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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

Rontgen, 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 are installed in hospitals worldwide and

are the standard machines used for modern radiotherapy, making all ®*Co 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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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 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 chain leading to more efficient 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



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

[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 [I] 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[Ireatment Planning (TP )| and 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 triplefGEM] 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 mm?. 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 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 [f] 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 [GEMHTFT] 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



the development of the LaGEMPix detector with an active area of 200 x 200 mm?2.

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:

e 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.

e 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.

e 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://phasel.attract-eu.com/selected-projects/lagempix-
a-large-area-gempix-detector-with-optical-readout-for-hadron-therapy/ (accessed Feb.

25, 2021).

e 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.

e 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 OGMP, DGMP and SGSMP - Dreilindertagung der Medizinis-
chen Physik, Sept. 19 - 22, 2021, online.

3'4 European Congress of Medical Physics (ECMP 2021), Jun. 16-19 2021, online.



5*" 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.

3'4 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 [Ireatment 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 [I]. Cancer is the second cause of death worldwide [2] with 9.9 million

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

11
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Cancer predicts that the incidence of cancer will increase in the coming years and mortality

will reach 16.4 million people in 2040 [3].

Lung
1796 144 (18%)

Other cancers
3932 768 (39.5%)

Colorectum
935 173 (9.4%)

Liver
830 180 (8.3%)
Pancreas Stomach
466 003 (4.7%) 768 793 (7.7%)
Oesophagus Breast
544 076 (5.5%) 684 996 (6.9%)

Total : 9 958 133

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]
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 [0].

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]. 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] contributes nearly 40% of cancer curative treatment. Hence, 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 [I1] also corroborates the use of 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 [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 and consequently, inflict more harm to malignant cells [I3]. 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 o. 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

Gamma radiation 18 MeV
sources linac
137Cs  60Co
- 1201 . .
& - b
ST by
(‘U =
‘q—; Photoelectric effect 1 i Pair production
B . 1 | :

£ 8ol dominant ' ! dominant Zy= 79
S I i i Zp=78

1
5 60 !
..g I i

1
= 40t i ‘
S 5 Compton scattering 5<_)fl lJS_Sue
E 20} dominant Bu?\loglca] systems

C,N,0
S - i |
= _’/ A L \ H
< 0 . P— : -
0.01 0.1 ] 10 100

Photon energy (MeV)

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 [I5, 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:

1dFE Z 1 [1. 2m.c?B%4%T, 6
N :K277 21 e maz 52 Y 1.1
(pdm) ZAﬁz [QH I? b 2 (L.1)
where

K 4aNarim.c?
a1 % with the classical electron radius

02
Te =

MeC?
Trnae = 2mec? 32> max. energy transfer in a single collision,

for M > m,

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 5~
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 [I.3]

160 I I i I I

140 (a) tumour -

80

o
o

B
o

N
o

0 5 10 15 20 25 30
Depth into water [cm]

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
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window may interact with the patient’s tissue via one of the three effects described above and
shown in Figure 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 [I7), pp. 74-78].
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Figure 1.4: Photon interactions inside the patient [I§].

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 ) The energy deposited rapidly decreases following the Bragg peak. The orange
curve (c) in Figure 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 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 [[.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 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 [I2]. 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 [[ntensity 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 [[.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.
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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

PTYV 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 program. 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 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].
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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 Measuring the range with precision is important for an accurate dose

deposition. Figure compares a 5 mm range error using photons and carbon ion beams.
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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 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 These facts reinforce the

crucial role of an efficient and high precision 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 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 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 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 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
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 mm?
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 mm? 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 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 pm. 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 mm?. 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 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
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 checks. The Sphinx Compact represents
a comprehensive all-in-one solution for daily [PBS| machine 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 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 of proton beams [53].

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 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 *2C 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 [OPDf 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 mm?.
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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[TEFT}
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 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 [I].
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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-Specifid]

[[ntegrated Circuit (ASIC)|used as a highly pixelated readout [2]. A more detailed explanation
of the triple can be found in Section 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

2

pixel measures 55 x 55 mm?. Hence, in total, we have an active area of 28 x 28 mm? 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 cm?) compared to the current GEMPix
detector (2.8 x 2.8 cm?). 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

1]} Timepix or Timepix3

Gas Electron Multipliers (GEM’s) + Well-known system

Pixelated Read-out Good Pe"fOI‘mt:'l\;-:t‘

Difficult to increase area

or
i ?
Optical readout? 02  TFT (Thin Film Transister)

v Printed on any size
‘ iy
Y

Radiation hardness

04 CCD/CMOS Camera

High resolution
Complexity of set-up

05 Light sensitive Timepix 3

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 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 [OPDE, 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 : CFy was

previously investigated with 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 : CFy 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 tripleJGEM] 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
GEME.

a) o b)

Figure 2.2: a) Image with external light. b) Image without external light.
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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]GEME 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 [GEME 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 [I0]. T 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 cm?® was coupled
to a single with an active area of 4.91 m? for readout. The was manufactured by
ISORG (company in Grenoble, France) B The single (without any specially designed
electronics such as a preamplifier) is mounted on a PCB and this prototype is called OptiGEM.
The is directly readout using a Sourcemeter Keithley Model 2450 [II]. The technical
note "Maia Oliveira, A. (2019). OptiGEM." [12] provides a detailed description of the initial

'ISORG, 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 [IT], when illuminating the 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 tripleJGEM] 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 glass. This
was achieved by mounting the[[TO|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 mm? 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:CF, gas mixture. [I5]. 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

backplane. We combined the two technologies to achieve a wider area (60 x 80 mm?) imaging
detector and to fully exploit its optical readout capabilities. Please refer to Section 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 10 x 10 em? 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 I@ 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 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 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 [ASICE 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 0 —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



48 CHAPTER 2. THE LAGEMPIX DETECTOR CONCEPT
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 dz:

dN = aNydz (2.1)

The equation 2] may be integrated to get the total number of electrons after mul-
tiplication N, presuming that the Townsend coefficient, «, is constant throughout the path.

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

G = N/Ny = exp(ax) (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 [I8]. The elementary component is a foil, which consists of a 50 pm
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 pm at the surface, 50 nm at the center and pitch (hole to hole distance)
of 140 pm. This configuration produces electric fields as high as 100 kV c¢m ™! 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
[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 structure used in the GEMPix has gains in the range of 10% —10°
[21] as shown in Figure
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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 pm 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 [GEMI and [GEMP is

1 mm, while the [GEMP and [GEMB 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 [I9]. The last gas region between [GEMB 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 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 [GEM]L. 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 [GEMI, 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 [GEME can be found in the next
Section 2.3.41

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 On the bottom of the third [GEM] the [[ndium 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
glass and are detected by the image sensor. On the other side, for the charge readout option,
I had to remove the [[TO] transparent anode in the tripleJGEM] 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 [TO] glass is not present to guarantee that the triple]GEM]
chamber is gas-tight, it was necessary to add a 300 pm 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 cm? 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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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 voltages equal to 500 V as shown in
Figure [2.6
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Figure 2.6: Current at the last 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[GEME 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.

[e2]

2.3.4 Light Production in |(Gas Electron Multiplier

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 [OPDE, 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 : CF; 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 (GEME [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 CF; 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 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 : CFy as a
gas mixture with 10% of C'Fy.

In gaseous detectors based on electron avalanche multiplication such as the [GEME,
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 [3I]. If a gain is applied to the , 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 foil (thickness
of 50 pm of copper and Kapton) is lower than 0.12 [32]. Hence, secondary scintillation is
the basis of radiation detection with the 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] [GEMB. 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 [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 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 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 : C'Fy
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Figure 2.7: Number of photons produced in the gas above 400 nm per secondary electron for

different C'Fy gas mixtures, as a function of the gain [35].

(90:10) is larger than 0.5, while for Ar : CFy (33:67) it is lower than 0.35. C'F} 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 : CF,

The Ar : CFy (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 : CFy, Ne : CFy, Ar :
COs, Ar-TEA (trimethylamine), Xe-TEA). The reported light yield varies between 0.1 to 0.5

photons per secondary electron [7, [35, B6]. The influence of the mixing ratio is shown in

Figure

The addition of C'Fy 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 : C'F, has a strong 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 : C'Fy 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 : CF, gas mixture. The broad
emission bands in the (250 nm) and (630 nm) wavelength ranges are characteristics of
CF} 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 : CFy. 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 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 : CF,; may be ionized to Ar™ (15.7 eV)
and Ar : CF;" (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, B0} [37]. Light can also be produced by direct excitation of
Ar atoms and Ar : C'Fy 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

[OViband The[0Vlscintillation band centered at 250 nm results from the fast dissociation of
ionized C'Fy to CF3* ions and atomic F [38]. This dissociation is represented by a double grey
line in Figure On the other hand, some studies support that CFI* state (22.1 eV) could
also contribute to the band [39] [40} [41]. Since the excitation due to the electron impact is
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Figure 2.9: Scheme of the scintillation mechanisms leading to light emission in Ar : CFy in

the wavelength range 400-820 nm. Emission of photons in the band (blue), in the

band (yellow) and in the |[Near-Infrared (NIR)[range (red) is represented by undulating arrows.

Image adapted from [6].

not state-selective, ionized or even already excited states can also be excited [42]. Tonized Ar

atoms may also increase the number of CF," ions: a |Charge Transfer Process (CT)| between

the Ar™ and the C'F; molecules leads to the production of C’F;‘ and the subsequent photon
emission [43]. This process is identified by the thin solid black horizontal arrow pointing to
the left in Figure Since the ionization potential of C'Fy (15.9 eV) is higher than that of Ar
(15.7 €V), a direct process between neutral CFy to ArT is not allowed. However, there is
another reaction that leads to the production of CF3+ with higher probability. This reaction,
an electron ion recombination process, is described in Equation [35].

Art + CFy — (Ar" 4+ CFy)* — Ar +F + CF** (2.3)

The emission peak at 309 nm in Figure results from OH ™~ emission due to the

dissociative excitation of water vapor impurities present in the gas mixture [44].

In addition, Ar has also multiple emission lines in the [UV] wavelength range below

200 nm [45]. Nevertheless, this UV wavelength range is not of interest for this project, as
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described in the following section.

[VIS|band As mentioned before, if ionization electrons do not have enough energy to ionize
the gas atoms and molecules, they can excite the Ar atoms and C'Fy molecules instead. The
solid grey lines in Figure indicate excitation processes. The dissociation of excited C'Fy
to CF; and its subsequent de-excitation contributes to the broad band in the [VIS| region
centered at 630 nm. Authors in [44] reported that the intensity of the VIS wavelength band
is almost the same for different fractions of CFy in an Ar : CF, gas mixture (5%, 20% or
even 67%). Therefore, the direct excitation of C'Fy molecules is not the only channel leading
to light emission through C'Fy de-excitation, but charge transfer mechanisms between excited
Ar* atoms and C'F, molecules may also contribute [35] [43] [44]. Thisprocess is represented
by the thin dashed black arrow pointing to the left in Figure

range As shown in Figure[2.8] the relative intensity of most of the [NIR] emission lines
increases with higher fractions of Ar in an Ar : C'Fy gas mixture. Due to the monatomic nature
of Ar, the energy gap between excited states is well-defined and leads to sharp emission lines
at 695 nm, 705 nm, 726 nm, 737 nm, 749 nm, 762 nm, 771 nm and 794 nm. These so-called
Ar T atomic lines correspond to transitions between the argon excited states of the (3 p® 4p)
and the (3 p® 4s) electronic configurations [35]. To summarize, the processes with the highest
probability of occurrence in the typical [GEM]electric fields are the ionization and excitation of
Ar atoms and the excitation of CFy [6]. By applying a higher electric field to the hole,
the probabilities of both processes rise [6] [35].

ITOFcoated Glass

In order to evaluate the feasibility of an optical readout, it is essential to place a transparent
electromagnetic shielding below the last [GEM] as shown in Figure [3.14] The glass anode has
to collect the drifting electrons while allowing the scintillating photons to pass through so they
can be detected. The anode was glued onto a glass fibre FR-4 frame. To ground the anode,

we made a direct contact between its conductive surface and the ground of the [GEM] detector

using a wire. [[ndium Tin Oxide (ITO)|can be used to produce optically transparent anodes

due to the combination of electrical conductivity and high [VIS] light transmission. This type
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of material has been used by other groups in optically readout based detectors [46].
[[TOJ layers can be deposited by evaporation or sputtering. The thickness of the deposited
layer determines the sheet resistivity [22, 47]. The first detector prototype was based on an
ITOGLASS 100P consisting of a polished soda-lime glass with a thickness of 1.1 mm. The irra-
diation measurements performed at the IBA Cyclone 18 MeV cyclotron at the Bern University
Hospital (Inselspital) to select a transparent anode substrate that best meets the requirements
of an optical readout for the LaGEMPix are described in [48] and shortly summarized in the
following Section

The glass was coated with a first layer of Silicon Oxide (Si02) of 25 nm thick and a
second layer of 80 nm of with a resistivity of 100 ©/sq [23]. Figure shows the optical

transparency of two ITO films with different thicknesses on a 1.1 mm thick glass substrate.
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Figure 2.10: Optical transmission of glass used in the first version of the LaGEMPix

detector (blue line) measured for wavelengths ranging from 200 nm to 800 nm [7].

The [ITO| glass shows a transparency of around 80 % in the range, compatible
with the broad emission band of Ar : C'F} in the (see Figure[2.8). On the other hand, the
absorption edge of the soda-lime glass is around 320 nm, thus the[UV]photons with wavelengths
below 300 nm are absorbed. This absorption is due to the glass substrate. The transmission

curve of an uncoated glass is very similar to the blue curve in Figure 2:10]and can be found in

[49].
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2.4 Radiation-Induced Effects in Glass Windows for Opti-

cal Readout

It is necessary to insert a transparent electromagnetic shielding below the final[GEM]and above
the readout matrix [22], such as the ITO coated glass anode illustrated in Figure in order
to test the possibility of an optical readout. This transparent anode captures the drifting
electrons while allowing scintillation photons to pass through, ensuring that photons, not
electrons, are inducing a current in the image sensor’s photodiodes. Several factors influence
the probability of a photon reaching the image sensor, including the quantity of photons
transmitted by the glass exit window. The higher the window transmission, the higher the

induced signal in the readout system.

HoreweLL

Figure 2.11: The 10 x 10 cm? Triple{GEM]|detector set-up in the CERN Calibration Laboratory.

Radiation effects can diminish window transmission efficiency and cause non-uniform
responses in certain irradiated locations. As a result, the transparent anode material must be
carefully chosen for this application because it impacts the detector’s response uniformity and

signal stability.

Several groups have investigated based detectors connected to CCD/CMOS
cameras for particle therapy [22, 50} 6, B, 52]. The setups incorporated transparent exit

windows that were coated with ITO in some circumstances [22] [52] [46]. Because of its com-
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bination of electrical conductivity and excellent visible light transmission, ITO is utilized to
make optically transparent anodes. Apart from Seravalli et al., who utilized Duran 50 glass,
no reduction in exit window transmission has been documented. Seravalli et al. and Klyachko
et al. mentioned scintillation in the exit window as a possible source of light generation adding

to noise, although it was either deemed insignificant [53] or easy to subtract [6].

Our focus was on examining the ability of photons to pass through different materials
at visible wavelengths since Ar:CF4 has a strong visible emission band around 630 nm, which
is also suitable for standard optical measurements. Ar:CF, also has a broad emission band
in the ultraviolet range (250 nm) and sharp emission lines above 695 nm. The aim was to
identify the most effective ITO-coated transparent anode material that could be used with
the tripleJGEM] detector. It is essential to maximize the transmission of Ar:CFy scintillation
photons in order to maximize their detection and, therefore, increase the signal in the readout

system.

2.4.1 [Indium Tin Oxide-based glass materials

Three anodes were fabricated using ITO and had a rounded square shape with dimensions
of 11 ¢m by 11 cm and rounded corners. The anodes had a thickness of 1.1 mm and one
surface was coated with ITO, which had a resistivity of 100 £2/sq. The materials used for
these samples are detailed in Table

Table 2.1: List of ITO-bases glass materials.

Material Provider

Soda-lime glass VisionTek Systems Ltd!)

Heraeus® TSC-3 Quartz | Newcastle Optical Engineering Ltd*)

Heraeus Spectrosil® 2000 |  Newecastle Optical Engineering Ltd

The purity of the glass is an important factor in its ability to transmit light and
resist damage from radiation. Defects in the glass, such as impurities or inclusions, can cause
absorption bands that lower its transmission efficiency. The quality of the glass depends on
the manufacturing process and the number of defects it contains. Soda-lime glass is less pure

than fused silica, which is the most pure but also the most expensive option. Duran 50 glass
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has previously been used as an exit window in optically readout [GEM}based detectors, but
it was found to have decreased transmission in the 400-600 nm range after being exposed to
3600 Gy of proton irradiation. As a result, it was not included in this study. A comprehensive

description of the different materials can be found in [48].

2.4.2 Proton Beam Irradiation

The glasses were exposed to 18 MeV protons at intensities of up to 11 nA using the research

[Beam Transport Line (BTL)|of the IBA Cyclone 18 MeV cyclotron in operation at the Bern

University Hospital. The dose rate on the surface of the glasses was 53.8 Gy/s. A UniBEaM
detector [24] was used to monitor the proton beam during the experiment as shown in Fig-
ure [2.12] and the protons were directed through a window towards the glasses. An aluminum
disk was positioned behind the glass sample to measure the beam current connected to a
Keysight B2985A electrometer. The glasses were oriented with the coated side facing the
proton beam exit window, as they would be in a triple{GEM] detector.

Figure 2.12: The UniBEaM (1) detector and the glass sample (2) installed at the end of the
BTL of the IBA Cyclone 18MeV cyclotron at the Bern University Hospital (Inselspital). An

aluminium disk (3) is placed behind the glass sample to measure the beam current.

An EBT3 Gafchromic TM film [54] was placed in front of the aluminium disk to

assess the diameter and shape of the beam before irradiating the samples. The aim was to
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have a proton flux similar to a hadron therapy beam. The proton flow at the CNAO in Italy
is on the order of 10® protons/s/mm? [55]. To achieve the same flux from a uniform beam of 3
cm diameter coming from the Bern cyclotron (see Figure [2.13)), a beam current of 11 nA must
be set.

Figure 2.13: Irradiated EBT3 GafchromicTM film showing a beam spot of 3 cm in diameter.

Figure displays the horizontal and vertical beam profiles that the UniBEaM
measured right before the extraction window. The average proton flux in the region of interest

was estimated to be 1.5 x 108protons/s/ mm? based on the measured beam profile.

All samples were exposed to radiation twice: first for a brief period of time—about
20 seconds—to assess the scintillation light with a Bosh VTC-206 Mini Bullet Camera, and
once for a period of 15 minutes to examine the optical effects. In order to use the camera to
capture the light during the brief irradiation, we removed the aluminum disk from Figure 2:12]
that is depicted. In order to capture photos and identify the scintillation light emitted by each

sample, we positioned a camera with its lens directed toward the transparent anode. Following
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Figure 2.14: Proton beam profiles measured with the UniBEam.

each irradiation, each sample was examined visually to determine whether color centers were

present.

By evaluating the transmission of each sample prior to and one week after irradiation,
the effects of radiation were assessed. With a PerkinElmer Lambda 650UV /VIS Spectrometer
(Standard detector Module), measurements were made in steps of 1 nm in the spectral range
from 200 nm to 800 nm. Prior to the measurements, the equipment underwent an intrinsic
calibration. To assess the oscillations around the 100% level of transmission and to calculate
the corresponding measurement uncertainty, a second reference measurement without a sam-
ple was also performed. The difference between the highest value recorded during reference
measurements and the level of 100% transmission was used to determine this uncertainty. The
samples were carefully positioned ensuring that the spectrometer’s complete point of light was
within their glass’s radiated region. The temperature, humidity, and pressure were all kept at

ambient levels during all laboratory experiments.

The experimental findings are reported in [48] and summarized in Table We
recorded visible scintillation light generated by proton irradiation in the soda-lime and fused

quartz samples. Additionally, the qualitative investigation of the three materials’ darkening
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revealed radiation-induced color centers in the soda-lime glass sample. After exposure to
radiation, the optical transmission spectra of the three samples were measured. For soda-lime
glass, fused quartz, and fused silica, respectively, a reduction in the optical transmission of

45%, 1%, and 0.4% was measured (with an associated error of 0.25%).

Table 2.2: Summary of the radiation-induced effects for the three tested glasses.

Glass Scintillation Irradiation induced Reduction in transmission Variations in
colour centres (maximum difference) the sheet resistivity

Soda-lime Yes — 66% Yes (R=176, G=170, B=126) 45 % Not observed

Fused quartz Yes — 83% Not observed 1% Not observed

Fused silica | Not observed — 0.9 % Not observed 0.4% Not observed

The transmission loss would make it difficult for the LaGEMPix detector to faith-
fully replicate light signals, making the optical readout under consideration ineffective with
soda-lime glass. Fused quartz appears to have a higher radiation tolerance. However, it does
scintillate, adding a signal to the scintillation photons emitted in the tripleJGEM] The mea-
surements show that the fused silica substrate is the best option because it has the lowest
transmission loss. Using this glass as an exit window will eventually result in a higher and
more reliable signal compared to the other materials investigated. The results provided here led
to a modification of the transparent anode substance for the forthcoming LaGEMPix detector

for use in hadron therapy.

2.5 Readout of the Triple-GEM

The imagers of both LaGEMPix versions and its electronics were produced by Holst Cen-
tre/TNO and are presented in Figure 2.15] The readout circuits and the cables connected to
the 11 x 13 x 6 cm?® box with themodule (560 grams weight), are on the right side of
the baseplate.

2.5.1 Active Matrices

Focusing on the active area (green rectangle labeled as number 3 in Figure , the sensor
array comprises 640 x 480 pixels at a resolution of 200 [per inch (ppi)} resulting in a total sensor
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Figure 2.15: The LaGEMPix imager and its design: 1 — Flex connection to the Gate driver

on glass. Gate drivers are on the backplane (chip on glass) indicated by the blue oval; 2 —

|[Readout Integrated Circuit (ROIC)} 3 — Sensitive array on glass substrate; 4 — 3D printed
holders to fix the triple-GEM; 5 — three CAT 6 network cables, one from each [ROIC} 6 — two
flat Grey Ribbon cables, 1 x 40 pin from the 1st (top) and 1 x 26 pin, from the gate
driver (bottom); 7 — box with the module; 8 - USB cable to connect to a laptop; 9 —

Power connection.
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(a) Optical readout (TFT and OPD). (b) Charge readout (TFT).

Figure 2.16: Thin film image sensors produced by Holst Centre/ TNO. The building blocks are
scalable (developed up to 32 x 35 cm?).

area of 60 x 80 mm?. Holst Centre/ TNO fabricated two types of matrices for the LaGEMPix
project, TFT+OPD and TFT only, as show in Figure [2.16]
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TFT and OPD

A photodiode is a semiconductor device that converts light into an electrical current. In a
standard p-n junction diode, voltage is used as the energy source to generate electric current
while in photodiodes, this current is generated when photons are absorbed. The performance
of [OPDp is nowadays reaching the point of competing with their inorganic equivalents in a
number of performance criteria including linear dynamic range and color selectivity. Organic
photosensors can be designed on glass, inorganic substrates and plastic substrates. Hence,
lightweight, flexibility, easy integration with other electronics components, system-on-foil in-
tegration, small thickness, cost effectiveness and large area (size and shape customization)
are advantages of the sensors that can be made based on [OPDE, and can be easily combined
with other printed electronics technologies. Therefore, [OPDp can potentially be used in vari-
ous applications such as pulse oximeters, digital X-ray sensors, proximity (distance) sensors,

fingerprint authentication sensors, vein authentication, iris authentication, night vision [56].

Considering the Figure it is possible to distinguish three main blocks. There is
a glass substrate where the self-aligned gate oxide array [57] is directly processed. Then
the [OPD] frontplane is directly deposited on top of[TFT| backplane by slot-die coating. Finally,
on top there is a transparent thin-film encapsulation serving as a protection against ambient

conditions. The several layers are nominated in Figure

A photodetector such as this imaging sensor has the capability to convert the light
emitted by the triple filled with Ar : CFy (90:10), the gaseous scintillator, into a current
of photoelectrons. In this project, we have used an OPD based on a bulk heterojunction
(BHJ) structure. It consists of a 280 nm thick blend of poly|N-9-heptadecanyl-2,7-carbazole-
alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)|, PCDTBT, a p-type (donor) polymer, and
[6,6]-phenyl-C61-butyric acid methyl ester, PCBM, (acceptor) fullerene [58]. The sensor shows
a dark current density of 107"mA/cm? at -2 V and a linear behavior in a wide range of

light intensities [59]. The [External Quantum Efficiency (EQE)| of the OPD is dictated by

the absorption of the heterojunction components, potentially modified by interference effects
derived from the electrodes and encapsulation. The [EQE] for this specific [OPD] layer, the
sensitive component of the imager, is above 50% between 470 nm and 620 nm and about 25%

at 640 nm, as can be seen in Figure [2.1
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Figure 2.17: m (black curve and left axis) and Spectral Response (SR) (red curve and right
axis) of the OPD layer deposited on the readout matrix. The broad emission band of Ar : C'Fy

with a peak at around 630 nm is represented by the orange region.

The sensitive wavelength range of the selected photodetector, the [OPD] active layer,
must match the wavelength range where the emitted scintillation light is more intense in order
to be suitable for radiation detection by an optical readout. The readout acceptance spectrum
only matches a fraction of the broad band centered at 630 nm at the emission spectrum of
Ar : CF,2.9] Therefore, only a small fraction of the [VIS| photons produced in the [GEM] will
be detected with high efficiency by this imager.

Moreover, not all of the scintillation light ends up in the [OPD] There could be losses
also due to the presumed 4-7 emission of the light [60 51], since only the photons that travel
in the direction of the [OPD] are collected. If we take into consideration that the photons are
emitted isotropically, the photons emitted in the other directions, that are not contained in
solid-angles impinging the sensitive area of the [OPD] are lost and do not contribute to the

measured signal.

Hence, just a fraction of the visible photons produced in the triple{GEM]are detected

with high efficiency by this imager.
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TFT

The |Organic Photodiode (OPD)| frontplane present in the optical option was eliminated, leav-

ing a [TFTtonly electronic readout, as show in Figure 2.16D] The [TFT] arrays dimensions are

alike to the [TET|and [OPD]arrays. They were similarly developed with a pixel pitch of 126 pm
and 640 x 480 pixels, resulting in a total sensor area of 60 x 80 mm?. In this second version
of the detector, the bottom pixel electrode and pixel edge cover layer on the [TEFT| backplane

define the active pixel region.

The frontplane of the triplefGEM] was coupled with a high-resolution 200 ppi active
matrix backplane based on amorphous Indium Gallium Zinc Oxide (a-IGZO) technology.
The self-aligned dual-gate architecture used in the backplane, as described in [61], [62],
has demonstrated superior performance in terms of higher current drive, steeper subthreshold
slope, and better determined onset voltage (Vo) close to a gate voltage (V) of 0 V. The use
of aJIGZO] technology has also led to lower off-currents and off-current uniformity, resulting in

reduced noise in the readout electronics.

The fabrication process for the [TET] backplane consists of six lithographic patterning
steps, and all process steps are flat panel display compatible, making mass production facile.
The (W/L = 15/5 nm) have a typical linear mobility of 29.1 4+ 0.8 ¢cm?/V's, turn-
on voltage (Von) of 0.8 & 0.3V, ON/OFF current ratio ~107, and a subthreshold swing of
0.4 + 0.02V/decade. Figure provides the transfer characteristics of 70 mapped
over the full 320 x 352 m? area of the motherglass [63].

The [TFT] backplane is monolithically integrated on a glass carrier, and each [TFT]
has a metal contact pad connected to its drain electrode to enlarge the effective area on which
the secondary electrons from the GEM can be collected. The metal layers, bottom/top-gate,
and source/drain electrodes (100 nm Mo-alloy) are sputtered and patterned using wet etching.
The bottom gate insulator (200 nm SiOs, 350 °C) is PECVD-deposited, and the a-IGZO layer
(16 nm, ratio 1:1:1) is sputtered at room temperature. The top gate insulator (200 nm SiOs)
and top gate metal are both formed in a single lithography mask phase, i.e., self-aligned gate
stack patterning. Finally, an inter-metal dielectric (200 nm SiN) is deposited using
[Enhanced Chemical Vapor Deposition (PECVP)L

Figure [2.18h shows a cross-section of the [TF'I] backplane, and Figures 2.18b and
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Figure 2.18: [Thin Film Transistor (TFT)|backplane.
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show photographs of the finished backplane and a zoomed image of the individual pixels,
respectively. The metal contact pad can be seen in Figure [2:18h, depicted by the pixel anode

in the schematic.

2.5.2 Circuits and Readout

OPD and TFT

Each individual pixel has a photodiode size of approximately 103 x 103 pm? (actual active
area 10522 pm?) at a pixel pitch of 126 pum and it is made of a single and an The

parasitic capacitance is used to store the charge of the pixel.

The schematic diagram of the active OPD and TFT matrix is shown in Figure
The Vp;qs is driven at a constant voltage of -2 V. All 640 data lines are connected to the

[ROICE inputs. The [ROIC|is composed by three ADAS1256, a 256-channel, 16-bit, digital X-

Ray |Analog Front End (AFE)|that integrates the complete charge-to-digital conversion signal

chain on a single chip. The most complete information available on the [ROIC| can be found in

the partial datasheet [64].

All 480 gate lines that control the are driven by the gate driver (the data sheet
is under Non-Disclosure Agreement and for this reason no more details can be shared). The
[TET] acts as a switch and therefore, there are two main states on this circuit controlled by the
gate driver. When the switch is ON (Figure [2.20R), the charge from the pixel is transferred
to the integrator feedback capacitor (Crpg). A time of 5RCipg for the transfer should be
respected to minimize errors. The signal gain is set by Crps : Vour = Qpizet/Crrs . When
the switch is OFF, the circuit is reduced to the Figure 2:20b and the [OPD]is discharging the
capacitor proportionally to the light collected.

There is only one gate line open at a time, as depicted in Figure [2:21] since they are

controlled by a shift register. Hence, the readout sequence is done line by line.

