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Introduction

"Research is formalized curiosity. It is

poking and prying with a purpose."

Zora Neale Hurston

Medical Physics is a branch of Applied Physics that uses physics principles, methods,

and techniques in practice and research for the prevention, diagnosis, and treatment of human

diseases with a specific goal of improving human health and well-being.

Physics and medicine have a history of a long-standing and successful symbiosis.

Disciplines such as oncology and bio-mechanics, benefit from the improvement of medical

practices due to the integration of physics knowledge. Additionally, new techniques emerged

from this symbiosis and revolutionized some fields of medicine, such as radiotherapy. Its

development was only possible with the discovery of radiation and radioactivity made by

Röntgen, Becquerel, the Curies and many other scientists in the years 1895–1898.

Radiotherapy is one of the treatment modalities used to cure or control cancer. It

is a field in continuous evolution aiming at prolonging substantially patient life expectancy,

alleviating symptoms and improving the quality of life. The technological progress in the

transformation of its practices and tools over the past decades is very remarkable. For instance,

Cobalt-60 teletherapy machines dominated the X-ray teletherapy after their introduction in

the early 1950s. Nowadays, more than 20,000 linacs are installed in hospitals worldwide and

are the standard machines used for modern radiotherapy, making all 60Co sources obsolete.

An advanced modality of cancer radiotherapy is hadron therapy. At the moment, it

relies on cyclotrons and synchrotrons to accelerate predominantly protons and carbon ions.
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2 Introduction

This technique offers compelling improvements to conventional treatments due to the possi-

bility of better dose conformity to the tumor. However, treatment with hadrons requires not

only an extremely accurate dose calculation but also a precise verification of the dose delivered

to the patient with high spatial resolution. Therefore, it is critical to test and validate that

the planned dose is delivered exactly where needed in order to deposit energy to each point

of the tumor volume while sparing the nearby healthy tissue. This is in turn guaranteed by

appropriate Quality Assurance (QA) protocols and a proper set of detectors for measuring the

beam parameters, in particular the beam position and the delivered dose distribution.

The present work aims at addressing the question: “How can we improve the QA pro-

cedures by providing higher quality treatment for better patient outcomes and reducing health-

care costs?”. The answer to this question involves the development of advanced detector sys-

tems to improve current quality control protocols and dosimetry procedures. Improvements

towards an all-in-one system offering precise and real-time measurements with sub-millimeter

spatial resolution and uniform response to the beam energy are feasible today. The goal of

this project is to facilitate the inclusion of all necessary information in the QA and treatment

plan verification to enhance the quality of treatment for patients. A detector that combines

a better performance than current commercial devices with significant time reduction at ev-

ery step of the Machine and Patient QA chain leading to more efficient QA workflow is our

ultimate goal. Hence, the purpose of the work presented in this thesis is to develop a novel

large area Gas Electron Multiplier (GEM)-based detector, the LaGEMPix, providing the 2D

dosimetric imaging of ion beams with sub-millimetre spatial resolution. A large sensitive area

is required in order to cover the typical radiation field size and evaluate the dose distribution

in the entire area.

The research for this thesis was conducted in the context of the PhD in Medical

Applications of Particle Physics at the Laboratory for High Energy Physics (LHEP) and

Albert Einstein Center for Fundamental Physics (AEC) of the University of Bern. During

my PhD, I was based at CERN and worked in HSE-RP-SP (Occupational Health & Safety

and Environmental Protection Unit - Radiation Protection group - Special Projects section).

This dissertation was carried out following the establishment of a contract for a Portuguese

Trainee Programme (entitled Medical Applications Detector Engineering) between the PhD’s

degree student, FCT (Portuguese national funding agency for science, research and technology)

and CERN, which was carried out at the latter’s facilities. Moreover, this project has received
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funding from the ATTRACT project funded by the EC under Grant Agreement 777222, which

allowed the development of the first LaGEMPix prototype in collaboration with TNO/Holst

Center, Eindhoven, The Netherlands. Additionally, this project has been co-funded by the

CERN Budget for Knowledge Transfer to Medical Applications.

Many of the experimental activities presented in Chapter 3 were performed at the Cal-

ibration Laboratory of CERN’s Radiation Protection group. Measurements with accelerated

protons were performed at the medical cyclotron laboratory located at the SWAN-Haus at the

Bern University Hospital (Inselspital). In this laboratory, an 18 MeV proton cyclotron (an IBA

Cyclone 18/18) is used for PET radioisotope production. The measurements were performed

in a bunker served by a Beam Transport Line (BTL) that allows multi-disciplinary research

also at beam intensities much lower than standard beam intensities for radioisotope produc-

tion. The performance of the final system described in Chapter 4 was studied at the Centro

Nazionale di Adroterapia Oncologica (CNAO) in Pavia, Italy, using clinical carbon ion beams

and a water phantom. Additionally, the calibration measurements with GAFCHROMIC®

films were performed at the Institute of Radiation Physics (IRA) in Lausanne, Switzerland.

The studies of the optical transmission for several exit glass windows were realized at the

Optical Quality Control Lab - Thin Film & Glass.

The present thesis is divided into two major parts: the manuscript and the scientific

publications, which are the most significant with respect to the work presented in this thesis.

The first part is structured into five chapters.

Chapter 1 aims to clarify concepts and crucial approaches to this work. Firstly,

it presents the role of radiotherapy as an important treatment of cancer. Then, essential

concepts of ionizing radiation and radiobiology are described. Emphasis is laid on the physical

processes inherent to the interaction of radiation with matter and the principles of radiotherapy.

Notations and advantages of hadron therapy over conventional radiotherapy are introduced. In

addition, the theoretical framework on Treatment Planning (TP) and QA is presented, giving

an overview of the role and current limitations of the available dosimetry systems.

Chapter 2 covers the various readout options considered at the beginning of the

project, ultimately leading to the introduction of the triple-GEM. The chapter also describes

two novel readout systems and their respective operations. Detailed attention is given to the
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design of the two LaGEMPix prototypes, which have an active area of 60 x 80 mm2. The first

prototype combines a triple-GEM with an optical readout that utilizes a matrix of organic

photodiodes on top of an oxide-based Thin Film Transistor (TFT) backplane. The second

prototype eliminates the Organic Photodiode (OPD) frontplane, using only a TFT-only elec-

tronic readout. It also presents the results of the irradiation measurements conducted at Bern

University Hospital (Inselspital), where we assessed different transparent anode substrates for

an optical readout detector using low-energy protons. These findings are essential in ensuring

the optimal functioning of the first prototype of the LaGEMPix detector with optical readout.

Chapter 3 describes the details of the X-Ray generator set-up and a collection of the

measurements and results in terms of spatial resolution for various experimental configura-

tions. A comparison of the results with Monte Carlo simulations and other detectors such

as GAFCHROMIC® films is also given. Modifications that were implemented in order to

improve the spatial resolution of the detector with optical readout are also reported. Fi-

nally, the limitations of the optical readout compared to the charge readout are discussed and

summarized.

Chapter 4 encompasses the experimental results obtained with GEM-TFT detector

using clinical beams, along with their respective analysis and discussion. The prototype was

tested at a commercial Linac TrueBeam Varian, utilizing a 6 MV Flattening Filter (FF) photon

beam, and was also tested at CNAO with clinical proton and carbon ion beams. The chapter

highlights the performance of the detector with charge readout electronics in terms of dose rate

dependence, dose linearity, and depth dose distribution. Additionally, a comparative study of

spatial resolution in clinical proton beams using GAFCHROMIC® films is presented. Lastly,

the chapter describes exploratory tests conducted at Bern University Hospital (Inselspital) in

the field of radiation-hardness of the detector, using low energy protons.

Finally, the main conclusions drawn from the analysis I performed for this disserta-

tion are presented. The GEM-TFT detector achieved the desired sub-millimetre resolution

and was able to measure secondary electrons produced by triple-GEM structures under high-

intensity beams of various high-energy radiation sources, including X-rays, protons, and carbon

ion beams. Moreover, it demonstrated a linear response over a wide range of proton inten-

sities, spanning typical doses used in hadron therapy. This chapter also summarizes some

thoughts and challenges concerning promising future work that appears to be interesting for
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the development of the LaGEMPix detector with an active area of 200 x 200 mm2.

In the second part of this thesis, I reprinted the following selected scientific publica-

tions, which I co-authored and for which I am the corresponding author:

• A. Maia Oliveira, HB. Akkerman, S. Braccini, A. J. J. M. van Breemen, L. Manzano,

N. Heracleous, I. Katsouras , J. Leidner, F. Murtas, B. Peeters, M. Silari, “Character-

ization with X-rays of a Large-Area GEMPix Detector with Optical Readout for QA

in Hadron Therapy,” Applied Sciences, vol. 11, no. 14, Art. no. 14, Jan. 2021, doi:

10.3390/app11146459.

• A. Maia Oliveira, S. Braccini, P. Casolaro, N. Heracleous, J. Leidner, I. Mateu; F.

Murtas, M. Silari, “Radiation-induced effects in glass windows for optical readout GEM-

based detectors,” J. Inst., vol. 16, no. 07, p. T07009, Jul. 2021, doi: 10.1088/1748-

0221/16/07/T07009.

