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Abstract

Dosepix is a pixelated photon-counting detector designed for dosimetry tasks. It
employs a silicon sensor to register the deposited energies from photon interactions.
Each of its 16 × 16 pixels acquires events independently and can resolve energy. The
pixelation of Dosepix ensures that the event rate per pixel is reduced. The deposited
energies of registered events can directly be sorted in a configurable internal 16 bin
histogram allowing for dead-time free measurements. These features make Dosepix a
promising detector for dosimetry and X-ray spectroscopy applications.

These tasks are accomplished with systems of one or multiple Dosepix detectors in
this thesis. The detectors are used with appropriate filters which attenuate and change
the impinging photon spectrum. This increases the information and the ability to mea-
sure correctly for different angles of irradiation. The response of the Dosepix detector
to photon fields of various energies is simulated for numerous setups and analysed
in great detail. Conversion factors from registered photon events to personal dose
equivalents, representing stochastic effects of radiation inducing health risks, are opti-
mised and evaluated with measurements. Filters for Dosepix are designed to reduce
the number of required detectors for dose estimation in clinical use. A fast energy
calibration method for Dosepix is developed via deep learning methods. It only re-
quires the measurement of a single calibration source and is able to work with data
of low statistics. A convolutional neural network is developed, which reconstructs
an X-ray tube’s photon spectrum from measurements with a Dosepix detector system.
Additional networks to estimate various characteristics of this spectrum, essential for
quality assurance, are established. A detailed simulation of the inner workings of
Dosepix at the hardware level is introduced. It describes a detector’s behaviour for
high photon flux conditions.

A system of three Dosepix detectors with different metal filters can measure the
personal dose equivalents Hp(10) and Hp(0.07) within the required legal limits for
an energy range of 12 keV to 1250 keV. The additional requirement of irradiation an-
gles of up to 60◦ constraints the Hp(0.07) estimation capabilities to photon energies
greater than 25 keV. Simulations of a single Dosepix with a PMMA filter optimised
to Hp(10) show that the detector can measure dose within an energy range important
for medical applications of 14 keV to 250 keV, for irradiation angles of up to 60◦. With
the same filter, the estimation of Hp(0.07) for energies greater 20 keV is possible. A
Dosepix system for eye lens dosimetry is introduced in simulations. It can determine
the personal dose equivalent Hp(3) for energies of up to 250 keV and irradiation an-
gles of 70◦. For photon energies above 15 keV, angles of up to 90◦ are possible. A
three Dosepix detector system with flat metal filters is used for the quality assurance
of X-ray tubes. A convolutional neural network can predict the photon spectra for
X-ray tube voltages in a range of 40 kV to 120 kV from measurements. Additionally,
characteristics of these spectra are estimated, including the kVp-value, the half-value
layers (HVL) for aluminium and copper, conversion factors from photon fluence to



dose equivalents and air kerma, and the photon fluence. A reconstruction of X-ray
tube spectra scaled with the number of emitted photons is possible for fast measure-
ments by utilising the dead-time freeness of the detector and deep learning methods.
All introduced methods and analyses validate the capabilities of Dosepix regarding
dosimetry and quality assurance of X-ray tubes. These results allow for compact de-
vices employing Dosepix as their main component for various applications in science
and medical technology.
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Kurzzusammenfassung

Dosepix ist ein pixelierter, photonenzählender Detektor, der für die Dosimetrie entwi-
ckelt wurde. Er verwendet einen Siliziumsensor, um deponierte Energien von Wech-
selwirkungen mit Photonen zu registrieren. Die 16 × 16 Pixel des Dosepix-Detektors
erfassen Ereignisse unabhängig voneinander und sind in der Lage, Energie aufzulö-
sen. Die Pixelierung stellt sicher, dass die Ereignisrate pro Pixel verringert ist. Regis-
trierte deponierte Energien können direkt in ein aus 16 Bins bestehendes Histogramm
gespeichert werden, was ein Messen ohne Totzeit ermöglicht. Die vorgestellten Eigen-
schaften machen Dosepix zu einem vielversprechenden Detektor für Anwendungen
in der Dosimetrie und Röntgenspektroskopie.

In dieser Arbeit werden diese Aufgaben mit Systemen, die einen oder mehrere
Dosepix-Detektoren umfassen, realisiert. Geeignete Filter für die Detektoren werden
eingesetzt, um das einfallende Photonenspektrum abzuschwächen und zu verzerren.
Dies erhöht den Informationsgehalt und die Fähigkeit, unter verschiedenen Einstrah-
lungswinkeln korrekt zu messen. Die Response des Dosepix-Detektors für Photonen-
felder verschiedener Energien wird für zahlreiche Aufbauten simuliert und im Detail
analysiert. Umrechnungsfaktoren von registrierten Photonenereignissen in Personen-
dosen, die stochastische Gesundheitsrisiken durch Strahlung repräsentieren, werden
optimiert und mit Messungen verglichen. Die Anzahl benötigter Dosepix-Detektoren
für die Dosimetrie im klinischen Einsatz wird durch optimierte PMMA-Filter mini-
miert. Eine schnelle, auf Deep-Learning basierende Methode zur Energiekalibrierung
für Dosepix wird entwickelt. Diese erfordert lediglich die Messung eines einzigen
Prüfstrahlers und funktioniert mit Daten von geringer Statistik. Ein Convolutional
Neural Network wird vorgestellt, das das Photonenspektrum einer Röntgenröhre mit-
tels Messungen eines Dosepix-Detektorsystems rekonstruiert. Zusätzliche Netzwer-
ke zur Vorhersage verschiedener wichtiger Messgrößen für die Qualitätssicherung
werden entwickelt. Eine detaillierte Simulation, die die Funktion von Dosepix auf
Hardware-Ebene beschreibt, wird präsentiert. Sie erlaubt es, Detektorprobleme, die
bei hohen Photonenflüssen auftreten, zu beschreiben.

Ein System aus drei Dosepix-Detektoren mit unterschiedlichen Metallfiltern kann
die Personendosen Hp(10) und Hp(0.07) innerhalb der geforderten gesetzlichen Grenz-
werte für einen Energiebereich von 12 keV bis 1250 keV messen. Die Forderung von Be-
strahlungswinkeln von bis zu 60◦ schränkt die korrekte Vorhersage von Hp(0.07) auf
Photonenenergien über 25 keV ein. Simulationen eines einzelnen Dosepix-Detektors
mit einem für Hp(10) optimierten PMMA-Filter zeigen, dass die Dosis in einem für
medizinische Anwendungen wichtigen Energiebereich von 14 keV bis 250 keV und
Bestrahlungswinkeln von bis zu 60◦ messbar ist. Mit dem selben Filter ist die Be-
stimmung von Hp(0.07) für Energien von über 20 keV möglich. Ein Dosepix-System
für die Augenlinsendosimetrie wird mittels Simulationen vorgestellt. Dieses kann die
Personendosis Hp(3) für Energien von bis zu 250 keV und Bestrahlungswinkeln von
70◦ bestimmen. Dosisbestimmung unter Winkeln von bis zu 90◦ ist für Photonenener-
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gien über 15 keV möglich. Ein Detektorsystem aus drei Dosepix-Detektoren mit fla-
chen Metallfiltern wird zur Qualitätssicherung von Röntgenröhren eingesetzt. Es kann
über ein Convolutional Neural Network Photonenspektren für Röntgenröhrenspan-
nungen in einem Bereich von 40 kV bis 120 kV aus Messungen rekonstruieren. Zusätz-
lich werden Charakteristika dieser Spektren mit hoher Präzision bestimmt. Diese um-
fassen den kVp-Wert, die Halbwertschichtdicken (HVL) für Aluminium und Kupfer,
Umrechnungsfaktoren von Photonenfluenz zu Äquivalentdosen und Luftkerma, so-
wie die Photonenfluenz selbst. Die Totzeit-Freiheit des Detektors und Deep-Learning-
Methoden ermöglichen die Vorhersage von Röntgenröhrenspektren, die mit der zuge-
hörigen Photonenfluenz skaliert sind, mittels schneller Detektormessungen. Die vor-
gestellten Methoden und Analysen bestätigen die Fähigkeiten des Dosepix-Detektors
hinsichtlich Dosimetrie und der Qualitätssicherung von Röntgenröhren. Dies ermög-
licht die Entwicklung von kompakten Geräten mit Dosepix als Hauptkomponente für
verschiedene Anwendungen in Wissenschaft und Medizintechnik.
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CHAPTER 1

Introduction

X-radiation is applied in many different fields to improve our daily lives. It is used
in medical imaging to check for fractured bones or to find dental issues or tumours.
In radiotherapy, cancer is treated by locally applying high doses of radiation. For
security, e.g. at airports, imaging is used to find prohibited objects inside packages
or on persons. In industrial radiography, radiation is utilised to detect defects in
materials via non-destructive testing. These are just a few examples that indicate the
importance of X-ray applications to society.

However, all these benefits come at a cost. While X-radiation is helping people on
one side, it is also dangerous. In general, human exposure should be minimised as
ionising radiation is carcinogenic and damages organs and tissues. There is always
a possibility for personnel working with X-ray sources to be exposed. Therefore, in-
dividual monitoring of the personal dose equivalent is legally required. Accredited
dosemeters are employed for this task. They are usually read-out monthly and return
information about the acquired dose. If thresholds are exceeded, measures to prevent
exposure or temporary bans from working with X-ray sources are possible [1]. The
long time between dosemeter read-outs might make people anxious, especially if an
exposure may have occurred. An additional active dosemeter can be used to soothe
its bearer. It always provides the current accumulated dose and is capable of warning
if a limit is exceeded. Due to their poor performance, active dosemeters cannot be
accredited for use with pulsed radiation fields in Germany [2]. If the dose rate is high,
these devices underestimate dose or even miss exposures completely [3]. However,
pulsed radiation fields are common in medical applications, like in interventional ra-
diology and cardiology, and dosemeters working correctly under these conditions are
demanded [4].

Active dosemeters often employ multiple silicon diodes for the detection of X-
radiation. In this work, all measurements are performed with Dosepix [5], a pixelated
photon-counting detector designed for dosimetry tasks. Due to its pixelated sensor,
the detector corresponds to a compound of 256 single silicon diodes. Each pixel has
its own electronics and works independently. A single pixel’s workload is reduced
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1. Introduction

by distributing the total deposited energy in the detector’s sensor to the pixels. This
feature allows for applications involving high photon fluxes, for example, emitted
by X-ray tubes. Dosepix digitally counts the number of registered events without
introducing a dead-time while also resolving the energy of the events. Due to the
detector’s hardware design, proper counting is possible even for conditions of pulsed
radiation fields. The detector has a practical size, employing a sensor with an area of
about 13 mm2. This allows building portable measurement systems that use one or
multiple detectors as their main components. Dosepix, with its specified characteris-
tics, is convenient for use in various applications. This thesis focuses on tasks related
to dosimetry, X-ray spectroscopy, and quality assurance of X-ray tubes.

First, a method to simulate a setup involving Dosepix detectors and additional
geometry is introduced. The simulation provides information about the detector re-
sponses for different initial photon energies and measurement setups. Dosimetry
tasks with Dosepix detectors are covered. Based on simulations, conversion coeffi-
cients to transform registered photon events and their energies into dose equivalents
are determined. These are evaluated and optimised via measurements. The simula-
tion resembles the basis for all analyses within this thesis. The temperature depen-
dence of Dosepix is analysed, and a method to correct dose acquisitions is introduced.
A fast energy calibration method for Dosepix via the measurement of only a single
radioactive source is established. A deep learning method is utilised to determine the
conversion of the detector’s energy measurand to corresponding deposited energy for
all pixels at once. The introduction to dosimetry is based on an established setup con-
sisting of three Dosepix detectors. The number of required detectors is minimised by
optimising filter designs for a Dosepix detector in simulation. Corresponding conver-
sion coefficients from registered events to dose equivalents are determined. Another
application is X-ray spectroscopy with Dosepix, which is achieved via deep learning
methods. An X-ray tube’s photon spectrum is reconstructed from registered photon
events of three differently filtered detectors. Multiple quantities that characterise a
spectrum are additionally determined. This is important for the quality assurance of
an X-ray tube. The employed deep learning models are trained on simulations and
evaluated on measurements. An in-depth analysis of the functioning of the Dosepix
hardware under high photon flux conditions is performed in the last chapter. The
detector’s behaviour is determined from measurements and implemented in simula-
tions. Problems with high photon flux arise, and measures to reduce their influence
are introduced.
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This chapter presents an overview of the theoretical background relevant to the
discussed topics of this thesis. The Dosepix detector and its working principle are
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introduced. Since the detector is utilised to register photons, the different interaction
types of photons with matter are described. A brief explanation about X-ray tubes
is given as they are used in measurements with Dosepix. The detector is utilised
for dosimetry tasks, and therefore an overview of important dosimetric quantities is
provided. As some analyses in the thesis rely on deep learning, an introduction to the
topic is presented.

2.1The Dosepix detector

Dosepix is a hybrid pixelated photon counting and energy resolving detector. It was
designed for photon dosimetry tasks by CERN [6], especially by W. Wong [5, 7], in
cooperation with ECAP [8], and IBA dosimetry [9]. The layout and functioning of
the detector are introduced in the following. A photograph of Dosepix is shown in
figure 2.1.

Figure 2.1.: A photograph of a Dosepix detector. The image is taken from [10].

The corresponding layout is depicted in figure 2.2. A hybrid design means that the
detector consists of two main parts. First, a segmented semiconductor sensor used
as sensitive material. Photons interact with it, and a charge signal is generated. The
sensor is connected pixelwise, mechanically and electrically, via bump bonds to the
second main part of the detector, an ASIC (application-specific integrated circuit). It
handles the processing of the sensor’s signals. For Dosepix, each pixel has its own
readout electronics. The advantage of the hybrid approach is that the sensor design
can be changed while the ASIC remains. The ASIC constrains the number of pixels
which is 16 × 16 for Dosepix. For the sensor, multiple attributes can be changed,
including its material and pixel sizes. In this thesis, Dosepix is used with a 300 µm
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2.1. The Dosepix detector

Figure 2.2.: Layout of the main components of a pixelated hybrid photon detector. The
image is taken from [5].

Figure 2.3.: Floorplan of the Dosepix detector. The image is taken from [7].

thick p-in-n silicon sensor. Figure 2.3 shows the floorplan of the detector. The pixel
matrix of the sensor comprises two different pixel sizes. There are two rows of small
pixels with a size of 55 µm × 55 µm at each end of the matrix. The remaining rows
consist of large pixels with a size of 220 µm × 220 µm each.
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2. Theoretical background

The detector’s readout is performed column-wise as indicated by the white arrow
in figure 2.3. For one column, 4 small and 12 large pixels are read out. The im-
age indicates the size of the detector of 3.55 mm × 5.2 mm. Due to the small size,
Dosepix is easily applicable for various tasks involving X-radiation, especially in per-
sonal dosimetry. The total number of events induced in the detector’s sensor is dis-
tributed to multiple pixels. If the event rate is too high, various problems arise, which
are documented in chapter 7. The segmentation into pixels results in a reduced event
rate for a single pixel, and therefore in a higher photon flux, the detector can handle.
The event rate is further reduced by limiting a pixel’s area, as done for the 4× 16 small
pixels.

2.1.1 Measurement procedure

The measurement procedure of Dosepix is illustrated in more detail in the following.
Photons emitted from X-ray sources interact with the detector’s sensor material, lead-
ing to the creation of ionising electrons, as will be described in section 2.2. These
electrons then deposit their energy in the sensor and create electron-hole pairs. The
required energy for the creation is 3.62 eV [11] for silicon. An electric field is present
between the upper side of the sensor and the ASIC electrodes of Dosepix. Usually, a
positive voltage of about 100 V for the used sensor is applied. The generated holes
drift towards the electrodes and are collected at the ASIC’s input for a pixel.

During the drift, the charge cloud expands due to diffusion. Under the assumption
of an initial dot-like distribution, the cloud extends and gets normally distributed
with a standard deviation σ depending on the duration t of the drift via equation [12]

σ =
√

6Dt (2.1)

which corresponds to a random walk in 3D with D, the diffusion constant in silicon.
The duration t depends on the applied electric field and the depth the energy deposi-
tion took place within the sensor, i.e. the drift distance. Additionally, repulsion occurs
for which charges are separating during the drift in the applied electric field. Charges
of the same sign are repelling each other. This effect leads to a broadening of the
charge cloud. [13]

Figure 2.4 illustrates the charge sharing effect for a hybrid pixel detector explained
in the following. The initial depositions are depicted via red dots. The resulting
drifting charge clouds are reflected via the cones below the interaction points. For
photon A, the deposition took place close to the centre of a pixel electrode. Therefore,
all charges are collected by a single pixel. For photon B, the charge cloud is collected
by 4 pixels, leading to the registration of multiple events. This effect is called charge
sharing and leads to the distortion of a measured deposited energy spectrum. The
larger the pixel sizes of a detector, the lower the probability for charge sharing to
occur.
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Figure 2.4.: Depiction of charge sharing effects in a hybrid pixelated detector like
Dosepix. For photon A, an energy deposition takes place close to the centre
of a pixel. The drifting charge cloud is registered by a single pixel only. For
photon B, the energy deposition occurs close to the corner of four pixels,
leading to the detection by multiple pixels. The image is taken from [14].

Figure 2.5.: A block diagram of the electronics of a single pixel of the Dosepix ASIC.
The image is taken from [5].
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Figure 2.5 depicts a block diagram of the electronics of a pixel. The input charge
signal from the sensor is amplified using a charge sensitive amplifier. It returns an
analogue signal, illustrated in figure 2.6. For an in-depth analysis of the analogue
circuit of Dosepix, see chapter 7. The amplitude of each voltage pulse is proportional
to the energy deposited within a pixel. Each pulse is decreased with a constant current
proportional to an adjustable current Ikrum. In summary, an initial pulse is amplified
and stretched in time, as shown in the figure. By measuring the pulse duration, a
statement about the deposited energy within the pixel is made.

t
7 Discriminator out

ToT counter

THL

8

Figure 2.6.: The exemplary voltage signal Uout as a function of time at the output of the
analogue electronics for a single pixel of Dosepix. Two interactions within
a pixel of the sensor lead to the shown signal. A discriminator is used to
check the amplitude of Uout. If the threshold voltage UTHL, indicated by the
dashed line, is exceeded, the discriminator outputs a high signal. During
this time, clock pulses are counted to provide a ToT value for each pulse.
The image is based on [5].

The amplitude of the analogue signal Uout is compared to a threshold voltage UTHL,
indicated by a dashed line in the figure, via a discriminator. The discriminator outputs
a high signal if the threshold is exceeded. The ToT counter then counts the cycles of a
permanently running clock signal. Here, ToT is the abbreviation for Time over Thresh-
old. For high deposited energies and, as a consequence, high amplitudes of Uout, the
relation to ToT is linear. For low energies, this relation no longer holds. Therefore,
a calibration to convert measured ToT to deposited energy must be performed. The
procedure utilised in this thesis is explained in detail in chapter 4.

The two important variables influencing the relation between ToT and deposited
energy are the threshold voltage UTHL and the current Ikrum. The threshold voltage is
adjusted, so the noise present on the baseline level cannot exceed it. This ensures that
Dosepix can perform noise-free measurements. It leads to a cut-off of low deposited
energies that also cannot exceed this threshold. The adjustment of the threshold is
performed for every pixel and is called equalisation. Ikrum changes the slope of a pulse
within the analogue electronics. Increasing the current leads to shorter pulses and
lower values of ToT. A disadvantage is an increasing error on the deposited energy due
to ToT being discrete, i.e. a single ToT value might reflect a large range of deposited
energies. On the other hand, pile-up is suppressed, which is beneficial. This effect

8



2.1. The Dosepix detector

represents multiple pulses within the analogue electronics taking place within a short
time, leading to a superposition of the signals. See chapter 7 for more details. Within
this thesis, multiple values for Ikrum are used, depending on the application.

ToT can represent a measurand and a unit. In the former case, it represents a time
and has a unit of 10 ns due to the used clock speed of 100 MHz. If ToT is treated as a
unit, it represents the number of registered clock cycles.

2.1.2 Operation modes

Dosepix can be operated in multiple measurement modes. The following description
is based on [5]. Since it was already partly introduced in the previous section, the
ToT-mode is described first. When measuring with the detector, it counts the num-
ber of clock cycles an analogue pulse exceeds the threshold level. This number is
called ToT and is stored in the ToT register as depicted in figure 2.5. Every time a
new pulse is detected, the register value is overwritten. Therefore, the number of
registered events depends on the detector’s readout speed, which has a magnitude of
about 10 Hz depending on the used hardware. This makes this mode unapplicable for
dose measurements as there must be no dead-time as otherwise possible exposures
might be missed. However, the mode has the best precision as it always returns exact
ToT values. It is mostly used for the energy calibration of the conversion of ToT to
deposited energy.

A second mode is the so-called photon-counting mode. As the name describes,
photons are counted without any information about their energy being stored. A
read-out returns the number of registered photons since the last data acquisition.

Another mode is the integration mode in which all registered ToT-values are added
for a data frame. It provides a measure in ToT corresponding to the integrated de-
posited energy of a pixel.

Finally, the energy-binning mode is introduced. It is a speciality of Dosepix that
makes the detector suitable for dosimetry tasks. Therefore, the mode is often called
Dosi-mode. Again, the electronics of each pixel detect events and return their cor-
responding ToT values as described previously. Instead of providing these values
directly, they are histogrammed via a binning state machine. Here, 16 bin edges are
configured. They are stored in the digital threshold registers, as shown in figure 2.5.
Once a ToT event is registered, its value is compared to these thresholds with a dig-
ital comparator. The binning state machine then decides which energy bin the event
belongs to and increments the corresponding number of registered events. If a read-
out is performed, the histogram of the energy bin registers is returned. For previous
modes, a read-out meant that all pixels’ values are returned at once by concatenating
them and transferring them via a serial connection. In Dosi-mode, read-out is per-
formed column-wise. This ensures the applicability to dosimetry tasks. There are 16
columns in total, and only a single column is read-out at a time while the remaining
ones continue to count events. A read-out loop over the columns is performed in a
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2. Theoretical background

rolling shutter procedure, ensuring no dead-time. However, the detector’s active area
is reduced to 15

16 . Within the scope of this thesis, only ToT- and Dosi-mode are used.

2.1.3 Analogue test pulses

In the regular operation of Dosepix, the attached sensor is the input of the analogue
electronics of each pixel. As illustrated in figure 2.5, this input can be configured to
use an analogue test signal instead. Here, a brief summary is given, where the exact
implementation is explained in more detail in [5]. A voltage pulse UTP is generated
and applied to a test capacitance Ctest. The pulse corresponds to a charge Qtest at a
pixel’s preamplifier input. The charge is calculated via

Qtest = UTP · Ctest. (2.2)

A capacitance of Ctest = 7.3 fF ± 2.1%rms was determined via simulation in [5]. The
injected charge can be calculated, utilising the equation. Due to the capacity’s uncer-
tainty, the value is impractical for real applications. Additionally, an error due to a
design flaw in the analogue electronics exists. It influences the voltage level in the
electronics and, therefore, the returned ToT values. However, the information from
test pulse measurements is useful for some applications, as will be presented in this
thesis.

2.2 Interactions of photons with matter

Dosepix uses a silicon sensor as sensitive material to register photons and their de-
posited energies. In the following, the interactions of photons with matter are de-
scribed. Monoenergetic photons of intensity I0 are impinging on a material with a
thickness of d and a density of ρ. Via the exponential attenuation law [15]

I = I0 · exp (−µ · ρ · d) , (2.3)

the intensity I of the photons after passing the material is calculated. Here, µ repre-
sents the mass attenuation coefficient. The formula describes the reduction of photons
due to various interactions with matter. Each time an interaction occurs, energy is
transferred to electrons, depositing their energy in the sensor. Four types of photon
interactions are explained in the following. They include

• photoelectric absorption

• coherent scattering

• incoherent scattering

• pair production
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2.2. Interactions of photons with matter

The corresponding mass attenuation coefficients of the interactions as a function of
photon energy are depicted for silicon in figure 2.7. The following descriptions of the
various photon interactions are based on [16].
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Figure 2.7.: Mass attenuation coefficients as a function of photon energy for different
types of interactions according to the legend. The data is taken from [17].

2.2.1 Photoelectric absorption

In the case of photoelectric absorption, a photon transfers its total energy to an atom’s
electron. The kinetic energy of this electron then equals the energy of the emitted
photon minus the binding energy. The probability for this process to occur is highest if
the photon energy is equal or slightly greater than the corresponding binding energies.
This leads to edges in the trend of the mass attenuation coefficient as a function of
photon energy E, shown for silicon in figure 2.7. The edge of the K-shell is visible for
an energy of 1.839 keV [17]. The relation between the mass attenuation coefficient and

the photon energy is described by ∝ Z3−4

E3 , with the atomic number Z. The probability
of the photoelectric effect to occur decreases with energy. However, up to energies of
about 60 keV the process is dominant.

After the ejection of an inner shell electron in the process, the atom remains in an
excited state. If an electron from a higher shell fills the vacancy, a fluorescence photon
with a characteristic energy is emitted. Alternatively, an energy transfer to an outer
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shell electron takes place. It is ejected if its energy exceeds the binding energy and is
then called Auger electron.

2.2.2 Coherent scattering

In coherent scattering, a photon interacts with the whole atom and not just one of
its electrons. This process is also called Rayleigh scattering. No energy is transferred
to the atom. Instead, the photon only changes its direction. With increasing photon
energy, the probability for the process to take place decreases. Since no energy is
transferred to the sensitive material, Dosepix is not able to detect these photons. How-
ever, the effect is important for simulation purposes as photons scattering with the
detector’s surroundings might still reach the detector.

2.2.3 Incoherent scattering

In incoherent scattering, a photon scatters at a charged particle, here, an electron. This
process is also referred to as Compton scattering. A photon scatters under an angle
of θ and transfers a part of its energy to the electron. The energy E′ of the scattered
photon of initial energy E is calculated via [18]

E′ =
E

1 + E
mec2 (1 − cos θ)

. (2.4)

Here, me is the electron mass and c the speed of light. If the photon is scattering in the
forward direction, i.e. for θ = 0, no energy is transferred to the electron. For perfect
backscattering, i.e. θ = 180◦, a maximum energy transfer occurs. The electron then
deposits its energy into the sensor, leading to a signal for Dosepix. This determines the
maximum depositable energy in the registered deposited energy spectrum, reflected
by a Compton edge. Figure 2.7 shows the mass attenuation coefficients for silicon,
where incoherent scattering becomes the dominant process for photon energies greater
than about 60 keV. Since the emitted photon only transfers a part of its energy in
Compton scattering, subsequent interactions might occur. As the energy of the photon
decreases, the probability for photoelectric absorption increases with each incoherent
scattering.

