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1 Introduction
Radiotherapy is used in 60 − 70 % of all cancer treatments, making it the most
utilized technique for cancer therapy ([Lin21][KSB+20]). However, disadvantages
of radiotherapy are skin reactions like the formation of scar tissue as well as the
potential damaging of surrounding healthy tissue ([SHF+20][Lin21]). Latter is
addressed by some already existing treatment techniques like image-guided ra-
diotherapy (IGRT), where imaging of the tumor is used simultaneously to its
radiation, resulting in higher accuracy ([SKJ18]). Ion therapy also facilitates
the sparing of healthy tissue. Often carbon ions are used for this kind of treat-
ment. Heavy charged particles deposit most of their energy at the end of their
track. Furthermore, less lateral scattering occurs compared to photon and electron
irradiation, resulting in higher accuracy and sparing of healthy surrounding tis-
sue. Ion therapy is mostly used for head, neck and prostate cancers [Lin21]. [SKJ18]

A rather new technique of cancer treatment is FLASH radiotherapy, where high
dose rates in the order of several Gy/s are used, resulting in a very short total irra-
diation time ([RSM+20]). In the first clinical treatment with FLASH radiotherapy,
the treatment time only lasted 90 ms ([Lin21]). It is observed that the application
of such high dose rates results in improved sparing of the healthy surrounding
tissue whereas the destruction of cancer cells is similar to conventional radiotherapy
at comparable applied total doses. This is known as FLASH effect. Due to the
reduced damage of healthy tissue, FLASH radiotherapy is a promising tool for
future cancer treatments. In clinical use, the dose must be applied to the patient
precisely. Therefore, dose measurement systems, which are able to handle the
challenges of such high dose rates must be established. [SHF+20][Lin21]

In this thesis, the suitability of the Dosepix detector, a hybrid photon-counting
pixel detector, for the determination of the applied dose at FLASH radiotherapy
is investigated. At first, an ionization chamber, which is built out of the Dosepix
detector, is used. It is supposed to determine the applied dose of the FLASH beam
by measuring its secondary particles produced by the primary particle beam. The
aim is to determine the dose of the radiation from the measured signal.
Furthermore, the effective sensor thickness of Dosepix is reduced by applying smaller
bias voltages than the default value of 100 V, causing no full depletion of the sensor
material. This leads to a reduced rate of detected events. The investigations focus
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1 Introduction

on the reduction of pile-up occuring at high radiation fluxes. Additionally, the
signal from different types of particles measured by Dosepix with respect to bias
voltage is examined.
The last chapter of this thesis deals with measurements of Dosepix performed
inside a water phantom. The behavior of Dosepix under high dose rate electron
radiation and the determination of depth dose distributions is investigated, allowing
conclusions about the type and energy of the primary particles. The corresponding
measurements are performed at the Strahlenklinik Erlangen ([Strb]).
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2 Theoretical Background

Contents
2.1 Interaction of particles with matter . . . . . . . . . . . 7
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2.1.2 Beer-Lambert law . . . . . . . . . . . . . . . . . . . . 9
2.1.3 Interaction of massive particles with matter . . . . . . . 10

2.2 Ionization chamber . . . . . . . . . . . . . . . . . . . . . 13
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In this chapter, the necessary theoretical background is discussed. Since different
kinds of particles are used in this thesis, occurring interactions of photons, electrons,
heavy charged particles, like alpha particles or protons, are discussed in the first
section followed by the functionality of x-ray tubes and linear particle accelerators.
Furthermore, essential quantities of dosimetry are described. Additionally, the
Dosepix detector and its functionality are discussed. The chapter ends with a brief
introduction of semiconductors.

2.1 Interaction of particles with matter

2.1.1 Interaction of photons with matter
Electromagnetic radiation can interact with matter via four different interaction
channels: coherent scattering, Photoelectric effect, Compton scattering, and pair
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2 Theoretical Background

production. All of them will be discussed in the following. The descriptions are
based on [Dem18], [Mes15] and [SKJ18].

Coherent scattering

Coherent scattering is also known as Rayleigh scattering. It takes place between
a photon and an entire atom. No electrons are released from the atom, and no
energy is transferred during this process. Therefore, the photon energy stays the
same after the process. However, the incoming photon is deflected. Dosepix is not
able to detect these interactions since no energy is deposited. [Dem18][Mes15]

Photoelectric effect

The Photoelectric effect occurs when a photon interacts with a bound electron of
the irradiated material, causing the electron to be released from its atom. For the
electron to be set free, the energy of the impinging photon must be higher than
the work function Wa of the material. The photon transfers its total energy to the
electron, thus the photon does not exist anymore after the interaction. The kinetic
energy of the released electron is

Ekin = hν − Wa (2.1.1)

Here, h is Planck’s quantum of action, and ν is the frequency of the incoming
photon. If an electron from an atom’s inner shell is emitted, the atom will remain
in an excited state which will cause an electron of an outer shell to occupy the
free state in the inner shell. The respective energy difference can either be carried
away via a fluorescence photon or transferred to an outer electron causing it to
be released from its atom. These electrons are called Auger electrons. The energy
of optical photons is smaller than the work function of most materials. Therefore
the photoelectric effect mainly occurs at UV-, x-ray, and gamma radiation. In the
measured deposition spectra, the photoelectric effect causes a full energy peak from
which the energy of the photons can be determined. [Dem18][Mes15][SKJ18]

Compton scattering

Compton scattering, also called Compton effect or incoherent scattering, is another
type of interaction between a photon and a bound electron. The photon does not
transfer all of its energy to the electron during this process, meaning that the
photon still exists after the process. The electron is released from its atom and the
photon energy Eγ decreases, i.e. its wavelength λ decreases via:

∆λ = h

mec
(1 − cos ϕsc) = λC(1 − cos ϕsc) (2.1.2)
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2.1 Interaction of particles with matter

Here, h is Planck’s quantum of action, me is the electron mass, ϕsc is the scattering
angle between the electron and the photon, and λC = 2.4 · 10−12 m is the Compton
wavelength of electrons. The change of the wavelength does not depend on the
initial energy of the photon but only on the scattering angle. The energy of the
photon after the interaction E ′

γ is described by ([Kri17]):

E ′
γ = Eγ

1 + Eγ

mec2 (1 − cos ϕsc)
(2.1.3)

Here, c is the speed of light. The electrons released in this process produce a
signal in the detector. The maximal energy transfer of the photon on the electron
occurs at a scattering angle of 180◦. This corresponds to the backscattering of the
incoming photon. This energy corresponds to the Compton edge in the deposition
spectrum. [Dem18][Mes15][SKJ18]

Pair production

Pair production occurs for photons with energies above 1022 keV which is twice
the rest mass of electrons. A photon with sufficient energy can convert into an
electron and a positron at pair production. This interaction occurs only within
the Coulomb field of an atom because of energy and momentum conservation.
Since such high photon energies are not reached in this thesis, pair production is
negligible. [Dem18][Mes15]

2.1.2 Beer-Lambert law

Because of the mentioned interactions of absorption and scattering, the radia-
tion intensity decreases within matter. It is described by the Beer-Lambert law
([Mes15]):

I(x) = I0 · e−µρx (2.1.4)

Here, I0 is the initial intensity of the radiation, µ the mass attenuation coefficient,
ρ the density of the material, and x the thickness of the material. The mass atten-
uation coefficient depends on the material and the photon energy. Its dependence
on the photon energy is shown in figure 2.1.1 for silicon. Photoelectric effect is the
dominant type of interaction for energies up until 60 keV. Above that, photons
interact mainly via Compton scattering. [Mes15]
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2 Theoretical Background

2.1.3 Interaction of massive particles with matter
Electrons and alpha particles are used in this thesis, too. Additionally, simulations
with protons were performed. The interaction of massive particles differs from the
ones of photons. Also, the interaction of electrons and heavy charged particles
with matter cannot be described similarly. First, the interaction of electrons with
matter is discussed.

Interaction of electrons with matter

There are mainly three types of interaction of electrons with matter. If an electron
enters the Coulomb field of an atom, it is decelerated and loses kinetic energy
which is emitted via photons. This kind of radiation is called bremsstrahlung.
The energies of the emitted photons depend on the deceleration of the electrons.
Therefore, bremsstrahlung is continuous. [Kri18]
The second interaction type is through collisions of the primary electrons with the
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Figure 2.1.1: Mass attenuation coefficients for coherent scattering, Compton
scattering, Photoelectric effect and pair production with respect to photon energy
for silicon. Data is taken from [XCO].
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2.1 Interaction of particles with matter

Figure 2.1.2: Scheme of the Cerenkov effect. If an electron moves faster than the
speed of photons in a medium, a cone beam of Cerenkov light forms. The picture
is taken from [Kri17].

shell electrons of the irradiated material. The shell electrons can be released from
their atom, which results in a vacancy filled by another electron from an outer shell
fills up this vacancy. The energy difference is emitted via a photon. This is called
characteristic radiation. In contrast to bremsstrahlung, characteristic radiation
can only have certain energies since only discrete energy transitions exist in atoms.
[Kri18]
Since this thesis uses high energy electrons with energies up to 15 MeV, another
type of interaction occurs: the Cerenkov effect. Electrons with such high energies
move at nearly the speed of light. In a medium, the speed of photons is decreased.
This is described by the refractive index n ([Dem17]):

n = c

vph
(2.1.5)

Here, c is the speed of light in vacuum and vph the speed of photons in the
respective material. Because of the decreased speed of photons in material, high-
energy electrons may move faster than photons. As a result, the electrons polarize
the surrounding atoms, emitting electromagnetic radiation in the relaxation process.
In the case of electrons being slower than photons, the photon radiation interferes
deconstructively, so no radiation is observed. On the other hand, in the case of
electrons faster than the photon radiation, the new wavefront cannot be reached
by the previous one, resulting in the emission of electromagnetic radiation in the
shape of a cone beam. This is sketched in figure 2.1.2. The radiation appears as
optical blue light and is called Cerenkov light. The relation between the Cerenkov
angle θC and the velocity of the electrons is ([KW16]):

cos θC = 1
βn

(2.1.6)
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The cone beam has an opening angle of 2θC. β is the ratio between the velocity of
the electrons and the speed of light: β = ve

c
. Therefore, it is possible to determine

the energy of the electrons from the Cerenkov angle. [KW16][Kri17]

Interaction of heavy charged particles with matter and Bragg peak

The interaction of heavy charged particles with matter is described in this section.
The energy loss of heavy particles like alpha particles and protons is described by
the Bethe-Bloch formula ([Kri17]):

Scol =
(

dE

dx

)
col

= ρ · 4π · r2
e · m0c

2 · Z

u · A
· z2 1

β2 · Rcol(β) (2.1.7)

Here, ρ is the density of the material, re the classical electron radius, m0 the rest
mass of the particle, Z the atomic number of the material, u the unified atomic
mass unit, A the mass number of the material, z the charge of the particle and Rcol
a rest function which additional dependencies. Charged particles only lose a small
amount of energy in a single interaction, thus many interactions are required to stop
a particle. Heavy charged particles lose their energy mainly due to interactions with
shell electrons of the irradiated material. This leads to ionization or excitement
of the atoms. There are soft and hard collisions. In case of soft collisions, the
distance between the particles and its collision partner is much bigger than the
radius of the interacting atom. This distance is called impact parameter. The
particle interacts with the whole atom. In case of hard collisions, where the impact
parameter is approximately as big as the radius of the interacting atom, the emitted
electrons have much bigger energies, and larger scattering angles than the ones in
soft collisions. The electrons emitted at hard collisions are called δ-electrons.
The energy loss increases with decreasing energy of heavy charged particles, resulting
in the so-called Bragg peak, which appears at the stoppage of the particles. Figure
2.1.3 shows a scheme of the Bragg peak for alpha particles released from a 241Am-
source. The stopping power increases with the path length until the alpha particle
is nearly stopped. In radiotherapy, the Bragg peak is instrumental since the
particle energy can be chosen such that the particles are stopped in the tumor
and deposit most of their energy there. The surrounding healthy tissue is spared.
[Kri17][SKJ18]
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2.2 Ionization chamber

Figure 2.1.3: Bragg peak of 241Am-alpha particles. The stopping power increases
with the path length until the alpha particle is nearly stopped. The picture is taken
from [Rad, edited].

2.2 Ionization chamber
Ionization chambers are often used for dosimetry in clinics to ensure the accuracy of
the applied dose to the patient. They consist of a gas-filled condensator. Particles
traversing the gas ionize the particles, leading to free electrons and ions as described
in section 2.1.3. These charged particles are accelerated by applying a voltage
between the electrodes, where they produce a measurable current, from which the
deposited energy can be determined. Figure 2.2.1 illustrates the scheme of an
ionization chamber. Ionization chambers are not sensitive to single particles but
are suitable for high particle fluxes. A limiting effect of ionization chambers is
recombination. It means that electrons and ions recombine before they reach the
electrodes and do not contribute to the measured current. Therefore, a high voltage
must be applied between the electrodes to increase the electric field. This leads to
a higher acceleration of the ionized particles, resulting in a reduced recombination
effect. For plate condensators, the electric field E is given by:

E = U

d
(2.2.1)

Here, U is the applied voltage between the electrodes, and d is the distance between
the electrodes. The electric field can also be increased by decreasing the distance
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2 Theoretical Background

Figure 2.2.1: Scheme of an ionization chamber consisting of a gas-filled conden-
sator. Irradiation ionizes the atoms, leading to free electrons and ions, which are
accelerated towards the electrodes, producing a measurable current. Figure is taken
from [KW16].

between the electrodes. Especially for ultra-high dose rates, recombination plays a
significant role. [SKJ18][KW16]

2.3 Radiation systems
Two different radiation systems are used in this thesis. The first one is an x-ray
tube. The second one is a linear particle accelerator which is used for the irradiation
with electrons. The functionality of both devices is described in the following.

2.3.1 X-ray tubes
This section discusses the functionality of x-ray tubes and the production of x-rays.
X-rays belong to the electromagnetic spectrum and lie in the energy range of about
100 eV to 1 MeV. X-ray tubes can produce this kind of radiation. An x-ray tube
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consists of a vacuumed cylinder in which an anode and a cathode are installed. High
voltage, called tube voltage UXRT, is applied between the anode and the cathode.
Typical values for the tube voltage are 10 kV up to 150 kV. A heating voltage UH
is applied to the cathode, which leads to thermal emission of electrons. These
electrons are accelerated to the anode due to the applied tube voltage. Figure 2.3.1
shows a scheme of an x-ray tube. The kinetic energy of the accelerated electrons is
Ekin = e · UXRT when they reach the anode. The interaction of the electrons with
the anode material produces x-rays as described in section 2.1.3. The two produced
kinds of radiation are bremsstrahlung and characteristic radiation. bremsstrahlung
produces continuous radiation, whereas the photons of characteristic radiation can
only have certain energies which correspond to the energy transitions of the shell
electrons of atoms. The characteristic radiation appears as distinct lines in the
spectrum of an x-ray tube. The maximum energy of the produced x-rays depends
on the applied high voltage between the cathode and the anode. Figure 2.3.2 shows
a simulated spectrum of an x-ray tube with a tungsten anode at a tube voltage
of 120 kV. The simulation is performed with [Boo]. For a high voltage of 120 kV,
the accelerated electrons have a kinetic energy of 120 keV when they reach the
anode. Therefore, the maximum energy of the x-rays photons is 120 keV in case

Figure 2.3.1: Scheme of an x-ray tube. By a heating voltage UH, electrons are
emitted from the cathode and accelerated towards the anode by a high voltage
UXRT. The electrons interact with the anode material, which produces x-rays.
These leave the x-ray tube through an exit window. The figure is taken from
[Dem18, edited].
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Figure 2.3.2: Simulated spectrum of an x-ray tube with a tube voltage of 120 kV.
The number of events are normalized to the largest value. No filters were applied.
The continuous spectrum results from bremsstrahlung, whereas the discrete lines
result from the characteristic radiation. Data is taken from [Boo].

the total kinetic energy of an electron is emitted as a photon in the process of
bremsstrahlung. [Dem18]

2.3.2 Linear particle accelerator
Measurements with clinical electrons are performed in this thesis. They are
accelerated by a linear particle accelerator (LINAC). The setup of a clinical LINAC
is shown in figure 2.3.3. The most important part of the modulator (Mo) is the
source for the production of microwaves which are transported to the accelerator
pipe (B) via the high-frequency transport system (HF). In the accelerator pipe, the
electron gun (K) is positioned at one end of the pipe. It consists of a cathode and
an anode. In the cathode, free electrons are produced by thermal emission. They
are accelerated via a voltage applied between the cathode and the anode. Behind
the anode, the acceleration of the electrons via microwaves starts. There are two
possible types of acceleration which are explained in the following. [Kri18][SKJ18]
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Figure 2.3.3: Setup of a clinical LINAC. Mo is the modulator, E is the energy
supply, HF is the high-frequency transport system, K is the electron canon, B is
the accelerator pipe, Ma is the deflection magnets, S is the radiator head, Iso is
the isocentre axis and G the Gantry. The picture is taken from [Kri18].

Traveling waves

For the technique of traveling waves, the accelerator pipe is divided into small
resonators with a length of 2.5 cm at a microwave frequency of 3 GHz. The length
of the resonators must be one-fourth of the wavelength of the microwaves to fulfill
the resonance condition. The segments between the resonators act as pinholes.
The phase velocity of the microwaves depends on the pinholes’ diameters. Directly
behind the electron gun, the phase velocity of the microwaves must be relatively
small since the inserted electrons have a small velocity there. In further segments,
the phase velocity of the micro waves becomes larger because of the construction,
leading to the acceleration of electrons. Those positioned right before the maxima
of the microwaves are accelerated continuously throughout the accelerator pipe
because they travel with the microwaves. Electrons traveling in front of the
maximum are exposed to a smaller electric field which causes them to experience
a smaller acceleration. Electrons behind experience larger accelerations. This
leads to the production of electron bundles. This process is called phase focusing.
Therefore, electron radiation is not continuous, but pulsed. [Kri18][SKJ18]
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Standing waves

The main difference between the technique of traveling waves to the one of standing
waves is that the microwave is reflected at the end of the accelerator pipe, which
causes the incoming and the reflected wave to interfere. The geometry is chosen
such that this leads to standing waves, i.e. the maxima and knots of the wave
remain at the same position. The amplitudes of the waves are opposite in two
neighboring resonators. Electrons experience acceleration at negative amplitudes.
They are accelerated into the next resonator, where a positive amplitude was
present in the process of acceleration of the electrons in the previous resonator.
The time of flight of the electrons and the oscillation time are set to be identical.
This leads to a negative wave amplitude in the next resonator, which causes the
electron to accelerate again. So, electrons experience acceleration throughout the
whole accelerator pipe. [Kri18][SKJ18]
The accelerator pipe is positioned in the arm of the gantry. The electron beam
is deflected in the radiator head. Additionally, a scatter foil system is installed
for the operation with electrons. Apertures are used for shaping the beam. In
principle, it is also possible to produce photons with a LINAC via irradiation of a
tungsten plate with the accelerated electrons. They interact with the material as
described in section 2.1.3. Because of the high electron energy, bremsstrahlung is
produced mainly in forward direction. Flattening filters are used in order to achieve
a homogeneous radiation field. However, only electron radiation from LINACs is
used in this thesis. [Kri18][SKJ18]

2.4 Dosimetric quantities
Dosepix is designed for dosimetric tasks. In this chapter, the most important
dosimetric quantities are introduced. The descriptions are based on [Kri17] and
[SKJ18].