The structure of the readout sequence is shown in Figure 2:22] The Vj;qs is driven
at a constant voltage of -2 V. The gate driver is a big shift register that switches all [TEF'Th

one line at a time. When connected to the [ROIC| the pixels are read by charging them to a
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Figure 2.20: Schematic circuits: a) Switch ON b) Switch OFF.

reference voltage (V. t = REFrpr = 1V) and measuring the charge required to do so. This
is all done by the that has an integrator at every input (256 inputs/ROIC]). At the
beginning of each line, the integrator is reset. Next the [TEFT]is switched on to connect the
[OPD] to the integrator input. The pixel then gets charged back to the reference voltage and
the same charge that was accumulated in the parasitic capacitor accumulates in the feedback

capacitor of the integrator. The [TFT]is switched off and the resulting output of the integrator

is digitized by an|Analog-to-Digital Converter (ADC)| This is done simultaneously by all inputs
of all 3[ROICk. During the time frame the [TELTE of the line just read are all off. The charge in
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Figure 2.21: Readout line controlled by the gate driver.

the (parasitic) capacitor of the in the pixel will get removed as a function of the amount
of light absorbed by the pixel during the integration time (or frame time). The lighter, the
more charge will be removed. Saturation of the pixel occurs when all charge is removed from
the capacitor and the pixel pad voltage is equal to Vj;qs. After the time frame has passed the

read cycle is repeated.

The “shifting read columns” procedure depicted in Figure 2:22] is significantly com-
plex because the [ROIC]| also requires several steps to reset the integrator, perform an offset
correction, transfer the charge, do the AD conversion and transfer the resulting data over the
serial link. The transfer of the charge is done in a few ps, however the delay time of 67 ps per
line is due to the complexity of this chain of processes. The raw sensor data is transferred over
the serial link as 16-bit greyscale values. The readout output format is a TIFF image (or set

of images) provided by the application IRP (LabVIEW).
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Figure 2.22: Flowchart of the readout process.

TFT

The schematic TFT array design, including the storage capacitor, is illustrated Figure
The OPD present in the optical version of LaGEMPix was eliminated, leaving a TFT-only

electronic readout.

The TFT-only backplane was integrated with existing gate drivers and [ROICk to
perform the back-end processing. The readout sequence is similar to the one described above

in Figure 2:21] The current readout hardware and mechatronics elements of the LaGEMPix
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Figure 2.23: The schematic TFT array design.

with optical readout were reused for the characterization of this initial TFT-only panel.
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Chapter 3

Characterization with X-ray Beams

“Scientists make mistakes. Accordingly, it is the job of the scientist to
recognize our weakness, to examine the widest range of opinions, to be
ruthlessly self-critical. Science is a collective enterprise with the

error-correction machinery often running smoothly.”

Carl Sagan

This chapter presents the characterization of the LaGEMPix prototypes using low-
energy X-rays. The spatial resolution measurements for various experimental configurations
are described. Firstly, I outline the importance of having a detector with high spatial resolution
for radiotherapy. The following section describes the first optical version of the LaGEMPix that
has proven to have limited spatial resolution, mainly attributed to the isotropic emission of the
scintillation photons within the [GEM]holes. We conducted a comparative analysis between the
prototype, GAFCHROMIC® films, and the GEMPix detector in charge readout mode. This
research aimed to gain deeper insights into the factors influencing spatial resolution, specifically
focusing on setup-related parameters, electron diffusion, and isotropic photon emission. Monte
Carlo simulations using the FLUKA code were also performed to understand this effect. The
results presented in this section underscore that the first prototype yielded a spatial resolution
of a few millimeters. However, there is a clear mandate for further research and development

to align this technology with the stringent requirements of in radiotherapy. To this end,
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several promising avenues of investigation were explored in the pursuit of enhanced spatial

resolution.

In the subsequent Section the outcomes obtained from an advanced, upgraded
optical detector prototype are shown. To improve the spatial resolution and confirm our
predictions of the role of the photons, we built a new version of the detector with a reduced
gap between the last [GEM]foil and the readout. Demonstrating that isotropic photon emission
stands as the main bottleneck to superior spatial resolution, our quest for a solution has led

us to consider charge readout for the latest prototype.

The Section of this chapter showcases the promising results derived from the
charge readout approach, which captures secondary electrons produced by the [GEMk with a
submillimeter spatial resolution. By conducting an extensive study on spatial resolution and
exploring novel approaches, we designed a prototype detector with high spatial resolution and
online readout, features that can potentially have applications in the field of radiotherapy and,

in particular, hadron therapy.

3.1 Precision in Radiotherapy: The Crucial Role of Spatial

Resolution

In procedures in hadron therapy, the precision of dose calculations holds paramount signif-
icance, while equally imperative is the verification of measurements through devices boosting
exceptional spatial resolution. Achieving this level of accuracy demands the use of high-

resolution instruments [IJ.

In the context of [Pencil Beam Scanning (PBS)| treatment plans, which often exhibit

extremely steep dose gradients within the treatment field, having a high spatial resolution in
the 2D dose distribution is of utmost significance. For a detailed explanation of how accuracy
plays a crucial role in hadron therapy and how even slight target-depth inaccuracies with
protons or carbon ions can result in significantly more critical errors than with photons see
Subsection [1.4.1} These steep gradients are characterized by distal falloff values, represented as
the distance between the distal positions where the dose levels drop from 80% to 20% (z80-20).

In the realm of intensity-modulated proton therapy, these values can reach as low as 4 mm,
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corresponding to a gradient of 15% per millimeter [2 B]. Therefore, the accurate delivery of

the prescribed dose precisely where it is intended while sparing healthy tissue is critical.

To gauge the resolution of the LaGEMPix detector, it is relevant to compare it with
commercially available 2D detectors, staying in line with the definitions used by manufacturers
and medical physicists. For instance, PTW employs the distance between ionization chambers
to define the spatial resolution of their 2D arrays. In contrast, IBA’s detectors specify spatial
resolution in terms of pixel size for systems like myQA® SRS* and Lynx, or as pixel pitch for
Giraffe [4,[5]. At hadron therapy facilities, dosimetry equipment’s spatial resolution is typically
provided by the manufacturer [6] [7] [8].

It is imperative to note that the pixel size or pitch imposes limitations on the sys-
tem’s spatial resolution and is not the sole factor influencing its effective measured value.
ISO 12233:2023 E| underscores the multifaceted nature of the term "spatial resolution", em-
phasizing that it is often misconstrued as merely the count of addressable photoelements.
Spatial resolution, as defined by ISO 12233:2023, refers to the system’s ability to discriminate
objects situated within a certain proximity to each other. The visual resolution is explained as

the maximum spatial frequency at which the human eye can no longer distinguish individual

black and white lines in a test pattern, denoting a [Modulation Transfer Function (MTF)| of

approximately 10-20% [9].

To assess the effective spatial resolution of LaGEMPix, three methods were employed.

The first method was rooted in the [Edge Spread Function (ESF)| depicting the system’s re-

sponse to a sharp edge or discontinuity. The second method involved the [Line Spread Function|

(LSF)l which assessed the system’s capability to differentiate adjacent points, typically using

copper masks with varying hole separations. Lastly, a lead test pattern mask was applied to

evaluate the of the system.

One common approach involves estimating spatial resolution via the [ESF] method,
where a high-resolution system demonstrates a well-defined edge with minimal blurring. In

this case, the projection of a 2.5 cm thick lead block’s straight edge was measured, aiming for

an intensity distribution resembling a step-like function. The [Full Width at Half Maximum|

(FWHM)[ of the edge response was often quoted as the typical value. This value can be

11SO 12233:2023: "Photography - Electronic still picture imaging - Resolution and spatial frequency re-

sponses"
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calculated by fitting the [ESF]with a logistic (Fermi) function (Equation [3.1)), allowing a precise
determination of [FWHM] [10, 111 [12].

b
ESF =a+ oA D) (3.1)

Where a is the offset, b is the contrast, ¢ is the steepness and d is the centroid of the edge.

The [FWHM]| can be calculated from the fit parameters, using the relation [FWHM]| = 3.53/c
[13].

The other two methods, [LSF| and [MTE] were also applied to characterize the imag-
ing sensors. These methods employed specialized radiation-opaque plates featuring various
absorbent structures to gauge the system’s ability to resolve adjacent holes or lines. For [LSF]
copper plates with different thicknesses and hole patterns were used [14], while for a

lead mask with a bar pattern was employed while using the following equation:

_ Imazx(f) — Imin(f)
Imaxz(f) + Imin(f)

(3.2)

where I,q.(f) and I (f) are the maximum and minimum pixel values for a pattern with
spatial frequency f respectively. C(0) is the normalization factor at zero frequency, which
has to be approximated in practice by using pixel intensities of a large bar and of adjacent
background. Detailed results and discussions of the[ESF], [LSF], and [MTF|methods are presented
in Subsections [3.2.1], [3.2.2] and [3.2.3] respectively.

3.2 Optical Readout: |Gas Electron Multiplier (GEM)
Organic Photodiode (OPD)| Array Detector

The evaluation of spatial resolution in the LaGEMPix system with an optical readout|/GEM]
JOPD] was conducted using 40 kV X-rays sourced from the X-ray generator model X80-320kV
by Hopewell Designs, Inc. This assessment adhered to the ISO 4037 standard [15] through
the utilization of a system equipped with 10 Narrow Spectra Filters (N-series), with a specific

focus on the selection of the Hopewell N-6 filter, which corresponds to the N-40 ISO 4037
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standard.

The X-ray generator features a collimation system encompassing an external wheel
positioned outside the protective enclosure, which serves as a holder containing various filters.
This system offers a range of beam apertures, with diameters spanning from 1 cm to 7 cm.
Additionally, the generator is equipped with an irradiation bench, complete with a movable
platform, facilitating automated positioning and control over exposure settings. To ensure
optimal alignment, the LaGEMPix was situated perpendicularly to the X-ray beam within
a purpose-built vertical structure, securely placed atop the platform. The setup was further
shielded from ambient light by a black covering. The assembly was positioned on the irradiation
bench, with careful consideration given to Y (horizontal and perpendicular to the beam) and
Z (vertical and perpendicular to the beam) positions, to ensure the center of the imager
aligned precisely with the center of the X-ray beam. To achieve a nearly parallel X-ray beam,

irradiations were carried out at a distance of 230 cm, using a 1 cm aperture.

In the data acquisition process, the readout was configured at the highest sensitivity

level of 0.5 pC, ensuring that the [Least Significant Bit (LSB)|of the 16-bit readout represented

an approximate charge of 50 electrons. The frame rate, which dictates the frequency at which

consecutive images are recorded, was set at 1 frame per second (fps).

To mitigate the potential impact of undesirable factors like readout inhomogeneities
or noise, a per-pixel threshold was applied, and any dead pixels were systematically eliminated.
A background image was derived through the averaging of pixel values over 200 background
frames. Subsequently, each image underwent offline processing, involving background subtrac-

tion. The final image was then obtained by averaging pixel values across 200 background-

corrected images. For further analysis, a [Region of Interest (ROI)| was defined, as elaborated

in Sections B.2.1] and B.2.21

3.2.1 |Edge Spread Function

To assess the spatial resolution through the edge response technique, we positioned a lead
block with dimensions of 10 x 20 x 2.5 cm? in front of the detector, partially covering its
active surface, as illustrated in Figure[3.Th. It is worth noting that this detector prototype was

conceived as a proof of concept and exhibited some imperfections in its readout matrix due to
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manufacturing issues in the fan-out region adjacent to the detector’s active area. Particularly,
there were occurrences of disconnected lines in the backplane, making them unreadable. These
anomalies manifest as non-functional horizontal and vertical black lines in the readout image
shown in Figures [3.Ip, and [3.5b. To mitigate these imperfections, we defined a [RO]J|
delineated by a green rectangle, selecting an area of the readout with the least number of

defects.

0 0 40 60
X (mm)

Figure 3.1: a. The LaGEMPix with a lead block, 2.5 cm in thickness, positioned in front of

the detector: (1) gas outlet; (2) the 100 x 100 mm? triple stack coupled to the optical

readout with the thin Mylar window on top; (3) 3D-printed braces to hold together the triple-

GEM detector and the image sensor; (4) lead block; (5) cables to connect the detector to the

readout system; (6) FPGA module; (7) custom-made support. b. A heatmap representing the

detector’s image following exposure to 40 kV X-rays.

Figure 3.2 shows the edge response generated by averaging the pixel values within the
same column from the background-subtracted image. Additionally, this figure includes a fit
performed using a logistic function in accordance with Equation The [FWHM] determined
through this methodology amounts to 9.70 £+ 0.09 mm.

3.2.2 |Line Spread Function

In order to evaluate the [LSF]|response, we employed a 3 mm thick copper plate positioned at
a distance of 7 mm from the Mylar window, as depicted in Figure [3:3h. This copper plate

featured a series of holes, each 5 mm in diameter, arranged in a manner such that they were
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Figure 3.2: Profile depicting the response at the edge when exposed to 40 kV X-rays, using
a 2.5 cm thick lead block. The data is fitted with a logistic function, as indicated by the red

line.

spaced 3 to 7 mm apart, edge to edge. The individual image profiles of these 5 mm diameter
holes exhibited a Gaussian distribution. Consequently, we estimated the spatial resolution
by fitting this distribution with a Gaussian function. The outcome of this analysis yielded a

FWHM] of 6.73 & 0.08 mm for the 5 mm diameter hole.

To further investigate the resolution, we conducted an additional measurement within
a marked by the green region in [3.3p, focusing on the central area of the 5 mm holes
spaced 3 mm apart. In Figure |3.4] we present the response from two holes positioned closely,
with their edges just 3 mm apart, demonstrating two distinct peaks and a noticeable dip in
intensity. This response was obtained by averaging the pixel values within the same column

from the background-subtracted image.

Applying the [FWHM] criterion, which dictates that the minimum resolvable distance
for any detector corresponds to the of the Gaussian distribution, we observed that
the center-to-center distance between the holes, measuring 8 mm, is greater than the [FWHM]
which measures 7.10 4+ 0.30 mm. Consequently, these two adjacent holes meet the criteria for

being resolved.
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Figure 3.3: a. A 3 mm copper plate was employed to assess spatial resolution using the
[CSF] method, with numbers indicating the millimeter spacing between holes. b. Heatmap
representation of the copper mask subjected to 40 kV X-rays. A [ROJ marked by a green
rectangle was defined for holes spaced 3 mm apart. Spatial resolution was calculated by fitting

the @I ’s profile with a Gaussian function.

3.2.3 |Modulation Transfer Function

The [MTE] serves as a critical metric for gauging how accurately the spatial frequency char-
acteristics of an object are faithfully replicated in an image, as detailed in [I6]. According to
the standards set forth in ISO 1233:2017, [MTE] analysis typically involves the presentation of
results in graphical form. Nonetheless, one can also utilize summary resolution metrics, where
the limiting spatial resolution stands out as a key parameter. This limiting spatial resolution is
defined as the frequency at which the [MTE] falls below a specific percentage threshold. While
various threshold values can be employed for this purpose, the 10% threshold is the most

commonly used, as attested in [I7, [I8] [19].

When assessing the [GEM] JOPD][MTF| we employed a Line Pair mask of type 53,
which is depicted in Figure and positioned in front of the Mylar window. This X-ray

test pattern comprises a 0.05 mm thick lead material and encompasses a resolution range
spanning from 0.5 to 10 line pairs per millimeter (LP/mm). To provide a clearer contrast in

the output image, we conducted this specific test using 30 kV X-rays in conjunction with the
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Figure 3.4: The response profile represents the average response along a line for holes with a
diameter of 5 mm, positioned 3 mm apart from each other (edge to edge). The derived
from the Gaussian distribution is 7.10 £ 0.30 mm for the left hole and 6.80 £ 0.20 mm for the
right hole. By employing a double Gaussian function, the distance between their centers was

determined to be 7.98 mm.

N-5 filter, rather than the customary 40 kV. The image displayed in Figure illuminates
that the measurement of the LaGEMPix [MTEF] using this mask is not feasible. The present
version of the LaGEMPix system cannot distinguish spatial frequencies as low as 0.5 LP /mm,

corresponding to two slits separated by a 2 mm interval.

3.3 Comparison with Other Detectors and Simulation

3.3.1 GAFCHROMIC® Films

To investigate factors unrelated to the detector itself, we employed an ’ideal’ system
characterized by a well-defined spatial resolution, which is represented by high-resolution
GAFCHROMIC® films. Film dosimetry is often regarded as the benchmark for 2D dosimetry,
as acknowledged in reference [7]. In our study, we specifically utilized GAFCHROMIC® XR-
SP2 films, suitable for X-ray energies ranging from 20 kV to 200 kV and capable of measuring
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Figure 3.5: a. A lead-made imaging target in the form of a 0.05 mm lead thickness line pair
mask of type 53. b. Heat map illustrating the condition of the MTF|mask following exposure
to 30 kV X-rays.

doses within the range of 0.5 mSv to 100 mSv. The calibration of these films was executed at

the Institute of Radiation Physics (IRA) in Lausanne, Switzerland, as described in [20].

To ensure the integrity of our experimental conditions, we mirrored the parameters
employed in the LaGEMPix measurements. In the edge response method, as detailed in
Subsection we positioned a 10 x 20 x 2.5 cm? lead block, covering a designated portion
of the film. For the [LSF]response, we replicated the setup outlined in Subsection [3.2.2] where
a 3 mm thick copper plate featuring 5 mm diameter holes was positioned in front of the film.
The digitization of the films was carried out using an EPSON V800 scanner. The results
obtained using the edge response method indicated a [FWHM] of 0.86 £ 0.07 mm, while the
[FWHM] for a single 5 mm diameter hole was measured at 5.09 £ 0.03 mm.

A comprehensive summary and analysis of the results, along with a comparison be-

tween all the detectors and simulation, are presented and discussed in Section
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3.3.2 GEMPix

To assess the impact of isotropic scintillation light emission on the spatial resolution of the
LaGEMPix system, we conducted a comparative study involving the GEMPix system. The
GEMPix is a triple detector measuring 2.8 x 2.8 cm? in size and employs a Timepix
quad ASIC for direct charge readout, as detailed in [21] 22]. The experimental conditions
for both systems were meticulously matched. These conditions encompassed the use of 40 kV
X-rays in conjunction with the N-6 series filter, a minimum aperture of 1 cm, a source-detector

distance of 230 ¢cm, and maintaining identical electric field settings within the [GEM]structure.

Edge Spread Function (ESF)

When examining the edge response, we positioned the 2.5 cm thick lead block in precisely the
same location as employed in the measurement with the LaGEMPix, as depicted in Figure[3.1]
A [RO]] delineated by the green region was established, oriented perpendicular to the edge. In
Figure [3.6] we present the edge response profile, computed by averaging 200 equalized images,
as previously detailed. To gauge the spatial resolution, we applied a logistic function, as
outlined in Equation to fit the edge profile. The result for the [FWHM] achieved with the
GEMPix system stands at 5.20 + 0.10 mm.

Line Spread Function (LSF)

We conducted an investigation into the spatial resolution using the [LSF|] method with the
GEMPix system, employing two copper plates of varying thicknesses and hole patterns. To
image holes with a diameter smaller than 5 mm, we utilized a 1 mm thick plate positioned in
front of the GEMPix. Notably, the results obtained with this mask in conjunction with the
LaGEMPix system are not covered within this section, as they did not yield any additional

insights. The mask itself featured a total of 23 holes, varying in size and spacing.

In Figure we present the results stemming from the three 1.3 mm diameter holes,
spaced just 1 mm apart (edge to edge). Employing the FWHM]|criterion outlined in Subsection
[3:2:2] we can confidently assert that two holes, each with a diameter of 1.3 mm and separated

by a mere 1 mm (edge to edge), can be effectively resolved. When we employed the 3 mm thick
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Figure 3.6: Profile showing the edge response when employing the GEMPix detector with 40
kV X-rays, facilitated by a 2.5 cm thick lead block. The data is fitted with a logistic function,
illustrated by the red line. The variations observed at approximately 1.4 cm are attributed to

the Timepix chip intersections.

copper plate with 5 mm diameter holes, we observed a spatial resolution of 5.23 £+ 0.05 mm
(FWHM]J). A concise summary of the outcomes obtained via the method can be found in
Table 311

Table 3.1: [FWHM)| values were computed for 1D profiles in three specific regions of interest
within the images captured using the GEMPix and the 1 mm-thick copper plate.

FWHM (mm)
@ Hole Hole 1 Hole 2 Hole 3
6 mm 6.60 4+ 0.10 - -
3 mm 3.08 £ 0.06 3.04 £0.09 3.46 £ 0.09
1.3 mm 2.07 £0.05 1.49 4 0.03 1.85 £ 0.03

Modulation Transfer Function (MTF)

As for the LaGEMPix system, a series of measurements was conducted employing the lead
mask model 53, a comparison of which can be seen in Figure 3.5] and Figure 3.8 In contrast

to the LaGEMPix, the GEMPix system exhibited an falling below the 10% threshold at
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Figure 3.7: The response profile of the GEMPix detector, representing the average response
along a line, pertains to holes with a diameter of 1.3 mm, positioned 1 mm apart from each
other (edge to edge). To calculate the [FWHM]| for the three holes (as specified in Table ,

the profile was subjected to a fitting process utilizing a triple Gaussian function.

1.4 line pairs per millimeter (LP/mm), equivalent to 0.71 mm. This achievement attests to
the successful realization of submillimeter spatial resolution, aligning with our intended target.

The normalized computed using Equation is graphically represented in Figure|3.9

3.3.3 FLUKA Simulations

A simulation of the LaGEMPix system was conducted using the FLUKA Monte Carlo code
version 4-0.1, employing default settings under the PRECISIO mode [23] 24} 25]. The primary
objective of this simulation was to investigate the energy deposition within the active region
of the detector while also assessing its spatial resolution through the employment of the
and [LSE] methods.

To enhance the precision of energy deposition calculations, specific transport and pro-
duction energy cutoffs of 1 keV were applied to electrons, positrons, and photons in all regions.
Additionally, the simulation leveraged the single-scattering algorithm (via the MULSOPT

card) for all charged particles. This was instrumental in mitigating the challenges associated
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Figure 3.8: Heat map representation generated by irradiating the GEMPix with 30 kV X-rays,
employing a line pair mask of type 53 as the imaging target. To calculate the normalization
factor C(0) in Equation two distinct regions were identified: the upper region within a
green rectangle, corresponding to maximum pixel intensities, and a lower region enclosed by a

black rectangle, indicating the minimum values.

with low-energy primary photons and bolstering transport accuracy within the exceedingly

thin layers of gaseous and heavy materials inherent in the LaGEMPix geometry.

The simulation reproduced the detector’s intricate geometry, encompassing the triple-
[GEM] stack, the image sensor, and the associated peripheral electronics, as detailed in Fig-
ure 310} To account for the spectral distribution of the X-ray beam, a user-defined source
routine was incorporated due to the absence of specific information regarding the X-ray tube
head. However, certain contributions resulting from scattered photons in the target or sur-
rounding materials, which naturally occur in the X-ray beam, were not considered due to

insufficient information.

It is important to clarify that the simulation was not intended to replicate experi-
mental results precisely but rather to aid in assessing the factors impacting spatial resolution

within the detector and the experimental conditions. Consequently, intricacies such as electron
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Figure 3.9: as determined for the GEMPix detector utilizing equation with the

measurement conducted using mask type 53.

diffusion in the gas volume, electron recombination with positive ions, impurity absorption,
electron amplification in the [GEM] holes, and scintillation light emission were not included in

the simulation.

The number of photons detected by the LaGEMPix[OPD|matrix is proportional to the
secondary electrons generated within the[GEM]s. This, in turn, is directly related to the energy
deposited in the gas during the primary ionization process. Therefore, the energy deposited
by the X-ray photons within the gas volume of the detector offers a rough approximation of

the image produced by the scintillation photons captured by the image sensor.

To factor in the influence of primary ionizations in distinct gas regions and the ef-
fective gain for each [GEM] foil on the resulting image, the simulation incorporated an image
generated through the average deposited energy in the drift and transfer gas layers, weighted
by the corresponding effective gains. Interactions in the induction gap, which do not gener-
ate secondary scintillation photons, were excluded from contributing to the final image. To
quantify the results, FLUKA USRBIN scoring was applied across the entire detector volume,
and statistical uncertainties were assessed by calculating the standard deviation based on the

outcomes of independent simulation runs.
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We conducted three simulation sets to make a comparative analysis between the ex-
perimental data acquired through the [ESF|and [LSF|methods. These simulations encompassed
various scenarios, starting with the modeling of a 2.5 cm thick lead block, as outlined in Sec-
tion Additionally, we simulated a 3 mm thick copper plate featuring 5 mm diameter
holes and a 1 mm thick copper plate (as detailed in Section . The latter exhibited a more
intricate structure with 23 holes of varying sizes and spacing, positioned so that the central
hole aligned precisely with the image sensor’s active area. To maintain consistency, the 3 mm
thick plate simulation was carried out at a distance of 7 mm from the Mylar window, while
the lead block and the 1 mm thick copper plate were positioned at 4 cm and 3.3 cm from the

Mylar window, respectively.

Figure illustrates two of these simulated setups, offering a visual representation
of the configurations. Figure[3.10p illustrates the setup for the ESF method, while Figure[3.10p
shows the setup for the LSF method. Throughout all simulations, we kept the source-detector

distance constant at 230 cm, and the collimator aperture remained at a minimum of 1 cm.

Figure 3.10: The LaGEMPix simulation, featuring a 2.5 cm thick lead block positioned 4 cm
away from the Mylar window (a), and a 1 mm thick copper plate located at a distance of 3.3
cm from the Mylar window (b). These visual representations were generated using FLAIR

version 3.1-8, the graphical user interface for FLUKA.

Edge Spread Function (ESF)

Figure [3.11] presents the [ESF] corresponding to 40 kV X-ray imaging. To obtain the [ESF] we
utilized the technique of projecting the edge profile in a direction perpendicular to the edge
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itself. Subsequently, we determined the spatial resolution by fitting the measured [ESF] with
the logistic function described in Equation To ensure accuracy, we adjusted the data
points, centering the distribution at the midpoint of the image sensor. The bin size used for

this analysis was set at 0.25 pm, which is twice the size of a single pixel.
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Figure 3.11: Simulated obtained from edge projection and fitted with a logistic function.
These results were achieved using 40 kV X-rays, a beam aperture of 1 cm, and a detector-

source distance of 230 cm. The error bars are negligible in comparison to the data points.

When we constrained the fitting process to consider the entire active area of the
sensor (stretching 6 cm along the x-axis), our estimation of the [FWHM] yielded a value of
4.53 £ 0.01 mm. It is important to note that this error margin pertains solely to statistical

errors in our simulation.

Line Spread Function (LSF)

The outcomes derived from the [LSF] method, in conjunction with the utilization of a 1 mm
thick copper plate, have been concisely compiled in Table The number of primaries was
selected to ensure that statistical uncertainties remained below 5%. Our assessment of spatial
resolution involved fitting the [LSF| data with a Gaussian function and measuring the FWHM]
for various scenarios. These included the central 6 mm diameter holes, the 6 mm hole located

at the top of the plate, the set of three 3 mm holes spaced at a 4 mm pitch, and the 1.3 mm
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holes separated by a 2.5 mm pitch, as indicated in Figure [3.12
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4
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Figure 3.12: Representation of the simulated energy deposition density within the drift gap,

with delineated regions for subsequent data analysis identified by solid yellow lines.

Table 3.2: [FWHM]| values were determined from the 1D profiles for the various regions of
interest (ROIs) shown in Figure The first line of the table corresponds to the three
central holes, while the second line pertains to the top hole. The third line refers to the second

horizontal line from the top of the figure, while the fourth line pertains to the singular vertical

ROI illustrated in Figure

FWHM (mm)
@ Hole Hole 1 Hole 2 Hole 3
6 mm 570 £0.20 545+ 0.11 5.26 £0.12
6 mm 5.82 +0.13 - -
3 mm 2.96 £0.17 2.99 4 0.24 2.82 £ 0.16
1.3 mm 1.32 4+ 0.12 1.61 £0.16 1.48 £0.17

Notably, the profiles for the three 1.3 mm holes, separated by a mere 1 mm (measured
from edge to edge), are graphically presented in Figure In accordance with the FWHM

criterion, these three holes were found to be perfectly resolvable. The calculated hole diameter
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was either smaller than or approximately equivalent to the physical hole size, implying that
the spatial resolution was superior to the size of the individual holes. These observations were
corroborated by similar findings with a 3 mm thick copper plate and 5 mm diameter holes,

which yielded a spatial resolution of 4.87 + 0.03 mm (FWHM]).
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Figure 3.13: One-dimensional projection of the 1.3 mm holes spaced at 2.5 mm intervals. The
[CSE] derived from the chosen region results in a distribution with a mean hole diameter of

1.47 mm.

3.3.4 Discussion on the Spatial Resolution

The spatial resolution of the LaGEMPix system underwent a comprehensive evaluation through
a variety of methods and experimental setups, with the resulting data consolidated in Table[3.3]
When using the edge response method , the measurements yielded a spatial resolution of
9.70 &+ 0.09 mm for 40 kV X-rays. However, the [LSF| method revealed that the detector could
effectively resolve two 5 mm holes spaced 3 mm apart. This discrepancy suggests that the [ESF]
method, as presented in this study, might be underestimating the true spatial resolution of
the LaGEMPix. This also elucidates the reason behind the poorer resolution of the GEMPix
detector when using the [ESF| method, particularly when compared to the outcomes obtained
through the [LSF]and [MTF|methods. The inherent spatial resolution of the LaGEMPix system
is evidently superior to the 9.70 + 0.09 mm reported by the [ESF] method. This discrepancy

further implies that results derived from these different assessment methods may not be directly
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comparable.

Table 3.3: An overview of the spatial resolution achieved with various experimental setups and

different detectors, with the addition of FLUKA Monte Carlo simulation results for comparison.

Spatial Resolution (mm)

Minimum Resolvable

Detector Edge Response 5 mm Cu Hole Hole Spacing
LaGEMPix 9.70 £ 0.09 6.73 £ 0.08 3 mm (edge to edge)
GEMPix 5.20 + 0.10 5.23 +0.05 1mm! (edge to edge)
GAFCHROMIC® 0.86 & 0.07 5.09 = 0.03 1mm! (edge to edge)

FLUKA simulation of
LaGEMPix

! minimum distance between holes in the Cu plate.