2.2.4 Pair production

Pair production can only occur if a photon’s energy is greater than two times the rest
mass of an electron, i.e. 1.022 MeV. Within the Coulomb field of an atom, there is
a probability that the photon converts to an electron-positron pair. Since this thesis
mostly considers photons with energies below the pair production threshold, the effect
is neglected in the analyses.

12



2.3. X-ray tube

2.3X-ray tube

X-ray tubes are commonly used in medical applications and industry. They provide
an easy measure to generate high energetic photons using electric energy. An intro-
duction about the functioning of X-ray tubes and their produced photon spectra are
given in the following. The description is based on [19].

The X-ray tube itself comprises a cathode and anode and is evacuated. Electrons
are created at the cathode and accelerated towards the anode by applying a potential
difference. This voltage is referred to as X-ray tube voltage UXRT. It is often specified
as kVp, corresponding to kilovoltage peak. Electrons reaching the target material of the
anode lead to the emission of X-rays via bremsstrahlung or characteristic X-rays.

For bremsstrahlung, an electron comes close to an atomic nucleus of the anode ma-
terial. Due to the nucleus’s positive charge, the electron decelerates, gets deflected,
and due to the decelaration releases a part of its energy via an X-ray. All measure-
ments within this thesis are performed with a Siemens Megalix Cat angiography tube,
using a tungsten anode [20]. Exemplary spectra for different voltages UXRT are sim-
ulated via xpecgen [21] and illustrated in figure 2.8. An additional filter of 1.5 mm
aluminium is applied to the X-ray tube, corresponding to the exit window of the Me-
galix Cat. The spectra’s shapes reflect the bremsstrahlung spectra with filter applied,
which attenuates low energy photons.
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Figure 2.8.: Simulated X-ray tube spectra for various tube voltages UXRT indicated by
the colour bar. An additional Al-filter of 1.5 mm is applied to the X-ray
tube.
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All spectra show characteristic lines for energies within a range of 55 keV to 70 keV.
They are created when an accelerated electron interacts with an inner shell electron
of the target material. If the accelerated electron’s energy is higher than the shell elec-
tron’s binding energy, it may be ejected and leave a vacancy. An outer shell electron
fills this vacancy, and an X-ray photon is emitted. An excerpt of dominant character-
istic energies for tungsten are listed in table 2.1.

Transition Energy (keV)

KL1 57.4261(22)
KL2 57.9819(19)
KL3 59.3188(17)
KM1 66.7069(33)
KM2 66.9521(29)
KN1 68.9320(43)
KN2 69.0355(46)

Table 2.1.: An excerpt of the transition energies for tungsten. The data is taken from
[22].

Often filters are used in front of an X-ray tube in applications. These attenuate
photons of low energies and increase the mean photon energy of the emitted spectrum.
Typical materials are aluminium, copper, tin, and lead. Depending on the material,
characteristic edges reflected by a drop in photon fluence in the filtered spectrum are
visible. At these K-edges, listed in the second column of table 2.2, there is a sharp jump
towards high absorption in the trend of the attenuation coefficients introduced in 2.2.1.
The coefficients of commonly used filters are depicted in figure 2.9. Additionally, their
densities are listed in the third column of table 2.2.

Material Energy (keV) density ρ (gram/cm3)

Al 1.56956 2.7
Cu 8.98796 8.92

Sn 29.20979 7.3
Pb 88.0128 11.34

Table 2.2.: The second column of the table reflects the theoretical energies of the K-edges
for common filter materials of an X-ray tube. The data is taken from [22].
Additionally, the densities of these materials are listed in the third column,
with the data taken from [23, 24].

14



2.4. Dosimetric quantities

100 101 102

Photon energy (keV)

100

101

102

103

104

105

L
in

e
a
r 

a
tt

e
n
u
a
ti

o
n
 c

o
e
ff

ic
ie

n
t 

(1
 /

 c
m

)
Al

Cu

Sn

Pb

Figure 2.9.: The linear attenuation coefficients for commonly used filter materials of an
X-ray tube according to the legend. The coefficients are the product of the
mass attenuation coefficients from [17] and the densities of the materials in
table 2.2.

2.4Dosimetric quantities

A brief overview of relevant dosimetric quantities is given in the following. These are
important for the described dosimetry applications with Dosepix within this thesis.
The description of the quantities is based on [18].

First, physical dose quantities are introduced, starting with the absorbed dose D,
defined as

D =
dEabs

dm
. (2.5)

Here, dEabs is the energy that is locally absorbed by a material. It is divided by
the irradiated mass dm. The absorbed dose is given in units of Gy (Gray). The
probability for photons to interact and, consequently, for energy depositions to take
place depends on the material. Therefore, when specifying the absorbed dose, always
the used material and its characteristics should be provided.

Another quantity is the kerma K. The word itself is an abbreviation for kinetic
energy released per unit mass [25]. K is described via

K =
dEtrans

dm
. (2.6)
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The formula describes the kinetic energy dEtrans transferred by ionising radiation to
secondary particles of first generation within a volume of mass dm. For photons,
the secondary particles consist of electrons or positrons. Kerma is also given in units
of Gy and depends on the used material. In this thesis, only the air kerma Kair is used.

Based on the physical quantities, operational quantities are introduced. They are
represented in units of Sv (Sievert). These quantities are required for dosimetry tasks,
i.e. for radiation protection of possibly exposed personnel. First, the equivalent dose

HT is described. It states the harmfulness of ionising radiation when impinging on a
tissue or an organ T. HT is calculated via

HT = ∑
R

wRDT,R. (2.7)

A weighted sum over different types of ionising radiations R is performed. Radiation
weighting factors wR reflect the biological effectiveness of ionising radiation on the
tissue or organ. The factors are multiplied with the corresponding absorbed doses
DT,R in the sum. wR equals 1 in the case of photon irradiation.

The effective dose DE is the weighted sum over the equivalent doses for multiple
tissues or organs T, i.e.

DE = ∑
T

wT HT. (2.8)

Weighting factors wT consider how harmful an equivalent dose of HT is to a tissue T.

In this thesis, personal dose equivalents are most relevant. These are monitored in
radiation protection and shall be determined via Dosepix. The measurands represent
the equivalent dose at a certain depth within ICRU soft tissue, defined in [26]. The
doses are represented via variables Hp(x) where x corresponds to the depth in units of
mm. Three commonly used depths and doses exist: the deep-dose equivalent Hp(10),
the eye dose equivalent Hp(3), and the shallow dose equivalent Hp(0.07). A doseme-
ter’s quality is evaluated by attaching it to a phantom of ICRU soft tissue, performing
measurements and comparing the results to the expectations. A phantom represents
the bearer of the dosemeter. Often, simpler phantoms with approximately the same
characteristics are used. These usually consist of PMMA and water. More information
about them is given within chapters about dose simulations and measurements.

Additionally, ambient and directional dose equivalents H∗(10) and H′(0.07, Ω) are
relevant. They are defined according to [27]. The measurands are used in radiation
protection to monitor external radiation. They represent the dose equivalent at a point
within a distance d in the ICRU sphere, a spherical phantom with 30 cm radius made
from ICRU soft tissue [26]. d corresponds to 10 mm and 0.07 mm. The ambient dose
is independent of the direction of irradiation while the directional dose is not. For
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the latter, Ω represents the direction. Since dosemeters for these dose equivalents are
not carried by a person and are instead mounted at a fixed position within a room,
performance tests are performed without a phantom.

2.5Deep Learning

Various applications requiring predictions from measurements are introduced in this
thesis. Systems are needed that provide condensed information from input data. Of-
ten, the underlying model is complicated as it is based on detector simulations. Clas-
sical methods might fail or are not efficiently applicable in this case. Deep learning
methods are used for the predictions instead. All tasks within this thesis belong to
the category of supervised machine learning. It means input and output data are
matched. For every input sample, there is a corresponding label representing the out-
put. In the following, neural networks and their training is explained. Additionally,
different building blocks and terminology of neural networks are introduced. The
implementation of neural networks within this thesis is realised in TensorFlow [28]
and Keras [29].

2.5.1 Neural networks

The following introduction of neural networks is based on [30, 31]. The basic element
of a network is a so-called neuron. A network itself is consisting of multiple layers,
each comprising multiple neurons. The structure of a feedforward network is depicted
in figure 2.10. It consists of an input layer i, several hidden layers h, and an output
layer o.

In this thesis, only feedforward networks are used. For these, data flows directly
from the input to the output, i.e. no recursions take place. The name deep learning
originates from the fact that many layers are used for a network. The output zj of a
neuron j is described via

zj = φ

(

∑
i

wji · zi + b

)

. (2.9)

zi refers to the inputs, wi are the corresponding weights, and b is a bias added to
the weighted sum. The input and output are both represented via z as the output
of a neuron will be part of another neuron’s input. A nonlinear function φ, called
activation function, is applied to the sum, which allows a network to solve non-trivial
problems. Various functions can be utilised. The most common one is the rectified
linear unit, abbreviated as ReLU and defined as

φ(z) = max(0, z). (2.10)
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Figure 2.10.: The basic structure of a feedforward neural network of fully connected
layers. It comprises an input layer i, multiple hidden layers h, and an
output layer o. The image is taken from [32].

In the network depicted in figure 2.10, each output node of a first layer is connected
to each input node of a second layer. This type of layer is called fully connected. The
higher the number of neurons, the more weights exist and the longer the duration
required to train a network. In later sections, different layer types with a reduced
number of weights and other advantages are introduced.

Once the basic structure of a network is defined, its weights have to be adjusted. An
optimisation of the weights using the training data has to be performed. An additional
validation dataset is used to validate the functioning of the network. It is required
since there is a probability that overfitting takes place, i.e. the network can make cor-
rect predictions for the training data but not for unknown data. If overfitting occurs,
regularisation methods, like described in section 2.5.3, have to be implemented.

2.5.2 Learning via backpropagation

The algorithm for supervised learning is explained in the following. The optimisation
is performed by minimising a loss function L. A common choice is the mean squared
error [30]

L =
1

2n ∑
s

||l(s)− o(s)||2. (2.11)

s represents a training sample, l(s) the corresponding label, n the number of samples
of the sum, and o(s) the output value of the network for a sample s.
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The optimisation is performed via backpropagation. Its description is based on [31].
The general idea is to understand how loss L changes when weight wji is varied. Then
the weights can succesively be adjusted to optimise loss L. First, a notation for the
weighted sum of equation (2.9) is introduced as

aj = ∑
i

wji · zi. (2.12)

Bias bj is exchanged by an additional input with a fixed value of 1 to each layer of the
network. This allows illustrating the backpropagation process without discussing bi-
ases explicitly. Index i represents the values within the sum, while index j corresponds
to the neuron within the network. The activation of neuron j is then represented via

zj = φ(aj). (2.13)

The derivative of L in regards to wji is expressed via

∂L
∂wji

=
∂L
∂aj

∂aj

∂wji
, (2.14)

where the chain rule for partial derivatives was applied. Two notations are introduced.
First,

δj =
∂L
∂aj

, (2.15)

referred to as error in the following. Second,

∂aj

∂wji
= zi, (2.16)

where equation (2.12) is utilised. These expressions simplify equation (2.14) to

∂L
∂wji

= δjzi. (2.17)

Using equation (2.15) in combination with expression (2.13) yields the error of the
output neurons o as

δk =
∂L
∂ak

= φ′(ak)
∂L
∂ok

, (2.18)

where ok is just another denotion of yk. The error δj for a hidden neuron is evaluated
by using the chain rule for partial derivatives to yield

δj =
∂L
∂aj

= ∑
k

∂L
∂ak

∂ak

∂aj
= φ′(aj)∑

k

wkjδk. (2.19)

Here, the sum over k is performed for all neurons to which neuron j is connected. It
finally illustrates the backpropagation formula to calculate the errors. The error of a
hidden unit is calculated by propagating errors δk backwards in the network.
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2. Theoretical background

In summary, the process to determine the derivative of loss L to the weights is
executed as follows:

• Apply the input to the network, forward propagate it, and determine the activa-
tions of the neurons

• Evaluate δk of the output neurons

• Backpropagate the errors δk via equation (2.19) to determine all errors δj of the
hidden neurons

• Finally, use equation (2.17) to determine the derivatives ∂L
∂wji

With this information, the weights are adjusted to minimise loss L. Gradient descent
is applied by calculating [30]

w′
ji = wji − η

∂L
∂wji

(2.20)

where w′
ji is the updated weight, and η is the learning rate. In practical applications,

training is proceeded in batches. An update of the weights is performed for multiple
input samples instead of a single one. In this case, the mean of the partial derivatives
∂L

∂wji
of the different samples is used together with equation (2.20).

In the training of the network, the whole dataset is divided into batches. Once the
network was trained on all batches, an epoch passed. For the next epoch, the batches
within the dataset are shuffled and training proceeds as usual. The training of the
networks within this thesis are performed using Adaptive Moment Estimation, better
known as ADAM optimisation [33].

2.5.3 Overfitting and regularisation

Overfitting took place when a trained network is only able to predict well on training
data. Then, the prediction accuracy for unknown data is significantly worse. Over-
fitting can be observed during network training when the losses for training and
validation start to drift apart.

A straightforward method to prevent this behaviour is to increase the number of
training samples. This is not always possible as, for example, data has to be generated
in time-consuming simulations. However, other methods exist, called regularisation
techniques. One of the most common is L2-regularisation. In its case, a sum is added
to a loss L that has the form [30]

λ

2n ∑
i

w2
i , (2.21)
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2.5. Deep Learning

where n is the number of weights w. This additional term ensures that small weights
are favoured during optimisation. Factor λ provides a measure to adjust the impor-
tance of the introduced summand.

Within this thesis, mostly dropout is used for regularisation. The following explana-
tion is based on [30]. For dropout, the loss function remains as is. Instead, the network
itself is modified during training. Neurons within a layer are deactivated randomly,
given a predefined probability. Weights are adjusted for a batch via backpropagation
as described in the previous section. Afterwards, the whole process is repeated. First,
all neurons are reactivated, neurons are randomly deactivated, and weights are ad-
justed again. One explanation why dropout is working as a regularisation method is
described in the following according to [34]. By disabling neurons in the network, the
remaining neurons cannot rely on the disabled ones anymore. For each new batch
input to the network, a different network architecture is present. These all share the
same weights, forcing remaining active neurons to rely on more robust features of the
input data.

2.5.4 Convolutional neural networks

Convolutional neural networks are especially useful when dealing with data of grid-
like topology. This is because they take the relation between neighbouring entries into
account. Therefore, these networks are often used with image data. In this thesis,
data will mostly consist of histograms of different dimensions which are comparable
to images. [35] A convolutional neural network structure typically consists of multi-
ple convolutional layers followed by multiple fully connected layers that provide the
output.

Convolutional layers

In the following, the concept of convolutional layers is explained in detail. The descrip-
tion is based on [30]. Previously, for fully-connected layers, each neuron is connected
to each neuron of a subsequent layer. For a convolutional layer, each neuron is only
connected to a subset of an input layer’s neurons. This region is called the local recep-
tive field. This field is shifted over the network’s inputs like depicted in figure 2.11.
A local receptive field of 3 × 3 is used on a 4 × 4 input in blue (bottom). The shifting
field illustrates how the neurons are connected. For each position, connections to a
neuron are made, resulting in the 2× 2 output neurons depicted in green (top). These
connections resemble the underlying operation taking place. Input data is multiplied
with a matrix of the same size of the receptive field, called the kernel. Additionally,
a bias can be added. This results in a weighted sum to which a nonlinear activation
function is applied like described in section 2.5.1. Each neuron of a convolutional
layer is learning about a particular local receptive field of the input. This explains the
origin of the name convolutional layer as the described operation resembles a convo-
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2. Theoretical background

Figure 2.11.: Exemplary convolutional layer. The 4 × 4 input in blue (bottom) is con-
volved via a 3 × 3 kernel to provide the output in green (top). The image
is taken from [36].

lution of the input. The kernel weights are shared, i.e. they are independent of the
kernel position. All neurons detect the same feature of the input data, which intro-
duces translation invariance. For example, a network might be able to detect which
animal is depicted on an image independent from the animal’s location within the im-
age. When convolutional layers are combined with fully connected layers, the latter
are able to additionally learn about the information from positions. A feature map of
a convolutional network resembles the ability to detect certain features. The weights
of a layer define the map. Multiple feature maps are required to detect a multitude of
different features, which is achieved by adding an additional dimension to the layer.

The total number of weights of a convolutional layer is low compared to a fully
connected layer due to the shared weights of the receptive field. Therefore, it provides
an efficient method to detect features in multidimensional data.

Stride length and padding

In the example of figure 2.11, the kernel movement was performed with steps of
1. This step size is called stride length. The following description is based on [36].
Figure 2.12 shows an example with a stride length of 2.

Figure 2.12.: Exemplary convolutional layer illustrating the use of stride lengths. The
5 × 5 input in blue (bottom) is convolved via a 3 × 3 kernel and a stride
length of 2 to provide the 2 × 2 output in green (top). The image is taken
from [36].
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2.5. Deep Learning

Here, the input dimension is larger than in figure 2.11, i.e. 5 × 5. Due to the stride
length of 2, both layers have the same output size. Changing the stride reduces the
layers’ spatial dimension and, therefore, can be used to reduce the total number of
weights within a network.

From one layer to another, the spatial size decreases. This might lead to information
loss at the corners of the input. This size-reduction can be manipulated by so-called
padding. Here, the input size is artificially increased by symmetrically extending the
input’s borders by filling them with new entries. Usually, zero-padding is used where
the extension is performed with 0s.

Figure 2.13.: Exemplary convolutional layer illustrating half padding. The 5 × 5 input
in blue (bottom) is extended via zero padding. The result is convolved via
a 3 × 3 kernel and a stride length of 1 to provide the 5 × 5 output in green
(top). Input and output dimensions are identical. The image is taken from
[36].

Figure 2.13 gives an example of half padding. It is also called same padding, as the
input and output dimensions of the layer are the same. The dimension of the output
size o of a convolutional layer is calculated via [36]

o =

⌊

i + 2p − k

s

⌋

+ 1, (2.22)

with the input dimension i, the kernel size k, and the stride length s.

2.5.5 Pooling layers

Pooling layers are often used in convolutional neural networks. Their following de-
scription is based on [30]. A kernel is shifted over the input with a specific stride
length applied like previously described for the convolutional layers. For each step,
an operation to the entries within the scope of the kernel is applied. For example, in
max-pooling, the maximum is taken, and in average-pooling, the mean of the values
is calculated. It leads to a reduction of the spatial size and, therefore, to a compression
of the input data’s information without introducing additional weights.
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2. Theoretical background

The dimension of the output o of the layer is calculated via [36]

o =

⌊

i − k

s

⌋

+ 1, (2.23)

with the input dimension i, the kernel size k, and the stride length s. As introduced
before, convolutional layers often consist of multiple feature maps. When applying
pooling layers, they act on each feature map separately, i.e. leave their dimension
unchanged.
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CHAPTER 3

Dosepix detector simulation and

dosimetry applications
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3. Dosepix detector simulation and dosimetry applications

All analyses performed within this thesis rely on the simulation of the Dosepix detec-
tor. Therefore, a correct implementation of its hardware is crucial. The geometry of
Dosepix and its surroundings are implemented. Simulations are evaluated by com-
paring them with measurements of a calibrated detector. More information about
the calibration procedure is found in chapter 4. A first application is introduced by
using a system of three detectors as a dosemeter. Simulations of the system are per-
formed, and methods to calculate a dose value from the detectors’ measured events
are established. The results are compared to measurements. There is a temperature
dependence for Dosepix leading to a distortion of the expected measurement out-
comes. A method to correct ToT- and dose measurements for extreme temperatures is
presented.

3.1Dosepix detector simulation

The simulation of the Dosepix detector is essential for various analysis tasks. Mea-
sured spectra of radioactive sources are limited in their features. Calibration sources
and fluorescence targets only emit specific photon energies with certain probabilities.
These are also usually close to each other in energy, leading to peaks in the detec-
tor’s deposited energy spectrum that are indistinguishable. Even with a filter applied,
X-ray tubes always emit broad photon energy spectra with additional characteristic
lines. Energy-dependent analyses are challenging as the spectra only allow to express
a dependence regarding their mean photon energy. Since the interaction probability of
photons with matter highly depends on energy, this leads to an error of the analysed
characteristics. In simulations, there are no restrictions on the attributes of a radioac-
tive source. These include the geometry of the source and the energies and directions
of the emitted photons. Allpix2 [37], a framework for the simulation of pixel-detectors
based on GEANT4 [38] is used. Parts of the code are modified to fit the needs for a
proper Dosepix simulation. These modifications include the import of CAD models
to give a correct representation of the detector’s readout electronics and its housing
in the simulation’s geometry. Additionally, accurate modelling of repulsion of charge
carriers during drift within the sensor material is implemented according to [13]. This
is required to consider charge sharing effects.

Since two pixel sizes for the sensor of Dosepix exist, two simulations are executed
separately. For the large pixels, the sensor defined in the simulation corresponds to
the real one, i.e. 12 × 16 pixels, each with a size of 220 µm×220 µm. For the small
pixels, due to their small active area of 55 µm×55 µm, a modification is made. To
maintain the same pitch, each small pixel is surrounded by a common guard electrode
which is approximately at ground potential [39]. Deposited energies in this region
create electron-hole pairs as usual but are not collected by a pixel electrode. In the
simulation, an approximation is made by neglecting the mentioned gaps and placing
the pixels next to each other. Also, their number is increased to 64 × 64 to provide
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3.1. Dosepix detector simulation

sufficient event statistics. The positioning of the pixels does not correspond to the real
detector. However, this approach is adequate due to the small size of the Dosepix
detector compared to its surroundings.

There is a correlation between the events of the pixels, independent of their size. If
an extensive energy deposition within one pixel took place, the probability of charge
sharing of neighbouring pixels increases due to many drifting charges and their re-
pulsion (see section 2.1.1 for more details). Also, due to Compton scattering, multiple
pixels might register an event for a single impinging photon. The described correla-
tions only exist if the time of occurrence of the registered events is considered. This
is not the case for Dosepix since time information is only available for single frames,
i.e. the time resolution is highly dependent on the readout-speed of the hardware,
which for the current setup has a magnitude of about 10 Hz in ToT-mode (see section
for more information 2.1.2). Therefore, the time has no relevancy for measurements,
the pixels are considered uncorrelated, and events of all pixels can be combined to
increase event statistics.

3.1.1 Dosepix detector geometry

Figure 3.1 shows the implementation of the used Dosepix read-out hardware in Allpix2

by importing its CAD-model. Due to the proximity of the hardware to the detectors,
accurate modelling of geometry is crucial for a correct simulation of the detector sys-
tem. Effects like absorption of photons or fluorescence at the surroundings have a
considerable influence on the measured deposited energy spectrum of Dosepix. The
printed circuit board, in green, has dimensions of 10 cm×10 cm and mainly consists
of FR-4 [40]. An additional layer of copper with a width of 50 µm, corresponding to
the PCB’s ground layer, is located at the backside. The holes at the PCB’s top are
designated as a perfboard for individual hardware designs. The grey volumes cor-
respond to electrical components. They consist of various materials, while their true
constituents are not well known and are only assumed. The chosen composition is
60% Sn, 30% BaTi, 7.5% Cu, and 2.5% Pb. The high amount of Sn is due to the used sol-
der. BaTi is a main component of capacitors. The readout hardware has three slots for
Dosepix detectors. Additionally, each detector is placed on a small PCB. This method
is called chip on board (COB) where the Dosepix detector, consisting of a silicon ASIC
with a height of 700 µm and a bump bonded silicon sensor of 300 µm, is electrically
connected to the small PCB via wire bonds. The COBs in figure 3.1 are recognisable
by the yellow ring-shaped copper layers with a height of 35 µm. Additionally, a layer
of Ni with a width of 4 µm is present. The dark coloured cuboids in the centres of the
ring structures represent the Dosepix detectors. The presented setup is the minimum
of many simulations within this thesis. It is usually expanded by filters attached on
top of the detectors and housing surrounding the whole system.
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3. Dosepix detector simulation and dosimetry applications

Figure 3.1.: Implementation of the readout hardware with three Dosepix detectors in-
stalled. The render represents the imported CAD model of the setup in
Allpix2. Yellow surfaces reflect copper and grey blocks electrical compo-
nents.

3.1.2 MC agreement and detector resolution

Data from radioactive sources and fluorescences are analysed to evaluate the agree-
ment of MC simulations and measurements with real hardware. Figure 3.2 illustrates
exemplary setups of the readout hardware with three Dosepix detectors installed. (a)
depicts a pyramidal beam that emits photons on the hardware’s surface. This ensures
that fluorescences of the hardware are present and that no computation time is wasted
on simulating photons travelling through empty space. Within the pyramidal beam,
the distributions of the photon directions are isotropic, which approximately corre-
sponds to a radioactive source with a rectangular collimator. The beam geometry is
used for the simulation of fluorescences. In measurements, the setup usually consists
of an X-ray tube that emits photons at a target, leading to the emission of fluorescence
photons. In an optimal setup, the detector should only be exposed to photons from
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3.1. Dosepix detector simulation

(a) Pyramidal radiation source (b) Isotropic radiation source

Figure 3.2.: Examples of different types of radiation sources used for the Dosepix
detector simulation via Allpix2. (a) illustrates a pyramidal source that
isotropically emits photons on a previously defined area in space. Here, the
PCB of the readout-electronics. (b) shows an exemplary radioactive source
that is placed on top of the detector. Here, the decay of an 133Ba source is
simulated. Photons are indicated via green lines. Additionally, positrons
are emitted, depicted by the red tracks.

these fluorescences. Therefore, it has to be shielded against the primary radiation of
the X-ray tube. This kind of setup leads to a large reduction of the photon flux. A
workaround is introduced to speed up the simulation.

The simulation process is split into two parts. First, a separate simulation natively
implemented in Geant4 is used to emit monoenergetic photons on a fluorescence tar-
get as depicted in figure 3.3. The origin of the beam is the yellow dot on the left-hand
side. 100 photons, indicated by green lines, are emitted on the target under an angle
of 45◦, similar to a real fluorescence setup. All yellow dots correspond to interaction
points. Since the initial beam is entirely focused in simulation, the different photons
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3. Dosepix detector simulation and dosimetry applications

cannot be separated visually. A single photon interacting with the surrounding air is
recognised as it changes its direction. However, interactions like these are not statisti-
cally relevant as the probability of their occurrence is low. The used primary photon
energy is set higher than the target material’s fluorescence energies as no excitation
is possible otherwise. The target itself is visualised as blue block. Its thickness is set
according to the exponential attenuation law of equation 2.3 that more than 99% of
the photons interact with the target. A perfect detector is placed within the setup,
represented by the white block. It is configured to let photons pass when irradiated
directly. These photons interact with the target via the Compton effect or photoelec-
tric effect, leading to fluorescence emission. These photons reach the detector, which
registers their kinetic energies and kills off the event tracks. This information is then
implemented in the second part of the simulation process. The previously determined
kinetic energies of the fluorescences are sampled In Allpix2 for a pyramidal source like
previously described and depicted in figure 3.2.