Absorbed dose

The most important dosimetric quantity for this thesis is the absorbed dose D. It
is defined as the absorbed energy dEabs divided by the mass dm of the irradiated
volume element dV of the material with density ρ:

D = dEabs

dm
= 1

ρ

dEabs

dV
(2.4.1)

The unit of the absorbed dose is Gray (Gy), defined as Joule divided by kilogram.
The absorbed dose depends on the irradiated material, so for declarations about
the absorbed dose, the irradiated material must be known. [Kri17][SKJ18]
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Ion dose

The ion dose J is the produced charge of the same sign dQ per air mass unit dmair:

J = dQ

dmair
= 1

ρ

dQ

dV
(2.4.2)

The unit of the ion dose is Coulomb divided by kilogram. [Kri17][SKJ18]

Kerma

Kerma K is the abbreviation for kinetic energy released per unit mass. It describes
the kinetic energy dEkin transferred to secondary charged particles in matter divided
by the mass unit of the irradiated material:

K = dEkin

dm
= 1

ρ

dEkin

dV
(2.4.3)

The unit of kerma is Gray. As for the absorbed dose, the kerma depends on the
irradiated material. [Kri17][SKJ18]

Equivalent dose

The effect of radiation depends on the particle type and the irradiated tissue.
Therefore, additional quantities are necessary to take these effects into account.
The equivalent dose H is defined as the product of the absorbed dose and a quality
factor Q:

H = Q · D (2.4.4)

The quality factor depends on the respective particle type. For light particles like
photons and electrons, the quality factor is 1. However, for alpha particles, the
quality factor is 20.
When multiple types of particles are used, the equivalent dose is described by the
sum of the equivalent doses of the single types of particles:

H =
∑

i

Qi · Di (2.4.5)

The unit of the equivalent dose is Sievert which is defined, like the unit Gray, as
Joule divided by kilogram. [Kri17][SKJ18]
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Figure 2.5.1: An image of the Dosepix detector. The picture is taken from
[Gab12].

2.5 The Dosepix detector
The Dosepix detector is used for all measurements in this thesis. Dosepix is a
hybrid pixelated photon-counting energy-resolving x-ray detector. It is mainly
used for dosimetry of photon radiation. However, other kinds of radiation are
used in this thesis, too. CERN ([CER]) designed Dosepix in cooperation with
ECAP and IBA dosimetry ([IBA]). Figure 2.5.1 shows an image of Dosepix. It is a
hybrid detector, meaning that the application-specific integrated circuit (ASIC)
and the sensor are produced separately. This allows the attachment of different
kinds of sensors to the ASIC. In this thesis, a 300 µm thick p-in-n-doped silicon
sensor is used, except for chapter 5 where no sensor is attached to the ASIC. If a
particle impinges on the sensor, it interacts with the sensor material as described
in section 2.1. These interactions lead to ionized atoms and free electrons. The free
electrons also ionize atoms which results in the production of electron-hole pairs.
The required energy for this process is 3.62 eV in silicon ([Kno00]). A bias voltage
is applied between the sensor’s upper side and the ASIC’s electrodes. The produced
electric field accelerates the charge carriers. For the three-detector-setup, which is
a setup, where three detector can be used simultaneously with one read-out board,
the default bias voltage is 100 V. For the single-detector-setup, where only one
detector is connected to a read-out board, the default bias voltage is 48 V. In the
standard operation mode, the holes are accelerated towards the electrodes of the
ASIC, where the charge signal is further processed. The amount of charge carriers
is proportional to the deposited energy. Figure 2.5.2 shows the setup of a hybrid
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pixel detector. The sensor is connected to the ASIC via bump bonds. The Dosepix
ASIC is divided into 16 x 16 pixels with a pixel pitch of 220 µm. The sensor also
has 16 x 16 pixels, which are divided into large and small pixels. The first two
and the last two rows are small pixels with a size of 55 µm x 55 µm, which means
that there are gaps between the pixels, where no events are detected. The other
12 x 16 pixels in between have a size of 220 µm x 220 µm. The detection area has
a size of 3.52 mm x 3.52 mm. The small pixels are used for high flux radiation
since the detected event rate is smaller for a smaller pixel size. A separate readout
electronics exists for each pixel. The readout is performed column-wise, which
means that the readout is performed at once for 4 small pixels and 12 large pixels.
Therefore, no dead-time exists for Dosepix, since always 15 of the 16 pixel-columns
measure simultaneously. [Won12]

2.5.1 Signal processing
Figure 2.5.3 shows a block diagram of the pixel electronics for signal processing.
A charge-sensitive preamplifier amplifies the charge signal from the sensor. Its
output is compared to a threshold voltage via a discriminator. Figure 2.5.4 shows
the signal from the charge-sensitive amplifier and the threshold voltage. Every
measured event produces a pulse with an amplitude proportional to the deposited
energy in the sensor. The preamplified charge signal is decreased by a current
proportional to Ikrum, which is handed over to Dosepix from the outside. Ikrum
also compensates leakage current. The discriminator outputs a high signal if a
particle deposits energy in the sensor and the preamplified charge signal exceeds
the threshold voltage. The time over threshold (ToT) is measured via a reference
clock with a frequency of 100 MHz. The ToT counter counts the clock cycles in

Figure 2.5.2: Setup of a hybrid pixel detector. The sensor is connected to the
ASIC via bump bonds pixel-wisely. The ASIC can be connected to a printed circuit
board (PCB) for data transfer via wirebond electrodes. The picture is taken from
[Won12].
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Figure 2.5.3: Block diagram of the pixel electronics of Dosepix. The picture is
taken from [Won12].

Figure 2.5.4: Signal processing of charge signals in a pixel. The preamplified
charge signal is compared to a threshold voltage by a discriminator. The time of
the signal exceeding the threshold is measured via a reference clock. This time
over threshold encodes the information about the deposited energy. The picture is
taken from [Won12].

22



2.5 The Dosepix detector

discrete values while the preamplified charge signal exceeds the threshold voltage.
One clock cycle has a duration of 10 ns. The deposited energy in the sensor can be
determined by the ToT value. This requires an energy calibration which is described
in section 4.2. The ToT value depends on the adjusted threshold voltage and Ikrum.
The threshold voltage is set above the noise level so that the preamplified charge
signal only exceeds the threshold due to sufficient deposited energy in the sensor.
However, also low energy events are not measured if the preamplified charge signal
does not exceed the threshold voltage. If the threshold voltage is increased, the
ToT value becomes smaller. The adjustment of the threshold voltage is further
discussed in section 4.1. If Ikrum is increased, the preamplified charge signal is
decreased faster, which leads to smaller ToT values. This reduces pile-up. Pile-up
means that an event is measured while the charge signal of the previous event still
exceeds the threshold voltage. Therefore, multiple events are registered as one
event with higher energy than the actual energy of the particles. By increasing
Ikrum, the probability of pile-up is reduced. A disadvantage of an increased Ikrum is
a worse energy resolution since one clock cycle covers a bigger energy range.
Another important effect is charge sharing. The electron-hole pairs that are created
in the sensor form a charge cloud. This charge cloud diffuses with time because of
repulsion of the charged particles, which leads to a spread of its radius. This leads
to a probability that the signal is not detected by a single pixel but by multiple
ones. Therefore, one event is detected as multiple ones with less energy than the
actual deposited energy. The probability of charge sharing depends on the spot of
interaction in the sensor and the applied bias voltage. The probability for charge
sharing increases for interactions with a large distance from the ASIC and small
bias voltages because the duration for the charge cloud to reach the ASIC is larger.
[MPS+02][KDM+17][Dur08][Sch21]

2.5.2 Operation modes
Dosepix is operated in several modes: ToT-mode, Integration-mode, Dosi-mode,
and photon-counting mode. These are described in the following. The description
is based on [Won12].

ToT-mode

In ToT-mode, the clock cycles of each preamplified charge signal exceeding the
threshold voltage are counted as already described in section 2.5.1. The latest
ToT values in each pixel are stored in the ToT register. The previous ToT value
is overwritten in this mode when a new event is detected. The number of events
depends on the readout speed. For the three-detector-setup, the readout speed is
approximate 10 Hz, and for the single-detector-setup, the readout speed can reach
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a readout speed of about 300 Hz. So, from the ToT-mode, no conclusions can be
drawn on the total events or dose. However, the ToT-mode measures exact ToT
values, which makes it suitable for measuring energy deposition spectra and for
energy calibration. [Won12]

Integration-mode

In Integration-mode, all measured ToT values of a pixel within one frame are
summed up. Therefore, the integrated deposited energy in units of ToT can be
measured with this mode. [Won12]

Dosi-mode

Dosi-mode, also called energy-binning mode, is suitable for dosimetry. Here, the
ToT values are measured and sorted into a 16-channel histogram via a binning
state machine. This histogram has 16 bins, where the bin edges can be adjusted.
The bin edges are stored in the digital threshold register and can be set from the
outside. The registered ToT values are compared to the provided bin edges via
a digital comparator. The registered event is stored in the corresponding energy
bin by the binning-state-machine incrementing the respective counter. These
histograms can be read out. It contains the number of events that are registered in
the corresponding energy bins. The readout is performed column-wise, as already
described. So, no dead-time occurs for Dosepix. [Won12]

Photon counting mode

No information about the deposited energy is saved in photon-counting mode,
but only the number of registered events. This mode is used for the threshold
equalization, which is described in chapter 4.1. [Won12]

2.6 Semiconductors
The bias voltage, which is responsible for the electric field between the electrodes
of the ASIC and the upper side of the sensor, is varied in this thesis. Therefore,
theoretical background about semiconductors is necessary to understand their
functionality. The sensor of Dosepix, which consists of silicon in this thesis, is
a semiconductor. For the electric properties of semiconductors, the number of
valence electrons of the materials’ atoms is essential. Silicon atoms have four
valence electrons. A p-doped and an n-doped layer exist within the sensor material.
This is done by inserting atoms with three valence electrons in case of p-doping
and atoms with five valence electrons in case of n-doping. So, p-doping results
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Figure 2.6.1: Scheme of the band structure in semiconductors. In (a), the band
structure of n-doped and p-doped material is shown. In p-doped material, the
acceptor energy EA lies above the valence energy EV. In p-doped material, the
donator energy lies beneath the conductor band EC. (b) shows the course of the
potential. In (c), the band structure for a pn-junction is shown. (d) shows the
course of the charge density. The picture is taken from [GM18].

in an excess of holes, whereas n-doping leads to an excess of electrons. Multiple
important energies exist in the band scheme. The valence energy EV describes
the maximum energy electrons in a semiconductor can have at a temperature of
0 K. The electrons in the valence band are essential for the chemical binding of
the material. At room temperature, the valence band is the most energetic band
fully occupied by electrons. The conduction band is the next higher energetic band.
The maximum energy electrons can have without excitation is called the Fermi
level. Due to doping, two additional energy levels exist, the acceptor- and donator
levels. For n-doping, the atoms with five valence electrons cannot bind to another
electron. Therefore, less energy is required to release these electrons from their
atom and lift them to the conduction band. On the other hand, for p-doping, an
electron is missing because of the atoms with three electrons. Therefore, only small
energies are required to lift electrons from the valence band into the acceptor band,
which leaves behind a hole in the valence band. A graphical illustration of the
band structure for n-doped and p-doped material is shown in figure 2.6.1.
A pn-junction is produced by bringing a p-doped and an n-doped material in
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Figure 2.6.2: Illustration of the pn-junction in the sensor of Dosepix. Holes
produced by ionizing radiation are accelerated towards the p-doped silicon, which
is connected to a bump bond. The figure is taken from [Won12].

contact. The Fermi level remains on the same level for the whole junction. This
leads to bending of the introduced bands and the collection of charge carriers at
the junction. This is shown in figure 2.6.1(c). The charge carrier zone is also
called depletion zone, which is the sensitive part of a semiconductor detector. A
diffusion current is produced because of the different types of charge carriers in
the p-doped and n-doped layers. The electrons of the n-doped layer diffuse into
the p-doped layer, and the holes of the p-doped layer diffuse into the n-doped
layer. This is shown in figure 2.6.1(d). At the border region of the n-doped and
p-doped layer, a positive charge density forms at the side of the n-doped layer
and a negative charge density at the side of the p-doped layer. Because of the
opposing charge densities, a drift current is produced, which is in opposition to the
diffusion current. The drift current can also be derived from the diffusion voltage
VD, which is the difference between the potential in the p-doped material and the
n-doped material at a sufficient distance to the junction. This is shown in figure
2.6.1(b). For Dosepix, the p-doped material is embedded into the n-doped silicon
as illustrated in figure 2.6.2. The p-doped parts are connected to the bump bonds.
A voltage can be applied between the p-doped layer and the n-doped layer. The
thickness of the depletion zone depends on the applied voltage. The voltage is
applied in blocking direction in case of semiconductor detectors, which means that
the positive pole is applied to the n-doped layer. This increases the charge densities
even more on both sides, resulting in an increased depletion zone thickness. The
depletion zone is the sensitive part of the detector. If a particle impinges on the
sensor, it interacts via the described interactions from section 2.1. If the particle
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deposits energy in the depletion zone, the positive charge carriers drift to the
electrodes of the ASIC and produce a signal. In comparison, if a particle deposits
energy in the n-doped layer or p-doped layer, respectively, the charge carriers
recombine and cannot be detected. A reduction of the bias voltage and, therefore,
of the thickness of the depletion zone results in a reduced event rate. The threshold
voltage of a pn-junction in silicon is approximately 0.7 V. [GM18][KW16][IL08]
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The primary cancer treatment is radiation therapy. The main challenge in cancer
treatment is destroying cancer cells and, simultaneously, minimizing damage to the
healthy surrounding tissue. There are a few techniques already existing, such as
image-guided radiotherapy (IGRT). Imaging of the tumor is contemporaneously
used to its irradiation ensuring a minimized exposure of healthy tissue. Another
technique to reduce healthy tissue complications is ion therapy, with, e.g., carbon
ions. The advantage of heavy particles compared to photons and electrons is re-
duced lateral spread of the radiation because of smaller scattering angle occurrence
due to their high masses. This allows a more precise treatment in comparison
to electron and photon radiation. Another positive effect is the different kind of
interaction of heavy charged particles compared to photons and electrons, resulting
in the Bragg peak at the stoppage of the particles as seen in section 2.1.3. The
Bragg peak is positioned at the tumor’s position by adapting the particles energy,
leading to a high dose in the tumor region and a small dose in the surrounding
healthy tissue. Disadvantages that still arise in new kinds of treatments are, on
the one hand, the cost of new treatment systems and, on the other hand, side
effects, especially for sensitive regions like the brain. Also, skin reactions such as
fibronectrotic lesions, i.e. scar tissue restrict treatment via radiotherapy potentially
causing treatment interruptions [SKJ18][SHF+20].

A rather new cancer treatment technique is FLASH radiotherapy. It is based on
the so called FLASH effect where high dose rates in the order of several Gy/s with
small treatment durations are applied. This results in reduced radiation-induced
toxicities of healthy tissue compared to common radiation therapy, which was
already observed in the 1960s [BHF+14]. The cell survival rate of tumor cells is
nearly equivalent to conventional radiotherapy. The FLASH effect is illustrated
in figure 3.0.1. It shows the probability of tumor control corresponding to cell de-
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Figure 3.0.1: Comparison of the probability of tumor control and normal tissue
complication between conventional and FLASH radiotherapy as a function of the
dose. Normal tissue complication has a small probability for FLASH therapy with
identical tumor control to conventional radiotherapy. Therefore, tumor control
without normal tissue complication is higher, leading to a bigger therapeutic
window. The figure is taken from [SHF+20].

struction of tumor cells, and normal tissue complication in dependence on the dose
for conventional and FLASH radiotherapy. Because of the reduced normal tissue
complication, the probability of tumor control without normal tissue complication
is bigger, meaning that larger doses are applicable. The therapeutic window, i.e.
the range of treatment with respect to dose, is increased. The FLASH effect has
been observed for electrons, photons and protons. Most pre-clinical investigations
were performed with electrons up to 20 MeV. However, these electrons are only
suitable for superficial or shallow tumors. Very high energy electrons (VHEE)
with energies above 100 MeV could be used for deep-seated tumors. For such
high energies, laser-driven electron accelerators are used. With these radiation sys-
tems, dose rates in the range of 109 Gy/s up to 1012 Gy/s can be achieved [SHF+20].

For these three types of radiation techniques, FLASH radiotherapy, VHEE and
laser-driven beams, metrological challenges arise because of significantly higher dose
rates compared to conventional radiotherapy. Figure 3.0.2 illustrates the dose deliv-
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Figure 3.0.2: Illustration of dose per beam pulse and pulse duration for different
radiation techniques. The red line indicates the upper limit of the start of deviation
of an Advanced Markus chamber. The figure is taken from [SHF+20].

ered per beam pulse and the pulse duration for the different radiation techniques.
Comparing the dose per beam pulse of conventional radiotherapy and FLASH
radiotherapy, it is more than three magnitudes higher at FLASH radiotherapy at a
comparable beam pulse duration. For VHEE accelerators, the dose per pulse is
comparable to the one in FLASH radiotherapy, but the pulse duration is much
shorter. The dose per beam pulse of laser-driven accelerators is 80 mGy. However,
laser-driven accelerators can produce very small pulse durations of 5 fs, resulting in
a much higher dose rate during the pulse than for VHEE accelerators. The pulse
duration of proton radiation from cyclotrons is around 300 ms and therefore rather
large compared to the other radiation techniques. However, novel synchrocyclotrons
can reach a dose per beam pulse of 1 Gy at a pulse duration of 10 µs. Ionization
chambers as active detectors start to fail at a certain dose per beam pulse. The
red line in figure 3.0.2 indicates the upper limit of an Advanced Markus chamber.
This is a small-sized plane-parallel ionization chamber with a sensitive volume of
0.02 cm3 and an electrode distance of 1 mm [PTW][SHF+20].

It is important to developed methods to measure the delivered dose before clinical
treatments precisely. The project "Metrology for advanced radiotherapy using
particle beams with ultra-high pulse dose rates" (UHDpulse, [UHD]) develops
reference standards and validates the methods used to measure dose rates. It
encompasses detector systems for radiation in the direct beam and stray radiation.
The UHDpulse project is part of the European Metrology Programme for Innovation
and Research (EMPIR, [EMP]) which coordinates research projects and enables
collaboration between different organizations. The UHDpulse project started in
September 2019. Figure 3.0.3 shows the participants of the UHDpulse project, which
also includes the Erlangen Centre of Astroparticle Physics (ECAP) [SHF+20][UHD].
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Figure 3.0.3: Participants of the UHDpulse project. The figure is taken from
[UHD].

