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Introduction

Radiation therapy stands as a primary approach for controlling, curing, and
providing palliative care for cancer. This therapeutic technique is used for
about half of the patients diagnosed with cancer.

In the last two decades, there have been significant developments and inno-
vations in the field of radiation therapy aimed at enhancing the effectiveness
of the radiation treatment of the tumor target while minimizing damage to
non-malignant tissues.

One such case is the diffusion of hadron therapy, which uses accelerated
protons or ions to perform external beam radiation therapy treatments. The
advantage in using heavy charged particles lies in the particular shape of the
depth dose distribution. In comparison to the more commonly used electrons
and photons, protons and ions deliver a minimal almost constant quantity
of energy at the body surface, and then, near the end of their range, they
release most of their energy. By adjusting the position of this peak of energy
deposit, called the “Bragg peak”, it is possible to precisely target the tumor
for treatment.

Another possible significant advancement in minimizing the toxicity of
radiation on healthy tissues is the so-called “FLASH effect”. Several animal
studies have shown that administering an ultra-high dose rate irradiation in
an extremely short pulse of less than a second enhances the normal tissue
control probability while maintaining the same tumor control level. Although
these preliminary results are extremely promising, the transition to FLASH
radiation therapy is limited by the need of a real-time dosimeter suitable
for this new technique. Additionally, further pre-clinical and clinical studies
must be performed to confirm the advantages of FLASH radiation therapy.

Pre-clinical studies are essential to introduce a new technique into clinical
use. They are can be performed on a living organism (in-vivo), or on cell
cultures (in-vitro).

This master thesis was accomplished in the framework of the SEMP-
Erasmus+ Traineeship student exchange program, established between the
Laboratory of High Energy Physics (LHEP) at the University of Bern and the
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Physics Department (DiSAT) at the University of Insubria. This program
allowed me to carry out a six month internship in Bern.

As part of a collaboration between the Medical Applications of Particle
Physics group at LHEP and the Institute of Anatomy at the University of
Bern, an ongoing project aims at establishing a cell irradiation beamline
at the Bern medical cyclotron. In this context, my master thesis focused
on novel methodologies for cell irradiation studies in both conventional and
FLASH regimes at the Bern medical cyclotron.

A preliminary set of cell irradiations has been performed using conven-
tional dose rates, and future experiments will concentrate on FLASH dose
rates. Comparing the resulting cell survival curves will enable the first test of
the FLASH effect at this facility. To perform studies at FLASH dose rates, a
novel dosimetry system based on a scintillator connected to an optical fiber
was tested during this master work.

In the first chapter of this thesis, a brief introduction to radiation therapy
is presented, specifically focusing on external beam therapy with photons and
protons, underlying the differences between these two techniques. The new
approach for cancer therapy, FLASH-RT, is defined, and the main results
of pre-clinical studies on the improvements introduced by this technique are
presented. The second part of Chapter 1 outlines the reasons for the devel-
opment of a dosimetry system for both clinical uses and pre-clinical studies,
also for FLASH-RT. Additionally, the in-vitro pre-clinical experiment called
Clonogenic Cell Survival Assay is briefly described.

The first part of Chapter 2 is dedicated to the Bern Medical Cyclotron
facility, describing its Beam Transfer Line and the requirements to adapt it
for pre-clinical in-vitro studies. The second part of the chapter is dedicated
to the final setup developed for cell irradiations at conventional and FLASH
dose rates, along with the steps taken to optimize the beamline for this
purpose.

Chapter 3 describes the development of a dose and dose rate readout
system for cell irradiations at our facility. To this end, Gafchromic EBT-3
and HD-V2 films were calibrated at different external facilities using several
radiation sources, following the procedures outlined at the beginning of this
chapter. In the second half of the chapter, the procedure to characterize the
dose rate, delivered by the proton beam with the optimized setup, using a
ionization chamber is detailed. At higher dose rates, the novel dosimeter
based on a scintillating fiber was also tested.