Figure 3.3.: The setup used for the simulation of X-ray fluorescences with Geant4. A
perfect photon beam is emitted on a target represented by the light blue
block. In front of this target, a perfect detector represented by the white
block is placed. Emitted particles pass it without interaction while emission
from the fluorescence target is registered, and the kinetic energies of the
photons are stored.

Fluorescences are not the only important radiation sources for agreement analysis
or energy calibration of the detector. Additionally, radionuclides are used. When
their nuclei decay, photons with characteristic energies are emitted. Only a couple
of photon energies dominate the spectra, leading to prominent peaks in the recorded
deposited energy spectra. The source is placed, so each of the three Dosepix detectors
of the readout hardware is well within the photon field. This corresponds to the setup
in 3.2 (a).

If other particles are emitted from the source, like electrons or positrons, the setup
has to be changed to one like depicted in (b), as the range the particles can travel in
air is limited. In the example, a 133Ba source is placed directly on top of the detector
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3.1. Dosepix detector simulation

at the readout electronics’ central position. The source mainly undergoes electron
capture and β+-decays, which leads to the emission of photons, depicted in green,
and positrons, indicated by the red tracks. A setup like this is suitable for radioactive
sources with low activity. It is best to put the source close to the detector to maximise
the photon flux for Dosepix.
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Figure 3.4.: The simulated deposited energy spectrum of a Dosepix detector irradiated
with an 241Am calibration source. The histogram is normalised to reflect
the event density.

The Allpix2 simulation of the detector does not include the signal processing of the
ASIC of Dosepix. Instead, it returns the energy depositions within the attached sensor
while considering the pixelation of the detector. Figure 3.4 shows a histogram of the
deposited energies of a Dosepix detector for the irradiation with an 241Am source. The
histogram is normalised to reflect the density of the registered events. Since the detec-
tor’s hardware is not simulated, there is no energy resolution. The spectrum mainly
consists of sharp lines, indicating the characteristic photon energies of the source,
located at 16.6 keV, 26.34 keV, and 59.54 keV [41]. Other lines originate from fluores-
cences of materials of Dosepix itself, the readout-hardware, or the housing of the
Am-source, which mainly consists of tungsten and hard lead. Note that emitted and
deposited photon energies are not identical as explained and analysed in section 3.1.3.
The full energy peaks are skewed towards lower energies due to charge sharing and
the Compton effect (see sections 2.1.1 and 2.2.3 for more details). Broader peaks in
the spectrum are discernible at energies close to 11.25 keV, the Compton edge of the
initial photon energy of 59.54 keV, and 48.54 keV, corresponding to the minimum en-
ergy of a scattered photon. The peak at low deposited energies originates from charge
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sharing and Compton scattering. It includes events that contain only small fractions
of the total deposited energy of interactions in the sensor. Being able to register these
low energy events is an advantage of the simulation. In measurements, they cannot
be detected since their energy is below the detector’s energy threshold.

A deposited energy spectrum like in figure 3.4 cannot be directly compared to mea-
surements due to the missing energy resolution of the detector. This resolution de-
pends on various factors and has to be determined from measurements first. Each
pixel has its own resolution, depending on the quality of the calibration from de-
posited energy to ToT. A spectrum measurement is usually made by combining all
pixels, either all large or all small ones. Since there is a variation from pixel to pixel,
it influences the detector’s total resolution. Figure 3.5 depicts measurements of vari-
ous radioactive sources with a Dosepix detector, represented by the blue curves. The
plots in the figure comprise two calibration sources, 241Am and 133Ba, as well as two
fluorescence-measurements of Gd and Sn targets. The used 133Ba source is encapsu-
lated in plastic, mostly absorbing all emitted positrons. For these sources, MC simu-
lations are performed like previously described. As a result, sharp energy spectra are
provided. These are broadened via a normal function whose standard deviation σ is
described via

σ(E) = A · exp(−k · E) + c (3.1)

as a function of deposited energy E. The parameters of σ are optimised by broadening
the MC spectra and calculating the distance in regards to the measurements. Here,
both datasets use the same binning and are normalised to their maxima each. A
Savitzky-Golay filter [42] is applied to smooth the data. A loss is introduced as

L =
Nhist

∑
i=1

∣

∣yMC,i − ydata,i
∣

∣ (3.2)

which is the sum over the differences of the entries yi in the bins i of two histograms,
one for MC simulation and one for measurement. Each histogram consists of Nhist
bins. The four datasets depicted in figure 3.5 are optimised at once. This is achieved
by calculating loss L for each dataset and taking the sum of all losses afterwards. This
sum is the object of minimisation to determine the parameters of equation 3.1 via
Nelder-Mead optimisation [43]. The results are listed in table 3.1.

A (keV) k
( 1

keV

)

c (keV)

2.735 0.092 1.197

Table 3.1.: Optimised parameters of equation (3.1) which describes the energy resolution
σ of a Dosepix detector.

The corresponding curve of equation (3.1) as a function of deposited energy E is
depicted in figure 3.6. Parameter c corresponds to the offset of the curve indicated
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Figure 3.5.: The measurements of various calibration sources and fluorescences, resem-
bled by blue curves. Their corresponding MC simulations are depicted in
green. All MC simulated curves have the same detector resolution accord-
ing to equation 3.1 and the parameters in table 3.1 applied. The histograms
are normalised to their maximum each. The bottom plots of the subplots
show the deviation δMC/data according to equation 3.3 of MC simulations
and measurements.

by the black dashed line. A − c describes the intercept with the y-axis at E = 0,
and k represents the curve’s shape. With the optimised parameters, the agreement of
measurements and MC simulation is evaluated by calculating

δMC/data =
ydata − yMC

ydata + yMC
. (3.3)

The corresponding values are depicted in the bottom plot of each subplot of figure
3.5. All curves generally agree well, with the absolute value of the deviation δMC/data
ranging within 0.25. The deviations are largest at energies two characteristic peaks are
close to each other or at transitions from a full energy peak to the energies deposited
via photoelectric effect by Compton-scattered photons. Even small deviations along
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Figure 3.6.: The energy resolution σ in terms of standard deviation for a Dosepix
detector. Equation (3.1), utilising the optimised parameters in table 3.1, is
depicted as a function of deposited energy.

the energy-axis lead to large deviations for the number of registered events for these
regions. All plots in the figure depict the important regions close to the features of a
spectrum. Outside of these ranges, deviations like in 3.5 (c) show. At about 25 keV,
the simulation underestimates events due to an incorrect modelling of the detector’s
surroundings and a resulting lack of fluorescence photons. These probably originate
from antimony within hard lead blocks positioned close to the detector or the X-ray
tube.

In conclusion, the optimisation of the energy resolution of MC simulations to mea-
surements provides an excellent method to estimate a detector’s characteristics. It
additionally evaluates the quality of the simulation and justifies its later use in appli-
cations. Another method to determine the resolution is to take measurements and fit
Gaussian functions to the full energy peaks to provide the corresponding standard
deviations. This only works well if peaks are isolated, i.e. there are no overlaps of
other peaks in the measured deposited energy spectrum. This seldomly is the case
and might lead to a distortion of the estimated standard deviation. In the MC opti-
misation case, this is no issue since the simulation includes all characteristic lines of a
spectrum.
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3.1.3 Conversion of initial photon to deposited energy

Only a fraction of a deposited energy is registered by a single pixel. This is due to the
limited volume of the silicon sensor and the pixelation of Dosepix. Charge sharing
and Compton effect then distort the registered deposited energy spectrum.

In MC simulations, monoenergetic gamma sources with energy Einit emit photons
on the detector, which registers a spectrum centred at the mean value of the deposited
energy Edep. Edep is estimated by fitting an equation consisting of the sum of a normal
distribution and an error function in the form of

ferf(E, A, µE, σE) =
A

2
·
(

erf
(

E − µE

σE

)

+ 1
)

,

fnorm(E, A, µE, σE) = A · exp

(

− (E − µE)
2

σ2
E

)

,

fnorm+erf(A1, A2, µE, σE, o) = fnorm(E, A1, µE, σE) + ferf(E, A2, µE, σE, d) + o (3.4)

to estimate the value of µE, corresponding to Edep. All other parameters are used
to describe the trend of the data but are neglected after the fit. The optimisation
procedure is depicted in figure 3.7. Multiple simulations for different initial energies
Einit and their deposited energy spectra are depicted. Before the fit, only the region
about the peak is selected. Due to the skewness of a peak, the mean deposited energy
is not identical to the mode. This discrepancy is especially noticeable for small pixels
as the background contribution to the peaks is significantly large.

Figure 3.7.: The simulation of deposited energy spectra for different monoenergetic
photon sources. A (normal + erf)-function (3.4), resembled by dashed
lines, is fitted to each peak to estimate the mean deposited energy. The
light-coloured curves represent large pixels and the saturated colours small
pixels.
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3. Dosepix detector simulation and dosimetry applications

Figure 3.8 shows the ratio of deposited and initial energy
Edep
Einit

for different initial
energies. For small pixels, the lower the initial energy, the noisier the determined frac-
tion. The peak in the deposited energy spectrum gets closer to the low energy part of
the spectrum until it merges with it completely. The low energy events, about 20 keV
and less, are mostly charge sharing and Compton events, representing an approxi-
mately exponentially decreasing distribution. For initial photon energies of less than
20 keV, the fits for the small pixels as depicted in figure 3.7 fail. The conversion from
initial to deposited photon energy is mainly performed to match peak positions to
corresponding photon energies. Since no peaks are discernible for low initial energies
of small pixels, this energy range is neglected.
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Figure 3.8.: The ratio of deposited and initial energy
Edep

Einit
as a function of initial energy.

The error bars represent the fit errors of the mean deposited energies of
the peaks. The data for the small pixels is depicted in orange, fitted with
equation (3.6). The blue data points resemble the large pixels, fitted with
equation (3.5).

For larger initial energies, the number of registered events in the peak decreases
until it is no longer distinguishable from the remaining spectrum. This is due to the
small effective size of the small pixels. With increasing initial energy, the probability
of charge sharing increases and therefore, the peak ultimately disappears, which is
discernible in figure 3.7.

The trend of the data for the large pixels is described via the hyperbolic function

fdep/init(Einit) =
a

Einit
b
+ c (3.5)
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a(keVb) b c

−1.9 ± 0.5 1.96 ± 0.1 0.99749 ± 0.00016

m (1 / keV) t

0.000144 ± 0.000015 0.9843 ± 0.001

Table 3.2.: Optimised parameters of equations (3.5) and (3.6), for large and small pixels,
describing the ratio of deposited and initial energy as a function of initial
energy fdep/init(Einit).

and via a linear function for the small pixels

fdep/init(Einit) = m · Einit + t. (3.6)

Table 3.2 shows the optimised values of the parameters of fdep/init for small and
large pixels. Finally, the conversion from initial to deposited energy is executed via

Edep(Einit) = fdep/init(Einit) · Einit. (3.7)

3.2Dosimetry with the Dosepix detector

The hardware features of Dosepix allow for measurements of personal dose equiva-
lents [7]. This is vital for staff that is occupationally exposed to X-radiation. Typically,
passive dosemeters are utilised to monitor this exposure. The accumulated dose is
read-out in fixed intervals, usually once a month. Active personal dosemeters like
the proposed Dosepix dosemeter are not allowed for legal radiation protection. This
is mainly because most dosemeters show bad responses in pulsed radiation fields as
they either underestimate the dose or fail to determine a dose at all [2]. This is not
the case for Dosepix which can correctly work under such conditions as dead-time
free data acquisition is possible. Active personal dosemeters give direct responses to
the bearer of the system. The currently accumulated dose is shown at any time, and
warning signals, like when exceeding a dose threshold, can be implemented.

Therefore, the performance of Dosepix in regards to the personal dose equivalents
Hp(10) and Hp(0.07) (see section 2.4 for more details) is analysed in the following. The
detector setup used to perform these measurements is introduced and implemented
in MC simulations. A conversion from registered events and their deposited energies
to dose values is determined using these results. The performance is finally evaluated
via measurements.

3.2.1 Dosepix dosemeter setup

As established in [10, 44], the setup for a dosemeter according to figure 3.9 is chosen
as it has proven to be promising for dosimetry applications. The setup consists of
three Dosepix detectors with different types of filters installed in front of them. The
first detector, depicted on the right-hand side of the image, is equipped with a hollow
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3. Dosepix detector simulation and dosimetry applications

Figure 3.9.: Render of the setup used for personal dosimetry applications. It consists of
three Dosepix detectors with different filters attached to them. These are a
hollow aluminium cylinder (right) and two hollow hemispheres, one made
of aluminium (centre) with a thickness of 2 mm and one of tin (left) and a
thickness of 1 mm. Not shown in the picture is the PMMA-housing, usually
surrounding the setup during measurements.

aluminium cylinder. Its top lid has a width of 0.25 mm. If the system is irradiated
perpendicularly to the readout electronics’ PCB, photons are not attenuated by this
filter as it has a small opening at its top. Therefore, the detector is called vacant or
in short Vac detector in the following. The second and third Dosepix, at the centre
and left-hand side of the image, are both equipped with hollow hemispheres. One
is made of aluminium and has a thickness of 2 mm, the other one consists of β-tin
and has a thickness of 1 mm. These detectors are called Al and Sn in the following.
The hemispherical shape is chosen to provide an attenuation almost independent of
the irradiation angle of the applied photon field. The different filters change the
initial photon spectrum via energy-dependent attenuation and Compton scattering to
increase the information about the impinging photon spectrum. Not shown in figure
3.9 is the housing of the detector system, which has a PMMA lid of 1.5 mm at its top.

3.2.2 Slab phantom simulation

Phantoms are involved in evaluation measurements of the personal dose estimation
capabilities of a dosemeter. These phantoms represent the body of a bearer of the
dosemeter. In many applications, like for measurements of the personal dose equiv-
alents of Hp(0.07) and Hp(10), the ISO water slab phantom defined in ISO 4037 [45,
46] is used. It consists of a hollow PMMA box with outer dimensions of 30 cm ×
30 cm × 15 cm. The widths of the walls are 1 cm except for the frontal one that has
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3.2. Dosimetry with the Dosepix detector

Figure 3.10.: Geant4 simulation for the determination of the characteristics of scattered
photons from the ISO water slab phantom [45, 46]. The phantom is
represented by the large blue box filled with water, indicated by the light-
blue volume. Photons are perpendicularly emitted on the frontal surface
of the phantom. The smaller black box directly attached to the phantom is
a perfect detector. It is configured to only detect photons that previously
had an interaction with the phantom.

a width of 0.25 cm. The characteristics of human tissue are reflected by additionally
filling the box with water. The conversion factors from photon fluence to personal
dose equivalents are calculated under the assumption of a parallel photon field. This
approximately corresponds to measurements where the detector has a large distance
to the radiation source. The whole surface of the phantom must be irradiated ho-
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Figure 3.11.: The distribution of the x- and y-coordinates of photons scattered from the
slab phantom and detected by the perfect detector. The setup is depicted
in figure 3.10. The detector only detects photons that previously interacted
with the phantom. Only x- and y- positions that lie within the detector’s
surface attached to the phantom are included. The titles of the individual
plots denote the energy of the impinging photons.

mogeneously. The same requirements exist for the simulation. However, a problem
regarding statistics exists. The photon flux must remain constant over the entire ir-
radiated surface. The area of the Dosepix detectors in comparison to the area of the
phantom is remarkably small. Photons directly emitted on the detectors have the
highest probability to be detected. All photons emitted on the surroundings first have
to undergo scattering processes to reach the detector. Therefore, a large number of
particles has to be simulated to get sufficient statistics of registered events.

A method to speed up the simulation is introduced. A precalculation is performed
as previously described for the simulation of the X-ray fluorescence setup. The whole
process is divided into two stages. In the first stage, the characteristics of the photons
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3.2. Dosimetry with the Dosepix detector

scattered from the phantom are analysed. In the second stage, the detector simulation,
the phantom is replaced with the previously determined photon distributions. The
whole process is described in detail in the following. The surface of the slab phantom
is irradiated with monoenergetic photons to determine the characteristics of scattered
photons as depicted in figure 3.10.

The source is parallel to the phantom’s outer surface, so the direction of emitted
particles is perpendicular to it. The surface of the radiation source is identical to the
phantom’s surface. The green tracks in the figure correspond to photon tracks. The
yellow dots indicate either interactions with matter. A perfect detector is attached to
the outer surface of the phantom, indicated by the black box. It has dimensions of
12 cm × 12 cm × 3.5 cm. The volume is chosen to be large enough to act as a place-
holder for the Dosepix system. The perfect detector is configured to only register
photons that previously interacted with the slab phantom and to kill tracks that are
directly irradiated on it. Once a scattered photon reaches the detector, the event’s
characteristics are recorded. The x-y-plane of the coordinate system is parallel to the
outer surface of the slab phantom as illustrated in figure 3.12 (a). The z-axis is perpen-
dicular to the phantom’s frontal surface and points away from it. The registered event
characteristics include the kinetic energy Ekin, the cartesian coordinates the photons
reached the perfect detector ~x, and the angles in spherical coordinates, φ and θ, the
particle entered the detector according to the coordinate system of figure 3.12 (b). The
distributions of the detected events are presented in the following.

x

y

z

(a) Coordinates of the slab phantom

x

y

z

(φ, θ)

φ

θ

(b) Spherical coordinates

Figure 3.12.: (a) depicts the coordinate system for the slab phantom. The origin is
located at the centre of the frontal surface. (b) depicts the spherical
coordinate system used to represent direction and position angles of
photons. The image is a modified version of [47].

41



3. Dosepix detector simulation and dosimetry applications

101 102 103

Photon energy (keV)

0

1

2

3

4

5

6

7

Re
gi

st
er

ed
 e

ve
nt

s (
%

)

Figure 3.13.: The percentage of scattered photon events registered by the perfect de-
tector sitting in front of the slab phantom as shown in figure 3.10. The
calculations are performed for different initial photon energies. The per-
centage is determined in regards to the total number of events emitted on
the phantom’s surface.

Figure 3.11 shows a histogram of the x- and y-coordinates of ~x. Only coordinates
at the surface of the perfect detector attached to the phantom are included. The
depicted x-y-plane is shielded from direct irradiation and only includes scattered pho-
tons. Four plots are shown, each corresponding to different energies of the emitted
photons according to the titles. For low energies, a region with low statistics is de-
duced at the centre of the perfect detector. The region has a rectangular shape due to
the shape of the detector. As energy increases, the probability for photons to reach the
central part of the detector’s surface increases, and the distributions get increasingly
homogeneous.

A related distribution of registered events is depicted in figure 3.13. It shows the
percentage of registered events of the perfect detector. The fraction is calculated in
regards to the total number of photons emitted on the phantom’s surface. With in-
creasing photon energy, more scattered events are detected. The maximum is reached
at about 100 keV. The number of registered events decreases for even higher energies
as the interaction probability of a photon is reduced, and the particles can enter the
phantom in greater depth. If scattering of a photon occurs, its energy reduces, and the
probability to interact increases, and the photon may not be able to leave the phantom
as photoelectric absorption may take place. Figure 3.14 depicts the energy spectra
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Figure 3.14.: The distributions of kinetic energies Ekin of photons scattered from the slab
phantom and detected by the perfect detector of the setup in figure 3.10.
The y-axis corresponds to the initial energy of the emitted photons.
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Figure 3.15.: The correlation of kinetic energies Ekin and initial energies of photons
scattered from the slab phantom and registered by the perfect detector of
the setup in figure 3.10. The number of registered events, indicated by the
colours according to the colour bar, is scaled logarithmically.

as detected by the perfect detector mounted to the slab phantom’s frontal surface for
different initial photon energies.

Another perspective on these distributions, including even higher photon energies,
is depicted in figure 3.15 in the form of a 2D-histogram. The number of registered
events, indicated by the colours, is scaled logarithmically. The shapes of the energy
spectra are explained via an example. The spectrum for an initial photon energy
of 100 keV shown in figure 3.16 (a) is used. In (b), the correlation of kinetic energy
Ekin to angle θ is depicted. θ describes the angle between the z-axis, perpendicular
to the outer surface of the slab phantom, and the x-y-plane. The spectra always
show the true photon energy as a perfect detector is utilised. Two dashed lines are
included in (a). The line at the lower energy corresponds to the energy of a photon that
interacted via perfect Compton-backscattering. The line at the high energy indicates
the energy of a photon after Compton scattering under 90◦. Since the perfect detector
only detects events that previously interacted with the slab phantom, angles θ within
a range of [0◦, 90◦] are observed in (b). It seems impossible that energies greater than
the right dashed line, corresponding to scattering under 90◦, exist. However, this is
possible if multiple scatterings take place in succession. For example, one scattering
under 90◦ for primary energies of 100 keV results in a photon with 83.63 keV. When
scattering twice, each time under 45◦, the photon has an energy of 89.72 keV. The
energy spectrum for energies lower than the left dashed line in (a) mainly corresponds
to events scattered multiple times within the slab phantom. The description of the
exact shape of the energy spectrum for multiple scatterings is complicated since also
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(a) Energy spectrum
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Figure 3.16.: (a) shows an exemplary energy spectrum of photons scattered from the
slab phantom and detected by the perfect detector attached to the front of
the slab phantom. An initial photon energy of 100 keV is used. The left
dashed line corresponds to the energy of a photon after perfect Compton-
backscattering, while the right one indicates the energy for a scattering
under 90◦. (b) depicts the corresponding correlation between the registered
kinetic energy Ekin and scattering angle θ.

the distribution of the scattering angle, according to the Klein–Nishina formula has
to be taken into account. However, the MC simulation considers all these influences.
For low initial photon energies, another scattering process is visible, represented in
figure 3.14 for initial energies of up to about 60 keV. Small but sharp peaks for Ekin of
the scattered photons at approximately the initial energy are visible. These are due to
coherent scattering where no energy transfer to an electron takes place.

Figure 3.17 depicts the correlation of the directions of photons scattered from the
slab phantom and registered by the perfect detector as a function of the initial photon
energy. All directions are given in spherical coordinates according to the coordinate
system in figure 3.12 (b). The angles φ, shown in figure 3.17 (a), and θ in (b), only
slightly depend on the initial energy of the primary photons.

The shape of the distribution in (a) is explained via an approximate description of
the perfect detector’s and the phantom’s geometry. First, it is assumed that the frontal
surface of the slab phantom is infinitely large. Photons are emitted perpendicularly
on the surface but scatter isotropically from it. The sketch in figure 3.18 depicts a top
view of the perfect detector’s frontal surface. The arrowed line corresponds to the
side of the effective surface A of the detector irradiated by photons scattering under
an angle of φ. A is then proportional to

A ∝ | sin(φ)|+ | cos(φ)|. (3.8)
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(b) θ-distribution

Figure 3.17.: The figure shows the distributions of the directions photons’ scattered
from the slab phantom, detected by the perfect detector attached to its
frontal surface. The directions are given in spherical coordinates according
to the coordinate systems in figure 3.12. (a) shows the correlation of angle
φ and (b) of angle θ in regards to the initial photon energy. In (a), white
lines additionally indicate the maxima of the distribution.

ϕ

ϕ

ϕ

Figure 3.18.: Sketch of the top view of the frontal surface of the perfect detector attached
to the slab phantom. φ corresponds to the angle of irradiation of the scat-
tered photons. Under the assumption that the detector extends infinitely
in the direction of z, the effective irradiated surface is proportional to the
arrowed line’s length in the sketch.
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3.2. Dosimetry with the Dosepix detector

This function corresponds to the event density and position of maxima illustrated in
figure 3.17 (a). The height of the perfect detector mostly explains the distribution
shown in (b). Due to the detector’s extension in z-direction, there is a higher probabil-
ity to register events on its sides which is reflected by angles θ.

3.2.3 Dosepix detector simulation

In the second stage of the complete simulation, the previously described characteris-
tics of photons scattered from the slab phantom are implemented in an Allpix2 sim-
ulation. The percentage of registered events in figure 3.13 shows that only a small
fraction of N emitted events leads to photons reaching the perfect detector, i.e. com-
ing even close to the Dosepix detectors. The illustrated probability is called ppd in the
following, where the index represents „perfect detector“. The remaining events are
neglected and are not included in the Dosepix detector simulation. The photon field
is parallel and its fluence constant. It is defined by Φ = N

Aph
, with Aph the area of the

frontal surface of the phantom, i.e. 30 cm × 30 cm. The index „ph“ represents „phan-
tom“. The number of photons Ndir directly emitted on the area where previously the
perfect detector was located is described via

Ndir = Apd · N

Aph
. (3.9)

Here, Apd denotes the surface of this detector of 12 cm × 12 cm. The complete setup
is used in the simulation, including the Dosepix detectors with filters installed, the
readout electronics, and the housing. The slab phantom is still required since the
perfect detector previously shielded it from photons.

In case of Ndir, events are generated and emitted on surface Apd. The correspond-
ing scattered photon events of the phantom Nph are sampled from the precalculated
distributions. Their number is described via

Nph = N · ppd. (3.10)

In total, only Nsim = Nph + Ndir events have to be simulated. This results in a reduc-
tion of the number of generated events in the detector simulation by a factor of

psim =
1
N

(

Nph + Ndir

)

=
Apd

Aph
+ ppd. (3.11)

Here, equations (3.9) and (3.10) are utilised. The first summand is 16% while the
second one, i.e. ppd according to figure 3.13, lies within a range of 0 to about 7%. This
results in a reduction of simulated events by a factor of about 4 to 6, depending on the
initial energy of the photons. This factor approximately corresponds to a speed-up of
the calculation time required to perform the complete simulation.
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Equation (3.11) is rearranged to

N =
Nsim

psim
(3.12)

for practical reasons. This result allows providing the true number of photons N

corresponding to Nsim simulated events. When performing the simulation, Nsim is
split into directly emitted events Ndir and scattering events from the phantom Nph via
fraction

psplit =
Ndir

Nsim
=

Apd

Apd + (Aph − Apd) · ppd
(3.13)

and the relations Ndir = psplit · Nsim and Nph = (1 − psplit) · Nsim. psplit lies in the
range of 70% to 100%.

3.2.4 Dosepix dosemeter simulation

The setup of the Dosepix dosemeter is simulated as described in the previous section.
The determined response spectra of the different detectors are depicted in figure 3.19.
Only large pixels are considered in the following.

The number of registered events as a function of initial photon energy and regis-
tered deposited energy is shown. The number of emitted photons is the same for each
initial photon energy. The colours are scaled logarithmically to reflect the features of
the spectra better. The titles of the plots correspond to the filters of the detectors ac-
cording to section 3.2.1. Dash-dotted lines indicate the energies of the Compton edge
and the energy of a perfectly backscattered photon. The dashed line represents the
full energy peaks in the spectra.