• HB. Akkerman, S. Braccini, A. J. J. M. van Breemen, L. Manzano, N. Heracleous,

I. Katsouras , J. Leidner, A. Maia Oliveira, F. Murtas, B. Peeters, M. Silari,

“A large area GEMPix detector with optical readout for hadron therapy (LaGEM-

Pix),” ATTRACT Project. https://phase1.attract-eu.com/selected-projects/lagempix-

a-large-area-gempix-detector-with-optical-readout-for-hadron-therapy/ (accessed Feb.

25, 2021).

• A. Maia Oliveira, HB. Akkerman, S. Braccini, A. J. J. M. van Breemen, L. Manzano,

N. Heracleous, I. Katsouras , J. Leidner, F. Murtas, B. Peeters, M. Silari, “A Large Area

GEMPix detector for treatment plan verification in hadron therapy” J. Phys.: Conf. Ser.

2374 012177, DOI 10.1088/1742-6596/2374/1/012177.

• H.B. Akkerman, S. Braccini, L. Manzano, N. Heracleous, I. Katsouras, J. Leidner, A.C.

Maia Oliveira, F. Murtas, B. Peeters, M. Silari, A.J.J.M. van Breemen, A large Area

GEMPix detector for treatment plan verification in hadron therapy, Physica Medica,

Volume 92, Supplement, 2021, Pages S124-S125, ISSN 1120-1797, doi:10.1016/S1120-

1797(22)00265-4.

Furthermore, I will be the primary author of the following paper under revision:
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• A.C. Maia Oliveira, H.B. Akkerman, S. Braccini, A.J.J.M. van Breemen, Gerwin H.

Gelinck, N. Heracleous, J. Leidner, F. Murtas, B. Peeters, M. Silari, “A high-resolution

large-area detector for quality assurance in radiotherapy” (submitted to Scientific Reports

- Nature).

In addition, part of the results obtained during my PhD contributed to the "Section

7 - LaGEMPix" of the following publication:

• Leidner, Johannes; Murtas, Fabrizio; Silari, Marco. 2021. "Medical Applications of the

GEMPix" Appl. Sci. 11, no. 1: 440, doi:10.3390/app11010440.

Moreover, I also wrote intermediate CERN technical notes:

• Maia Oliveira, A. et al. LaGEMPix: optimization of electric fields for operation with

Ar:CF4 gas mixture. CERN RP Tech Note-GEM_EDMS_2331474, EDMS no. 2331474

(2020).

• Maia Oliveira, A. et al. LaGEMPix: a new imaging sensor. CERN_RP_Tech_Note-

Imager_EDMS_2426552, EDMS no. 2426552 (2020).

• Maia Oliveira, A. et al. OptiGEM – ITO Glass. Technical Note

CERN_RP_Tech_Note-ITO_EDMS_2379041, EDMS no. 2379041 (2020).

• Maia Oliveira, A. et al. OptiGEM. Technical Note CERN_RP_Tech_Note-

OPD_EDMS_2169268, EDMS no. 2169268 (2019).

The results of this thesis were presented at the following conferences, workshops,

meetings, and seminars:

• AEC Graduate Student Seminar, Nov. 24 2021, Bern.

• HEP Group Seminar of Royal Holloway, University of London, Nov. 10 2021, online.

• Joint Conference of the ÖGMP, DGMP and SGSMP - Dreiländertagung der Medizinis-

chen Physik, Sept. 19 - 22, 2021, online.

• 3rd European Congress of Medical Physics (ECMP 2021), Jun. 16-19 2021, online.
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• 5th Technology and Instrumentation in Particle Physics Conference (TIPP 2021), May

24-28 2021, online.

• Early Career Researchers in Medical Applications online Seminar, Jun. 15 2020.

• Medical Application Projects Forum, Sept. 15 2021, Feb. 24 2021, Dec. 11 2019.

• 3rd International Conference on Dosimetry and its Applications (ICDA-3), May 27-31

2019, Lisbon, Portugal.
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Chapter 1

The Physics of Radiotherapy

"I am one of those who think, like

Nobel, that humanity will draw more

good than evil from new discoveries."

Marie Curie

The purpose of this chapter is to introduce the basics of radiation therapy and the

physics concepts crucial for this work. Firstly, it introduces the current role of radiotherapy

as a crucial treatment for cancer. Then, it presents essential concepts about ionizing radiation

and radiobiology. The physical processes inherent to the interaction of radiation with matter

are explained. Next, terms and advantages of hadron therapy over conventional radiotherapy

are introduced. The theoretical framework of Treatment Planning and Quality Assurance is

presented, providing an overview of the capacity as well as the limitations of the dosimetry

systems currently available.

1.1 The Role of Radiotherapy

Cancer is the medical term used to define a group of diseases characterized by abnormal and

uncontrolled cell growth [1]. Cancer is the second cause of death worldwide [2] with 9.9 million

deaths registered in 2020 as depicted in Figure 1.1. The International Agency for Research on

11



12 CHAPTER 1. THE PHYSICS OF RADIOTHERAPY

Cancer predicts that the incidence of cancer will increase in the coming years and mortality

will reach 16.4 million people in 2040 [3].

Figure 1.1: Estimated number of deaths in 2020, both sexes, all ages [4].

Apart from the pain, loss of life quality and the risk of death for the patient, cancer

is also an economic burden for patients, healthcare systems, and countries, resulting in direct

healthcare costs as well as lost productivity linked to illness and early mortality. The economic

impact from cancer worldwide is unknown. The overall cost of cancer in Europe was 199

billion Euros in 2018 with Switzerland leading the list with the highest value of 578 Euros

per capita [5]. Future advancements are motivated not only by scientific curiosity, but also

by economic pressure to produce cost-effective therapies without compromising the treatment

quality, aiming to save lives, contribute to longer lifespans, minimize side effects, and enhance

the overall life quality of cancer survivors.

Nowadays, surgery, chemotherapy, immunotherapy, hormone therapy, and Radiother-

apy (RT) are different types of treatments prescribed to cure or control cancer. The major

goal is to treat numerous types of malignant and non-malignant anomalies by providing the

best possible treatment and consequently, to decrease the number of deaths caused by cancer.

Several parameters such as the type of cancer, the staging, and the age of the patient determine
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the treatment or combination of treatments that each person will receive [6].

Each treatment modality plays a specific role in cancer therapy due to different ad-

vantages and weaknesses. RT aims to irradiate only the tumour volume. It targets a specific

volume of the body and consequently has generally fewer side effects than chemotherapy. How-

ever, healthy tissue is also irradiated and radiation may still have a negative impact on healthy

cells of the patient’s body and cause side effects such as digestive issues and fatigue, for ex-

ample. Moreover, a long-term worrying side effect is the increased risk of radiation-induced

secondary malignancies in the years after receiving treatment [7]. RT has a decisive curative

role in several types of cancer such as breast, lower gastrointestinal, and lung cancer [8]. More-

over, it is the only selected modality to treat many early carcinomas, such as the prostate,

cervix, head and neck by teams at medical centers across the world [9]. Accordingly to Baskar

et al. [9] RT contributes nearly 40% of cancer curative treatment. Hence, RT is a crucial

component of cancer management. A concrete proof of that is the fact that Delaney et al. [10]

estimate that the ideal fraction of novel patients that should have access to radiotherapy is

52.3%. Borras [11] also corroborates the use of RT as one of the main strategies employed for

the treatment of cancer. It is predicted that the number of patients in Europe who would have

an indication for RT at least one time during the route of their treatment will reach 2,000,000

in 2025, representing an increase of 16% compared to 2012. Hadron therapy is an advanced

radiation treatment modality, however, it is still not an easily accessible therapy option world-

wide. It is estimated that hadron therapy, which currently uses protons and carbon ions, may

be appropriate for 10–15% of the patients with indication for RT [12].

1.2 Radiation in Cancer Therapy

Radiotherapy can be used as the primary modality to treat cancer, or in combination with

other therapies, for example, to kill any leftover cancer cells after surgery, or to reduce a

tumor volume before surgery, and to relieve symptoms in palliative treatments. The formation

of small breaks in the Deoxyribonucleic Acid (DNA) chains inside the cell’s nucleus is the

radiation mechanism behind this cancer treatment modality.
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1.2.1 Interaction of Radiation with Matter

High-energy electromagnetic radiation (X-rays), energetic subatomic particles are used in ra-

diotherapy as ionizing radiation (electrons, protons) or ions heavier than protons such as

carbon ions.

In turn, ionizing radiation can be categorized as directly or indirectly ionizing radi-

ation depending on the way the energy is transferred from particles to matter. On one hand,

directly ionizing radiation (charged particles such as electrons, protons or alpha particles)

transfer their energy to matter directly and deposit energy in the medium by means of direct

Coulomb interactions. On the other hand, indirectly ionizing radiation (neutral particles such

as photons or neutrons) transfers energy to the medium via a two-step process. First, they

transfer their energy to charged particles of the medium and put the electrons, for example, in

motion and then the subsequently released charged particle transfers its energy to the medium.