The last chapter is dedicated to the experimental results, beginning with
the assessment of the final uniformity of the beam coming out from the opti-
mized setup. Then, the curves obtained from the calibrations of Gafchromic
films are presented, along with the conversion of pixel values to dose. The lin-
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earity of the ionization chamber and the scintillating fiber detector with the
dose rate is discussed for all the experiments. A series of improvements and
experiments to be performed in the future to complete the characterization
of the scintillating fibers are suggested. The procedure for cell irradiation
using this novel setup, the outcomes of the first preliminary tests, and a cell
survival curve derived from these results are also illustrated.






Chapter 1

Cancer radiation therapy

Cancer is a condition in which cells within a particular region of the body un-
dergo uncontrolled growth and replication, giving rise to tumors that impact
nearby tissues and organs and can extend to other areas of the body. In Italy,
in the year 2023, 395,000 new cancer diagnoses were estimated [1]. With re-
spect to the year 2020, the increase is of over 18 thousand diagnoses. Typical
methods for treating cancer include surgery, radiation therapy, chemotherapy
and hormone therapy [2].

Radiation therapy (RT) is a cancer treatment technique capable of induc-
ing necrosis, leading to the death of tumor cells, through the use of high-
energy radiation known as ionizing radiation. The term ionizing radiation
refers to electromagnetic waves or particles that have enough energy to re-
move electrons from the atoms of the materials they interact with, causing
ionization. lonization damages cells, either through direct harm to the DNA
by breaking hydrogen bonds or indirectly by causing cell death through the
generation of free radicals. This damage affects both malignant and non-
malignant cells; therefore, the main goal of research in radiation therapy is
to maximize the dose deposited in the target tumor while shielding healthy
tissues from the effects of radiation itself.

There are several different types of ionizing radiation that can be used
for radiation therapy. The most common modality is based on high-energy
photons, but charged particles such as electrons, protons, and heavy ions
are also employed clinically [3]. RT can be used alone for treating localized
tumors and tumor types that are sensitive to radiation, but also as a palliative
cure to alleviate symptoms caused by cancer [4].

This technique may be used prior to, during, or following surgery, together
with other treatment modalities such as chemotherapy or immunotherapy
[5]. If employed after surgery, RT can be used as an adjuvant treatment,
especially when the resection is not complete [4].

5
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Radiation treatment is recommended as an integral part of the treatment
for more than 50-60% of cancer patients [5].
Radiation therapy can be divided in three main branches [4]:

e Targeted Radionuclide Therapy (TRT)
e Internal Radiation Therapy (IRT);
e External Beam Radiation Therapy (EBRT).

Targeted Radionuclide Therapy is performed with the injection of radioac-
tive substances that specifically target tumor cells, reducing the side effects
to the healthy tissues. These substances, called radiopharmaceuticals, are
composed of a radionuclide, that can be produced in a medical cyclotron,
eventually bound with other biological molecules able to target specific or-
gans [6].

Internal Radiation Therapy or Brachytherapy refers to treatments in which
the source of radiation is internal to the body. The radioactive sources are
enclosed in catheters or seeds and target directly the tumor site [7]. With
this solution a high radiation dose can be delivered locally to the disease.

The most common method for clinical radiation treatment is EBRT that
uses a machine external to the body to produce a focused high-energy beam
of ionizing radiation. The beam is centered in the area to be treated and can
be shaped according to the size and geometry of the target tumor.

Several sophisticated EBRT techniques have been developed over the
years, including Intensity-Modulated Radiation Therapy (IMRT), Image-
guided radiotherapy (IGRT), and Stereotactic Body Radiation Therapy (SBRT')
[5]. EBRT can be delivered using different types of radiation, from photons
and electrons to protons in the case of the hadron therapy.