In 2016, a mini-pig was irradiated with electrons with FLASH dose rates as well as
conventional dose rates in order to treat skin tumors. Different spots were irradiated
with doses of 28 Gy, 31 Gy and 34 Gy. For FLASH radiotherapy, the used dose rate
is 300 Gy/s whereas for the conventional radiotherapy 5 Gy/min are used. Figure
3.0.4 shows the effect of conventional and FLASH radiotherapy on skin tumor
at two points in time after the treatment. Application of FLASH radiotherapy
results in a quasi normal morphology after 36 weeks, whereas severe fibronectrotic
lesions, i.e. scar tissue, are observed for the conventional approach. Figure 3.0.4(b)
shows the skin after 3 years. Again, significantly better results are observed for
the FLASH approach. It shows slight hyperkeratosis, i.e. thickening of the skin,
and depilation, i.e. reduction of hair growth, while treatment via conventional
radiotherapy still leaves contracted and fibrotic skin tissue [VFP+19][SHF+20].
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(a) 36 weeks post radiation (b) 3 years post radiation

Figure 3.0.4: Illustration of the skin of a mini-pig irradiated with FLASH dose
rates (upper panel) of 300 Gy/s and conventional dose rates (lower panel) of
5 Gy/min (a) 36 weeks and (b) 3 years after the irradiation. The skin irradiated
with conventional dose rates shows fibronectrotic lesions, i.e. scar tissue, after 36
weeks and contraction and fibrosis after three years, whereas the skin irradiated with
FLASH dose rates shows quasi-normal appearance and only slight hyperkeratosis,
i.e. thickening of the skin and depilation, i.e. reduction of hair growth, after three
years. The images are taken from [SHF+20].

3.1 Work packages

The UHDpulse project is separated into four work packages illustrated in figure
3.1.1. Work package 1 (WP1) covers the primary standards which are used as refer-
ence systems for dose measurements. It is led by the National Physical Laboratory
(NPL, [NPL]). The main task of WP1 is the establishment of systems which are
able to determine the dose of high-dose pulse rate beams. They are used to calibrate
secondary standards which are systems that ensure correct dose applications in
clinical treatments. Since these secondary standard cannot measure the absorbed
dose directly, they have to be calibrated by primary standards. Another task is the
establishment of reference radiation fields for electron beams allowing calibrations
for FLASH radiotherapy with electrons. A suitable reference radiation field, for
which the reference dose can be determined, must be provided. This is done by the
determination of a spectrum specific factor from which the reference dose can be
calculated ([BR08]).
Work package 2 (WP2) covers the secondary standards and reference methods for
relative dosimetry. It is led by Eidgenössische Institut für Metrologie (METAS,
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Figure 3.1.1: Work packages of the UHDpulse project. WP1 deals with the
establishment of primary standards which can measure the dose without requirement
of calibration systems. WP2 works on investigations of secondary standards which
are used for dose determination in clinics. These systems need to be calibrated by
use of primary standard systems. WP3 deals with the establishment of detectors
for measurements in the primary particle beam. Suitable detectors can act as
secondary standards. WP4 investigates the usage of detectors outside the primary
particle beam for. The figure is taken from [SHF+20].

[MET]). The task of WP2 is the transfer of dosimetry into clinical beam acceler-
ators. The results from WP1 are used to implement the primary standard into
the reference dosimetry for the corresponding accelerators. Measurement systems
are tested on suitability for secondary standards, for FLASH radiotherapy with
electrons and characterized for clinical use. Additionally, metrological frameworks
are created to develop working protocols for FLASH radiotherapy in clinics.
Work package 3 (WP3) deals with detector systems for the primary beam. It is
led by Centre hospitalier universitaire vaudois (CHUV, [CHU]). WP3 focuses on
evaluating absolute and relative dosimeters suitable for clinical and laser-driven ac-
celerators. Absolute dosimeters measure the dose without requirement of reference
systems, whereas for relative dosimeters, a reference system is required for dose
determination ([SKJ18]). Additionally, novel and custom-built detectors and beam
monitoring systems are examined. Beam monitoring is essential because of the
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high precision needed for radiotherapy ([Nes14]). Finally, the detector systems are
compared to each other in terms of suitability for ultra-high dose particle beams.
Work package 4 (WP4) covers detector systems for measurements outside the
primary beams. It is led by ADVACAM ([ADV]). The main task of WP4 is the
development of methods in order to characterize stray radiation outside of the
particle beam. Active dosimeters which measure dose in real time, as well as
passive dosimeters whose measurements have to be evaluated first, are investigated
[SHF+20].

3.2 Challenges of ionization chambers
As seen in the previous section, suitable system for dose measurements are required.
Common instruments for clinical reference dosimetry are ionization chambers
[RSM+20]. The functionality of ionization chambers is explained in section 2.2.
However, dosimetry of ultra-high dose rate particle beams with ionization chambers
is accompanied by challenges. The large amount of ionized particles, i.e. elec-
trons and ions produced inside the sensitive volume of the ionization chambers,
at ultra-high dose rate particle beams leads to recombination of these particles
preventing their detection. Therefore, common ionization chambers are not suitable
for accurate dosimetry of FLASH radiotherapy since recombination factors are
required to determine the actual dose. The recombination was investigated in
[MRL+20],[RSM+20] and [PKF+20] for VHEE beams and in [BSH+20], [KSB+20]
and [KPW+21] for FLASH radiotherapy. The most important results are explained
in the following.
In [BSH+20], the response of the ionization chamber in dependence on the dose
per pulse is investigated. Irradiation was performed with electrons with an energy
of 24 MeV at up to 2.5 Gy per pulse. Additionally, an alanine dosimetry system
is used. Alanine is an amino acid ([SKJ18]). Stable free radicals are produced in
alanine due to irradiation which subsequently are detected via electron spin reso-
nance. These are independent of the dose rate in the investigated range. However,
these systems are passive dosimeters which do not provide real-time doses. Figure
3.2.1 shows measurements with an alanine system as well as ionization chamber
data without recombination corrections at 300 V operating voltage. An Advanced
Markus chamber was used. The alanine system shows a linear dependence on
the charge per beam pulse, corresponding to the dose per pulse. In contrast, the
Advanced Markus chamber provides under-response compared to passive dosimeters
at high dose rates because of the recombination of ionized particles. The model
by Petersson et al. ([PJG+17]) was fitted to the data taken by the ionization
chamber. Because of the linearity of the alanine system, it is a suitable candidate
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Figure 3.2.1: Dose per pulse measurements with an alanine dosimetry system
(black) and an Advanced Markus chamber at an operation voltage of 300 V without
recombination factors (blue) as a function of the charge per beam pulse. The
ionization chamber provides smaller values than the actual dose because of recombi-
nation. The model by Petersson et al. ([PJG+17]) was fitted to the data measured
with the ionization chamber. The figure is taken from [BSH+20].

for reference dosimetry allowing the calculation of the recombination factors for the
ionization chamber. The recombination factors become bigger with dose per pulse,
resulting in a domination of the recombination factors compared to the actual
measurements in terms of uncertainty. This makes the ionization chamber not
suitable for accurate dose measurements.
In [PKF+20], the efficiency of an Advanced Markus chamber in dependence on the
dose per pulse is investigated with a laser-driven electron beam with an energy
of 200 MeV. The efficiency is calculated by the ratio of the dose measured by the
ionization chamber and the dose obtained by a reference system. The used system
of reference is Gafchromic external beam therapy 3 (EBT3) films ([EBT]). The
ionization chamber was placed in a water phantom with the dimensions of 30 cm x
30 cm x 10 cm at a water depth of 72 mm. The efficiency of the ionization chamber
in dependence on the dose per pulse is illustrated in figure 3.2.2. The operating
voltage is 400 V. The measurements were performed with different beam sizes of
3.5 mm and 7 mm, respectively. Moreover, the reference film system was placed
once in front and once at the back of the probe holder. The efficiency cleary drops
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Figure 3.2.2: Efficiency of an Advanced Markus chamber as a function of the dose
per pulse. Beam sizes of 3.5 mm and 7 mm were used. Additionally measurements
with the film in front and behind the probe holder were performed. The efficiency
decreases with increasing dose per pulse because of the recombination of charged
particles. The model by Petersson et al. ([PJG+17]) was fitted to the measured
data. The calculated values are slightly smaller than the measured ones. The figure
is taken from [PKF+20].

to small values of about 30 % at approximately 10 Gy per pulse for all measure-
ments. The calculated values are slightly smaller. The model by Petersson et al.
([PJG+17]) was fitted to the measured data. It is visible that the recombination
decreases the efficiency of the Advanced Markus ionization chamber at high doses
per pulse, making it unsuitable for dosimetry at ultra-high dose rates.
In [GGCF+22], an ultra-thin parallel plate ionization chamber (UTIC) with a small
electrode distance of 0.27 mm is used. A smaller distance of the electrodes results
in a larger electric field, increasing ionized particles’ drift velocity and reducing
recombination. The UTIC was operated at 250 V. The energy of the used electrons
was 20 MeV. The chamber was positioned in a water phantom at the reference
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Figure 3.2.3: Charge per pulse measured by an ionization chamber with an
electrode distance of 0.27 mm as a function of the dose per pulse. Small deviations
are observed at high doses per pulse because of recombination. The figure is taken
from [GGCF+22]

depth zref , which is given by ([KSB+20]):

zref = 0.6 · R50 − 0.1 (3.2.1)

Here, R50 is the depth in the water phantom in cm where the dose has dropped
to 50%. The reference depth is also expressed in cm. Doses per pulse up until
5.4 Gy were used. Figure 3.2.3 shows the response of the UTIC in dependence on
the dose per pulse. Recombination shows only a small effect for this ionization
chamber at high doses per pulse. At 5.4 Gy per pulse, the recombination loss is
1.4%. Therefore, UTICs may be suitable for doses per pulse in the regarded range.
However, the production of these small electrode distances is difficult. The intended
distance of the UTIC in [GGCF+22] was 0.25 mm. This causes issues since small
deviations in the distance of the electrodes have a huge effect on the measurement
[GGCF+22].

3.3 Suitable systems for measuring ultra-high dose
rates

Challenges arise for dosimetry at ultra-high dose rates with ionization chambers
as discussed in the previous section resulting in the necessity of other systems. In
[BSH+20], an aluminum calorimeter was investigated. Aluminum as an absorber
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material was chosen because of its homogenous form in contrast to graphite, which
is the most commonly used material in calorimeters [BSH+20]. The dose is deter-
mined by measuring the radiation-induced temperature rise. The temperature rise
is determined directly, making this aluminum calorimeter a real-time dosimeter.
The calorimeter was irradiated with 50 MeV electrons at a distance of 0.9 m from the
beam exit window. The investigated charge pulse is 5 nC to 45 nC per pulse which
corresponds to a dose range of 0.3 Gy to 1.8 Gy per pulse. Figure 3.3.1 shows the
measured data presented in [BSH+20]. Linearity is observed between the delivered
charge per pulse and the measured dose. Therefore, the aluminum calorimeter is
suitable in the investigated range and can deal as a real-time dosimetry system for
ultra-high dose rates.

In [MFG+22],[KSB+22] and [RFG+22], the response of a diamond detector on
ultra-high dose rate beams was investigated. The sensitive volume of this detector
is an intrinsic diamond layer with a thickness of about 1 µm, which is positioned on
top of a p-doped layer. A metallic contact between the intrinsic layer and a triaxial
cable makes the detector a Schottky-diode. In [RFG+22], measurements with a

Figure 3.3.1: Illustration of the measured dose of an aluminum calorimeter as
a function of the charge per beam. Linearity is observed, making the calorimeter
suitable for dosimetry in the investigated range. The figure is taken from [BSH+20].

39



3 UHDpulse project

Figure 3.3.2: Charge per pulse (QPP) measured by a diamond detector as a
function of the dose per pulse (DPP). Linearity is observed. The deviation shown
in the lower panel of the figure lies in the range of ±5%. The figure is taken from
[RFG+22].

diamond detector were performed with 9 MeV electrons inside of a water phantom
at the water depth of maximal dose. Dose rates up until 11.9 Gy per pulse were
used. Figure 3.3.2 shows the response of the diamond detector in dependence on
the dose per pulse and the deviation from a linear fit. Linearity of the response
in dependence on the dose per pulse is observed. The deviation lies in the range
of ±5%, which was explained by uncertainties of EBT-XD films that were used
for the calibration or fluctuations of the accelerator output. This result shows the
suitability of diamond detectors for ultra-high dose rate beams.

Measurements of the stray radiation of ultra-high dose rate beams were performed
in [OBP+22] with a Timepix3 detector. The Timepix3 detector is a hybrid pixel
detector. In [OBP+22], two different sensors were utilized with 100 µm and 500 µm
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3.3 Suitable systems for measuring ultra-high dose rates

Figure 3.3.3: Image of the setup for stray radiation measurements. The Timepix3
detector is positioned laterally to the beam axis. In between, a PMMA plate
is mounted. A 3 cm collimator is used for the beam. The image is taken from
[OBP+22].

thickness, respectively. The sensor material for both sensors is silicon. Electrons
with an energy of 23 MeV were used at different intensities between 100 nA, 1000 nA
corresponding to a dose range of 4 Gy/s to 40 Gy/s. The detector was placed
laterally to the beam at a distance of 10 cm from the beam core. In front of the
detector, a PMMA plate with a thickness of 1 cm was mounted. A collimator with
a diameter of 3 mm was used for the beam. The setup is illustrated in figure 3.3.3.
The measurements were performed at three different intensities. The measured dose
rate in dependence on time is shown in figure 3.3.4. A linearity of the measured
dose rate to the beam intensity was measured. Additionally, the detector shows
time stability. At the measurements with an intensity of 1000 nA, an increase in the
dose rate with time is observed, resulting from fluctuations in the beam delivery. It
is therefore also possible to detect instabilities of the radiators with the Timepix3
detector.
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3 UHDpulse project

Figure 3.3.4: Measurements with the Timepix3 detector at different beam in-
tensities. The detector can detect beam instabilities like the increase in dose rate
at the measurement with a beam intensity of 1000 nA. The figure is taken from
[OBP+22].

42



4 Threshold equalization and energy
calibration

Contents
4.1 Equalization . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2 Energy calibration . . . . . . . . . . . . . . . . . . . . . 44

The individual energy thresholds of the pixels of Dosepix need to be equalized
in order to conduct proper measurements. Otherwise, the individual thresholds
would differ due to small mismatches between transistors of different pixels [Won12].
Additionally, an energy calibration is performed to convert ToT values into energies
in keV. Both procedures are explained in the following.

4.1 Equalization
The analogue energy threshold is set globally for all pixels. However, a digital
threshold equalization must be performed because of the differences in the electronics
of the single pixels [Won12]. The digital threshold for each pixel is adjusted via a
global threshold DAC (digital-to-analogue converter) and individual pixel DAC
values. Latter are adjusted to fit a global analogue threshold. The pixel DACs per
pixel consists of 6 bit, so 64 different values are possible. The threshold equalization
is performed in darkness so that optical light does not have an influence on the
equalization. The signal produced by a single optical photon does not exceed the
noise level, however high photon fluxes of light can lead to pile-up causing the
signal to exceed the threshold and influence the threshold equalization process.
Dosepix is operated in photon counting mode (see section 2.5.2). The noise level of
each pixel is determined first. For this, the threshold DAC is varied from a small
to a high value, corresponding to a scan from high to small energies. The value at
which noise is measured yields the noise level. This is performed for every pixel
for the highest pixel DAC 63 and the smallest pixel DAC 0. This leads to two
distributions for the detected noise levels. Subsequently, the mean value of the two
determined threshold values is calculated for each pixel yielding a third distribution.
The DAC values corresponding to this distribution are the operation pixel DACs
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Figure 4.1.1: Distributions of the pixel DACs 0, 63 and the distribution of the
mean values after the equalization.

for following measurements. The distributions are shown in figure 4.1.1. In the
second step, the analogue threshold is increased so that it exceeds the noise level of
all pixels by at least 20 ensuring noise stability. Otherwise, noise may exceed the
threshold and is registered in the measurements. This value is the global digital
threshold [Haa18].

4.2 Energy calibration
In this section, the energy calibration procedure is described. It is needed to
convert ToT values into deposited energies in units of keV. In order to perform an
energy calibration, measurements with sources of known photon energies must be
performed. Dosepix is utilized in ToT-mode since it provides exact ToT values and
therefore best energy resolution. The convolutional neural network developed in
[Sch21] is used for the energy calibrations. Only a single measurement is needed
for this method. An 241Am-source is used for all calibrations in this thesis. The
source is put close to the detector in order to gain high statistics. Additionally, a
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4.2 Energy calibration

Figure 4.2.1: Setup of the calibration measurements. An 241Am-source is used
to irradiate Dosepix, with an Molybdenum foil in between. Fluorescence photons
are produced by irradiating the Molybdenum foil. This results in two full-energy
peaks, one for each source, which are sufficient for the energy calibration.