Depending on the characteristics of the incident particles and the target medium,

ionizing radiation can interact with and deposit energy in traversed matter through a variety of

mechanisms. The quantity of ionization energy deposited (J) per unit mass (kg) in the volume

of interest is measured as absorbed dose (Gy). Furthermore, it is necessary to define the

Relative Biological Effectiveness (RBE) to take into account the biological effects of different

kinds of ionizing radiation on living systems. RBE is the ratio of a photon dose to any other

particle dose required to achieve the same biological effect. The effectiveness of cell killing

in radiation therapy depends on several factors, including the total radiation dose, the dose

per fraction, the LET, as well as the specific cell or tissue type being treated. For example,

heavy ions such as carbon ions are more effective than photons for a given absorbed dose (in

Gy), have a higher RBE and consequently, inflict more harm to malignant cells [13]. Besides

that, the prevailing interaction that gives the major contribution to the patient’s dose may

vary significantly depending on properties such as the charge, the energy, the particle type

or the material characteristics such as the density and the atomic number Z of the absorbing

medium. Each interaction has a probability associated and can be measured by the respective

cross section σ. Hence, the observed effect of radiation on target materials must be viewed as

a combination of all possible interactions.
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Photons

The photoelectric effect, Compton scattering, and pair production are the three main processes

by which photons interact. Photons can induce photonuclear interactions in addition to atomic

processes, which will not be described here since they are only significant for photon energies

typically above 8 MeV.

The relative importance of these three processes is determined by the absorbing

medium’s atomic number Z and the photon quantum energy, as explained in Figure 1.2.

Figure 1.2: Dominant interaction as a function of the atomic number Z of the absorbing

medium and the energy of the incident photon. The black curves show where two types of

interactions have the same probability. The blue lines indicate carbon, hydrogen, oxygen, and

nitrogen atoms, which are the main components of human tissue, fat and muscle. Adapted

from [14].

Charged Particles

Charged particles lose energy in a way that is different from uncharged radiation such as X-

rays. Charged particles traveling through matter are constantly interacting with the electrons

and nuclei of the atoms around them [15, pp. 160-165].
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Charged particles can interact with matter in several ways, including inelastic

Coulomb interaction with atomic electrons, elastic Coulomb scattering with atomic nuclei,

non-elastic nuclear interaction, Bremsstrahlung, and Cerenkov radiation.

Stopping Power

The stopping power, which is defined as the mean energy loss per unit path length

traversing matter, can be described by the well-known Bethe-Bloch formula:

−
(
1

ρ

dE

dx

)
= Kz2

Z

A

1

β2

[
1

2
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4πNAr
2
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A
with the classical electron radius

re =
e2

mec2

Tmax = 2mec
2β2γ2 max. energy transfer in a single collision,

for M ≫ me

The Bethe-Bloch formula adequately predicts the stopping power of heavy charged

particles, which are significantly heavier than the rest mass of an electron, in the range of βγ

of 0.1 to 100. This range matches with the interval of energies of protons and carbon ions

used in hadrontherapy. The energy loss increases dramatically at low energies for hadrons.

Hadrons have this distinctive feature of increasing energy deposition with penetration depth,

with a maximum at the end of the range followed by a sharp decrease (Bragg curve). The

equation does not adequately represent the energy loss of light charged particles like electrons

since they can be significantly deflected by the target material as its mass is equal to the mass

of the target.
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1.2.2 Dose Deposition in the Patient

A few of the numerous particles found to date are suitable for RT: for example photons,

protons, neutrons, electrons, and ions heavier than hydrogen like carbon. The relative dose

deposited in tissue for photons, electrons and protons is depicted in Figure 1.3.

Figure 1.3: Juxtaposition of photon, proton, and electron relative dose distributions with

increasing tissue depth. These include (a) 6 MV Photons, (b) Bragg peak 147 MeV protons, (c)

spread-out Bragg peak, (d) 10 MeV electrons, (e) collimated 200 MeV electrons, (f) collimated

2 GeV electrons, (g) 200 MeV electrons focused at 15 cm, and (h) 2 GeV electrons focused at

15 cm. To facilitate comparison, each curve is normalized to the dose at the reference depth

of 15 cm, with the exception of the 10 MeV electron beam, which is normalized to its peak

dose. [16].

Conventional radiotherapy is the mainstay of RT and it uses 4–24 MV photon beams.

The greatest dose is deposited within the first centimeters of tissue, followed by an exponential

decrease of the dose deposition with the depth (blue curve). An X-ray photon in the therapeutic



18 CHAPTER 1. THE PHYSICS OF RADIOTHERAPY

window may interact with the patient’s tissue via one of the three effects described above and

shown in Figure 1.4. Inside the patient, several interactions can lead to the conversion of the

photon energy into kinetic energy of ejected electrons and positrons that might eventually leave

the patient. It can also be converted into secondary photons with progressively less energy. The

additional photons may interact once more inside the patient, causing a cascade of electrons

and positrons (the shower effect). Coulomb interactions, involving the orbital electrons of

atoms in the medium, constantly slow down electrons and positrons and are the ultimate

responsible for the ionization tracks in the patient’s tissue and therefore for the delivered dose

in the patient [17, pp. 74-78].

Figure 1.4: Photon interactions inside the patient [18].

As it takes a certain depth to build up the shower effect, the dose to the patient builds

up to a maximum, the peak dose, which is located at a short distance underneath the surface.

The build-up effect in X-ray photon therapy is attributed to the limited range of electrons,

exemplified by the fact that 1 MeV electrons, for instance, possess a range of approximately

0.5 cm in water. This phenomenon is particularly significant in superficial tissues, resulting

in enhanced dose deposition near the skin. Due to photon absorption and the inverse square

rule, the dose begins to drop after the peak. This unnecessary dose in front of and behind

the tumor volume (especially in the skin and deep tissues) damages healthy tissue and causes

in the worst scenario secondary cancers. Advanced techniques such as Intensity Modulated

Radiation Therapy (IMRT) were developed in order to improve the dose conformity to the
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target volume.

A more conformal dose distribution to the tumour can be achieved by using hadrons,

mainly protons and carbon ions, which have this distinctive feature of increasing energy depo-

sition with penetration depth, with a maximum at the end of the range (Bragg curve, curve (a)

in Figure 1.3.). The energy deposited rapidly decreases following the Bragg peak. The orange

curve (c) in Figure 1.3 shows a Spread-Out Bragg Peak (SOBP) from numerous modulated

proton beams, demonstrating that the whole tumor volume can be covered. The entrance

dose increases when several beams with varying energies are superimposed, yet the entrance

dose remains lower than for conventional therapy. In comparison with conventional X-ray

radiotherapy, there is a significant reduction of the dose in the entrance and a huge difference

beyond the tumor. These features allow the minimization of the detrimental side effects due

to the reduction of the radiation received by healthy tissue.

The depth dose curve in the patient for Electron Beam Therapy (EBT) is radically

different as shown by the curve (d) in Figure 1.3. The short range of clinical electrons makes

electron radiotherapy appropriate for the treatment of skin cancer, e.g. squamous cell carci-

noma, melanoma, mycosis fungoides. Electron beams are commonly used for intraoperative

radiotherapy and in treatment of the head and neck tumours [19, 20, 21]. Electrons lose en-

ergy mostly through collisions and produce ionization processes very frequently in the patient’s

body due to their low mass. In addition, electrons are constantly slowing down due to Coulomb

interactions. Consequently, the energy is deposited in the patient in the first few centimeters

and the maximum range is determined by the initial electron energy. Bremsstrahlung photons

produce a low dose tail with a longer range with a minor contribution to the total delivered

dose. Alternative modality techniques to reach deep-seated tumors using Very High Energy

Electrons (VHEE) beams (curves (h) and (g) in in Figure 1.3) have been studied [22].

1.3 Hadron Therapy

Hadron therapy is a type of radiotherapy for the treatment of tumors that uses beams of

particles consisting of quarks: neutrons, protons, helium ions, lithium ions, boron ions, carbon

ions, oxygen ions, pions, antiprotons, etc [23].
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The history of applications of hadrons in medicine began when Ernest Lawrence

built the first cyclotron capable of producing a proton beam at the end of 1932 [24, pp. 4].

Lawrence and his brother John decided to employ fast neutrons and radioisotopes produced

at this new accelerator for cancer treatment purposes [25, pp. 13-19] [26]. In 1946, Robert

Wilson, who was Lawrence’s student and afterwards became the Fermilab founder, suggested

the irradiation of cancer patients predominantly with protons, taking advantage of the Bragg

peak [27]. This particular characteristic provides a more conformal dose distribution to some

tumors, reducing the negative side-effects due to radiation delivered to healthy tissue, as

explained in Figure 1.3. The first patient was treated with protons in 1954 at the Lawrence

Berkeley Laboratory using a 340 MeV cyclotron. This remarkable event was followed by a

clinical trial with metastatic breast cancer. Further research in other facilities broadened this

modality’s application to the use of ions, launching a broad field now known as hadron therapy.

The first hospital-based proton treatment facility was built in the US in 1990 [28]. The main

advantage of this advanced modality is the better sparing of healthy tissue relative to the

photon beams. At the moment, hadron therapy is especially indicated in the treatment of

pediatric malignancies, where potential long-term collateral effects are of particular concern,

as well as tumors in difficult surgical access areas or adjacent to vulnerable organs or even

in re-irradiation scenarios [12]. Tumors in the skull base, spinal cord, brain, eyes, lungs, and

esophagus are examples of typical cases indicated to hadron therapy. Treatment with heavy

ions is also recommended for the cure of radio-resistant tumors due to the high RBE.