1.1 Radiation therapy with photons and pro-
tons

Conventional EBRT was implemented in the clinical practice shortly after
the discovery of X-rays by Roentgen in 1895 [3]. The mechanism of photon
absorption in the patient body results in the highest dose being delivered
near the surface, followed by an exponential decrease in dose as a function of
the tissue depth, as shown in Figure 1.1. The three main modes of photon
interaction with matter are the photoelectric effect, the Compton effect, and
pair production.
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Protons were first used in clinical treatment in 1954 at the Lawrence
Berkeley Laboratory [8], following Wilson’s suggestion of their use in cancer
therapy due to their specific dose profile. Over the last few decades, hadron
therapy has become more popular as a radiation therapy method, thanks to
its advantages in terms of dose distribution when compared to conventional
radiation therapy.

First of all, photons suffer scattering that causes the deposit of the dose
far from the trajectory of the beam. On the other hand protons, because of
their mass, when colliding with other particles experience a smaller deflection
with respect to photons, proceeding in an almost linear path. This allows to
define very precise treatment plans.

Moreover protons, being charged particles, mainly lose energy via Coulomb
interactions with atomic nuclei [3], which results in different dose distribu-
tions in matter.

In fact for protons (red curve in Figure 1.1), the energy deposit is minimal
and quasi constant in the superficial layers of the body. As protons decelerate
along their path, the probability of interaction with matter increases. This
leads to a sharp, non-linear rise in dose deposit as protons approach the end
of their trajectory. This region of high dose deposit, known as the Bragg
peak, is the one where the stopping power, describing the particle energy
loss per unit length, is at its maximum. After reaching the Bragg peak, the
particles come to a complete stop.
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Figure 1.1: Depth dose distributions of the main radiations employed in cancer

therapy [9].

Shaping the treatment beam such that the Bragg Peak overlaps with the
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treatment volume ensures that the vast majority of the delivered dose is
deposited in the target tissue. The position of the Bragg peak depends on
the energy; a more energetic proton beam will penetrate deeply in the tissues.

The Bragg peak of a mono-energetic proton beam is not large enough to
cover the whole tumor; in the range 60-200 MeV the typical width of the
peak is around 3 to 20 mm [10|. For this reason, hadron therapy employs
a broadened beam that can be achieved by expanding the range of used
energies, enabling the treatment of a broader range of depths. The resulting
dose distribution is referred to as Spread Out Bragg Peak (SOBP).

In Figure 1.2, a comparison of different treatment plans with proton and
photon Intensity-Modulated Radiation Therapy (IMRT) is presented [11]. In
the case of protons, the entrance dose is lower than photons, and since the
beam is completely stopped inside the patient, the dose deposited following
the Bragg Peak is typically negligible. In comparison, photons deposit a
larger dose all over the treated slice of the body. In the image on the right
it is possible to see the excess of dose delivered using a photon beam instead
of protons; in this specific case, 50% more dose was absorbed by the patient
in the photon treatment.

IMRT-Protons: showing
Protons IMRT extra dose for IMRT

Figure 1.2: Dose distributions for a treatment plan with protons (left) and IMRT
using photons (center) [11]. The right panel highlights the excess of dose that is
delivered using photons instead of protons.

Due to its localized dose deposit, hadron therapy features a significant
reduction in the radiation dose reaching the surrounding healthy tissue by
50-70% while delivering an equivalent dose to the tumor target volume as
conventional RT [12].
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Protons and photons have a similar biological e ectiveness, that represent
the number of ionized biomolecules produced by the ionizing radiation per
unit dose. The Relative Biological E ectiveness index (RBE) is evaluated to
be 1.1 for protons and 1 for photons [11]. However, this factor is in uenced
by the Linear Energy Transfer (LET) that is the amount of energy absorbed
per unit length by the matter crossed by a ionizing particle. This factor
determines the damage caused by radiation.

Protons are classi ed as high LET particles, thus they cause more harm in
a biological system than radiations with a lower LET like photons. The region
of maximum LET for protons corresponds to the Bragg peak; therefore, in
the target area corresponding to the peak, the biological e ectiveness of the
particles is at its maximum [8].