Molybdenum foil is placed between the 241Am-source and Dosepix. This leads to
the production of fluorescence photons from the k shell of Molybdenum. Figure
4.2.1 shows a picture of the setup. The function for the conversion between ToT
and deposited energy in keV is shown in figure 4.2.2. The function is described via
([JCH+08]):

ToT(E) = aE + b + c

E − t
(4.2.1)

The parameters a, b, c and t are determined by the neural network from the
measured ToT spectra. For the function in figure 4.2.2, the values a = 2, b = 100,
c = −120 and d = 8 are used. The parameter a describes the slope of the linear
part of the function which mainly depends on Ikrum, b is the offset of the function
on the ToT-axis, c changes the shape of the transition between the linear and the
hyperbolic part of the function and t is the shift of the function on the deposited
energy axis. The function consists mainly of two parts. For high energies, the
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Figure 4.2.2: The function shows an example of the conversion between ToT
values and the deposited energy in units of keV. The used parameter values are
a = 2, b = 100, c = −120 and d = 8.

relation between ToT and deposited energy is linear with the slope depending on
Ikrum. However, at small energies, the relation between ToT and energy becomes
hyperbolic [Sch21]. A ToT-measurement of the 241Am-source and the Molybdenum
fluorescence target and the resulting energy deposition spectra are shown in figure
4.2.3. This measurement is performed with a Ikrum of 7 nA and a bias voltage of
100 V. Two peaks are visible in the ToT measurements: the full-energy peak of the
photons from the 241Am-source at 59.54 keV ([NIS]) and the full-energy peak of
the XRF photons from the Molybdenum foil at 17.48 keV ([NIS]). After the energy
calibration, the full-energy peak of 241Am-photons is visible at approximately 60 keV
and the full-energy peak of Mo-photons at approximately 17 keV. The structure at
approximately 10 keV results from Compton scattering with the Compton edge at
11.25 keV which results from the maximal energy transition of photons on electrons
for the interaction of Compton scattering. The energy of the Compton edge is
calculated by formula 2.1.3.
The energy calibration depends on the bias voltage because of energy loss in the
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(a) ToT-measurement of calibration setup
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(b) Deposition spectrum after energy calibration

Figure 4.2.3: (a) shows a ToT measurement of the calibration setup with a Ikrum
of 7 nA and a bias voltage of 100 V and (b) shows the corresponding deposition
spectra after the energy calibration.
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undepleted part of the sensor and charge sharing. Therefore, a different energy
calibration is required for every used bias voltage. Only large pixels are considered
in the performed calibrations. The threshold voltage of a silicon p-n-junction is
0.7 V. However, a signal was still measured at a bias voltage of 0.3 V. The reason
for this behavior is not known. Figure 4.2.4(a) shows the ToT-measurements
of the calibration setup at different bias voltages. The shape of the deposition
spectra depends on the bias voltage. Especially at small bias voltages, the peak
corresponding to the fluorescence lines of the Molybdenum foil becomes small.
Furthermore, the full-energy peak of 241Am with the energy of 59.54 keV shifts
towards smaller ToT-values with rising bias voltages. This is explained by leakage
current which shows the same behavior as the peak positions as a function of the
deposited energy as shown in [Ull21]. Figure 4.2.4(b) shows the spectra after the
energy calibration. The energy deposition spectrum at a bias voltage of 300 mV
looks clearly different compared to the spectra at higher bias voltages. Optimum
calibration parameters cannot be determined by the network model due to the
small Molybdenum peak. The energy deposition spectrum at 500 mV also shows
deviations from the actual energy deposition spectrum since the full-energy peak of
241Am is shifted to smaller energies and has a significantly larger width compared
to higher bias voltages. Furthermore, the full-energy peak of Molybdenum does
not appear in the energy deposition spectrum. The two full-energy peaks start
to appear at higher bias voltages. Comparing the energy deposition spectra at
1 V, 5 V and 20 V to each other, the number of small energy events decreases with
increasing bias voltage. This is explained by reduced charge sharing since the drift
velocity increases with higher bias voltages which suppressing the spread of the
charge cloud.
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(a) ToT-measurements of calibration setup
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(b) Deposition spectra after energy calibration

Figure 4.2.4: (a) ToT-measurements of the calibration setup for different bias
voltages and (b) the corresponding deposition spectra after the energy calibration.
Ikrum is set to 7 nA. The peak that results from the XRF photons of the Molybdenum
foil becomes small at low bias voltages which causes the neural network failing to
find the optimal parameters.
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The key aspect of FLASH radiotherapy is the application of a radiation field
with high doses within small time intervals with dose rates up to several Gy/s
[RSM+20][SHF+20]. These dose rates pose a problem to a conventional Dosepix
detector setup since the high particle flux causes pile-up. This means that one
detector event consists of several particles depositing energy in a sensor pixel within
the time the charge signal induced by the first event remains above the threshold
level (see chapter 2.5.1). In the conventional setup, a 300 µm thick silicon sensor is
attached to the ASIC. The applied bias voltage of 100 V causes full depletion of
the sensor material.
In this chapter, a Dosepix-ionization-chamber is introduced to circumvent the
previously stated problems of a conventional Dosepix setup. The Dosepix-ionization-
chamber is realized by utilizing the Dosepix detector without a sensor element.
Figure 5.0.1 shows images of said ionization chamber. Figure 5.0.1(a) shows
the photograph of the Dosepix-ionisation-chamber in an angle that allows the
side view of Dosepix’ ASIC. A copper plate is glued into the inner side of the
plastic, shown in 5.0.1(b). The distance between Dosepix and the copper plate
is approximately 3 mm. Ambient air is the medium interacting with the ionizing
radiation resulting in charge carriers collected in the electrodes of the ASIC pixel.
The idea is to measure electrons produced by the radiation that traverses the air
between Dosepix and the copper plate. The required energy to produce electron-
hole pairs in air is approximately 34 eV ([BCRM19]), which is significantly larger
than the required energy of 3.62 eV in silicon ([Kno00]). A metal wire is soldered
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(a) Dosepix without sensor (b) Copper plate glued into the plastic cover.

Figure 5.0.1: Pictures of the Dosepix-ionization-chamber. A side view of (a) the
Dosepix ASIC and in (b) the copper plate is shown.

on the copper plate, allowing the application of a voltage. Since Dosepix is on
ground, an electric field is created between the detector and the copper plate. The
voltage is applied by attaching one pole to the wire and the other pole to the
USB plug, which is also on ground. A negative voltage is applied to the copper
plate, which accelerates the produced electrons towards the ASIC, where they are
measured. The maximal negative voltage applied to the copper plate is 2 kV. Figure
5.0.2 illustrates a scheme of the setup of the Dosepix-ionization-chamber. Since
the Dosepix-ionisation-chamber is only supposed to measure secondary electrons
produced by the radiation, not the primary particles itself, Dosepix is not radiated
from the front as in the conventional case but from the side, parallel to the ASIC
surface as it is shown in the figure. To shield the ASIC from direct irradiation,
a layer of lead with a thickness of approximately 1 mm is attached to the side
of the Dosepix-ionization-chamber. It must be mentioned that the layer of lead
may also cover a part of the air between Dosepix and the copper plate resulting
in the absorption of photons before they reach the air between Dosepix and the
copper plate. In the conventional setup of the Dosepix detector, the operation
mode is set to measure holes. Since electrons produce the signal at the Dosepix-
ionization-chamber, not holes as in the conventional setup, the operation mode
is set to measure electrons. The operation mode register (OMR) as well as the
periphery DAC is listed in table 5.0.1.
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Figure 5.0.2: Scheme of the Dosepix-ionization-chamber. The radiation causes
the production of electron-hole pairs in the air volume between the copper plate
and Dosepix. An electric field between the copper plate and Dosepix is created by
applying negative voltage to the plate, accelerating free electrons towards Dosepix.

Quantity DAC-value
Vtha 5420

Vtpref,fine 100
Vtpref,coarse 255
Itpbufout 128
Itpbufin 128
Idisc2 118
Idisc1 48

Vcasc,preamp 130
Vgnd 80

Ipreamp 100
Vfbk 200
Ikrum 11

Ipixeldac 49
Vcasc,reset 220

OMR bbffc0

Table 5.0.1: Periphery DAC and OMR of the measurements with the Dosepix-
ionization-chamber.
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5.1 Bias voltage variation

At first, the behavior of the Dosepix-ionization-chamber while applying different
bias voltages is investigated. The radiation source is a MEGALIX CAT PLUS
125/20/40/80-122GW x-ray tube [MEG]. Its settings are a tube voltage VXRT
of 40 kV and a tube current IXRT of 50 mA. These setting remain unchanged
over the course of the radiations performed in this section. The distance between
the Dosepix-ionization-chamber and the x-ray focus spot is approximately 10 cm.
Dosepix is operated in Integration-mode utilizing 200 frames with a frame time of
0.2 s. The integrated ToT (iToT) values are calculated by summing up all pixel
values over all frames. For each pixel, the standard deviation over all frames is
determined. The error on the iToT value of one measurement is calculated by
Gaussian error propagation over all pixel values. Figure 5.1.1 shows the iToT value
as a function of the bias voltage. For bias voltages Vbias < 1300 V, the iToT value is

0 0.2 0.5 0.7 1.0 1.5 2.0
Bias voltage [kV]

105

106

107

108

iT
oT

Figure 5.1.1: Integrated ToT value iToT as a function of the applied bias voltage.
For all measurements, the tube voltage is 40 kV, the tube current is 50 mA and 200
frames are recorded with a frame time of 0.2 s. The data is shown with statistical
errors which are smaller than the data points. A nonzero constant value is observed
for bias voltages up until 1.3 kV. An exponential increase of the iToT value is
visible for bias voltages above 1.3 kV.
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nonzero and remains approximately constant. This nonzero value most likely results
from stray radiation that hits the ASIC. It is produced by scattering the incoming
photons that are scattered by the material of the Dosepix-ionization-chamber and
air. No pixels were noisy in the measurements. For bias voltages Vbias > 1300 V,
the iToT value begins to rise with increasing bias voltage. The probability of
free electrons reaching the ASIC and being measured before they are captured by
another atom rises with increasing bias voltage. This shows that it is basically
possible to measure with the Dosepix-ionization-chamber. In order to investigate
the stability of the measurements, the time dependency is investigated in the next
section.

5.2 Time dependency
In this section, the stability of measurements with the Dosepix-ionization-chamber
is investigated by examination of the time dependency of iToT. It is expected
that an ionization chamber shows constant response over prolonged exposures for
unchanging irradiation conditions. A time dependence impairs the correctness and
reproducibility of the measured dose. In order to investigate time dependency, the
total iToT values of each frame are determined. This is done by summing the iToT
values of all pixels within one frame. Each frame corresponds to a time interval of
the chosen frame time, which is set to 0.5 s.
First, a Dosepix detector with a fully depleted 300 µm thick silicon sensor is irradi-
ated to establish a comparison for the Dosepix-ionisation-chamber. A measurement
with the standard setup of the Dosepix detector, including a sensor, yields the ex-
pected course. Dosepix is irradiated frontal for this measurement, in contrast to the
measurements with the Dosepix-ionization-chamber. Figure 5.2.1 shows the time
dependency of the mean <iToT> value, which is the mean ToT value over all pixels
within one frame, as a function of frames, corresponding to a time interval. The
uncertainties are calculated by the standard deviation over all frames for each pixel.
Subsequenty, all determined standard deviations are squared and and summed up.
The square root of this value yields the uncertainty of the measurements. The
frame time is 0.5 s. It is nearly constant over time with several bumps potentially
corresponding to voltage ripples. The bias voltage is set to 100 V. The iToT value
stays constant except for some deviations that may result from kV-ripples.
Next, the course of the iToT value as a function of time from measurements with
the Dosepix-ionization-chamber is investigated. The applied bias voltage is set to
2 kV. An exemplary measurement is shown in figure 5.2.2(a). The mean integrated
ToT value <iToT> is illustrated dependent on time. The uncertainty is calculated
by the standard error, which is the standard deviation divided by the square root
of number of pixels. It is observed that the mean iToT value remains constant for
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the first frames. Over the course of several frames, the mean iToT value starts to
rise exponentially. A reason for this behavior is explained in the following.
The sensitive part of the pixels covers only a small part of the ASIC pixel area.
The sensitive part are the electrodes on the ASIC which have an octagonal shape
with a diameter of 25 µm ([Won12]). This corresponds to an area of 60.36 µm2.
The ASIC pixels have a size of 220 µm x 220 µm. This yields a ratio between the
area of the electrode and the area of the pixel of 0.12%. This means that 99.88%
of the ASIC area is not sensitive to particles. Secondary electrons produced by
the radiation of the Dosepix-ionization-chamber are accelerated towards the ASIC,
where they do not necessarily hit the sensitive part of the pixels. This leads to the
collection of electrons on the surface of the ASIC. Consequently, these electrons
deflect later produced secondary electrons towards the sensitive part of the pixels
because of repulsion. After the collection of a certain amount of electrons at the
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Figure 5.2.1: Time dependency of the standard setup of the Dosepix, including
a sensor. The frame time is set to 0.5 s, the tube voltage is 40 kV and the tube
current is 50 mA. The distance between the focal spot of the x-ray tube and the
Dosepix detector is approximately 60 cm. Statistical uncertainties were calculated
via the standard error.
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(a) Vbias = 2 kV
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(b) Comparison between measurements at Vbias = 0 V and Vbias = 2 kV.

Figure 5.2.2: (a) Time dependence of the Dosepix-ionization-chamber at Vbias =
2 kV. For a comparison with the measurement at Vbias = 0 V, the measurement
from (a) is shown with a measurement at Vbias = 0 V. The frame time is 0.5 s.
The iToT value stays identical for the first 60 frames, then the iToT value at 2 kV
begins to increase. The uncertainties are calculated by the standard error.
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insensitive part of the pixels, enough secondary electrons are deflected towards the
sensitive part of the pixels, leading to a measureable signal. Since the population
of collected electrons on the ASIC further increases with longer irradiation times,
this effect becomes more dominant causing larger iToT values. However, this is
only a not proven theory.
In figure 5.2.2(b), the measurement from 5.2.2(a) is shown logarithmically together
with a measurement at Vbias = 0 V. The mean iToT value is nearly identical for
the first 60 frames in both measurements. This means that no secondary particles
are detected, only stray radiation that hits the ASIC. The signal is produced by
photons interacting in the ASIC and producing a charge in the electrodes. The
expectation would be that the mean iToT value is bigger at Vbias = 2 kV, since
secondary electrons produced by the primary radiation are accelerated towards the
ASIC because of the present electric field and hit the pixel, which results in the
collection of charge. However, the sensitive area of the pixels is too small to cause
a significant rise in the mean iToT value for the first frames. After 60 frames, the
mean iToT value in the measurement with a bias voltage of 2 kV rises because of a
high electron population on the insensitive part of the pixels leading to deflection
of secondary electrons towards the sensitive pixel area.

In order to further investigate the time dependency, multiple measurements are
performed after each other with different waiting times in between. It is tested if
the curves show similar trends for each measurement or if the data is affected by
previous measurements. The duration of the waiting time was increased inbetween
the measurements to examine the influence of the waiting time on the data. Again,
Dosepix is operated in Integration-mode with a frame time of 0.5 s. Figure 5.2.3
shows the corresponding measurements with the longest waiting time being 900 s.
It has to be kept in mind that the waiting time corresponds to the time between
the end of the last measurement and the new run of the script which starts the
measurement. Since a Raspberry Pi is used for these measurements, the duration
between running the script and the start of the measurement is relatively long, with
approximately 11 s. This leads to an additional time delay of 11 s between the actual
measurements. The curves differ from each other, resulting in non-reproducible
measurements. For the first exposure, the iToT value stays nearly constant for the
first 80 frames, subsequently, the curve rises. The script was started again directly
after the previous measurement was finished. The radiation was kept switched
on between the first and second measurements. For all the other measurements
with a longer waiting time, the radiation was switched off to stop collecting further
electrons on the ASIC. The measurement with a waiting time of 0 s shows a bigger
iToT value in the first frame than in the last of the first measurement. This may
be due to the constant exposure to the radiation of the x-ray tube in between
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(a) Linear representation
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Figure 5.2.3: Time dependence of the iToT value for multiple measurements with
different waiting times in between, which are illustrated by different colors. The
measurements are taken in Integration-mode with a frame time of 0.5 s. (b) is the
logarithmic representation of (a).
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the measurements. The iToT value increases further for the whole measurement.
After a waiting time of 30 s, the iToT value of the first frame is smaller than
the iToT value of the last frame of the previous measurement. This is due to
the fact that the radiation was switched off between the measurements, and the
number of electrons collected on the ASIC decreased again. Potential reasons
for this decrease are repulsion and recombination with ambient air. The iToT
value increases, but reaches saturation. Curves of similar shape are observed for
further measurements. The first iToT value becomes smaller with bigger waiting
times since the population of collected electrons on the insensitive parts on the
ASIC decreases with increasing time between the measurements. Furthermore, the
curves show saturation at smaller iToT values with increasing waiting time. This
is discussed in the following.
In contrast to the electrons getting accelerated towards Dosepix, the ionized atoms
are accelerated towards the copper plate, which leads to a compensation of the
electric field, causing it to decrease. Because of the decreased electric field, the
probability for recombination rises, and the event rate decreases. For a waiting time
of 300 s and longer, the value of the saturation increases again because the charge
on the copper plate decreases with time because of repulsion and recombination
with ambient air. Another interesting point is that even after 900 s the Dosepix-
ionization-chamber is not reset to its initial state again since the iToT value of
the first frame is larger than the iToT of the first frame of the first measurement.
Additionally, the iToT value starts to rise instantly. It is possible to measure the
secondary electrons produced by the radiation, but challenging to extract knowledge
from the data because of the strong time dependency. In figure 5.2.4, the iToT
value from the whole measurement series from figure 5.2.3 is shown again as a
function of time in order to see the development of the iToT value.

Furthermore, the time development of the iToT values for long radiation times
is investigated by taking a measurement with 1200 frames with a frame time of
0.5 s. The measurement is performed 900 s after the previous one. The previous
measurement is the one corresponding to a waiting time of 900 s in figure 5.2.3.
Figure 5.2.5 shows the course of the measurement. The iToT value rises until it
reaches a maximum. Instead of saturation, the iToT value decreases again with
time. The point of maximal iToT occurs when there is an optimal ratio of electrons
deflecting the incoming particles and the compensating electric field caused by the
ionized atoms on the copper plate. After the maximum is reached, the opposing
electric field dominates the effect of deflection of secondary electrons toward the
sensitive pixel areas, and the iToT value decreases. For huge irradiation times, the
iToT value saturates. The saturation occurs when there is an equilibrium between
the electric field produced by applying a voltage and the opposing electric field
produced by the collection of electrons on the ASIC and ions on the copper plate.
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Figure 5.2.4: Illustration of figure 5.2.3 in real-time, including the duration of the
detector exposure and the waiting time on the x-axis and the iToT on the y-axis.
Each color represents a measurement with a different waiting time.

The last investigation regarding time dependency is switching the radiation off and
on during a single measurement. The taken data is shown in figure 5.2.6. The
iToT value drops immediately after switching off the radiation. After some time,
the radiation is switched on again, which leads to an instant increase in the iToT
value. The iToT value when switching off the radiation is not reached directly
again. This is explainable by the decreasing number of deflecting electrons on the
ASIC without radiation. However, the curve displays the same behavior as shown
in figure 5.2.5 since the iToT value reaches a maximum and then decreases again.
As a conclusion, it was shown that the data taken with the Dosepix-ionization-
chamber is strongly dependent on the exposure time resulting in a severe problem
in the reproducibility and the ability to extract knowledge from the data. Therefore,
methods must be determined to deal with this issue which is discussed in the next
chapter.
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Figure 5.2.5: Development of the iToT value with time, represented by the frame
index, at constant radiation conditions. The bias voltage is set to 2 kV. The
duration between this and the previous measurement is 900 s. The frame time is
0.5 s. The course reaches a maximum, followed by a decrease of iToT.
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Figure 5.2.6: Integrated ToT value as a function of time, corresponding to the
frame index, when switching the radiation off and on. The frame time is 0.5 s.
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5.3 Attempts to suppress time dependency
In the previous section, it was demonstrated that the time dependency of the
Dosepix-ionization-chamber poses a huge challenge to its operation. Therefore, two
different methods are tested to overcome this issue. The first one is turning off
the voltage supply, and the second one is turning off the voltage supply together
with removing the USB plug from the Dosepix-board. For both approaches,
measurements were performed before and after the procedure. Dosepix was operated
in Integration-mode with an amount of 120 frames and a frame time of 0.5 s. The
mean iToT value as a function of time, represented by the frame index, is shown
in figure 5.3.1. Figure 5.3.1(a) shows the data for turning off the power supply.
The mean iToT value is smaller after switching the power supply off and on again.
Nevertheless, the Dosepix-ionization-chamber is not in its initial state, and the
measurement shows a similar course as before. Figure 5.3.1(b) shows the data
for turning off the power supply and additionally removing the USB plug. The
measurement before and after are also similar and do not give any indications for
a solution. The curves are even more alike than the ones in figure 5.3.1(a) which
does not match the expectation since turning off the power supply was done in
both approaches, whereas in the second approach an additional step was performed
by removing the USB plug. All of the curves do not start at zero mean iToT since
they are all affected by time dependency, since each measurement was preceded by
another one.
Unfortunately, no approach solved the problem of the time dependency of the
Dosepix-ionization-chamber. Nevertheless, the response of the Dosepix-ionisation-
chamber on different radiation conditions was investigated by changing different
parameters of the x-ray tube. The measurements are shown in the next section.
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(a) Before and after switching off the power supply.
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(b) Before and after removing the USB plug.