Currently, there are vendors in the market that sell cyclotrons and synchrotrons,

which provide reliable particle beams. Cyclotrons, in particular, have gained attention for

being less expensive compared to synchrotrons, making them an attractive choice for medical

institutions seeking this advanced technology. As a result, more and more hospitals and clinics

are investing in hadron therapy centers with cyclotron technology to offer this cutting-edge

treatment option to their patients. As of May 2023, there are over 120 particle therapy centers

worldwide, with more being planned or under construction. Of these, 109 centers utilize proton

therapy in external beam radiation, while 13 centers use carbon ion therapy. Notably, 6 of these

centers are dual ion facilities that offer both proton and carbon ion treatments. Nowadays,

treatment with hadrons is gaining popularity globally and more than 60 centers are planned

for the near future. By the end of 2020, more than 290’000 patients had been treated globally

using particle therapy, including almost 250’000 with protons, nearly 40’000 with carbon ions,
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and around 3’500 with He, pions, and other ions [29]. This modality is currently based on two

different types of accelerators. Proton therapy requires 4-5 m diameter cyclotrons and 6-8 m

diameter synchrotrons, while 20-25 m diameter synchrotrons are used to accelerate carbon

ions.

The beam delivery system coupled to the accelerators might be either "passive" or

"active". Initially, hadrons were viewed as photons and the beam was spread over the target

volume using "passive" shaping components adopted from conventional RT, such as range

shifters, scatterers, collimators, and compensators. The alignment of all these components

is very critical and the exposure of material in beam leads to the production of neutrons.

Moreover, a workshop is required to manufacture patient specific devices. "Passive" beam

delivery system do not profit from one of the most essential features of hadrons, its electric

charge. Due to their electric charge, hadrons can be directed by means of magnetic fields.

Active scanning techniques (spot or raster scanning) permit to magnetically control a narrow

pencil beam and paint a layer across the tumor target at a given depth. The selected layer

to paint can be changed by varying the energy of the beam and in this way, it is possible

to guarantee a full coverage of the tumor volume. On one side, the ability to generate any

geometries of homogeneous high-dose zones with a single beam is a benefit of "active" over a

"passive" beam delivery. Other advantages are the possibility of Intensity Modulated Proton

Therapy (IMPT) and the fact that no patient specific hardware is needed. The downside is

that the "active" approach is more sensitive to organ motion during scanning and the dose

distribution and homogeneity can be compromised [30]. Monitoring the intensity and position

of the beam in real-time is crucial.

Despite the rapidly growing interest, hadron therapy is still not a widely available

treatment option. The necessary hardware/equipment is costly, it requires regular maintenance

and spacious facilities that can occupy a large territory of up to a few hectares, and involves

a steady operating environment and highly educated/trained personnel. A particle treatment

center’s expense and space are substantially bigger than those necessary for conventional ra-

diotherapy. As a consequence, this has delayed or inhibited access to this radiation modality

in low- and middle-income countries. Design of new options for next generation accelerators,

beam lines, detectors and other hardware should improve accessibility for this type of therapy

in general by being more compact, cost-effective and less intricate.
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1.4 Clinical Practice Workflow in Radiation Oncology

Cancer therapy is a fairly complex chain of processes that includes several phases as depicted

in Figure 1.5 and ends, ideally, with the confirmation that the treatment was effective.

In the beginning, the oncologist evaluates the patient’s overall clinical condition in

order to indicate the best therapeutic method possible. After being referred to radiation

treatment, the patient is normally submitted to structural imaging using contrast CT or MRI.

This first imaging step is crucial to help the oncologist to delimit the extension of the tumor

and to define the prescribed dose as well as the fractionation (dose per fraction, dose per

day, and total dose). Moreover, a combination with molecular imaging using Photon Emission

Tomography (PET) or Single Photon Emission Tomography (SPECT) allows a more functional

evaluation of the cancer leading to more accurate contouring of the volume to irradiate.

Figure 1.5: Summary of the typical stages in radiotherapy workflow.

Ideally, a huge amount of dose should be delivered to the target volume while zero dose

should be delivered to the surrounding healthy tissues, especially the Organ At Risk (OAR).

Unfortunately, the real scenario of all the modalities of RT is disparate. Margins for several

uncertainties have to be taken into account by the radiation oncologist in order to assure that

the entire tumor volume is irradiated. Several volumes are defined after the analysis of these

images by the radiation oncologist, such as the Planning Target Volume (PTV) and OAR. The

PTV includes the margins for: uncertainties in patient positioning; alignment of the beam;

variations in the size, shape of the tumor, and position of the Clinical Target Volume (CTV),

that can happen during the course of the treatment; subclinical malignant disease [31].

The Treatment Planning (TP) is usually done by a dosimetrist and/or medical physi-

cist using a treatment planning system. The Treatment Planning System (TPS) simulates the

spatial distribution of the radiation dose by employing computer algorithms to the patient’s
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images to modulate the interactions between the radiation beam and the patient’s anatomy.

A specific plan is developed and the characteristics of the beams, such as the optimum beam

angles and collimation, are selected. The plan is created taking into consideration the instruc-

tions given by the physician and keeping the OAR’s tolerance limits as strict restrictions. Once

the treatment plan is completed, it has to be approved by the physician.

Following this step, it is important to establish a comprehensive QA program. QA is

“all those planned or systematic actions necessary to provide adequate confidence that a product

or service will satisfy given requirements for quality” as defined by the International Standard

Organization (ISO) [32]. To deliver safe radiation treatment, it is critical to test it and confirm

that the delivered dose matches the prescribed dose. The treatment plan verification is done

by the medical physicist to ensure that the dose distribution generated by the TPS is correct

for the specific patient. Each treatment facility must establish a well-defined QA process.

A typical one normally involves measuring the dose deposition predicted by each individual

treatment plan at some points in a homogeneous water phantom or water equivalent phantom

representing the patient and comparing the measured values of dose to the equivalent values

computed by the TPS under similar circumstances.

The therapeutic phase is handled by radiotherapy technologists who interact directly

with the patients and are responsible for accurately positioning the patient. However, anatom-

ical patient alterations due to weight reduction or tumor shrinking, for example, may exist

within a few weeks of fractionated treatments. Adaptive radiation therapy (ART) is a thera-

peutic method that employs imaging on a regular or near-daily basis to correct for anatomical

variations during the course of the entire treatment.

The radiation oncologist sees the patient on a regular basis. The follow-up continues

even after the completion of the treatment and the physician conducts inquiries in which

the technical data is archived into the clinical process of the patient. The registration of the

treatment outcome and the side effects from irradiation that may occur during therapy provide

essential information to physicians for making educated decisions regarding expected benefits

versus anticipated adverse effects.
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1.4.1 Quality Assurance

The aim of radiation therapy is to kill the cancer cells, while minimizing the risk of side effects

to the adjacent healthy tissue. Tumor control and normal tissue complication probabilities are

functions of the dose as shown in Figure 1.6 [33, 34].

Figure 1.6: The principle of therapeutic ratio. Dose–response red curves represent the tumor

control probability (TCP) and the green curves the normal tissue complications probability

(NTCP). Chemotherapy for example, can increase the separation between the two curves in

order to achieve an optimal therapeutic window [34].

As the dose increases, the likelihood of tumor control is also higher. Unfortunately,

the effect of small variations in the absorbed dose in this high dose region can have major

clinical impacts on healthy tissue, since the therapeutic window shrinks. There are other

complementary therapies to change the response curves of tumor cells and the healthy tissue

toxicity to radiation [35]. In spite of the efforts to increase this separation gap, the therapeutic

window between the dose–response curves can be narrow depending on the clinical situation.

Consequently, the evaluation of the dose and the dose distribution administered to the patient

is a fundamental quality control process during the radiation treatment. The International

Commission on Radiation Units and Measurements (ICRU) states that at the level of one

standard deviation, relative accuracy of 3% is desirable, although 5% is often accepted, while
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relative precision (reproducibility) of 2% is required [36]. Therefore, it is critical to validate

that the required dose is delivered exactly where needed and no healthy tissue is unnecessarily

irradiated.

The advantage of the hadrons stopping at certain depth in the patient is also a

huge challenge for QA. Measuring the range with precision is important for an accurate dose

deposition. Figure 1.7 compares a 5 mm range error using photons and carbon ion beams.

Figure 1.7: A slight inaccuracy in photon target depth (red vertical lines on the left) results in

a tiny dose error (shaded region). A comparable slight target-depth inaccuracy with carbon-

ions, on the other hand, leads in significantly more critical mistakes (shaded areas illustrate

substantial areas of under- and over-dose) [37].

The same slight target-depth error with carbon-ions may drastically alter the dose to

both the tumor and healthy normal tissue, as seen in Figure 1.7. In contrast, it is also shown

that the same error has a substantially lower influence on X-ray treatments. Since hadrons are

more sensitive to density changes, uncertainty in the translation of the patient’s CT scan to

stopping power data or the breathing motion during the treatment administration may alter

the depth of the Bragg peak, which can drastically affect the dose to both, the tumor and the

crucial healthy tissue. Taking into account this uncertainty, the precise lateral penumbra of a

proton beam is commonly utilized to spare sensitive normal structures like OAR during the
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treatment of clinical sites where the target volume either comes into close proximity with or

encompasses these structures.