Despite these important qualities, the di usion of hadron therapy is still
limited by the costs of a proton therapy facility [11]. In March 2023, the
operational proton radiotherapy centers were 106 globally, while the con-
ventional X-ray radiotherapy centers worldwide were over 8,000 [12]. As a
consequence, proton therapy is received by less than 1% of patients under-
going radiotherapy, despite conservative estimates indicating that 15 50% of
these patients could potentially bene t from it [12].

In EBRT applications the photon beam is usually produced by a linear
accelerator (linac) while hadron therapy is based on the use of circular ac-
celerators like a cyclotron [13].

Figure 1.3: Scheme of a typical clinical linac [14]. The electron gun produces the
electrons that are accelerated via electromagnetic waves generated by a klystron
or a magnetron.

A scheme of a linac accelerator is presented in Figure 1.3 [14].

The clinical linac produces high energy electrons or photons with typical
energies in the range 5-25 MeV. Electrons are accelerated in a vacuum tube
by high-frequency electromagnetic waves. The accelerated electron beam can
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then be used directly to treat the patient (especially for super cial tumors) or
focused on a target to produce high energy photons for deep-seated tumors.
The production of photons is caused by the Bremsstrahlung phenomenon.
Before reaching the body of the patient, the beam is shaped using collimators
that replicate the geometry of the tumor.

The linac is calibrated to deliver a precise and uniform dose to the pa-
tient, that must be known with high accuracy. The precision of the linac in
delivering a known dose was exploited in this project using the Bern Uni-
versity Hospital (Inselspital) clinical linac to calibrate Gafchromic EBT-3
Ims. A picture of this machine and of a typical treatment room is shown in
Figure 1.4.

Figure 1.4: Photograph of the clinical linac of the Radiation Oncology department
of the Bern University Hospital. The accelerator was used in this project to cali-
brate Gafchromic EBT-3 Ims with photons (Section 3.1.2).

In a cyclotron, the ions are produced by an ion source at the center of
the machine and are accelerated by a high frequency electric eld generated
by specic electrodes called dees. A high magnetic eld is present inside
the machine and forces the particles to move on a circular trajectory. The
acceleration causes the particle energy to increase while their rotational fre-
guency stays constant. Therefore the diameter of the particles orbit increases
each round till they can be extracted from the machine. For applications in
hadron therapy, the protons produced by the cyclotron must have an energy
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in the 70-250 MeV range.
A scheme of the cyclotron structure is depicted in Figure 1.5 [15].

Figure 1.5: Scheme of a cyclotron [15]. Charged particles generated by the ion
source undergo acceleration through an oscillating electric eld applied to the dees.
A constant magnetic eld causes the particle to follow a circular path, and with
each round, the diameter of the path increases until the particles can be extracted
and focused on a target.

The cost of a single-room treatment unit for hadron therapy ranges from
30 to 50 million dollars, while conventional photons systems have typically a
cost of approximately 6 million dollars [12]. However, when comparing the
costs of proton therapy to photon therapy, it is important to evaluate the
savings resulting from the reduced irradiation of healthy tissues in hadron
therapy.

The decrease in the dose deposit in normal tissues is expected to decrease
the need for medical treatments addressing side e ects and lower the risk of
developing secondary malignancies and the need to treat radiation induced
cancers. Furthermore, cyclotrons have a considerably longer lifespan (30-
50 years) compared to a linear accelerator (10 years) and enable the treatment
of a signi cantly higher number of patients per day compared to a single linac
[11].

In conclusion, proton therapy represents a promising frontier in cancer
treatment. Its unique ability to deliver precise doses of radiation to tumor
tissues while minimizing the damage to surrounding healthy cells makes it a
valuable option in the ght against cancer.

In this thesis project, pre-clinical studies were performed using a 18 MeV
proton beam. In our facility, the beam was produced using a medical cy-
clotron employed daily for radioisotope production; the accelerator is brie y
described in Chapter 2.
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1.2 Conventional and FLASH regimes

Over the past two decades, there have been revolutionary developments in
the eld of radiation therapy technology. These improvements in research
have mainly focused on maximizing the dose deposited in the target volume
while shielding healthy tissues.