Figure 3.20 depicts the photon detection efficiency ε = N
Φ

of the different Dosepix
detectors determined via simulation. It corresponds to the fraction of registered events
N and photon fluence Φ as a function of photon energy. The colours of the curves
represent the Dosepix filters according to the legend.

The applied photon field is perpendicular to the frontal surface of the phantom.
Photons are attenuated by the housing surrounding the detector system. For the Vac

detector, no additional filter is present for photons from this direction. This is reflected
by the number of registered events which is the highest compared to the other detec-
tors, especially for low energies. For the Al and Sn detectors, the hemispherical filters
additionally attenuate the photons. The attenuation is highest for the Sn detector, reg-
istering almost no events for initial energies below 40 keV. With increasing energy, the
behaviour of the Vac and Al detectors begins to match and is almost identical once en-
ergies are greater than about 80 keV. The probability of a photon interacting with the
detectors’ filters via photoelectric effect is negligible for these energies. It effectively
renders the attenuation of the filters ineffective. Only the filter of the Sn detector is at-
tenuating photons for energies of up to about 200 keV. The detector responses are now
utilised to perform analyses regarding dosimetry with the Dosepix detector system.
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Figure 3.19.: Simulated response spectra for a monoenergetic photon field emitted
perpendicularly on the slab phantom. The density maps show the number
of registered events for the different Dosepix detectors as a function of
initial photon energy and registered deposited energy. The number of
events reflected by the different colours is scaled logarithmically. The
labels of the plots correspond to the filters of the detectors according to
section 3.2.1. Dashed-dotted lines indicate the Compton edge and the
energy of a perfectly backscattered photon. Dashed lines represent the
energies of the full energy peaks.

3.2.5 Dose reconstruction method

All measurements are performed with the Dosepix detectors operated in Dosi-mode
(see section 2.1.2 for more details). The 16 bin edges bi of each pixel of the histograms
are set to the values listed in table A.1 of the appendix. These bins were determined
heuristically. The last bin b16 counts all events of energies larger than its denoted value.
The detector types correspond to the used filters of the detectors. The conversion from
registered events Nd,i per bin to dose equivalent H is performed according to [48, 49]
via

H = ∑
d

16

∑
i=1

kd,i · Nd,i, (3.14)

where d ∈ {Vac, Al, Sn} is the index corresponding to the filters of the detectors. kd,i
denotes the conversion coefficients from registered events to dose for bin bi of detector
d. The error ∆H of H is estimated via

∆H =

√

√

√

√∑
d

16

∑
i=1

k2
d,i · Nd,i, (3.15)
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Figure 3.20.: The fraction of registered events N and fluence Φ of a parallel photon
field emitted on the ISO water slab phantom [45, 46] as a function of initial
energy. The colours correspond to the used filters in front of the Dosepix
detectors, according to the legend.

where the assumption of Nd,i being Poisson distributed is used. This is just an approx-
imation effects like Compton scattering and charge sharing had to be considered (see
[50] for a detailed description).

The dose response R is utilised to validate the performance of the detector system.
It is calculated by taking the ratio of the measured personal dose equivalent HDPX and
the applied reference dose Href

R =
HDPX

Href
. (3.16)

A dosemeter shows a perfect performance if R = 1.

3.2.6 Simulation-based dose conversion coefficients

The conversion coefficients kd,i of equation (3.14) are optimised in regards to a per-
fect response according to equation (3.16) in the following. Only large pixels are
considered. Photon spectra with different mean photon energies are required. If the
spectrum is well known, the corresponding dose can directly be calculated via the

photon fluence to dose conversion factors
Hp
Φ
(E) depicted in figure 3.21. (a) shows

the conversion to personal dose equivalent Hp(10), and (b) to Hp(0.07), both as a
function of the initial photon energy. These factors represent a parallel photon field
homogeneously emitted on the ISO water slab phantom [45, 46].
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Figure 3.21.: Conversion factors from photon fluence Φ of a monoenergetic parallel
photon field emitted on a water slab phantom to personal dose equivalents.
(a) shows the conversion to Hp(10), (b) to Hp(0.07). Different irradiation
angles regarding the normal of the frontal surface of the slab phantom are
given according to the colour bar. The data is taken from [45, 46].

Also included in the figure are the conversion factors for different irradiation angles.
These are defined in relation to the normal of the frontal surface of the phantom.
The curves of these datasets are coloured according to the colour bars, reflecting the
irradiation angle. The photon fluence of a spectrum as a function of photon energy E

is represented by Φir(E), reflecting the number of emitted photons divided by the area
of the slab phantom’s frontal surface. The dose Hp,ir corresponding to the spectrum
is determined via

Hp,ir =
∫

dE Φir(E) · Hp

Φ
(E). (3.17)

In simulations, monoenergetic photons are used, i.e. equation (3.17) simplifies to a
product. The reference doses for various initial energies are called Href,sim. The shapes
of the registered deposited energy spectra for the different Dosepix detectors are deter-
mined via the previously introduced response spectra depicted in figure 3.19. These
histograms are normalised to the number of emitted photons each. The number of
registered events NDPX for a mono-energetic photon spectrum of energy E with a
corresponding photon fluence Φir(E) is calculated via

NDPX =
N

Φ
(E) · Φir(E), (3.18)

with the photon detection efficiency N
Φ
(E) according to figure 3.20. The simulated

response spectra are then normalised so their sum reflects NDPX.
The simulation provides deposited energy spectra that cannot be measured with a

real Dosepix. The data has a dense binning, and there is no dead-time. This effectively
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3. Dosepix detector simulation and dosimetry applications

corresponds to Dosi-mode measurements with a large number of histogram bins in-
stead of only 16. Therefore, to truly simulate the hardware, the binning according to
the edges listed in table A.1 is applied. Figure 3.22 depicts this for the responses of an
exemplary monoenergetic photon spectrum of 60 keV. The densely binned registered
events are indicated by the y-axis on the left. The y-axis on the right resembles the
rough binning of Dosi-mode. The different colours correspond to the filters used with
the Dosepix detectors, according to the legend.
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Figure 3.22.: The simulated respose of a 60 keV photon spectrum for the different
Dosepix detectors of the dosemeter. The colours correspond to the filters
of the detectors according to the legend. The y-axis on the left-hand side
represents the densely binned histograms (solid) and the right-hand side
the rebinned histograms (dashed). The rebinning is performed with the
bin edge values of table A.1.

This binning process is applied to the whole simulation dataset of monoenergetic
response spectra, providing the number of registered events Nd,i for detector d and bin
bi each. The corresponding personal doses Hp,ir are calculated according to equation
(3.17). Combining the values for the different photon energies results in three count
matrices N̂d, and a dose vector ~Hp. Their relation is described by modifying equation
(3.14) to

~HDPX,sim = ∑
d

N̂d ·~kd, (3.19)

with d representing the different detectors of the dosemeter setup. Vector~kd describes
the corresponding conversion coefficients from registered events to dose where each
consists of 16 entries. This allows calculating a dose vector for the whole simulation
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3.2. Dosimetry with the Dosepix detector

dataset directly. In an optimisation process, the coefficients ~kd are adjusted until the
loss

L =

√

√

√

√∑
j

(

HDPX,sim,j

Href,sim,j
− 1

)2

, (3.20)

where the sum over j iterates over the data for the different initial photon energies
is minimised. The determined conversion coefficients are listed in table A.2 and are
depicted in figure 3.23 for Hp(10) (a) and Hp(0.07) (b). The colours of the curves
correspond to the filters of the detectors according to the legend. Vac and Al detectors
show an increasing trend of the conversion coefficients as a function of deposited
energy. The detection efficiency of the detectors decreases with increasing photon
energy. If a photon of higher energy is detected, a compensation for photons that
were not detected is made. This is achieved by applying a greater weight to the
corresponding conversion factor. The trend of the factors is similar for both dose
types, with only small variations in their values. This is because the conversion factors
from fluence to dose equivalents, as depicted in figure 3.21, are very similar for most
energies of the two dose types. Their biggest difference is for small energies, i.e. below
about 40 keV.
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Figure 3.23.: Conversion coefficients from the number of registered events of the
Dosepix detectors to personal dose equivalent. In (a), for Hp(10) and
in (b), for Hp(0.07). The coefficients are optimised to simulation data only.
The deposited energies correspond to the settings of the bin edges used in
Dosi-mode.

This difference is also reflected in the trend of the conversion coefficients of figure
3.23. Generally, all curves are very smooth, which is favourable as the dose reconstruc-
tion process then is more robust against fluctuations in registered deposited energies.
As will be shown in section 3.3, the measured ToT value varies with the temperature of
the detector, leading to a discrepancy of the measured deposited energy and possibly
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3. Dosepix detector simulation and dosimetry applications

to the assignment to a wrong bin in Dosi-mode. If the conversion coefficients’ trend is
smooth, the error on the reconstructed dose is small as the deviation for neighbouring
conversion coefficients is also small. This is only true for the Vac and Al detectors,
whereas the Sn detector shows a jump at about 180 keV. However, this detector and
especially this bin have a low contribution to the total dose due to the low probability
of registering events compared to the other detectors and bins.

Applying the determined conversion coefficients ~kd to data according to equation
(3.19) provides the response of the dose depicted in figure 3.24. (a) corresponds to
Hp(10), (b) to Hp0.07. The blue curves resemble the MC simulations used in the
optimisation. The orange curves represent measurements which were executed in col-
laboration with the national metrology institute of Germany (Physikalisch-Technische
Bundesanstalt, PTB [51]) within the scope of a Master’s thesis [52]. The used energy
spectra are the so-called N-qualities N-15 to N-300 with mean photon energies rang-
ing from 12 keV to 248.9 keV. These are narrow X-ray tube spectra, achieved by using
different metal filters. Additionally, the radionuclides 137Cs and 60Co with mean en-
ergies of 662 keV and 1250 keV are used. The reference spectra are defined in [45, 46].
The N-qualities are referred to as N-series in the following. The dosemeter responses
are required to lie within a range of 0.71 and 1.67 according to PTB [53]. These limits
are indicated by the red dashed lines in figure 3.24. The evaluated MC responses are
centred about a perfect response of 1. The data points deviate within a range of about
±0.2 about the perfect response for Hp(10) and Hp(0.07) for photon energies above
about 15 keV. For photon energies close to the minimum of 10 keV, the dose is under-
estimated for both dose types. This implies no solution for the conversion coefficients
exists, which generally describes the dose for the complete energy range well.

The performance of the determined conversion factors is evaluated for measure-
ments. Their responses are reflected via orange lines in figure 3.24. The correspond-
ing means µ along with their standard deviations σ and minimum and maximum
responses are listed in table 3.3.

Dose type µ σ min max

Hp(10) 1.252 0.394 0.992 2.503
Hp(0.07) 1.024 0.074 0.851 1.127

Table 3.3.: Means µ and standard deviations σ of the responses for the measurements
depicted in figure 3.24 in orange. Additionally, minimum and maximum
values are listed.

For Hp(0.07), simulations and measurements agree well as the statistical quantities
show. Here, the maximum deviation of the response is 0.149. While the maximum
deviation lies within 0.2 for mean energies greater than about 30 keV, there are dis-
crepancies for low mean photon energies for Hp(10). Here, responses exceed the legal
limits of 1.67 [53]. The deviations can be attributed to imperfections in the simula-
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3.2. Dosimetry with the Dosepix detector

(a) Hp(10) response (b) Hp(0.07) response

Figure 3.24.: Dose responses for MC simulation (in blue) and measurements (in orange).
Error bars indicating the statistical error of the measurements are depicted
but are too small to be discernible. The used conversion coefficients
are optimised to simulation. Dashed red lines indicate the limits of the
responses for a dosemeter to fulfil legal requirements according to PTB
[53].

tion. For these low energies, the photoelectric effect is dominant. Slight deviations
in material widths have a high influence on the attenuation of photons and also the
fluorescence yield. Materials used for the readout electronics and housing of the
dosemeter might have different characteristics than assumed. For example, PMMA is
often dyed with pigments of higher density. A complex material analysis would be
required to find the exact compositions of the used materials.

Figure 3.25 shows the response discrepancies in detail. According to the legend, the
contributions to the total response for single detectors as indicated by the colours of
the curves are depicted. The sum of the curves for all detectors equals the response
of figure 3.24. Solid lines correspond to the MC simulation, while dashed lines with
points reflect measurements. Since the MC simulation response is good for almost the
whole energy range, simulations and measurements for the different detectors should
also match well. In case of (b), for the personal dose equivalent Hp(0.07) this is true
while Hp(10) (a) again shows discrepancies for low deposited energies.

The discrepancies can directly be attributed to the Vac detector. One issue could be
the implementation of its filter or the housing in front of the detector in simulation.
Again, it would require much work to understand the problem entirely. This effort
cannot be justified at the current state of development as the dosemeter’s housing is
not in its final state. Therefore, every small change would require a repetition of the
whole analysis process.

Another possibility for the discrepancy is depicted in figure 3.26. The number of
registered events for the measurements are depicted as a function of mean photon en-
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Figure 3.25.: Dose responses for MC simulation (solid lines) and measurements (data
points and dashed lines). The curves correspond to the different detectors’
response contributions as indicated by the colours and the legend. The
sum of all curves corresponds to the response in figure 3.24. Error bars
indicate the statistical error on the measurements but are too small to be
discernible. The used conversion coefficients are optimised to MC data
only.

ergy and deposited energy. The x-axis corresponds to the settings of the bin edges in
Dosi-mode, the y-axis denotes the mean photon energies of the N-series and radionu-
clide spectra. The number of events is indicated by the colours, which are scaled
logarithmically. The dashed lines represent the X-ray tube’s voltage and, therefore,
the highest possible photon energy. There should be no events in the measurements
with deposited energies larger as indicated by these lines. These energies exist never-
theless, which is attributed to pile-up effects in the analogue electronics of the detector
(see section 2.1.1 for more details). This is further proven as the Vac detector shows
the highest number of these events while the Sn has the lowest number. This is due to
the photon flux at the detector position, which is highest when no additional filter is
used. There is no method to get rid of these pile-up events once a measurement has
been made. Simply cutting them away does not give an appropriate representation.
One pile-up event of high energy represents multiple single events of lower energy.
Also, events with deposited energies below the detector’s energy threshold have a
possibility to be detected when pile-up takes place.

As stated in the legal requirements in [53], the minimum rated range of use is from
30 keV to 250 keV for Hp(0.07) and 80 keV to 1250 keV for Hp(10). The responses of the
measurements fulfill the requirements for these energy ranges. Since these are only
minimum requirements, an extension of the ranges is desirable which is performed in
the following.
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Figure 3.26.: The number of registered events from measurements with the Dosepix
dosemeter. The y-axis represents the mean photon energies of the used
N-series and radionuclide spectra. The x-axis indicates the settings of the
bins in Dosi-mode for the different detectors. The number of registered
events is represented by the logarithmically scaled colours. The plots
correspond to the different detectors according to the labels in their titles.
The black dashed lines indicate the maximum possible photon energy
emitted by the X-ray tube.

3.2.7 Data-based dose conversion coefficients

A direct fit of data to determine the conversion coefficients from registered events to
dose requires many measurements of photon spectra. This is due to the 16 dose con-
version factors per detector and the resulting number of degrees of freedom. Photon
spectra ideally should also be as narrow as possible, which is difficult to achieve when
using a filtered X-ray tube. A tradeoff is made by extending the simulation dataset
for the optimisation of dose conversion factors with measurements. This improves the
dose-response while keeping the stability introduced by the simulation data. The loss
L of equation (3.20) is extended, resulting in

Ldata =

√

√

√

√∑
j

(

HDPX,sim,j

Href,sim,j
− 1

)2

+ w ·

√

√

√

√∑
j

(

HDPX,j

Href,j
− 1

)2

, (3.21)

where j is the sum over the measured datasets, HDPX is the dose calculated from de-
tector data via equation (3.19), and Href is the reference dose measured directly via an
ionisation chamber by PTB (see [52] for more details). The object of optimisation are
the conversion coefficients ~kd of equation (3.19), where d represents the different de-
tectors. Factor w introduces a weighting of the measurement loss in comparison to the
simulation loss. A value of w = 10 is chosen heuristically. The previously determined
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conversion coefficients from fits to simulation data are used as start parameters for the
optimisation which additionally increases the stability. The optimised coefficients are
listed in table A.3 and depicted in figure 3.27 for Hp(10) (a) and Hp(0.07) (b). There
are only small differences compared to the coefficients optimised to simulation data
only, shown in figure 3.23. The coefficients are smooth as a function of the deposited
energy and even got smoother when comparing the bin at about 180 keV for the Sn

detector of the previous coefficients. These coefficients allow a correct dose recon-
struction even when temperature changes result in shifts of the registered deposited
energies.
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Figure 3.27.: Conversion coefficients from registered events of the Dosepix detectors
to personal dose equivalent of table A.3. In (a), for Hp(10) and in (b), for
Hp(0.07). The coefficients are optimised to simulation and measurement
data. The deposited energies correspond to the settings of the bin edges
used in Dosi-mode.

Applying the optimised conversion coefficients to MC and measurement data re-
turns the responses depicted in figure 3.28. (a) represents the personal dose equivalent
Hp(10) and (b) Hp(0.07). Also, measurements under different irradiation angles θir of
30◦ and 60◦ are included. The statistical quantities of the responses of all mean photon
energies are listed in table 3.4. The coefficients are optimised to measurements of 0◦

irradiation angle. The corresponding responses are flat and centred about a perfect re-
sponse of 1.The MC simulation responses show a large deviation for small deposited
energies for Hp(10). The measurements under different irradiation angles match the
expectations well. For 30◦, the determined responses are similar to the ones of 0◦ ex-
cept for the data point of lowest mean photon energy. As the value for 60◦ agrees well,
this indicates difficulties during the measurement. Therefore, the 30◦ measurement
has to be repeated to give a reliable statement about its quality. For Hp(0.07), data
responses decrease with decreasing mean photon energies. This deviation cannot be
attributed to the conversion coefficients. The reason is the filter’s shape for the Vac
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3.2. Dosimetry with the Dosepix detector

Dose type θir (deg) µ σ min max

Hp(10) 0 0.998 0.012 0.963 1.033
30 0.958 0.093 0.703 1.037
60 1.074 0.059 0.956 1.135

Hp(0.07) 0 1.000 0.018 0.955 1.042
30 0.891 0.190 0.371 1.015
60 0.743 0.313 0.136 1.060

Table 3.4.: The means µ and corresponding standard deviations σ of the responses
for the measurements depicted in figure 3.28. Additionally, minimum and
maximum values are listed. θir represents the irradiation angle of the photon
field in the measurements.

detector. Here, a tradeoff between proper reconstruction of Hp(10) and Hp(0.07) is
made, explained via the conversion factors from photon fluence to dose depicted in
figure 3.21. The factors for Hp(0.07) in (b) are almost independent of the irradiation
angle for photon energies greater than 10 keV. The values for Hp(10) in (a) show a
strong dependence. This is corrected via the filter of the Vac detector whose thickness,
and as a consequence, capability to attenuate photons, varies with the irradiation an-
gle. As the conversion factors’ angular dependence from fluence to dose shows, it is
impossible to perfectly estimate both dose types simultaneously. Therefore, a focus
on a correct reconstruction of Hp(10) is present. This finally limits the range of use
for the dosemeter for Hp(0.07) reconstruction to mean photon energies above about
25 keV.

3.2.8 Dose conversion coefficients for small pixels

The analyses presented in the previous sections only concerned large pixels. Due
to their large area, they perform well in regards to energy deposition measurements.
Their high count statistics are advantageous if the photon flux is low but also disad-
vantageous if it is high. In the latter case, pile-up starts to dominate, leading to a
distortion of the registered deposited energy spectrum and discrepancies in the esti-
mated dose. Due to small pixels being 16-times smaller than large pixels, they show
lower count statistics and less pile-up.

The introduced method to determine the personal dose equivalent from Dosepix
measurements is independent of the pixel type. The used conversion coefficients
from registered events to dose are different, as deposited energy spectra differ. Since
a correct simulation of small pixels, due to their reduced area, is time-consuming, an
optimisation method for the conversion coefficients only utilising measurements is
desirable.
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Figure 3.28.: Dose responses for MC simulation (in blue) and measurements for differ-
ent irradiation angles as indicated by the legend. Error bars represent the
statistical error but are too small to be discernible. The used conversion
coefficients are optimised to MC simulations and measurements for 0◦

irradiation angle. The dashed red lines indicate the legal limits of the
responses for a dosemeter according to PTB [53].

The requirement is a set of properly optimised coefficients for big pixels. The per-
formance of small pixels is optimised to reflect the large pixels in the following. New
measurements are made. Here, different X-ray tube spectra are utilised. They should
be diverse in their mean photon energies, and the photon flux should be low to pre-
vent pile-up. A large number of measurements is desirable as there are 16 conversion
factors per detector. Various filter combinations are installed in front of the X-ray tube,
and measurements under tube voltage variation are performed. The photon spectra’s
shape is not important as only the dose measured via the big pixels of the Dosepix
dosemeter matters. The blue curves in the upper plots of figure 3.29 depict these
doses. (a) reflects Hp(10) and (b) Hp(0.07). The dashed vertical lines indicate how the
measurements were performed. In-between two lines, the same filter combination is
installed in front of the X-ray tube. For the different measurements, only the tube’s
voltage is changed while keeping the time of irradiation approximately constant. The
determined dose values of the large pixels are used as references Href. The corre-
sponding doses for the small pixels, ~HDPX, are calculated for conversion coefficients
~kd via equation (3.19). d represents the different Dosepix detectors of the dosemeter.
The coefficients are then optimised so the response of HDPX

Href
is minimised according to

the loss of equation (3.20).

The determined conversion coefficients for the small pixels are listed in table A.4
and depicted in figure 3.30 for Hp(10) (a) and Hp(0.07) (b). The same bin edges in
Dosi-mode as for the large pixels listed in table A.1 are used. Since the optimisa-
tion process is now using measurement data only, the photon energy range is not
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Figure 3.29.: Reconstructed personal dose equivalents for measurements with the
Dosepix dosemeter. In (a), for Hp(10) and in (b) for Hp(0.07). Arbi-
trary photon spectra are utilised. In-between two vertical dashed lines, the
same metal filter combination is applied to the X-ray tube. The voltage of
the X-ray tube is varied between measurements. The curves in the upper
plots indicate the doses for small and large pixels according to the legend.
The bottom plots show the residuals of the curves for small and large
pixels via equation (3.22).

as densely covered as previously. This results in conversion coefficients that are not
as smooth in comparison to the large pixel ones. Therefore, also their robustness to
temperature variation is limited.

The orange dose curves in figure 3.29 are determined by applying the conversion
coefficients for the small pixels to the measurements used for optimisation. The agree-
ment to the large pixel doses is evaluated by calculating the residuals

Hsmall

Hlarge
− 1, (3.22)

which are depicted in the bottom plots of the figure. These residuals, independent of
dose type, are all centred about a value of 0 and only deviate slightly about it. Only a
few measurements show worse agreement in comparison, having residuals of about
0.05. In conclusion, the small pixels can estimate the same doses as the large pixels
for the measurements used in the optimisation.

The conversion coefficients for the small pixels are applied to the N-series, and ra-
dionuclide spectra measurements, performed at PTB (see [52] and section 3.2.5 for
more details). The determined dose responses are shown in figure 3.31. The colours
of the curves represent different irradiation angles θir according to the legend. The
red dashed lines reflect the legal response limits of 0.71 and 1.67 according to PTB [53].
The measurements are completely independent of the data utilised during the optimi-
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Figure 3.30.: Conversion coefficients from the number of registered events of the
Dosepix detectors to personal dose equivalent for the small pixels. For
Hp(10) in (a) and Hp(0.07) in (b). The coefficients are optimised so large
and small pixels return the same dose. The colours of the curves reflect
the different detectors of the dosemeter according to the legend. The
deposited energies correspond to the settings of the bin edges used in
Dosi-mode of the detectors.

sation of the dose conversion coefficients. The corresponding statistical quantities of
the responses are listed in table 3.5.

Dose type θir (deg) µ σ min max

Hp(10) 0 0.993 0.079 0.811 1.091
30 0.980 0.112 0.779 1.144
60 1.123 0.186 0.805 1.436

Hp(0.07) 0 0.995 0.073 0.821 1.094
30 0.914 0.140 0.652 1.131
60 0.742 0.294 0.132 1.034

Table 3.5.: Means µ and standard deviations σ of the responses for the measurements de-
picted in figure 3.31. Additionally, minimum and maximum values are listed.
θir represents the irradiation angle of the photon field of the measurements.
Only reconstructed doses via small pixels are included.

Overall, the dose reconstruction performance for small pixels is similar to the large
pixels before. The small pixel responses are not as stable in comparison, which is
mainly due to the reduced count rate and, as a consequence, larger statistical errors.
For Hp(10), the responses for irradiation angles θir of 0◦ and 30◦ are very similar. The
responses for 60◦ show larger deviations for mean photon energies below 100 keV.
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Figure 3.31.: Dose responses of the N-series and radionuclide measurements for differ-
ent irradiation angles as indicated by the legend. Error bars represent the
statistical error. Only the small pixels are used for the dose calculation.
The dashed red lines indicate the limits of the legal requirements of the
responses for a dosemeter according to PTB [53].

Nevertheless, these values are still within the legal limits. Therefore, Hp(10) perfor-
mance is concluded to be well for the whole evaluated energy range.

For Hp(0.07), the responses for different irradiation angles θir are similar for mean
photon energies larger than about 80 keV. All responses are centred about a perfect
response of 1. The last data point at a mean photon energy of 1250 keV is close to 0.8.
Including its error, the value is below the limit of the legal requirements. Doses are
underestimated for low mean photon energies and irradiation angles greater than 0◦.
Mean photon energies smaller than about 23 keV for irradiation angles of 60◦ lead to
responses lower than the legal limit. As previously discussed for large pixels, this is
not due to the used conversion factors and instead due to the shape of the Dosepix
detectors’ filters (see section 3.2.7 for more information).

In conclusion, small pixels provide results similar to large pixels and are suitable
for dosimetry applications. Due to lower count statistics, the statistical error for the
dose is increased. Therefore, dosimetry should mainly be performed with large pixels.
Small pixels should only be used once photon fields of high dose rates are present and
pile-up begins to occur for large pixels. A direct comparison of doses for small and
large pixels tells if large pixels still work correctly for the present photon flux. If not,
the result of the small pixels should be used instead.
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3. Dosepix detector simulation and dosimetry applications

3.2.9 Polynomial dose conversion coefficients for large pixels

A final method to determine conversion coefficients from registered events of the
Dosepix detectors to dose equivalents is presented. Instead of attributing a single dose
coefficient to each Dosi-mode bin, the coefficients are now sampled from a polynomial
function. The function describing a conversion factor kd(E) at deposited energy E is
defined as

kd(E) =

∣

∣

∣

∣

∣

nd−1

∑
i=0

pd,i · Ei

∣

∣

∣

∣

∣

. (3.23)

Index d corresponds to the detector type, i.e. either Vac, Al or Sn, depending on the
filter of Dosepix. nd describes the degree of the polynomial for detector d. Parameters
pd,i define the shapes of the polynomials. The absolute is applied for two reasons.
First, it ensures that conversion factors are always greater than 0 as negative values
might lead to negative doses. Second, it allows breaking the continuity of the conver-
sion factors as a function of deposited energy, which increases the dose reconstruction
abilities.