During a proton or heavy ion therapy course of more than one month, the patient’s

anatomy might differ from the initial defined PTV due to factors such as patient weight loss,

tumor shrinking, or gas in the intestine. As a result, a significant deviation of the planned

deposited dose may occur when using hadrons, as seen in Figure 1.7. These facts reinforce the

crucial role of an efficient and high precision QA protocol.

The effectiveness and the success of hadron therapy are determined by the accuracy

with which the required dose is delivered to the target volume while sparing healthy tissues. In

order to maximize tumor control and minimize detrimental effects QA is the key to the success

of hadron therapy. To reduce treatment uncertainties and avoid mistakes, aspects from the

beginning of the RT workflow such as the patient’s diagnostic images to the final positioning of

the patient on the treatment day, passing through the technical aspects of the beam delivery

system must be checked. Additionally, QA also improves the likelihood that problems will be

identified and corrected sooner if they occur, lowering the repercussions for patient treatment.

Furthermore, it allows a reliable exchange and intercomparison of clinical data clinical between

several facilities.

During the past years several international and national regulations and recommen-

dations, such as the "IEC 62667:2017 Medical electrical equipment - Medical light ion beam

equipment - Performance characteristics" or "PTCOG Safety Group Report on Aspects of

Safety in Particle Therapy, 2016", defined a few detailed and hard requirements. Then, each

facility has to define and document a specific and detailed QA procedure that takes into con-

sideration the particular equipment available and existing personnel. The medical physicist is

deeply involved in the verification of the appropriate physical and clinical factors, such as the

dosimetric tests on dose distributions. An integrated team from all groups must ensure that

a comprehensive QA program is applied. Two examples of the detailed list of test tolerances

and test methods can be found in [38, 39].
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1.4.2 Detectors for Quality Assurance (QA) in Particle Therapy

To accomplish an efficient QA protocol, it is critical to monitor the beam parameters as well

as the delivered dose using a proper set of dosimeters [40]. A radiation dosimeter is a device,

instrument, or system that directly or indirectly detects and assesses exposure, absorbed dose

or dose equivalent, kerma, or any physical quantity related to ionizing radiation. Kerma, or

Kinetic Energy Released per unit Mass, is a measure of the energy transferred from ionizing

radiation to a material per unit mass, providing insights into the radiation dose deposited

in the material. A dosimetry system is composed of a dosimeter, a reader, and a measure-

ment/calibration procedure [41].

Various types of dosimeters are used to measure 2D dose distribution during normal

QA controls [42]. 2D/3D systems are particularly efficient in measuring the dose deposition

of a dynamic beam (scanning). In hadron therapy, typical sensitive areas of 200 x 200 mm2

are required to cover the maximum typical clinical field size [38]. However, larger fields can be

reached with the available solutions and, for example, the maximum field size of the Varian

Probeam is 300 x 400 mm2 at isocenter [43].

Due to their proven performance, accuracy, and stability (small variation in response

with energy, dose and dose rate), international dosimetry guidelines propose the use of an

array of ionization chambers for QA testing [36]. Nevertheless, the spatial resolution of ion-

ization chamber-based devices is limited by the size of the currently available detectors. The

OCTAVIUS® Detector 1600 SRS, for example, is composed of a matrix of 1521 vented plane-

parallel ion chambers spaced between 2.5 mm and 5 mm in the central area [44].

Films such as radiochromic EBT3 are widely used as relative dosimeters e.g. for

constancy checks because of their superior spatial resolution of up to 25 µm. Several groups

also established films based dosimetry protocols to obtain absolute dose values [45, 46, 47].

However, they give an offline response that is strongly reliant on particle energy and time-

consuming [48, 49].

Optical readout-based detectors, such as scintillating screens coupled to CCD cameras

with high spatial resolution have been developed for 2D dosimetry and can be used for online

monitoring of the beam [50]. Other examples include the Lynx® commercial detector, which
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is made of gadolinium-based plastic and is only appropriate for relative 2D dosimetry studies

due to its high energy dependency [51].

IBA launched recently the myQA® Phoenix, an high-resolution digital detector array

with a sensitive area of 400 x 400 mm2. It is an amorphous silicon panel with 0.2 mm pixel

pitch, which works in direct conversion mode. A calibration curve of the detector signal has

to be determined for each energy [52]. Moreover, The Sphinx Compact is a solution from IBA

for daily QA workflow in radiotherapy, tailored specifically for Pencil Beam Scanning (PBS)

machines. It is comprised of three main components: a carbon fiber frame, a high-resolution

photo-diode type flat-panel imager and a diverse array of block modules crafted from high-

density plastic material with various shapes. Based on the findings in reference [53], it can

be inferred that the device under investigation effectively meets the requirements outlined

in the American Association of Physicists in Medicine Task Group 224 Report for daily QA

tests. Despite the observed quenching effect at the Bragg peak region, the device still provides

accurate and reliable results, which is essential for maintaining patient safety and ensuring

high-quality radiotherapy treatment. Therefore, the results of this study demonstrate the

device’s suitability for routine use in clinical settings, providing confidence in its ability to

deliver precise dose measurements during daily QA checks. The Sphinx Compact represents

a comprehensive all-in-one solution for daily PBS machine QA, providing radiotherapy clinics

with a rapid, efficient, and comprehensive tool to uphold the highest standards of quality and

safety in their treatments. With its compact design, it offers streamlined setup and rapid

testing, allowing for completion of all daily QA tests in under 10 minutes, according to IBA.

This translates to the potential to treat an additional patient each day, optimizing patient

throughput. Hence, it is a very promising device for an efficient QA of proton beams [53].

QA programs based on different kinds of detectors can be very complex and time

consuming. The ESTRO-EPTN survey results presented in 2020 show that there is a discontent

with complex, inefficient and time-consuming measurements protocols due to the restricted

capabilities of the commercially available devices [54, 55]. Nowadays, there is still room for

improvement towards an all-in-one solution providing accurate and real-time measurements

with submillimeter spatial resolution, and a linear response to the beam current. Moreover,

an ideal dosimeter should have a response independent of LET, be radiation hard and supply

a fast analysis of the data. A complete solution that includes all the information will minimize

the equipment costs, the setup time and therefore the resources required in the treatment
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facility, improving the overall performance of the QA programs. This single solution project

would provide patients with higher quality treatment for better patient outcomes and reduced

healthcare costs, contributing to the goal of providing “access to the best treatment for all”.

Treatment with hadrons (currently protons and 12C ions) is a radiotherapy technique

that for several types of tumours offers considerable advantages over conventional photon and

electron treatments. Since its initial application in 1954, it is gaining popularity as a cancer

treatment modality, with a growing number of patients benefiting from its unique properties.

By the end of 2022, more than 360,000 patients have undergone particle therapy globally

[56]. However, it is worth noting that despite its potential, the utilization of this cutting-edge

approach remains relatively limited when compared to the conventional use of photons and

electrons in radiotherapy, which annually treats around 7 million patients [57].

The initial envisaged application for the detector centered on its deployment in the

realm of hadron therapy, owing to the promising potential it helds within this domain. Nev-

ertheless, it is noteworthy that the prevailing global trend in cancer treatment predominantly

favors photon-based therapies over hadron therapy. This observation underscores the impera-

tive for continued advancements in both of these treatment modalities.

The objective of this thesis is to contribute to the creation of tools, which will ensure

an optimal dose delivery to patients undergoing cancer radiation therapy by providing 2D

dosimetric information with high spatial resolution. The work I performed for this thesis,

resulted in the development of two detector prototypes: one with an optical readout based

on a matrix of OPDs fabricated on top of a TFT backplane and another one based on an

TFT-only charge readout with an active area of 60 x 80 mm2.
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Chapter 2

The LaGEMPix Detector Concept

“There is no applied science if there is

no science to apply.”

Bernardo Houssay

This chapter is dedicated to the description of the LaGEMPix project. I initially

briefly describe the foundation and several options explored during this project. It then intro-

duces the triple-GEM detector technology, which serves as the foundation of the LaGEMPix.

Next, the composition and development of the optical readout of the detector are presented.

Finally, the chapter reports on the development of the first LaGEMPix prototype with a TFT-

based charge readout, which represents a significant milestone in the project’s progress. The

chapter also covers the results of irradiation measurements conducted at the medical cyclotron

located at the Bern University Hospital (Inselspital). These measurements were aimed at eval-

uating various transparent anode substrates for an optical readout detector using low-energy

protons. The insights from these measurements were crucial to ensure the optimal functionality

of the initial detector prototype and the subsequent construction of the LaGEMPix prototype

with GEM-OPD array readout. Overall, this chapter offers a comprehensive overview of the

LaGEMPix project, highlighting its innovative design and potential impact on the field of

particle detection. A user manual of the LaGEMPix can be found in [1].

