviating the initial
proton beam direction just by 1◦ from its orthogonal direction to a target (air),
result in the range of the proton beam in air decreasing from few meters down
to a few centimeters. This result reinforces that part of the initial protons suffer
from multiple scattering inside the long aluminum pipe. Thus these protons lose
part of their energy in the beam path before reaching the target positioned at
the end of the long pipe.
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Figure 6.25: Two top views of the irradiation setup simulated by means of Geant4.
The length of the aluminum pipe (cyan tube) is 2.4 m, whereas the diameter of the
circular hole at the end of the aluminum pipe is 20 mm. The left view is presented
for a 100 initial protons (dark blue) for an initial proton direction orthogonal to
the 20-mm-diameter hole, whereas the right one is presented for 1k initial protons
for an initial proton beam direction at an angle of 1◦ from its orthogonal direction
to the hole at the end of the long pipe. Green trajectories correspond to neutral
particles (neutrons or γ−rays), whereas red trajectories correspond to negative
particles (electrons arising from ionization in air). The violet circle represents
the iron yoke of the cyclotron, whereas the violet square represents the concrete
walls of the bunker.

6.3.3.4 Proton current-based dose versus optical-density dose

Figure 6.26 shows the relation between the current-based dose, which was mea-
sured using the developed irradiation setup at ICNAS, and the optical-density
dose, which was assessed using the 2D film dosimetry system of the Department
of Radiotherapy of Coimbra University Hospital Center. This figure shows that
the two independent methods for measuring dose are consistent within less than
2% accuracy, due to the oscillations in the measured pixel values. The figure also
shows one point that represent four different irradiation at three hour different
time and different dose rates.
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Figure 6.26: Current-based dose as a function of optical-density dose. The lin-
earity between both values can be seen. In addition, the repeatability in the
measured current-based dose was also evaluated.

6.4 A 2D position multi-well setup for proton

radiobiology

By using the developed dosimetry system at ICNAS, a homogeneous beam spot
on target with a diameter of 18 mm can be controlled. This allows controlled
irradiation of cell cultures located in typical biological multi-cavity dishes with
diameters of 16 mm e.g., 24-cavity cell culture plate 1. In order to irradiate
several cell cultures, the 2D multi-well radiobiological setup shown in figure 6.27
was constructed.

The bottom of a cell culture plate has a uniform thickness, allowing for
distortion-free observation. The plate has a non-reversible cover with a condensa-
tion ring to minimize evaporation and the risk of air contamination. Cell culture
plates are made of optically clear and non-pyrogenic polystyrene [Ted Pella Inc.,
team, 2014]. Each of the 24 cavities of the cell culture plate will be irradiated
with protons, one at a time. The plate will be fixed on an aluminum support
(figure 6.27), which will be positioned in air next to the rotating disk perpendic-
ularly to the proton beam axis and in alignment with the 23-mm-diameter hole
at the end of the 2.4-m-long aluminum pipe of the developed irradiation setup.

It is planned that the process of alignment of the cavities of a multi-cavity cell

1Cell culture-treated plates are designed for a wide range of applications including general
cell growth experiments, cloning studies, and in vitro testing.
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Figure 6.27: Schematic diagram of a 24-cavity cell culture plate control system. It
shows a computer-controlled shutter, a 24-cavity cell culture plate, an aluminum
mesh, and an aluminum support. The aluminum mesh is composed of 28 10-mm-
diameter holes, which are used in order to align the 24 cavities of the cell culture
plate positioned in the beam path, one at a time.

culture plate with the beam path will be done, one by one, with a 2D automati-
cally controlled system similar to figure 6.27. Therefore, the irradiation of several
cell cultures located in the biological multi-cavity dish will be fully controlled
from outside the bunker of the cyclotron.

6.5 Summary and outlook

A precise dosimetry system with accelerated proton beams from a PET cyclotron
was developed and validated for the first time using the 2D film dosimetry system
of the Department of Radiotherapy of Coimbra University Hospital Center. A
transmission thin (20-µm-thick) aluminum foil is readout by in-house made tran-
simpedance electronics, providing online dose information via a C/C++ program.
The beam monitor is able to perform automatic irradiation and quantification of
doses of several Gy down to one hundred mGy, with a precision better than 2%.
This was achieved by installing a 2.4-m-long aluminum pipe allowing for decreas-
ing proton flux by three orders of magnitude. In addition, a rotating disk with
a slit of 0.5 mm width located at a disk radius of 150 -mm was installed at the
end of the long pipe. This rotating slit allows for decreasing target dose rates by
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a factor of 5 × 10−4. The beam uniformity is repeatedly achieved by scanning
the magnet current with the target shutter closed and the dose rate measurement
system on. This scanning process is needed to determine the magnet current
that produces focused protons, hence producing a homogeneous target dose. The
dose on target can be varied between 18-mm diameter down to 0.5-mm diameter.
Hence, the system is now prepared to perform radiobiological and radiophysio-
logical experiments and other proton-based dosimetric studies.
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A cyclotron facility has been recently installed at ICNAS for production of ra-
dioisotopes for medical use. The accelerator is an IBA model Cyclone R© 18/9
-HC with fixed energy of 18 MeV for protons. Such facility is equipped with eight
exit ports suitable for scientific research.