A novel radiation therapy technique, known as FLASH radiation therapy
(FLASH-RT), has been demonstrated to reduce radiation-induced damage
in healthy tissues without compromising the anti-tumor e ectiveness [16].

This technique consists of a single fast ultra-high dose rate (> 40 Gy/s)
delivered in fractions of a second (< 500 ms) [17]. A comparison with the
conventional RT in terms of dose rates is presented in Figure 1.6; this last
technique uses dose rates in the range 0.01-0.40 Gy/s.

Figure 1.6: Dose rate ranges for conventional and FLASH regimes. The term
FLASH identi es dose rates larger than 40 Gy/s.

What emerges from pre-clinical studies with FLASH-RT is that this newer
technology expands the therapeutic window, de ned as the range of doses
between the curves of Normal Tissue Complication Probability (NTCP) and
Tumor Control Probability (TCP) [18]. Speci cally, it was observed that
the e ect on tumor tissues is similar between conventional and FLASH ther-
apy, while the FLASH-RT technique demonstrates a reduced toxicity to non-
malignant tissues (Figure 1.7).

The mechanism of this phenomenon, called the FLASH e ect, is still
unclear, and further investigations are required to fully understand this be-
havior [16].

The FLASH e ect was initially reported in 1959 by Dewey and Boag,
demonstrating that ultra-high dose-rate irradiation appeared to protect bac-
teria compared to conventional dose rates [19]. Subsequent experiments with
mammalian and hamster cells con rmed this phenomenon [16].
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Figure 1.7: Comparison between the normal tissue complication probability
(NTCP) and tumor control probability (TCP) curves for conventional and FLASH
radiotherapy [18]. FLASH-RT features an increased therapeutic window with a
similar TCP but increased NTCP.

In 2014, Favaudon reported that using FLASH-RT for treating lung tu-
mors could result in a complete response and minimize early and late toxicity
in normal lung tissues [20]. This groundbreaking nding has sparked signif-
icant interest in radiation research. Follow-up studies consistently demon-
strated signi cantly reduced adverse e ects in the healthy tissues of mice,
mini-pigs, and cats [16].

Finally, in 2018, the rst human patient with multiple skin tumors received
FLASH-RT using a linac speci cally designed to safely accelerate electrons in
a FLASH mode. The treatment resulted in a rapid, complete and durable
tumor response with fewer side e ects than expected compared to conven-
tional radiotherapy [21].

Pre-clinical evidence indicates that the administration of radiation through
the FLASH technique diminishes the DNA damage in non-malignant tissues.
Conversely, this is not observed for malignant tissues that equally react to
conventional and FLASH dose rates [18].

In general, previous researches have assessed that FLASH-RT induces lo-
cal oxygen consumption at a signi cantly faster rate than tissue oxygenation,
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leading to a transient state of hypoxia [18]. The presence of oxygen in tissues
is responsible for the formation of free radicals that cause biological damage
to tissues. Therefore the state of hypoxia of non-malignant tissues improves
the NTCP [16].

Another hypothesis is that the DNA damage sites in FLASH-RT are fewer
than conventional RT for non-malignant tissues [16].

In general all the pre-clinical studies demonstrate a di erent response to
radiation of healthy tissues and tumors.

The treatment time of FLASH radiotherapy is signi cantly reduced com-
pared to conventional radiotherapy (RT); in the rst clinical use of this tech-
nique, the therapy lasted only 90 ms [16]. The capacity to reduce the time
required for FLASH-RT is an additional bene t, allowing for the treatment
of a greater number of patients in a day.

The aforementioned results demonstrate that FLASH-RT is a promising
technique. However, before this new technique can be implemented in clinical
practice, further studies on cells and animals must be performed to investi-
gate the FLASH e ect and determine its underlying causes.