4.53 + 0.01 4.87 = 0.03 1mm! (edge to edge)

Furthermore, the [MTF| measurements only led to the conclusion that slits separated
by a 2 mm distance could not be differentiated. These findings collectively indicate that the
current LaGEMPix design falls short of achieving the criterion for sub-millimeter resolution
required for hadron therapy. The precise value of the spatial resolution also appears to depend

on the specific evaluation method applied.

To untangle the various sources affecting spatial resolution, including the experi-
mental setup, electron diffusion in the gas, and isotropic photon emission within the detector,
measurements were conducted with the GEMPix system and GAFCHROMIC® XR-SP2 films.
Table consolidates the spatial resolution values obtained for different detectors and exper-
imental configurations. As anticipated, the GAFCHROMIC® films exhibited the best spatial
resolution. The edge response method recorded a resolution of 0.86 mm with the film, com-
pared to 5.20 mm with the GEMPix system. Although minor differences were noted with the
[CSF| method, it is important to note that even with the GEMPix, holes separated by a 1 mm
distance remained resolvable. The GEMPix system also displayed an falling below 10%
at 1.4 line pairs per millimeter (LP/mm). The of the LaGEMPix and the [FWHM] of a
5 mm hole were higher when compared to the GEMPix. An additional reduction in spatial
resolution was observed with the LaGEMPix, attributed to the isotropic emission of scintilla-
tion photons. The results indicated that, with the current LaGEMPix design, holes spaced 1
mm apart could not be resolved, and the [MTF| method indicated that slits separated by 2 mm

were indistinguishable.
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Lastly, the findings from a FLUKA Monte Carlo simulation of the LaGEMPix were
juxtaposed with experimental data. Notably, the simulation delivered significantly superior
resolution, primarily because it did not account for certain phenomena associated with the
detector’s operational principles, such as the isotropic emission of scintillation photons. How-
ever, the simulation’s predictions aligned with the results obtained with the GEMPix system,
suggesting that (1) the simulation effectively replicated the experimental results when only
electrons played a role in the final image, (2) the isotropic emission of scintillation light intro-
duced additional blurring in the image, and (3) other unmodeled effects, like electron diffusion
and recombination, appeared to have minimal impact on spatial resolution. These findings
collectively underscore that even for an ideal triple{GEM] detector, where only primary energy
depositions are considered, sub-millimeter spatial resolution remains elusive. Similar results
were observed for 30 kV X-rays, and the edge response method, in particular, seemed to un-
derestimate the detector’s resolution, potentially due to the electron mean free path in the

gas, introducing an additional blur to the image.

3.4 Optical Readout: |Gas Electron Multiplier (GEM)| and
Organic Photodiode (OPD)| Upgraded Version

The emission of photons in an isotropic manner is an inherent phenomenon, and its impact on
spatial resolution depends on the distances between photon production and detection points.
In our efforts to validate our hypothesis and minimize its effects, we have undertaken a redesign
of the LaGEMPix system by reducing the separation between the final (GEM]3) and the
readout plane. This alteration is intended to mitigate the dispersion of light before it reaches

the readout components.

To realize this adjustment, a novel prototype of the detector has been constructed,
featuring a significantly reduced distance between [GEMB and the readout, as illustrated in
Figure[3.14] The reduction from 3 mm to 1.5 mm was achieved through two key modifications:
firstly, by narrowing the gap between [GEMB and the anode, commonly referred to as the
induction gap, from 2 mm to 1 mm, and secondly, by substituting the existing[[TO]transparent
electrode, coated on a 1.1 mm thick fused quartz substrate, with an [[TO] electrode coated on

a 0.5 mm thick fused silica substrate. Importantly, measurements reported in Subsection [2.4.1
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and [26] have indicated that the new transparent electrode is more radiation-resistant.
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Figure 3.14: Illustration depicting the enhanced setup of the LaGEMPix detector.

It is worth noting that further reductions in these distances were constrained by me-
chanical considerations. Employing a glass substrate thinner than 0.5 mm would render it
exceedingly fragile, leading to complications during production, coating, and assembly proce-
dures. Moreover, the possibility of a slight bend in the last [GEM] surface had to be taken into
account to prevent contact with the [TO] anode.

The experimental conditions closely mirrored those detailed in a prior Section [3.2]
encompassing the use of either 30 kV (with an N-5 series filter) or 40 kV X-rays (with an N-6
series filter). These X-ray beams featured a minimum aperture of 1 cm and were projected from
a source-detector distance of 230 cm. The electric fields within the structure remained
consistent throughout, with specific values maintained: the transfer field 1 at 2.0 kV/cm,

transfer field 2 at 1.75 kV /cm, induction field at 5.0 kV/cm, and drift field at 1 kV /cm.

It is important to note that the electric fields applied between the top and bottom
copper layers within each [GEM] foil remained unaltered, corresponding to a constant total

voltage of 940 V.
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3.4.1 |Modulation Transfer Function!

These assessments were conducted employing 30 kV X-rays, utilizing the N-5 filter to enhance
the image contrast significantly. The test involved the use of another lead mask, 0.2 mm thick,
featuring a high resolution with a range of resolutions spanning from 0.177 to 3.33 Line Pairs
per millimeter (LP/mm) with the widest line spacing at 2.8 mm [27]. It is a noticeable improve-
ment achieved with the new detector. The upgraded LaGEMPix version successfully discerns
0.21 LP/mm, equivalent to two slits separated by 2.4 mm, marking its enhanced performance.
A limitation becomes evident at 0.25 LP/mm (two slits separated by 2 mm). In contrast, the
original LaGEMPix version proved incapable of resolving 0.177 LP /mm, corresponding to two

slits separated by 2.8 mm.

3.4.2 |Line Spread Function

The upgraded version of the detector delivers an improved spatial resolution, as evidenced
when applying the [LSF|analysis. To gauge this resolution, the [LSF] was fitted with a Gaussian
function, and the FWHM] was determined for a 5 mm diameter hole. Notably, the FWHM]
obtained using the latest iteration of LaGEMPix stands at 5.61 + 0.14 mm, surpassing the

previously measured value of 6.73 £+ 0.08 mm.

Furthermore, to assess the system’s performance, a[RO] was pinpointed at the center
of 5 mm holes spaced 3 mm apart (as illustrated by the green area in Figure ) Figure
) offers a side-by-side comparison of the line-average response profiles for two holes sepa-
rated by 3 mm, highlighting the presence of two peaks with a dip in intensity. Both the original
and upgraded versions of LaGEMPix exhibited the ability to resolve two 5 mm diameter holes
positioned 3 mm apart. However, the Figure reveals a more pronounced dip in intensity
for the upgraded LaGEMPix, signifying an enhancement in [LSF] performance.

The spatial resolution results for both detectors and experimental setups are sum-
marized in Table A comprehensive explanation of the results with [ESF| and [MTF]| can
be found in [28]. As anticipated, the upgraded LaGEMPix, with its redesigned reduced gap,
exhibits better spatial resolution than the original version. For a more comprehensive analysis

of the distinct methods employed here, please refer to Section (3.2
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Figure 3.15: a) Heat map representation of the copper mask subjected to 40 kV X-rays, with
a designated [ROI marked by a green rectangle around the 3 mm spaced holes. The spatial
resolution was determined by fitting the profile within the [RO]| using a Gaussian function.
b) The line-average response profiles of 5 mm diameter holes, spaced 3 mm apart (edge to
edge), are presented for both the original (depicted in orange) and upgraded (depicted in
black) versions of the LaGEMPix. In the case of the upgraded version, the Full Width at Half
Maximum measured using Gaussian distribution is 6.16 4+ 0.13 mm for the left hole
and 5.75 £ 0.15 mm for the right hole. Additionally, the center-to-center distance of 7.86 mm

was determined by fitting the profile using a double Gaussian function.

Table 3.4: Overview of the spatial resolution achieved using various experimental setups and

both editions of the LaGEMPix.

Spatial Resolution (mm)

Minimum resolvable

Detector Edge Response 5 mm Cu hole . MTF mask limit
hole spacing
Original LaGEMPix [11] 9.70 +0.09 6.73 + 0.08 3 mm (edge to edge) <0.177 LP/mm
Upgraded LaGEMPix 8.17+0.07 5.61+0.14 3 mm (edge to edge) 0.21 LP/mm

3.4.3 Discussion

We have introduced an upgraded version of the LaGEMPix, marked by a halving of the
distance between the point where light is generated and the optical readout. Much like the
initial prototype, in this study, the detector was subjected to characterization involving low-
energy X-rays and a variety of methods designed to assess spatial resolution. The findings
presented in this section underscore the significant influence of the separation between the

final [GEM] layer and the image sensor on the measured spatial resolution. This reduction in



3.5. CHARGE READOUT: GEM-TFT ARRAY DETECTOR 111

the[GEM}readout distance has translated into an improved spatial resolution of 0.21 Line Pairs
per millimeter (LP/mm), equivalent to two slits positioned 2.4 mm apart in a line pair mask.
Nevertheless, it is important to emphasize that reducing the distance between the last [GEM]
and the readout beyond certain limits is not possible due to mechanical limitations, making it
extremely challenging to achieve submillimeter spatial resolution for optical readout without

the use of optical lenses.

Notably, commercial vendors in the field, such as PTW and IBA, gauge the spatial
resolution of their clinical detectors used in hadron therapy using pixel size or pixel pitch. For
instance, IBA indicates that the spatial resolution for myQA® Phoenix in proton therapy is
0.2 mm [29]. In contrast, the LaGEMPix exhibits a pixel pitch of 126 pm, yielding a spatial

resolution of 2.4 mm using X-rays, as elaborated earlier.

As the primary limitation to achieving the desired spatial resolution was identified
as the isotropic emission of scintillation light, we implemented charge readout technology. In
this scenario, secondary electrons generated within the GEM and guided by electric fields to
maintain spatial resolution would be directly detected by the readout as shown in Figure [3.16
Drawing upon insights from the GEMPix results and the FLUKA Monte Carlo simulation [30],

we foresaw that this approach would facilitate achieving the targeted submillimeter resolution.

3.5 Charge Readout: |Gas Electron Multiplier (GEM)| and

Thin Film Transistor (TFT)| Array Detector

In the pursuit of developing a charge readout variant of this detector, a significant modification
was made by removing the [OPD] layer, which was originally present in the optical version of
LaGEMPix (refer to Subsection for further details). This strategic alteration resulted in

a TFT-only electronic readout system as shown in Figure [3.16

In order to determine the correct voltage settings for the triple{GEM] it is essential to
conduct a gain scan. The response, which is obtained by summing all the pixel values against
the sum of the [GEM]gas amplification voltages, exhibits the expected exponential dependence.
This behavior aligns with predictions, as the gain, denoting the ratio of electrons generated

to primary electrons, is inherently reliant on the applied voltages [12]. In addition, the
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Figure 3.16: The radiation detector with high-resolution. a. The detector’s struc-
ture, which includes a [TF'T] backplane array and a triple-GEM frontplane. This depiction
highlights the [TF'T| pixel arrangement and the associated drive and read-out circuit diagram.
b. A photograph shows the integration of the detector with the read-out electronics.

{TFT] detector demonstrates a linear response to dose, which remains consistent up to

the maximum current available in the X-Ray generator.

To evaluate the spatial resolution, the [MTE| was determined by employing a lead
mask featuring a bar pattern, a common method for evaluating spatial resolution [31]. This
procedure mirrors the one used with our previous optical detector described in Subsection[3.2.3]
These assessments were conducted using 30 kV X-rays along with the N-5 filter, enhancing
the contrast of the resulting image. The lead mask employed has a thickness of 0.2 mm and
offers a resolution ranging from 0.177 to 3.33 line pairs per millimeter (LP/mm), as depicted
in Figure [32]. The detector demonstrated an of less than 10% at 1.2 LP/mm,
corresponding to a spatial resolution of 0.83 mm. This sub-millimeter resolution attests to
the exceptional performance of our system when compared to the 2.5 mm resolution of the
commercially available OCTAVIUS® 1000 SRS detector [33]. The spatial resolution results

for both detectors, optical readout versus charge readout, are summarized in Table [3.5

This novel detector serves as a proof of principle, marking the first instance of radi-
ation detection coupling a gaseous detector with a [TF'T] backplane. The primary aim was to

evaluate the feasibility of generating submillimeter spatial resolution images of the radiation
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Table 3.5: Comparison of spatial resolution attained with the optical readout versus charge

readout.
Spatial Resolution (mm)
Detector Edge response MTF mask limit
Optical Readout: GEM-OPD 8.17 +0.07 0.21 LP/mm
Charge Readout: GEM-TFT <0.50 +0.05 1.2 LP/mm
A b e —12000 € °° ' !

:"——-__" [ 101 r 11000

f— r——— 06} J

e — &0 4 | 10000 .
—— 504 9000 & .
— £ ® 5 o4} * ]

£ 40 Booo > .
b - 2 .
— 301 7000 =
— ——— -
e — 20 6000 o2 ., 1
— . .
104 5000 -
1 ) B | 0.0
% 20 &0 go 000 oo o e e
X (mim) Spatial frequency (g mm'')

Figure 3.17: Spatial resolution assessment: a. Utilizing a line pair mask of type 17 crafted
from 0.02 mm thick lead as the imaging target. b. Displaying a heatmap of the [TF'T]| readout

following exposure to 30 kV X-rays. c. The [MTF| measurement was conducted using mask

type 17 for the @I fIEl detector.

beam. Studies using protons, offering a direct comparison with detectors in clinical use, are

presented in Chapter [

3.6 Conclusions

The prototypes employing optical readout failed to meet the minimum required spatial reso-
lution criteria, highlighting a notable limitation. In contrast, our charge readout system has
not only met but exceeded expectations by achieving submillimetric resolution, ensuring the
requisite precision and accuracy in our measurements. Furthermore, the evaluation described
in this chapter has substantiated the system’s robust performance, thereby satisfying the fun-
damental criteria imperative for progression to the subsequent developmental phase. With the

confluence of all essential prerequisites that have been validated, our project was poised for
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the critical milestone of clinical beam testing. This pivotal progression significantly advances
us towards the realization of practical, real-world applications and the eventual integration of

our technology into clinical practice.
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Chapter 4

Tests with Photon, Protons and

Carbon Beams

“The truth method of knowledge is

experiment.”

William Blake

In this chapter, I present the assessment of our novel detector technology based on

|Gas Electron Multiplier (GEM)| coupled to a matrix of |Thin Film Transistor (TFT)|involving

photon, proton and carbon clinical beams. After confirming the achievement of sub-millimetric
spatial resolution through the utilization of low-energy (40 kVp) X-rays in Section this
chapter is devoted further to showcasing the capabilities of the detector’s [TFT]| readout in
measuring secondary electrons generated by the triple]GEM]structure. The radiation hardness
and performance of the prototype with charge readout were evaluated when exposed to various
clinical radiation beams. This evaluation is carried out under exposure to high-energy radiation

from diverse sources, including X-rays, protons, and carbon ion beams.

Initially, I report the radiation hardness tests conducted at the component level,
employing specially prepared samples for this study. Next, the initial functional trials of
the [GEMYTFT] detector at the Bern medical cyclotron are presented. The reasoning behind

conducting tests at Bern with low-energy 18 MeV protons lies in the protons’ short range.
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The occurrence of the Bragg peak, where the maximum energy deposition takes place directly
within the detector, provides an opportunity to assess the full performance of the detector

while analyzing its saturation response.

Continuing the evaluation of this solution, we extend our testing regime to the Linac
TrueBeam Varian, where we gauge the versatility of our detector under a 6 MV
Filter (FF)| photon beam used for conventional photon-based radiotherapy.

The last section is devoted to the ultimate tests performed with the [GEMJTET]
detector at the Italian National Centre of Oncological Hadrontherapy located in Pavia.
Here, the detector was exposed to proton and carbon ions beams at clinical intensities used
for cancer treatment. The studies conducted using this prototype are under revision in the
paper "A high-resolution large-area detector for quality assurance in radiotherapy" of which I

am the first author. These findings are reprinted in the second section of this manuscript.

4.1 Proton Radiation Hardness Testing using 18 MeV cy-

clotron at Bern

The radiation hardness tests were not conducted using the GEM-TFT detector itself but
rather employed [Process Evaluation Modules (PEM)| containing discrete [TF'Tk as shown in

Figure [f.I] With only two readouts at our disposal and considering the critical importance of
not jeopardizing subsequent clinical beam tests, we decided to abstain from conducting any
system-level testing. The behavior of GEMs under radiation exposure has been extensively
documented, and our primary focus is to closely observe and analyze the performance of the
[TET] under these conditions. This approach allowed us to maintain the integrity of our testing

process while gaining valuable insights into the [TE'I]s performance and durability.

To assess the radiation tolerance of Discrete Dual-Gate[TFTg (with a channel width of
15 pm and a channel length of 5 pm), a series of irradiation tests were conducted utilizing three
distinct doses (0.5, 29, 250 kGy). The first component-level evaluation involves irradiating
three individual strips with three distinct radiation doses, and assessing their response before

and after exposure.
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$ 3

Figure 4.1: Component level radiation testing involved three strips on glass, labeled as 1, 2,

and 3, encompassing |T1T|s within areas demarcated by dashed squares.

In order to perform these evaluations, a cluster of[TE' Tk arranged in a strip formation
was positioned perpendicular to the path of the proton beam, as illustrated in Figure [4.2p.
The protons were targeted to impinge upon the [TEFTk, positioning their active regions to face
the exit window, as illustrated in Figure[:2p. This orientation corresponded to the same setup
as the one used when coupling the backplane to the triple detector (Figure )
To concurrently monitor the beam’s current, an aluminum disk was placed behind the sample
and connected to a Keysight B2985A electrometer. Throughout the irradiation process, all

electrodes were intentionally left ungrounded or floating.

Radiation hardness plays a pivotal role in the functionality of devices that might
encounter a weekly radiation dosage of 100 Gy in the routine operation of a particle ther-
apy center. To gauge the radiation robustness of the prototype, we conducted a comparison
between the baseline measurements without the presence of the beam and the response to a

uniform 40 kVp X-ray field, both before and after uniform proton irradiation.

The electrical testing of the dual-gate [TETk took place under ambient conditions at
room temperature, within a light-restricted environment. This examination was conducted
using a semiconductor parameter analyzer, specifically the Agilent 4156C model. A consistent

source-drain voltage of 1 V was applied uniformly in all instances.

To record the transistor’s transfer characteristics, a systematic procedure was fol-
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Figure 4.2: The configuration employed during the proton beam experiments conducted at
the [BTL] of the Bern medical cyclotron: a. The UniBEaM detector and the [GEMNTET]
detector were installed at the end of the [BTL] of the IBA Cyclone 18 MeV cyclotron at the
Bern University Hospital (Inselspital). An extract window is placed before the entrance Mylar
window of the detector. b. Detailed image of the exit window with a diameter of 3 cm,
presenting a single PEM (indicated by the arrow), which was used for the radiation hardness
tests. ¢. A schematic illustration delineates the layout of the strip of [TE'Tk that were subjected

to direct irradiation by the proton beam.

lowed: the top gate voltage was varied while the bottom gate remained grounded. The Vo,
turn-on voltage (see Subsection 7 of the was precisely deduced by pinpointing the
threshold point in the top-gate voltage at which the source-drain current initiated its ascent.
In Figure [£:3] a comprehensive summary of the outcomes concerning radiation hardness tests

is presented.

The gray curves depict the transfer characteristics of[TE'TE in their pristine condition
prior to any irradiation. Notably, the initial Vp voltage remains nearly at 0 V across all cases.
However, upon exposure to 0.5, 29, and 250 kGy of 18 MeV protons, the Vo voltage undergoes
a shift to approximately -4 V, -13 V, and roughly -40 V| respectively a-c, red curves).
This particular negative Vox shift aligns with common observations for oxide-based [TF'Th
when subjected to high-energy radiation, such as X-rays [I} 2] and 5 MeV protons [3]. This
phenomenon is attributed to an increase in electron concentration within the a-IGZO [TFI]s
active layer. Notably, this Vo shift can be effectively compensated for through our dual-gate
[TET] technology. Examining the green curves in Figure [£.3] it is evident that by applying a
negative bias to the bottom gate, the Vo voltage of the TE Tk can be readily adjusted across

a significant voltage range, ultimately restoring it to its original state at around 0 V.

The radiation-induced Vo shift is a temporary occurrence. Over time, the device
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Figure 4.3: Evaluation of radiation hardness in dual gate . a-c. Transfer characteristics
of Iy — V, before irradiation (Pristine - grey), after irradiation (red) with 0.5, 29, and 250 kGy
18 MeV protons, and following the mitigation of Vo shift (green) by applying a bottom gate
bias of -4, -13, and -40 V, respectively. d. Transfer characteristics of I; — V;; before irradiation
(grey), after irradiation (red) with 29 kGy 18 MeV protons, and after recovery through a

thermal annealing process for 1 hour at 165 °C (green).

characteristics naturally return to their initial configuration. To expedite this recovery process,
a thermal annealing can be employed, as illustrated in Figure [£:33{, which demonstrates a

complete restoration of Vo to its original state after a 1-hour annealing process at 165°C.

In practice, a detector employed for treatment plan verification in operation hadron
therapy center faces a weekly dose of approximately 100 Gy. This means that the dose of
29 kGy received by the second [TF'T] sample within a short timeframe is equivalent to roughly
6 years of operation of a commercial detector. The relatively modest shift experienced at the
relevant radiation doses, coupled with its temporary nature, instills confidence in our belief

that the proton radiation resilience of our IGZO [TETk will be adequate for initial applications.
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4.2 Proton Beam Irradiation using the 18 MeV cyclotron

in Bern

We initiated the detector testing by subjecting it to proton fluxes equivalent to high clinical
beam intensities, prior to its assessment at Our primary objective was to validate
our ability to capture and analyze the signals generated by protons while also gauging the
potential for signal saturation. Hence, the entire [GEM}TFT]| detector underwent irradiation
with 18 MeV protons, with beam intensities reaching up to 1.3 nA. This irradiation took place

at the Bern University Hospital (Inselspital) [4] [5].

To facilitate the monitoring and management of beam properties during these irra-
diation sessions, an UniBEaM detector was integrated into the [BTL] setup, as illustrated in
Figure [f.2h. The UniBEaM gauges beam profiles along both the x and y transverse axes by
intricately threading scintillating fibers through the path of the proton beams. The protons are
extracted into the ambient air environment through a 50- pm stainless steel window positioned

opposite the Mylar window.

The operational parameters of the cyclotron were configured to yield a uniform beam
with a 3 cm diameter, matching precisely with the dimensions of the extraction window.
This precision ensures an impeccable alignment and consistency in the beam characteristics

throughout the irradiation process.

The initial trial conducted at the Bern cyclotron using protons and the [GEM}TFT]
system is depicted in Figure [{:db. To enable the protons to exit into the atmosphere, a
circular-shaped, 50 pm stainless steel window was employed. In front of this exit window, a
GAFCHROMIC® EBTS3 film was positioned to assess the beam’s configuration. The exposed
film reveals a circular shape with a 3 cm diameter, as illustrated in Figure [f.4h. Concurrently,
the detector determined the beam’s diameter to be 3.024 cm. The horizontal lines
without functionality in the readout images in Figures are, in fact, line defects within
the [TET| array. These measurements conclusively establish the feasibility of investigating the
size and shape of the beam, indicating that this prototype holds good promise as a diagnostic
tool for beams. Furthermore, an assessment was carried out involving a current scan using

18 MeV protons at beam intensities of up to 1.3 nA. In the case of a uniform beam with a 3 cm
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diameter, 1.3 nA equates to roughly 10% of the maximum beam intensity utilized at
[5]. We observed a linear relationship between 18 pA and 0.7 nA when the sum of the
voltages was set at 600 V, as depicted in Figure [f.4k. However, for current values exceeding
1 nA, there were two data points that displayed unexpected non-linear behavior. Additional

investigations are needed to gain deeper insights into this phenomenon.
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Figure 4.4: Initial operational assessment with protons at the Bern medical cyclotron. a. Cap-
tured image displaying the beam’s circular configuration using GAFCHROMIC® EBT3 film.
b. Captured image demonstrating the beam’s circular shape using the [GEMITET] detector.

c. |Least Significant Bit (LSB)| value in relation to beam intensity recorded by the detector

during the operation of the 18 MeV cyclotron. The dashed line represents a linear regression

fitted to the dataset.

We achieved the detection of protons using a GEM-based detector with charge read-
out, implementing a matrix of[TFT} Subsequently, we transitioned into the phase of conducting

clinical beam tests.

4.3 Photon Irradiation Using a Commercial Electron

Linac for Conventional Radiotherapy

The detector, which was filled with an Ar : COy mixture (70:30), was tested at a
commercial Linac TrueBeam Varian, using a 6 MV [FF| photon beam. The depth dose curve
observed for the 6 MV photon beam exhibited two distinct regions: the initial build-up region

near the surface and the charge particle equilibrium region at greater depths [6]. In order to
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prevent any interference from electron contamination in the build-up region, we placed solid
water slabs with a combined thickness of 1.7 cm in front of the detector. The detector was
visually centered within the illuminated field using laser assistance and was inserted into the

vertical support, ensuring it was perpendicular to the radiation beam as shown in Figure

Figure 4.5: Setup utilized for conducting photon beam tests with the Varian Linac TrueBeam
at Zentrum fiir Strahlentherapie in Freiburg. The [GEM|TEFT] detector was situated on the

treatment couch, while the treatment head was oriented at 90°.

The electron linear accelerator situated at the Zentrum fiir Strahlentherapie in
Freiburg underwent calibration to administer a precise dose of 100 Monitor Units (MU), span-
ning a range of dose rate variations from 100 MU /min to 600 MU /min, which approximates
0.8 Gy, all within the context of a 10 x 8 cm? field. The dose rate achievable with the 6 MV
beam is capable of reaching 600 MU /min. Subsequent to a gain scan, the detector was
operated with the sum of the [GEM] voltages set at 750 V. The readout was configured to op-
erate at its utmost sensitivity level of 0.5 pC, and the frame rate was established at 10 frames
per second. There is a 4.4% relative difference between the response of the[GEMHTET] for the
lowest dose rate (100 MU /min) and the highest dose rate (600 MU /min). This indicates that
the [GEMNTFTTs response is sensitive to changes in dose rate as shown in Figure [£.6]

We then conducted a dose scan employing 6 MV photons and observed a linear
behavior across the range of doses, spanning from 8 MU to 800 MU, as illustrated in Figure

[£71 This examination was carried out utilizing the highest available dose rate, which is 600
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Figure 4.6: value vs dose rate (MU/min) of the detector using the commercial Linac

TrueBeam Varian. The dashed line represents the linear fit to the data.

MU /min, approximately equivalent to 6 Gy/min.

4.4 Test with Protons and Carbon Ions at CNAO

We tested the [GEMHTET]at [CNAO] the Italian National Centre of Oncological Hadrontherapy
located in Pavia with the beams utilized in cancer treatment. The [CNAO] synchrotron offers

proton beams with kinetic energies ranging from 60 to 250 MeV and carbon ion beams in the
range of 120 to 400 MeV /u [7]. Proton beam intensity varies from 10° to 1010 particles/s,
while for carbon ions, it ranges from 4x107 to 4x108 particles/s. Two distinct measurement

approaches were employed.

Firstly, we utilized an integrated system, which included a commercial water phantom

and the to conduct depth scans (Figure ) We designed and built a light-
tight, waterproof box with 10mm-thick walls to immerse the [GEMJTFT]| detector in water
without damaming the electronics. This box was crafted from black polymethyl methacrylate
(PMMA, type: PLEXIGLAS NOIR 811 - PERSPEX 9T30). Additionally, we designed and

manufactured two supports with rails to guide and secure the baseplate inside the box.

Secondly, the detector was directly positioned on the treatment couch (Figure )

The detector was perpendicularly oriented to the beam within a custom-made vertical struc-
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Figure 4.7: value vs dose expressed in MU of the detector using the commercial Linac

TrueBeam Varian. The dashed line represents the linear fit to the data.

ture, ensuring a well-aligned setup. To assess spatial resolution using the edge response method,
we placed a variable thickness high-Z material in front of the detector, covering a portion of

its active area to create a distinct sharp edge, as depicted in Figure [£.8p.

In the initial measurements conducted at [CNAO] utilizing protons and carbon ions,

the [GEMITFT] was employed within a water phantom. To establish reference measurements

for beam intensity, the [Dose Delivery System (DDS)|of [CNAO|was employed, encompassing a

beam monitors and the control unit, serving as the core of the data acquisition setup. Notably,
the [CNAO|DDS]is a certified medical device, bearing the CE mark, and it is actively employed
for clinical purposes at both[CNAO|and MedAustron EBG [7,[8]. Figureillustrates a strong

alignment between the responses of the detector and the [CNAO|[DDS|

The accurate measurement of the Bragg peak holds significant importance, primarily
because it enables precise targeting of the tumor. Figure shows the Bragg curves acquired
with the[GEM|TFT]at clinical beam intensity. By ensuring that the particle beam’s maximum
energy is directed precisely toward the tumor, it becomes possible to spare the surrounding
healthy tissue from unnecessary radiation exposure. This strategy, in turn, aids in minimizing

potential side effects while augmenting the overall effectiveness of the treatment.
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Figure 4.8: The configuration employed for conducting proton and carbon ions beam tests
at In Figure (a), the detector is securely contained within a waterproof
PMMA box, which is affixed to the positioning system of the water phantom. This arrangement
permits the adjustment of the distance between the entrance window and the PMMA box along
the beam axis. In Figure (b), the detector is positioned within a vertical support and situated
on the treatment couch, with a high-Z material covering a portion of its active area for the

purpose of spatial resolution analysis.

To ascertain the accuracy of the Bragg curves, we compared the results obtained with
the[GEMITFT]to the data collected using the Peakfinder system, which shares equivalent beam
parameters. The PTW Peakfinder, developed by PTW in Freiburg, Germany, is a commercial
device tailored for assessing the depth dose profile of a particle beam in water. It encompasses
a height-adjustable water column and two ionization chambers. As seen in Figure [£.10] the
Bragg curves acquired with the GEMHTFT]at clinical beam intensity, employing 147.72 MeV
protons and 207.97 MeV /n carbon ions, reveal a clear Bragg peak at a depth of approximately
150 mm, with the characteristic tail beyond the peak, distinctly visible, which is attributed to
the carbon fragments. The curves are standardized to the first value in the plateau region. For
protons, a correction factor of 1.1954 was applied to adjust the counts for the initial plateau
point. While with the GEM-TFT detector the first value was measured at 50.9 mm, PTW
PEAKFINDER measurements were available for 50.4 mm and 51.4 mm. This correction factor

(1.1954) was obtained using a straightforward interpolation method between these points.