Figure 5.3.1: Time dependency of the mean iToT value. The time is represented
by the frame index. The frame time is set to 0.5 s. (a) corresponds to the approach
of turning off the voltage supply, and (b) corresponds to the approach of turning off
the voltage supply and additionally removing the USB plug from the Dosepix-board.
The uncertainties are calculated via the standard error of the iToT value over all
pixels within each frame.
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5.4 Tube current variation
In this section, the response of the Dosepix-ionization-chamber on varying tube
currents is investigated. This is done by taking measurements in Integration-mode
with a frame time of 0.5 s, a bias voltage of 2 kV, and a tube voltage of 40 kV.
The used tube currents are 10 mA, 20 mA, 30 mA, 40 mA and 50 mA. Figure
5.4.1(a) shows the corresponding measurements which were taken directly after
each other. Therefore, the data is affected by time dependency investigated in
section 5.2. For the measurements carried out with a tube current of 40 mA and
50 mA, the iToT value starts to rise linearly from the beginning on. Subsequently,
a decline in the slope is observed. Even a maximum is reached at a tube current of
50 mA, followed by a decrease of iToT. The iToT values corresponding to the other
tube currents reach a linear course after an increase following a different function.
The first measurement was taken at a tube current of 30 mA. Therefore, this
measurement starts at a smaller iToT value than the measurements with smaller
tube currents. The number of electrons collected on the ASIC increases linearly with
time because of the constant flux of the x-ray tube. This explains the linear part
of the course. The slope is determined by a linear fit applied to the linear part in
each measurement (red lines) and shown in figure 5.4.1(b) as a function of the tube
current. The slope of the linear part of each curve in figure 5.4.1(a) becomes larger
with increasing tube current, which is explainable by the increase in flux with the
tube current. The increased flux leads to faster growth of the electron population
on the ASIC. It shows an exponential course. The observed dependency of the
iToT value and the tube current shows a correlation between the measurements
and reality. However, this could also result from the strong time dependency since
a measurement influences the following one because of the collected electrons on
the ASIC. This means that the Dosepix-ionization-chamber is not operated in its
initial state. Therefore, the measurement series is repeated with multiple hours
between the single measurements resetting the Dosepix-ionization-chamber to its
initial state. The corresponding results are shown in figure 5.4.2(a). The frame
time is 0.5 s. The curves start at a non-zero constant value and then start to rise
compared to the measurements shown in figure 5.4.1(a). The iToT value of the
measurement at a tube voltage of 30 mA starts to rise earlier than the one at 40 mA,
which does not match the expectation since the particle flux rises with increasing
tube currents leading to a faster collection of electrons on the ASIC. Linear fits are
used to determine the slope. In figure 5.4.2(b), the slope is shown as a function
of the tube current. It is not observed a exponential course as shown in figure
5.4.1(b), but from 10 mA until 30 mA, a linear course is observed. The slope at a
tube current of 40 mA does not match the rest of the measurements. In conclusion,
no clear trend of the measured data is observed which prevents reproducibility.
Therefore, it is not possible to extraction of useful information from the data.
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(a) Dependence of iToT development on the tube current.

10 20 30 40 50
Tube current [mA]

0

1

2

3

4

Sl
op

e
[iT

oT
/f

ra
m

es
]

1e5

Slope

(b) Determined slops as a function of the tube current.

Figure 5.4.1: The iToT value of measurements at different tube voltages as a
function of time, represented by the frame index is shown in (a) with a linear fit
(red lines). (b) shows the slope of the linear part of the measurements as a function
of the tube current. An exponential course of the slope as a function of the tube
current is observed. The data is shown with uncertainties which are smaller than
the size of the data points. The uncertainties were determined by the error of the
fit parameters. 67
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(b) Determined slops as a function of the tube current.

Figure 5.4.2: The iToT value of measurements, with the Dosepix-ionization-chamber
in its initial state, at different tube voltages as a function of time, represented by the
frame index, is shown in (a) with a linear fit (red lines). (b) shows the slope of the
linear part of the measurement as a function of the tube current. The course of the slope
dependent on the tube current differs from the one in figure 5.4.1(b). The data is shown
with uncertainties which are smaller than the size of the data points. The uncertainties
were determined by the error of the fit parameters.
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5.5 Tube voltage variation

5.5 Tube voltage variation
This section examines the response of the Dosepix-ionization-chamber to x-ray tube
voltage variation. Data is taken in Integration-mode with a frame time of 0.5 s. The
bias voltage is kept constant at 2 kV and the tube current is 20 mA. The used tube
voltages are in the range between 40 kV and 100 kV in steps of 10 kV. Figure 5.5.1
shows the corresponding measurements which were taken directly after each other
starting with the smallest tube voltage. The course of the data is similar to the
one in figure 5.2.5, where the response of the Dosepix-ionization-chamber to long
exposure times was investigated. The position of the maxima occurs after fewer
frames with increasing tube voltage. This behavior can be explained by the higher
flux increasing the number of deflecting electrons on the ASIC. The value of iToT
increases until a tube voltage of 60 kV. For higher tube voltages, the iToT value
decreases with increasing tube voltage. This is due to the time dependency, which
was investigated in section 5.2. The maximum is reached very late for a voltage
of 40 kV. For tube voltages 50 kV and above, the peak positions are determined
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Figure 5.5.1: Integrated ToT value as a function of time, represented by the frame
index, for different tube voltages. The tube current is 20 mA and the bias voltage
2 kV. The maximum is reached faster with increasing tube voltage. iToT becomes
smaller with increasing tube voltage because of the time dependency.
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Figure 5.5.2: Moyal function fitted to the measurement at a tube voltage of 50 kV.

via a fit of a Moyal function onto the data to further investigate the dependency
of the maximum on the tube voltage. Exemplary, figure 5.5.2 shows the fit for
the measurement at a tube voltage of 50 kV. The Moyal-function is described via
([KW16]):

f(x) = a · exp
(

−1
2

(
x − b

c
+ exp

(
−x − b

c

)))
+ d (5.5.1)

Here, a corresponds to the amplitude, b is the peak position, c the width, and d
the offset of the function. Figure 5.5.3 shows the peak positions of the curves as a
function of the tube voltage. The peak for the measurement for a bias voltage of
50 kV appears after a long measurement time, for 40 kV, the maximum is not even
clearly reached within 240 frames. However, this could also result from the time
dependency of the measurements since it takes time for the electrons to gather
on the ASIC. From 60 kV up to 90 kV, a nearly linear course is observed. The
difference of the peak positions at 90 kV and 100 kV is marginal. It is also possible
that the measured behavior of the peak positions dependent on the tube voltage
results from the time dependency since the peak positions are expected earlier if
more measurements were performed before because of more collected electrons on
the insensitive part of the ASIC.
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Figure 5.5.3: Peak positions of the measurements in figure 5.5.1 as a function of
the tube voltage. The peak position appears quicker for increasing tube voltage.
The uncertainties were determined by the error of the fit parameters.

Even though a dependency of the peak positions on the tube voltage is observed,
it is difficult to extract valuable results because of the huge time dependency.

5.6 Response to clinical electrons
In this section, the response of the Dosepix-ionization-chamber to electrons is
discussed. The measurements are performed with the VersaHD by Elekta ([Ver]) at
the Strahlenklinik Erlangen ([Strb]). This LINAC uses the technique of traveling
waves. The functionality of LINACs is explained in chapter 2.3.2. The electron
energy is 6 MeV and the energy dose is 10 Gy per 100 monitor units (MU) in water
at a distance of 1 m from the focus spot. The used dose rate is 250 MU/min.
Measurements are performed with 50 MU. The distance between the focus spot and
the Dosepix-ionization-chamber is approximately 110 cm. As for the measurements
with the x-ray tube, they are performed from the side of the Dosepix-ionization-
chamber, as shown in figure 5.0.2. A bias voltage variation measurement series is
carried out as discussed in section 5.1. For this, the bias voltages 0 V, 200 V, 500 V,
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Figure 5.6.1: Value of iToT as a function of the bias voltage. No course is
observed, and the iToT values are small. The Dosepix-ionization-chamber does not
reach the state of registering events because of time dependency. The uncertainties
are calculated by Gaussian error propagation of the standard deviation of the iToT
value over all pixels within one frame.

700 V and the bias voltages between 1000 V, 1200 V, 1500 V, 1700 V and 2000 V
are applied. Dosepix was utilized in Integration-mode with 40 frames with a frame
time of 0.5 s. Since no events were measured the first time, the lead layer in front
of the ASIC was removed as it might already cover too much of the air volume
between the ASIC and the metal plate. Figure 5.6.1 shows the iToT values as a
function of the bias voltage. The value of iToT is calculated by summing up all
values registered within one measurement. For every pixel, the standard deviation
is determined, yielding one value for each pixel. Subsequently, the uncertainties
on the iToT value are determined by Gaussian error propagation. The iToT value
does not rise with increasing bias voltages like observed in figure 5.1.1, and the
measured iToT values are small. This leads to the assumption that the population
of electrons on the insensitive part of the ASIC produced by the provided radiation
is too small to register events, as it was investigated in section 5.2. Longer radiation
times are not possible because of the technical limitations of the devices. Measured

72



5.6 Response to clinical electrons

events most likely result from radiation that hits the ASIC directly. It is shown
that the Dosepix-ionization-chamber is not suitable for clinical applications since
the registration of events only starts if enough electrons are collected on the surface
of the ASIC.
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5.7 Conclusion
In this chapter, the feasibility of an ionization chamber consisting of a Dosepix
detector without sensor element was investigated. The Dosepix-ionization-chamber
utilizes a Dosepix ASIC and a copper plate, at which a negative voltage is applied.
Secondary electrons produced by the primary radiation are accelerated towards
the ASIC and produce a charge signal.
At first, the response of the Dosepix-ionization-chamber to different bias voltages
is investigated, yielding an exponential trend. All subsequent measurements were
performed with a bias voltage of 2 kV. The time dependency of the iToT values
was investigated, which showed that the values change with time. A possible
reason for this behavior are electrons collected on the insensitive part of the ASIC,
deflecting secondary electrons produced by the irradiation towards the sensitive
part of the pixels resulting in changing iToT values with time. This causes severe
problems in the reproducibility. Two trivial approaches were tested to solve the
issue. The first one is turning off the voltage supply, and the second one is turning
off the voltage supply and removing the USB plug from the Dosepix-board. Both
approaches did not solve the problem. Additionally, the response of the Dosepix-
ionization-chamber on different tube currents and tube voltages is investigated.
For the tube current variation, it was found that the slope of the linear part of
the curves showing the iToT value as a function of time, represented by the frame
index, is steeper for increasing tube currents for most measurements. However, no
reproducible results are obtained. For the tube voltage variation, the maximal iToT
value was found to occur quicker for larger tube voltages. Finally, measurements
were performed in the Strahlenklinik Erlangen [Strb]. No rise of the iToT value
dependent on the bias voltage was observed leading to the assumption that the
Dosepix-ionization-chamber only starts to measure secondary particles for long
irradiation times.
Overall, it has to be concluded, that the Dosepix-ionization-chamber in its current
state does not allow a proper functioning as an ionization chamber. Far more
elaborate approaches must be considered. Electric field simulations and analysis
must be conducted to construct a feasible design.
The strong time dependency prevents the operation of the Dosepix-ionization-
chamber from execution of dosimetric tasks. Therefore, a different method to
measure high-flux radiation is needed. In the following chapter, the effective sensor
thickness is reduced in the conventional setup.
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In FLASH radiotherapy dose rates up to several Gy/s are used ([RSM+20]). Dose
rates in the order of tens of Sv/h in pulsed photon fields already show a significant
influence of pile-up in the Dosepix detector equipped with a 300 µm silicon sensor as
presented in [HSH+22] and [ZAB+15]. For ultra large dose rates a neural network
based analysis for the three Dosepix detector setup showed promissing results in
dosimetry [Huf22]. A setup consisting of a single Dosepix detector is utilized for
FLASH radiotherapy. In the following, different ways of operating the detector are
analyzed.

A detector setting enabling the operation in high particle flux environments must
be determined. One way to deal with this issue is to reduce the bias voltage of
the silicon sensor of the Dosepix detector from the default value of 100 V for a
three detector setup or 48 V for an one detector setup. Full depletion of the silicon
sensor occurs at a bias voltage of 12 V as shown in [Ull21]. Therefore, applying
a bias voltage below 12 V will result in an effective sensor thickness smaller than
the actual 300 µm sensor thickness. A reduction of the effective thickness directly
impacts the detection volume, hence, a reduction of the event rate is expected.
This in turn reduces the pile-up occurrence rate.

At the beginning of this chapter, the choice of Ikrum is examined. Then, the response
of Dosepix as a function of the bias voltage is investigated for different kinds of
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particles. First, irradiation with photons is performed. The sources are a x-ray tube
and 241Am. Furthermore, 241Am is also used to examine the detectors response to
alpha particles. Finally, 90Sr/90Y is used for the irradiation with electrons.

6.1 Choice of Ikrum

Ikrum is an adjustable current proportional to the current which decreases the charge
signal after the charge sensitive amplifier. Determining a suitable value for Ikrum is
necessary since Ikrum has a direct impact on pile-up. For large values of Ikrum, the
charge signal of the CSA decreases faster. Consequently, the probability for pile-up
increases for small values of Ikrum. This leads to problems in FLASH radiotherapy
since dose rates of several Gy/s are used ([RSM+20]). ToT-spectra of the detector
response to the gamma decay line of 241Am with an energy of 59.54 keV ([Nuc]) are
recorded to investigate the impact of Ikrum. The peak in the spectra corresponds
to the full-energy-peak of the 241Am-photons. The peaks are shifted to smaller
ToT-values with increasing Ikrum because of the faster decrease of the charge signal
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Figure 6.1.1: Energy deposition spectra recorded in ToT-mode at different values
of Ikrum. The source is 241Am emitting monoenergetic photons with an energy of
59.54 keV. The ToT-values decrease with rising Ikrum which suppresses pile-up.
However, the energy resolution becomes worse at high values of Ikrum.
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of the charge sensitive amplifier. For all investigated values of Ikrum, all important
features of the energy deposition spectrum is visible so a choice of a relatively high
Ikrum is justified. In all following measurements, Ikrum is set to 7 nA.

6.2 Detector response to photons
In this section, the response of Dosepix to photons is investigated. Two different
photon sources are used: a x-ray tube and a 241Am-source. First, Dosepix’ response
to x-rays is examined.

6.2.1 Detector response to x-rays
Dosepix’ response to x-rays under variation of bias voltage and the photon flux is
investigated in the following. Irraditions are performed with the MEGALIX CAT
PLUS 125/20/40/80-122GW ([MEG]). The x-ray tube current is varied resulting
in different photon fluxes where the photon flux is proportional to the tube current
([Stra]). The applied tube currents are 1 mA, 2 mA, 5 mA, 10 mA, 20 mA, 30 mA,
40 mA and 50 mA. The tube voltage is held constant at 40 kV. Ikrum is set to
7 nA. The smallest applied bias voltage Vbias is 300 mV. The bias voltages up to
Vbias = 20 V are used, for voltages Vbias < 1 V in steps of ∆Vbias = 100 mV and for
voltages Vbias > 1 V in steps of ∆Vbias = 1 V. An energy calibration is required for
every bias voltage, which is discussed in section 4.2. The distance between the
detector and the focus spot of the x-ray tube is about 60 cm.

Dosepix is operated in ToT-mode allowing the investigation on the change of the
shape of the energy deposition spectra with respect to variation of the bias voltage.
Figure 6.2.1 shows measurements for different bias voltages. Each panel of the
figure demonstrates a measurement series with different tube currents. For high
bias voltages, at which the sensor is fully depleted, the maximum of the spectra
is dependent on the tube current IXRT. At high tube currents, the maxima are
shifted towards smaller energies in comparison to small tube currents. A threshold
shift occurs at high photon fluxed as demonstrated in [Sch21]. The maximum
energy of the photons is 40 keV since a tube voltage of 40 kV is applied. Pile-up is
investigated at entries in the histograms of the energy deposition spectra above
40 keV. It has to be noted that photons with the maximal energy of 40 keV can
also be registered at higher energies because of the energy resolution of Dosepix.
The standard deviation of the energy resolution is approximately 1.2 keV under
the assumption of Gaussian smearing ([Cora]). For small bias voltages, the energy
deposition spectra do not change with different tube currents. Here, pile-up is
suppressed because of the smaller effective sensor thickness resulting in less detected
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(c) Vbias = 6 V
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Figure 6.2.1: Comparison of measurements with different tube currents in ToT-
mode for the bias voltages (a): 0.3 V, (b): 1 V, (c): 6 V and (d): 20 V. Ikrum is
set to 7 nA and the tube voltage is 40 kV. A change of the bias voltage shows
differences in the shape of the energy deposition spectra. Additionally, an increase
of the tube current also leads to a change of the shape of the energy deposition
spectra.

particles.
Figure 6.2.2(a) shows measurements with a tube current of 1 mA at varying bias
voltages. The shape of the energy deposition spectra show a dependence on the
applied bias voltage to the sensor. Additionally, a shift of the maximum of the en-
ergy deposition spectra to smaller energies with decreasing bias voltage is observed.
Figure 6.2.2(b) corresponds to the data with a tube current of 50 mA at varying
bias voltages. Also at high tube voltages, the dependence of the shape of the energy
deposition spectra as a function of the bias voltage is observed. For small bias
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Figure 6.2.2: Comparison of measurements with different bias voltages in ToT-
mode for the tube currents (a): 1 mA and (b): 50 mA. Ikrum is set to 7 nA and the
tube voltage is 40 kV. The deposition spectra are dependent on the bias voltage.

voltages up until 1.0 V, the spectra look similar to the ones in figure 6.2.2(a). The
shape of the energy deposition spectra change at higher bias voltages in comparison
to figure the data at a tube current of 1 mA as already shown in figure 6.2.1. Pile-up
is visible at high tube voltages as events are registered above 40 keV. Pile-up is
reduced at small bias voltages since the number of events decreases with decreasing
bias voltages. The dependence of the shape of the energy deposition spectra on
the applied bias voltage can be corrected by conversion factors for dosimetric
applications. The shape of the spectra is dependent on the bias voltage. In figure
6.2.2(b), the tail of the spectra at high energies show a stronger pile-up for large
bias voltages. As a first result, pile-up is strongly reduced by applying small bias
voltages to the sensor which could be a method to measure radiation with high
fluxes.