Once the results from animal studies are assessed, the same e ect must be
demonstrated and con rmed in human subjects, taking into consideration the
di erences between animal models and patients. At this point, the optimal
doses required to treat each type of cancer will be rede ned for this specic
therapy, given the unique characteristics of FLASH-RT [16].

To support the clinical transition to FLASH-RT, it is essential to establish
o cial protocols for dosimetry at FLASH dose rates and de ne a real-time
dosimeter that is reliable for operation in this regime [22]. The absence of
real-time in-beam detectors in these preliminary researches can introduce
uncertainties on the results [22]. Until now, pre-clinical studies investigating
the FLASH e ect have only used passive dosimeters [23].

Moreover, research in FLASH radiation therapy is certainly limited by the
machines available to deliver this ultra-fast high dose rate radiation beam.

During this thesis project, the Bern medical cyclotron was adapted to
deliver FLASH dose rates and a system for ultra short pulses, based on a
rotating wheel, was developed (Chapter 2). The aim of this modi cation was
to perform pre-clinical studies on cells at FLASH dose rates with a proton
beam.

1.3 Real time dosimetry

The absorbed dose is the most crucial physical parameter in uencing the
e cacy of radiation therapy. De ned as the energy deposited by ionizing
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radiation in a volume per unit mass, it is measured in Gray (Gy).

This quantity must be de ned in radiation therapy to examine the e ects
of radiation on the tumor, ensuring that the patient receives the necessary
radiation dose for treatment while minimizing potential health hazards. Ad-
ditionally, it is crucial to assess the dose delivered by the clinical machine as
part of the quality controls.

Dosimetry is the measurement or calculation of the quantity of radiation
dose absorbed by matter. The procedures for accurately measuring and cal-
culating this value are outlined in standardized recommendations, such as
the TRS 398 IAEA protocol [24].

In conventional radiation therapy the ionization chamber (IC) is consid-
ered the standard for absolute and reference dosimetry [25]. It consists of an
air- lled cavity with two electrodes: a negative cathode and a positive anode.
A voltage applied to the electrodes generates an electric eld in the cham-
ber. lonizing radiations induce ionization in the gas, producing ion-electron
pairs, that migrate towards the electrodes because of the electric eld. This
mechanism generates a current collected by an electrometer, representing the
ionization chamber output.

In this project, a parallel plane ionization chamber was used as a reference
to monitor the dose rate delivered by our facility. Additionally, a cylindrical
Farmer-type ionization chamber was employed to measure the dose delivered
by a clinical linac during the calibration of a batch of Gafchromic Ims.

When moving to the FLASH regime, standard detectors commonly used
for conventional RT cannot accurately record signals due to the high dose
rates and extremely short irradiation time.

The ionization chamber response is a ected by ion recombination e ects
and cannot be used in FLASH-RT without modi cation and correction fac-
tors [22]. To mitigate ion recombination issues in ionization chambers, the
chamber design must be optimized to enhance collection e ciency.

Ultra-thin gap parallel plane chamber prototypes have been tested, illus-
trating their potential as secondary standard dosimeters for ultra-high dose
rate irradiations [26].

Figure 1.8 summarizes the characteristics of several detectors used for
dosimetry and beam monitoring [22].

In general, the requirements for a detector suitable for FLASH-RT can be
summarized as follows [22]:

" High temporal resolution: the time response of the detector must be
fast enough to record the ultra-short pulse;

" Well-known behavior in response to dose;
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Resistance to ultra-high dose rates in terms of saturation;

Radiation hardness: detectors are integrated into the delivery system
and consistently exposed to radiation;

Transparency to radiation: detectors should not perturb the beam;

Near tissue equivalence to accurately measure the absorbed dose in
tissues;

High spatial resolution for beam atness and symmetry measurements;
Energy independence.

Semiconductors, similarly to ionization chambers, exhibit substantial dose-
rate dependency and can su er radiation damage, making them less optimal
for FLASH dosimetry [22].