The Bragg curve results obtained from the [GEMHTFT] detector and the PTW Peak-
finder exhibit a close resemblance when it comes to proton beams. With the exception of

the tail points, the most significant deviation, measuring at 9.9%, was observed at a depth of
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Figure 4.9: Dose response as a function of time for the detector and the

utilized at [CNAO] The data have been normalized with respect to the peak values. A selected
subset of data points is displayed (every third point) to improve clarity. It is
important to note that the GEMHTEFT]data points between beam spills retain non-zero values
owing to the 1-second frame rate, which captures both the beam ON and OFF states.

116.9 cm. However, when it comes to the Bragg curves for carbon ions, a more pronounced
disparity between the two devices emerges. Specifically, there is a discrepancy at the peak’s
maximum, where the prototype’s measurement falls below the expected value. In contrast,

the measurements in the tail region surpass expectations.

For both protons and carbon ions, no evidence of saturation effects was observed
at any depth using the chosen parameters. The reasons for the peculiar results with carbon
ions remain somewhat enigmatic. One plausible explanation could be a dependency on linear
energy transfer (LET). Furthermore, the disparity might be linked to the larger surface area
of the [GEMJTFT]| compared to the ionization chamber of the PTW Peakfinder, leading to
increased secondary particle collection. This discrepancy may consequently result in an am-
plified signal beyond the Bragg peak. Additionally, variations in the detector’s response due

to non-uniform defect distribution could contribute to substantial fluctuations in the signal.
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Figure 4.10: Bragg curves exhibit an increasing energy deposition as they penetrate deeper,
reaching a peak at the end of their range (151 mm), which is followed by a steep decline.
This phenomenon corresponds to the energy loss of ionizing radiation as it traverses through
water. a) Bragg curve measurements were conducted using 147.72 MeV protons with the
(green) and PTW Peakfinder (red). b) Bragg curve measurements were carried
out with 207.97 MeV /n carbon ions using the (green) and PTW Peakfinder (red).

Conducting further experiments with an improved prototype, free from production defects,

may offer insights into improving these measurements.

Tests targeting the evaluation of factors like spatial resolution were minimally im-
pacted by the readout defects observed in the initial prototype. However, it was not feasible
to perform measurements intended to assess dose uniformity due to the intrinsic nature of
this early-stage prototype. Nevertheless, this preliminary prototype, created as a proof of con-
cept, was fabricated using a new dedicated multi-layer TFT design containing 10 layers each
patterned by photolithography. After fabrication, detailed characterization and inspection it
became clear that a design flaw was present in the fanout electrode at the readout side for
which a new repair step was performed afterwards. Unfortunately, the yield of repair is not
high, leading to remaining defective non-functional lines. It is expected that a minimal number
of defects are present with an updated design and in particular in production, where quality

is much higher compared to a research line.

Moving forward, the spatial resolution of the[GEMHTFT|detector was assessed under

clinically relevant hadron therapy conditions using the experimental setup depicted in Fig-
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ure [4.8p. In Figure a comparison of the detector’s performance is presented alongside
GAFCHROMIC® EBTS3 films, renowned as the gold standard for such measurements in radi-
ation therapy. Employing in-room lasers facilitated the alignment of the collimators in relation
to the detector. While assessing the potential impact of misalignment and scattered ions on the
wedge face is complex due to various influential factors, including beam energy and material
properties, the inclusion of films in this experiment enables a comprehensive evaluation. This
approach effectively disentangles the performance characteristics of our [GEMHTFT] detector
from external variables. The [FWHM]obtained through the edge response method consistently
remained below 0.50 £ 0.05 mm for different lines, translating to a resolution of 1 line pair
per millimeter (lp/mm). The sub-millimeter spatial resolution initially confirmed with X-rays

was substantiated effectively within the context of hadron therapy.
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Figure 4.11: Evaluation of spatial resolution in conditions pertinent to hadron therapy. Edge
response profile for 147.72 MeV protons using a high-Z material, as assessed with the [GEM}
detector and GAFCHROMIC® EBTS3 films.

The [CET]is a crucial parameter that characterizes how densely energy is deposited
by a specific type of radiation. This factor significantly governs the effectiveness of radiation
exposure in terms of its biological impact. In our study, we conducted experiments using three

different energy levels to investigate how the [GEMHTFT] detector’s performance is influenced
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by variations in energy. To carry out these experiments, the detector was positioned at a
distance of 130 cm from the surface of a water phantom. We standardized the detector’s
response by comparing it to the response generated by 207.97 MeV /n carbon ions. The results
are summarized in Table [£.1] which presents the values measured by the [TET}based
readout for each selected energy level of the carbon beam. The data revealed a variance in the

response, ranging between 0.5% and 1.6%.

Table 4.1: Energy response of(GEMHTFT|detector normalized to its response to 207.97 MeV /n

Energy (MeV/n) GEM-TFT response
207.97 1
332.15 1.015
398.84 1.005

It is worth noting that radiochromic film, which also facilitates 2D dosimetry, has
been reported to exhibit an under-response, typically falling within the range of approximately
10% to 20% [2]. While a more detailed examination of the dependence along the Bragg
peak could permit a comprehensive comparison with other commercially available detectors
in this field [3} 8], this level of analysis is beyond the scope of our current research and should

be accessed in future studies.

4.5 Conclusions

This detector’s versatility extends to conventional photon-based radiotherapy and hadron ther-
apy. Comprehensive performance assessments highlight its capabilities in detecting a wide
range of particles, including high-energy (6 MeV) photons, as well as clinically significant

protons and carbon ions.

To summarize, this chapter presents a groundbreaking exploration into the use of flat
panel [TET] technology as the readout system for [GEM] detectors, aiming to achieve large-area

beam imaging with both high spatial resolution and rapid frame rates. Our primary objective
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was to investigate the feasibility of this innovative technology, which holds the promise of
scalability within the semiconductor industry. This technology fusion seeks to capitalize on
the strengths of gaseous detectors, such as their minimal material requirements and potential
use of tissue-equivalent gases, while surmounting the limitations of [[Ch regarding pixel size

and the number of detectors in a matrix.

While significant challenges persist and may impact feasibility and cost considera-
tions, potential solutions appear attainable. The sub-millimeter spatial resolution achieved
here is the outcome of direct charge readout, the directional behavior of charges from the
[GEM] and the high pixel density of the [TE'T] array. Furthermore, the proximity of just 1 mm
between the last [GEM] and the readout contributes to the spatial resolution.

Our experiments underscore the detector’s capability to measure secondary electrons
generated by the triple]GEM] structure when subjected to high-intensity beams of various
high-energy radiation sources, including X-rays, protons, and carbon ion beams. Notably,
the detector exhibits a linear response across a broad range of proton intensities, covering
the typical doses administered in hadron therapy. Additionally, it demonstrates relatively low
radiation damage, which can be mitigated due to the presence of two separate gate electrodes
within the [TFT] This compensation strategy allows for a maximum dose difference of up to

10% compared to the reference detector.

The observed relationship between [LET|and detector response appears to be less pro-
nounced when compared to conventional quenching detectors like plastic scintillators. However,
we acknowledge the need for further in-depth research to investigate and confirm this obser-
vation. Based on these findings, we posit that this detector type holds significant potential for

quality assurance in cancer radiation therapy.
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Conclusions and Outlook

“Preciston in medicine is a journey,

not a destination.”

William J. Mayo

The utilization of optical readout is a versatile and promising approach for radia-

tion detectors, providing clear and high granularity visualizations. Throughout this work, we

have effectively integrated [Organic Photodiode (OPD)| and [Thin Film Transistor (TFT)|into

a Triple]GEM] detector using modern imaging sensors. These detectors, based on [GEM] tech-
nology and operating with C'Fj-containing gas mixtures, emit ultraviolet and visible light. It
is worth noting that the visible scintillation band at around 630 nm aligns perfectly with the

OPD’s quantum efficiency.

Throughout the thesis, we conducted extensive research and development and we
have explored the potential of using optically readout [GEMlbased radiation detectors. We
have fine-tuned customized prototypes for various scientific applications, showcasing the tech-
nology’s capabilities. However, our investigation has revealed limitations and challenges asso-
ciated with flat panel [OPD] and [TET] technology as [GEM] detector readout. Specifically, the
detector’s performance is influenced by the distance between the last [GEM] and the imager,
making sub-millimeter spatial resolution challenging without the use of additional lenses. Yet,
introducing additional optical components like mirrors or lenses to guide and control the light
from the detector to the imaging sensor poses difficulties in maintaining the compactness of
the detector. This constraint has hindered our progress in achieving the crucial sub-millimetric
spatial resolution needed for advanced radiotherapy techniques used in cancer therapy. A high

spatial resolution of the 2D dose distribution is important because most of the conformal treat-
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ment plans are characterized by very high “in-field” dose gradients. It is crucial to ensure the
precise delivery of the prescribed dose to the intended location, while minimizing exposure to
healthy tissues. Additionally, we have identified the isotropic emission of the scintillation light
as the main limitation to the achievable spatial resolution. Based on our scientific analysis, we

have concluded that the optical prototype achieves a spatial resolution of a few millimeters.

One promising path to investigate further is using a charge readout instead of an
optical readout. For this reason, we coupled [GEM] to a matrix of [TF'T] This method involves
collecting secondary electrons created within the [GEMp and guiding by electric fields to pre-
serve high spatial resolution. This approach successfully overcomes the limitations linked to
optical methods, resulting in an improved performance of the detector. The research presented
in the final section of this dissertation has provided valuable insights into using flat panel [TFT]
technology for reading [GEM] detectors in large-area beam imaging with high precision and fast

frame rates.

We initially concentrated on hadron therapy but have broadened our focus to include
conventional therapy using linacs. We have also begun exploring the detector’s capabilities
for quality control purposes with low-energy X-rays, commonly used in radiology. The find-
ings of this research provide a strong foundation for future studies aimed at improving the
performance of flat panel [TET]| technology as [GEM] detector readout. The results also high-
light the technology’s potential as a quality assurance tool in cancer radiation therapy, with

opportunities for further improvements through ongoing research.

In conclusion, the performance tests affirm the detector’s capability to detect a range
of energies, encompassing low-energy (40 kVp X-rays) and high-energy (6 MeV) photons, as
well as protons and carbon ions at clinical energy levels. The successful execution of these
tests with a wide range of clinical beams was made possible through the collaborative efforts
between CERN and the University of Bern. Through the course of my PhD, I successfully
developed this prototype, paving the way for a future commercial detector employing this
technology. Such advancements hold promise for diverse applications in medical physics, con-
tributing significantly to the enhancement of quality assurance across various human-related

beam applications.

Firstly, ensuring gas tightness is a crucial step in successfully creating a commercial

product suitable for hospital settings. An option with a sealed or recirculating gas system can
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eliminate the need for gas bottles in hospitals or therapy centers, simplifying the process and

avoiding the complications associated with gas bottle use.

Furthermore, the detector showed relatively low radiation damage, that can be com-
pensated by virtue of the two separate gate electrodes in the [TF'T} We have plans for tech-
nological improvements to make a high-quality readout system with a large active area of

200 x 200 mm? and a minimized number of fabrication defects.

Finally, the future development of the 200 x 200 mm? prototype with a high-quality
readout and fewer production defects would allow for further testing of the technology and
potential commercialization. With continued refinement and collaboration, this innovative
system has the potential to make substantial contributions to scientific research and enhance
quality assurance in various cancer radiation therapy modalities. Thus improving the per-
formance of the treatments for the benefit of the patients, of the health care systems and,

ultimately, of society.



142 Conclusions and Outlook



List of Acronyms

ADC Analog-to-Digital Converter
AFE Analog Front End
ASIC Application-Specific Integrated Circuit

BTL Beam Transport Line

CCD Charge-Coupled Device

CMOS  Complementary Metal-Oxide—Semiconductor
CNAO  Centro Nazionale di Adroterapia Oncologica
cT Charge Transfer Process

CTV Clinical Target Volume

DDS Dose Delivery System
DNA Deoxyribonucleic Acid

EBT Electron Beam Therapy
EQE External Quantum Efficiency
ESF Edge Spread Function

FF Flattening Filter

FPGA Field-Programmable Gate Array
FWHM  Full Width at Half Maximum

143



144

GEM

IC
IGZO
IMPT
IMRT
ITO

LET
linacs
LSB
LSF

MTF

NIR

OAR
OPD

PBS
PECVP
PEM
PET
ppi
PTV

QA

RBE
ROI
ROIC
RT

Gas Electron Multiplier

Integrated Circuit

Indium Gallium Zinc Oxide

Intensity Modulated Proton Therapy
Intensity Modulated Radiation Therapy
Indium Tin Oxide

Linear Energy Transfer
Linear Accelerators
Least Significant Bit

Line Spread Function

Modulation Transfer Function

Near-Infrared

Organ At Risk
Organic Photodiode

Pencil Beam Scanning

Plasma-Enhanced Chemical Vapor Deposition
Process Evaluation Modules

Photon Emission Tomography

per inch

Planning Target Volume

Quality Assurance

Relative Biological Effectiveness
Region of Interest

Readout Integrated Circuit
Radiotherapy

List of Acronyms



List of Acronyms

SOBP
SPECT

TFT

TP

TPS

uv

VHEE
VIS

145

Spread-Out Bragg Peak
Single Photon Emission Tomography

Thin Film Transistor
Treatment Planning
Treatment Planning System

Ultra-Violet

Very High Energy Electrons
Visible



146 List of Acronyms



List of Figures

T1

Estimated number of deaths in 2020, both sexes, all ages [4].| . . . . ... ...

T2

Dominant interaction as a function of the atomic number 7 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 . . . . .. ... ... ...

T3

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.

|1.4  Photon interactions inside the patient [I8].|. . . . . .. . ... ... .. ... ..

5

Summary of the typical stages in radiotherapy workflow.|. . . . . . . ... ...

147

18

22



148

LIST OF FIGURES

6

The principle of therapeutic ratio. Dose—response red curves represent the tu- |

mor control probability (TCP) and the green curves the normal tissue com- |

plications probability (NTCP). Chemotherapy for example, can increase the |

separation between the two curves in order to achieve an optimal therapeutic |

window [34].|. . . . ..o 24

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 inac- |

curacy with carbon-ions, on the other hand, leads in significantly more critical |

mistakes (shaded areas illustrate substantial areas of under- and over-dose) [37]] 25

PRI

Readout options for the LaGEMPix.| . . . . ... .. ... .. ... .. 41

R2

a) Image with external light. b) Image without external light. | . . . . ... .. 42

B3

The LaGEMPix detector. The tripledGEM]| 10 x 10 em? stack coupled to the |

optical readout matrix 1s on the left side; on top, there is the thin Mylar window. |

[2.4  Gas gain for the different gas mixtures [21].f . . . . . ... .. ... oL 49
2.5 "T'wo configurations ot GEM-based radiation detectors| . . . . . . ... ... .. 51
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) . . . . . . Lo 52
2.7 Number of photons produced in the gas above 400 nm per secondary electron |
| for different C'F; gas mixtures, as a function of the gain [35]. |. . . . . . . . .. 55
2.8 Secondary scintillation spectra of different Ar : C'F, gas mixture. The broad |

emission bands in the [UV| (250 nm) and [VIS| (630 nm) wavelength ranges are |

characteristics of C'Fy scintillation. Sharp emission lines above 695 nm are due |

to the presence of Ar. Intensity normalized to amplitude of peak at 630 nm [7]. | 56




LIST OF FIGURES 149

2.9 Scheme of the scintillation mechanisms leading to light emission in Ar : C'Fy |

| in the wavelength range 400-820 nm. Emission of photons in the |UV| band |
[ (blue), in the [VIS|band (yellow) and in the [Near-Infrared (NIR)[range (red) is |

| represented by undulating arrows. Image adapted from [6]. [ . . . . . ... ... 57

12.10 Optical transmission of [I'TO| glass used in the first version of the LaGEMPix |

| detector (blue line) measured for wavelengths ranging from 200 nm to 800 nm |7].| 59

[2.11 The 10 x 10 cm? TriplelGEM]|detector set-up in the CERN Calibration Laboratory.| 60

[2.12 The UniBEaM (1) detector and the glass sample (2) installed at the end of the |
| BTL of the IBA Cyclone 18MeV cyclotron at the Bern University Hospital (In- |

| selspital). An aluminium disk (3) is placed behind the glass sample to measure |

| the beam current. . . . . . . . . e 62

12.13 Irradiated EBT3 GatchromicT™M film showing a beam spot of 3 cm in diameter.| 63

|2.14 Proton beam profiles measured with the UniBEam.. . . . . .. ... .. .. .. 64

[2.15 The LaGEMPix imager and 1ts design: 1 — Flex connection to the Gate driver |

| on glass. Gate drivers are on the backplane (chip on glass) indicated by the |

| blue oval; 2 —|Readout Integrated Circuit (ROIC); 3 — Sensitive array on glass |
| substrate; 4 — 3D printed holders to fix the triple-GEM; 5 — three CAT 6 network |
| cables, one from each |ROIC} 6 — two flat Grey Ribbon cables, 1 x 40 pin from |

[ the 1st [ROIC| (top) and 1 x 26 pin, from the gate driver (bottom); 7 — box with |

| the [FPGA|l module; 8 - USB cable to connect to a laptop; 9 — Power connection.| 66

[2.16 Thin film image sensors produced by Holst Centre/TNO. The building blocks |

| are scalable (developed up to 32 x35cm?).| . . . . .. ... L. 66

[2.17 [EQE]|(black curve and left axis) and Spectral Response (SR) (red curve and right |

[ axis) of the OPD layer deposited on the readout matrix. The broad emission |

| band of Ar : C'F, with a peak at around 630 nm is represented by the orange |

......................................... 68

[2.18 [Thin Film Transistor (TFT) backplane.| . . . .. ... ... ... ........ 70




150 LIST OF FIGURES

[2.19 Schematic diagram of the active OPD and TFT matrix [65[f. . . . . . ... .. 72
[2.20 Schematic circuits: a) Switch ON b) Switch OFF. | . . .. ... ... ... ... 72
[2.21 Readout line controlled by the gate driver. | . . . . . . . ... ... ... ... 73
12.22 Flowchart of the readout process. | . . . . . ... .. ... 0oL 74
[2.23 The schematic TF'T array design.|. . . . . . ... .. .. ... ... ... 75

3.1 a. The LaGEMPix with a lead block, 2.5 cm in thickness, positioned in front of

the detector: (1) gas outlet; (2) the 100 x 100 mm? tripleJGEM]| stack coupled

to the optical readout with the thin Mylar window on top; (3) 3D-printed braces

to hold together the triple-GEM detector and the image sensor; (4) lead block;

(5) cables to connect the detector to the readout system; (6) FPGA module;

(7) custom-made support. b. A heatmap representing the detector’s image

following exposure to 40 kV X-rays.|. . . . . . . . ..o oL 92

3.2 Profile depicting the response at the edge when exposed to 40 kV X-rays, using a |

2.5 cm thick lead block. The data 1s fitted with a logistic function, as indicated |

by thered line| . . . . . . . . . . 93

3.3 a. A 3 mm copper plate was employed to assess spatial resolution using the |

ILSE|method, with numbers indicating the millimeter spacing between holes. b. |

Heatmap representation of the copper mask subjected to 40 kV X-rays. A |[RO]| |

marked by a green rectangle was defined for holes spaced 3 mm apart. Spatial |

resolution was calculated by fitting the |[ROI|’s profile with a Gaussian function. 94

3.4 The response profile represents the average response along a line for holes with |

a diameter of 5 mm, positioned 3 mm apart from each other (edge to edge). The |

| IFWHM]J derived from the (Gaussian distribution is 7.10 4 0.30 mm for the left ]

hole and 6.80 = 0.20 mm for the right hole. By employing a double Gaussian |

function, the distance between their centers was determined to be 7.98 mm.[ . . 95




LIST OF FIGURES

151

B5

a. A lead-made imaging target in the form of a 0.05 mm lead thickness line

pair mask of type 53. b. Heat map illustrating the condition of the |[M'TF| mask

following exposure to 30 kV X-rays.|. . . . . . . . ... Lo

3.6

Profile showing the edge response when employing the GEMPix detector with

40 kV X-rays, facilitated by a 2.5 cm thick lead block. The data is fitted

with a logistic tunction, illustrated by the red line. The variations observed at

approximately 1.4 cm are attributed to the Timepix chip intersections.|. . . . .

3.7

'T'he response profile of the GEMP1ix detector, representing the average response

along a line, pertains to holes with a diameter of 1.3 mm, positioned 1 mm apart

from each other (edge to edge). To calculate the [FWHM] for the three holes (as

specified in Table [3.1)), the profile was subjected to a fitting process utilizing a

triple Gaussian function.|. . . . . . . ... Lo Lo

B8

Heat map representation generated by irradiating the GEMPix with 30 kV X-

rays, employing a line pair mask of type 53 as the imaging target. To calculate

the normalization factor C(0) in Equation [3.2) two distinct regions were iden-

tified: the upper region within a green rectangle, corresponding to maximum

pixel intensities, and a lower region enclosed by a black rectangle, indicating

3.9

IMTE] as determined for the GEMPix detector utilizing equation |3.2] with the

measurement conducted using mask type 53.| . . ... ..o oo

13.10 The LaGEMPix simulation, featuring a 2.5 cm thick lead block positioned 4 cm

away from the Mylar window (a), and a 1 mm thick copper plate located at a

distance of 3.3 cm from the Mylar window (b). These visual representations were

generated using FLAIR version 3.1-8, the graphical user intertace for FLUKA.|

BII

Simulated |[ESF|obtained from edge projection and fitted with a logistic function.

These results were achieved using 40 kV X-rays, a beam aperture of 1 cm, and a

detector-source distance of 230 cm. 'T'he error bars are negligible in comparison

to the data points.| . . . . . . . . ...




152

LIST OF FIGURES

B.12

Representation of the simulated energy deposition density within the drift gap

with delineated regions for subsequent data analysis identified by solid yellow

[3.13

One-dimensional projection ot the 1.3 mm holes spaced at 2.5 mm intervals.

The [LSF[ derived from the chosen region results in a distribution with a mean

13.14 Illustration depicting the enhanced setup of the LaGEMPix detector.. . . . . . 108

B15

a) Heat map representation of the copper mask subjected to 40 kV X-rays, with a

designated|ROIlmarked by a green rectangle around the 3 mm spaced holes. The

spatial resolution was determined by fitting the profile within the [ROI| using a

Gaussian function. b) The line-average response profiles of 5 mm diameter holes,

spaced 3 mm apart (edge to edge), are presented for both the original (depicted

in orange) and upgraded (depicted in black) versions of the LaGEMPix. In

the case of the upgraded version, the Full Width at Half Maximum (FWHM)

measured using Gaussian distribution i1s 6.16 + 0.13 mm for the lett hole and

5.75 = 0.15 mm for the right hole. Additionally, the center-to-center distance ot

7.86 mm was determined by fitting the profile using a double Gaussian function.|110

B.16

The|GEMETET|radiation detector with high-resolution. a. The detector’s struc-

ture, which includes a|T'F'l| backplane array and a triple-GEM frontplane. This

depiction highlights the [T'F'I| pixel arrangement and the associated drive and

read-out circuit diagram. b. A photograph shows the integration of the detector

BI7

Spatial resolution assessment: a. Utilizing a line pair mask ot type 17 crafted

from 0.02 mm thick lead as the imaging target. b. Displaying a heatmap of the

[TE'T] readout following exposure to 30 kV X-rays. c. The [M'TF| measurement

was conducted using mask type 17 for the [GEM|{T'F'T| detector). . . . . . . ..

113

I

Component level radiation testing involved three strips on glass, labeled as 1,

2, and 3, encompassing [['F'Tk within areas demarcated by dashed squares.| . . .

123



LIST OF FIGURES

153

12

The configuration employed during the proton beam experiments conducted at

the [BTL| of the Bern medical cyclotron: a. The UniBEaM detector and the

|GEMHTET]| detector were 1nstalled at the end of the[BTLjof the IBA Cyclone 18

MeV cyclotron at the Bern University Hospital (Inselspital). An extract window

1s placed before the entrance Mylar window of the detector. b. Detailed image

of the exit window with a diameter of 3 cm, presenting a single PEM (indicated

by the arrow), which was used for the radiation hardness tests. c. A schematic

illustration delineates the layout of the strip of [I'F'lk that were subjected to

direct irradiation by the proton beam. . . . . . . . ... ... 0000,

%

Evaluation of radiation hardness in dual gate |[I'F'lk. a-c. Transter characteris-

tics of 14 — V, before irradiation (Pristine - grey), after irradiation (red) with

0.5, 29, and 250 kGy 18 MeV protons, and tfollowing the mitigation of Vo

shift (green) by applying a bottom gate bias of -4, -13, and -40 V, respectively.

d. Transfer characteristics of Iy — V, before irradiation (grey), after irradia-

tion (red) with 29 kGy 18 MeV protons, and after recovery through a thermal

annealing process for 1 hour at 165 °C (green).| . . . . ... ... ... ... ..

!

Initial operational assessment with protons at the Bern medical cyclotron.

a. Captured image displaying the beam’s circular configuration using

GAFCHROMIC® EBT3 film. b. Captured image demonstrating the beam’s

circular shape using the [GEMHTFT| detector. c. [Least Significant Bit (LSB)|

value 1n relation to beam intensity recorded by the detector during the oper-

ation of the 18 MeV cyclotron. The dashed line represents a linear regression

5

Setup utilized for conducting photon beam tests with the Varian Linac True-

Beam at Zentrum tur Strahlentherapie in Freiburg. The |GEMKTET] detector

was situated on the treatment couch, while the treatment head was oriented at

6

|[LSB| value vs dose rate (MU /min) of the detector using the commercial Linac

TrueBeam Varian. The dashed line represents the linear fit to the data. |. . . .

129



154 LIST OF FIGURES

4.7 |LSB| value vs dose expressed in MU of the detector using the commercial Linac |

| TrueBeam Varian. The dashed line represents the linear fit to the data.| . . . . 130

4.8  'The configuration employed for conducting proton and carbon ions beam tests |

| at [CNAO| In Figure (a), the| GEMHTFET|detector is securely contained within a |

| waterproot PMMA box, which 1s affixed to the positioning system ot the water |

| phantom. This arrangement permits the adjustment of the distance between the |

| entrance window and the PMMA box along the beam axis. In Figure (b), the |

| detector 1s positioned within a vertical support and situated on the treatment |

| couch, with a high-7 material covering a portion of its active area for the purpose |

| of spatial resolution analysis.| . . . . . .. ... .. ... ... .. L. 131

4.9 Dose response as a function ot time for the [GEMH{TE'T]| detector and the [DDS |

| utilized at [CNAO| The data have been normalized with respect to the peak |
| values. A selected subset of [CNAO||DDS| data points is displayed (every third |
| point) to improve clarity. It is important to note that the |[GEMHTET| data |

| points between beam spills retain non-zero values owing to the 1-second frame |

| rate, which captures both the beam ON and OFF states.| . .. ... ... ... 132

4.10 Bragg curves exhibit an increasing energy deposition as they penetrate deeper |

| reaching a peak at the end of their range (151 mm), which is followed by a steep |

| decline. This phenomenon corresponds to the energy loss of 1onizing radiation as |

it traverses through water. a) Bragg curve measurements were conducted using |

147.72 MeV protons with the [GEMHTET| (green) and PTW Peakfinder (red). |

b) Bragg curve measurements were carried out with 207.97 MeV /n carbon ions |

using the [GEMHTET] (green) and PTW Peakfinder (red). . . . . . . ... ... 133

4.11 Evaluation of spatial resolution in conditions pertinent to hadron therapy. Edge |

| response profile for 147.72 MeV protons using a high-7 material, as assessed with |




List of Tables

2.1 List of I'TO-bases glass materials|. . . . .. ... ... ... .. ... ... 61

2.2 Summary of the radiation-induced effects for the three tested glasses|. . . . . . 65

8.1 [FWHM]|values were computed tor 1D profiles in three specific regions of interest |

| within the images captured using the GEMPix and the 1 mm-thick copper plate.| 98

8.2 [FWHM]| values were determined from the 1D profiles for the various regions of |

[ interest (ROIs) shown in Figure [3.12] The first line of the table corresponds |

| to the three central holes, while the second line pertains to the top hole. The |

| third line refers to the second horizontal line from the top of the figure, while |

| the tourth line pertains to the singular vertical ROI illustrated in Figure([3.12| . 104

3.3 An overview of the spatial resolution achieved with various experimental setups |

| and different detectors, with the addition of FLUKA Monte Carlo simulation |

| results for comparison.| . . . . . .. Lo Lo 106

3.4 Overview of the spatial resolution achieved using various experimental setups |

3.0 Comparison of spatial resolution attained with the optical readout versus charge |

| readout. | . . . . . 113

4.1  Energy response of |GEMHTET] detector normalized to its response to |
| 207.97 MeV/nl. . . . ..o 135




156 LIST OF TABLES



Part 11

Part 11

157






Reprinted Publications

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).

A. Maia Oliveira, HB. Akkerman, S. Braccini, A. J. J. M. van Breemen, L. Man-
zano, N. Heracleous, 1. Katsouras , J. Leidner, F. Murtas, B. Peeters, M. Silari, “Char-
acterization 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. Ma-
teu; 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.

A. Maia Oliveira et al., “A Large Area GEMPix detector for treatment plan veri-
fication in hadron therapy” submitted to TIPP2021 Proceedings.

“A large area GEMPix detector with optical readout for hadron therapy (LaGEM-
Pix),” ATTRACT Project. https://phasel.attract-eu.com/selected-projects/lagempix-a-large-
area-gempix-detector-with-optical-readout-for-hadron-therapy/ (accessed Feb. 25, 2021).

159



www.nature.com/scientificreports

scientific reports

W) Check for updates

OPEN A high-resolution large-area

detector for quality assurance
in radiotherapy

Andreia Maia Oliveira’2¢**, Hylke B. Akkerman?, Saverio Braccini?,
Albert J. J. M. van Breemen3, Gerwin H. Gelinck?, Natalie Heracleous'*, Johannes Leidner'’,
Fabrizio Murtas'*#, Bart Peeters® & Marco Silari?!