Next, Dosi-mode is utilized to record energy deposition spectra in 16 energy bins
allowing the investigation of the count rate dependency. The measurement time is
approximately 110 s. The used bin edges are chosen from 10 keV until 85 keV in
steps of 5 keV. In figure 6.2.3, each panel shows measurements for different bias
voltages at the same tube current. For a better overview, only a few bias voltages
are shown and the regarded tube currents are 1 mA and 50 mA. Figure 6.2.3(b) and
(d) show the logarithmic representation of figures 6.2.3(a) and (c), respectively. The
event rate is lower for smaller bias voltages since the effective sensor thickness is
reduced. Additionally, the shape of the energy deposition spectrum depends on the
bias voltage which was already seen in figure 6.2.2. Especially for the measurements
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Figure 6.2.3: Comparison of measurements with different bias voltages in Dosi-
mode for the tube currents (a): 1 mA and (c): 50 mA. Plots (b) and (d) show the
logarithmic representation of (a) and (c), respectively. Ikrum is set to 7 nA and the
tube voltage is 40 kV. Pile-up and the event rate are reduced at small bias voltages.
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6.2 Detector response to photons

with a tube current of 50 mA, pile-up is reduced at small bias voltages, since the
count rate above 40 keV is much smaller than at high bias voltages. In figure 6.2.4,
each panel shows measurements at different tube currents at a fixed bias voltage.
Figures 6.2.4(b) and (d) are the logarithmic representations of figures 6.2.4(a) and
(c), respectively. Comparing figure 6.2.4(a) and 6.2.4(c), the measured spectra
change with different bias voltages. Figures 6.2.4(b) and 6.2.4(d) show that the
ratio between the event rate of different tube currents at high energies exceeding
40 keV is higher for bigger bias voltages than for small ones. This means that
pile-up is suppressed stronger for small bias voltages in comparison to large ones.
In order to investigate the reduction of pile-up at small bias voltages compared
to large ones, the ratio between the registered events above 40 keV and the total
number of events within one measurement is calculated for the bias voltages of
0.8 V and 20 V at all investigated tube currents. A bias voltage of 0.8 V was chosen
for this investigation since at smaller bias voltages, the energy calibration becomes
inaccurate. The uncertainty is calculated via Gaussian error propagation of the
uncertainties of the number of events determined by Poisson statistics. Figure 6.2.5
shows the calculated ratios as a function of the tube current. A linear fit of the
form f(x) = a · x + b is applied to the measured ratios. The measurement series
with a bias voltage of 20 V shows a larger fraction of pile-up as the measurements
at 0.8 V. The difference of the calculated ratios between the two investigated bias
voltages increases at higher tube currents, i.e. higher photon fluxes. At a tube
current of 50 mA, the ratio between pile-up events and the total number of events
is almost 10% at a bias voltage of 20 V, compared to approximately 4% at 0.8 V.
It must be mentioned that measured events which are not influenced by pile-up
are potentially stored in the energy bin with the range of 40 keV to 45 keV because
of the standard deviation of the energy resolution of the detector of about 1.2 keV
at assumption of Gaussian smearing ([Cora]). The determined fit parameters are
a = (0.00064 ± 0.00005) 1/mA and b = 0.0094 ± 0.0013 for a bias voltage of 0.8 V
and a = (0.00158±0.00006) 1/mA and b = 0.0170±0.0014 for a bias voltage of 20 V.

The total number of registered events for the large pixels is calculated via the sum
of entries over all pixels for different bias voltages. An analysis of the curve allows
the investigation of the saturation of the event rate. This is done for multiple tube
currents in figure 6.2.6(a). The measurements were performed in the following
way. At was started with the highest bias voltage of 20 V and the highest tube
current of 50 mA. First, the tube current was varied to smaller values. When the
measurement at the smallest tube current of 1 mA was finished, the bias voltages
was changed to the next smaller value. Subsequently, the tube current was varied
from large to small values again.
No clear saturation is observed until a bias voltage of 20 V. The measurements at
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Figure 6.2.4: Comparison of measurements with different tube currents in Dosi-
mode for the bias voltages (a): 0.3 V and (c): 20 V. Plots (b) and (d) show the
logarithmic representation of (a) and (c), respectively. Ikrum is set to 7 nA and the
tube voltage is 40 kV. Pile-up and the event rate are reduced at small bias voltages.
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Figure 6.2.5: Determined ratios between the registered events above 40 keV
(Npileup) and the number of total events (Ntotal) for the bias voltages 0.8 V and 20 V.
Pile-up is reduced at small bias voltages, especially for large photon fluxes. The
uncertainties are determined by Gaussian error propagation of the uncertainties of
the number of events determined by Poisson statistics.

9 V do not match the rest of the curve. However, these are the first data taken
on that day, so it may be possible that the x-ray tube applies a higher current as
in the settings and adjusts the current via the tube current regulation in the next
measurements. Another disagreement is visible at 15 V. Here, the total counts are
less than expected.
In figure 6.2.6(b), the total counts are shown as a function of the tube current.
A linear course is expected. The results show a curve with two visible slopes
with a change at 20 mA. A reasonable explanation is that a change of settings
of the x-ray tube occurs at 20 mA. So, it can also be seen in Dosi-mode that for
measurements with high flux radiation better results can be gained with small bias
voltages because of the reduced event rate which suppresses pile-up.

The Integration-mode is used in the following. The frame time is set to 1 s and 60

83
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(a) Total counts as a function of the bias voltage
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(b) Total counts as a function of the tube current

Figure 6.2.6: Number of registered events summed over all large pixels as a
function of (a) the bias voltage and (b) the tube current. The measurements are
performed in Dosi-mode. Complete depletion of the sensor cannot be observed.
Change in course occurs at 9 V in (a) and at 20 mA in (b).

frames are taken per measurement. In figure 6.2.7, the iToT values are shown as a
function of the bias voltage and the tube current, respectively. The uncertainties
are calculated by the standard error over all frames for each pixel, followed by an
Gaussian error propagation over all pixels. The courses look similar to the ones
obtained in Dosi-mode. The total number of registered events rise with increasing
bias voltage and no clear saturation occurs. Again, a change in course is observed
at a bias voltage of 9 V. For the investigation of the total number of events as a
function on the tube voltage, a change in slope is observed at 20 mA. For smaller
and larger tube currents, the expected linear course holds.

In the following, the disagreement at 9 V is further investigated. Therefore, five
measurements are taken at VXRT = 40 kV and IXRT = 50 mA directly after starting
the x-ray tube. The measurements were performed in Integration-mode with a
measurement time of approximately 30 s. The bias voltage was set to 100 V. In
figure 6.2.8, all iToT values are summed up over all pixels and shown as a function
on the measurement index. The iToT values are nearly the same for the first
two measurements but then clearly decrease for the next ones. This means that
the x-ray tube produces larger particle fluxes in its first shots. This is a possible
explanation for the change in course at Vbias = 9 V. To validate this, another
measurement series from Vbias = 8 V until Vbias = 10 V at VXRT = 40 kV and
IXRT = 50 mA is performed. At all three bias voltages, a measurement is performed
in Integration-mode with a measurement time of approximately 30 s. The result
is shown in figure 6.2.8(b). It can be observed that there is no peak at 9 V, so
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(a) iToT as a function of the bias voltage
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(b) iToT as a function of the tube current

Figure 6.2.7: Value of iToT as a function of (a) the bias voltage and (b) the
tube current. The measurements are performed in Integration-mode. Complete
depletion of the sensor cannot be observed. Change in course occurs at 9 V in (a)
and at 20 mA in (b). The uncertainties are calculated by the standard error over
all frames for each pixel, followed by an Gaussian error propagation over all pixels.

it can be concluded that the peak at 9 V in figure 6.2.6(a) and in figure 6.2.7(a)
result from a problem in the x-ray tube leading to decreased particle fluxes with
increasing measurement index. This might also be the reason for the saturation
not to clearly occur since the measurements series were started at the highest bias
voltage, proceeding to smaller ones.
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Figure 6.2.8: (a) shows the iToT value as a function on the measurement index.
Five measurements were performed after each other after starting the x-ray tube.
(b) shows the iToT value of the measurements at the bias voltages 8 V, 9 V, 10 V
measured directly after each other. The measurements are performed in Integration-
mode with a measurement time of approximately 30 s. The iToT values start to
decrease after the second measurement which is probably the reason for the change
in course at a bias voltage of 9 V because of different measurement days between
9 V and 10 V. This change in course vanished when the measurements between 8 V
and 10 V are performed directly after each other. The uncertainties are calculated
by the standard error over all frames for each pixel, followed by an Gaussian error
propagation over all pixels. The uncertainties are smaller than the size of the data
points.

6.2.2 Detector response to monoenergetic photons

In addition to the investigation of the response of Dosepix to x-ray spectra when
varying the bias voltage, irradiation is performed with an 241Am-source. The key
difference between both sources is the shape of the incident spectra. X-ray spectra
are broad in nature while gamma decay results in monochromatic radiation. The
241Am radionuclide is shielded at its exit window, resulting in the full stoppage
of alpha particles. Subsequently, only photons resulting from the corresponding
gamma decays, predominantly at 59.54 keV, are observed. Deposition spectra are
investigated with ToT-mode whereas Dosi-mode is used to investigate the event
rate as a function of the bias voltage. The exposure time is 10 minutes for every
measurement. The applied bias voltages are in the range between 0.3 V and 30 V.
Between Vbias = 0.3 V and Vbias = 1 V a step size of ∆Vbias = 100 mV is chosen.
Between Vbias = 1 V and Vbias = 20 V, the step size is ∆Vbias = 1 V. Additionally,
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6.2 Detector response to photons

bias voltages 25 V and 30 V are used. Ikrum is set to 7 nA. Figure 6.2.9 shows the
deposition spectra of the 241Am-source for different bias voltages. The deposition
spectra after the energy calibration look very similar for the bias voltages 5 V and
20 V. However, at 0.5 V, the peak is not as sharp as for larger bias voltages. At
a bias voltage of 0.3 V, the peak is additionally shifted to smaller energies. The
bad energy resolution at small bias voltages is caused by the neural network, as
described in [Sch21], not finding the optimal parameters for the energy calibration.
Figure 6.2.9(a) shows the deposition spectra in ToT. Especially, between 50 and 100
ToT, the deposition spectra show differences at different bias voltages. However,
the full-energy peak at a bias voltage of 300 mV is clearly visible. Also, it can be
recognized that the ratio between the amplitude of the photo peak to the rest of
the spectrum becomes larger with bigger bias voltages. Figure 6.2.10 shows the
ratio between the amplitudes of the full-energy peak and the mean amplitude of
the whole spectrum from 10 keV to 70 keV as a function of the bias voltage. The
amplitude of the full-energy peak is determined by a Gaussian function, without
consideration of background radiation, fitted to the data. The function is:

f(x) = a · exp
(

−(x − b)2

c2

)
(6.2.1)

Here, a corresponds to the amplitude, b and c are the position and width of the
peak, respectively. The fit was fitted to the data between 57 keV and 80 keV. The
uncertainties are determined by the error of the fit parameters. Since the energy
calibration does not determine the optimal values below 0.7 V, the values are not
shown for these voltages. For bias voltages up to 5 V, the ratio increases steeply.
For higher bias voltages, the slope is smaller but the ratio further rises. The
uncertainties were obtained by the error of the fit. In order to explain this behavior,
it must be considered that the sensor is depleted from the side of the ASIC. This
means that if the sensor is not depleted completely, particles first traverse the part
of the sensor that is not depleted before they reach the depleted part where they
are detected. If photons interact in the part of the sensor that is not depleted, they
lose energy. The probability for small energy contributions in the spectrum rises
for smaller bias voltages since the particles traverse more non-detecting material in
the sensor. This results in a smaller full-energy peak. This however would lead
to the result that the sensor is not fully depleted at 20 V yet. Another possible
explanation is charge sharing. The drift velocity rises with increasing bias voltages.
This leads to a reduced spread of the radius of the charge cloud. Therefore charge
sharing is reduced. The probability that only parts of the full energy of the photons
are detected by multiple pixels is higher for small bias voltages which leads to a
reduced amplitude.
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6 Reduction of the effective sensor thickness

Next, Dosepix is utilized in Dosi-mode in order to measure the total number of
registered events. The exposure time is 10 minutes. All events over all bins were
summed up to obtain the total number of events. Figure 6.2.11 shows the number
of registered events as a function of the bias voltages. The uncertainties were
determined by Poisson statistics, i.e. the square root of the number of registered
events. Until 1 V, the event rate rises steeply. The slope becomes smaller at higher
bias voltages until saturation occurs at about 13 V implying the sensor to be fully
depleted at this bias voltage. This result is in good agreement with [Ull21].

88



6.2 Detector response to photons

0 50 100 150 200
Deposited energy [ToT]

0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
co

un
ts

Vbias:
0.3V
0.5V
5.0V
20.0V

(a) ToT-measurement
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(b) Energy deposition spectra after energy calibration

Figure 6.2.9: ToT-measurements (a) and energy deposition spectra after the
energy calibration (b) of the 241Am-gamma source for the bias voltage of 0.3 V,
0.5 V, 5 V and 20 V. Ikrum is set to 7 nA. The exposure time is 10 minutes. In
(a) the full energy peak of the 241Am-photons at a bias voltage of 0.3 V is visible.
In (b), the deposition spectra at 0.3 V does not match the real deposition spectra
since the neural network did not find the optimal parameters.
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Figure 6.2.10: Ratio between the amplitude of the full-energy peak and the mean
amplitude of the whole spectrum as a function of the bias voltage. The ratio
increases with larger bias voltages. The uncertainties are determined by the error
on the fit parameters.
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Figure 6.2.11: Number of registered events summed over all large pixels of the
241Am-photon source as a function of the bias voltage. Saturation occurs at about
13 V which corresponds to the bias voltage of full depletion of the sensor. The
uncertainties are determined by Poisson statistics.
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6 Reduction of the effective sensor thickness

6.3 Detector response to alpha particles

Since FLASH radiotherapy also uses massive particles, meaning particles with
a non-zero rest mass, it is necessary to investigate the response of Dosepix on
the irradiation with massive particles. The first massive particles that were used
are alpha particles. For this, measurements with an 241Am-source are shown.
The variation of the bias voltage is performed in a range from Vbias = 0.2 V to
Vbias = 1.1 V in steps of ∆Vbias = 0.1 V. The smallest applied bias voltage is
0.173 V. In the range from Vbias = 2 V to Vbias = 25 V steps of ∆Vbias = 1 V are
used. Additionally, a bias voltage of Vbias = 30 V is applied.
ToT-mode is utilized to record an energy deposition spectrum at a bias voltage of
100 V. The measurement time is approximately 14 h and Ikrum is set to 7 nA. The
long exposure time was chosen in order to achieve good statistics. The spectrum
is shown in figure 6.3.1. The maximal energy deposited in the detector is about
3 MeV. The initial energy of the alphas is 5.486 MeV. However, the distance
between the detector and the source is about 0.7 cm which means that the alphas
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Figure 6.3.1: Deposition spectrum of the 241Am-alpha source at Vbias = 100 V
and Ikrum = 7 nA. The maximum energy is approximately 3 MeV. Two peaks are
visible in the spectrum: At about 2 MeV and at approximately 100 keV. The peak
at 2 MeV results most likely from the full energy of the alpha particles.
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6.3 Detector response to alpha particles

lose approximately 0.6 MeV on their way to the detector ([NIS]). In this calculation,
constant stopping power was assumed. For these measurements, a cover with a
hole is used, so the medium between the source and Dosepix is air. This results
in an energy of arrival of about 4.9 MeV. Since the alphas are entirely stopped in
the silicon sensor, the deposited energy should be 4.9 MeV. A reason as to why
no events with this energy are measured could be charge sharing which means
that the charge cloud that is produced by the alphas is too large to be registered
by only one but by multiple pixels. So each pixel measures only a part of the
total deposited energy. Another reason could be that the energy calibration holds
no longer true for energies of this order. The calibration is only performed until
60 keV since this is the energy of the used photons. It was not investigated how
the relation of ToT and energy behaves in energies of MeV yet. So, it is possible
that the relation between the energy and the ToT-values differs with respect to
the standard calibration function (see equation 4.2.1) as it was investigated in
[SGKP22] which found another dependence on each other in this energy region for
Timepix.

Next, the energy deposition spectra of the 241Am-alpha source at different bias
voltages are investigated. For every bias voltage, an energy calibration is performed.
Figure 6.3.2 shows the recorded energy deposition spectra of the 241Am-alpha source.
For this measurement series, no additional bias voltages as the ones shown were used.
The ToT spectra were recorded over a time period of 10 minutes. This is sufficient
to investigate the dependence of the energy deposition spectra as a function of the
bias voltage. The shape of the spectra differs for different bias voltages as it was
already seen in figures 4.2.4 and 6.2.2. The dependence of the energy deposition
spectra on the bias voltage results from the energy loss of the alpha particles in
the part of the sensor that is not depleted which the particles traverse before
reaching the sensitive sensor material. So, the change of the deposition spectra is
not comparable to the ones of photons because the deposition spectra of photons
are primarily affected by charge sharing when changing the bias voltage, whereas
alpha particles experience a huge energy loss in the undepleted part of the sensor.
Events above an energy of 1 MeV start to be detected at a bias voltage between
2 V and 5 V. Additionally, at rather small bias voltages, there is a peak at about
300 keV which vanishes at higher bias voltages. At Vbias = 20 V, a kind of plateau
can be observed at about 60 keV to 80 keV. This plateau is already visible at smaller
bias voltages at smaller energies. However, this plateau corresponds most likely to
the peak at about Vbias = 100 keV in figure 6.3.1. The expectation would be that
the spectra at Vbias = 20 V and Vbias = 100 V look similar since the sensor is fully
depleted or at least nearly fully depleted at Vbias = 20 V already as shown in figure
6.3.3. A plausible explanation for this could be that charge sharing is reduced at
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6 Reduction of the effective sensor thickness

large bias voltages since the secondary particles are accelerated faster in the sensor
which reduces the broadening of the radius of the charge cloud produced by the
alpha particles. So, for smaller bias voltages the energy is split up in more energy
contributions than for high bias voltages which results in smaller registered energies
for smaller bias voltages. Also, in figure 6.3.1, a peak is observed at about 2 MeV
which does not occur in figure 6.3.2(f). However, this results from statistics since it
is a huge difference in the measurement time between these two measurements. In
figure 6.3.2(f), only about 10 events per 7 keV are measured at energies above 1 MeV.

Energy-binning mode spectra are recorded for each bias voltage over the time period
of 10 minutes. The total counts are calculated by summing up the number of events
registered by the large pixels. The number of registered events as a function of the
bias voltage is shown in figure 6.3.3. The uncertainties were calculated via Poisson
statistics. Irradiation of the Dosepix detector with alpha particles shows a different
course of the total counts compared to irradiations with photons (see figure 6.2.11).
The total counts rise very steeply for bias voltages of up to 300 mv. Above that,
the course changes at first to an exponential rise. At about 10 V, the rise becomes
linear. The total counts start to saturate at about 14 V and is nearly fully saturated
at about 17 V. However, the number of events is still slightly rising implying no
full depletion of the sensor yet. A reason for the different course of the total counts
in comparison to photons could result from the larger effect of charge sharing since
the charge cloud produced by alphas is bigger than the one of photons. Besides, in
comparison to photons, a different energy deposition is present for alpha particles.
Photons interact with the material and produce free electrons which deposit en-
ergy in the sensor material whereas alpha particles itself deposit energy in the sensor.
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(b) Vbias = 1 V
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(d) Vbias = 5 V
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(e) Vbias = 10 V
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(f) Vbias = 20 V

Figure 6.3.2: Deposition spectra of the 241Am-alpha source for (a) Vbias = 0.3 V,
(b) Vbias = 1 V, (c) Vbias = 2 V, (d) Vbias = 5 V, (e) Vbias = 10 V, (f) Vbias = 20 V.
Ikrum is set to 7 nA. The shape of the deposition spectra change with different bias
voltages. For bias voltages higher than 5 V, events with energies above 1 MeV are
observed.
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Figure 6.3.3: Number of registered events in the Dosi-mode summed over all large
pixels depending on the applied bias-voltage. The irradiation was performed with a
241Am-alpha source. Ikrum is set to 7 nA. A clearly different course in comparison to
photons (figure 6.2.11) is observed. The uncertainties were calculated via Poisson
statistics.
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6.4 Detector response to electrons

6.4 Detector response to electrons
A 90Sr/90Y beta minus source is used to study the detector response to electrons
with respect to bias voltage variation. 90Sr decays into 90Y. Latter one has a small
half life of 2.67 d [[Eckb]]. Therefore, a 90Sr beta spectrum is always accompanied
by a 90Y spectrum. The average energies of the electrons emitted by 90Sr and
90Y are 196 keV and 934 keV, respectively ([Ecka]). ToT and Dosi-Mode are used
separately for investigation of the influence of the bias voltage on the shape and
the total counts of the measured energy deposition spectra. The used bias voltages
are in the range between Vbias = 300 mV and Vbias = 30 V. From Vbias = 300 mV up
until Vbias = 1 V, the bias voltages are regarded in steps of ∆Vbias = 100 mV. Be-
tween Vbias = 1 V and Vbias = 20 V, the step between the investigated bias voltages
is ∆Vbias = 1 V. Additionally, bias voltages Vbias = 25 V and Vbias = 30 V are used.
Ikrum is set to 7 nA. The exposure time for each measurement is 10 minutes.