The bin edges for Dosi-mode defined in table A.1 are used. The values of the
deposited energies E of the polynomial function of (3.23) correspond to the values of
the left bin edges. Inserting the edge values for a detector d provides a vector of dose
conversion factors~kd. Calculation of the dose is executed as in the sections before, i.e.
via

~HDPX = ∑
d

N̂d ·~kd. (3.24)

Dose vector ~HDPX is calculated by taking the sum over the detector types d of the
dot-products of the count matrices N̂d and the conversion coefficient vectors~kd. The
rows of the matrices N̂d consist of binned registered events of detector d for different
photon spectra. The columns correspond to the bins used in Dosi-mode.

Instead of optimising the dose conversion coefficients directly, the constants of the
polynomial function 3.23 pd,i, and the degree of the polynomial nd, are now varied
during fit. The object of optimisation is the response of HDPX

Href
, i.e. the fraction of

reconstructed and true dose. The loss of equation 3.21 is minimised. The datasets used
in the fit are the simulated monoenergetic spectra, and the N-series and radionuclide
measurements taken in [52]. In the following, only the large pixels are considered.
The optimisation procedure for the small pixels is analogous. The final parameters
of the polynomials for Hp(10) and Hp(0.07) according to equation 3.23, as a result
of Nelder-Mead optimisation [43], are listed in table A.5 in the appendix. Not every
detector type d has the same amount of parameters since the polynomial degree nd

is also optimised during the fit. The curves describing the conversion coefficients as
a function of deposited energy are depicted in figure 3.32. For Hp(10) in (a), and
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3.2. Dosimetry with the Dosepix detector

Hp(0.07) in (b). The colours correspond to the detector types according to the legend.
Solid lines represent the values of the polynomials for continuous energies. Steps
correspond to the values of the conversion factors sampled for the used bin edges
in Dosi-mode. The trend of the polynomials is smooth in general. However, the
continuity is broken at certain energies.
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Figure 3.32.: Polynomial dose conversion coefficients from registered events of the
Dosepix detectors to personal dose equivalent. For Hp(10) in (a) and
Hp(0.07) in (b). The colours of the curves indicate the detector types ac-
cording to the legend. The solid lines correspond to continuous deposited
energies, while the steps represent the settings of the bin edges used in
Dosi-mode of the detectors.

Figure 3.33 shows the responses for the reconstructed doses from MC simulations
and N-series and radionuclide measurements from [52]. For Hp(10) in (a) and Hp(0.07)
in (b). The datasets are the same as used in the direct optimisation of the large pixel
dose conversion coefficients in section 3.2.7. The different curves correspond to vari-
ous irradiation angles θir according to the legends of the plots. The statistical quanti-
ties of these responses, i.e. their mean, the corresponding standard deviations and the
minimum and maximum values, are listed in table 3.6. A focus on measurement data
is set for the optimisation of the polynomial dose conversion coefficients, explaining
the mismatch of the blue MC curve for low mean photon energies in case of Hp(10)
(a) and high energies for Hp(0.07) (b). The dose reconstruction performance for mea-
surements using the polynomial conversion coefficients is similar to the directly opti-
mised coefficients’ performance. The polynomial coefficients are only slightly worse
for Hp(10) data for 60◦ irradiation and small mean photon energies as well for the
highest energies in case of Hp(0.07).

In conclusion, there are some benefits of using 3 polynomials, one for each detector,
instead of 16 conversion coefficients per detector. The polynomials inherit a smooth-
ness, which otherwise is only achievable by including simulation data of various mean
photon energies into the optimisation process. The parameters required for dose re-
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Figure 3.33.: Dose responses for N-series and radionuclide measurements under differ-
ent irradiation angles as indicated by the legend. Error bars represent the
statistical error of the measurements but are not discernible. Only large
pixels utilising the polynomial dose conversion coefficients are reflected.
The dashed red lines indicate the legal limits according to PTB [53].

Dose type θir (deg) µ σ min max

Hp(10) 0 0.992 0.036 0.918 1.052
30 0.938 0.105 0.66 1.017
60 1.069 0.087 0.913 1.194

Hp(0.07) 0 0.996 0.04 0.902 1.035
30 0.875 0.183 0.38 1.019
60 0.74 0.29 0.138 1.068

Table 3.6.: Means µ and standard deviations σ of dose responses for the measurements
depicted in figure 3.33. Additionally, minimum and maximum values are
listed. θir represents the irradiation angle of the photon field used during
measurements. Only responses reconstructed from large pixel data utilising
the polynomial conversion factors are included.

construction is reduced from 48 to the sum of the polynomials’ degrees, in this case, 9.
Therefore, the amount of data required for the optimisation is reduced. The registered
ToT values, and as a consequence, deposited energies of Dosepix are temperature de-
pendent. A correction method whose functioning relies on the introduced polynomial
dose conversion coefficients is described in the following.
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3.3. Temperature dependence of Dosepix and its correction

3.3Temperature dependence of Dosepix and its

correction

One flaw of the Dosepix detector is its temperature dependence, i.e. registered ToT-
values vary with temperature. The measure of ToT and its relation to deposited energy
is explained in section 2.1.1. The easiest solution for the temperature dependence is to
operate the detector under laboratory conditions, i.e. with a fixed temperature. This
is no desirable method for most applications, especially in personal dosimetry. Here,
the detector is a part of a dosemeter whose bearer is moving freely, and temperature
conditions will change during the day. Several investigations are made to reduce the
temperature dependence of Dosepix:

1. Measurements are made to show how the detector behaves for temperature vari-
ation

2. A method is developed to revert the undesired behaviour

3. The results are applied to dose measurements

3.3.1 Temperature dependence of Dosepix

There is no concluded explanation of why the registered ToT-value changes with tem-
perature. There are indications this is a problem of the analogue electronics of the
ASIC of Dosepix. Changing the attached sensor and, as a consequence, the input
capacitance and the leakage current through the sensor might improve the tempera-
ture dependence. However, a software solution without changing the hardware is of
interest.

The temperature dependence is measured and quantified. A sensor included in the
ASIC of Dosepix is used to measure a voltage which is proportional to temperature.
This voltage is converted via an analogue-to-digital converter to an integer number.
Temperature values are represented in units of DAC, i.e. a digital number representing
an analogue value. The conversion from DAC to ◦C is not known and has to be
determined via calibration. For a calibration, stable environmental conditions with
Dosepix being in thermodynamic equilibrium are required. The ambient temperature
would be varied, and measurements taken. However, it is a sophisticated task that
has to be performed for every detector since temperature to DAC conversions differ.
However, a correct temperature calibration is unnecessary as it has no practical benefit
when working with Dosepix. Everything described is therefore performed by utilising
the temperature in DAC, where no additional error from DAC-to-◦C conversion is
introduced. Only rough temperature estimates will be given, which correspond to the
measured DAC values.

The procedure to measure the temperature dependence of Dosepix is described in
the following. The detector has a protective plastic cap installed and is put into a box.
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3. Dosepix detector simulation and dosimetry applications

Darkness is essential, as photons from light sources can generate a large number of
charges in the sensor, which leads to the registration of ToT values. Inside the box,
a heating resistor is placed close to the detector. Its heat dissipation is adjusted by
varying the applied voltage and, therefore, the current. For the ToT measurements,
no radioactive sources are required. Instead, the test pulse functionality of Dosepix is
utilised, which is described in more detail in section 2.1.3. A fixed voltage is applied
to the test pulse capacitor, and pulses are injected into the input of the analogue elec-
tronics. Only a single pixel column is active at a time, as injecting pulses to too many
pixels at once leads to instabilities. If the temperature remains stable, the same ToT
value should be measured on average. Statistical variations due to fluctuations in the
test pulse capacitor’s charging time and the ToT resolution are present. The influence
of these fluctuations is reduced by performing many measurements in succession.

The plots of figure 3.34 depict measurements of test pulse energies in ToT under
temperature variation for a single pixel column. Low test pulse energies are used in
(a) and high energies in (b). All measurements in this chapter are performed with
a setting of Ikrum = 2 nA. The left-hand sides of the plots depict the trend of the
temperature as a function of time. The temperature in DAC is inverted in comparison
to the measure in units of ◦C. High DAC values correspond to low temperatures and
vice versa. The dashed lines indicate a reference temperature Tref, set to 1615 DAC
which corresponds to room temperature of about 20◦ C. The temperature trend in (a)
indicates that the detector was already hot at the beginning. It was then cooling down
for about 200 s when the heating resistor was switched on. It does not matter how the
temperature variation is performed. It is most efficient to use both periods, the heating
and the cool-down of the detector. The right-hand side of the plot of figure 3.34 (a)
shows the ToT measurement of test pulses of constant energy for the pixels of the
first pixel column. The colours of the datasets reflect the pixel index according to
the colour bar. Pixels 1, 2, 15, and 16 are small pixels while the remaining pixels
are large. Each data point describes the measurement of 10 test pulses performed
in succession, providing the mean ToT value µToT and the temperature. The error
bars reflect the corresponding standard deviations. Taking the average is important
as temperature data tends to be noisy. The relation between µToT and temperature is
considered to be linear. This trend’s slope is determined via fit, as indicated by the
solid lines in the plots. Once the detector has cooled down it is heated again in (a).
Nevertheless, independent of how temperature is varied, the linear relation between
ToT and temperature remains the same, and there is no hysteresis involved.

The right-hand side of figure 3.34 (a) shows that for low test pulse energies the
mean ToT value increases with increasing temperature in ◦C. For high test pulse en-
ergies, shown in (b), it is vice versa, i.e. µToT decreases with increasing temperature.
To further analyse this behaviour, additional measurements for different test pulse en-
ergies are performed. The slope mToT/T of the linear relation of µToT as a function of
temperature in DAC is determined via fit for each pixel. The intersections of the linear
functions and the reference temperature Tref, as illustrated by the dashed lines in the
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Figure 3.34.: Test pulse measurements of a single pixel column under variation of
temperature. The left-hand side of the plots shows the temperature as
a function of time. The reference temperature Tref is set to 1615 DAC
and indicated by the dashed lines. The temperature in DAC is inverse
to the temperature in ◦C. The plots on the right-hand side depict test
pulse measurements for the pixels as a function of temperature. The
colours represent different pixels, as indicated by the colour bars. Low test
pulse energies are used in (a) and high energies in (b). Each data point
represents 10 test pulse measurements. Their mean is taken, providing the
mean temperature and corresponding ToT µToT. The error bars reflect the
corresponding standard deviations. Solid lines indicate the linear trend of
µToT as a function of temperature.
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plots of figure 3.34, are determined for µToT and are called ToToffset. The values reflect
what the detector would measure if there was no temperature dependence. Figure
3.35 depicts the determined slopes mToT/T as a function of ToToffset for the 16 pixels of
the first pixel column. There is an approximately linear relation describing the slopes,
which is fitted with equation

mToT/T = mT · ToToffset + tT, (3.25)

where mT and tT are the parameters optimised during fit. Function (3.25) describes
that the change of registered ToT does not only depend on temperature but also on
the ToT value itself. The slopes mToT/T describe the change of ToT with temperature.
If the slope is positive, registered ToT values increase with decreasing temperature in
◦C. For negative slopes, it is vice versa. At ToToffset ≈ 100 ToT, the slope is 0 and pixels
show almost no temperature dependence. In general, the 4 small pixels have lower
slopes than the large pixels and, in conclusion, a lower temperature dependence. Since
the analogue electronics do not depend on the pixel size and the generation of the test
pulses is identical, there is an indication that the different temperature behaviours
are influenced by the attached sensor. This is probably due to the different coupling
capacitances depending on the pixel sizes and, as a consequence, different leakage
currents that affect the properties of the analogue electronics.

3.3.2 Temperature dependent ToT-correction

The behaviour of Dosepix under temperature variation is condensed in the parameters
mT and tT of equation (3.25). The relation is used to determine slope mToT/T, the vari-
ation of ToT with temperature, for ToToffset, the value which is measured at reference
temperature Tref. Multiplying mToT/T with the temperature difference ∆T = T − Tref
yields the change in ToT in relation to the offset ToT value, i.e. ToT − ToToffset, at a
temperature T. Therefore, ToT is measured by Dosepix for an event represented by
ToToffset at temperature T via

ToT = ToToffset + (T − Tref) · (mT · ToToffset + tT). (3.26)

The temperature correction is determined by solving for ToToffset, reflecting the value
of ToT at the reference temperature Tref

ToToffset(ToT, T) = − (T − Tref) · tT − ToT

(T − Tref) · mT + 1
. (3.27)

The equation is applied to the data shown in the plots of the left-hand side of figure
3.36, corresponding to the uncorrected measurements used during the temperature
calibration of the detector in figure 3.34. The plots on the right-hand side show the
data after correction. Low test pulse energies are used in (a), and high test pulse
energies in (b). The different colours correspond to the pixels according to the colour
bar. After correction, the deviation as a function of temperature change is reduced.
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Figure 3.35.: Slopes mToT/T of the plots on the right-hand side of figure 3.34 as a function
of the offset ToT-value ToToffset. Measurements for additional test pulse
energies are included. The slope mToT/T describes the change in mean
ToT when the temperature in DAC is varied. Offset ToToffset is the ToT
value measured at the reference temperature Tref, corresponding to room
temperature of 20◦C. The colours of the curves correspond to the various
pixels as indicated by the colour bar. Here, pixels 1, 2, 15, and 16 are small
pixels, the remaining pixels are large. Linear fits to the data points are
performed to describe the slope’s change as a function of ToToffset.

A quantification of the improvement is depicted in figure 3.37. In the following, the
information reflected by the data points is explained. The standard deviations σToT

along the µToT-axis for the curves of figure 3.36 are calculated for each pixel. They
represent a measure for the variation from the mean measured ToT values. These stan-
dard deviations are calculated within a fixed temperature range of [1580, 1600]DAC,
chosen as it is available for all measurements of different test pulse energies. The
mean and the standard deviation for all pixel values are taken. The y-axis of figure
3.37 reflects the mean σToT. The data points themselves denote the mean, and the error
bars the corresponding standard deviations. The x-position and the related error bars
reflect the mean offset ToT values ToToffset and their corresponding standard devia-
tions of all pixels, each for a measurement with a fixed test pulse energy. In total, an
approximate description of how the pixels deviate under temperature variation as a
function of their measured energy in ToT is depicted. Two curves are shown, illus-
trating the described deviation before and after temperature correction. Both curves
have a minimum at a mean ToToffset of about 135 ToT. The temperature dependence
of Dosepix almost vanishes at these deposited energies. Corrected and uncorrected
measurements provide approximately the same results. For all other mean ToToffset,
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Figure 3.36.: Test pulse measurements of a single pixel column under the variation
of temperature. In (a), for low test pulse energies, and in (b), for high
energies. The plots on the left-hand side depict the same data as the
plots on the right-hand side of figure 3.34. These are the uncorrected
measurements. The plots on the right-hand side of this figure resemble
the data with the correction of equation (3.27) applied. The colours of the
curves correspond to the pixels according to the colour bar.
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Figure 3.37.: The means of the standard deviations σToT of the uncorrected and temper-
ature corrected ToT measurements of figure 3.36. The error bars along the
y-axis correspond to the standard deviation of the mean. Measurements
for different test pulse energies are included. Their position along the
x-axis is calculated by taking the mean of ToToffset of all pixels. The error
bar reflects the corresponding standard deviation. In conclusion, the devi-
ations due to temperature changes are depicted as a function of ToToffset

for corrected and uncorrected measurements according to the legend.

the correction shows a considerable improvement. For a perfect correction, mean σToT
is independent of mean ToToffset. This is not the case, mostly due to error propaga-
tion of inaccuracies introduced during the temperature calibration measurements and
the model of the temperature dependence of Dosepix which is only an approxima-
tion. However, the correction procedure is considered to be successful, removing the
temperature dependence for small ToT values almost completely. In the scope of a
Bachelor’s thesis [54], an analysis of the temperature dependence of Dosepix under
a variation of Ikrum was performed. It revealed that larger values of Ikrum provide
increased stability. The exact reason is not well understood, as the effects taking place
in the analogue electronics under temperature variation are yet to be analysed in de-
tail. One possible explanation can be found in figure 3.37. If Ikrum is increased, the
registered ToT values decrease (see section 2.1.1 for more details). For lower values of
ToT, the mean deviation of the pixels σToT is lower, and therefore temperature stabil-
ity is higher. However, as all measurements presented in this chapter used a constant
value of Ikrum = 2 nA, additional measurements under a variation of Ikrum have to be
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performed in the future. The value of Ikrum is kept in the following. Larger variations
in ToT occur when temperature changes, assisting to better visualise the temperature
correction’s performance.

3.3.3 Temperature corrected dose estimation

The previously described method of temperature correction can easily be applied to
measurements performed in ToT-mode. Each readout provides the ToT-value per
pixel, which can then be corrected and transformed into deposited energy (see chap-
ter 4 for more information). However, this detector-mode is mostly used for an energy
calibration of the detector. Therefore, laboratory conditions are present, and usually,
no temperature correction is required. When using Dosepix detectors for dosimetry
applications like described in sections 3.1.1 and 3.2, the situation is different since
Dosi-mode is utilised. Bin edges in ToT are defined in hardware registers, and a
binning state machine directly sorts registered ToT-events into a histogram. If temper-
ature changes, the measured ToT-values change, and events might be attributed to the
wrong bin. It leads to a distortion of the mean registered deposited energy and also
the measured dose. The higher the temperature deviation, the larger the discrepancy
of the registered dose. Since it is possible to perform a temperature correction for
measured ToT-values, the bin edges utilised in Dosi-mode could be corrected while
Dosepix is measuring. However, during a change of hardware settings, no events
are correctly sorted into bins. Also, entries in the histogram might get corrupted.
Therefore, a short dead-time is introduced which can have a large influence on dose
estimation. Also, it would always lead to an underestimation of dose which should
be avoided.

A different correction strategy is utilised in the following. Instead of changing the
bin edges in hardware, the dose conversion coefficients from registered events to dose
equivalents are varied. The polynomial conversion coefficients introduced in section
3.2.9 are used. These allow to directly sample coefficients from the defined polynomial
functions for certain deposited energies E. The registered deposited energy spectrum
in ToT deviates under temperature variation, while the bin edges in Dosi-mode, spec-
ified in ToT, stay the same. The deposited energy axis used to sample the conversion
coefficients from the polynomial conversion factors must be scaled accordingly to cor-
rect temperature variation.

A measurement with an 241Am calibration source is used to explain the procedure
in detail. The Dosepix dosemeter consisting of three detectors with different filters
(see section 3.2.1 for more details) and the radioactive source are put in a refrigerator.
The air is cooled down to about −20◦C, the refrigerator is turned off, and the doseme-
ter takes data until room temperature of about 20◦C is reached. The trend of the
temperature as recorded with the Vac Dosepix is illustrated in figure 3.38. Tempera-
ture is reflected in units of DAC, which is inverse to ◦C. The measurement duration is
about 6 hours due to the insulation of the refrigerator. The information of the internal
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temperature sensor of Dosepix is very noisy, reflected in blue, and therefore smooth-
ing via a moving average over 10 frames is applied, resulting in the orange curve. This
smoothing is reasonable for real applications as readout time is fast compared to the
change in temperature.
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Figure 3.38.: Temperature variation for a measurement of an 241Am calibration source.
The Dosepix dosemeter described in section 3.2.1 is used. The setup is put
in a refrigerator and cooled down to about −20◦C. The measurement is
started, the refrigerator turned off, and the temperature is recorded via
the Vac detector in units of DAC. After about 6 hours, the temperature is
about 20◦C, and data acquisition is stopped. The unfiltered temperature
data, shown in blue, is filtered by taking a moving average over 10 frames,
resulting in the orange curve.

Measured frames at different temperatures are depicted in figure 3.39. These in-
clude the number of registered events for the specified bin edges used in Dosi-mode.
The curves reflect the different Dosepix detectors of the dosimetry setup according to
the legends.

The bottom right plot corresponds to a measurement performed at approximately
room temperature, and therefore, calibration temperature. The other plots show mea-
surements at cooler temperatures. For the top left plot, the temperature is approx-
imately −20◦C. The deposited energy spectrum of the Vac detector is broadening
with decreasing temperature. The spectra of the other detectors only change slightly
since their hemispherical metal filters insulate them. The cool-down via the refriger-
ator was too fast to reach a thermodynamic equilibrium of the air and the detectors.
The temperature was only measured via the Vac detector due to limitations of the
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Figure 3.39.: The number of registered events in Dosi-mode for the measurements of an
Am241 source under temperature variation. Each plot represents an excerpt
of the dataset at certain temperatures as indicated by the titles. The plot
on the top left corresponds to a temperature of about −20◦C, the plot on
the bottom right to a temperature of about 20◦C. The histograms indicate
the normalised number of events for the different detectors according
to the legend. The curves with markers indicate the values of the used
conversion coefficients to calculate the dose from registered events.
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Figure 3.40.: The reconstructed dose Hp(10) per detector of the Dosepix dosemeter
setup for the measurement of 241Am under temperature variation. The
time information corresponds to the temperature plot of figure 3.38. The
colours reflect the different detectors according to the legend. Light-
coloured curves represent the doses before, dark-coloured curves after the
temperature correction.

readout-hardware. In general, the temperature should be measured for each detector
separately to achieve the best results.

For decreasing temperature in ◦C, the deposited energy spectra start to broaden and
the dose conversion coefficients have to compensate this effect. A virtual deposited
energy axis is introduced. It scales with the temperature correction of equation (3.26)
and is afterwards applied to the polynomial functions of equation (3.23) to provide
the dose conversion coefficients. The curves with data points in figure 3.39 reflect the
values of these coefficients. The y-axis does not represent the actual values but is pro-
portional to them and indicates the change of the coefficients. The points’ positions
along the x-axis correspond to the mean deposited energies of the bin edges. These
indicate which coefficient is used for which bin in dose calculation. With changing
temperature, also the dose conversion coefficients change. Due to the energy correc-
tion, the virtual deposited energies lead to a change in the histogram’s effective bin
widths. This effect is corrected by scaling the dose coefficients by fractions of the
virtual and original bin widths.

The corrected conversion coefficients are used to reconstruct the dose. Only Hp(10)
is discussed, while the procedure is analogous for other dose types. Figure 3.40 shows
the estimated dose as a function of time while the temperature changes as shown in
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Figure 3.41.: The deviations to the means for the measured doses of Hp(10) depicted
in figure 3.40. The x-axis reflects the temperature variation of figure 3.38.
The colours of the curves represent the different detectors, according to
the legend. The solid red line corresponds to the total dose, i.e. the sum
over the single detectors’ doses. Red dashed lines indicate the minimum
and maximum values of the red curves.

figure 3.38. The different colours of the curves correspond to the different detector
types according to the legend. Light-coloured curves represent the doses before cor-
rection, dark-coloured curves after correction. Taking the sum of all detectors provides
the total dose of Hp(10). Since the temperature at the end of the measurement equals
approximately the calibration temperature, these doses reflect the reference values.
The applied temperature correction has only a small effect on the registered doses
of the Al and Sn detectors due to the insulation of the filters. For the Vac detector
without correction, the dose deviates about 2.5 at maximum compared to the refer-
ence calibration temperature. This deviation is much smaller after correction, and the
trend of the dose corresponding to the change of temperature is no longer visible.

3.41 additionally shows the improvement due to the temperature correction. The
plots depict the doses for the dosemeter’s detectors and their sum, the total dose.
Every curve is normalised to reflect the deviation from the mean. The x-axis indicates
the temperature present during measurements. The higher its value, the lower the
temperature in ◦C. The colours of the curves correspond to the detectors as indicated
by the legend. The left-hand side plot shows the dose without temperature correction,
the right-hand side plot with correction applied. For the uncorrected doses, Al and Sn

show only slight variations while Vac varies within a range of about [0.7, 1.8]. After
correction, these deviations are almost completely gone. The Sn detector in general
shows large fluctuations about a value of 1, which is due to the low count statistics
compared to the other detectors.
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3.4. Conclusion

The solid red curves in the plots of 3.41 reflect the total dose measured with the
Dosepix dosemeter. The dashed lines indicate the corresponding minimum and max-
imum values. The statistical quantities for the total doses illustrated in figure 3.40 are
listed in table 3.7. They include the mean µ, the related standard deviations σ, and
the minimum and maximum doses. Additionally, the extreme values of the curves
normalised to the mean depicted in figure 3.41 are listed. The first column indicates
if temperature correction is applied to the data of a row. The last row shows the
fraction of uncorrected and corrected values. Under the assumption that corrected
measurements more closely resemble the actual dose values, the fractions show that
uncorrected measurements on average overestimate the dose. The corresponding stan-
dard deviation is almost 5 times higher for the whole temperature range. The devia-
tion is highest for cold temperatures in ◦C as indicated by comparing the mean and
maximum of the uncorrected dose. Here, the dose is overestimated by about 22%.
After correction, the overestimation drops to 7%. The standard deviation σ shows an
improvement of about 80% after correction.

Corrected µ (µSv) σ (µSv) min (µSv) max (µSv) min (norm) max(norm)

no 4.87 0.44 4.39 5.93 0.9 1.22
yes 4.49 0.09 4.32 4.79 0.96 1.07

no / yes 1.08 4.89 1.02 1.24 0.94 1.14

Table 3.7.: The statistical quantities of the total measured doses, corresponding to the
sum of all detectors and therefore curves depicted in figure 3.40. These
include the means µ, the standard deviations σ, and the minimum and
maximum values. Additionally, the extreme values for the normalised
total doses of figure 3.41 are listed. The rows represent the corrected and
uncorrected data according to the first column. The fraction of uncorrected
and corrected statistical values are resembled by the last row.

In conclusion, temperature correction is improving the estimated doses. All devia-
tions, also uncorrected ones, are within the legal limits for the dose response of 0.71
and 1.67 according to PTB [53]. However, there might be individual photon spectra
for which this is no longer the case. Also, temperature always remained within limits
of −20◦C to 20◦C for the discussed data. Varying the temperature further will lead
to an increased dose variation which requires additional measurements and analy-
sis. The introduced method of temperature calibration improves the dose estimation
capabilities of a Dosepix dosemeter and increases the system’s quality.