Hadron therapy is an advanced radiation modality for treating cancer, which currently uses protons
and carbon ions. Hadrons allow for a highly conformal dose distribution to the tumour, minimising the
detrimental side-effects due to radiation received by healthy tissues. Treatment with hadrons requires
sub-millimetre spatial resolution and high dosimetric accuracy. This paper discusses the design,
fabrication and performance tests of a detector based on Gas Electron Multipliers (GEM) coupled to

a matrix of thin-film transistors (TFT), with an active area of 60 x 80 mm?2 and 200 ppi resolution. The
experimental results show that this novel detector is able to detect low-energy (40 kVp X-rays), high-
energy (6 MeV) photons used in conventional radiation therapy and protons and carbon ions of clinical
energies used in hadron therapy. The GEM-TFT is a compact, fully scalable, radiation-hard detector
that measures secondary electrons produced by the GEMs with sub-millimetre spatial resolution and a
linear response for proton currents from 18 pA to 0.7 nA. Correcting known detector defects may aid in
future studies on dose uniformity, LET dependence, and different gas mixture evaluation, improving
the accuracy of QA in radiotherapy.

Radiotherapy is a modality of cancer treatment that uses ionising radiation to kill cancer cells. It is often used to
shrink or eliminate tumours, by damaging the DNA of cancer cells, which prevents them from dividing and grow-
ing. One of the main goals of radiotherapy is to deliver a high dose of radiation to the tumour while minimising
the dose received by surrounding healthy tissue, in order to minimize side effects and maximize the therapeutic
effect. Patient specific quality assurance (PSQA) is a crucial process in radiation therapy to verify the accuracy of
treatment plans and ensure the delivery of the correct radiation dose to the intended target volume. PSQA can be
conducted through either measurements or independent dose calculation systems, involving a series of tests and
checks to compare the calculated dose from the treatment planning system (TPS) with the dose delivered by the
treatment machine. The PSQA process typically includes comparisons of measured/evaluated and planned radia-
tion dose distributions, aiming to identify any discrepancies between the two and address them appropriately.
The development of techniques like Intensity Modulated Radiation Therapy (IMRT) and Volumetric Modu-
lated Arc Therapy (VMAT) allows for a better conformity of the dose to the tumour and in numerous cases offers
significant improvements with respect to conventional radiotherapy’2. The resulting treatment plans are often
complex, involving multiple beams. The PSQA of these plans, therefore requires accurate evaluation with good
spatial resolution®. F. S. Matar et al.® emphasize the use of detectors with submillimetric precision, even employ-
ing solid-state detectors, which results in an outstandingly high spatial resolution of 0.784 mm and 0.2 mm.
Treatment with hadrons (currently protons and '>C 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 parti-
cle therapy globally*. However, it is worth noting that despite its remarkable potential, the utilization of this
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cutting-edge approach remains relatively limited when compared to the conventional use of photons and elec-
trons in radiotherapy, which annually treats around 7 million patients®. Hadrons are used to irradiate tumours
since, unlike photons, they have the unique property of increasing energy deposition with penetration depth,
with a peak at the end of the range followed by a sharp drop (Bragg curve). This characteristic provides a more
conformal dose distribution to tumours, reducing the negative side-effects due to radiation delivered to healthy
tissue®. Carbon ions have a higher relative biological effectiveness (RBE) than protons or photons i.e., the same
absorbed dose leads to higher cell damage. There is considerably less dependence on biological variations between
and within tumours for the response to '*C ion irradiation that makes this advanced modality suitable for the
treatment of tumours with known resistance factors (such as hypoxia, undifferentiation and heterogeneity of
the tumour) against photons and protons’.

To provide an effective dose delivery, radiation therapy requires instruments with high spatial resolution but
also extremely accurate dose calculation. The International Commission on Radiation Units and Measurements
(ICRU) states that at the level of one standard deviation, a relative accuracy of 3% is desirable, although 5% is
often accepted, while a reproducibility of 2% is required®. The evaluation of dose and dose distribution admin-
istered to patients is a fundamental quality control process during the radiation treatment and it is even more
crucial for the evaluation of the dose delivered through advanced techniques such as stereotactic radiosurgery
that combines high conformity and high dose gradient. This technique has demonstrated remarkable effectiveness
in treating a wide range of cancers, including brain metastases, primary non-small cell lung cancer, metastatic
lung tumours, and hepatocellular carcinoma®'’. This form of radiation therapy delivers high doses of radiation
within a few fractions and dose fall-off values can reach up to 30%/mm!!. Additionally, a Quality Assurance (QA)
procedure in hadron therapy requires not only an accurate dose calculation, but also a high spatial resolution.
A high spatial resolution of the 2D dose distribution is important because most of the treatment plans in Pencil
Beam Scanning (PBS) are characterized by very high “in-field” dose gradients. Distal falloff values defined as
the distance between the distal position of the 80% and 20% dose levels, z80-20, at intensity-modulated proton
therapy can reach 4 mm, which corresponds to a gradient of 15%/mm'% The positioning systems employed at
particle therapy centres strive to achieve submillimetric precision. QA techniques and equipment are put in place
to guarantee that these requirements are met. Detectors for monitoring important beam parameters, such as beam
position and delivered dose, are essential to carry out an efficient QA procedure’®. In routine QA checks, diverse
types of dosimeters are used to measure the 2D dose distribution. An all-in-one system that offers accurate and
real-time measurements with sub-millimetre spatial resolution and uniform response to the beam energy is
highly desirable, but not available today.

To enhance QA capabilities and optimize treatments with hadron beams, we recently presented a first proof-
of-concept based on a Gas Electron Multiplier (GEM) detector coupled to a Timepix readout for applications
in radiation therapy'*. However, the detector area was rather small (2.8 x 2.8 cm?) and could not be scaled up
cost-effectively to cover the typical maximum field size of 20 x 20 cm? in radiation therapy. In order to achieve
larger areas, another prototype based on a GEM detector coupled to an optical readout was developed'>. This
detector combines a triple-GEM'® and a pixelated readout based on a matrix of organic photodiodes (OPDs).
A more comprehensive explanation as well as the results of its characterization using X-Rays can be found in
Ref.!2. However, the obtained spatial resolution of only a few millimetres, limited by the isotropic emission of
the photons, is insufficient for QA in hadron therapy (Supplementary Fig. 1). As a first attempt to improve the
spatial resolution, the gap between the last GEM and the readout was reduced to minimize the impact of this
effect. Even though the results with the reduced gap'® demonstrated an important improvement, the desired
sub-millimetre spatial resolution was not achievable for a compact system with optical readout, i.e., without the
introduction of collimators or lenses in the set-up'’-°.

Based on the knowledge gained from studying the characteristics of the original detector, we developed a
new prototype with the goal of enhancing the spatial resolution. This novel detector utilizes a charge readout
based on a matrix of thin-film transistors (TFT) where the OPD frontplane which was present in the previous
version is eliminated, leaving a TFT-only electronic readout. In this case, secondary electrons produced in the
triple-GEM are guided by electric fields and are directly measured by the readout, thus avoiding the worsening
of the spatial resolution by the isotropic light emission (Supplementary Fig. 1). This allows a compact, and more
easily scalable device with an expected submillimetre spatial resolution fulfilling the criteria outlined in Ref.!%

In this article, we report on a prototype consisting of a triple-GEM detector and a 200 ppi resolution TFT-
based charge readout with 60 x 80 mm? active area. The novel detector can be employed in both conventional
radiation therapy with X-ray photons as well as in hadron therapy using protons and carbon ions. It measures
secondary electrons produced by the GEMs with sub-millimetre spatial resolution, allows reconstruction of the
Bragg curve and shows linear response for proton currents from 18 pA to 0.7 nA.

Detector design

The new GEM-based prototype consists of a triple-GEM coupled to a pixelated readout using a TFT array. Fig-
ure 1 shows the schematic of the detector. The triple-GEM includes a 3.5 mm drift gap between the top GEM elec-
trode (GEM1) and the cathode, which is a 15 pm thick Mylar window. The drift gap is large enough to minimize
inefficiencies in charged particle detection® but not too large to affect the time performance. The transfer gaps
between GEM1 and GEM2 and between GEM2 and GEM3 have a thickness of 1 mm and 2 mm, respectively. The
last gas region between GEM3 and the readout, identified as the induction gap, is 1 mm thick. The triple-GEM
was supplied with a high voltage system (not shown in Fig. 1) designed specifically for the high voltage power
supply of this kind of detector®?. The triple-GEM detector is operated in a continuous flow of Ar/CF, (90/10) or
Ar/CO, (70/30) gas mixture supplied at a rate of 5 1/h. These types of gas mixtures for GEMs feature attractive
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Figure 1. High resolution GEM-TFT radiation detector. (a) Schematic of the detector, consisting of a TFT
backplane array and a triple-GEM frontplane. The magnification shows the TFT pixel layout, together with the
drive and read-out circuit diagram. (b) Photograph of the detector integrated with the read-out electronics.

properties, such as high electron drift velocity and low electron diffusion®. Moreover, these gases are inherently
safe, as they are non-flammable, which is particularly important for use in a hospital environment.

GEMs offer several advantages, including a low material budget and high amplification factors enabling single-
particle detection. Furthermore, they have a well-established track record in particle detection, and their radiation
hardness and aging characteristics have been documented, particularly in radiation-harsh environments like the
Large Hadron Collider experiments at CERN?%. The robust radiation resilience of GEMs, alongside the conveni-
ence of accessing standardized items, eliminates the need for custom fabrication to meet the specific requirements
of this innovative detector prototype. However, drawbacks such as potential saturation at higher gains and the
risk of discharges, particularly under mishandling or excessive gain conditions, should be taken into account.

GEM based detectors show a well-known exponential dependence of the effective gain on the GEM voltages.
The electric fields between the top and bottom copper layers in each GEM foil can be adapted to the intensity of
the beam and the type of primary particles impinging on the detector. We performed a gain scan for the different
incident beams to find a stable operation condition for the detector.

The triple-GEM frontplane was coupled to a 200 ppi a- Indium Gallium Zinc oxide (IGZO) based active
matrix TFT backplane. The backplane has a self-aligned dual-gate (SA-DG) TFT architecture, which was
demonstrated previously to yield a superior performance in higher current drive, steeper subthreshold slope
and better determined onset voltage (V,,,) close to a gate voltage (V,) of 0 V. The use of a-IGZO leads to lower
off-currents and off-current uniformity compared to other TFT technologies, positively impacting the noise of
the readout electronics.

Figure 2a shows a cross-section of the TFT backplane, monolithically integrated on a glass carrier. Connected
to the TFT drain electrode is a metal contact pad (in Fig. 2a depicted by pixel anode in the schematic) fabricated
on top of an interlayer to enlarge the effective area on which the secondary electrons from the GEM can be col-
lected. Figure 2b and ¢ show a photograph of the finished backplane and a zoomed image to show the individual
pixels, respectively. The fabrication process of the TFT backplane consists of 6 lithographic patterning steps and
is described in the Methods section. All process steps are flat panel display compatible, illustrating a facile route
to mass-production. The dual-gate TFT performance is provided in Fig. 2d, where the transfer characteristics
of 70 TFTs (W/L=15/5 um) mapped over the full 320 x 352 mm? area of the motherglass are shown. The TFTs
have a typical linear mobility of 29.1+0.8 cm?/ Vs, turn-on voltage (V,,,) of 0.8 £0.3 V, ON/OFF current ratio
~107, and a subthreshold swing of 0.4 +0.02 V/decade.

It is important to note that the detector—being a first prototype—exhibits several pixel defects, including non-
functioning lines and other imperfections resulting from a limited yield of a repair step performed for the TFT
backplane, where a design flaw was observed after completion. We would like to acknowledge that these issues
are inherent to this particular backplane design and further design optimization will remove all defective lines.
Tests targeting the evaluation of factors like spatial resolution were minimally impacted by the readout defects
observed in the initial prototype. However, it was not feasible to perform measurements intended to assess dose
uniformity due to the intrinsic nature of this early-stage prototype.

Scientific Reports |

(2024) 14:10637 |

https://doi.org/10.1038/s41598-024-61095-2 nature portfolio



www.nature.com/scientificreports/

Pixel anode

Source m Drain

Top gate

Gate
Insulator
_lez0

Botlom Gate

Gate Insulator

Glass

Ip [A]

10°

10" F

10"}

102 EERRAR ORI | ; i
20 -15 10 5 0 5 10 15 20
V; [V]

Figure 2. TFT backplane. (a) Cross section of the dual gate self-aligned TFT. (b) Photograph of the TFT
backplane. (¢) Microscopy image of part of the TFT backplane array showing individual pixels. (d) TFT
characteristics of 70 dual-gate TFTs (W/L=15/5 pm) operated in bulk accumulation mode by connecting top-
gate and bottom-gate (V= Vg potom = VG op)-

Methods

TFT backplane fabrication

The full stack cross-section is shown in Fig. 2a. Details of the TFT fabrication are described in Ref.”’. As a final
process step, a 1.8 um thick SU8 edge cover / pixel definition layer is deposited and photolithographically struc-
tured to define the active pixel area.

TFT characterization

The electrical characterization of the dual gate TFTs was performed at room temperature in a dark ambient
using a semiconductor parameter analyser (4156C, Agilent). A source-drain voltage of 1 V was used in all cases.
Transistor transfer characteristics were recorded by sweeping the top-gate and grounding the bottom-gate. The
Vo of the TFTs was determined from the onset of the top-gate voltage at which the source-drain current starts
to increase.

Drivers and read-out

The gate drivers (Sitronix ST5041) and readout integrated circuits (Analog Devices AD71124) are bonded to
the fan-out electrodes. The detector response was measured using a custom-made electronic system and read-
out software (LabVIEW based). The detector is biased using a custom-made board and connected to an FPGA
digital interface that reads the data and connects to the computer.

The readout was set to the sensitivity level of 0.5 pC, so that the least significant bit (LSB) of the 16-bit readout
corresponds to a charge of approximately 47 electrons. The maximum frame rate is 95 fps (22 s line time x 480
lines). The standard frame rate used for the majority of the experiments was 1 fps. However, during the clinical
evaluation with photons utilizing the commercial Linac TrueBeam Varian, a frame rate of 10 fps was employed.
The sum of all pixels for the selected ROI for 200 recorded images was averaged. The LSB value measured by
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the TFT-based readout vs high voltage gain follows an exponential trend as expected with low-energy (40 kVp
X-rays) and high-energy (6 MeV) photons, protons and carbon ions of clinical energies.

GEM-TFT detector characterization

The GEM-TFT detector was characterized using low energy X-rays (30-40 kV) at the Calibration Laboratory
of CERN Radiation Protection Group?. To evaluate the spatial resolution, we placed an X-ray test pattern in
front of the Mylar window to calculate the modulation transfer function (MTF). The MTF measurements were
performed according to a method previously described!?.

Next, the detector was irradiated with 17.5 MeV protons at beam intensities of up to 1.3 nA using the research
Beam Transfer Line (BTL) of the IBA Cyclone 18 MeV cyclotron in operation at the Bern University Hospital
(Inselspital), which is used as an irradiation facility for multi-disciplinary research®*. In order to measure
and control the beam characteristics during the irradiations, a UniBEaM detector’® was installed in the BTL, as
shown in Supplementary Fig. 2a. The UniBEaM measures the beam profiles in the x and y transverse directions
by passing scintillating fibres through the beam. The protons are extracted into air through a 50 pum stainless
steel window facing the Mylar window. The parameters of the cyclotron operation were selected aiming for a
uniform dose to the 3 cm diameter target, which is the diameter of the beam exit window.

Discrete dual-gate TFTs (channel width 15 pm, channel length 5 um), were irradiated with three different
doses (0.5, 28, 250 kGy) to evaluate their radiation hardness. A strip with multiple TFTs was placed perpen-
dicular to the proton beam, as shown in Supplementary Fig. 2b. Protons directly hit the TFT with the active
area facing the exit window (Supplementary Fig. 2¢), which is the same orientation in which the TFT backplane
was coupled to the triple-GEM detector (Fig. 1a and Supplementary Fig. 2a). An aluminium disk was placed
behind the sample, connected to a Keysight B2985A electrometer to measure the beam current simultaneously.
All electrodes were kept floating during the irradiation.

Clinical evaluation with photon and proton/carbon ion beams

We tested the GEM-TFT detector flushed with ArCO, (70:30) using a commercial Linac TrueBeam Varian using
a 6 MV flattening filter (FF) photon beam at Zentrum fiir Strahlentherapie in Freiburg (Supplementary Fig. 3).
The depth dose curve measured for the 6 MV photon beam has two distinct regions: the characteristic build-up
region close to the surface and the charge particle equilibrium region at deeper depths®. To avoid perturba-
tions in the measurements as a result of the contamination of electrons in the build-up region, solid water slabs
with a total thickness of 1.7 cm were positioned in front of the detector. The detector was centred visually in the
luminous field with the help of the lasers. The detector was inserted in the vertical support and perpendicular
to the radiation beam (Supplementary Fig. 3).

The GEM-TFT was finally tested at CNAO (Centro Nazionale di Adroterapia Oncologica, the Italian National
Centre of Oncological Hadrontherapy sited in Pavia) with the beams used in cancer treatment. The CNAO syn-
chrotron provides proton beams with kinetic energies from 60 to 250 MeV and carbon ion beams in the range
120-400 MeV/u®. The beam intensity for protons varies from 10° to 10'° particles/s, while for carbon ions it
ranges from 4 x 107 to 4 x 108 particles/s. We performed two types of measurements with two different set-ups.

Firstly, an integrated system consisting of a commercial water phantom and the GEM-TFT was used to
perform depth scans (Supplementary Fig. 4a). A light-tight and waterproof box with a wall thickness of 10 mm
was designed and manufactured to house the GEM-TFT detector in water. The box is made of black polymethyl
methacrylate (PMMA, type: PLEXIGLAS NOIR 811—PERSPEX 9T30). Additionally, two supports with rails
to guide and fix the baseplate inside the box were designed and manufactured.

Secondly, the detector was placed directly on the treatment couch (Supplementary Fig. 4b). The detector was
positioned perpendicular to the beam in a vertical custom-made structure providing a well-aligned set-up. To
evaluate the spatial resolution using the edge response method, we placed a high-Z material of variable thickness
in front of the detector covering a portion of its active area to create a sharp edge as shown in Supplementary
Fig. 4b.

Results and discussion

Characterization of the GEM-TFT detector

To find the correct working point (voltages) that should be applied to the triple-GEM, it is necessary to perform
a gain scan. The response obtained by summing all pixel values versus the sum of the GEM gas amplification
voltages shows the expected exponential dependence. This was the expected behaviour since the gain, i.e., the
ratio of the number of electrons produced over the number of primary electrons, depends exponentially on the
applied GEM voltages'. Besides that, a current scan using photons at beam intensities ranging from 5 mA up
to the maximum current of 25 mA available in the X-Ray generator was performed. The GEM-TFT detector
demonstrates a linear dose response across the entire range (R?=0.9965).

The modulation transfer function (MTF) was acquired using a lead mask with a bar pattern, a common
method to determine the spatial resolution® and identical to the procedure used for our previous optical
detector’®. These tests were performed using 30 kV X-rays with the N-5 filter to increase the contrast of the
output image. The lead mask is 0.2 mm thick with a resolution of 0.177 to 3.33 LP/mm, as shown in Fig. 3**.
The detector yielded an MTF below 10% at 1.2 LP/mm, which corresponds to 0.83 mm spatial resolution. This
sub-millimetre resolution confirms the state-of-the-art performance when benchmarked against the 2.5 mm
resolution of the commercial OCTAVIUS 1000 SRS detector™®.

The first experimental test at the Bern cyclotron using protons with the GEM-TFT system is shown in Fig. 4b.
The protons are extracted into air by means of a 50 um stainless steel window with a circular shape. A GAF-
CHROMIC® EBTS3 film was placed in front of the exit window to inspect the shape of the beam. The irradiated
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Figure 3. Spatial resolution. (a) Line pair mask type 17 made of 0.02 mm thick lead used as an imaging target.
(b) Heat map of the TFT readout after irradiation with 30 kV X-rays. (c) Measured MTF with mask type 17 for
the GEM-TFT detector.
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Figure 4. First functional test using protons at the Bern medical cyclotron. (a) Acquired image showing the
circular shape of the beam using a GAFCHROMIC® EBT3 film. (b) Acquired image showing the circular shape
of the beam using the GEM-TFT detector. (c) LSB value vs beam intensity of the detector using the 18 MeV
cyclotron. The dashed line represents the linear fit to the data up to 0.7nA ().

film indicates a 3 cm diameter circle as shown in Fig. 4a. The measured result with the GEM-TFT detector
showed that the full width at half maximum (FWHM) for the beam was 3.024 + 0.005 cm. The horizontal non-
functional lines in the readout images in Figs. 3b and 4b are line defects in the TFT array. These measurements
confirm that is possible to study the beam size and shape indicating that the prototype is a promising tool for
beam diagnosis. Additionally, a current scan with 18 MeV protons at beam intensities up to 1.3 nA was per-
formed. For a uniform beam of 3 cm diameter, 1.3 nA corresponds to a beam intensity of approximately 10% of
the maximum beam intensity for protons used at CNAO?**. We measured a linear behaviour between 18 pA and
0.7 nA with the sum of the GEM voltages equal to 600 V as shown in Fig. 4c. Nevertheless, the two data points
acquired for currents exceeding 1 nA exhibit unexplained non-linearity. To gain a better understanding, further
investigations are planned.

Radiation hardness plays an important role in devices, which may be subjected to 100 Gy weekly radiation
dose in a routinely operated particle therapy centre. To evaluate the radiation hardness of the prototype, we
compared the background in the absence of the beam and the response to a uniform 40 kVp X-Ray field before
and after a uniform irradiation with protons.

Figure 5 shows a comprehensive overview of the radiation hardness results. The grey curves correspond to
the transfer characteristics of TFTs in their pristine state, before irradiation. V,, is close to 0 V in all cases. After
exposure to 0.5, 28, 250 kGy of 18 MeV protons, V,, shifts to—4 V,—13 V and ~ —40 V respectively (Fig. 5a-c,
red curves). Such a negative V,, shift is typically observed for oxide based TFTs when exposed to high energy
radiation (X-rays**® and 5 MeV protons*) and attributed to an increase in electron concentration of the a-IGZO
TFT active layer. The shift in V,, can however be compensated for in our dual-gate TFT technology. From the
green curves in Fig. 5 it can be observed that by negatively biasing the bottom gate, the V,, of the TFTs can be
clearly tuned over a large voltage range and shifted back to its initial state at about 0 V. The radiation induced
V., shift has a temporal character. With time, the device characteristics return to their original position. The
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Figure 5. Radiation hardness of dual gate TFTs. (a—c) Id-Vg transfer characteristics before (grey), after
irradiation (red) with 0.5, 29 and 250 kGy 18 MeV protons respectively, and after compensation of the V,, shift
(green) by applying a bottom gate bias of —4,— 13 and —40 V respectively. (d) Id-Vg transfer characteristics
before (grey), after irradiation (red) with 29 kGy 18 MeV protons, and after recovery by a thermal annealing
process for 1 h at 165 °C (green).

recovery process of the TFT can be accelerated by thermal annealing. Figure 5d shows the fully recovered V,, to
its initial state after an annealing process for 1 h at 165°C.

A detector used for treatment plan verifications in a busy hadron therapy centre is exposed to a dose of
approximately 100 Gy per week. This means that the dose of 29 kGy received by the second TFT sample over a
short period of time would be equivalent to approximately 6 years of operation of a commercial detector. The
relatively small shift at relevant radiation doses combined with its temporal character led us to believe that the
proton radiation hardness of our IGZO TFTs will be sufficient for first applications.

Clinical evaluation with photon and proton/carbon ion beams

The electron linear accelerator was calibrated to administer a dose of 100 Monitor Units (MU) for a dose rate
dependence from 100 MU/min to 600 MU/min, approximately 0.8 Gy, for a 10 x 8 cm? field. The dose rate at
6 MV FF beam can reach 600 MU/min. After a gain scan, the detector was operated with the sum of the GEM
voltages equal to 750 V. The readout was set to the highest sensitivity level of 0.5 pC and the frame rate was 10 fps.
A relative difference of 4.4% between the response to the lowest (100 MU/min) and the highest dose rate (600
MU/min) was observed. We performed a dose scan with 6 MV photons and we measured a linear behaviour
between 8 and 800 MU as shown in Fig. 6. The highest dose rate available of 600 MU/min, approximately 6 Gy/
min, was selected.

Electronic portal imaging devices (EPID) dosimetry, also referred to as Portal dosimetry, presents notable
advantages for patient-specific quality assurance (PSQA) in IMRT and VMAT***!. EPID systems offer exceptional
spatial resolution and sensitivity, which is crucial for precise dosimetry measurements and PSQA tasks. Study*’
reports a-Si 1000 flat panel imager from Varian Medical Systems featuring a phosphor screen, 1.0 mm Cu build-
up layer, and a hydrogenated a-Si:H photodiode array with a 30 x 40 cm? detection area with 768 x 1024 pixels,
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Figure 6. LSB value vs dose expressed in MU of the detector using the commercial Linac TrueBeam Varian.
The dashed line represents the linear fit to the data.

achieving a spatial resolution of 65 pixels per inch (PPI). The spatial resolution obtained in this study with the
GEM-TFT detector (pixel size of 0.126 mm) is 200 PPI, hence a factor of three higher as compared to the EPID.

The process of converting pixel values to dose in Gray at the reconstruction plane and its calibration procedure
are complex*>®. For Elekta Synergy machines a physics model was established based on manufacturer recom-
mendations to translate EPID panel pixel data into dose through a four-step approach*!. Absolute dosimetry
with the GEM-TFT requires a comparable calibration procedure as well. Nevertheless, they stand out as sensitive
and accurate dosimetry tools, requiring relatively short setup times and boasting user-friendly operation. This
characteristic makes the EPID panel a more practical choice for dosimetry compared to other detectors like the
full characterized GEM-TFT detector that demand a longer setup procedure.

During the first measurements with the GEM-TFT in a water phantom at CNAO using protons and carbon
ions, reference measurements of the beam intensity were performed with the Dose Delivery System (DDS) of
CNAO. The CNAO DDS includes the beam monitors and the control unit that constitutes the data acquisition
system. It is a CE-marked medical device in clinical use at both CNAO and MedAustron EBG***. The GEM-TFT
detector response shows a good agreement with the CNAO DDS (Supplementary Fig. 5).

An accurate measurement of the Bragg peak is important because it allows for precise targeting of the tumour.
The Bragg curves measured with the GEM-TFT were compared to the Peakfinder data acquired with equal
beam parameters. The PTW Peakfinder (PTW, Freiburg, Germany) is a commercial device for measuring the
depth dose profile of a particle beam in water, containing a height adjustable water column and two large-area
ionisation chambers.

Figure 7a shows the Bragg curve measured with the GEM-TFT with 147.72 MeV with an approximate 13 mm
spot size, the clinical beam intensity was set at 2 x 10° particles/s. Additionally, Fig. 7b shows the Bragg curve with
207.97 MeV/n carbon ions with a 6.5 mm spot size, the clinical beam intensity was adjusted to 107 particles/s.
The Bragg peak is evident at a depth of around 150 mm and the tail beyond the Bragg peak produced by the
carbon fragments is well visible.

The GEM-TFT detector and the PTW Peakfinder present similar results for the Bragg curve of protons.
Excluding the tail points, the maximum difference of 9.9% was measured at 116.9 mm. The comparison for the
Bragg curves of carbon ions yields a larger difference between devices. There is a discrepancy in the maximum
of the peak where the value measured with the prototype is 16.7% lower than expected. In contrast, in the tail
the measured values were higher.

No saturation effect was observed with protons or carbon ions for any depth with the selected settings. The
reason for the observed results with carbon ions remains unclear. One possible explanation could be a depend-
ence on linear energy transfer (LET).

Additionally, the discrepancy could be attributed to the larger surface area of the GEM-TFT compared to the
ionizing chamber of the PTW Peakfinder. This difference potentially results in a greater collection of secondary
particles, subsequently augmenting the signal beyond the Bragg peak. The area can exert a significant influence.
The Peakfinder has a diameter of 57.6 mm and an area of 26 cm? In contrast, the GEMs used in this prototype
measure 10 x 10 cm? (ratio 3.8), while our readout—the relevant parameter in this context, as it is smaller than
the sensitive area—encompasses 6 x 8 =48 cm? (ratio 1.8). The entrance window of the measuring chamber of the
PTW Peakfinder is 0.0702 +0.0084 cm. In the absence of the measured value, we employed a simple SRIM-2008
simulation® to estimate the water-equivalent thickness of our prototype. Specifically, our assessment pertained
toa 116 MeV/n carbon ion beam in water in comparison to the GEM-TFT detector inside the water phantom.
The discernible variance in range when employing the detector was 0.0442 cm. No relevant impact on the beam
fragmentation is expected. Nevertheless, it is worth noting that the distinct materials involved in the GEM
chamber and in the readout can influence the characteristics of the Bragg curve. To illustrate this phenomenon,
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Figure 7. Bragg curves. Increasing energy deposition with penetration depth, with a maximum at the end
of the range (151 mm) followed by a sharp decrease. The curves are normalized to unity in the plateau region
(50 mm depth in water). (a) Bragg curve measured with the GEM + TFT (g) and PTW Peakfinder (@) with
147.72 MeV protons. (b) Bragg curve measured with the GEM + TFT (@) and PTW Peakfinder () with
207.97 MeV/n carbon ions.

we have selected two pertinent studies that effectively highlight the impact of different materials. A study*® was
conducted to investigate the water-to-detector stopping power ratio for the plateau region. Additionally, the
influence of the quartz window on the Peakfinder was investigated through comprehensive studies conducted at
Heidelberg"’. Moreover, alterations in the detector’s response due to uneven distribution of defects might lead to
significant signal variations. Further tests with an improved version of this prototype with no production defects
could help to improve these measurements.