39
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2.1 GEMPix – the Point of Departure

The GEMPix detector, a promising tool for quality assurance in hadron therapy, is the starting

point of the LaGEMPix project. This apparatus was developed by the Special Projects section

of the Radiation Protection group at CERN. The GEMPix is an original detector that combines

a triple-GEM, a type of gaseous ionization detector, and a quad Timepix Application-Specific

Integrated Circuit (ASIC) used as a highly pixelated readout [2]. A more detailed explanation

of the triple-GEM can be found in Section 2.3. The Timepix [3] is a pixelated silicon detector

developed by the Medipix Collaboration, a family of photon-counting pixel detectors [4]. In

this application, a 2 x 2 array of chips without a silicon sensor is used as a readout for a

triple-GEM. This readout is based on a read-out chip consisting of a 256 x 256 pixels CMOS

ASIC to which different pixelated semiconductor sensors are normally bump-bonded. Each

pixel measures 55 x 55 mm2. Hence, in total, we have an active area of 28 x 28 mm2 with

more than two hundred and sixty thousand (262,144) pixels .

In combination, the resultant technology is a hybrid device able to measure and visu-

alize the energy deposits in the gas of several types of radiation with a high spatial resolution.

It may be used also for X-ray monitoring in burning plasma physics or clear radioactive waste,

for example. Due to the wide gain range of the chamber, this device can also be used to measure

particle beams (i.e. protons and carbon ions) in hadron therapy with good spatial resolution.

It has been demonstrated that the GEMPix is capable of providing 2D images of the beam,

the Bragg curve and the 3D energy deposition of a carbon ion beam in a water phantom [2, 5].

These results demonstrate the capability of the GEMPix in terms of proof-of-principle.

However, there are mismatches between the Bragg curve measured with the GEMPix

and the results of the PTW Peakfinder, the standard detector. The Peakfinder, part of PTW’s

beam scanning systems, is designed for precise Bragg peak depth measurement. The device

includes two parallel-plate ionization chambers (PTW Bragg Peak Ionization Chambers) and

facilitates synchronization with accelerator spills for measurements of Bragg curves. A large

sensitive area was simulated and shows that the size of the area has a significant effect, espe-

cially in the tail of the Bragg curve. This happens due to the fact that the beam is spread out

with increasing depth in water. Hence, we cannot collect all the energy deposition even for a

single pencil beam especially in the tail because the beam diverges. Moreover, we also need
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to develop a detector with a large area detector for QA in order to cover the typical radiation

field size, since an evaluation of the dose in one measurement of the entire area is desired.

2.2 Large Area GEMPix

Although promising, a larger sensitive area GEMPix is required to cover the typical radiation

field size and to avoid losses due to beam spread out. We aim at developping an imaging

detector with a wider area (of the order of 20 x 20 cm2) compared to the current GEMPix

detector (2.8 x 2.8 cm2). Large area GEMs already exist and are produced at CERN. Hence,

my research was focused on checking new readout possibilities. I verified and tested several

valid readout options, which could be used to increase the area of the LaGEMPix detector, as

shown in Figure 2.1.

Figure 2.1: Readout options for the LaGEMPix.

We propose a novel detector for quality assurance in hadron therapy, for which an

accurate dose calculation and verification with high spatial resolution is required. An original

detector named LaGEMPix that consists of a triple-GEM coupled to a highly pixelated readout

was proposed. I explored several routes of investigation concerning the readout in order to
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reach the desired target submillimetre spatial resolution for QA in hadron therapy.

Two distinct types of readout can be distinguished as depicted in Figure 2.1. An

electronic readout based on the Timepix or the TFT panel, relies on collecting charges or

detecting induced charges from moving electrons, while an optical readout based OPD or

on cameras relies on recording photons emitted during the electron avalanche multiplication

processes.

While the GEMPix currently uses an electronic readout, we also used an optical

readout with the OPDs, which can be achieved when specific gas mixtures are used. Other

GEM based detectors with optical readout have been used in the past in particle therapy. In

particular, the feasibility of optical readout GEM-based detectors filled with Ar : CF4 was

previously investigated with CCD CMOS cameras [6, 7, 8].

2.2.1 Optical Readout Using Cameras

The feasibility of using a camera as a readout option was validated st CERN with a simple test

set-up. The triple-GEM filled with Ar : CF4 gas was coupled with a CMOS camera Basler

acA1920 - 40gm [9]. A Fe-55 source with characteristic 5.9 keV X-rays was placed in front

of the Mylar window of the triple-GEM. First, images were acquired with the external light

(room light) using the Fe-55 source. Then, all external lights were turned off, the detector

and the camera were covered with black tissue and new images using the Fe-55 source were

recorded as shown in Figure 2.2. A ROI indicated by a blue rectangle was defined around the

GEMs.

Figure 2.2: a) Image with external light. b) Image without external light.



2.2. LARGE AREA GEMPIX 43

The optical photons produced in triple-GEM are visible in images taken with a CMOS

camera after all external light sources have been eliminated. Based on the results obtained,

this option could be used to collect the optical signal from the triple-GEMs and, consequently,

to increase the area of the detector. However, the degradation of the camera due to radiation

damage requires placing it outside the beam path, requiring a more complex system with e.g.

mirrors or lenses.

2.2.2 Optical Readout Using Light Sensitive Timepix3

The possibility of coupling other sensors other than cameras to the GEMs has been studied.

For example, the light signal due to the scintillation in the Thick Gas Electron Multiplier

(THGEM) holes was detected by TPX3Cam, which is a light sensitive silicon sensor bump

bonded onto a Timepix3 chip [10]. I also prepared a simple set-up to test the light sensitive

Timepix3. Resorting to the use of lasers, it was possible to verify that this chip is sensitive to

UV and red light. However, the merging with the triple-GEM will also require a more complex

device with a special shielded box and collimators.

Due to the need for a complex set-up, none of these last two options with optical

readout was pursued. In contrast to CCD/CMOS-based detectors or the TPX3Cam, the

highly pixelated matrix coated on an oxide TFT backplane readout can be adjacent to the

GEM anode. This allows for a more compact, further scalable and low material budget set-up.

2.2.3 Optical Readout Using Thin Film Transistor and Organic Pho-

todiode

Firstly, a small triple GEM detector with an active volume of 3 x 3 x 1.2 cm3 was coupled

to a single OPD with an active area of 4.91 m2 for readout. The OPD was manufactured by

ISORG (company in Grenoble, France) 1. The single OPD (without any specially designed

electronics such as a preamplifier) is mounted on a PCB and this prototype is called OptiGEM.

The OPD is directly readout using a Sourcemeter Keithley Model 2450 [11]. The technical

note "Maia Oliveira, A. (2019). OptiGEM." [12] provides a detailed description of the initial

1ISORG, Grenoble FRANCE, http://www.isorg.fr/, Tel: +33 (0)4 38 88 18 36
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steps performed to test the feasibility of the OptiGEM. The OptiGEM was able to detect the

optical signal by measuring the current driven by the OPD with a sourcemeter of type Keithley

Model 2450 [11], when illuminating the OPD with a mobile phone flashlight or ambient light.

We measured a negative current in the OPD when exposing it directly to light. In a later

test, we coupled the OPD directly to a triple-GEM setup to detect the scintillation photons

produced in the last GEM. However, we observed an increase in the electric current towards

positive values when placing radioactive sources in front of the Mylar entrance window of

the triple-GEM setup. We did not expect the current to be positive, thus this fact led us to

the hypothesis that electrons rather than photons were inducing a current in the photodiode.

Indeed, when the induction field – responsible for drifting electrons from the last GEM to the

readout - was set to zero, the signal disappeared. Therefore, we concluded that this current

was due to the drifting electrons. In order to evaluate the feasibility of an optical readout, it

is essential to place a transparent anode after the last GEM. The anode collects the drifting

electrons while allowing the scintillation photons to pass through.

The subsequent technical note "Maia Oliveira, A. (2020). OptiGEM – ITO Glass"

[13] presents studies performed to test the feasibility of the OptiGEM with an ITO glass. This

was achieved by mounting the ITO glass with an 8 mm gap below the GEM structure, allowing

the collection of electrons while enabling the passage of optical photons. These experiments

took place at the CERN Calibration Laboratory [14]. The expected decrease of the electric

current towards zero with the GEMs gain in the OPD was observed when using a 3 TBq Cs-137

source in front of the OptiGEM. In addition, when the induction electric field was set to zero,

we continued to measure the signal in the OPD induced by the radioactive source. Therefore,

we concluded that we detected the secondary scintillation photons emitted by the Ar:CF4 gas

molecules during the electron multiplication in the GEM holes using a single OPD.

The different electric fields of triple GEM detector with an active area of 100 x

100 mm2 were optimized to achieve a high current in the anode. The results of the electric

fields optimization based on the anode current measurements are presented in the Technical

Note "Maia Oliveira, A. (2020). LaGEMPix: optimization of electric fields for operation with

Ar:CF4 gas mixture. [15]. Results show that the current measured on the anode increases lin-

early with the current in the last GEM. The Triple-GEM functioned as anticipated, marking a

successful phase for the subsequent testing of coupling this detector with TNO’s optical read-

out. The optimization study detailed in this report holds substantial significance, especially if
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the readout’s detection limit operates within the range spanning from the initial non-optimized

configuration to the final optimized approach.