3.4Conclusion

The main goal of this chapter was to establish a proper implementation of Dosepix
in simulation. It allows generating detector responses for the irradiation with various
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3. Dosepix detector simulation and dosimetry applications

photon fields. Measurement setups can be included in the geometry of the simulation
to accurately model reality. The proper functioning of the simulation was validated
by comparing its results with measurements. A good performance was achieved, and
the energy resolution of the detector was determined. Both are requirements to per-
form simulations of a dosemeter consisting of three Dosepix detectors. The setup for
a measurement of Hp(0.07) and Hp(10) personal dose equivalents, including a phan-
tom, was implemented in simulation. Via the generation of response spectra for the
irradiation with monoenergetic photons, the optimisation of conversion factors from
registered events to dose was executed. These factors were applied to measurements
and compared to simulations, which showed a good agreement. However, there are
discrepancies for lower photon energies. A method was introduced to include mea-
surements into the optimisation of the dose conversion factors. The method leads to
responses that only slightly deviate from the perfect response of 1 for Hp(10) and
irradiation angles of up to 60◦. Hp(0.07) dosimetry is well for initial photon energies
greater than about 25 keV as the performance is limited by high irradiation angles.
Based on the methods established in this thesis to determine dose conversion coeffi-
cients, additional measurements regarding legal requirements were executed in coop-
eration with PTB and published in [55]. Additionally, the coefficient of variation was
analysed, reflecting the fraction of the standard deviation and mean of multiple dose
measurements. The results are well within the legal limits and further approve the
applicability of the Dosepix dosemeter for measurements of Hp(10) and Hp(0.07). By
combining simulation and measurement data, smooth dose conversion factors were
determined which resulted in a smoothness corresponding to increased stability of
dose estimation of the dosemeter.

A method was introduced to determine dose conversion factors for the small pixels
of Dosepix. It utilises measurements and the fact that small and large pixels should
always return the same dose. For the previous methods, discrete conversion factors
were used. However, an approach to describe their trend via polynomial functions
was introduced, which provided similar performance. The benefit is that the func-
tion’s number of parameters is reduced, and generally smooth trends as a function
of deposited energy are achieved. The method also is a requirement to perform a
temperature-dependent correction of the dose. The behaviour of Dosepix under tem-
perature variation was analysed and a method to correct this dependence was intro-
duced. It allows performing proper dose reconstruction even for extreme tempera-
tures.

In conclusion, simulations of the detector were established and evaluated with mea-
surements. A first application in regards to dose estimation was introduced. Every-
thing established in this chapter is essential and the represents the foundation for the
following chapters.
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CHAPTER 4

Energy calibration of Dosepix via deep

learning
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The energy calibration of pixelated photon-counting detectors usually involves mea-
surements with radioactive sources over extended periods. This is due to small pixel
sizes and resulting low event rates. Only the parts of measured energy spectra con-
taining peaks are used in these established calibration methods. Therefore, a possible
improvement is to use entire recorded energy spectra to calibrate a Dosepix detector.
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4. Energy calibration of Dosepix via deep learning

This is achieved via deep learning, which provides a fast method to process infor-
mation of all pixels of a detector at once. Simulation data is generated and used to
train a convolutional neural network. Calibration measurements with the detector
are performed for various hardware settings of Dosepix. The neural network pro-
vides the corresponding calibration coefficients to convert the registered ToT spectra
to deposited energy. These spectra are analysed and used to evaluate the method.

4.1Standard energy calibration

A commonly used calibration approach is called standard calibration in the following.
Here, a brief introduction of the method is provided. See for example [52, 56] for a
more detailed description.

4.1.1 Calibration measurements

In the standard calibration procedure, detector measurements with various gamma
calibration sources are required. The emitted spectra of these sources should consist
of mono-energetic lines that are not too close to each other in energy. Additionally,
high activity, and therefore photon flux, is desirable as this leads to a higher number
of registered events within a short time. Usually, an X-ray tube with different fluores-
cence targets is used. The energy depositions in the sensor lead to broad peaks in the
ToT-spectra registered by the detector. Figure 4.1 depicts this for X-ray tube measure-
ments of various fluorescence targets and a measurement of an 241Am-source. Only
data of an exemplary large pixel is depicted. The rough positions of the peaks in the
ToT-spectra are determined by applying a peak finder. Only the regions centred about
the peak are kept. Gaussian fits are used to get estimations of the mean peak energies.
The energies of the various fluorescences are well known (they can be looked up at
e.g. [41]). These energies have to be converted into their corresponding deposited
energies via equation (3.7). Afterwards, the values are matched to the estimated peak
positions in the ToT-spectra as depicted in figure 4.2.

4.1.2 Calibration function

A calibration curve has to be fitted to the dataset consisting of deposited energies
and corresponding measured ToT values to convert deposited energies into ToT. Most
publications working with pixel detectors similar to Dosepix or Dosepix itself use a
function of the form [57]

ToT(E) = aE + b +
c

E − t
. (4.1)

82



4.1. Standard energy calibration

0 50 100 150 200 250

ToT (10 ns)

0.0

0.2

0.4

0.6

0.8

1.0
N

o
rm

a
li
s
e
d
 e

v
e
n
ts

Ba

Am

Pb

Eu

Fe

Sn

Figure 4.1.: Measurements of fluorescence targets irradiated with an X-ray tube and
of an 241Am-source according to the legend. The data registered by an
exemplary large pixel is depicted. Only the regions about the peaks are
kept to estimate the mean peak positions. These are determined from
Gaussian fits and indicated by the dashed lines.

This function is invertible, i.e. the conversion from deposited energy into ToT is pos-
sible via

E(ToT) =
1
2a

·
(

a · t + ToT − b +
√

(b + a · t − ToT)2 − 4 · a · c

)

. (4.2)

Solving this equation for E(ToT = 0) provides the threshold energy ETHL

ETHL =
1
2a

·
(

a · t − b +
√

(b + a · t)2 − 4 · a · c

)

. (4.3)

This energy resembles the lowest deposited energy the detector can measure. Figure
4.2 shows fits to deposited energy and ToT pairs via equation 4.1 for 12 exemplary
large pixels. If not specified otherwise, equation (4.1) and its inverse (4.2) are used for
the conversion of ToT to energy and vice versa in this thesis. Equation (4.1) will be
referred to as calibration function.

4.1.3 Calibration function parameters

A detailed analysis of the parameters a, b, c, and t of calibration function (4.1) is
illustrated in figure 4.3. Each parameter, as indicated by the title, is scaled according
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Figure 4.2.: Peak positions of ToT spectra of calibration measurements as a function of
corresponding deposited energy. The positions are determined by fitting
Gaussians to the peaks of the registered ToT spectra. Error bars indicate the
fit error but are too small to be discernible. 12 large pixels of an exemplary
pixel column are depicted. Calibration function (4.1) is used to describe the
trend of the data points.

to the colour bar while the remaining parameters stay constant. Here, constant values
of a = 2.15, b = 150, c = −275, and t = 7.5 are used.

Each parameter attributes to a certain characteristic of the calibration curve:

• a: describes the slope of the linear part of the curve and is therefore representing
Ikrum

• b: shifts and scales the curve along the ToT-axis

• c: changes the hardness of the knee of the curve

• t: shifts and scales the curve along the deposited energy axis

4.1.4 Analogue test pulse calibration function

The trend of ToT as a function of charges at the input of a pixel’s analogue electronics
is approximated utilising the test pulses of Dosepix (see section 2.1.3 for more infor-
mation). Voltage UTP of equation (2.2) is varied, multiple test pulses are created, and
a spectrum in ToT-mode is taken. Afterwards, the mean and the standard deviation
for each spectrum are calculated. This provides the blue data points depicted in the

84



4.1. Standard energy calibration

0

50

100

150

200

250

300

350
T
o
T
 (

1
0
 n

s
)

a b

0 5 10 15 20 25 30

Deposited energy (keV)

0

50

100

150

200

250

300

350

T
o
T
 (

1
0
 n

s
)

c

0 5 10 15 20 25 30

Deposited energy (keV)

t

0.1

0.3

0.5

0.7

0.9

1.2

1.4

1.6

1.8

2.0

P
a
ra

m
e
te

r 
s
c
a
le

Figure 4.3.: The variation of the parameters of calibration function (4.1). The parameter
shown in the title of each plot is scaled according to the colour bar while
the remaing parameters stay constant. The dashed line represents the
calibration curve for the initial calibration parameters of a = 2.15, b = 150,
c = −275, and t = 7.5.

top plot of figure 4.4. The x-axis reflects test pulse energies, resembling an arbitrary
measurand proportional to the injected charge at the input of the analogue electron-
ics. The illustrated data is for an exemplary pixel. However, all pixels show a similar
trend and no difference between large and small pixels exists as charges are injected
directly into the electronics’ input, neglecting the sensor.

A calibration curve is fitted to the data, resembled by the black dashed line. The
bottom plot shows the relative deviation of ToTpulse from measurements and ToTfit
from fit by calculating

1 −
ToTpulse

ToTfit
. (4.4)

The deviation shows that the used calibration function does not entirely match the
trend of the data. Test pulses provide an easy method for this evaluation. The same
can be achieved using measurements with radioactive sources. However, their mean
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Figure 4.4.: The top plot depicts the registered mean ToT values for different test pulse
energies in blue. Error bars reflect the corresponding standard deviations
for each data point. The energy-axis is scaled arbitrarily. The dashed
black line represents a fit with the calibration function. The bottom plot
depicts the relative deviation of the curves of the top plot. Error bars are
determined via error propagation.

photon energy cannot be controlled like it is possible for the test pulses. Despite the
deviation, the previously defined calibration function is used. Its formulation is easy
and only involves 4 parameters. The actual trend is too complex to be described with
an analytical function. Instead, an interpolated function would be required. However,
in most applications, there is no requirement for this high precision. In dosimetry ap-
plications, the loss of accuracy due to the standard calibration function is neglectable.

4.1.5 Disadvantages

The standard calibration method requires radioactive sources with a high photon flux.
This provides a reasonably large number of registered events per pixel to estimate the
peak positions in the ToT-spectra. Multiple measurements with various sources are
necessary. At least five measurements are required, but the more, the better the final
calibration.

For deposited energies close to the detector’s threshold, mistakes are made easily
as many events due to effects like charge sharing and Compton scattering are present.
If a peak of a deposited fluorescence energy is located in this regime, it superimposes
with it and is not identifiable anymore. Converting this spectral shape into ToT leads
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to a broad peak in the spectrum, often misidentified for a fluorescence energy. This
misidentification then leads to a matching to a too-small ToT value. Fitting the cali-
bration curve to the mean peak energies will then result in an underestimated energy
threshold.

4.2Energy calibration via deep learning

The standard calibration approach requires multiple measurements with various sources
to determine proper calibration parameters for the pixels of the detector. Only a small
region of the ToT spectra is used to gain information about the conversion from ToT
to deposited energy in each measurement, while the remainder is discarded. An im-
proved approach to calibration should consider the spectrum as a whole. Instead of
taking multiple measurements, only a single calibration source and a short measure-
ment duration should be required. In the following, a convolutional neural network
(CNN) is utilised for this task. See section 2.5 for more information about deep learn-
ing.

4.2.1 Network design

The network takes a ToT spectrum of a single pixel, binned to 400 values with its left
bin edges ranging from 0 to 400, as its input and outputs the corresponding 4 cali-
bration parameters of equation (4.1) to convert the input ToT spectrum into deposited
energy.

Figure 4.5.: Convolutional neural network for the conversion of ToT to deposited en-
ergy for Dosepix. It takes a ToT spectrum at its input and provides the
corresponding conversion parameters of equation (4.1) as its output. Yellow
blocks correspond to convolutional layers, purple blocks to fully connected
layers. The dark regions within the blocks indicate the use of a ReLU
activation function. The image is created using [58].

The design of the network is depicted in figure 4.5. The network consists of four
major groups of three successively stacked convolutional layers of the same filter size
each. Average pooling layers halve each group’s input size while the filter sizes are
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4. Energy calibration of Dosepix via deep learning

doubled, with an initial size of 16. The last convolutional layer’s output is flattened
to one dimension and reduced via fully connected layers to the desired output size
of 4, corresponding to the number of conversion parameters. In-between these lay-
ers, dropout of 20% is used to prevent overfitting. All layers use a ReLu-activation
function except for the output layer, which has no activation. Additionally, a custom
layer that is only active during training provides additional regularisation via data
augmentation. This layer is placed directly after the input and applies Gaussian noise
with a random standard deviation to the input ToT spectrum parts that are not 0.
The standard deviation is sampled from a uniform distribution ranging from 0 to 0.3
per input spectrum. The corresponding noise X̃ is sampled and the initial spectrum is
multiplied with 1+ X̃. An example of the functioning of the layer is depicted in figure
4.6. As a whole, the design of the network corresponds to an encoder. It compresses
the complex input data and represents it on a simple latent space, represented by the
four calibration parameters.
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Figure 4.6.: The input (blue) and output (orange) spectra of a custom layer which adds
Gaussian noise with a random standard deviation to the non-zero parts of
the input ToT spectrum during training.
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4.2. Energy calibration via deep learning

4.2.2 Training and validation data generation

Only one type of source should be used for the calibration of the detector. There-
fore, the measured deposited energy spectrum has to be diverse in its shape, i.e. it
should consist of various characteristic peaks and edges. It should also contain high
deposited energies as this allows an accurate modelling of the linear part of the cali-
bration function. Although X-ray tubes have a high photon flux, they wear off when
permanently used and are expensive in purchase and maintenance. Therefore, an
241Am calibration source with high activity is used instead. To further extend the
photon spectrum’s features, a molybdenum fluorescence target is placed directly in
front of the source. The readout hardware with detectors attached is placed in front
of the assembly of calibration source and target. A short test if all detectors show a
reasonable event rate is made. The rate is adjusted by moving the detectors or the
source until an optimal position is found. The central detector, sitting directly in front
of the source’s opening, will show the highest event rate and a slightly differently
shaped spectrum compared to the neighbouring detectors. These effects have to be
considered when creating training data for the network.

The buildup of the used calibration source is resembled via simulated spectra. Mul-
tiple sources are combined randomly to gain robustness for variations of the setup
and its surroundings. Detector responses for 241Am, Mo- and Sb-fluorescences of
a Dosepix detector are simulated separately first. Antimony is found in many lead
alloys to harden the material. This includes lead bricks for radiation shielding and
housings of calibration sources like for the Am-source.

The different simulated spectra are combined with specified shares. Americium
represents the reference amount, called fAm and is set to 1. The amounts of molyb-
denum and antimony are called fMo and fSb. The combination of spectra is done as
follows. First, various parameters are chosen randomly and uniformly from specified
ranges. These include the total number of events N in the final spectrum, the shares
of Mo and Sb in comparison to Am, and the calibration parameters a, b, c, and t of the
calibration function (4.1). The ranges of the used values for small and large pixels are
listed in table 4.1. The simulated spectra are provided as unbinned data. Ni events
are chosen randomly via the determined fraction fi according to

Ni = N · fi

∑j f j
,

where i ∈ {Am, Mo, Sb}.
1024 exemplary deposited energy spectra for large pixels are depicted in figure 4.7.

The deposited energies of the events are converted into ToT via the selected random
calibration parameters and calibration function (4.1). The values are combined into a
ToT histogram which is stored together with its label, represented by the parameters
a, b, c, and t, in a training and validation dataset. The histograms are normalised to
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4. Energy calibration of Dosepix via deep learning

parameter lower limit upper limit

a 0.3 4

b 100 200

c -500 -50

t 5 10

N 5000 100000

fMo 0.6 0.8
fSb 0 0.05

Table 4.1.: The ranges for the randomly and uniformly distributed parameters of equa-
tion (4.1) to convert deposited energy spectra into ToT spectra for training
and validation data generation.
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Figure 4.7.: 1024 deposited energy spectra generated by combining large pixel simula-
tions of an 241Am-source, and Mo- and Sb-fluorescences. More information
about the generation procedure is given in the text.

their maximum each and the parameters to the mean values of the defined parameter
ranges in table 4.1.

Figure 4.8 shows the calibration curves for 1024 randomly chosen calibration pa-
rameter sets of the validation dataset. The curves are overlayed on top of each other
in (a). The density of the curves is depicted in (b), which indicates the influence of
the calibration parameters on the resulting deposited energy to ToT conversion. Since
large and small pixels use the same conversion parameter ranges, the distributions
of the calibration curves look similar. The deposited energy spectra for the different
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(a) Generated calibration curves
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(b) Density of generated calibration curves

Figure 4.8.: (a) shows the calibration curves of 1024 randomly chosen calibration param-
eter sets from the validation dataset. The density of the curves is illustrated
via a 2D histogram in (b). Only data of large pixels is used.

pixel sizes look significantly different. Therefore, the conversion from the constructed
deposited energy spectra to ToT has to be processed separately.

4.2.3 Loss definition

Two losses are used during the trainings of the networks. Both are used for the large
pixels, only the first is used for the small pixels. The loss is a regular mean squared
error of the form

LMSE =
1
4

4

∑
i=1

(ypred,i − ytrue,i)
2, (4.5)

where ~ypred and ~ytrue are vectors containing the four predicted and target calibration
parameters.

The second loss is called peak-loss Lpeak and is only used for the large pixel network.
It describes how well peak positions of a ToT spectrum fit the expected values. This is
achieved by using a second set of labels that contains the peak positions in ToT. These
are determined via peak finding and fitting of a scaled normal distribution to the
training data’s ToT spectra. During loss evaluation, these peak values are converted
from ToT to predicted deposited energy Epred via the calibration parameters in ~ypred
and the calibration function (4.1). The peak-loss also includes the mean squared error
LMSE and is defined as

Lpeak =
1
2 ∑

i∈{Am,Mo}
(Epred,i − Etrue,i)

2 + LMSE, (4.6)
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source Einit (keV) Edep (keV)

Am 59.54 59.35

Mo 17.44 17.27

Table 4.2.: Initial and deposited energies for an 241Am-source and a Mo-fluorescence
target. Only dominant energies are listed and used. The initial energies are
taken from [41].

where the sum of i iterates over the peak energies of the Am-source and Mo-fluorescences.
The Sb-fluorescence is not considered, as it does not create a dominant peak in the
spectrum.

The important energies for Am and Mo are listed in table 4.2 which includes the
initial energies Einit and the corresponding deposited energies for large pixels Edep.
The deposited energies are calculated using the method introduced in 3.1.3. Data of
the initial energies are taken from [41]. The value for Mo is the weighted sum of
multiple energies. Deposited energies are only stated for large pixels as loss Lpeak
is only used for the large pixel network. When the losses are evaluated, they are
calculated for each sample of the batch first and the average of all samples of a batch
is provided. In the following section about the network’s training, more details about
when which loss is used is described.

4.2.4 Training process

Since the deposited energy spectra for large and small pixels are significantly different,
each pixel type requires a network that is trained separately. The network for the
large pixels is trained on 120k samples and validated on 20k samples. The training is
divided into two stages to achieve a higher precision. First, the mean squared error
loss LMSE is used. The training progress is depicted for the first 100 epochs in figure 4.9
(a). Once a good performance of the network is reached, the loss function is switched
to Lpeak. This allows the CNN to further increase its ability to match the peak ToT
values to their corresponding deposited energies. The training process is illustrated in
figure 4.9 (b). Both losses in the two training stages show an offset between training
and validation due to the additional error introduced by dropout during training (see
section 2.5.3 for more information). Nevertheless, the training is considered successful
as the loss converges properly, and there is no indication of overfitting.

The network for the small pixels is trained on 60k samples and validated on 10k
samples. The training now only uses the mean squared error loss LMSE. The peak-loss
is neglected since peak fitting in the training data is not precise due to low event statis-
tics and the resulting non-dominant shapes of the peaks. This is especially noticeable
for the Mo-fluorescence peak, which is close to the low energy part of the spectrum
and might even blend with it. The trend of the loss during training is depicted in
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(a) Mean squared error loss LMSE (b) Peak-loss Lpeak

Figure 4.9.: The training of the large pixel network is performed in two stages. First,
using the mean squared error loss LMSE (a) and afterwards using the peak-
loss Lpeak (b). The minimisation of the losses as a function of epoch is
shown. An epoch describes 120k samples for training and 20k samples for
validation.

0 20 40 60 80 100
Epoch

10 1L M
SE

Training
Validation

Figure 4.10.: The small pixel CNN training is performed in a single stage using the
mean squared error loss LMSE. The minimisation of this loss is depicted as
a function of epoch. One epoch represents 60k samples in training and
10k samples in validation.
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Deviation Deviation

Figure 4.11.: Histograms of deviations X of actual and predicted values, according to
equation 4.7, for the validation dataset’s calibration parameters for large
pixels. The histograms correspond to the parameters according to their
titles.

figure 4.10. Like before for the large pixels, the discrepancy for training and valida-
tion is due to the used dropout during training. After the trainings for the large and
small pixel networks, predictions on the validation datasets are performed. The pre-
dicted and true values for the calibration parameters a, b, c, and t are combined into
vectors ~ypred and ~ytrue. The deviation in regards to their target values are calculated
via

Xi =
ypred,i

ytrue,i
, (4.7)

where i is an index over {a, b, c, t}. Histograms for these fractions are depicted in
figure 4.11 for large and in figure 4.12 for small pixels. Table 4.3 shows the statisti-
cal quantities of the distributions of the deviations for large (a) and small pixels (b).
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Deviation Deviation

Figure 4.12.: Histograms of deviations of actual and predicted values for the valida-
tion dataset’s calibration parameters for small pixels. The histograms
correspond to the parameters according to their titles.

They include the median µ1/2,dev, the mean value µdev, the corresponding standard
deviation σdev, and an additional measure of the width of the distributions

sdev = µ(|X − 1|), (4.8)

i.e. the mean of the absolute of deviation X about 1. sdev gives a more accurate mea-
sure for the width of the deviation than the standard deviation σdev as the distributions
are not normally distributed.

All histograms of deviations X are centred at a value of about 1 in regards to their
median µ1/2,dev. This indicates a correct prediction of the networks for the calibration
parameters. The mean values µdev agree well to the median for small pixels but
show deviations for large pixels. The same is reflected by the measures of σdev and
sdev. The reason is an introduced bias in the second training stage for the large pixels
where the peak-loss is optimised. It emphasised the peak reconstruction ability of
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the network while slightly overriding the calibration parameter estimation. This may
negatively influence the prediction of simulation data but will significantly enhance
the prediction for real measurements as it is impossible to generate simulated training
data which perfectly describes the measurements.

parameter µ1/2,dev µdev σdev sdev

a 0.999 0.808 0.383 0.227

b 1.011 1.166 0.423 0.207

c 1.000 1.060 0.712 0.272

t 0.990 0.982 0.155 0.107

(a) Large pixel statistical quantities

parameter µ1/2,dev µdev σdev sdev

a 1 1 0.0230 0.022

b 0.999 0.998 0.028 0.02

c 0.992 0.996 0.076 0.06

t 1.000 1.001 0.063 0.05

(b) Small pixel statistical quantities

Table 4.3.: The medians µ1/2,dev, means µdev, standard deviations σdev, and deviations
sdev (see equation (4.8)) of the deviations X of equation 4.7 of the predicted
and target calibration parameters of the validation dataset for large (a) and
small pixels (b).

Figure 4.13 shows 1024 randomly chosen ToT spectra from the validation dataset
which are converted into deposited energy via the corresponding predicted calibra-
tion parameters. The resulting calibration curves overlayed on top of each other are
depicted for large pixels in (a) and small pixels in (c). (b) and (d) illustrate the corre-
sponding densities of these curves. The full energy peaks of the Mo-fluorescences and
the Am are matched well for the large pixels, due to the optimisation via the peak-loss.
Features like the edge of backscattered photons corresponding to the full energy peak
and the Sb-fluorescence are discernible. Their visibility is a result of the optimisation
via the mean squared error. In (a), two deposited energy spectra are present, which
do not agree well with the expectation. This is possibly due to the sampled calibra-
tion parameter combinations, which lead to ToT spectra challenging to predict from.
Nevertheless, this is seldomly occurring and therefore considered statistically insignif-
icant. For the small pixels in (d), a high density in the region of the Am photopeak
is noticeable. Other features are hardly discernible, especially the Mo-fluorescence,
which merges with the spectrum’s low energy part consisting of charge sharing and
Compton events.

4.2.5 Results

The trained networks are used to predict the calibration parameters for all pixels of
an exemplary Dosepix detector. A calibration measurement in ToT-mode with an
Am-source and an additional Mo-fluorescence target is made. This measurement’s
duration was about 10 minutes for the large pixels and about 60 minutes for the
small pixels. Small pixels need to be irradiated longer since the event rate per pixel is
reduced due to their size. The input of a network consists of a concatenation of the ToT
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(a) Predicted deposited energy spectra
(large pixels)
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(b) Density of predicted deposited energy spectra
(large pixels)
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(c) Predicted deposited energy spectra
(small pixels)
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(d) Density of predicted deposited energy spectra
(small pixels)

Figure 4.13.: The deposited energy spectra converted from 1024 randomly chosen ToT
spectra of the validation dataset via the predicted calibration parameters
are shown for large (a) and small pixels (c). The densities of the spectra
are illustrated via 2D histograms for large pixels in (b) and small pixels in
(d).

spectra for all pixels. Different networks for large and small pixels are used. Figure
4.14 shows an excerpt of this data with 12 large pixels of a single detector column (a)
and 16 small pixels of four detector columns (c). The outputs of the networks, i.e. the
provided conversion parameters, are then utilised to transform the measured spectra
from ToT into deposited energy which are depicted in figure 4.14 for large (b) and
small pixels (d).

The average of the deposited energy spectra for all pixels is illustrated in figure
4.15 for large (a) and small pixels (b). The resulting spectrum is noisy for the large
pixels, which is due to the short measurement time. However, it is noticeable that low
event statistics are no issue for the networks as they can still determine the calibra-
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(a) Measured ToT spectra (large pixels)
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(b) Calibrated deposited energy spectra
(large pixels)

(c) Measured ToT spectra (small pixels) (d) Calibrated deposited energy spectra
(small pixels)

Figure 4.14.: (a) shows measured ToT spectra for 12 large pixels of a single column of
Dosepix, (c) for 16 small pixels of four columns. The spectra are used
as inputs of the calibration networks to determine the corresponding
calibration parameters. These are utilised to convert the ToT spectra into
the deposited energy spectra depicted in (b) for large and in (d) for small
pixels.

tion parameters successfully. This allows for a faster calibration of detectors which is
especially useful if many calibrated detectors are required. In the average spectrum
of the large pixels, features like the Sb-fluorescence or the edge of backscattered pho-
tons corresponding to the Am full energy peak are also discernible. No significant
broadening of the peaks is observed for both pixel sizes, which corresponds to a good
quality of the conversion from ToT to deposited energy. The number of events in the
spectrum at low deposited energies mainly consists of events from charge sharing and
the Compton effect. This part of the spectrum decreases approximately exponentially
for increasing deposited energy.
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(a) Large pixels
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(b) Small pixels

Figure 4.15.: The normalised average deposited energy spectra of the large (a) and
small pixels (b) of an exemplary calibrated detector.
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(a) Large pixels
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(b) Small pixels

Figure 4.16.: Histograms of the threshold energy ETHL for large pixels (a) and small
pixels (b) of an exemplary calibrated detector. The solid vertical lines
represent the mean values, the dashed lines the corresponding standard
deviations, and the dash-dotted lines the medians.