Finally, the spatial resolution of the GEM-TFT detector was determined under clinically relevant hadron
therapy settings using the experimental set-up shown in Supplementary Fig. 4b. Figure 8 shows a comparison
of the detector response with GAFCHROMIC' EBT3 films*, the gold standard for this type of measurements in
radiation therapy. Employing in-room lasers, we achieved millimetric precision in the alignment of the collima-
tors in relation to the detector. While quantifying the potential impact of misalignment and scattered ions on
the wedge face proves complex due to multiple influencing factors, such as beam energy and material properties,
the inclusion of films in this experiment facilitates a thorough evaluation. This approach effectively discerns our
GEM-TFT detector’s performance attributes from external variables. The FWHM obtained by the edge response
method for different lines was consistently below 0.50 £0.05 mm, corresponding to a resolution of 1 Ip/mm. The
sub-millimetre spatial resolution obtained using X-rays was nicely confirmed in the hadron therapy setting. A
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Figure 8. Spatial resolution test under clinically relevant hadron therapy settings. Edge response profile for
147.72 MeV protons using high Z material measured with the GEM-TFT detector (@) and GAFCHROMIC'
EBT3 films (@).
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slight difference in the response of the detector compared to that of the Gafchromic film can be seen within the
range of 43.0 to 43.5 mm.

Conclusions

In this paper we presented for the first time the applicability of flat panel TFT technology as GEM detector read-
out to obtain large area beam imaging with high spatial resolution at high frame rates. The goal was to explore
the feasibility of this promising technology which offers benefits from larger scale production in semiconductor
industry. We can see potential improvements such as combining advantages of a gaseous detector (low material
budget, potentially tissue-equivalent gases) with high-resolution readouts, where ICs have limitations in terms
of pixel size/number of detectors for a matrix. The sub-millimetre spatial resolution is achieved by the direct
readout of the charge, the directionality of the charges from the GEM and the high pixel density of the TFT array.
Moreover, the effective resolution is bolstered by the short 1 mm distance between the last GEM and the readout.
We demonstrated that the detector can measure secondary electrons produced by the triple-GEM structure under
high intensity beams of various types and sources of high-energy radiation, i.e., X-rays, protons, and carbon ion
beams. Dose measurements conducted with 6 MV photons displayed linear behaviour within the range of 8 MU
to 800 MU. Similarly, dose-rate measurements using protons, with an intensity range spanning two orders of
magnitude demonstrated a linear response. Moreover, the detector showed relatively low radiation damage, that
can be compensated by virtue of the two separate gate electrodes in the TFT and maximum dose difference to the
reference detector of up to 10%. The observed LET dependence seems to have reduced prominence compared
to well-known quenching detectors like plastic scintillators; however, further comprehensive investigation is
necessary to study this phenomenon and confirm this observation. We therefore believe that this type of detector
has potential for quality assurance in cancer radiation therapy.

Engineering challenges remain and have a potentially large impact on feasibility and costs, but solutions
seem at least possible. The presence of line defects in the GEM-TFT detector limited our ability to assess dose
uniformity using the current detector. We understand the importance of dose uniformity measurements and
plan to investigate this further in future studies, utilizing advancements in both design and fabrication of TFT
readout technology. The future development of a 200 x 200 mm? prototype with a high-quality readout and
reduced defect level, would allow for further testing of the technology in view of its potential commercialization.
Since IGZO based TFT technology is nowadays used in liquid—crystal display (LCDs), organic light-emitting
diode (OLED) displays and X-ray detectors at different panel sizes and resolution, we foresee a clear roadmap
for the commercial use of this readout technology in GEM based large-area detectors for quality assurance in
radiotherapy. Ensuring gas tightness is a crucial step in successfully creating a commercial product suitable for
hospital settings. An option with a sealed or recirculating gas system can eliminate the need for gas bottles in a
clinical environment, simplifying the detector operation.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on
request.
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Featured Application: An optical readout GEM-based detector based on a matrix of organic pho-
todiodes with an active area of 60 X 80 mm?, called the LaGEMPix, was assembled and character-
ized, using low energy X-rays as a preliminary step toward the development of a 200 X 200 mm?

detector for use in Quality Assurance in hadron therapy.

Abstract: Quality Assurance (QA) in hadron therapy is crucial to ensure safe and accurate dose
delivery to patients. This can be achieved with fast, reliable and high-resolution detectors. In this
paper, we present a novel solution that combines a triple Gas Electron Multiplier (GEM) and a highly
pixelated readout based on a matrix of organic photodiodes fabricated on top of an oxide-based
thin-film transistor backplane. The first LaGEMPix prototype with an active area of 60 x 80 mm?
was developed and characterized using low energy X-rays. The detector comprises a drift gap of
3.5 mm, a triple-GEM stack for electron amplification, and a readout featuring 480 x 640 pixels at
a 126 um pitch. Here, we describe the measurements and results in terms of spatial resolution for
various experimental configurations. A comparison with GAFCHROMIC® films and the GEMPix
detector used in the charge readout mode was performed to better understand the contribution to
the spatial resolution from both the electron diffusion and the isotropic emission of photons. The
measurements were compared to Monte Carlo simulations, using the FLUKA code. The simulation
predictions are in good agreement with the GEMPix results. Future plans with respect to applications
in hadron therapy are discussed.

Keywords: hadron therapy; particle detectors; dosimetry; quality assurance; GEM; optical readout

1. Introduction

Hadron therapy is an advanced radiation therapy modality for treating cancer, which
currently uses protons and carbon ions. As of January 2021, 103 particle therapy facilities
are in operation worldwide and more than 30 centers are under construction [1]. Hadrons
have the unique feature of increasing energy deposition with penetration depth, with a
maximum at the end of their range followed by a sharp decrease (Bragg peak). Thus, hadron
therapy offers considerable improvements to conventional radiation therapy treatments by
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allowing better conformity of the dose to the tumor [2], but also requires very accurate dose
planning. A precise verification of the dose delivered to the patient is, therefore, mandatory
and has to be guaranteed by appropriate quality assurance (QA) procedures with high
spatial resolution.

A proper set of detectors for measuring the beam parameters, in particular, the beam
position and the delivered dose, is fundamental to achieve an efficient QA protocol [3].
Nowadays, there is still room for improvement toward a robust and complete solution
providing accurate and real-time measurements with high spatial resolution and a uniform
response to the beam energy.

The LaGEMPix detector, which is the subject of this paper, is a promising tool for
more efficient QA procedures with high spatial resolution. It consists of a triple-GEM
(Gas Electron Multiplier) [4] coupled to a highly pixelated readout based on a matrix
of organic photodiodes (OPDs). The potential of a triple-GEM detector combined with
high pixel granularity for QA in hadron therapy was initially demonstrated with the
GEMPix [5,6]. The GEMPix has shown very promising results but its application is limited
by the relatively small active area of 28 x 28 mm?. In hadron therapy, typical sensitive
areas of 200 x 200 mm? are required to cover the maximum clinical field size [7,8]. The
new readout, based on the detection of the scintillation photons generated in the GEM
holes, allows for the development of a compact detector to perform imaging at larger areas,
further scalable with an expected high spatial resolution.

In this paper, we report on the development of the first LaGEMPix prototype with an
active area of 60 x 80 mm?, which is six times larger than that of the GEMPix. The detector
and the experimental set-up are described in Section 2. The results obtained using an X-ray
irradiator are reported in Section 3 and discussed in Section 4. Finally, Section 5 draws the
conclusions and outlines the next steps of the project.

2. Materials and Methods
2.1. Detector Design

The current prototype of the LaGEMPix combines a triple-GEM detector with an area
of 100 x 100 mm?, and an optical readout by means of a thin-film imager composed of
a thin-film transistor (TFT) backplane, an OPD frontplane, and a transparent thin-film
encapsulation [9], the latter serving as protection against ambient conditions. The imager
consists of a matrix of 480 x 640 pixels at a resolution of 200 ppi. A schematic diagram of
the LaGEMPix is depicted in Figure 1.

GEM1 GEM2 GEM3 /Mylar window
1 !
v
v
ITO glass Image sensor Al plate

Figure 1. Schematic drawing of the LaGEMPix (to scale). Electrons produced in the drift gap between the Mylar window
and the top GEM (GEM1) are multiplied in the triple-GEM stack and collected on the transparent indium tin oxide (ITO)
glass anode. Scintillation photons of certain wavelengths pass through the ITO glass and are detected by the image sensor.

The triple-GEM detector includes a 3.5 mm drift gap between the top GEM electrode
(GEM1) and the cathode, which is a 15 um thick Mylar window. The drift gap is large
enough to minimize inefficiencies in charged particle detection [10] but not large enough
to affect the time performance. The transfer gaps between GEM1 and the second GEM
foil (GEM2) and between GEM2 and the last GEM foil (GEM3) have a thickness of 1 and
2 mm, respectively. This asymmetrical configuration does not compromise the temporal
performance of the detector thanks to a first transfer gap of 1 mm, while reducing the
probability of discharge by increasing the second transfer gap by 1 mm [10]. Each GEM
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foil consists of a 50 um Kapton layer electroplated with a 5 um thick copper layer on both
sides and pierced with holes of 70 um diameter and 140 pm pitch. An ITO transparent
electrode, coated on a 1.1 mm-thick fused quartz substrate with a resistivity of 100 (2/sq,
is used both as an anode and as an optical window [11,12]. The last gas region between
GEMS3 and the anode, known as the induction gap, is 1.9 mm thick.

The triple-GEM detector is operated in a continuous flow of Ar/CF, (90/10) gas
mixture supplied at a rate of 5 1/h. We chose Ar/CF, because it has the highest light yield
among the typically used gas mixtures (He/CF4, Ne/CF4, Ar/CO,, Ar-TEA (trimethy-
lamine), Xe-TEA). The reported light yield varies between 0.1 and 0.5 photons per secondary
electron [11,13,14]. The addition of CF, gas acting as quencher allows a stable detector
operation. Furthermore, it features other attractive properties, such as high electron drift
velocity, low electron diffusion and fast scintillation time (of the order of a few ns) [15].
Additionally, Ar/CF, has a strong visible emission band of around 630 nm, which is well
suited for standard optical readout systems [16,17].

GEM-based detectors coupled to CCD/CMOS cameras were previously studied for
particle therapy [11,18,19]. However, the degradation of the camera due to radiation
requires placing it outside the beam, leading to a more complex system with, for example,
mirrors or lenses. In contrast to CCD/CMOS-based detectors, in the LaGEMPiXx, the highly
pixelated readout is adjacent to the GEM anode. This allows for a more compact, relatively
easy-to-build and low material budget set-up. A first LaGEMPix prototype (Figure 2) was
successfully assembled as a preliminary step toward the development of a 200 x 200 mm?
detector.

Figure 2. The first LaGEMPix prototype: (1) flex gate driver integrated circuit; (2) flex Read-out
Integrated Circuits (ROICs); (3) the triple-GEM 100 x 100 mm? stack coupled to the optical readout
with the thin Mylar window on top; (4) 3D-printed braces to hold together the triple-GEM detector
and the image sensor; and (5) cables to connect the detector to the readout system.

The sensor array of the LaGEMPix has a resolution of 200 pixels per inch (ppi). It
comprises 480 x 640 pixels resulting in a total sensor area of 60 x 80 mm?. Each individual
pixel has a photodiode with a size of 103 x 103 um? (actual active area of 10522 um?)
at a pixel pitch of 126 um. The OPD frontplane is directly fabricated on top of the TFT
backplane, and the organic light-absorbing layer of the OPD is deposited by slot-die coating.
The TFT backplane has a self-aligned dual-gate architecture and is based on indium gallium
zinc oxide (IGZO) [20]. The sensor shows a dark current density of 1077 mA/cm? at =2V
and a linear response in a wide range of light intensities [21].
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The OPDs have a maximum external quantum efficiency (EQE) of ca. 60% at 550 nm,
as shown in Figure 3. The EQE is approximately constant down to 450 nm and decreases
toward longer wavelengths, reaching about 25% at 640 nm. Ar/CF, shows a broad emission
band between 500 and 800 nm with a peak at around 630 nm, which is well suited for
this application [11]. In this work, we used an OPD based on a bulk heterojunction (BH])
structure. It consists of a 280 nm thick blend of poly[N-9'-heptadecanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole)], PCDTBT, a p-type (donor) polymer,
and [6,6]-phenyl-C61-butyric acid methyl ester, PCBM, (acceptor) fullerene [22]. The EQE
of the OPD is dictated by the absorption of the heterojunction components, potentially
modified by interference effects derived from the electrodes and encapsulation. The spectral
response (SR) curve has a similar response to the EQE with a maximum of ca. 65% at 0.3
A/W as shown by the red curve in Figure 3. Due to the decrease in the LaGEMPix readout
efficiency at larger wavelengths, the LaGEMPix readout only partially matches the visible
band of the emission spectrum of Ar/CF,. Nevertheless, a sufficient signal was obtained
during the measurements.
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Figure 3. External Quantum Efficiency (EQE) (black curve and left axis) and Spectral Response (SR)
(red curve and right axis) of the OPD layer deposited on the readout matrix. The broad emission
band of Ar/CF, with a peak at around 630 nm is represented by the orange region.

2.2. Optimization of Electric Fields

As a first step, we tested the triple-GEM detector with a 3 TBq Cs-137 source to
optimize the electric fields before coupling it to the optical matrix. The optimal selection
of the electric fields is important to maximize the total charge gain (defined as the ratio of
the detected charges in the anode plane per incident primary charge), and consequently
achieve a high signal-to-noise ratio [23]. The ratio of the number of emitted scintillation
photons to the number of secondary electrons produced during the avalanche is called the
light yield. As mentioned above, the Ar/CF, (90/10) gas mixture offers a high secondary
scintillation light yield of up to 0.5 photons per secondary electron. Hence, it is expected
that the number of photons that reaches the photodiode layer is proportional to the induced
current in the anode [24]. Based on this consideration, the electric field selection performed
by maximizing the anode current is also optimal to maximize the number of detected
photons.

The measurements were performed at the Calibration Laboratory of CERN Radiation
Protection group [25]. The detector was placed on a support table at 0.82 cm from the
source. A 6157 Keithley electrometer [26] was connected to the ITO anode to measure
the induced current. The transfer, drift and induction fields were optimized to maximize
the absolute value of the current at the anode. On the other hand, based on the well-
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known exponential dependence of the effective gain on the GEM voltages, the electric
fields between the top and bottom copper layers in each GEM foil were kept constant for a
total voltage of 960 V [27]. The fields were optimized one after the other by keeping all but
the field under investigation constant.

2.3. Spatial Resolution

A QA procedure in hadron therapy requires not only an accurate dose calculation, but
also a high spatial resolution. A high spatial resolution of the 2D dose distribution is impor-
tant because most of the treatment plans in Pencil Beam Scanning (PBS) are characterized
by very high “in-field” dose gradients. Distal falloff values defined as the distance between
the distal position of the 80% and 20% dose levels, zgy., at intensity-modulated proton
therapy can reach 4 mm, which corresponds to a gradient of 15%/mm [28,29]. Therefore, it
is critical to validate that the required dose is delivered exactly where needed to spare the
healthy tissue.

The resolution of the LaGEMPix can be compared with that of commercially available
2D detectors, using the appropriate definitions applied by manufacturers and medical
physicists. For example, the company PTW (PTW-Freiburg, Lorracher Strasse 7, 79115
Freiburg, Germany, Web: https://www.ptwdosimetry.com/, accessed on 21 February
2021) uses the distance between the ionization chambers to define the spatial resolution of
their two-dimensional arrays [30]. On the other hand, the spatial resolution of IBA (IBA
Dosimetry, Bahnhofstrale 5, 90592 Schwarzenbruck, Germany, Web: https://www.iba-
dosimetry.com/, accessed on 21 February 2021) detectors is stated as the pixel size for the
myQA® SRS* and Lynx, or as the pixel pitch for the Giraffe [31]. The spatial resolution of
dosimetry equipment used at hadron therapy facilities is often given as the value provided
by the manufacturer [32-34].

The pixel size or pixel pitch limit the system’s spatial resolution. Moreover, they are
not the only factors that contribute to its true or effective measured value. ISO 12233:2017
raises awareness to the various connotations of the term “spatial resolution”, stating
that “the term resolution is often incorrectly interpreted as the number of addressable
photoelements” [35]. The spatial resolution can be defined, on the other hand, as the
ability to differentiate objects that are found within a certain distance from each other. ISO
1233:2017 states that the visual resolution is the maximum value of the spatial frequency at
which the individual black and white lines of a test pattern can no longer be distinguished
by the human eye. This observation is also called vanishing resolution and corresponds to
a modulation transfer function (MTF) of roughly 10-20% [36].

To estimate the effective spatial resolution of the LaGEMPix, we used three methods.
The first method is based on the evaluation of the Edge Spread Function (ESF), which
describes the response of the system to a sharp edge (discontinuity). The second method
determines the Line Spread Function (LSF) of the system in one dimension. The goal is
to evaluate the capability of the LaGEMPix to resolve the adjacent points. For that, two
copper masks with holes separated by different distances were imaged. Finally, a lead test
pattern mask was used to evaluate the MTF of the system.

A typical method consists of estimating the spatial resolution using the ESF [37].
According to the ESF method, a high-resolution system will exhibit a well-defined edge
with minimum blurring. We applied this approach by measuring the projection of the
straight edge of a 2.5 cm thick lead block, as explained in more detail in Section 3.2.1. Ideally,
the intensity distribution should be a step-like function, where the maximum intensity
corresponds to the illuminated area and zero intensity to the non-irradiated region blocked
by the lead.

The typical value quoted for the edge response is the full width at half maximum
(FWHM) [38-40]. A region of interest (ROI) perpendicular to the edge is selected. The
FWHM can be obtained analytically by fitting the ESF by a logistic (Fermi) function [41]
given by the following:

b

M
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where a is the offset, b is the contrast, c is the steepness and d is the centroid of the edge. The
FWHM can be calculated from the fit parameters, using the relation FWHM = 3.53/c [42].

The other two methods (LSF and MTF) were also applied for the characterization of
imaging sensors. In this case, we used dedicated radiation-opaque plates with several
absorbent structures to assess the capacity of the system under study to resolve adjacent
holes or lines. In particular, the MTF measurement was acquired from a lead mask with a
bar pattern [43] with groups of slits with variable separation (in line pairs (LP) per mm)
using the following equation:

Lnax (f) — Lnin (f)
ImHX(f> + Lnin (f)

where Lqy (f) and I, (f) are the maximum and minimum pixel value for a pattern with
spatial frequency f respectively. C(0) is the normalization factor at zero frequency, which
has to be approximated in practice by using pixel intensities of a large bar and of adjacent
background. For the LSE, we used two types of copper plates of various thicknesses
and hole patterns, as explained in Sections 3.2.2 and 3.3.2. The results are discussed in
Sections 3.2.1-3.2.3 for the ESF, LSF and MTF methods, respectively.

MTE(f) = &5y €)= 2

2.4. Experimental Set-Up to Determine the Spatial Resolution

The spatial resolution of the LaGEMPix was evaluated with 40 kV X-rays from an
X-ray generator, type X80-320kV from Hopewell Designs, Inc. A system equipped with 10
Narrow Spectra Filters (N-series) was used in order to provide X-rays conforming to the
ISO 4037 standard [44]. In particular, the Hopewell N-6 filter, corresponding to the N-40
ISO 4037, was selected.

The X-ray generator has a collimation system that consists of a wheel mounted outside
the shielding enclosure to provide beam apertures with diameters of 1 cm to 7 cm. It is
also equipped with an irradiation bench provided with a movable platform, which allows
automated positioning and exposure control. The LaGEMPix was placed perpendicular
to the X-ray beam in a vertical custom-made structure, providing a well-aligned set-up
on top of the platform (see Section 3.2), and covered by a black tissue to shield it from
ambient light. The assembly was positioned on the irradiation bench and Y (horizontal
and perpendicular to the beam) and Z (vertical and perpendicular to the beam) positions
were chosen in such a way that the center of the imager was aligned with the center of the
beam. In order to obtain a nearly parallel X-ray beam, the irradiations were performed at a
distance of 230 cm, using a 1 cm aperture.

The readout was set to the highest sensitivity level of 0.5 pC so that the least significant
bit (LSB) of the 16-bit readout corresponded to a charge of approximately 50 electrons. The
frame rate, which is the frequency at which consecutive images are recorded, was 1 frame
per second (fps).

To ensure that undesirable effects, such as readout inhomogeneities or noise, did
not affect the results, a threshold per pixel was applied and dead pixels were removed.
A background image was obtained by averaging each pixel value over 200 background
frames. Next, each image was processed offline, and the background was subtracted. The
final image was obtained by averaging each pixel over 200 background-corrected images.
A ROI was defined for further analysis as presented in the Results section (Section 3).

2.5. FLUKA Simulations

A simulation of the LaGEMPix was carried out using the FLUKA Monte Carlo code
version 4-0.1 [45-47] with the default settings PRECISIO. The goal of the simulation was to
study the energy deposition in the active area of the detector, and to evaluate its spatial
resolution using the ESF and LSF methods. Transport and production energy cuts for
electrons, positrons and photons were set to 1 keV in all regions. To overcome most
of the limitations arising from low energy primary photons and enhance the transport
precision for the energy deposition in the very thin layers of both gaseous and heavy
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materials present in the LaGEMPix geometry, the single-scattering algorithm was activated
everywhere for all charged particles by adding the MULSOPT card.

The simulation comprises a realistic implementation of the detector geometry, which
includes the triple-GEM stack, the image sensor and peripheral electronics, as shown
in Section 3.5. Due to the lack of information on the X-ray tube head, we implemented
a user-defined source routine, using the reference radiation fields for the ISO N-40 for
the simulation of the spectral distribution of the X-ray beam. Other contributions due to
scattered photons in the target or in any surrounding material that are inherently present
in the beam were not simulated, due to the lack of information.

It should be noted that the simulation did not intend to reproduce the experimental
results, but rather help in evaluating the contributions to the spatial resolution associated
with the detector and the experimental conditions. Therefore, neither the electron diffusion
in the gas volume nor the electron recombination with positive ions, impurity absorption,
electron amplification in the GEM holes and scintillation light emission were taken into
consideration. Nonetheless, as explained in Section 2.1, the number of photons detected
by the LaGEMPix matrix of OPDs is proportional to the number of secondary electrons
produced in the GEMs, which is in turn proportional to the energy deposited in the gas
during the primary ionization process. Therefore, we can assume that the energy deposited
by the X-ray photons in the gas volume of the detector is a rough approximation of the
image produced by the scintillation photons detected by the image sensor. To account for
the contribution of primary ionizations in the different gas regions and the effective gain
per GEM foil to the image, we used the image obtained as the average deposited energy in
the drift and transfer gas layers weighted by the corresponding effective gains. Interactions
in the induction gap will not generate secondary scintillation photons and therefore, will
not contribute to the final image. A FLUKA USRBIN scoring was superimposed in the
entire detector volume. The statistical uncertainties were estimated by calculating the
standard deviation of the results from independent runs.

3. Results
3.1. Optimization of the Electric Fields of the LaGEMPix

The transfer, drift and induction fields were optimized to maximize the absolute value
of the anode current. Initially, only the value of the drift field was modified, keeping the
other fields fixed. The current was measured to be almost stable for drift field strengths in
the range 0.5-1.25 kV/cm (Figure 4). The measurements were repeated, in turn varying
one of the electric fields while keeping the others constant. A drift field of 1 kV/cm was
selected. The optimization procedure showed a dependence of the anode current on the
applied voltages. The optimal values are as follows: a transfer field between GEM1 and
GEM2 of 2.0 kV/cm and a transfer field between GEM2 and GEM3 of 1.75 kV /cm. It was
established that the absolute value of the current increases as a function of the induction
field. In order to achieve an efficient and safe operation of the detector, the initial value of
the induction field was not changed, keeping it at 5 kV/cm.

We repeated the drift field intensity scan with the final configuration. Figure 4 shows
a comparison of the anode current before and after the optimization of the fields. For a
drift field of 1 kV/cm, the maximum value of the current is 273 nA (absolute value), 180 nA
higher than the absolute value measured with the initial settings of the fields.

The observed behavior of the drift and transfer field scans is in agreement with the
results published by Marafini et al. [48]. The difference in the values of the two transfer
fields can be explained by the asymmetry of the transfer gaps (1 mm and 2 mm). By
applying the optimized configuration to the drift and transfer fields, we measured a 180 nA
higher signal compared to the approach with non-optimized fields, representing an increase
of the detectable signal by around 150%.
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Figure 4. Current at the anode as a function of the drift field strength. Initial configuration (red):
transfer field 1 = 3.0 kV/cm; transfer field 2 = 3.0 kV/cm; induction field = 5.0 kV/cm. Final configu-
ration (blue): transfer field 1 = 2.0 kV/cm; transfer field 2 = 1.75 kV/cm; induction field = 5.0 kV/cm.
A drift field of 1 kV/cm was selected as it yielded the maximum signal. The uncertainties are smaller
than the data points.

3.2. Spatial Resolution with the LaGEMPix
3.2.1. Edge Spread Function (ESF)

To evaluate the spatial resolution using the edge response method, we placed a lead
block of 10 x 20 x 2.5 cm? size in front of the detector covering a portion of its active area,
as shown in Figure 5a. This detector prototype was developed as a proof of concept; the
readout matrix has some defects, resulting from a yield issue in the fan-out area toward the
active area of the detector. In particular, some lines in the backplane are disconnected and
can therefore not be read out. These appear as horizontal and vertical non-functional black
lines in the readout image in Figure 5b.

0 20 40 60
X (mm)

(a) (b)

Figure 5. (a) The LaGEMPix with a 2.5 cm thick lead block placed in front of the detector: (1) gas outlet; (2) the 100 x
100 mm? triple-GEM stack coupled to the optical readout with the thin Mylar window on top; (3) 3D-printed braces to
hold together the triple-GEM detector and the image sensor; (4) lead block; (5) cables to connect the detector to the readout
system; (6) FPGA module; (7) custom-made support. (b) Heat map of the imager after irradiation with 40 kV X-rays.
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A ROl indicated by a green rectangle was defined around an area of the readout with
a minimum number of defects. Figure 6 shows the edge response obtained by averaging
all pixel values in the same column from the averaged background-subtracted image. This
figure also shows a fit with a logistic function according to Equation (1). The FWHM
obtained by this method is 9.70 £ 0.09 mm.
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Figure 6. Edge response profile for 40 kV X-rays using a 2.5 cm thick lead block. The red line
represents a logistic function fit to the data.

3.2.2. Line Spread Function (LSF)

For the LSF response, we used a 3 mm thick copper plate placed at 7 mm from the
Mylar window (see Figure 7a). Various holes of 5 mm diameter spaced by 3 to 20 mm, edge
to edge were drilled in the plate. The average image profile on a single hole is Gaussian.
The spatial resolution was, therefore, estimated by fitting the distribution by a Gaussian
function. The obtained FWHM for a 5 mm diameter hole is 6.73 4 0.08 mm.
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Figure 7. (a) The 3 mm-thick copper plate used for the evaluation of the spatial resolution using the LSF method. The
numbers written on the plate represent the space between the holes in millimeters. (b) Heat map of the copper mask for
40 kV X-rays. A ROI (green rectangle) was set on the holes separated by 3 mm. The spatial resolution was estimated by
fitting the profile in the ROI by a Gaussian function.



Appl. Sci. 2021, 11, 6459

10 of 20

An additional measurement was made by selecting a ROI (green region in Figure 7b)
at the center of the 5 mm holes spaced by 3 mm. Figure 8 shows the response of two
holes spaced by 3 mm (edge to edge), featuring two peaks with a dip in the intensity. The
response was again obtained by averaging all pixel values in the same column from the
averaged background-subtracted image. The so-called FWHM criterion states that the
minimum distance that any detector is able to resolve is equal to the FWHM value of the
Gaussian distribution. The relevant values in this case are the center-to-center distance
between the holes, 8 mm, and the FWHM, 7.10 & 0.30 mm. Following this criterion, the
two holes can be resolved.
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Figure 8. The line-average response profile of the 5 mm diameter holes spaced by 3 mm (edge to
edge). The FWHM obtained by the Gaussian distribution is 7.10 4= 0.30 mm for the left hole and
6.80 &= 0.20 mm for the right hole. The distance (center-to-center fit) = 7.98 £ 0.23 mm was obtained
by fitting the profile by a double Gaussian function.

3.2.3. Modulation Transfer Function (MTF)

The MTF characterizes how faithfully the spatial frequency content of the object is
transferred to the image [49]. According to ISO 1233:2017, the results of the MTF analysis
is reported using a graph plot. Nevertheless, the summary resolution metrics may also be
used; the limiting spatial resolution is defined as the frequency at which the MTF drops
below a certain percent value. Several values can be used; however, the 10% level is the
most common one [50-52].

A line pair mask type 53 [53] was placed in front of the Mylar window to evaluate the
MTF of the LaGEMPix as shown in Figure 9. This X-ray test pattern is made of 0.05 mm
thick lead and the resolution range is from 0.5 up to 10 LP/mm. For this particular mask,
0.5 LP/mm means that one black and one white line within 4 mm are projected on the
image sensor.

This test was carried out using 30 kV X-rays (instead of 40 kV) with the N-5 filter, in
order to increase the contrast of the output image. The image in Figure 9 shows that it is not
possible to measure the MTF of the LaGEMPix with this mask. We can conclude that the
current version of the LaGEMPix is not able to distinguish 0.5 LP/mm, which corresponds
to two slits separated by 2 mm.
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Figure 9. (a) Line pair mask type 53 made of 0.05 mm thick lead used as an imaging target. (b) Heat
map of the MTF mask after irradiation with 30 kV X-rays.

3.3. Spatial Resolution with the GEMPix

In order to evaluate the contribution of the isotropic emission of the scintillation light
to the spatial resolution in the LaGEMPix, we carried out comparative measurements with
the GEMPix, a 2.8 x 2.8 cm? triple-GEM detector that uses a Timepix quad ASIC to readout
charges directly [6,54]. The experimental conditions were identical: 40 kV X-rays (N-6
series filter), minimum aperture 1 cm, 230 cm source-detector distance and same electric
fields in the GEM structure.

3.3.1. Edge Spread Function

For the edge response, the 2.5 cm thick lead block was placed in the same position
as for the measurement with the LaGEMPix (see Figure 5). A ROI (green region) was set
perpendicularly to the edge. Figure 10 shows the edge response profile calculated from the
average of 200 equalized images as explained earlier. The spatial resolution was estimated
by fitting the edge profile by the logistic function of Equation (1). The FWHM obtained
with the GEMPix is 5.20 £ 0.10 mm.