A fast and precise technique for measuring position, range, and energy of the
proton beam from a PET cyclotron is provided. By using a plastic scintillator
and a D-link Ethernet-based camera, the proton beam range from the PET cy-
clotron at ICNAS was measured with a precision of 0.1 mm. The same technique
was utilized to measure the Bragg peak of the proton beam. Additionally, an-
other method was used to measure the Bragg peak of the proton beam. This
was achieved by using a stacked target consisting of several aluminum foils in-
terleaved with polyethylene sheets. The current of secondary electrons liberated
(secondary current) from the aluminum foils were measured using in-house made
transimpedance electronics. The measured Bragg peaks are consistent with sim-
ulations performed using the SRIM/TRIM simulation toolkit. The initial energy
of the proton beam from the PET cyclotron at ICNAS was assessed to be 18 MeV.

A precise dosimetry system using an accelerated proton beam coming from the
PET cyclotron at ICNAS was successfully developed, characterized, calibrated,
and validated for the first time using the 2D film dosimetry system of the De-
partment of Radiotherapy of Coimbra University Hospital Center. This beam
monitor is needed for successful radiobiology, radiophysiology, and other dosi-
metric studies with ICNAS proton beams. The monitoring system was adjusted
to the special characteristics of the proton beam from the PET cyclotron. The
system is intended to be applicable to quasi-static proton beams and able to
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measure total dose as well as dose rate every second, which makes it suitable for
real-time target dosimetry. A 20-µm-thick aluminum transmission foil is readout
by in-house made transimpedance electronics, providing online dose information
via a C/C++ program. This detector is based on measuring secondary electrons
liberated when the proton beam traverses thought the thin aluminum foil. The
monitoring system is able to perform automatic irradiation and quantification
of doses of several Gy down to one hundred mGy, with a precision better than
2%. This was achieved by fitting the PET-dedicated cyclotron with a 2.4-m-
long beam transport line, as a natural extension of one of the cyclotron beam
ports, while keeping available the other seven beam ports for PET radionuclides
production. The long aluminum pipe allows for decreasing proton flux by three
orders of magnitude. Next to the 2.4-m-long aluminum pipe, a 150-mm-radius
rotating disk with a slit of 0.5 mm width was positioned. This rotating slit de-
creases target dose rates by a factor of 5×104. The beam uniformity is achieved
by scanning the magnet current with the target shutter closed and the dose rate
measurement system on. This scanning process is needed to determine the mag-
net current that produces focused protons, hence producing a homogeneous target
dose. Therefore, the irradiation setup is now prepared to perform radiobiological
and radiophysiological experiments and other proton-based dosimetric studies.

Objectives for near future work include performing radiobiological, radiophys-
iological, and dosimetric studies at the developed irradiation setup, therefore ful-
filling its first design goals. Non-exhaustive examples include the study of cell
culture and in-vivo tissue responses to concomitant irradiation with protons and
natural or fabricated biochemical agents such as vitamin C, other antioxidants,
and chemotherapeutical agents. In the radiation protection scientific field, ra-
diation response models for very-low dose regimes should also be investigated:
hormesis, linear-no-threshold, linear-threshold, and linear quadratic, among oth-
ers.

By using the developed dosimetry system at ICNAS, a homogeneous beam
spot on target with a diameter of 18 mm can be controlled, this allows controlled
irradiation of cell cultures located in typical biological multi-cavity dishes with
diameters of 16 mm e.g., 24-cavity cell culture plate. In order to irradiate several
cell cultures, an automatic 2D positioning system for multi-well cell cultures
irradiation is being constucted.
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Appendix A

Havar R© window

In the late 1940’s the Hamilton watch company developed for the first time the
Havar R© alloy as an unbreakable mainspring material. As watches moved from
spring to battery power, the thin Havar R© strips found a second life in high
strength, non-magnetic, and corrosion resistant pressure sensing diaphragms for
process control equipment [Pinto, 2010; Robinson, 2003].