There are no detected events below a certain threshold energy ETHL, resulting in
hard cut-offs of the averaged spectra. ETHL is evaluated using the calibration para-
maters in connection with equation (4.3). A histogram of the values is depicted in
figure 4.16 for large (a) and small pixels (b). The mean energy threshold µTHL and
the corresponding standard deviation σTHL for all pixels of different pixel sizes are
listed in table 4.4. These numbers depend on the detector and the equalisation of the
pixel thresholds (see section 2.1.1 for more details). Here, large and small pixels show
similar threshold energies.
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pixel size µTHL (keV) σTHL (keV)

large 8.7 0.8
small 9.8 0.8

Table 4.4.: Mean energy threshold µTHL and corresponding standard deviation σTHL for
the distributions of figure 4.16 for large and small pixels of an exemplary
calibrated detector.

Threshold variation

Calibration measurements under variation of the global threshold (THL) are per-
formed. The value of the THL is shifted in digital units, called DAC in the following,
in the hardware register of Dosepix, resulting in a change of the threshold energy
ETHL. A THL shift of 0 corresponds to the value determined in the equalisation of
the detector (see section 2.1.1 for more details). Increasing the THL shift leads to an
increase of ETHL and therefore to a shift of the cut-off energy in the deposited energy
spectrum. This analysis is performed for large pixels only. All measured ToT spectra
for different THL shifts are evaluated via the CNN and converted into deposited en-
ergy via the predicted calibration parameters. The determined calibration curves and
the deposited energy spectra are depicted in figure 4.17.

(a) Calibration curves (b) Calibrated deposited energy spectra

Figure 4.17.: Mean calibration curves (a) and deposited energy spectra after calibration
(b) for different THL shifts as indicated by the colour bars. A shift of 0
corresponds to the THL determined in the equalisation of the detector.
Increasing the shift corresponds to an increase in threshold energy ETHL.

With increasing THL shift, the calibration curves are increasingly offset towards
higher deposited energies. The shapes of the converted deposited energy spectra are
almost independent of the THL shift. The dominant peaks and the spectra’s features
keep their positions and do not increase their width. This further approves the CNN’s
prediction abilities in regards to the set THL value as long as the deposited energy
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Figure 4.18.: Predicted energy threshold ETHL as a function of THL shift. The values
and error bars correspond to the means and standard deviations of all
large pixels.

threshold is lower than the energy of the Mo-fluorescence peak in the spectrum. The
predicted calibration parameters are used to calculate the threshold energy ETHL via
equation (4.3) for each pixel and value of THL shift. Figure 4.18 depicts the mean value
of ETHL and the corresponding standard deviation of all pixels for each measurement.
The curve shows an approximately linear correlation between the energy threshold
ETHL and THL shift which agrees well with the expectation. The voltage amplitude of
the pulses in the analogue electronics of the detector is proportional to the deposited
energy, and the voltage of the threshold discriminator linearly depends on the set THL
DAC value.

The deviation of the mean values of the predicted calibration parameters regarding
their means at a THL shift of 0 is depicted in figure 4.19. Parameter a, which mostly
represents the characteristics of Ikrum remains almost independent from THL shift. It
corresponds to the detector’s hardware settings since Ikrum remained the same for all
measurements. b and t decrease and increase as a function of increasing THL shift.
According to the behaviour of the calibration parameters, stated in section 4.1.3, this
resembles a shift of the calibration curve towards higher deposited energies and an
increase of ETHL. Figure 4.19 shows that all parameters change smoothly with THL
shift, approving the networks’ continuity regarding its input.
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D

Figure 4.19.: Deviations of the means for the large pixels of the predicted calibration
parameters regarding the means at a THL shift of 0. The error bars
represent the corresponding standard deviations.

Ikrum variation

The threshold is now kept constant and Ikrum (see section 2.1.1 for more details) is
changed between measurements. The variation of the current is performed in units
of DAC where one DAC represents 0.2 nA. Figure 4.20 (a) shows the predicted mean
calibration curves and (b) the corresponding deposited energy spectra.
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(a) Calibration curves
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(b) Calibrated deposited energy spectra

Figure 4.20.: Mean calibration curves (a) and deposited energy spectra after calibration
(b) for different values of Ikrum whose values are indicated by the colour
bars.
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Figure 4.21.: Predicted energy threshold ETHL as a function of Ikrum. The values and
error bars correspond to the mean and standard deviation of the large
pixels.

The calibration curves show decreasing slopes of their linear parts as a function
of increasing Ikrum. The threshold energy ETHL remains almost constant, depicted
in figure 4.21. The deposited energy spectra indicate a correct working of the net-
work as peaks do not change their position significantly, and the spectra’s features
are discernible. There is a slight mismatch between the target peak energies and the
predicted energies towards larger values of Ikrum. Since ToT is discrete, a bin in ToT
corresponds to a bin of increasing width in deposited energy for increasing Ikrum,
leading to an increasingly discrete deposited energy spectrum. This effect is reduced
by taking the average of all large pixels of the detector.

Figure 4.22 depicts the deviations of the means for large pixels of the predicted cal-
ibration parameters as a function of Ikrum regarding the means for Ikrum = 10 DAC.
The error bars represent the corresponding standard deviations. Here, t remains al-
most constant due to the constant threshold energy ETHL. The deviation of a is pro-
portional to I−1

krum which agrees with the expectation. This is explained by considering
a simplified version of the pulse shapes in a pixel’s analogue electronics (see section
2.1.1 for more details). The rise time is neglected, and the peaks are assumed to be
shaped like a right-angled triangle where the x-axis represents time, and the y-axis
represents voltage. The pulse is describing the discharge of a capacitor with a constant
current I ∝ Ikrum, i.e. the voltage as a function of time is

U(t) =
1
C
· I · t + U0, (4.9)
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where U0 is the height of the pulse, which is proportional to the energy deposited in
the detector’s sensor, C is the capacity of the charge sensitive amplifier in the circuit,
and I is the constant current used for the discharge. The ToT value provided by the
electronics is proportional to the time t, i.e.

ToT ∝ t = C · U0 − U(t)

I
. (4.10)

This directly reveals the inverse proportionality of the determined ToT values and
Ikrum. Again, all parameters change smoothly when varying Ikrum, which proves the
network’s continuity when changing its input ToT spectra.
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Figure 4.22.: Deviations of the means for large pixels of the predicted calibration pa-
rameters regarding Ikrum = 10 DAC. The error bars represent the corre-
sponding standard deviations.

4.3Conclusion

Standard and CNN energy calibration approaches should, in principle, produce the
same calibration parameters for each pixel. However, some disadvantages for the
standard calibration exist. Multiple measurements with various calibration sources
have to be performed. It is time-consuming, especially if many detectors need to be
calibrated. This duration can be reduced by using an X-Ray tube, providing high
photon flux, in combination with fluorescence targets. But, this increases the cost of
the calibration. Once the measurements are done, algorithms are required to estimate
the mean peak positions in the ToT-spectra for each pixel which is a possible source
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for human-biasing as the algorithm usually includes a manually trimmed peak-finder
to give a first estimation of the peak position.

The networks only use single measurements as their inputs. The prediction is fast
since the measurement data of all pixels are evaluated at once. The network does not
rely on manual adjustments since it only relies on the simulation of the calibration
source and the detector system. This can also be considered a flaw of the network
since its output highly depends on the quality of the simulation. Therefore, a good
simulation agreement is a requirement for the method.

The results in this chapter show that the trained networks are able to predict cal-
ibration parameters from measurements well. Additionally, the networks proved to
be robust against changes in Dosepix hardware settings. Varying the global threshold
(THL) and Ikrum changed the predicted calibration curves as expected. Since differ-
ent buildups of the calibration source were included in the simulation, it is possible
to take measurements with many detectors at once. This increases the calibration
efficiency and provides a straightforward procedure that does not require an exact
measurement setup.
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CHAPTER 5

Optimisation of Dosepix filters for med-

ical dosimetry
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5. Optimisation of Dosepix filters for medical dosimetry

Dosepix has excellent characteristics for a usage in dosimetry applications as shown
in section 3.2. A setup of three detectors was utilised to determine the personal dose
equivalents Hp(10) and Hp(0.07) from measurements. Each of the Dosepix detectors
has a different filter in front of it. These are required to change the initial photon
spectrum to increase the information provided by the detectors. The design of the
filters was established in [10, 44]. However, the filters were chosen mostly based on
experience and experimentation. The determination of filter designs presented in this
chapter is based entirely on simulations. An optimisation of a filter for a Dosepix
is made in regards to the response. An additional goal is to reduce the number of
required Dosepix detectors. This helps to reduce the cost and size of possible future
experiments or dosemeter devices. The range of applications is also expanded to eye-
lens dosimetry, briefly introduced in the first section. Afterwards, a description of the
simulation methods for the different dose types is presented. These are finally used
to optimise the filters of the Dosepix detectors and to find corresponding conversion
coefficients from registered events to dose. All analyses are focused on an energy
range of up to 250 keV which is important for medical applications, where X-ray tube
voltages typically do not exceed 150 keV (see for example [59]).

5.1Eye lens dosimetry

The harm of radiation in regards to the eye-lens has been underestimated in the past.
With an exposure, a risk for the formation of cataracts arises. Therefore, the annual
limit for the equivalent dose for the eye lens has been reduced from 150 mSv to 20 mSv
per year for occupationally exposed staff in Germany according to the guidelines
of EURATOM [60]. The ORAMED project (optimization of radiation protection of
medical staff) included analyses of procedures in interventional radiology and car-
diology in regards to eye lens dosimetry [61]. It showed that the new dose limit is
exceeded by exposed staff if no proper protective equipment is used, making monitor-
ing important. It revealed that the tested active personal dosemeters do not work well
for low photon energies and pulsed photon fields. In these aspects, an application of
Dosepix seems promising.

In eye-lens dosimetry, the Hp(3) personal dose equivalent is determined (see section
2.4 for more details). Currently, no filter design for Dosepix exists to measure this
quantity. Additionally, the number of required detectors per eye should be minimised
as a future dosemeter has to be placed close to its bearer’s eye-lens. Therefore, the
device should be as small as possible. A first conceptual design depicted in figure 5.1
is introduced, which takes these requirements into account. The person is wearing
protective glasses, which attenuate possible X-radiation and therefore protect the eyes.
However, there remains harm due to the backscattering of photons within the head,
which might reach the eye lens. The dark-grey squares indicate Dosepix detectors
placed directly above the eyes of the person. Here, each detector is designated to
measure only the dose of the eye it is close to. The detectors are fixed on a curved
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metal plate mounted via a head strap to the bearer’s head. Readout electronics have
to be placed either close to the detectors or have to be attached to the person’s head.
The distance between the detectors should approximately correspond to the distance
between the eyes of the system’s bearer. The introduced concept only gives an idea of
how the detectors should be placed.

Figure 5.1.: Concept of an eye-lens dosemeter. It consists of two Dosepix detectors
placed directly above the eyes of the bearer. Original version of the image
in [62].

No head model is going to be used in measurements and simulations. Instead, a
cylinder phantom is utilised, which approximates the shape of a human head. Its
dimensions and materials are specified in ISO 4037 [45, 46] and are briefly described
in the following. The phantom has a diameter of 20 cm, the identical dimension in
height and is made of PMMA. Its outer wall and the end faces have a width of 5 mm.
Additionally, the phantom is filled with water.

Figure 5.2 depicts the conversion factors from photon fluence of a monoenergetic
parallel photon field emitted on the water cylinder phantom to personal dose equiv-
alent Hp(3) [45, 46]. The different curves correspond to different irradiation angles
according to the colour bar. The angle is varied about the axis of rotational sym-
metry of the phantom. The conversion factors represent the dose per fluence for an
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infinitesimal thin dosemeter placed at an angle of 0◦ within a depth of 3 mm. Later
in simulations, the factors are used to determine the applied dose from the fluence of
the emitted parallel photon field.

Photon energy (kev)

Figure 5.2.: Conversion factors from photon fluence of a monoenergetic parallel photon
field emitted on a cylinder phantom to personal dose equivalent Hp(3). The
colours of the curves correspond to different irradiation angles according
to the colour bar. The data is taken from [45, 46].

5.2Dosepix detector simulation

Simulations are required to perform an optimisation of a filter in front of a Dosepix
detector. The requirements of the dosemeter include a good performance under an
extensive range of photon energies and angles of irradiation. The best results for a
filter optimisation are achieved in the following way. The filter geometry is directly
manipulated in simulation, the simulation process for different irradiation angles and
photon energies is performed, and a loss on the resulting dose reconstruction per-
formance is evaluated. Judging by this loss, the filter geometry is adjusted, and the
next iteration of the optimisation begins. The computational effort and time required
for this method are high as the examined irradiation angles and energies have to be
simulated for each iteration.

Therefore, a more practical approach is utilised. Various assumptions and approxi-
mations have to be made. There are two types of detector irradiation that are assumed
to be independent of each other. First, photons that are directly impinging on the de-
tector and its filter in front of it. Second, irradiation from backscattering, i.e. photons
that previously interacted with the phantom used in dosimetry measurements. While
the direct irradiation does not depend on the dose type, the backscattering does. This
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is because for measurements of Hp(10) and Hp(0.07), a slab phantom is used while
Hp(3) uses a cylinder phantom. On the other hand, the backscattering simulation is
assumed to be independent of the filter applied in front of Dosepix. The following
sections describe how the different irradiation types are implemented in simulation.
They also illustrate the measures taken to keep computational effort as low as possi-
ble. Direct irradiation and backscattering are finally added to give an approximate
representation of reality.

5.2.1 Slab phantom backscattering

The ISO water slab phantom [45, 46] as previously described in section 3.2.2 is in-
cluded when simulating Dosepix setups for dosimetry of the dose equivalents of
Hp(10) and Hp(0.07). The simulation is performed in two stages. First, only the
backscattering characteristics of the slab phantom are processed. In a second stage,
the relevant events of stage one are emitted on Dosepix to determine the correspond-
ing detector response.

Slab phantom simulation

The geometry of the slab phantom simulation is depicted in figure 5.3. At the centre
of the frontal surface of the phantom, the PCB of the readout hardware described in
section 3.1.1 is attached. The PCB has a total surface of 10 cm×10 cm. At the current
state of development, the electronics of a future possible dosemeter is not known
and therefore, this PCB serves as a placeholder. Also, there is no housing at the
backside of the readout hardware for the same reason. When designing housing at
a later stage of development, many factors have to be considered. These include, for
example, the method of production, shape and material. The housing will probably
consist of plastic with a thickness of about 1 mm to 3 mm. It will mostly absorb
photons in the low energy range, i.e. with energies below about 40 keV. But since the
share of backscattered photons on the total number of registered photons is relatively
small and exact properties are unknown, no housing is installed for the approximative
backscattering simulation. Additionally, the assumption that the later used filter and
the Dosepix detector itself are small in comparison to the irradiated surface of the
phantom is made, i.e. their shielding of photons is neglectable.

The small box on top of the readout electronics represents a perfect detector as
illustrated in figure 5.3. It is placed to act as a bounding volume of the location the
three detectors of the PCB are usually positioned. The perfect detector registers only
photons that scattered from the slab phantom. The green lines in the figure depict
the primary photons. The photon source is a square plane parallel to the phantom’s
frontal surface and has the same dimensions. Photons are emitted perpendicularly
on the surface. The used coordinate system is reflected in figure 3.12. (a) depicts the
Cartesian coordinates of the phantom. The x-y-plane lies within its frontal surface,
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Figure 5.3.: Simulation of backscattering events for the slab phantom. Photons are
emitted perpendicularly on the frontal surface of the phantom. Their
tracks are indicated in green. Yellow dots represent positions interactions
took place. Attached to the frontal surface of the phantom are the readout
electronics. No Dosepix detectors are implemented in the geometry. Instead,
a perfect detector, indicated by the black box, is placed at their usual
position. It is used to register the characteristics of photons scattered from
the slab phantom.
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and the z-axis is perpendicular to it. The irradiation angles are given in spherical
coordinates, as illustrated in (b). θir denotes the angle between the normal of the
phantom’s frontal surface and irradiation direction. φir rotates within this surface.
Yellow dots in the figure represent the positions interactions took place. If a photon
track intersects with the perfect detector, its energy, the position of the intersection,
and the direction of the track are stored.

In the simulation of the phantom, Nph photons are generated and emitted on the
phantom’s effective surface area of A. A depends on the irradiation angles and is cal-
culated by performing a projection of the phantom’s surface onto the planar source’s
surface. The dimensions of the source have to be adjusted so A is completely irradi-
ated. For an emission perpendicular to the phantom’s frontal surface, A corresponds
to 30 cm×30 cm. The irradiation with Nph photons results in a corresponding photon

fluence Φph =
Nph

A . Ndet events are registered per fluence Φph by the perfect detector,
resulting in an efficiency p of

p =
Ndet

Φph
. (5.1)
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(a) θir = 45◦, φir is varied
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(b) φir = 0◦, θir is varied

Figure 5.4.: Photons are emitted on the slab phantom for various irradiation angles. Scat-
tered events are registered by the perfect detector illustrated in figure 5.3.
The plots represent the number of registered photons per photon fluence as
a function of the initial photon energy. In (a), for a fixed angle of θir = 45◦

under variation of angle φir as indicated by the colour bar. In (b), for a fixed
φir of 0◦ while θir is varied as shown by the colour bar.

The trend of this efficiency as a function of initial photon energy is depicted in
figure 5.4. The irradiation angle θir is fixed to a value of 45◦ while φir is varied ac-
cording to the colour bar in (a). It is sufficient to vary the angle up to 45◦ due to
the symmetry of the slab phantom. There is almost no dependence on angle φir as
all curves are approximately identical. They all show a large jump in the number of

113



5. Optimisation of Dosepix filters for medical dosimetry

registered events at photon energies of about 12 keV. This is due to the readout hard-
ware’s PCB, mainly consisting of FR-4 [40] which usually includes bromine. Bromine
has dominant fluorescence energies of 11.879 keV, 11.925 keV and about 13.3 keV [41].
These fluorescences only take place once the primary photon’s energy is larger than
the specified energies, explaining the jumps in the efficiency curves. With increasing
initial photon energy, the number of registered events reduces as the probability for
the photoelectric effect is decreasing. Fewer interactions with the material of the PCB
take place, and fewer fluorescence photons are emitted. At energies larger than about
35 keV Compton effect dominates, and fluorescences have almost no importance. The
number of registered events increases with increasing initial energy and reaches its
maximum at about 200 keV. The highest simulated initial energy is 250 keV. If the
energy was increased further, the trend of the registered events would decrease as the
primary photons can penetrate the slab phantom deeper before they interact. After-
wards, there is a long distance to leave the phantom again. If Compton interactions
take place, the direction of the photon changes and the energy is reduced. Therefore,
with each additional interaction, the probability for photoelectric effect increases and
the probability to leave the phantom decreases.

In Figure 5.4 (b), φir is fixed to 0◦ while θir is varied from 0◦ to 90◦ according to the
colour bar. The general trend as a function of initial photon energy is similar to the
one described for (a). There is a jump in registered events when bromine fluorescences
take place. With an increasing angle of θir, the number of registered photons decreases
due to the source’s fixed photon fluence. The highest photon yield for the detector
is present if photons are directly emitted on the phantom’s frontal surface, i.e. for
θir = 0◦. Once the angle increases, the effective irradiated area A is decreasing. A is
minimised for an angle of θir = 90◦ where the probability to register scattered photons
is lowest. See section 3.2 and figure 3.14 for a description of the registered energies of
the perfect detector. A differently shaped perfect detector is used, and the irradiation
angle is not varied. Nevertheless, these variations only have a small influence on the
resulting energy distributions. No bromine fluorescences exist as there is no PCB in
the simulation.

Finally, figure 5.4 (a) illustrates that there is almost no dependence on irradiation
angle φir. Therefore, only the variation of θir shown in (b) is considered and φir = 0◦

is used.

Detector simulation

The determined simulation data, i.e. the characteristics of the registered events of the
perfect detector, are now implemented in the Allpix2 [37] simulation of the Dosepix
detector (see chapter 3 for more details). Only a single Dosepix detector is placed in
the simulation’s geometry, located at the central slot of the readout electronics as this
is the best detector position considering symmetry. There must be no filter in front of
the detector as this is handled by the simulation of direct irradiation later. The readout
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electronics and the slab phantom are not present in the geometry and are exchanged
by a source representing the recorded photons and their characteristics of the perfect
detector.

In the detector simulation, NDPX events are sampled from the phantom simulation.
Considering the previously defined phantom efficiency p, described via equation (5.1)
and shown in figure 5.4, this corresponds to a fluence of the emitted photon field of

ΦDPX =
NDPX

p
. (5.2)

All generated response spectra will be normalised with this fluence. The responses of
direct irradiation are normalised in the same manner. This way, the spectra can easily
be sampled and added. The introduced method of backscattering precalculation al-
lows for a reduction of the computation time. Multiple simulations are performed for
different photon energies and angles of θir. A linear interpolation of the histogrammed
response spectra is performed to increase the applicability of the dataset. A function
is provided which depends on the initial energy E, the irradiation angle θir and the
deposited energy Edep. It returns the corresponding number of registered events per
photon fluence.

5.2.2 Cylinder phantom backscattering

For Hp(3) dosimetry, regarding the eye lens, the cylinder phantom is utilised. Like for
the slab phantom, the whole simulation process is divided into two stages. In the first
stage, the characteristics of the scattered photons are calculated. In the second stage,
the simulation of the Dosepix detectors is made utilising the precalculated phantom
simulation.

Cylinder phantom simulation

In the first simulation stage, only the cylinder phantom is implemented. A planar
photon source of dimensions 20 cm×20 cm emits photons directly on the curved sur-
face of the cylinder phantom depicted in figure 5.5. The photon tracks are illustrated
as green lines. Yellow dots indicate interactions. A perfect detector is located at the
central height of the phantom. It is ring-shaped and depicted in black. The detector
has a height of 3.6 cm and a width of 1 cm. The detector’s dimensions are chosen so
Dosepix detectors with their small PCB attached (see section 3.1.1 for more details) fit
within its volume. For the simulated setup, the Dosepix detectors are put close to the
phantom, which corresponds to a positioning of the detectors close to the eyes of the
bearer of the dosemeter. The perfect detector only registers photons that previously
interacted with the cylinder phantom. The detector registers all important character-
istics of the photons, i.e. their energies, the positions their tracks intersected with the
detector, and the corresponding directions.
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Figure 5.5.: Simulation of backscattering events for the cylinder phantom. A parallel
photon field is emitted on the curved surface of the phantom. The photon
tracks are indicated in green. Yellow dots represent the positions interac-
tions took place. A perfect detector, represented by the black ring, is placed
where later Dosepix detectors are located. The detector is used to register
the characteristics of photons that scattered from the cylinder phantom.
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x y

z

Figure 5.6.: Cartesian coordinate system for the cylinder phantom. The x-y-plane is
located at the central height of the phantom. The image is a modified
version of [63].

The Cartesian coordinate system of the cylinder phantom is depicted in figure 5.6.
Additionally, a spherical coordinate system according to figure 3.12 (b) is used. The
angles φ and θ represent the positions of intersections of photons with the perfect
detector. The angles φdir and θdir reflect the direction of these photon tracks. For
dose estimations, only photons emitted perpendicularly on the surface of the cylinder
phantom are relevant. Therefore, using the symmetry of the setup, only a single
irradiation direction is considered.

The characteristics of the backscattering events registered by the perfect detector
are presented in the following. Figure 5.7 illustrates the intersections of the photon
tracks and the boundaries of the detector. The radial components of the coordinates
are neglected due to the small width of the detector of 1 cm. All histograms are nor-
malised to the number of registered events and employ the same binning. The colours
represent different initial photon energies ranging from 10 keV to 100 keV according to
the colour bar. Figure (a) shows the event distributions for angle φ for different initial
energies. They are centred about a mean of φ = 0◦, independent of the energy. At
this angle, the most photons are scattering back from the phantom, reflected by small
peaks in the distributions.

The main reason is the constant photon fluence of the photon source. For an expla-
nation, the slope of the phantom’s curved surface concerning the position angle φ is
considered in the sketch in figure 5.8. A parallel photon field is emitted from bottom
to top. The red circle fragments correspond to an angle range of ∆φ. The distances d

are projections of the curvature in direction of irradiation. Their index resembles po-
sition angle φ. The more φ deviates from 0◦, the smaller the effective irradiated area,
which is proportional to d, for an angle segment ∆φ. Since photon fluence is constant,
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(a) φ-distribution

0°

45°

90°

135°

180°
0.005

0.015

0.025

10

20

30

40

50

60

70

80

90

100

In
it

ia
l 
p
h
o
to

n
 e

n
e
rg

y
 (

k
e
V

)

(b) θ-distribution

Figure 5.7.: Position distribution of backscattering photons reaching the perfect detector
for a direct emission of photons on the cylinder phantom depicted in
figure 5.5. The positions are represented in spherical coordinates via angles
φ (a) and θ (b). Each histogram is normalised to its number of registered
events.

Δϕ

d0° d45°

Figure 5.8.: The curvature of the cylinder phantom. It is irradiated from bottom to
top. The red circle fragments illustrate an angle range of ∆φ. The distances
d reflect the projections of the curvature in direction of irradiation. The
indices resemble the position angle φ.

118



5.2. Dosepix detector simulation

the number of emitted photons for the segment decreases. Consequently, the number
of backscattered photons also decreases, as reflected by the trend of the distributions
in (a) for small initial photon energies. Photons can penetrate the cylinder phantom
deeper for higher initial energies, leading to a smoothing of the distribution. Addi-
tionally, more events for angles of φ between 90◦ and 270◦ are registered as photons
can pass the phantom and are registered by the perfect detector on the opposite side.

The distributions of the position angle θ are depicted in figure 5.7 (b). All distribu-
tions are similar, independent of the energy of the emitted photons, as the height of
the perfect detector limits θ. The smallest fraction of events is registered for values
close to θ = 90◦, which corresponds to event positions in the x-y-plane. The number
of registered events stays at about this level for small deviations from 90◦ but shows
a huge jump at certain angles. At these positions, the top and bottom rings of the
perfect detector are located. Here, the highest number of events are registered as
many scattered photons can reach those detector surfaces since the whole surface of
the phantom is irradiated.