— fit

35000
¢ Data

LSB value

30000

25000

20000

15000

10000

5000 -

10 12 14 16 18 20 22 24 26
Distance (cm)

Figure 10. Edge response profile with the GEMPix for 40 kV X-rays obtained using a 2.5 cm-thick
lead block. The red line represents a logistic function fit to the data. The signal fluctuations at around
1.4 cm are caused by the physical gap between the Timepix chips, which may lead to distortions of
the electric field close to the edge. Other features, such as those around 1.7 and 1.9 cm, are due to
imperfections in the detector that the equalization procedure cannot compensate for. These artefacts
are most likely the result of radiation effects, as the detector was already used in several experiments
with ionizing radiation.
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3.3.2. Line Spread Function

The study of the spatial resolution using the LSF method and the GEMPix was carried
out using two copper plates of different thicknesses and hole patterns. Holes with a
diameter smaller than 5 mm were imaged using a 1 mm thick plate placed in front of the
GEMPix. Results with this mask and the LaGEMPix are not reported in this paper, as they
do not provide additional information. This mask had 23 holes of several sizes and spacing.
The results for three 1.3 mm holes spaced by 1 mm (edge to edge) are depicted in Figure 11.
Following the FWHM criterion introduced in Section 3.2.2, we can conclude that two holes
of 1.3 mm diameter at a distance of 1 mm (edge to edge) can be resolved. Measurements
with the 3 mm thick copper plate and 5 mm diameter holes showed a spatial resolution of
5.23 £ 0.05 mm (FWHM). The results from the LSF method are summarized in Table 1.

(]
% 30/ — Triple Gaussian fit
; ---- Gaussian 1
0 25 77 Gaussian 2
---- Gaussian 3
¢ Data
20 1 |||| |||l’|'|'|||-|
15 1
10 1
51 /
0] ezl oD o

1.8 2.0 2.2 2.4 2.6
Distance (cm)
Figure 11. The line-average response profile of 1.3 mm diameter holes spaced by 1 mm (edge to
edge). The FWHM of the Gaussian distribution of the three holes (Table 1) were obtained by fitting
the profile by a triple Gaussian function.

Table 1. Calculated FWHM of the 1D profiles for three regions of interest of the images obtained by
the GEMPix and the 1 mm-thick copper plate.

FWHM (mm)
@ Hole Hole 1 Hole 2 Hole 3
6 mm 6.60 = 0.10 - -
3 mm 3.08 + 0.06 3.04 4+ 0.09 3.46 £+ 0.09
1.3 mm 2.07 +0.05 1.49 £+ 0.03 1.85 £ 0.03

3.3.3. Modulation Transfer Function

As for the LaGEMPix, we carried out a set of measurements using the lead mask model
53 (see Figures 9 and 12). Contrary to the LaGEMPix, the GEMPix yielded an MTF below 10%
at 1.4 LP/mm which corresponds to 0.71 mm, achieving the targeted submillimeter spatial
resolution. The normalized MTF obtained by using Equation (2) is shown in Figure 13.
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Figure 12. Heat map for 30 kV X-rays using a line pair mask type 53 as an imaging target in front of
the GEMPix. For the normalization factor C0O in Equation (2), two regions were selected: the green
rectangle on top of the first bar for the maximum pixel intensities and a black rectangle on the bottom
part of the mask for the minimum.
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Figure 13. Measured MTF with mask type 53 by using Equation (2) for the GEMPix detector.

3.4. Spatial Resolution with GAFCHROMIC® Films

Effects not related to the detector itself can be studied with an “ideal” system of known
spatial resolution, such as high resolution GAFCHROMIC® films. Film dosimetry is fre-
quently classified as the gold standard for 2D dosimetry [33]. We selected GAFCHROMIC®
XR-SP2 films that are appropriate for X-ray energies from 20 kV to 200 kV, and dose range
from 0.5 mSv to 100 mSv. The film calibration was performed at the Institute of Radiation
Physics (IRA) in Lausanne, Switzerland [55].

The experimental conditions were identical to those of the LaGEMPix measurements.
For the edge response method (Section 3.2.1), we placed the lead block of 10 x 20 x 2.5 cm®
size covering a portion of the film. For the LSF response, the 3 mm thick copper plate with
5 mm diameter holes was also placed in front of the film (see Section 3.2.2 for details). The
films were digitalized with an EPSON V800 scanner. The FWHM obtained by the edge
response method is 0.86 & 0.07 mm and the FWHM of a single 5 mm diameter hole is
5.09 £ 0.03 mm. The results and the comparison between the films and the GEM-based
detectors are summarized and discussed in Section 4.
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3.5. Spatial Resolution with the FLUKA Simulation

We performed three sets of simulations to compare the experimental values for both
the ESF and LSF methods. The study includes the simulation of the 2.5 cm thick lead
block described in Section 3.2.1, the 3 mm thick copper plate with 5 mm diameter holes
(Section 3.2.2), and the 1 mm thick copper plate (Section 3.3.2). The latter had 23 holes
of several sizes and spacing, simulated in such a way that the central hole was aligned
to the center of the active area of the image sensor. The 3 mm thick plate was simulated
at 7 mm from the Mylar window. The lead block and the 1 mm thick copper plate were
simulated at 4 cm and 3.3 cm from the Mylar window, respectively. Figure 14 shows two of
the simulated set-ups. In all cases, the source-detector distance was fixed at 230 cm with
the minimum collimator aperture of 1 cm.

(@ (b)

Figure 14. The simulated LaGEMPix with the 2.5 cm thick lead block in front, at 4 cm distance from
the Mylar window (a) and a 1 mm-thick copper plate placed at 3.3 cm from the Mylar window (b).
The figures were produced using FLAIR [56] version 3.1-8, the FLUKA graphical user-interface.

3.5.1. Edge Spread Function

Figure 15 shows the ESF for 40 kV X-rays. The ESF was determined by projecting the
edge profile in the direction perpendicular to the edge. The spatial resolution was then
estimated by fitting the measured ESF by the logistic function of Equation (1). The data points
were shifted to center the distribution at the center of the image sensor; the bin size is 0.25 um
(twice the pixel size). When limiting the fit to the full active area of the sensor (6 cm along the
x-axis), the estimated value of the FWHM is 4.53 & 0.01 mm (statistical errors only).
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(=}
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Figure 15. Simulated ESF for the edge projection fitted by a logistic function. The results were
obtained for a detector-source distance of 230 cm, a beam aperture of 1 cm and 40 kV X-rays. The
error bars are smaller than the data points.
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3.5.2. Line Spread Function

The results from the LSF method and the 1 mm thick copper plate are summarized in
Table 2. The number of primaries was chosen such that the statistical uncertainties were
smaller than 5%. The spatial resolution was estimated by fitting the LSF by a Gaussian
function and measuring the FWHM of the central 6 mm diameter holes, the 6 mm hole at
the top of the plate, the three 3 mm holes separated by 4 mm pitch and the 1.3 mm holes
separated by 2.5 mm pitch (see Figure 16).

Table 2. Calculated FWHM of the 1D profiles for the different regions of interest depicted in Figure 16.

FWHM (mm)
@ Hole Hole 1 Hole 2 Hole 3
6 mm 5.70 +0.20 545 4+ 0.11 5.26 +0.12
6 mm 5.82 +0.13 - -
3 mm 2.96 4+ 0.17 2.99 4+ 0.24 2.82 +0.16
1.3 mm 1.32 +£0.12 1.61 £0.16 148 +£0.17

100 mm

100 mm

Figure 16. Image of the simulated energy deposition density in the drift gap. The solid yellow lines
represent the selected regions for data analysis.

The profiles obtained for the three 1.3 mm holes separated by 1 mm (distance calcu-
lated from edge to edge) are shown in Figure 17. The three holes are perfectly resolvable
following the FWHM criterion; the calculated hole diameter is smaller than or of the order
of the hole. This implies that the spatial resolution is better than the hole size. Similar
results were obtained with 3 mm thick copper plate and 5 mm diameter holes, which
showed a spatial resolution of 4.87 £ 0.03 mm (FWHM).
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Figure 17. One-dimensional projection of the 1.3 mm holes with 2.5 mm pitch. The LSF of the selected
area gives a distribution with an average hole diameter of 1.47 mm.

4. Discussion on the Spatial Resolution

The spatial resolution of the LaGEMPix was evaluated, using different methods and
experimental configurations. The results are summarized in Table 3. The measurements
with the lead block (ESF) yielded a spatial resolution of 9.70 & 0.09 mm for 40 kV X-rays.
On the other hand, the LSF method showed that the detector can resolve two 5 mm holes
separated by 3 mm. This suggests that the ESF method reported here underestimates the
spatial resolution of the LaGEMPix, whose intrinsic spatial resolution is better than 9.70
+ 0.09 mm. It also means that the results obtained from the different methods cannot be
directly compared. Additionally, the MTF measurements only allow to conclude that slits
at 2 mm distance cannot be distinguished. These results show that the spatial resolution of
the current LaGEMPix does not fulfil the criterion of sub-millimeter resolution for hadron
therapy and that the exact value depends on the method applied to evaluate the spatial
resolution.

Table 3. Summary of the spatial resolution obtained for different experimental configurations and
by different detectors. Results from the FLUKA Monte Carlo simulation are also included for

comparison.
Spatial Resolution (mm)
Detector Edge Response 5 mm Cu Hole Minimum Res?lvable
Hole Spacing

LaGEMPix 9.70 £ 0.09 6.73 £0.08 3 mm (edge to edge)
GEMPix 5.20 4+ 0.10 5.23 4+ 0.05 1 mm ! (edge to edge)
GAFCHROMIC® 0.86 £ 0.07 5.09 £ 0.03 1mm ! (edge to edge)

FLUKA simulation of 453 +0.01 4.87 +0.03 1mm ! (edge to ed

LaGEMPix . . . . mm - (edge to edge)

I minimum distance between holes in the Cu plate.

In order to disentangle the effects on the spatial resolution from different sources, such
as the experimental setup, electron diffusion in the gas, and isotropic emission of photons
in the detector, measurements were performed with the GEMPix and GAFCHROMIC®
XR-SP2 films. Table 3 summarizes the values of spatial resolution obtained for the various
detectors and experimental configurations. As expected, the GAFCHROMIC® films show
the best spatial resolution. The edge response worsens from 0.86 mm with the film to
5.20 mm with the GEMPix, while slight differences are observed with the LSF method.
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In both cases, holes separated by a distance of 1 mm can still be resolved. The GEMPix
yielded an MTF below 10% at 1.4 LP/mm. The ESF of the LaGEMPix and the FWHM of a
5 mm hole are higher than with the GEMPix. A further decrease in the spatial resolution is
observed with the LaGEMPix, associated to the isotropic emission of scintillation photons.
The results show that with the current design of the LaGEMPix, holes at a distance of 1 mm
can no longer be resolved; the MTF method also shows that slits spaced by 2 mm cannot
be resolved.

Finally, the results of a FLUKA Monte Carlo simulation of the LaGEMPix were com-
pared with the experimental results. Unsurprisingly, the resolution obtained from the
simulation is much better than the experimental one. This can be explained by the fact that
the simulation does not take into account some phenomena associated with the detector
working principle, such as the isotropic emission of the scintillation photons. On the
other hand, the simulation predictions agree with the GEMPix results. This implies that
(1) the simulation is able to reproduce the experimental results where only electrons are
involved in the final image, (2) the isotropic emission of the scintillation light introduces an
additional blurring in the image, and (3) other effects not included in the simulation, such
as electron diffusion and recombination, seem to have a little effect on the spatial resolution.
It can also be concluded that even for an ideal triple-GEM detector, where only primary
energy depositions are taken into consideration, a sub-millimeter spatial resolution is not
reachable. Similar results were obtained for 30 kV X-rays. The edge response method
underestimates the resolution of the detector as compared to the other methods. This effect
can be caused by the electron mean free path in the gas that introduces an additional blur
to the image.

5. Conclusions

In this paper, we present for the first time the characterization of a GEM-based detector
with optical readout based on a matrix of OPDs fabricated on top of a TFT backplane using
low energy X-rays. The results presented in this paper show that the current LaGEMPix
prototype achieves a spatial resolution of a few millimeters. The value obtained from
the ESF using a 2.5 cm lead block underestimates the intrinsic spatial resolution when
comparing it to the ability of the detector to resolve features such as two holes spaced
by 3 mm. Similar conclusions can be extracted from the GEMPix measurements and the
FLUKA simulation.

Several avenues of investigation are being explored to improve the spatial resolution
and reach the desired target for QA in hadron therapy. Considering the better spatial
resolution obtained with the GEMPix, the major limitation to the spatial resolution stems
from the isotropic emission of the photons, and its effect on the spatial resolution depends
on the distance between the places of production and detection of the photons. Therefore,
a new detector prototype is under design in which the distance between GEM3 and the
readout is reduced from 3 to 1.5 mm. To further improve on spatial resolution, an optical
collimator film could be placed between the ITO on quartz and the thin-film imager, such
that emitted photons under larger off-normal angles to the imaging plane are prevented to
reach the optical imager frontplane.

Another general improvement is to employ a different type of OPD to increase the
signal strength by providing a better match between the emission spectrum in the gas and
the acceptance spectrum of the OPD. The ITO transparent anode with the fused quartz
substrate will be replaced by the ITO coated fused silica glass following results of recent
measurements [57]. Measurements with clinical hadron beams are also planned in the
future.

An alternative solution currently being assessed is to eliminate the OPD frontplane,
leaving a TFT-only electronic readout. With this approach, secondary electrons produced in
the avalanche would be directly measured by the readout, yielding an even more compact
and possibly more efficient device with a higher signal-to-noise ratio. In this case, a
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sub-millimeter resolution can be expected based on the MTF results obtained with the
GEMPix.
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ABsTrACT: In this paper we present irradiation measurements performed to select a transparent
anode substrate that best meets the requirements of an optical readout for a novel detector, the
LaGEMPix. The modification of the optical properties of the material due to proton irradiation
were studied in soda-lime, fused quartz and fused silica glasses coated with an Indium Tin Oxide
layer. The irradiations were performed using the research Beam Transfer Line (BTL) of the IBA
Cyclone 18 MeV cyclotron of the Bern University Hospital (Inselspital). We recorded visible
scintillation light generated by proton irradiation in the soda-lime and fused quartz samples. We
also investigated the darkening of these three glasses and observed radiation-induced colour centres
in the soda-lime glass sample. The optical transmission spectra of the samples were measured
before and after irradiation. Reductions of 45%, 1% and 0.4% were observed for soda-lime glass,
fused quartz and fused silica, respectively (with an associated error of 0.25%). We conclude that
the best option for our specific application is the fused silica substrate, which will be the transparent
anode for the next generation of the LaGEMPix detector.
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1 Introduction

The LaGEMPix is a novel imaging detector with an active area of 60 x 80 mm? currently under
development [1]. It combines a triple Gas Electron Multiplier (GEM) with an area of 10 x 10 cm?
continuously flushed with Ar/CF4 gas (90/10 ratio) with a matrix of organic photodiodes (OPDs)
coated on an oxide thin film transistor (TFT) backplane produced by Holst Centre/TNO.! The
detector is designed to be used for quality assurance in hadron therapy, which at present uses
protons and carbon ions.

Three GEMs are placed on top of each other to build the triple-GEM as shown in figure 1.
This detector includes a 15 pm thick Mylar window used as the cathode at 3.5 mm from the first
GEM, yielding the drift gap between the Mylar cathode and the first GEM. In order to evaluate
the feasibility of an optical readout, it is essential to place a transparent electromagnetic shielding
below the last GEM and above the readout matrix [2], the ITO (Indium Tin Oxide) coated glass
anode shown in figure 1. This transparent anode collects the drifting electrons while allowing the
scintillation photons to pass through, ensuring that photons rather than electrons are responsible for
inducing a current in the photodiodes of the image sensor. The probability of a photon reaching
the image sensor depends on several factors, including the number of photons that are transmitted
by the glass exit window. A higher transmission of the window will translate into a higher induced
signal in the readout system. Radiation effects can reduce the window transmission efficiency

IHolst Centre, PO BOX 8550, 5605 KN Eindhoven, The Netherlands.
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Figure 1. Transversal schematics of 10 x 10 cm? triple-GEM assembled to the ITO glass. The optical
readout with an active area of 60 x 80 mm? is then placed below the ITO coated based transparent anode.

and radiation damage on specific irradiated areas may induce a non-uniform response. Hence, the
selection of the material of the transparent anode is crucial for this application because it affects the
response uniformity and the signal stability of the LaGEMPix detector.

Optical readout GEM-based detectors coupled to CCD/CMOS cameras used for particle therapy
have been studied by several groups [2-6]. The setups included transparent exit windows, which
were in some cases [2, 6, 7] coated with ITO. ITO is used to produce optically transparent anodes
due to the combination of electrical conductivity and high light transmission in the visible range.
With the exception of Seravalli et al. — who used Duran 50 glass — no decrease in the transmission
of the exit window was reported. Scintillation in the exit window was mentioned as a possible
source of light production contributing to the noise by Seravalli et al. and Klyachko et al., where it
was either regarded as negligible [5] or easy to subtract [4].

We were interested in studying the optical transmission at the visible wavelengths since the
Ar/CF,4 has a strong visible emission band around 630 nm, which is also well suited for standard
optical readouts. Ar/CF, also presents a broad emission band in the ultra-violet (250 nm) and sharp
emission lines above 695 nm [8]. The goal was to determine the best ITO-coated transparent anode
material that could be coupled to the triple-GEM. It is important to maximize the transmission
of Ar/CF, scintillation photons to maximize their collection and, consequently, the signal in the
readout system.

2 ITO-based glass materials

Three different ITO-based anodes were manufactured with the same rounded square shape of
11 x 11 cm? with rounded corners and a thickness of 1.1 mm. Each sample has one surface coated
with ITO with a resistivity of 100 Q/sq. The selected materials are listed in table 1.



Table 1. List of ITO-bases glass materials.

Material Provider

Soda-lime glass VisionTek Systems Ltd(!

Heraeus® TSC-3 Quartz | Newcastle Optical Engineering Ltd®)

Heraeus Spectrosi1® 2000 | Newcastle Optical Engineering Ltd

(1) VisionTek Systems Ltd., 1 The Acorns, Upton Chester, Cheshire CH2 1JL, U.K.; www.visionteksystems.co.uk/
(2): Heraeus Holding GmbH Heraeusstrale, 12-14 D-63450, Hanau Germany; https://www.heraeus.com/
(3): Newcastle Optical Engineering Ltd., Unit 1B, Buddle Industrial Estate, Benton Way, Wallsend, Tyne & Wear NE28 6DL, U.K.;

www.newcastleoptical.co.uk

The level of purity is vital for high transmission and low radiation damage. Defects like
inclusions or impurities present in the glass can originate absorption bands that will reduce the
efficiency of the transmission. The manufacturing process affects the quality of the glass and
consequently the number of defects. The soda-lime glass is the least pure option and the fused silica
the most pure option and therefore the most expensive one.

Duran 50 glass was used as glass exit window in optically read out GEM-based detectors
by other groups. The transmission of the exit window decreased in the range 400-600 nm, after
3600 Gy of proton irradiation [9]. This option was therefore excluded in this study.

2.1 Soda-lime

The first sample is an ITOGLASS 100P [10] consisting of a polished soda-lime glass with a thickness
of 1.1 mm. The glass was coated with a first layer of Silicon Oxide (SiO;) of 25 nm thickness and
a second layer of 80 nm of ITO, with a resistivity of 100 Q/sq.

The exposure to radiation is known to alter the colour of a glass. Depending on the type of
glass, the colour induced by radiation can be brown, purple orred [11]. The radiation induced colour
centres for the soda-lime were reported by several studies after irradiations with protons, electrons
and photons [12—14]. The non-bridging oxygen hole centres (NBOHCs), which are associated with
absorption bands at 623 nm and 412 nm, are the defects responsible for the brown colour after
irradiation. The band of 297 nm is recognised as absorption of trapped electrons (TEs) [15].

2.2 Fused quartz

According to Heraeus, the manufacturing process regularly used for their 7SC samples, in particular
for Heraeus 7SC-3 Quartz, is the flame fusion process. This process ensures a high purity material
with the lowest possible amount of bubbles and inclusions that are normally present in fused quartz
materials [16]. The level of purity is vital for high transmission and radiation insensitivity and
therefore the flame fusion process is critical for the quality of the final material.

Mitchell and Paige measured the optical absorption of neutron irradiated fused quartz and
reported two absorption bands associated with atomic displacements (oxygen ion vacancies and
interstitial oxygen ions) at 163 nm and at 218 nm [17]. The latter could affect the detection of the
broad emission band in the ultra-violet of Ar/CF, gas.



The ATLAS experiment at the CERN LHC [18] tested fused quartz GE214 in long-term
operations during proton-proton or heavy ion runs in the Zero Degree Calorimeter and concluded
that the specific type of fused quartz is not suitable for extreme radiation environments [19].
However, their measurements were performed for doses of the order of 10* Gy in 10 seconds while
we expect doses of the order of 2 Gy per 60 seconds in a clinical hadron therapy beam. Therefore,
we included quartz glass in this study.

2.3 Synthetic fused silica

Heraeus Spectrosil® 2000 [20] is a synthetic fused silica glass, which does not contain chlorine,
bubbles or inclusions. According to Heraeus, it is an ultra-high purity glass with excellent optical
transmission in the deep ultraviolet and visible ranges.

The ATLAS experiment also tested Spectrosil® materials and at 630 nm (broad emission range
of Ar/CFy, the selected gas), they measured about 25% relative absorption (irradiated/control).
There is an absorption centre at 629 nm due to a NBOHC [21]. The ATLAS and CMS exper-
iments selected fused silica based on its remarkable radiation hardness when compared to other
glasses [19, 22].

Other groups have also identified defects in high-purity silica glasses such as oxygen-vacancies
and oxygen-interstitial pairs [23, 24]. Cohen and Janezic observed the development of colour
centre absorption bands with peaks centred at 629 nm, 463 nm, 310 nm, and 240 nm after X-ray
exposure [25].

3 Proton beam irradiation

The glasses were irradiated with 17.5 MeV protons at beam intensities of up to 11 nA using the
research Beam Transfer Line (BTL) of the IBA Cyclone 18 MeV cyclotron in operation at the Bern
University Hospital (Inselspital) [26]. The dose rate (to silicon) on the surface of glass samples
was 53.8 Gy/s. A UniBEaM detector [27] was installed in the BTL, as shown in figure 2. It was
used to measure and control the beam characteristics on-line during the irradiations. The UniBEaM
measures the beam profiles in both transverse directions by passing scintillating fibres through the
beam. The protons are extracted into air by means of a 50 pm stainless steel window, which faces
the glass sample. An aluminium disk is placed behind the sample, connected to a Keysight B2985A
electrometer to measure the beam current [28]. Each transparent anode was placed perpendicular
to the proton beam and with the coated side facing the exit window, which is the same orientation
in which they would be placed coupled to the triple-GEM detector.

Before irradiating the samples, an EBT3 Gafchromic™ film [29] was positioned in front of
the aluminium disk to evaluate the shape and the diameter of the beam. The goal was to have
a proton flux similar to a hadron therapy beam. At the National Centre for Oncological Hadron
therapy (CNAO) in Italy [30], the proton flux is of the order of magnitude of 10® protons/s/mm?.
For a uniform beam of 3 cm diameter from the Bern cyclotron (see figure 3), it is necessary to set a
beam current of 11 nA to reach the same flux.

The horizontal and vertical beam profiles measured by the UniBEaM just before the extraction
window are shown in figure 4. On the basis of the measured beam profile, the average proton flux
in the region of interest was evaluated to be 1.5 X 108 protons/s/mm?.



Figure 2. The UniBEaM (1) detector and the glass sample (2) installed at the end of the BTL of the IBA
Cyclone 18 MeV cyclotron at the Bern University Hospital (Inselspital). An aluminium disk (3) is placed
behind the glass sample.

Figure 3. Irradiated EBT3 Gafchromic™ film showing a beam spot of 3 cm in diameter.

All samples were irradiated two times: a short irradiation with a duration of about 20 seconds
to evaluate the scintillation light with a Bosh VT'C-206 Mini Bullet Camera, and a 15-minute
irradiation to study the optical effects. We removed the aluminium disk shown in figure 2 during the
short irradiation to detect the light with the camera. We placed a camera pointing to the transparent
anode in order to record images and to detect the scintillation light emitted by each sample.

An inspection by eye was performed after each irradiation to evaluate the presence of colour
centres on each sample.

The radiation-induced effects were evaluated by measuring the transmission of each sample
before the irradiation and one week after. The measurements were performed with a Perkin Elmer
Lambda 650 UV/VIS Spectrometer (Standard detector Module) in the spectral range from 200 nm
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Figure 4. Proton beam profiles measured with the UniBEam.

to 800 nm, in steps of 1 nm. An intrinsic calibration of the equipment was performed before the
measurements. An additional reference measurement with no sample was also carried out to evaluate
the fluctuations around 100% level of transmission and to estimate the associated uncertainty of
the measurements taken on that day. This uncertainty was estimated by the difference between the
maximum value registered at the reference measurements and the 100% transmission level. The
samples were placed carefully such that the entire point of light emitted by the spectrometer is
within the irradiated area of the glass.

All laboratory experiments were conducted in ambient conditions of temperature, humidity
and pressure.

4 Results and discussions

4.1 Scintillation

The camera detected scintillation generated by proton irradiation in the soda-lime and fused quartz
glasses, is clearly visible as bright spots. Figure 5 shows the scintillation light from the fused
quartz glass. The mean intensity of the bright spot was analyzed using the ImageJ software [31] by
comparing the brightness in images taken during irradiation to those taken without irradiation for a
defined rectangular ROI (region of interest). This ROI, which is shown in figure 5 b), was selected
in the centre of the glass sample and it includes the complete bright spot. A relative increase of 66%
was measured for soda-lime, 83% for fused quartz and 0.9% for fused silica, which is consistent
with the visual observations. The camera did not detect any visible light from the fused silica glass.

4.2 Transmission

Figure 6 shows the measured transmission spectra of the soda-lime glass sample before and after
irradiation. A general degradation in the transmission is observed in all wavelengths in the visible
region, as well as an intense reduction centred at the three expected absorption bands. The induced
defects of NBOHCs associated with bands at 623 nm and 412 nm are responsible for the brown
colour (see section 4.4). A maximum decrease of 45% in the transmission was measured with an
uncertainty of 0.25%.



(a) (b)

Figure 5. Image of the fused quartz sample when the beam is OFF (a) and when the beam is ON (b). The
yellow square determines the ROI selected of the recorded visible light with the ImageJ software.
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Figure 6. Optical transmission spectra of soda-lime glass sample before and after proton beam irradiation.
The experimental uncertainties are smaller than the data points.

As all light that is not transmitted must be absorbed, neglecting reflection, the difference
100% — Transmission% is equal to the Absorption %. Figure 7 shows the absorption as a function
of the energy in order to compare directly the centres of the three emission bands with the results
reported by A. Serrano et al. [11]. The centres of the peaks’ absorption bands, which corresponds to
the mean values of each Gaussian, were obtained by fitting the profile by a triple Gaussian function.
Table 2 shows that the present results are in agreement with literature data within maximum 2.2%.

Figure 8 shows the measured transmission spectra of the fused quartz glass sample before and
after irradiation. A maximum decrease of 1% was measured with an uncertainty of 0.25%.

Figure 9 shows the measured transmission spectra of the fused silica glass sample before and
after irradiation. A maximum decrease of 0.4% was measured with an uncertainty of 0.25%.

The fused silica substrate presents the smallest transmission loss. Consequently, a more
consistent number of photons will reach the readout over time for the fused silica glass when
compared with other samples.



100 4 — fit
—=—- gaussianl
gaussian2
804 ——- gaussian3
@ irradiated soda-lime
& 60 /Y
c i \
= ] \
= L}
= / \
8 ) \
- 1 ]
2 40 I} l‘
\
1
L}
\
20 \
v
! A
I %
.~ 7 Y
0 glf___:“‘_-..___._______-_-'_i_____________\_:‘________
T T T T T
2 3 4 5 6
Energy (eV)

Figure 7. Optical absorption spectrum of proton irradiated soda-lime glass.

Table 2. Centres of the peaks of the three Gaussian fits to the optical absorption spectrum. The present
results are compared with those from ref. [15].

Energy (eV) [11] | Energy (eV) [this work] | % difference
1.990 + 0.001 1.958 + 0.001 1.6
3.012 £ 0.002 3.078 = 0.002 2.2
4.171 £ 0.001 4.157 £ 0.003 0.3
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Figure 8. Optical transmission spectra of fused quartz glass before and after proton beam irradiation. The
experimental uncertainties are smaller than the data points.
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Figure 9. Optical transmission spectra of fused silica glass sample before and after proton beam irradiation.
The experimental uncertainties are smaller than the data points.

4.3 Sheet resistivity

To estimate the resistivity of each type of glass, we produced a 19-pin probe to obtain a more
accurate /sq value rather than using a standard 2-pin multi-meter [32], which only gives a point-
to-point measurement. Each sample was divided into small square regions and the resistivity was
measured before and after the irradiations. For the soda-lime glass, values from 80 to 93 €/sq
were measured, for the fused quartz values from 160 to 480 Q/sq and fluctuations between 120
and 240 Q/sq were observed for fused silica. The differences between the resistivity of soda-lime
sample and the other two samples may be due to the fact that the samples are produced by different
manufacturers. No alteration in the sheet resistivity of the samples was registered due to irradiation.
Wei et al. [33] reported an alteration in the optical properties of ITO films deposited on quartz
substrate after irradiation with 100 keV protons. They measured an increase of the sheet resistivity
using the four-point probe method when the fluence exceeded 2 x 10'® cm=2,

4.4 Colour centres

To evaluate the quick formation of colour centres, it is necessary to compare the pictures of the
ITO soda-lime glass sample for different irradiation periods. After the first irradiation lasting 20
seconds, a brownish circle was observed, while after the second irradiation of 15 minutes the circle
became darker, as depicted in figure 10.