Havar R© alloy, which is a heat treatable cobalt base alloy that provides very
high strength, is used in many applications such as pressure diaphragms, power
springs, gap spacers in magnetic heads, and target foils in nuclear physics [HPM
team, 2013]. Havar R© is characterized by a relatively high density (8.3 g/cm3) and
high thermal conductivity (13.0Wm−1K−1). Its physical properties are listed in
table A.1. On the other hand, its composition is reported in table A.2.

Table A.1: Physical properties of Havar R© alloy [HPM team, 2013].

Property Value
Density 8.304 g/cm3

Melting point 1480◦C
Electrical resistivity @ R. T. 92.0µΩ cm
Thermal expansion coefficient (1 to 50◦C) 12.5×10−6C−1

Thermal conductivity 13.0 [Wm−1K−1]
Magnetic attraction None
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Table A.2: Nominal composition of Havar R© alloy [HPM team, 2013].

Element Elemental percentage (%)
Cobalt 42.0
Chromium 19.5
Nickel 12.7
Tungsten 2.7
Molybdenum 2.2
Manganese 1.6
Carbon 0.2
Iron 19.1
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Geant4 simulation toolkit

B.1 Introduction

Geant4 (geometry and tracking 4) [Agostinelli et al., 2003; Allison et al., 2006] is
a public, costless Monte-Carlo (MC) based software toolkit developed at CERN 1.
It simulates the passage of particles through matter. It is a very flexible solution
with innumerous models of physics processes in a wide range of energies. It has
been initially created for high energy applications up to about 100 TeV and now
allows for very low energy applications down to a few eV. Geant4 simulates all
kind of particles. It can cover hadronic, electromagnetic, and optical interactions.
It has libraries to a large set of materials, elements, and long-lived particles. A
large number of processes, models, cross-sections, and simulation parameters are
available and they have to be carefully selected depending on the application. It
is designed to be used as object-oriented language and it is implemented in C++.
Its areas of application include high energy, nuclear and accelerator physics, as
well as studies in medical and space science.

The hadronic interactions with Geant4 are divided into three major categories:
(a) cascade state models; (b) pre-equilibrium state models; and (c) equilibrium
state models. The cascade state describes the intra-nuclear projectile-nucleon

1http://www.geant4.org/geant4/
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and nucleon-nucleon interactions after the projectile enters the nucleus. The two
main models for this phase are the Bertini cascade and the binary cascade. The
Bertini model is a classical cascade. It generates the final state for hadron inelastic
scattering by simulating the intra-nuclear cascade. In this model incident hadrons
collide with protons and neutrons in the target nucleus and produce secondaries
which in turn collide with other nucleons. The Binary model is a modeling
sequence similar to Bertini, except that, hadron-nucleon collisions are handled by
forming resonances, which then decay according to their quantum numbers.

The main code for modelization of the pre-equilibrium state is the precom-
pound model, which takes a nucleus from a highly-excited set of particle-hole
states down to equilibrium energy by emitting protons, neutrons, deuterons, tri-
tium nuclei, helium-3 nuclei, and alphas. After the pre-equilibrium phase, the
nucleus is supposed to be left in an equilibrium state, in which the excitation
energy is shared by a large number of nucleons. The equilibrium state is also
known as nuclear evaporation or nucleus de-excitation phase. At the end of the
thermalization process, the nucleus is defined by its mass, charge, and excitation
energy. If the excitation energy exceeds the separation energy 1, further particles
can be emitted. The equilibrium models of Geant4 describe the emission of pho-
tons, nucleons, and light fragments from this residual state [Geant4 team, 2013;
Lara and Wellisch, 2000].

The Geant4 simulation toolkit was utilized, after validation with published
experimental data with protons of similar energy [Verbinski and Burrus, 1969],
in order to explain experimental results described in this thesis. Furthermore,
Geant4-based Monte Carlo was utilized in order to evaluate the possibility of
using one beamline of ICNAS PET cyclotron for an out-of-yoke irradiation setup.

B.2 Monte-Carlo validation

A proton beam with 18 -MeV energy was shot in vacuum through a 25.2-µm-thick
9Be target in order to reproduce the experimental setup (figure B.1) utilized by
Verbinski and Burrus [Verbinski and Burrus, 1969] to measure double differential
cross sections for thin-target neutron production. The resulting neutron emis-
sion polar angle θ was scored by means of a perfect detector implemented within

1Separation energy is the energy required to separate particles from a molecule, atom, or
nucleus.
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Geant4. Code and physics libraries previously optimized [Pinto, 2010] were uti-
lized in this work, namely Geant4 version 9.3.p01, with the QGSP_BERT_HP physics
package activated. Figure B.2 shows a comparison of experimental results with
those obtained with Geant4. A remarkably good agreement between simulation
and experimental data can be verified.