Thermoluminescent dosimeters (TLDs) and optically stimulated lumines-
cent dosimeters (OSLDs) have been proven to be dose-rate independent up
to ultra-high dose rates [22]. However, these detectors are read hours after
the irradiation and not in real-time. Real-time beam monitoring systems are
highly desirable for quality assurance in FLASH radiotherapy, as well as for
assessing beam atness and symmetry.

In the same way, radiochromic Ims despite possessing high spatial reso-
lution, being cost-e ective, easy to use, and tissue-equivalent cannot be used
for real-time measurements.

Calorimeters and Fricke-type dosimeters have demonstrated a dose-rate-
independent behavior. However, using these dosimeters is not straightfor-
ward and demands sophisticated equipment [22]. A potential solution can
be found in portable compact calorimeters that are currently under develop-
ment.

The Faraday cup measures the total charge of a particle beam and converts
the integrated charge into dose. This process requires precise knowledge of
the energy spectrum of the beam. Therefore, despite the detector feature of
not being a ected by the high dose rates, this type of dosimeter requires an
independent precise measurement of the beam energy spectrum.

A promising alternative for dosimetry in the FLASH regime is represented
by scintillator dosimeters [23]. Scintillation is the property of luminescent
materials to emit light when they absorb ionizing radiation [27]. The quantity
of light produced by the scintillator is proportional to the dose rate of the
incident radiation [23].
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Figure 1.8: Summary of the characteristics of di erent types of dosimeters [22].
TLD is the abbreviation for Thermoluminescent Dosimeter and OSLD stands for
Optically Stimulated Luminescent Dosimeter.

Optical bers coupled with scintillating materials have proven to be suit-
able for applications in radiation therapy dosimetry [28]. Scintillators demon-
strate energy and dose rate independence in conventional dose rates, as well
as real-time dose assessment capabilities [23]. They can be produced in small
sizes, ensuring high spatial resolution and minimizing perturbation to the
radiation eld [23]. Because of their compact size, they are compatible for
in-vivo dosimetry [28].

Recent studies have demonstrated the linearity well above the conven-
tional regime of a novel detector based on a scintillator connected to an
optical ber [29], [30].

Two versions of this novel dosimeter for FLASH-RT, one based on an
inorganic scintillator and the other on an organic scintillator, were tested at
our facility as part of this work.

1.4 Caell irradiations and the survival curve

Pre-clinical studies are essential to assess the feasibility of the introduction
of new radiation therapy techniques into the clinical use. These studies can
either be in-vitro, referring to studies outside of a living organism involving
cell cultures, or in-vivo for studies performed within the organism. For
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pre-clinical stages, only animals can be used in-vivo .

For in-vitro radiation therapy studies, cells from humans or animals are
seeded onto a container and exposed to radiation. The impact of radiation
on the cells is quanti ed through a survival curve, which assesses the cells
capacity to maintain reproductive integrity and form colonies after irradia-
tion. This clonogenic assay is a valuable and widely used tool for predicting
the e cacy of a particular therapy.

The survival curve describes the relationship between the dose of radiation
absorbed by a group of cells and the fraction of cells that survive to form
colonies. The test aims at assessing the reproductive cell death following
irradiation for both normal and tumor cells; the success of a radiation therapy
treatment lies in eradicating cancer cells while minimizing damage to normal
cells.

Variations in the survival curve can be observed if the irradiation is per-
formed under di erent conditions, such as using di erent types of radiation
or altering the environment, including the introduction or removal of oxygen.

In the Clonogenic Cell Survival Assay, live cells are extracted from various
species and cultured in asks. Some containers serve as control samples and
remain un-irradiated, while others are exposed to di erent doses of radiation
[31]. Following irradiation, both the irradiated cells and the control ones are
released from the ask, counted, and a known number of cells are plated
onto a Petri dish. Careful consideration is given to seeding in a uniform and
sparsely distributed manner to prevent the overlap of colonies during growth.
The Petri dishes are then incubated under appropriate environmental con-
ditions for some time to allow surviving cells to grow into colonies. After
incubation, cells are xed and stained for counting. Each colony is assumed
to originate from a single cell and is clearly visible to the naked eye.