The opacity caused by the radiation in ITO soda-lime glass is clearly visible by eye. The
colour of the darkened circle after 15 minutes and 20 seconds irradiations was measured using a
colorimeter Pantone CapsureTM Model RM200 [34]. This colorimeter allows the identification of
colours according to Pantone colour libraries. The colour Pantone® 452C has been identified in the
darkened circle that corresponds to Red = 176, Green = 170, Blue = 126 in the RGB system, one of
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Figure 10. Visible radiation damages of ITO soda-lime glass after (a) short — 20 seconds — and (b) long
— 15 minutes — irradiations.

Table 3. Summary of the radiation-induced effects for the three tested glasses.

Glass Scintillation Irradiation induced Reduction in transmission Variations in
colour centres (maximum difference) the sheet resistivity

Soda-lime Yes — 66% Yes (R=176, G=170, B=126) 45 % Not observed

Fused quartz Yes — 83% Not observed 1% Not observed

Fused silica | Not observed — 0.9 % Not observed 0.4% Not observed

most common ways to encode colours. The device was incapable of identifying the precise colour
in transparent regions, i.e. the non-irradiated area in the soda-lime glass and the whole area of the
other two samples (fused quartz and fused silica). Similar effects on this type of substrate under
proton irradiation have been reported in the literature [7]. There are radiation-induced absorption
sites in the glass, and the number of these sites increases with the number of impurities present in
the glass.

After radiation exposure, the soda-lime glass shows a drastic reduction in the transmission.
One common method to recover transparency is to heat the glass. However, after the transparent
anode has been assembled in the LaGEMPix detector, it is not possible to submit the full detector
to an annealing above 100 "C to allow the recovery of these absorption bands. Therefore, soda-lime
is not a viable option for the substrate of the anode and a more radiation-tolerant material must be
selected. On the other hand, no creation of colour centres was observed on fused quartz and fused
silica samples after both irradiations.

4.5 Summary of results

Table 3 summarizes the experimental results. Visible scintillation light generated by proton irradi-
ation was observed in the soda-lime and fused quartz samples. The darkening of the three materials
was also qualitatively investigated; radiation-induced colour centres in the soda-lime glass sample
were observed. The optical transmission spectra of the three samples were measured after irradi-
ation. A decrease in the optical transmission of 45%, 1% and 0.4% was measured for soda-lime
glass, fused quartz and fused silica respectively (with an associated error of 0.25%).

—10 -



4.6 Conclusions

The soda-lime glass is not a suitable option for the optical readout under study, since the loss in
transmission would affect the light signal reproducibility of the LaGEMPix detector. Fused quartz
appears to be more tolerant to radiation. However, it scintillates, which will add a signal to the
scintillation photons emitted in the triple-GEM. Based on the measurements, the best option is the
fused silica substrate, since it presents the lowest transmission loss. The incorporation of this glass
as exit window will produce a higher and more reliable signal over time when compared with the
other materials investigated. The results here reported motivated a replacement of the transparent
anode material for the next generation of the LaGEMPix detector for applications in hadron therapy.
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Abstract. Quality Assurance in hadron therapy is crucial to ensure a safe and accurate dose
delivery to the patients. This requires fast and reliable detectors with high spatial resolution. A
first LaGEMPix prototype that combines a triple Gas Electron Multiplier and a highly pixelated
readout based on a matrix of organic photodiodes coated on an oxide thin film transistor
backplane has been built. The first version of the LaGEMPix has proven to have a limited spatial
resolution, mainly attributed to the isotropic emission of the scintillation photons within the
GEM holes. To improve the spatial resolution and confirm our predictions of the role of the
photons, we built a new version of the detector with a reduced gap between the last GEM foil
and the readout. Experimental results acquired using different methods and experimental set-ups
show that the spatial resolution significantly improved with the new design.

1. Introduction

Hadron therapy is an advanced radiotherapy technique that offers significant benefits over traditional
photon and electron treatments, and is rapidly gaining popularity as one of the radiation modalities for
cancer treatment [1]. The physical properties of hadrons, predominantly protons and carbon ions,
produce better dose distributions and improve treatment of some tumors [2], with better sparing of the
healthy tissue.

Treatment with hadrons requires not just high spatial resolution, but also exceptionally accurate dose
calculation in order to accomplish optimal dose delivery. A high spatial resolution of the 2D dose
distribution is essential since most of the treatment plans in Pencil Beam Scanning (PBS) are delivered
through a large number of small beams with varying intensity to treat small well-defined lesions [3].
The treatment can involve very high “in-field” dose gradients, up to 15%/mm in intensity modulated
proton therapy (IMRT), with the purpose of accomplishing high conformity to the planning target
volume (PTV) [4, 5]. It is therefore crucial that the required dose is delivered exactly where prescribed
(in the PTV) to spare the healthy tissue and/or organs at risk. This is ensured by appropriate quality
assurance (QA) techniques and tools. To accomplish an efficient QA procedure, detectors for measuring



the relevant beam characteristics, in particular beam position and delivered dose, is needed [6].
Nowadays, improvements are still possible towards an all-in-one solution providing accurate and real-
time measurements with submillimeter spatial resolution, and a uniform response to the beam energy.
QA programs based on different types of detectors can be very complex and time consuming. A single
solution that includes all the information will minimize the equipment costs, the setup time and therefore
the necessary resources in the treatment facility, improving the overall performance of the QA programs
[7,8,9].

1.1. LaGEMPix: original version

A promising tool for more efficient QA procedures with high spatial resolution is the LaGEMPix
detector (figure 1). It consists of a triple-GEM (Gas Electron Multiplier) [10] coupled to a highly
pixelated readout based on a matrix of organic photodiodes (OPDs). Scintillation photons generated in
the GEM holes after electron avalanche multiplication are detected by the matrix of OPDs, placed at
3 mm from the production point. A more detailed description of the LaGEMPix and the results
summarized in the following can be found in reference [11].

The detector was characterized using low energy X-rays (30-40 kV) at the Calibration Laboratory of
CERN Radiation Protection Group [12]. Extensive measurements to determine the spatial resolution for
various experimental configurations were performed. The detector’s spatial resolution was evaluated
using three different methods: (1) calculating the Edge Spread Function (ESF) along the sharp edge of
a 2.5 cm thick lead block, (2) measuring the Line Spread Function (LSF) and distance between adjacent
holes using two copper masks with holes of different sizes and spacing, and (3) determining the
Modulation Transfer Function (MTF) of a commercial lead plate. Results showed that the ESF
underestimated the spatial resolution, yielding a resolution of 9.70 = 0.09 mm for 40 kV X-rays. The
LSF method revealed that the LaGEMPix was able to resolve two 5 mm holes separated by 3 mm.
However, a limitation was observed with the MTF, which showed that slits separated by 2 mm were not
distinguishable. From these measurements we concluded that the spatial resolution achieved with the
first version of the LaGEMPix was not as high as needed for QA in hadron therapy and therefore, some
modifications were planned based on the following considerations.

Figure 1. The LaGEMPix
prototype [11]: (1) flex gate driver
integrated circuit; (2) flex Read-
out Integrated Circuits (ROICs);
(3) the triple-GEM 10 x 10 cm’
stack coupled to the optical
readout with the thin Mylar
window on top; (4) 3D-printed
braces to hold together the triple-
GEM detector and the image
sensor; (5) cables to connect the
detector to the readout system.

A comparison with GAFCHROMIC® films [13], the GEMPix detector [14] — a triple-GEM stack
coupled to a pixelated charge readout —, and Monte Carlo simulations using FLUKA [15] showed that
the main contribution to the spatial resolution is most likely the isotropic emission of the scintillation
photons. It should be emphasized that even if, to date, there is no precise information in the literature
regarding the directionality of light emission in GEM-based detectors, there is a consensus that photons
are emitted isotropically [16, 17, 18]. Based on this assumption and on the obtained results, we
concluded that the isotropic emission of the scintillation light introduces an additional blurring in the
image, worsening the spatial resolution measured with the lead block from 5.20 + 0.10 mm (GEMPix)
to 9.70 £ 0.09 mm (LaGEMPix). The isotropic emission of photons is unavoidable. Its impact on the
spatial resolution is determined by the distance between the points where photons are produced and



detected. To prove our hypothesis and to reduce its effect, we modified the design of the LaGEMPix by
decreasing the distance between the last GEM (GEM3) and the readout plane. This modification will
reduce the dispersion of the light before reaching the readout.

2. Materials and methods

2.1. Detector design

A new detector prototype featuring a reduced distance between GEM3 and the readout was built.
Figure 2 shows the schematic details of the new design. The reduction of the distance from 3 to 1.5 mm
was achieved by (1) changing the gap between the GEM3 and the anode, known as induction gap, from
2 mmto 1 mm and (2) by replacing the indium tin oxide (ITO) transparent electrode, coated ona 1.1 mm
thick fused quartz substrate, with an ITO electrode coated on a 0.5 mm thick fused silica substrate. The
new transparent electrode is also more radiation resistant according to recent measurements [19]. Due
to mechanical reasons it was not possible to further reduce these distances. A glass substrate thinner
than 0.5 mm would be extremely fragile causing problems during the production, coating and assembly
procedures. In addition, the last GEM surface might exhibit a slight bend which had to be taken into
consideration in order to avoid contact with the ITO anode.
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Figure 2. Schematic diagram of the improved design of the LaGEMPix detector.

2.2. Experimental set-up

The spatial resolution of the LaGEMPix has been evaluated with 30 kV and 40 kV X-rays from an X-
ray generator, Model X80-320kV from Hopewell Designs, Inc. This system, equipped with 10 Narrow
Spectra Filters (N-series), was used to provide X-rays in compliance to the ISO 4037 standard [20].
More specifically, the Hopewell N-5 and N-6 filters, matching to the N-30 and N-40 ISO 4037 standard,
respectively, were chosen.

Measurements similar to those reported in [11] were carried out with the new detector. For the ESF,
we placed a lead block of 10 x 20 x 2.5 cm® dimensions in front of the detector, covering part of its
active area. A region of interest (ROI) was set perpendicularly to the edge, and the edge response profile
was calculated from the average of 200 background corrected images. The spatial resolution was
estimated by fitting the edge profile by a logistic function [11, 21].

The LSF was measured using a 3 mm thick copper plate placed at 7 mm from the Mylar window.
The mask has several holes of 5 mm diameter spaced by 3 to 7 mm, edge to edge. This method allowed
to evaluate the capability of the LaGEMPix to resolve adjacent holes. Finally, we placed various X-ray
test patterns in front of the Mylar window to calculate the MTF.



3. Results

The experimental conditions were identical as in [11]: 30 kV (N-5 series filter) or 40 kV X-rays (N-6
series filter), minimum aperture of 1 cm, 230 cm source-detector distance and same electric fields in the
GEM  structure: transfer field 1=2.0 kV/cm; transfer field2=1.75kV/cm; induction
field = 5.0 kV/cmy; drift field = 1 kV/cm. The electric fields between the top and bottom copper layers
in each GEM foil were kept constant corresponding to a total voltage of 940 V.

3.1. Edge spread function (ESF)

The new detector shows a slight improvement on the spatial resolution when using the ESF. Results
show an FWHM of 8.17 £ 0.07 mm compared to 9.70 + 0.09 mm obtained with the first version of the
detector.

3.2. Line spread function (LSF)

The upgraded detector presents an enhanced spatial resolution when using the LSF. Since the average
image profile on a single hole is Gaussian, the spatial resolution was assessed by fitting the LSF by a
Gaussian function and determining the FWHM of a 5 mm diameter hole. The obtained FWHM using
the new version of the LaGEMPix was 5.61 £ 0.14 mm compared to 6.73 = 0.08 mm previously
measured.

Additionally, a ROI was selected at the centre of the 5 mm holes spaced by 3 mm (edge to edge) as
depicted by the green region in figure 3a). Figure 3b) compares the line-average response profile of two
holes spaced by 3 mm for the original and upgraded versions, featuring two peaks with a dip in the
intensity. Two holes of 5 mm diameter at a distance of 3 mm can be resolved by both detectors, however
figure 3b) shows a more pronounced dip in the intensity with the upgraded version of the LaGEMPix
and consequently an improvement of the LSF.
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Figure 3. a) Heat map of the copper mask for 40 kV X-rays. A ROI (green rectangle) was set on the holes separated
by 3 mm. The spatial resolution was estimated by fitting the profile in the ROI by a Gaussian function. b) The
average response profile of 5 mm diameter holes spaced by 3 mm (edge to edge) for the original (orange)
upgraded (black) versions of the LaGEMPix. The FWHM obtained by the Gaussian distribution for the upgraded
version is 6.16 £ 0.13 mm for the left hole and 5.75 = 0.15 mm for the right hole. The distance (centre-to-centre
fit) of 7.86 mm was obtained by fitting the profile by a double Gaussian function.
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These tests were carried out using 30 kV X-rays with the N-5 filter in order to increase the contrast of
the output image. The mask is made of lead with 0.2 mm thickness and resolution ranging from 0.177
to 3.33 LP/mm, as shown in figure 4, with the larger line spacing being 2.8 mm [22].

T

Figure 4. Line pair mask type 17 made of
0.02 mm thick lead used as an imaging
target. For this particular mask, 0.5 LP/mm
means that one black and one white line
within 2 mm will be projected on the image
sensor.

As can be clearly seen in figure 5, an improvement was obtained with the new detector. The upgraded
version of the LaGEMPix is able to distinguish 0.21 LP/mm, which corresponds to two slits separated
by 2.4 mm. A limit is observed at 0.25 LP/mm (two slits separated by 2 mm). The first version of the
LaGEMPix was, on the other hand, unable to resolve 0.177 LP/mm, corresponding to two slits separated
by 2.8 mm.

Table 1 summarizes the values of spatial resolution obtained for the various detectors and
experimental configurations. As expected, the upgraded LaGEMPix with reduced gap exhibits the best
spatial resolution. A more detailed discussion of the different methods presented here can be found

in[11].
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Table 1. Summary of the spatial resolution obtained for different experimental configurations and by
both versions of the LaGEMPix.

Spatial Resolution (mm)

Minimum resolvable

Detector Edge Response 5 mm Cu hole . MTF mask limit
hole spacing
Original LaGEMPix [11] 9.70 £ 0.09 6.73+£0.08 3 mm (edge to edge) <0.177 LP/mm
Upgraded LaGEMPix 8.17+0.07 5.61£0.14 3 mm (edge to edge) 0.21 LP/mm

4. Conclusion

An upgraded version of the LaGEMPix has been developed, featuring a reduction of the distance
between the light production and optical readout by a factor of two compared to the first version of the
detector. Similar to the original prototype, the new detector has been characterized using low energy X-
rays and different methods to determine the spatial resolution. The results shown in this paper
demonstrate that the distance between the last GEM and the imager has an impact on the measured
spatial resolution. A decrease in GEM-readout distance resulted in a spatial resolution of 0.21 LP/mm,
corresponding to two slits separated by 2.4 mm in a line pair mask. Since the distance between the last
GEM and the readout cannot be further reduced due to mechanical reasons, a submillimetre spatial
resolution is hardly reachable for an optical readout without the introduction of lenses.



Commercial vendors, such as PTW! and IBA?, define the spatial resolution of their clinical detectors
used in hadron therapy by the pixel size or pixel pitch. For example, IBA states that the spatial resolution
of myQA® Phoenix for proton therapy is 0.2 mm [23]. The pixel pitch of the LaAGEMPix is 126 pm.
However, this results in a spatial resolution of 2.4 mm using X-Rays, as stated above. Studies using
protons in order to directly compare with the detectors in clinical use are foreseen.

As the isotropic emission of the scintillation light was identified as the main limitation to the
achievable spatial resolution, a charge readout is currently being considered. In this case, secondary
electrons produced in the GEMs and guided by electric fields to preserve the spatial resolution would
be directly detected by the readout. Based on the GEMPix results and the FLUKA Monte Carlo
simulation [11], the targeted sub-millimetre resolution is expected.
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ABSTRACT

Quality Assurance in hadron therapy is crucial to ensure a safe and accurate dose delivery to the patient. This requires fast
and reliable detectors with high spatial resolution. Here we present a cutting-edge solution that combines a triple Gas
Electron Multiplier and a highly pixelated readout based on a matrix of organic photodiodes coated on an oxide thin film
transistor backplane. A first LaGEMPix prototype with an active area of 60 x 80 mm? has been successfully built and tested
demonstrating promising results for quality assurance and treatment plan verification.

Keywords: Hadron therapy, dosimetry, quality assurance, GEM, optical readout.

1. INTRODUCTION

Hadron therapy is an advanced radiation modality for
treating cancer, which at present uses protons and carbon
ions. As of July 2020, there exist 97 particle therapy
facilities worldwide and more than 30 centres are under
construction [1]. Hadrons have the unique feature of
increasing energy deposition with penetration depth,
with a maximum at the end of their range followed by a
sharp decrease (Bragg peak). Thus, hadron therapy offers
considerable improvements to conventional radiation
treatments by allowing better conformity of the dose to
the tumour [2], but also requires a very accurate dose
planning. A precise verification of the dose delivered to
the patient with high spatial resolution is guaranteed by
appropriate quality assurance (QA) procedures.

A proper set of detectors for measuring the important
beam parameters, in particular the beam position and the
delivered dose, is fundamental to achieve an efficient QA
protocol [3]. Nowadays, there is still room for
improvement towards a robust and complete solution
providing accurate and real-time measurements with
submillimetre spatial resolution and a uniform response
to the beam energy.

A promising tool is the LaGEMPix detector. It consists
of a triple-GEM (Gas Electron Multiplier) [4] coupled to
a highly pixelated readout based on a matrix of organic
photodiodes (OPDs). The potential of a triple-GEM
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detector combined with a high pixel granularity for QA
in hadron therapy has already been demonstrated by its
predecessor, the GEMPix [5]. Although promising, a
wider sensitive area is required to cover the typical
20 x 20 cm? radiation field size The new readout, based
on the detection of the scintillation photons generated in
the GEM holes, allows the development of a compact
detector for larger-area imaging, further scalable with an
expected good spatial resolution.

In this paper we report on the development of the first
LaGEMPIx prototype with a six times larger active area
compared to the GEMPix (6 x 8 cm?). The detector is
described in Section 3. The first results obtained using an
X-Ray irradiator are reported in Section 4. Finally,
Section 5 discusses the next steps of the project.

2. STATE OF THE ART

One of the advantages of hadron therapy is the possibility
of driving the beam to accurately conform the dose to the
tumour. To achieve this, itis critical to monitor the beam
characteristics and the delivered dose. In routine QA
checks, different kinds of dosimeters are employed to
measure the 2D dose distribution [6].

International dosimetry guidelines propose the use of an
array of ionization chambers for the weekly QA checks
in a water phantom, due to their well-known performance
and their accuracy and stability (small variation in
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response with energy, dose and dose rate) [7]. However,
ionization chamber-based systems have a poor spatial
resolution limited by the size of the currently available
detectors. The OCTAVIUS® Detector 1600 SRS, for
example, consists of a matrix of 1521 vented plane-
parallel ion chambers, with a spacing in the central area
of 2.5 mm and 5 mm [8].

Films such as radiochromic EBT3 are generally used due
to their very good spatial resolution down to 25 pum [9],
but they provide an off-line response, which is also
highly dependent on the particle energy [10].

Optical readout-based detectors are ideally suited for
online monitoring of the beam. Scintillating screens
coupled to CCD cameras with high spatial resolution for
2D dosimetry have been developed [11]. Other
examples, such as the Lynx® commercial detector,
which consists of a gadolinium-based plastic material, is
only appropriate for relative 2D dosimetry measurements
due to the strong energy dependence [12].

3. BREAKTHROUGH CHARACTER OF
THE PROJECT

GEM detectors have been used in the past in particle
therapy. In particular, the feasibility of optical-readout
GEM-based detectors was previously investigated with
CCD/CMOS cameras [13-15]. However, the degradation
of the camera due to radiation requires placing it outside
the beam, needing a more complex system with e.g.
mirrors or lenses. In contrast to CCD/CMOS-based
detectors, the highly pixelated readout of the LaGEMPix
is adjacent to the GEM anode. This allows a more
compact, easily scalable and low material budget set-up.

The LaGEMPix combines a triple-GEM detector
with an area of 10 x 10 cm? and an optical readout based
on three main building blocks: a Thin Film Transistor
(TFT) backplane, a light sensitive OPD frontplane and a
transparent thin-film encapsulation, serving as a
protection against ambient conditions [16].

The triple-GEM detector includes a 20 um thick Mylar
window used as the cathode at 3.5 mm from the first
GEM. The distance between the first and the second
GEM is 1 mm and between the second and the third GEM
is 2 mm. Each GEM foil consists of a 50 um Kapton layer
electroplated with a 5 pm thick Cu layer on both sides
and pierced with holes of 70 um diameter and 140 um
pitch. On the bottom of the third GEM, an ITO (Indium
Tin Oxide) coated glass anode, with a thickness of
1.1 mm and resistivity of 100 €/sq, is placed at 1.9 mm
distance to collect the electrons produced during the
amplification process while allowing the optical photons
to pass through [14, 17].

The sensor array has a resolution of 200 pixels per
inch (ppi). It comprises 640 x 480 pixels, resulting in a
total sensor area of 60 x 80 mm?. The OPD frontplane is

directly deposited on the TFT backplane by slot-die
coating. The backplane is a self-aligned dual-gate oxide
thin-film transistor array [18]. The sensor shows a dark
current density of 107 mA/cm? at -2V and a linear
behaviour in a wide range of light intensities [19]. The
OPD has a maximum external quantum efficiency (EQE)
of ca. 50% at 550 nm, and about 25% at 640 nm (peak of
the visible band emitted by the GEMs using an Ar:CF4
(90/10) gas mixture).

4. PROJECT RESULTS

A first LaGEMPix prototype (Fig.1l) has been
successfully built and tested as a preliminary step
towards the development of a 20 x 20 cm? detector.

Fig. 1. The first LaGEMPix prototype.

We initially tested the triple-GEM detector at proton
fluxes corresponding to high clinical beam intensities
before coupling it to the optical matrix. We performed a
current scan with 18 MeV protons at beam intensities up
to 1.5 nA at the cyclotron at Inselspital in Bern [20]. We
measured a linear behaviour between 2 pA and 1.5 nA
with the sum of the GEM voltages equal to 500 V as
shown in Fig. 2.

Later, the LaGEMPix was placed inside a custom made
black PMMA box to shield the ambient light and provide
a well aligned set-up. The readout was set to the highest
sensitivity level of 0.5 pC, so that the least significant bit
(LSB) of the 16-bit readout corresponds to a charge of
approximately 70 electrons. The frame rate was 1 fps.

4.1. Dose response to Cs-137 photons

We performed a gain scan at the CERN Radiation
Calibration Facility [21] with a 3 TBqg Cs-137 source at
93.9 cm from the detector. The sum of the GEM voltages
varied from 0 to 1030 V. The results are shown in Fig. 3.
Each point is the average of the sum of all pixels for 10
recorded images. The light intensity vs high voltage gain
follows an exponential trend. This was expected since the
gain, i.e. the ratio of the number of electrons produced
over the number of primary electrons, depends
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exponentially on the applied GEM voltages. The number
of scintillation photons increases proportionally with the
number of secondary electrons, hence increasing
exponentially with the gain [13].
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Fig. 2. 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.
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Fig. 3. Light intensity vs high voltage gain of the LaGEMPix
using a 3 TBq Cs-137 source. The black dashed line represents
an exponential fit to the data. The bottom plot shows the
residuals.

4.2. Spatial Resolution

The spatial resolution of the LaGEMPix has been
evaluated with 40 kV x-rays from an X-Ray irradiator,
Model X80-320kV from Hopewell Designs, Inc. To
ensure that undesirable effects such as readout
inhomogeneities or noise are not affecting the results, a
threshold per pixel was applied and dead pixels were
removed. A background image was obtained by
averaging each LSB pixel value over 200 background
images. Then, each image was processed offline and the
background subtracted. The final image was obtained by
averaging each pixel over 200 background corrected
images and the ROI (region of interest) selected.

To estimate the spatial resolution, we used two methods:
the “edge response” and the “hole” response [22]. For the
former method, we placed a lead block of
10 x20x 2.5cm?® size in front of the PMMA box
covering half of the active area of the detector, while for
the latter we used a 1 mm thick copper plate placed on
the inner wall of the box at 3.3cm from the Mylar
window. Various holes of different sizes from 1.3 to
6 mm spaced by 2.5 to 17 mm were drilled in the plate.
Results for both methods are shown in Figs. 4 and 5. The
spatial resolution obtained by the first method is
8.40+1.93mm (FWHM). The spatial resolution
measured by the second method varied between
6.67 £ 0.47 mm for the 6 mm hole and 5.35 £ 0.70 mm
for the 3 mm holes (FWHM).
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Fig. 4. Edge response profile for 40 kV x-rays using a lead
block. The red line represents an error function fit to the data.
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Fig. 5. Heat map of the Cu mask for 40 kV x-rays. Two ROIs
(black lines) were set on the 6 mm and 3 mm holes. The spatial
resolution is estimated by fitting the integrated profile in the
ROIs by a Gaussian function.

5. FUTURE PROJECT VISION

During the ATTRACT phase 2, we would focus on the
development of a compact and sealed 20 x 20 cm?
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LaGEMPix. Our intention is, independently of
ATTRACT Phase 2 funding, to start its development on
a shorter time scale, seeking for alternative funding
sources and including additional partners. For the
detector part, CERN has some funds already secured
from the Medical Application section of the KT
(Knowledge Transfer) group.

5.1. Technology Scaling

The ATTRACT project allowed us to develop the first
LaGEMPix prototype (TRL 3 to 4) as a preliminary step
for the development of a 20 x 20 cm? detector. The results
show that the required sub-millimeter spatial resolution
is not yet achievable. Two possible modifications on the
detector are here briefly discussed. Decreasing the
distance between the last GEM and the readout plane
could reduce the dispersion of the light before reaching
the readout. To increase the light detection efficiency, the
OPD active layer could be replaced by another one with
a better match between the emitted light and the OPD’s
quantum efficiency. An alternative solution to this
readout system would be to eliminate the OPD layer
leaving a TFT-only electronic readout. With this
approach, secondary electrons produced in the electron
avalanche would be directly measured by the readout,
yielding an even more compact and possibly more
efficient device with a higher signal-to-noise ratio.
Additional options are currently being assessed.

In order to reach TRL 5, we would need to perform tests
in clinical proton and carbon ion beams, to define the
exact specifications for machine and patient QA. CERN
RP group has an open collaboration with CNAO (the
Italian Centre for Oncological Hadron Therapy).
However, due to the COVID-19 pandemic, travelling to
CNAO was not possible during the timeframe of this
project.

To demonstrate the application of the LaGEMPix in QA
for hadron therapy, we need to scale up the present
prototype. Based on the experience with coupling the
current OPD-TFT readout with the GEMs, we do not
expect major issues to increase the detector size. The
major efforts will be devoted to achieve the required
spatial resolution of about 0.5 mm, and to prove the
radiation hardness of the detector in clinical ion beams.
A further planned step is to develop a sealed version of
the LaGEMPix, which would avoid the installation of a
gas system inside the treatment room thus simplifying
the detector setup.

5.2. Project Synergies and Outreach

We are currently exploring the possibility of extending
the CERN-TNO consortium mostly to secure funding for
the development of the new TFT-only readout.
Preliminary contacts have been established with the
University of Groningen and the University of Delft in
The Netherlands and CNAO in Italy.

We also plan to merge the results of this project with
those of the ATTRACT GEMTEQ project, which has
developed a version of the GEMPix for microdosimetry.
Very interesting results have been achieved [23] paving
the way to structural track microdosimetry. We also had
an informal discussion with the ATTRACT project H212,
(Hybrid high-precision in vivo imaging in particle
therapy), which we plan to deepen in the future.

5.3. Technology application and demonstration
cases

Merging a 20 x 20 cm? LaGEMPix imagining detector
with the microdosimetric capability of the GEMPix
demonstrated by the ATTRACT GEMTEQ project, and
integrating such innovative device in a motorised water
phantom (already built and tested outside the ATTRACT
framework [5]), would yield an exceptional quality
assurance tool for treatment planning and dose delivery
in particle therapy, driven by a detailed knowledge of the
radiobiological effectiveness (RBE) of the radiation.
This approach, which has never been implemented until
now, would bring a contribution to “personalised
medicine” in cancer therapy.

5.4. Technology commercialization

For the commercialisation of a final product, we will
need a dosimetry company or a medical instrumentation
company with the required competences for
industrialising the prototype. Some interest has been
shown by a vendor of medical equipment, Philips, with
whom we have established a preliminary contact.

5.5. Envisioned risks

The project started on a very solid basis, as the GEMPix
was thoroughly studied by CERN RP group, specifically
for medical applications, and TNO has a solid knowledge
of TFT backplanes. Large area TFT backplanes are
extensively used, generally as active electronic switching
elements.

A preliminary risk analysis has been carried out leading
to the identification of different types of risk,
technological and organizational. The key risks
concerning the technology development are: 1) radiation
damage to the electronics; 2) delay in the development of
the new TFT-only readout; 3) insufficient performance
of the new readout; 4) insufficient performance of the
new detector such as an insufficient spatial resolution.
The lack of successful collaboration among partners or
the withdrawal of one of the partners has been identified
as a low-likelihood risk.

5.6. Liaison with Student Teams and Socio-
Economic Study

The project has involved one Portuguese trainee (AMO),
initially funded by the CERN-Portugal trainee program,
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who subsequently enrolled as doctoral student at the
University of Bern. She will use the work performed
during ATTRACT for her PhD thesis, that will be
completed in the coming 18 months within CERN
doctoral student program.

An ATTRACT Phase 2 project will involve a larger
consortium; a mixture of research institution and
companies. It will offer very interesting opportunities for
master and doctoral theses, to train experts in advanced
dosimetric instrumentation who will later be able to work
either in research institutions, in the private sector or in
hospitals. With an estimated 3-year duration of a Phase 2
project, we envisage to organise annual scientific
workshops in order that all partners can regularly meet.
These workshops will also provide the occasion to
organise training courses for the students involved in the
project. Atypical format of such workshops may include:
1) scientific meetings to discuss work progress; 2) a
training course on one of the research areas of the project,
during which experts will deliver seminars on recent
progress in the field. The courses will be open to external
researchers and local PhD students; 3) one full “Outreach
day” dedicated to e.g. an Hackathon or an outreach event
with students from local high schools, organised by the
hosting organisation, where EU’s role in supporting
young scientists and in promoting research will also be
explained; 4) an open discussion with the general public.
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