Figure B.1: View of the experimental setup of Verbinski and Burrus experiment.
A 25.2-µm-thick 9Be target (not shown) is irradiated with 18 MeV proton beam
(blue) from a PET cyclotron (yellow). The resulting neutron emission (green)
polar angle θ was scored by means of a perfect sphere detector (white).

Figure B.2: Double differential cross sections (d2σ/(dEdθ)) comparing experi-
mental data from Verbinski and Burrus [Verbinski and Burrus, 1969] and results
obtained with Geant4.
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Frequency-to-voltage converter

An in-house developed electronics has been assembled at ICNAS in order to drive
a proper current to the motor of the computer-controlled shutter from a PicoScope
2203 waveform generator via a frequency-to-voltage converter. Figure C.1 shows
the basic connection diagram for frequency-to-voltage conversion. This circuit is
based on the LM331 amplifier, which converts the input frequency into a propor-
tional voltage that is extremely linear to the input frequency. The input-output
relation is given by equation C.1 [CT team, 2013; TI team, 2013].

V out[V ] = [R4/(R5 + R6)] ×R1C1 × 2.09 × Fin (C.1)

A PicoScope 2203 is used to generate a square wave of 2 V amplitude (4 V
peak-to-peak amplitude). The calculated output voltage values, based on equa-
tion C.1, are 0.96 and 1.21 V for input frequency values of 4 and 5 kHz, respec-
tively. The output signals from the frequency-to-voltage converter circuit are
shown in figure C.2, left, for both values of frequency.

In order to filter out the oscillations with 4 and 5 kHz from the output signals
of the frequency-to-voltage converter, a low pass filter was added directly after
the frequency-to-voltage converter circuit. After that, a voltage offset adjustment
circuit followed by a voltage amplifier with gain of 2 were added right after the low
pass filter (figure C.3). These pieces were used in order to get a negative voltage,

149



Appendix C. Frequency-to-voltage converter

Figure C.1: Schematic diagram of the frequency-to-voltage converter using the
LM331 amplifier. This converter was used for driving a suitable current to the
motor of the shutter before, during, and after target irradiation. In addition to
the LM331 amplifier, several resistors and capacitors were used. As a result, the
output voltage (V out), which is available across the load resistor R4, is propor-
tional to the input frequency (Fin).

Figure C.2: Signals from the frequency-to-voltage converter (figure C.1) for an
input waveform (square wave) with 4 V peak-to-peak amplitude (left figure). The
dotted signal corresponds a frequency of 5 kHz, whereas the solid one corresponds
to a frequency of 4 kHz. The right figure shows the corresponding signals after
passing through a low pass filter, a voltage offset adjustment, and a voltage
amplifier with gain of 2.
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in addition to the positive one. Since the frequency-to-voltage converter, which is
shown in figure C.1 provides just a positive voltage. Both voltages are necessary
for the operation of the shutter in the proper way. Therefore, by adding those
electronic pieces, the output signal can be adjusted, where positive and negative
voltages can be generated by adapting the frequency of the generated square wave
from the PicoScope 2203 waveform generator. For instance, the average voltage
values of the output signals are 1.39 and -2.94 V for input frequency values of 5
and 4 kHz, respectively (figure C.2, right).

Figure C.3: Schematic diagram of the in-house made electronics that was used di-
rectly after the frequency-to-voltage converter. It shows a low pass filter, a voltage
offset adjustment, a voltage amplifier, and a high-current amplifier (OPA548).

Since the driven current from the frequency-to-voltage converter to the shutter
motor is not enough for the motor to operate, therefore a high-voltage high-
current operational amplifier (OPA548) was used, as shown in figure C.3.

In summary, the shutter can be controlled by choosing the suitable frequency
value for the generated square signals from the PicoScope 2203 waveform gener-
ator. Several tests were performed at ICNAS cyclotron after assembling the in-
house developed electronics of the shutter and the in-house made transimpedance
amplifiers of the transmission thin aluminum foil that provides beam current in-
formation. Experimental results reveal that the in-house developed electronics
systems for beam readout and control of beam exposure have a common ground,
where the shutter electronics was introducing some noise to the output signals
from the aluminum foil. This issue was solved by using a CAMAC system and
a laptop with isolated grounds instead of the frequency-to-voltage convertor for
beam exposure control. Consequently, the electronics of the computer-controlled
shutter becomes totally separated from that of the thin aluminum foil. Thus, the
shutter electronics does not disturb the output signals from the aluminum foil.
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Eng. Nuno Dias, Joaquim Oliveira, Carlos Silva, Dr. Alberto Blanco,
Hugo Simões, Paulo Matins, Lúıs Pereira, Patŕıcia Cambraia Lopes,
Dr. Miguel Couceiro, Dr. João Matins, Eng. Lúıs Lopes, Ricardo
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