A scheme of the procedure described for the Clonogenic Cell Assay is
depicted in Figure 1.9.

By counting the number of colonies formed for control and irradiated cells
it is possible to determine the plating e ciency (PE) and the survival fraction
(SF) that are de ned by the following equations:

nr. of colonies formed for un-irradiated cells
PE = (1.1)
nr. of seeded cells

nr. of colonies formed after irradiation
SF = 1.2)

nr of seeded ceIIsP E
100
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Figure 1.9: Summary of a typical protocol for the Clonogenic Cells Survival Assay.
The cells are seeded, treated, incubated for a xed period of time and then counted
[31].

In order to build the cell survival curve, the survival fraction of the various
irradiated cells is plotted against the treatment dose. An example of a plot
of the survival fraction as a function of increasing doses of radiation is shown
in Figure 1.10.

Figure 1.10: Example of a survival curve.

A survival curve extracted from the experimental results of the Clonogenic
Cell Survival Assay performed at our facility during this thesis project is
presented in Chapter 4.






Chapter 2

Apparatus for cell irradiations at
the Bern medical cyclotron

The Bern medical cyclotron, situated in SWAN-Haus [32] at the Bern Uni-
versity Hospital (Inselspital), is regularly used for the production of Positron
Emission Tomography (PET) radionuclides. Thanks to a dedicated beamline,
the cyclotron is concurrently used for multi-disciplinary scienti ¢ activities.
The facility is brie y described in the rst part of this chapter.

To design and characterize an apparatus suitable for pre-clinical proton
therapy cell irradiations, stringent requirements regarding the beam delivery
must be met. In the second part of the chapter, the optimization process
for the uniformity of the beam and the alignment of the beamline will be
discussed.

2.1 The Bern medical cyclotron and its Beam
Transfer Line (BTL)

The Bern cyclotron laboratory comprises an underground section that ac-
commodates the cyclotron, the beamline, and a physics laboratory, as well
as an elevated level hosting three GMP (Good Manufacturing Practice) lab-
oratories focused on radiotracer production. The University of Bern AEC-
LHEP (Albert Einstein Center for Fundamental Physics - Laboratory of High
Energy Physics [33]) group, specializing in the medical applications of par-
ticle physics (MAPP), is actively involved in research across various elds.
Some examples include particle detectors [30], radiation hardness [34], new
radioisotopes for medical applications [35] and recently radiation biology.
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Figure 2.1: Sketch of the Bern medical cyclotron and its BTL. The main elements
of the facility are highlighted [36].

Two adjacent bunkers, one housing the cyclotron (referred to as the cy-
clotron bunker) and the other housing the apparatus for research activities
(referred to as BTL bunker) are connected via the Beam Transfer Line (BTL).
The BTL extends through a 1.8 m concrete wall and the two rooms can be
accessed independently. An additional movable cylindrical neutron shutter
is located inside the beam pipe when the BTL is not in use to shield the
BTL bunker from the neutron eld generated around the cyclotron during
the radioisotope production.

A schematic view of the facility is shown in Figure 2.1.

The Bern medical cyclotron, shown in Figure 2.2, is a Cyclone 18/18 HC
manufactured by lon Beam Applications (IBA). The main technical charac-
teristics presented in this chapter are summarized in Table 2.1 [36].

The cyclotron is equipped with twoH ion sources, ensuring the e ciency
of daily radioisotope production in the event of a failure of one of the two
sources. The cyclotron is able to provide beam currents of up ibOPA to
its target ports for radioisotope production. The average magnetic eld is
1.4 T and the cyclotron frequency is 21 MHz.

Since the machine is out tted with two dee electrodes, only the radiofre-
guencies (RF) that represent even harmonics of the cyclotron frequency result
in acceleration. The operating RF for this facility is 42 MHz that is the sec-
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