We developed an original detector that consists of a triple-GEM coupled to a highly

pixelated readout based on a matrix of Organic Photodiode (OPD) coated on an oxide TFT

backplane. We combined the two technologies to achieve a wider area (60 x 80 mm2) imaging

detector and to fully exploit its optical readout capabilities. Please refer to Section 2.5 for

the explanation of the technical details of the readout. On the left side of the baseplate,

the triple-OPD stack is connected to the optical readout array and secured by two blue 3D

printed holders, as illustrated in Figure 2.3. This setup enables straightforward merging both

components.

Figure 2.3: The LaGEMPix detector. The triple-GEM 10 x 10 cm2 stack coupled to the optical

readout matrix is on the left side; on top, there is the thin Mylar window. The readout board

and the cables to connect the detector to the FPGA module are on the right side.

After conducting the characterization of the first LaGEMPix prototype, it was con-

cluded that the spatial resolution achieved was only a few millimeters due to the isotropic

emission of photons (see Chapter 3). This resolution was deemed insufficient for QA in hadron

therapy. As a first step towards improving the spatial resolution, we reduced the gap between

the last GEM and the readout to minimize the impact of this effect. Although the results

with the reduced gap demonstrated significant improvement, it was found that achieving sub-
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millimeter spatial resolution in a compact system with optical readout is challenging without

the introduction of collimators or lenses in the set-up. Therefore, further improvements in

spatial resolution will require additional modifications to the system design.

2.2.4 Charge Readout Using Thin Film Transistor

In the second stage of this project, an original detector that utilizes a charge readout based

on a matrix of thin-film transistors was designed. To build this new version of the LaGEMPix

detector, the OPD frontplane present in the first version of the LaGEMPix was eliminated,

leaving a TFT-only electronic readout. Please refer to Section 2.5 for the explanation of

the technical details of the readout. With this charge readout approach, secondary electrons

produced in the electron avalanche are directly collected by the readout, yielding an even

more compact and efficient device with a higher signal-to-noise ratio. Additionally, the results

demonstrate that the required sub-millimeter spatial resolution is achievable using low energy

X-rays and protons.

2.2.5 Charge Readout Using Timepix

Regarding the charge readout options, the other option consisted to tile 15 x 15 Timepix chips.

First, as wire bonds are only on one side of the current Timepix chip, the quad configuration

(2 x 2 chips) utilized in the GEMPix cannot be expanded to a theoretical n x n chip layout

(n>2). To achieve a large sensitive area we could recur to the new Timepix4 version, which

is nearly four times larger than the Timepix. The big advantage of the Timepix4 is the

vertical interconnect access, which is only possible due to the connection for data transfer

from underneath the chip by Through-silicon Via [16]. Although, merely the cost of the

Timepix4 ASICs would make such a solution too costly. Furthermore, the 55-pixel size would

depend on expensive and complex electronics to manage the vast number of signals, and each

acquisition would produce a massive amount of data.
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2.3 Triple-Gas Electron Multiplier

Both LaGEMPix prototypes combine the triple-Gas Electron Multiplier, a type of gaseous

ionization detector and a high pixelated read-out.

2.3.1 Gaseous Detectors

There are a plenitude of radiation detectors and their applications are equally vast, from the

fields of geology and space to medicine. A large majority of these detectors were first invented

for particle physics experiments and then used or adapted to a specific field of application.

Gaseous, scintillation, and solid state detectors are different types of instruments that have

been used by the radiation detection community to, for example, measure the energy, the

momentum, the position, the number of particles or even to identify a particle. Gaseous

detectors offer radiation detection with a low material budget by adopting gases or gas mixtures

as the active detection volume. Furthermore, another advantage of this type of detector is the

possibility to be scaled up to cover large areas [17].

The premise of a gaseous detector is the detection of ionisation due to radiation

interaction with the gas. Primary electron-ion pairs are created by the ionizing radiation

passing through the sensitive volume of the detector.

It is possible to distinguish between two types of ionisation, primary and secondary.

When incoming radiation interacts directly with the active gas volume, primary electrons are

produced. Then, some of these primary electrons with sufficient energy to ionize the gas, such

as δ−rays, can induce a second ionization process, which has an impact on the overall amount

of ionization electrons as well as on the spatial resolution.

Another option to increase the number of released electrons is the Penning ionization,

where an electrically excited gas atom (frequently the noble gas) interacts with other molecule

or atom (quencher gas) with a lower ionization potential than the noble gas’s metastable excited

state. The molecule is ionized as a result of the collision, generating a cation, an electron, and

a neutral gas molecule in the ground state. A Penning mixture, which is a combination of

an inert gas and a smaller amount with another gas (commonly a molecular gas), has to be
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selected as the filling gas.

Then, an external electric field is applied between two electrodes to collect the positive

and negative charges. The electrons drift and diffuse trough the gas in the direction of the

readout and the positive charges, the gas ions, go in the opposing way trough the cathode.

These electrons can be captured by positive ions and a recombination between these two species

might occur during their transport. To avoid these occurrences, a drift field must be applied

and a electron cloud is generated due to the production of additional electrons and ions, called

the secondary ionization.

Usually the number of primary electrons is not enough to produce a considerably

strong signals for detection. As a result, initial electrons must be multiplied. John Sealy

Townsend discovered this avalanche multiplication mechanism and defined the formula to

calculate the rise dN in the number of electrons caused by successive ionisations across a drift

distance dx :

dN = αN0dx (2.1)

The equation 2.1 may be integrated to get the total number of electrons after mul-

tiplication N, presuming that the Townsend coefficient, α, is constant throughout the path.

The Gain, G, is defined by the ratio N/N0:

G = N/N0 = exp(αx) (2.2)

2.3.2 Gas Electron Multiplier

GEM detectors are a relatively modern detector technology developed at CERN by F. Sauli

in the mid-90s [18]. The elementary component is a GEM foil, which consists of a 50 µm

thick insulating Kapton layer electroplated with a conductive metal on both sides. Small holes

are then etched in this foil and a voltage difference is applied across them. These holes have

diameters of about 70 µm at the surface, 50 µm at the center and pitch (hole to hole distance)

of 140 µm. This configuration produces electric fields as high as 100 kV cm−1 inside the
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holes. When an electron traverses the hole, avalanche multiplication takes place producing

secondary electrons. For each primary electron, the number of secondary electrons or gain is

determined by the gas density, gas mixture and applied electric field. Other experiments have

demonstrated that a multi-GEM structure can yield significantly higher gains than a single

GEM [19, 20]. It is possible to achieve a given gain at considerably lower operating voltages.

Therefore, the spark probability of this configuration decreases, permitting a safer operation.

For example, the triple-GEM structure used in the GEMPix has gains in the range of 103−105

[21] as shown in Figure 2.4.

Figure 2.4: Gas gain for the different gas mixtures [21].

The triple-GEM built for the two versions of the LaGEMPix consists of a 15 µm thick

Mylar window used as the cathode, located at a distance of 3.5 mm from the first GEM. The

drift gap is large enough to minimise inefficiencies in charged particle detection [19] but not

large enough to affect the time performance. The distance between the GEM1 and GEM2 is

1 mm, while the GEM2 and GEM3 are separated by 2 mm. This asymmetrical configuration

does not compromise the temporal performance of the detector thanks to a first transfer gap

of 1 mm, while reduces the probability of discharge by increasing the second transfer gap by

1 mm [19]. The last gas region between GEM3 and the anode, known as the induction gap,

varies from 1 mm to 3 mm depending on the prototype. A schematic diagram of the assembly
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is shown in Figure 2.5 for the GEM-OPD and GEM-TFT configurations.

The drift field is applied between the cathode and the first GEM foil, hence the

primary ionization electrons produced in the drift gap are attracted by GEM1. It is essential

to apply an appropriate electric field in the drift region to avoid recombination of primary

electrons with positive ions. After electron amplification in the GEM1, electrons need to be

transferred from one GEM to the next one. Therefore, it is important to select the value of

the transfer fields such that it allows efficient extraction of electrons from the holes as well

as an efficient collection of charge carriers by the next GEM. After the electrons move across

the last GEM foil, they drift towards the anode in the so-called induction gap due to the

induction field. A detailed explanation of light production in GEMS can be found in the next

Section 2.3.4.

Depending on the type of readout (charge or optical) that is placed below, the triple-

GEM chamber undergoes a significant modification. To assess the feasibility of an optical

readout, it is crucial to position a transparent anode after the final GEM, as depicted in Fig-

ure 2.5a. On the bottom of the third GEM, the Indium Tin Oxide (ITO) coated glass anode

with a thickness of 1.1 mm was placed in order to collect the electrons produced in the am-

plification process [22, 23]. Scintillation photons of certain wavelengths pass through the ITO

glass and are detected by the image sensor. On the other side, for the charge readout option,

I had to remove the ITO transparent anode in the triple-GEM design, since the electrons

produced in the electron avalanche are read out directly by the TFT matrix placed below the

triple-GEM. As in this case, the ITO glass is not present to guarantee that the triple-GEM

chamber is gas-tight, it was necessary to add a 300 µm thin rubber when coupling the chamber

to the readout.