At first, the influence of the bias voltage variation of the shape of the spectrum
is investigated. Figure 6.4.1 shows a few spectra of the 90Sr-source. The energy
deposition spectra of the electrons are following a Landau distribution convolved
with a Gaussian, which results from the detector resolution. The Landau distri-
bution results from the passage of an electron of sufficient energy through a thin
material - here the silicon sensor. However, the peak of this Landau distribution
shifts with different bias voltages. Because the sensor is not entirely depleted at
small bias voltages and therefore the effective sensor thickness becomes smaller
with decreasing bias voltages, the electrons deposit less energy in the corresponding
detection volume. In order to investigate this shift in energy, the Moyal-function
which is an approximation of the Landau-distribution is fitted to every spectrum
which is shown as a red line in figure 6.4.1. The formula of the Moyal-function is
([KW16]):

f(x) = a · exp
(

−1
2

(
x − b

c
+ exp

(
−x − b

c

)))
+ d (6.4.1)

Here, a corresponds to the amplitude, b is the peak position, c the width and d
the offset of the function. In order to investigate how the spectra shift, the fit
parameter b which represents the position of the peak is plotted as a function of
the bias voltage which is shown in figure 6.4.2. The uncertainties are calculated
via the error of the fit parameters. From 300 mV up until 1 V, the slope is very
steep. At higher bias voltages, the course changes and the slope becomes smaller.
A saturation can be observed at 12 V implying that the sensor is fully depleted
at Vbias = 12 V. This is consistent with the result in [Ull21] but in conflict with
the result from figure 6.3.3 since full depletion of the sensor seems not to occur
at a bias voltage of 12 V yet for alpha particles. By the interaction of photons
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6 Reduction of the effective sensor thickness

with the sensor material, electrons are produced which deposit energy. So, for both
types of particles, photons and electrons, the energy is deposited by electrons which
explains the comparable courses of the total counts as a function of the bias voltage.
However, for alphas particles, the alpha particles itself deposit energy in the sensor
material. So, it is a different energy deposition, which could be the reason for the
different course.

Dosi-Mode is utilized to investigate the dependence of the event rate with respect
to bias voltage variation which is shown in figure 6.4.3. The uncertainties are
calculated from Poisson statistics. The course is similar to the one in figure 6.4.2.
The saturation also occurs at a bias voltage of approximately 13 V which is in good
agreement with the depletion voltage gained from the peak positions. However,
the event rate decrease again at higher bias voltages. A reason for this could be
that charge sharing is suppressed at high bias voltages because of the larger drift
velocity which reduces the spread of the radius of the charge cloud. By comparing
figures 6.3.3 and 6.4.3, it is clearly visible that Dosepix responds very differently to
the different kinds of particles.
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(a) Vbias = 0.3 V
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(b) Vbias = 0.7 V
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(c) Vbias = 1 V
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(d) Vbias = 4 V
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(e) Vbias = 7 V
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(f) Vbias = 20 V

Figure 6.4.1: Deposition spectra of the 90Sr-electron source at the bias voltages
(a) 0.3 V, (b) 0.7 V, (c) 1 V, (d) 4 V, (e) 7 V and (f) 20 V. Ikrum is set to 7 nA. The
landau distribution moves to higher energies with increasing bias voltage. The red
curves show a Moyal fit to the data.
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Figure 6.4.2: Peak positions as a function of the bias voltage. Saturation occurs
at about 13 V. The uncertainties are determined by the error of the fit parameters.
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Figure 6.4.3: Number of registered events in Dosi-mode summed over all large
pixels depending on the applied bias voltage. The irradiation was performed with
a 90Sr-source. Ikrum is set to 7 nA. Saturation occurs at about 13 V which is
in accordance with figure 6.4.2. The uncertainties are calculated from Poisson
statistics.
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6 Reduction of the effective sensor thickness

6.5 Conclusion
In this chapter, the effective sensor thickness was reduced by applying a smaller
bias voltage than the default one of 100 V for the three-detector-setup and 48 V for
the single-detector-setup. Different particles types were used, including photons,
alpha particles and electrons. The investigations focused on the reduction of pile-up
and the behavior of Dosepix at different bias voltages.
It is shown that the event rate is significantly reduced by lowering the bias voltage
which reduces the pile-up for high dose radiation which is important to measure
radiation that is used in FLASH radiotherapy. The reason for the reduced event
rate is the smaller effective sensor thickness since the sensor is not entirely depleted
at small bias voltages. By lowering the bias voltage, a calibration with the
corresponding bias voltage is needed since the deposition spectra are dependent on
the bias voltage. The investigation of the behavior of Dosepix on different kinds
of particles lead to the result that photons and electrons show a similar behavior.
The determined bias voltage at which the sensor is completely depleted is about
Vbias = 12V which is in agreement with [Ull21]. However, for alpha particles this
determined value is at about Vbias = 17 V or even higher. Also, the total counts as
a function of the bias voltage show a different course as for photons and electrons.
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In this chapter, an investigation with respect to a clinical application of Dosepix
is conducted. For this purpose, Dosepix is placed at different positions within a
self-constructed water phantom. The total deposited energy within Dosepix is used
as an estimate of the dose at the corresponding depth in water. The aim is to
measure depth dose distributions, allowing conclusions of the sort and energy of
the primary particle. The dose rates applied in this chapter are not in the range of
FLASH radiotherapy since these investigations are a feasibility study for application
of Dosepix. In the following, the setup will be presented. Afterwards simulations
of the setup are conducted to deliver an expectation for the measurements. Then,
measurements at the Strahlenklinik Erlangen ([Strb]) are presented.

7.1 Setup
Figure 7.1.1 illustrates a scheme of the water phantom from the top view. The
dark blue regions are the walls of the water phantom. They are made out of
polymethyl methacrylate (PMMA) and have a thickness of 8 mm, except for the
entrance window on the right side, which is 3 mm thick. The bottom part of the
phantom consists of 8 mm PMMA while the top part is open. The phantom has
an external dimension of 300 mm x 307 mm x 526 mm, where the axis of the long
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7 In-phantom measurements

side is perpendicular to the plane of the entrance window and 307 mm is the hight
of the phantom. Aluminum rails with stepper motors are mounted outside the
water phantom. One stepper motor is positioned on the rail perpendicular to the
entrance window and is connected to the rail parallel to the entrance window. The
second stepper motor moves a plate connected to an electric cylinder on top and a
PMMA cylinder positioned inside the water. The height of said PMMA cylinder is
with 38.8 cm larger than the water level to ensure that no water can enter. The
PMMA cylinder is hollow and has a diameter of 50 mm with a wall strength of
2 mm. The bottom has a thickness of 6 mm. Dosepix is connected to the electric
cylinder, which adjusts the position of the Dosepix detector on the axis parallel to
the electric cylinder. Overall, this setup allows 3D movement of Dosepix within
the water phantom. Figure 7.1.2 shows a photograph of the water phantom. The
used stepper motors are the LA421S07-B-TJCA ([Ste]) from Nanotec ([Nan]), and
the electric cylinder is the DSZY1-POT ([Ele]) from MSW Motion Control GmbH
([MSW]). The electric cylinder has a total range of 300 mm and is driven via an
Arduino Uno Rev3 ([Ard]). In contrast, the two stepper motors are driven by the

Beam
direction

526mm

30
0m

m

Stepper motors

Electric cylinder

Figure 7.1.1: Scheme of the water phantom. Dosepix is located within a PMMA
cylinder which is connected to stepper motors allowing arbitrary positions within
the water phantom. Dosepix is connected to an electric cylinder which adjusts
the position of the detector parallel to the axis of the electric cylinder within the
PMMA cylinder.
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7.1 Setup

Figure 7.1.2: Photograph of the water phantom setup. 1) is the water phantom
itself, 2) the Dosepix detector. 3) shows the two stepper motors, which move the
electric cylinder (4), together with the PMMA cylinder (6) along the plane parallel
to the bottom of the phantom. Dosepix is connected with the electric cylinder
which adjusts the position of Dosepix inside the PMMA cylinder. The boards
controlling the stepper motors and the electric cylinder are positioned inside the
motor control box (5).
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7 In-phantom measurements

stepper motor controller TMCM-6110 ([TMC]) from Mocontronic System GmbH
([Moc]). The commands of both boards are executed via a python script. The
minimal distance between the outer side of the PMMA cylinder and the inner side
of the entrance window of the water phantom is 2 mm. The minimal distance of
Dosepix to the bottom plate is 3 cm.
A single Dosepix detector setup is used for measurements inside the water phantom.
A 300 µm thick silicon sensor is attached to the ASIC and the applied bias voltage
is 48 V.

7.2 Simulations

The setup described in the previous section is simulated via Geant4 ([Gea]), a
toolkit simulating the interaction of particles with matter. The geometries, sources,
and target material can be selected as required. The water phantom, excluding
the aluminum rails, stepper motors and electric cylinder, is constructed in the
simulation. Depth dose curves in water are simulated first, before including the
hollow PMMA cylinder with the Dosepix detector in the simulation. The particles
of interest are electrons and protons. These simulations are followed up with
simulations including the PMMA cylinder and the detector, i.e., depth dose curves
with the energy deposited in Dosepix’ sensor. This is realized by utilizing Allpix2

([All]), a simulation framework for pixel detectors. Allpix2 is a simulation framework
for silicon detectors, including the interaction of ionizing radiation with the sensor
[SSW23]. Allpix2 allows the implementation of the whole construction of the
Dosepix detector, yielding deposited charges in the sensor.

7.2.1 Depth dose distribution in water

As mentioned before, first, simulations determining the depth dose distribution
of different particle types in the water phantom are performed. The water inside
the phantom is divided into slices with a thickness of 1 mm perpendicular to the
entrance window. Geant4 yields particle tracks with a certain energy deposited
within the track range. For simplicity, it is assumed that the complete deposited
energy within one track is deposited at an arbitrary point on the track. The total
energy deposited in each slice is determined yielding the depth dose distribution.
It is performed for electron as well as proton radiation. The used physics list in the
simulations is "FTFP_BERT_EMY", which is a reference physics list provided by
Geant4.
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7.2 Simulations

Simulations with electrons

The first simulated particle type are electrons. Two electron energies were investi-
gated: 6 MeV and 15 MeV. These two energies were chosen, since these energies are
the upper and lower limit of the provided electron energies in the Strahlenklinik
Erlangen [Strb]. The number of simulated events is 1 million. The distance between
the entrance window and the focal spot of the accelerator is 1 m. The geometry of
the simulated source is a quadratic plane 5 cm x 5 cm field aligned parallel to the
entrance window of the water phantom. The entrance window of the water phantom
is irradiated centrally. The curves of depth dose distributions are illustrated by
considering the relative dose. Therefore, it is sufficient to determine the deposited
energy in each water slice, since the mass of the water slices is a constant factor.
The determined depth dose distributions for both energies are shown in figure 7.2.1.
The determined relative doses per slice are shown as a function of the corresponding
water depth. The relative dose is obtained dividing the curve by its maximal
value. For 6 MeV electrons, the dose rises until it reaches its maximum at about
10 mm water depth, followed by a steep decrease of the dose. Similar behavior is
observed for simulations with 15 MeV electrons. The dose rises until its maximum
at approximately 40 mm water depth, followed by a decrease of dose.
The increase of dose at small water depth is explained by the dose build-up effect.
The electrons scatter with the atoms of the water, resulting is oblique flight di-
rections compared to their original direction. Additionally, the primary electrons
produce further secondary electrons, increasing the particle fluence. This leads to
an increasing dose at small water depths. It is visible that the relative dose at the
entrance into the water phantom is higher for 15 MeV electrons compared to 6 MeV
electrons. For smaller energies, the probability for electrons to scatter at higher
angles in increased. This causes a quicker increase of the dose. [SPO]
In the following, the practical range Rp of electrons in water is determined. The
practical range is defined as the depth at which a linear interpolation of the decreas-
ing dose intersects the background radiation produced by bremsstrahlung ([SPO]).
In the simulations, the depth dose distribution at large water depth is not zero, but
a certain amount of dose is still observed. This corresponds to the bremsstrahlung
background. In order to gain a value for this background, the mean of the relative
dose values near the steep decrease is calculated, since the background in this region
is similar to the one at the practical range. This is performed for water depth
between 30 mm and 40 mm for 6 MeV electrons and between 80 mm and 90 mm
for 15 MeV electrons. The uncertainties on the background are determined by the
standard error, which is the standard deviation on the mean value divided by the
square root of the number of regarded measurements. The steep decrease in dose is
fitted via a linear function. The determined practical range for 6 MeV electrons is
24.5 ±0.7 mm and for 15 MeV electrons 69.5±0.6 mm. Uncertainties are determined
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(a) 6 MeV electrons
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(b) 15 MeV electrons

Figure 7.2.1: Simulated depth dose distributions of 6 MeV electrons (a) and
15 MeV electrons (b). The number of simulated events is 1 million. The dashed
black line shows the level of bremsstrahlung background. The practical range is
determined by the intersection of the bremsstrahlung background with a linear
function fitted to the decrease of relative dose.
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by Gaussian error propagation with the uncertainties on the background and the
fit function. The procedure is illustrated in figure 7.2.1. The dashed black lines
show the level of background resulting from bremsstrahlung and the red lines are
the linear function, where the simulated data at steep decrease in dose is fitted to.
The practical range of electrons in water is determined by the intersection of the
background level and the linear fit. The simulations were performed in order to
gain information about the development of deposited energy of electrons within
the water phantom and the practical range of the particles in water.

Simulations with protons

Protons are also potential candidates for FLASH radiotherapy [SHF+20]. Therefore,
simulations were performed with protons with an energy of 150 MeV, which is within
the range for typical energies of proton therapy of 60 MeV to 250 MeV ([SHF+20]).
The geometry and analysis are the same as for the simulations with electrons.
The depth dose distribution is shown in figure 7.2.2. The absorbed dose shows a
slight decrease at small water depths, leading to the Bragg peak, which appears for
heavy charged particles at their stoppage. The exact position of the Bragg peak
was determined by fitting a function of the following form to the simulated data
([Lam15]):

D(dW) = α exp
(

τ 2σ2

2 + τ(dW − µ)
)

· erfc
(

−µ − dW

σ
√

2
+ τσ√

2

)
(7.2.1)

Here, D(dW) is the dose at a certain water depth dW. The parameter µ corresponds
to the peak position, which is used to determine the range of protons in water.
The applied fit to the simulated data is shown in figure 7.2.2 as a dashed red line.
The determined range of 150 MeV protons in water is 154.120 ± 0.023 mm. In this
thesis, no measurements with protons were performed, but because of the large
size of the water phantom, this setup can be used for future investigations with
proton radiation. Additionally, the obtained data can be used for dose estimations.

7.2.2 Simulations including Dosepix
In this section, simulations with Dosepix within the water phantom are performed.
For this, Allpix2 is used. The Dosepix detector was implemented, allowing the
simulation of deposited energy within Dosepix’ sensor. Allpix2 determines the
response of the detector to ionizing radiation. The deposited charge in the pixels
are stored for each event. In Allpix2, the value for the required energy to produce an
electron-hole pair is set to 3.64 eV ([SM69]). From this value, the deposited energy
is calculated. The simulations are performed with electrons of an energy of 6 MeV
as well as 15 MeV. The distance between the focal spot of the accelerator and the
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Figure 7.2.2: Simulated depth dose distribution of 150 MeV protons with Geant4.
The number of simulated events is 1 million. The position of the Bragg peak is
determined via a fit shown as a dashed red line, yielding the range of the protons
of approximately 154 mm in water.
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entrance window is 1 m. The beam has a dimension of 5 cm x 5 cm, parallel to the
entrance window of the water phantom which is irradiated centrally. The number
of simulated particles is 10 million for the simulations with 15 MeV electrons and 50
million for 6 MeV electrons. The determined energy deposition spectra for different
positions of Dosepix in the water phantom are shown in figure 7.2.3. The number
of counts were histogramed. The energy deposition spectra are normalized to the
largest value determined at 2 mm water depth in the regarded energy range. The
water depth is the distance between the inner side of the phantom and the outer
side of the PMMA cylinder. A Landau distribution is observed for all water depths
and both electron energies with the peak at about 75 keV. However, the ratio
between the number of counts corresponding to the peak of the Landau distribution
and the total number of counts over the whole spectrum decreases with increasing
water depths because of background bremsstrahlung. Furthermore, the probability
for electrons not to impinge on the detector perpendicularly rises, since the number
of interactions for the single electrons increases with increasing water depth. This
results in different track lengths through the sensor, leading to contributions at
smaller energies since multiple pixels register the deposited energy.
The deposition spectrum for 15 MeV electrons was also binned for the used energy
bins listed in table 7.3.1 since they are used for the measurements in Dosi-mode
described in section 7.3.2. The deposition spectra with the Dosi-mode bins is shown
in figure 7.2.4.