2.3.3 Proton Irradiations at the Bern Cyclotron of the Large Area

Triple-Gas Electron Multipliers

We conducted the first test with protons with the LaGEMPix detector at the 18-MeV cyclotron

facility in Bern. We aimed at testing the behavior of a recently built triple GEM detector 10 x

10 cm2 with the TFT readout on a low-energy proton beam. This was the first time we tested

the functionality of the LaGEMPix in a high-flux proton beam.
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(a) Schematic of the GEM–OPD array detector,

consisting of a TFT backplane array and OPD and

triple-GEM frontplane.

(b) Schematic of the GEM–TFT array detector,

consisting of a TFT backplane array and a triple-

GEM frontplane.

Figure 2.5: Two configurations of GEM-based radiation detectors.
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Our goal was to perform these measurements in the clinical range. Hence, we aimed

to achieve values of beam intensities around 1 nA, which is not common in an isotope pro-

duction cyclotron like the IBA Cyclone 18 MeV in operation at the Bern University Hospital

(Inselspital). A Faraday cup connected to a high-precision electrometer, positioned after the

UniBEaM detector at the BTL end, was used to measure beam profiles at various currents up

to a few nA. Auger et al. [24] provides additional setup details, demonstrating the UniBEaM

detector’s high accuracy in beam current measurement in the pA range. After obtaining

UniBEaM counts as a function of beam current in the interested low range of beam currents,

the Faraday cup was removed from the end of the BTL, and the triple-GEM detector was

installed.

We did a gain scan and we observed the same behavior measured with the GEMPix,

exponential behavior. We performed the beam intensity scan and measured a linear behavior

between 2 pA and 1.5 nA with the sum of the GEM voltages equal to 500 V as shown in

Figure 2.6.

Figure 2.6: Current at the last GEM vs the proton beam current of the 18 MeV cyclotron.

The black dashed line represents a linear fit to the data. The bottom plot shows the residuals.

Following the successful validation of the GEMs with a proton beam, the next critical

step was to identify the ITO glass that best aligned with our requirements for constructing a
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detector prototype with optical readout.

2.3.4 Light Production in Gas Electron Multipliers

While the GEMPix currently uses an electronic readout and relies on detecting the charge

induced by moving electrons inside the detector, we explored the use of an optical readout

with the OPDs, which relies on detecting photons emitted during the electron avalanche mul-

tiplication processes. This can only can be achieved when specific gas mixtures are used and

therefore we filled the triple-GEM with Ar : CF4 gax mixture.

When an electron collides with gas particles like for example Ar, the latter absorbs

its energy and re-emits it in the form of light during de-excitation. This secondary scintillation

is the dominant process of light production in gaseous detectors like GEMs [25].

Scintillators are widely used in radiation detection applications [26, 27]. Certain ma-

terials emit a flash of light that is created by the path of radiation in material, i.e. scintillation.

The molecules or atoms of these materials absorb the energy of the radiation and as a result

get excited or ionized. Therefore, both processes can contribute to the transition to a higher

energy state [28, pp. 115]. Then, when they return to their fundamental state, they re-emit the

absorbed energy in the form of photons [28, pp. 157]. Luminescence is an inherent property

of scintillators. There are two types of luminescence that a scintillator can exhibit: phospho-

rescence and fluorescence. Fluorescence consists in instantaneous reemission of the photons,

after the absorption of energy of an incoming particle [29, pp. 158]. Occasionally, the excited

state is metastable and the relaxation time from the excited state to a lower state can last

between a few microseconds to hours and consequently, the reemission is delayed. In this case,

this process is defined as phosphorescence [30].

Certain types of gases, such as noble gases like argon, helium or xenon exhibit scin-

tillation. Their atoms are excited by ionizing radiation and then, decay to their ground state

after a very short time with the emission of light mainly in the Ultra-Violet (UV) [29, pp. 166].

The addition of small quantities of a molecular gas such as CF4 can not only have an impact

on the diffusion and drift velocity of the electrons in the gas, but can also provide a wide

light emission spectrum with an intense emission band in Visible (VIS) range. Scintillation

light emission in the VIS range eases the detection of photons since it is compatible with most
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available image sensors and photodetectors [30]. The detector LaGEMPix uses Ar : CF4 as a

gas mixture with 10% of CF4.

In gaseous detectors based on electron avalanche multiplication such as the GEMs,

it is possible to differentiate primary and secondary scintillation. Primary scintillation is the

emission of light as a result of the de-excitation of the gas atoms and molecules caused by an

incident primary particle. The primary photons are emitted in the drift region, between the

Mylar Window and the first GEM foil. Secondary scintillation, on the other hand, is produced

by the secondary electrons generated during the multiplication process in high electric field

regions [31]. If a gain is applied to the GEMs, the number of secondary electrons generated is

higher than the number of primary electrons. Thus, the secondary scintillation can be brighter

than the primary scintillation light. Even for the lowest gains, the impact of the primary

scintillation is almost negligible, because the optical transmission of the GEM foil (thickness

of 50 µm of copper and Kapton) is lower than 0.12 [32]. Hence, secondary scintillation is

the basis of radiation detection with the GEMs through optical readout [32, 33]. Due to the

strong electric field, the collected electrons inside the GEM holes experience a very localized

multiplication. Hence, the holes are the place where the gas atoms and molecules are excited

emitting photons along a short track [25]. The gain inside the holes can be adjusted in order

to have a higher electron multiplication factor and consequently, a high number of emitted

photons. In a triple-GEM detector, the greatest number of secondary electrons is produced

in the holes of the last GEM, GEM3. Therefore, it is expected to also be the place of highest

photon emission. Furthermore, the other GEM foils are opaque and absorb the majority of the

light emitted from the first and the second GEMs [6]. Concerning the directionality of emission

of the light, there is no precise study in the literature. Nevertheless, there is a consensus in

the community that photons are emitted isotropically [29].

The light yield is one of the most important characteristics of scintillation detectors

like the LaGEMPix [34]. In GEM detectors, the light yield is defined as the ratio of the

number of emitted scintillation photons and the number of secondary electrons generated

during electron avalanche multiplication [35]. Figure 2.7 shows the scintillation light yield as

a function of the effective gain in a single GEM detector for different gas mixtures.

As can be seen in Figure 2.7, the light yield differs for each gas mixture and mixing

ratios. For example, the total number of photons emitted per secondary electron for Ar : CF4
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Figure 2.7: Number of photons produced in the gas above 400 nm per secondary electron for

different CF4 gas mixtures, as a function of the gain [35].

(90:10) is larger than 0.5, while for Ar : CF4 (33:67) it is lower than 0.35. CF4 fractions of 5%

or 10% present the highest yields. The light yield has a variation of less than 20% for recorded

gain values from 10 up to 100.

Scintillation Light in Ar : CF4

The Ar : CF4 (90:10) gas mixture was selected because it has the highest light yield among

other typically used gas mixtures as described by other authors (He : CF4, Ne : CF4, Ar :

CO2, Ar-TEA (trimethylamine), Xe-TEA). The reported light yield varies between 0.1 to 0.5

photons per secondary electron [7, 35, 36]. The influence of the mixing ratio is shown in

Figure 2.8.

The addition of CF4 acting as a quencher allows for stable detector operation as well

as other attractive properties like high electron drift velocities, low electron diffusion and fast

scintillation (of the order of few ns) [31]. Additionally, Ar : CF4 has a strong VIS emission

band around 630 nm as shown in its secondary scintillation spectra in Figure 2.8, which is

well-suited for standard optical readouts.

Scintillation photons in Ar : CF4 gas mixtures are produced by processes that are

a subsequence of ionization or excitation of the gas atoms and molecules. Figure 2.9 shows
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Figure 2.8: Secondary scintillation spectra of different Ar : CF4 gas mixture. The broad

emission bands in the UV (250 nm) and VIS (630 nm) wavelength ranges are characteristics of

CF4 scintillation. Sharp emission lines above 695 nm are due to the presence of Ar. Intensity

normalized to amplitude of peak at 630 nm [7].

the different mechanisms of light production in Ar : CF4. The black solid vertical arrows in

Figure 2.9 denote both ionization processes, while the grey solid arrows indicate the excitation

processes. The different emission bands in the scintillation light spectrum (Figure 2.8) are

the results of the different scintillation emission processes. If the secondary electrons transfer

enough energy to a neutral atom or molecule, Ar and Ar : CF4 may be ionized to Ar+ (15.7 eV)

and Ar : CF+
4 (15.9 eV) ions, correspondingly. Contrarily, it can occur that the energy is not

enough to overcome the ionization energy threshold. In these conditions, excitation is another

process that can take place [29, 30, 37]. Light can also be produced by direct excitation of

Ar atoms and Ar : CF4 molecules. A direct de-excitation transition accompanied by photon

emission or additional reactions, like the formation of excited molecules and their consequent

de-excitation by photon emission, can occur subsequently to excitation as seen in Figure 2.9.

UV band The UV scintillation band centered at 250 nm results from the fast dissociation of

ionized CF4 to CF 3+ ions and atomic F [38]. This dissociation is represented by a double grey

line in Figure 2.9. On the other hand, some studies support that CF+∗
4 state (22.1 eV) could

also contribute to the UV band [39, 40, 41]. Since the excitation due to the electron impact is
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