In the following, the absorbed dose dependent on the water depth is investigated.
The dose at a certain water depth is determined by summing up the deposited
energy of all events. The relative dose is investigated, therefore it is sufficient to
determine the deposited energy in the sensor material since the sensor’s mass is
only a constant factor. The resulting depth dose distributions are shown in figure
7.2.5. The relative dose is calculated by dividing all dose values by the largest one.
It is observed that the absorbed dose stays constant for small water depths for both
curves. The relative dose starts to decrease at a water depth of 4 mm for 6 MeV
electrons, whereas for 15 MeV, the relative dose starts to decrease at a water depth
of approximately 18 mm. Subsequently, a decrease of relative dose is observed. The
relative dose drops near to zero at water depths matching the determined practical
ranges from section 7.2.1.
Additionally, figure 7.2.6 shows the normalized number of counts dependent on
the water depth. The number of counts increases with the water depth at small
penetration depths. A reason for this behavior is the rising number of photons
produced by the interaction of electrons with water, which is explained by the dose
build-up effect.
The number of counts starts to decrease at a water depth of approximately 4 mm
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Figure 7.2.3: Simulated energy deposition spectra with Allpix2 for electrons with
an energy of (a) 6 MeV and (b) 15 MeV at different water depths within the water
phantom. A Landau distribution is observed with the peak at approximately 75 keV.
The ratio between the number of counts in the peak of the Landau distribution
and the total number of counts over the whole spectrum decreases with increasing
water depths.
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Figure 7.2.4: Simulated energy deposition spectra for 15 MeV electrons shown in
7.2.3(b) binned according to Dosi-mode measurements discussed in section 7.3.2
with the energy bin ranges listed in table 7.3.1.

for 6 MeV electrons and 19 mm for 15 MeV electrons. The curves are similar to
the depth dose distributions shown in figure 7.2.5. The simulations at 15 MeV
correspond to the measurements performed at the Strahlenklinik Erlangen. The
simulated data provides a rough expectation for measurements performed with
Dosepix. However, also deviations from the simulations are expected since every
event is simulated separately in Allpix2, so no pile-up is considered. Nevertheless,
the effect of pile-up can be investigated by comparing the simulations to the
measured data.
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Figure 7.2.5: Simulated depth dose distributions for electrons with an energy of
(a) 6 MeV and (b) 15 MeV. The water depth is the distance between the inner side
of the water phantom and the outer side of the PMMA cylinder. The relative dose
stays nearly constant for small water depths and subsequently decreases.
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Figure 7.2.6: Stored number of events normalized to the maximum number of
events as a function of the water depth for (a) 6 MeV and (b) 15 MeV electrons.
The water depth is the distance between the inner side of the water phantom and
the outer side of the PMMA cylinder. The number of counts increases with rising
water depth at small penetration depths. The rest of the curves are similar to the
depth dose distributions shown in figure 7.2.5.
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7.3 Measurements at Strahlenklinik
Corresponding to the simulations performed with electrons, measurements at
the Strahlenklinik Erlangen ([Strb]) were performed with 15 MeV electrons. The
used LINAC is a VersaHD by Elekta ([Ver]). This LINAC uses the technique of
traveling waves. A pulse dose rate of 500 MU per minute is used where 100 MU
corresponds to an applied energy dose to water of 1 Gy. The applied dose per
pulse is approximately 0.4 mGy ([Corb]), which lies in the range of conventional
radiotherapy. The pulse duration is 3 µs. The distance between the focal spot of the
accelerator and the outer side of the water phantom was approximately 1 m. The
beam has a dimension of 5 cm x 5 cm at the exit window of the accelerator. Said exit
window is parallel to the entrance window of the water phantom. Laser-light was
emitted from the gantry of the accelerator, which can influence the measurements
since a high optical photon flux can cause registration of events because of pile-up.
Single optical photons do not produce a charge signal exceeding the threshold level
of Dosepix. However, for high photon fluxes, pile-up of many events produces a
measurable signal. Therefore, a piece of paper was placed between the gantry and
the water phantom in order to shield the light. However, a fraction of the light still
passed the piece of paper. The readout board is covered by approximately 1 mm of
lead to shield it from radiation. Dosi-mode is utilized to measure the depth dose
distribution and the deposition spectra. The energy range of each bin is shown in
table 7.3.1. The data acquisition time is approximately 10 s.

7.3.1 Reference measurements

At first, reference measurements without radiation were performed at three different
water depths. The water depth is the distance between the phantom’s inner side and
the PMMA cylinder’s outer side. The energy histograms gained from measurement
utilizing Dosepix in Dosi-mode are shown in figure 7.3.1. Mainly, most events are
registered in the first and the last energy bin. The number of counts decreases with
increasing water depth, indicating that the measured events result from optical
light emitted from the gantry. The threshold energy is much higher than the
energy of optical photons, but pile-up of many thousands of optical photons leads
to charge signals exceeding the threshold voltage. However, the large amount of
registered events in the last energy bin is not typical for the influence of optical
photons, so another unclear origin could be the reason. No overflow of the energy
bins occurred. Reference also influences the measurements with electron radiation.
However, the influence of the background radiation is negligible compared to the
main signal caused by the primary electron beam. The deposition spectra of the
electron radiation are determined next.
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Bin number Energy range
1 12 − 20 keV
2 20 − 35 keV
3 35 − 50 keV
4 50 − 60 keV
5 60 − 70 keV
6 70 − 80 keV
7 80 − 90 keV
8 90 − 100 keV
9 100 − 110 keV
10 110 − 125 keV
11 125 − 140 keV
12 140 − 155 keV
13 155 − 170 keV
14 170 − 185 keV
15 185 − 200 keV
16 > 200 keV

Table 7.3.1: Used energy ranges of the Dosi-mode bins for measurements of
electrons in the Strahlenklinik Erlangen.

7.3.2 Electron measurements
Dosepix is utilized in Dosi-mode to obtain energy histograms for electron irradiation
at different water depths in the water phantom. The water depth was varied from
2 mm to 58 mm in steps of 2 mm and from 65 mm to 80 mm in steps of 5 mm.
Additionally, a measurement at a water depth of 100 mm was performed. The
obtained energy histograms at different water depths are shown in figure 7.3.2.
All measurements show a large amount of registered events in the highest energy
bin. This results from pile-up, caused by the high dose rate. Pile-up results in a
distortion of the deposited energy and a reduced number of registered events. As a
comparison, in the simulated energy deposition spectra binned corresponding to
the bin edges in Dosi-mode, illustrated in figure 7.2.4, all high energetic simulated
events were included in the highest energetic bin. For the simulated data, the last
energy bin is much less dominant than in the measured data. In the simulations,
no pile-up is included.
The spectra remain similar up until a water depth of about 40 mm. According
to the simulation, a Landau distribution occurs at approximately 75 keV for all
water depths if no pile-up occurs. A Landau distribution is observed at a water
depths between 2 mm and 40 mm in the measurements. This peak moves from
small to high energies in a range of approximately 40 keV to 70 keV with increasing
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Figure 7.3.1: Reference measurements without electron radiation. Events are
registered because of optical light emitted from the gantry. The number of total
counts decreases with increasing water depth.

water depths. This could be explained by a shift of the threshold at high particle
fluxes, which was investigated in [Sch21]. The observed peak does not appear as a
Landau distribution at larger water depths and further moves to higher energies.
At a water depth of 65 mm, the peak has moved into the last energy bin. Between
40 mm and 58 mm, many events are registered in the smallest energy bin. Pile-up
and the shift of the peak cause severe problems for dosimetry since no accurate
dose calculation is possible.

In order to investigate the energy deposition at higher energies, the bin ranges
were changed to the ones listed in table 7.3.2. The remaining measurement pa-
rameters are the same as for the measurement with the bin ranges listed in table
7.3.1. The energy histograms are shown in figure 7.3.3. It has to be mentioned
that the energy calibration is performed until 60 keV, resulting in inaccuracies
determining the deposited energies of the events. Events with deposited energies of
up to 2 MeV are registered contradicting the simulated data which shows maximum
energy depositions at approximately 300 keV. These high energy events result from
pile-up because of the large particle flux. The deposited spectra remain similar
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Figure 7.3.2: Energy histograms of electron radiation recorded in Dosi-mode at
different water depths dW. The huge amount of events in the last energy bin results
from pile-up. The Landau peaks move to higher energies with increasing water
depths.
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Figure 7.3.3: Energy histograms of electron radiation recorded in Dosi-mode
with bigger bins up until 2.8 MeV. Up until 20 mm water depth dW, the energy
deposition spectra look similar. Peaks are observed at approximately 1 MeV and
1.7 MeV. In the deposition spectra at 60 mm and 80 mm water depths, the peak at
1.7 MeV vanishes and one appears at approximately 300 keV.
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Bin number Energy range
1 12 − 100 keV
2 100 − 200 keV
3 200 − 400 keV
4 400 − 600 keV
5 600 − 800 keV
6 800 − 1000 keV
7 1000 − 1200 keV
8 1200 − 1400 keV
9 1400 − 1600 keV
10 1600 − 1800 keV
11 1800 − 2000 keV
12 2000 − 2200 keV
13 2200 − 2400 keV
14 2400 − 2600 keV
15 2600 − 2800 keV
16 > 2800 keV

Table 7.3.2: Used energy ranges of the Dosi-mode bins for measurements of
electrons in the Strahlenklinik Erlangen.

for the water depths of 2 mm to 20 mm. Two peaks are observed at approximately
1 MeV and 1.7 MeV. The peak at 1.7 MeV vanishes at a water depth of 60 mm
and an additional peak appears at about 300 keV. At 80 mm water depth, the
peak at approximately 1 MeV becomes bigger and the peak at about 300 keV smaller.

Next, measurements using ToT-mode were performed to determine the energy
deposition spectra at different water depths in the phantom. The frame time of
these measurements is set to 0.01 s. The total exposure time is approximately
10 s. The energy deposition spectra are shown in figure 7.3.4. At a water depth
of 2 mm, a peak is visible at about 1 MeV. This peak still occurs at a water
depth of 80 mm. However, the number of energy contributions at energies between
approximately 100 keV and 500 keV increases and the amplitude of the peak at
1 MeV decreases. At a water depth of 100 mm, the peak at 1 MeV nearly vanishes,
and the contribution of events between 100 keV and 500 keV become more dominant
in comparison to smaller water depths. The reason for this behavior could be that
pile-up is reduced at large water depths since the particle flux decreases, resulting
in a smaller probability for events registered at very high energies.
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Figure 7.3.4: Energy deposition spectra recorded in ToT-mode with a frame time
of 0.01 s. The total exposure time is 10 s. The measurements were performed at
different water depths dW in the water phantom.
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7.3 Measurements at Strahlenklinik

7.3.3 Depth dose distribution

The measurements with the energy bin ranges shown in table 7.3.1 are used to
determine the number of events as a function of the water depth and the depth
dose distribution. The number of events is calculated by summing up all registered
events of all pixels within the measurement time except for the first and the last
energy bin. The first energy bin, corresponding to the least energetic energy bin, is
taken out from the evaluation because of the huge influence of optical light. The
last energy bin, corresponding to the most energetic energy bin, is also influenced
by optical light but also by pile-up. Pile-up results in measured numbers of events
that do not match the actual amount of impinging particles since many particles
contribute to a single registration. The effect of pile-up depends on the water depth.
Therefore this energy bin is also excluded from the evaluation. The total number
of counts dependent on the water depth is shown in figure 7.3.5. The uncertainties
are determined by the Poisson error. The number of total counts experience a
slight increase between 2 mm and 50 mm. This can be explained by the increasing
number of particles at small water depths. The number of registered events steeply
decreases until about 70 mm. This corresponds to the range of the electrons in
water, matching the result from the simulation in figure 7.2.6(b). The course of
the measurements series is explainable by pile-up. Pile-up results in a reduced
amount of registered events, since multiple particles contribute to a single event.
The number of events at large water depths cannot result only from the background
since much less events were registered in the reference measurements. Therefore,
these events result from photons produced by bremsstrahlung. Additionally, the
threshold level is shifted at high particle flux which also has an influence on the
number of registered events.
Compared to the simulated data shown in figure 7.2.6(b), the number of counts
starts to decrease at a larger water depth, and the slope of this decrease is steeper
than in the simulations. This is also expected, since pile-up is reduced at the range
of the electrons leading to a sharper edge. However, the number of counts rises at
small water depths, which matches the simulations.
The data recorded in Dosi-mode with the energy bins listed in table 7.3.1 is also
used in order to determine the depth dose distribution. Again, the first energy bin
is excluded from the calculation. The last energy bin is also not included since
all events more energetic than the last energy bin edge are registered in this bin.
Therefore, no borders for the deposited energy can be determined. For all other
bins, the mean energy of each bin is multiplied by the number of registered events
in the corresponding bins. This yields the energy registered in each energy bin. All
energies are summed up for each measurement at a specific water depth. The values
are normalized to the largest value. This yields the relative dose since the mass
of the sensor is a constant factor. The corresponding data is visualized in figure
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Figure 7.3.5: Total number of registered counts as a function of the water depth.
The measurements in Dosi-mode with the bin edges shown in table 7.3.1 are used.
The first and last energy bins are not included. The exposure time is 10 s. Between
2 mm and 50 mm, the number of counts slightly increases. At 50 mm water depth,
the number of counts decreases steeply and remains at a nearly constant value for
water depths higher than 75 mm. The statistical errors determined by the Poisson
error are smaller than the data points.

7.3.6. The uncertainties of measured energy in each bin are determined via Poisson
errors on the number of registered counts multiplied by the mean energy of the bins.
The uncertainty on the deposited energy over all energy bins in then calculated
by Gaussian error propagation. The deposited energy rises until a water depth of
about 50 mm. This results from the shift of the Landau peak observed in figure
7.3.2 from small to high energies at increasing water depths. The practical range is
calculated by the intersection of the background bremsstrahlung and a linear fit to
the part of decreasing dose. The background level is calculated by the mean value
of the data points corresponding to the five largest water depths. The uncertainties
on the background level is calculated by Gaussian error propagation. A linear
function was fitted to the deposited energy values at the water depths of 56 mm,
58 mm and 65 mm. Since only three data points belong to the linear part of the
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7.3 Measurements at Strahlenklinik

curve, the gained uncertainties are large. The determined range is 64 ± 5 mm. The
uncertainties are calculated via Gaussian error propagation. Figure 7.3.6 illustrates
the determination of the practical range. Compared to the simulated data shown
in figure 7.2.5(b), the curves differ at small water depths, and the dose starts to
decrease at a much higher water depth than in the simulation which results from
the shift of the threshold level and pile-up. However, the determined range of the
electrons in water is similar to the expected value from the simulation.
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Figure 7.3.6: Measured dose depth distribution of 15 MeV electrons as a function
of the water depth. The deposited energy is calculated by summing up the measured
energies of all bins, excluding the first and last energy bin. The energies in each
bin are determined by the multiplication of the mean energy and the number of
measured events. The uncertainties are calculated via Gaussian error propagation
over all uncertainties of the deposited energy in each energy bin, determined by
the multiplication of the mean energy with the Poisson error on the number of
measured events. The exposure time is 10 s. The deposited energy increases until a
water depth of approximately 50 mm, followed by a steep decrease. The deposited
energy stays nearly constant for water depths above 65 mm. The statistical errors
are smaller than the data points. The practical range was determined via the
intersection of the bremsstrahlung background (dashed black line) and a linear
function (red line) fitted to the decrease of relative dose, yielding approximately
64 mm.
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7.4 Conclusion
In this section, a water phantom was used to take measurements with Dosepix of
clinical electrons at different water depths. At first, simulations were performed
in Geant4, using 6 MeV and 15 MeV electrons in order to determine the depth
dose distribution of these particles in matter. Additionally, the same was done for
150 MeV protons. Subsequently, simulation including the Dosepix detector were
performed using Allpix2. It yields the deposited energies in the sensor material, from
which the energy deposition spectrum is determined. Additionally, the depth dose
distribution was simulated. Measurements were performed at the Strahlenklinik
Erlangen ([Strb]) using 15 MeV electrons. Dosepix was used to take measurements
at different water depths in order to determine the depth dose distribution. Pile-up
was observed leading to very different energy deposition spectra than yielded from
the simulations. Additionally, the high particle flux leads to a shift of the threshold
level, which prevents accurate dose measurements with Dosepix. In order to gain
additional knowledge about the observed effects, simulations including pile-up are
needed. Nevertheless, the depth dose distributions showed similarities with the
simulated data.
All in all, Dosepix is not suitable for high dose radiation in the primary beam since
pile-up and the shift of the threshold level results in wrong dose measurements.
In order The used dose rates are not in the range of FLASH but conventional
radiotherapy. Simulations including pile-up are needed to disentangle measured
data from pile-up. Additionally, measurements in Integration-mode, as performed
in [Huf22] could provide more valuable information. Different methods must be
tested. Placing Dosepix outside the primary beam, measuring stray radiation, is a
promising method. Another ansatz is the reduction of the effective sensor thickness,
as investigated in chapter 6, together with the usage of the water phantom for dose
measurements in the primary particle beam.
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8 Summary and Outlook
This thesis deals with investigations on the suitability of dosimetry with the
Dosepix detector at high dose rates, especially FLASH radiotherapy. For this
kind of cancer therapy, high doses per beam pulse in the order of several Gy/s
are used ([RSM+20]), resulting in the so called FLASH effect. The surrounding
healthy tissue is spared, while the induced tumor damage is similar to conventional
radiotherapy at comparable total doses applied ([SHF+20]). This makes FLASH
radiotherapy a promising tool for future cancer therapies. Because of the high dose
rates, dosimetry of FLASH radiotherapy is accompanied by challenges ([RSM+20]).
The aim of this thesis is to find ways to deal with high dose rate radiation for
measurements with the Dosepix detector.

First, a Dosepix-ionisation-chamber was built. It is realized by gluing a copper
plate into the cover of Dosepix, which is utilized without a sensor. This allows
the application of a negative voltage to the copper plate, resulting in the forma-
tion of an electric field between the copper plate and the detectors’ ASIC. The
Dosepix-ionisation-chamber is placed into the primary beam with the plane of
the ASIC parallel to the beam axis. Secondary electrons are produced by the
interaction of the primary particles with the air between the copper plate and
the ASIC. These electrons are accelerated towards the ASIC, where the deposited
charge is measured.
The Dosepix-ionisation-chamber showed the best results at the maximal applicable
bias voltage of 2 kV, limited by the voltage supply. A huge time dependency of the
measured signal is observed, resulting probably from the collection of electrons on
the unsensitive part of the ASIC. This time dependency leads to problems in the
reproducibility, prohibiting the extraction of knowledge from the measurements.
No valuable information was obtained at investigations with an x-ray tube and
clinical electrons provided by the Strahlenklinik Erlangen ([Strb]).

Next, the effective sensor thickness was reduced, resulting in a decreased event
rate. This is done by applying a smaller bias voltage than the default of 100 V. A
measurable signal still occurs at a bias voltage of 300 mV. The investigations deal
with the reduction of pile-up and the behavior of Dosepix at reduced bias voltages.
The particles of interest are photons, monoenergetic as well as polyenergetic, alpha
particles and electrons. For all particle types, the shape of the energy deposition
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spectra changed by applying different bias voltages. For dosimetric tasks, correc-
tions via conversion factors are possible. A significant decrease of the event rate is
observed for lowered bias voltages resulting in decreased pile-up. The event rate as
a function of the bias voltage show similar courses for photons and electrons. In
comparison, alpha particles show a differences to the other particles.

In the last chapter of this thesis, a water phantom was used to investigate the
response of the Dosepix detector at different water depths. Simulations were per-
formed in order to deliver information about the depth dose distribution and energy
deposition spectra. Geant4 and Allpix Squared were used for the simulations.
Measurement were performed at the Strahlenklinik Erlangen ([Strb]) using 15 MeV
electrons. Within the measurement time of about 10 s, a dose of approximately
0.8 Gy is applied, corresponding to conventional radiotherapy. Pile-up is heavily
influencing the energy deposition spectra resulting in large energy depositions up
to several MeV. Additionally, a shift in energy is observed which may result from
a shift of the threshold level at high particle fluxes. The range of the electrons is
water was roughly determined correctly. The simulation yielded a practical range
of 69.5 ± 0.5 mm, whereas the practical range determined from measurements is
64 ± 5 mm. However, dose measurements cannot be performed at the investigated
conditions.

All in all, it was not achieved to create useful methods to measure the dose of
high dose rates. The used dose rates applied at the Strahlenklinik correspond
to conventional radiotherapy. Therefore, the presented methods are not suitable
for dosimetry for FLASH radiotherapy. Different setups must be investigated. A
possible method are measurements outside of the primary particle beam, measuring
stray radiation. Additionally, the response of Dosepix to clinical radiation at a
reduced effective sensor thickness was not investigated in this thesis. This could
also provide a suitable method for dose measurements at high dose rates since
pile-up is reduced.
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