0°

45°

90°

135°

180°

225°

270°

315°

dir

0.0000
0.0025

0.0050
0.0075

0.0100
0.0125

0.0150
0.0175

10

20

30

40

50

60

70

80

90

100

In
it

ia
l 
p
h
o
to

n
 e

n
e
rg

y
 (

k
e
V

)

(a) φdir-distribution
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(b) θdir-distribution

Figure 5.9.: Direction distribution of backscattering events reaching the perfect detector
for the emission of photons on the cylinder phantom depicted in figure 5.5.
The directions are represented via angles φdir (a) and θdir (b) in spherical
coordinates. Each histogram is normalised to its number of registered
events.

Figure 5.9 shows the direction distributions of backscattering events, represented
by the spherical angles φdir (a) and θdir (b). All histograms are normalised to their
number of registered events and have an equal binning. The colours correspond
to different initial photon energies according to the colour bar. (a) shows that the
direction represented by φdir is symmetrical about 0◦, pointing in the direction of the
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source. However, it does not correspond to the most common scattering directions,
which are approximately 45◦ and 315◦.

These scattering directions are described via figure 5.10. The exemplary emission
of a photon is illustrated in (a). The photon enters the phantom at a position denoted
by angle φ. The thick dashed line is perpendicular to the surface of the phantom at
the previously described position. If Compton scattering takes place, a scattering in
forward direction is favoured according to the Klein-Nishina formula. If the photon
is travelling within the phantom afterwards, the probability of leaving it and being
detected by the perfect detector decreases. If multiple scattering processes occur in
succession, the photon’s direction when leaving the phantom is arbitrary. These effects
are resembled in figure 5.10 (b) which illustrates the correlation of the position angle
φ and direction φdir for scattered of an initial energy of 100 keV. The dash-dotted line
represents the case φdir = φ. The dashed lines resemble φdir = φ + sgn(φ) · 90◦, where
the periodicity of φdir is taken into account. This illustrates the favoured region as
previously described via (a). The projection of the data on the axis of φdir in plot (b)
resembles the symmetrical plot of figure 5.9 (a).
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Figure 5.10.: (a) shows the exemplary interaction of a photon with the cylinder phantom.
Its track enters the phantom at a position resembled by angle φ. The
dashed line at the intersection point describes the tangent to the outer
surface of the phantom. (b) shows the correlation of position angle φ
and direction angle φdir of the registered events of the perfect detector for
photons of 100 keV initial energy is shown. A dash-dotted line indicates
the relation φdir = φ and dashed lines φdir = φ + sgn(φ) · 90◦.

With increasing energy of the photons, higher direction angles φdir are registered.
More photons can cross the cylinder phantom with no or only a few interactions, espe-
cially at the edges of the phantom. In 5.9 (b), the distribution of the direction of θdir is
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Figure 5.11.: Energy distributions of backscattered photons registered by the perfect
detector for different initial energies. The colours of the curves reflect the
energies according to the colour bar. All histograms are normalised to
their maximum, excluding the highest energy bin.

illustrated. Almost no dependence on the initial energy is noticeable. The distribution
itself is centered at an angle of θdir = 90◦. This corresponds to the position distribu-
tion of θ of figure 5.7 (b). Most of the registered events leave the phantom within the
region close to the perfect detector. Since also the top and the bottom surfaces of the
ring-shaped detector register events, this results in the broad distribution of θdir.

Figure 5.11 depicts the energy distribution of the scattered photons registered by the
perfect detector for different initial energies. The colours of the curves reflect these
energies according to the colour bar. All curves are normalised to their maximum,
excluding the highest energy bin. The number of events within this bin is due to
coherent scattering processes (see section 2.2.2 for more details). A scattering photon
changes its direction but keeps its energy. This effect is highest for small initial en-
ergies. With increasing energies, the entries in the highest energy bin are originating
from forward scattering at the cylinder’s edges. The shapes of the energy spectra can
mainly be described via single and multiple Compton scattering processes. A detailed
description of the model is complicated and therefore resembled via the shown MC
simulation.

Detector simulation

The simulated backscattering events from the cylinder phantom are implemented in
the detector simulation. The geometry now only consists of Dosepix detectors while
the phantom is exchanged with a photon source emitting photons with the precalcu-
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lated characteristics. Like previously for the slab phantom, NDPX events are sampled
from the phantom’s event distribution. The corresponding true photon fluence ΦDPX
is calculated via equation (5.2). The projected surface of the phantom projected on the
planar source A (20 cm×20 cm) is used. The efficiency p of the phantom is required. It
describes the fraction of registered events of the perfect detector Ndet and the photon
fluence Φph according to equation (5.1).
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Figure 5.12.: The cylinder phantom efficiency as a function of initial photon energy.
It describes the fraction of events detected by the ring-shaped perfect
detector Ndet, and the photon fluence Φph, according to equation (5.1).

The trend of this efficiency as a function of initial energy is depicted in figure 5.12.
For low energies, almost all photons are absorbed by the phantom and cannot reach
the perfect detector. With increasing energy, the probability for photoelectric effect
decreases and Compton scattering becomes more probable, leading to an increased
number of registered events. The efficiency p for the cylinder phantom is higher than
the slab phantom’s as the perfect detector extends to the cylinder phantom’s backside.
Therefore, photons traversing the phantom still have a chance to be registered. The
previously described detector simulations are performed under the assumption that
Dosepix detectors and their PCBs are so small they do not shield the direct irradiation
of the phantom.

In the following, the placement of the detectors concerning the cylinder phantom
is considered. The setup is illustrated in figure 5.13. It shows an excerpt of the top-
down view of the cylinder phantom, resembled by the circle with a radius of 10 cm.
The green lines indicate the locations and orientations of the Dosepix detectors. The
two main detectors, one for each eye, are located where the dashed and dashed-dotted
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Figure 5.13.: Dosepix detector placement in relation to the cylinder phantom in a top-
down view. The solid black circle indicates the phantom. Green lines
correspond to the positions and orientations of the Dosepix detectors. The
two main detectors are centred at the intersection points of the dashed and
dash-dotted lines. The detectors are assumed to have a half opening angle
of 60◦. This results in a field of view as represented by the blue shaded
region. The red shaded region indicates the source positions at which
no proper dose estimation is possible. Additional Dosepix detectors are
placed within the geometry corresponding to different irradiation angles,
as explained in the text. The image is made with [64].
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lines intersect. Their centres are separated by a distance of ddet = 6.3 cm which approx-
imately corresponds to the average pupillary distance of adults, i.e. the distance from
one eye’s pupil to the other [65]. The centres of the detectors have a distance to the
outer wall of the phantom of 1.5 cm and are indicated by the loosely dashed circle.
Each detector is tilted by an angle of 40◦ in regards to the symmetry axis of the setup.
The blue shaded region illustrates a detectors’ field of view under the assumption that
it can estimate dose for a half opening angle of 60◦. However, this has to be evaluated
via simulations. This region indicates directions of photon emission the dosimetry
setup might be able to correctly estimate dose. Due to the tilting of the detectors, the
red region is created. Here, reduced dose-response is present. However, this is only
the case for sources that lie within the indicated region. This placement is unlikely in
real applications and should also be avoided at all costs.

By exploiting the cylinder phantom’s rotational symmetry, different irradiation an-
gles are simulated via detector placement. This is indicated by the additional detectors
reflected by green lines in the figure. These correspond to a rotated version of the de-
tector located at the bottom corner of the red triangle. The rotation is executed about
the centre of the phantom. An irradiation angle of φir is introduced. For φir = 0◦,
photon tracks are parallel to the symmetry axis of the two main detectors. The tracks
point from the outside to the inside of the phantom. At φir = 40◦, photons are emit-
ted perpendicularly on one of the main detectors. In the phantom simulation, only a
fixed irradiation angle is utilised. A rotation of a main detector by an angle of φdet
then directly corresponds to an irradiation angle of φir = φdet. This way, multiple de-
tectors, each reflecting a different irradiation angle, are placed within the geometry
of the detector simulation. Also, the detector system’s symmetry is utilised, and only
one half of the setup is simulated while the other half is provided by mirroring at the
symmetry axis.

Figure 5.14 shows the implementation of the detectors in simulation. Their response
spectra are taken, and the corresponding irradiation angles φir are attributed after-
wards. The responses are normalised using the photon fluence, and a linear interpola-
tion of the spectra is made. This provides a function that returns the number of events
registered by Dosepix per photon fluence for the arguments of initial photon energy,
irradiation angle φir, and deposited energy.

5.2.3 Direct irradiation for different filter thicknesses

For backscattering simulations, a distinction between the different dose types and
the used phantoms is made. When dealing with direct irradiation of the detectors,
this is not the case. Instead, the effect of different filters in front of the detectors is
analysed. Multiple measures can be varied in simulation. These include the material
and thickness of the filter and the orientation in regards to the detector.

The simulation’s main goal is to reflect the response of Dosepix for an arbitrarily
shaped filter in front of it. An example is illustrated in figure 5.15. Photons, indicated
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Figure 5.14.: Detector simulation of the cylinder phantom backscattering. Multiple
Dosepix detectors, each attached to a small green PCB, are implemented
in geometry. The cylinder phantom is exchanged with the pre-calculated
photon characteristics registered by the perfect detector in an independent
phantom simulation. Green lines indicate the photon tracks and red dots
either start, end, or interaction points. Each Dosepix represents a different
angle of irradiation on the phantom. Their positioning resembles the one
of figure 5.13.
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5. Optimisation of Dosepix filters for medical dosimetry

Figure 5.15.: Irradiation of Dosepix with an arbitrarily shaped filter in front of it. The
red arrows resemble photons that are emitted on the detector represented
by the grey block. The two black lines represent the shape of the filter.

by red arrows, are impinging on Dosepix, reflected by the grey block. The two curved
lines represent the arbitrarily shaped filter. The irradiated part is exchanged with a
flat filter of the same thickness to approximate the arbitrary filter’s behaviour. Addi-
tionally, the direction of irradiation is important as the response of Dosepix depends
on it. This way, the arbitrary shape can be represented by flat filters of different thick-
nesses and for different irradiation angles. This approximation is only valid if the
distance between the detector and the arbitrary filter’s inner walls is large. Otherwise,
an error due to the variation of the filter’s thickness with irradiation angle is made.

An exemplary simulation for a flat filter of a certain thickness is illustrated in
figure 5.16. Instead of changing the direction of emission of a photon source, a fixed
direction is utilised, and the detectors are rotated. 36 Dosepix detectors are imple-
mented, each representing a different irradiation angle. In front of the detectors, a
planar filter is placed perpendicularly to the photon field. Simulations for different
filter thicknesses are made. When the responses are combined to reflect the response
of Dosepix for an arbitrary filter, an error regarding Compton scattering is introduced.
Under the assumption that the detector is small in comparison to the filter, this error
is neglectable. Additionally, as previously stated, the alternative is to simulate the
complete filter shape for each iteration of an optimisation process. Whereas now, the
precalculation is only made once and is used to approximate the response of Dosepix
for different angles of irradiation and arbitrary filter shapes in a fast manner.

5.3Dosepix response spectra

The responses of Dosepix as a result of the previously described simulations are pre-
sented in the following. Irradiation angles for Hp(3) dosimetry, involving the cylinder
phantom, are specified as shown in figure 5.17, depicting a top-down view of the phan-
tom and Dosepix detector (in green), responsible for dose measurements of the right
eye of a person wearing the dosemeter.
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5.3. Dosepix response spectra

(a) Frontside view (b) Backside view

Figure 5.16.: Simulation of direct irradiation of Dosepix. (a) shows the setup in frontside
view, (b) depicts the same setup but in backside view. 36 Dosepix detectors,
including their small PCBs, are implemented. Each detector resembles a
different direction of photon emission. In front of the detectors, a filter
plate of fixed thickness is installed. The simulated photons, whose tracks
are resembled by the green lines, are directly emitted on the filter. Red
dots indicate start and interaction points of the photons.

The image corresponds to figure 5.14 but is rotated about the phantom’s centre
until the upper surface of the Dosepix detector is parallel to the y-axis and points in
the negative direction of the x-axis. For a dosemeter, a preferential direction has to be
chosen. It corresponds to the normal of the detector indicated by the blue arrow in the
figure. The irradiation angle φ is given in regards to this direction. φ is represented by
a single photon in the figure but corresponds to a parallel photon field. Since direct
irradiation leads to the highest number of registered events, the filter design will be
more symmetric. If a detector is used for each eye, the field of view of the dosemeter is
expanded. Often, it is beneficial to combine the data of multiple detectors to estimate
dose from registered events. However, this only works if the detectors use different
filters. The detectors will then provide various representations of an input photon
spectrum. Using identical detectors only increases the statistics of registered events.
The symmetry of the detectors cannot be broken for an eye lens dosemeter as it leads
to a loss of the ability to estimate dose per eye.

Figure 5.17 includes dash-dotted lines indicating the range of the irradiation angles
the cylinder phantom shields direct irradiation for the detector. Under the assumption
that Dosepix is small and described by a single point in space, this range is reflected
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γ

φ

preferential
direction

Figure 5.17.: The definition of the irradiation angle φ of primary photons. The circle
indicates the top-down view of the cylinder phantom. The Dosepix detec-
tor responsible for dose measurements of the right eye of the bearer of the
dosemeter is depicted in green. The irradiation angle is defined about the
normal of the frontal surface of the detector. An additional dash-dotted
lines indicate the irradiation angle region the cylinder phantom shields
direct irradiation.

by angles larger than 107.68◦ and smaller than −138.32◦. Due to the shielding in this
regime, only backscattering is considered. For the remaining angles of irradiation, the
sum of direct irradiation and backscattering is considered.

The irradiation angle in case of the slab phantom, used for Hp(10) and Hp(0.07)
dosimetry, is defined relative to the normal of the frontal surface of the phantom. The
normal corresponds to the z-axis depicted in figure 3.12 (a). An angular range of 0◦

to 60◦ is used as it corresponds to the minimum legal requirements of a dosemeter,
according to PTB [53]. Due to the symmetry of the setup, it is sufficient to evaluate
positive irradiation angles only.

The following sections illustrate the simulated deposited energy spectra and their
integrals of registered events for a Dosepix detector. Only deposited energies greater
than 10 keV are considered. All response spectra are normalised to the fluence of the
simulated parallel photon field in simulation.

5.3.1 Backscattering

The Dosepix responses for the backscattering simulation are presented. The deposited
energy spectra are illustrated in figure 5.18 for the slab phantom (a) and the cylinder
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5.3. Dosepix response spectra

phantom (b). The spectra are shown for emitted photons of 40 keV. The colours of the
curves represent different irradiation angles according to the colour bars. A diverging
colour scale centred about 0◦ is chosen in (b) as the deposited energy spectra are not
symmetrical to this angle. For the slab phantom in (a), the spectra’s shapes are similar
for all irradiation angles. There is a primary peak centred at about 35 keV. It includes
photons that previously underwent Compton backscattering in the phantom or the
hardware attached to the detector, resulting in a minimum photon energy of 34.59 keV.
For certain irradiation angles, a second peak centred at about 29 keV is visible. It
corresponds to photons that scattered twice, reflected by a minimum photon energy
of 30.47 keV. Compton scatterings of higher order are not discernible as the probability
for photoelectric absorption in the phantom increases with decreasing photon energy.

The shapes of the deposited energy spectra in 5.18 (b) for the cylinder phantom
are similar to the spectra for the slab phantom in (a). There is no symmetry about the
irradiation angle of 0◦ as shown for the setup in figure 5.17. Here, the Dosepix detector
is shifted in regards to the centre of the cylinder phantom along the y-axis. The
deposited energy spectra consist of a broad peak each. This peak is the superposition
of full energy peaks of photons scattered multiple times in the phantom. The resulting
peak is broader for the slab phantom, due to the curved shape of the cylinder phantom.
When comparing the scales of the spectra in (a) and (b), the cylinder phantom shows
more registered events. This is mainly due to the implementation of the readout
electronics for the slab phantom, which shields photons of low energies.
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(b) Cylinder phantom

Figure 5.18.: Deposited energy spectra for an initial photon energy of 40 keV. For the
slab phantom in (a) and the cylinder phantom in (b). The colours of the
curves correspond to different irradiation angles according to the colour
bars. The numbers of registered events are normalised to the simulated
photon fluence Φ.

Figure 5.19 shows the total number of registered backscattering events as a func-
tion of the irradiation angle for the slab phantom (a) and the cylinder phantom (b).
The colours of the curves correspond to the initial photon energy according to the
colour bars. The energies are varied within a range of 10 keV to 40 keV since here,
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(b) Cylinder phantom

Figure 5.19.: The total number of registered backscattering events for the slab phantom
(a) and the cylinder phantom (b) as a function of the irradiation angle.
The colours of the curves represent the initial photon energies according
to the colour bars. Each data point reflects the integral of a deposited
energy spectrum normalised to fluence Φ like shown in figure 5.18. Only
deposited energies ≥ 10 keV are considered.

the total number of registered events shows the most significant changes. In general,
the number of registered events is low, leading to strong statistical fluctuations for
different irradiation angles. The dependence on the irradiation angle is low for the
slab phantom in (a). For the cylinder phantom in (b), a larger range of the irradia-
tion angle is analysed. The number of registered events is approximately stable for
irradiation angles within about −50◦ to 80◦, and decreases steadily for angles outside
of this range. This unsymmetric behaviour is denoted to the shifted position of the
detector concerning the cylinder phantom. When comparing the phantoms, the total
number of registered events for the slab phantom is generally lower than for the cylin-
der phantom due to the additional shielding of the readout electronics like previously
mentioned.

5.3.2 Direct irradiation

The characteristics of the response spectra for the direct irradiation simulations are il-
lustrated in the following. No separation between the phantoms is required. Figure 5.20

shows the deposited energy spectra for a Dosepix detector without additional filter
for an initial photon energy of 20 keV (a) and 40 keV (b). The different colours of the
curves represent the irradiation angles according to the colour bar. These angles lie
within a range of 0◦ to 90◦. For 0◦, the photons impinge perpendicularly to the frontal
surface of the sensor of the detector. In this case, the mean deposited energies of the
peaks in the spectra are closest to the corresponding initial photon energies. There is
a slight offset between initial and registered deposited energy as described in section
3.1.3. With increasing irradiation angles, the peaks in the deposited energy spectra
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(b) Initial energy of 40 keV

Figure 5.20.: Deposited energy spectra for the simulation of direct irradiation on a
Dosepix detector. For a photon energy of 20 keV in (a) and 40 keV in (b).
The colours of the curves represent the irradiation angles according to
the colour bars. All spectra represent the number of registered events per
photon fluence.

shift towards lower energies. The peaks’ shapes are described by a superposition of a
full energy peak and a peak of events from Compton scattered photons. Due to the
detector’s energy resolution, these peaks cannot be separated and appear as a single
peak, shifted in deposited energy depending on the probabilities of the different pro-
cesses to take place. The trend of the number of registered events N as a function of
irradiation angle θir is approximately described via

N(θir) ∝ cos θir · (1 − exp(µ · ρ · d(θir))) , (5.3)

where the exponential attenuation law introduced in section 2.2 is used. d(θir) reflects
the effective thickness of the sensor material for an irradiation angle θir, i.e.

d(θir) =
d0

cos θir
, (5.4)

This thickness corresponds with d0 = 300 µm the thickness for θir = 0. µ is the
mass absorption coefficient and ρ = 2.33 g

cm3 the density of silicon [23]. The first
factor cos(θir) considers the effective irradiated area of the detector for a homogeneous
photon fluence. It deceases with θir as the photon fluence is constant in the simulation.

Figure 5.21 shows the fraction of registered events N(θir) and N(θir = 0) as a func-
tion of θir. The initial photon energy is 20 keV and the mass absorption coefficients
for photoelectric absorption and Compton scattering for silicon are used [17] in (a).
While Compton scattering is almost independent of the irradiation angle θir, the num-
ber of registered events due to photoelectric absorption decreases steadily. Note, that
Compton-scattered photons also have to interact with the sensor of the detector via
photoelectric effect. However, due to their reduced energy, the probability to interact
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Figure 5.21.: Approximative description of the fraction of the number of registered
events N(θir), for an irradiation angle θir, and N(θir = 0). The trends are
described via equation (5.3). (a) uses a photon energy of 20 keV and shows
the dependence for the different interaction processes according to the
legend. (b) considers photoelectric absorption only and takes different
initial photon energies according to the legend into account.

is increased. This corresponds to the peak shifting towards lower energies in the de-
posited energy spectra of figure 5.20 (a). In figure 5.21 (b), photoelectric absorption
for initial photon energies of 20 keV and 40 keV according to the legend is considered.
With higher photon energies, the dependence of the number of registered events on
the irradiation angle θir decreases.

This is further illustrated by figure 5.22, which shows the total number of registered
events as a function of the irradiation angle. The different colours of the curves indi-
cate the initial energy according to the colour bar. The depicted irradiation angles are
limited to a range of −110◦ to 110◦. (b) shows the same data as (a), but each curve
is normalised to its maximum. (a) shows that with increasing initial photon energy,
the amplitude of the curves first increases, reaches its maximum at about 12 keV, and
afterwards decreases steadily. This trend corresponds to the energy dependence of the
photoelectric absorption in silicon. In (b), the trend of the curves as a function of the
irradiation angle is shown. All curves reflect that the number of registered events de-
creases rapidly for absolute irradiation angles close to 90◦. This decrease corresponds
to figure 5.21. Figure 5.22 (b) shows that the number of registered events increases
for irradiation angles greater than 90◦. This increase is due to the effective area of the
sensor, which also increases. However, photons are attenuated because they first have
to cross the sensor’s underside to reach it.
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Figure 5.22.: The total number of registered events as a function of irradiation angle.
All data points are normalised to the photon fluence Φ in simulation in (a).
The colours of the curves correspond to the initial energies of the photons
according to the colour bars. (b) depicts the data of (a), with each curve
normalised to its maximum. Dashed lines indicate irradiation angles of
−90◦, 0◦, and 90◦.

5.3.3 Direct irradiation with filter

In the following, flat PMMA filter’s are added in front of Dosepix, and the detector’s
behaviour for direct irradiation is analysed. The setup of figure 5.16 is used. Due
to the low density of PMMA of about 1.15 g

cm3 [66], the material has low photon
attenuation capabilities. Thicknesses of up to 20 mm are simulated to compensate for
this. Materials with higher densities allow for thinner filter designs. However, the
material has to be easily machinable to get it into the desired shape. PMMA and
plastics are a good choice since they can be 3D-printed. Also, since the housing of a
dosemeter will probably be made from a similar material, the filter design can directly
be implemented as a part of it. Figure 5.23 illustrates the total number of registered
events as a function of the irradiation angle. The colours of the curves correspond to
the thicknesses of the used planar filter according to the colour bar. The initial photon
energy is 20 keV in (a) and 40 keV in (b).

The shapes of the curves as a function of irradiation angle are described in the pre-
vious section. With increasing thickness of the PMMA-filter the number of registered
events, and as a consequence, the amplitudes of the curves decrease. This trend is
evident in (a) and visible to a lower degree in (b). It shows that the ability of the filter
material to attenuate photons mainly depends on photoelectric absorption. For higher
photon energies, the Compton effect is increasingly dominant. Photons scatter at the
filter, lose a part of their energy, and change their direction. Nevertheless, they might
still be able to reach the sensor of the detector to be eventually detected. Therefore,
the ability of a filter to attenuate photons is decreasing with increasing initial energy.
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(a) Initial energy of 20 keV
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(b) Initial energy of 40 keV

Figure 5.23.: The total number of registered events as a function of irradiation angle.
All data points are normalised to fluence Φ of the simulated photon field.
The energy of the primary photons is 20 keV in (a) and 40 keV in (b). Flat
PMMA-filters with different thicknesses are implemented in simulation.
The colours of the curves represent these thicknesses according to the
colour bars.

5.3.4 Fraction of backscattering and direct irradation

Finally, the fraction of the number of registered backscattering events Nback and events
from direct emission Ndir is analysed. It indicates the influence of the phantoms on
measurements. First, only direct irradiation without a filter is considered. Figure 5.24

shows the fraction Nback/Ndir as a function of the irradiation angle, for the slab phan-
tom in (a) and the cylinder phantom in (b). The colours of the curves represent the
initial photon energy according to the colour bar, which range from 10 keV to 100 keV.

There is almost no dependence on the irradiation angle for the slab phantom in (a).
The fraction of backscattering and direct irradiation events increases with increasing
initial photon energy. This trend is due to the photon detection efficiency of Dosepix,
which decreases for increasing energy. The same trend is visible for the cylinder
phantom in (b) for an irradiation angle range of −90◦ to 90◦. Dashed lines in the
plot represent these angles, together with 0◦ and 107.68◦. 107.68◦ corresponds to the
angle the cylinder phantom shields direct irradiation for the detector illustrated in
figure 5.17. For absolute irradiation angles greater than 90◦, the influence of direct
irradiation is reduced due to the constant photon fluence and decreased effective
irradiated area of the detector’s sensor. Events from backscattering are not influenced
by this issue, leading to an increased ratio of backscattering and direct irradiation
events.

Figure 5.25 illustrates the fraction of registered events from backscattering and di-
rect irradiation as a function of the PMMA-filter thickness. (a) shows the data for the
slab phantom and (b) for the cylinder phantom. The colours of the curves correspond
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(a) Slab phantom
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(b) Cylinder phantom

Figure 5.24.: The fraction of registered events from backscattering Nback and direct
irradiation Ndir as a function of the irradiation angle, for the slab phantom
in (a) and the cylinder phantom in (b). The colour of the curves represents
different initial energies according to the colour bar. The dashed lines for
the cylinder phantom in (b) represent irradiation angles of −90◦, 0◦, 90◦

and the shielding angle 107.68◦ according to figure 5.17.

to different photon energies according to the legend. The illustrated change describes
the fraction of the value of Nback

Ndir
for a certain filter thickness and the corresponding

value if no filter is present. The higher this change, the higher the share of registered
events from backscattering. The curves for the plots in (a) and (b) are similar but
differ in their magnitudes. With increasing filter thicknesses, fewer photons from di-
rect irradiation reach the sensor of Dosepix. For increasing photon energy, the filter’s
attenuation decreases, leading to curves for which the change of Nback

Ndir
is close to 1 in-

dependent of the filter thickness. This illustrates that for photon energies above about
60 keV the attenuation of the PMMA filter becomes almost ineffective to photons.

5.4 Filter shape optimisation

The data for optimising the shape of a PMMA-filter in front of a Dosepix detector
regarding dose estimations were introduced in the previous sections. Simulations for
different settings are precalculated, and the resulting detector responses are linearly
interpolated for different irradiation angles, filter thicknesses, and initial photon en-
ergies. The interpolated data can be sampled during an optimisation process. This
removes the necessity for additional computations and ultimately leads to a speed-
up. The used range of initial photon energies is [10, 40] keV in steps of 1 keV and
[45, 250] keV in steps of 5 keV. The values are chosen to optimise the dose reconstruc-
tion abilities for typical photon energies found in medical applications (see for exam-
ple [59]) and to fulfill the minimum requirements for a Hp(0.07) and Hp(3) dosemeter
according to PTB [53, 67]. For Hp(10), the minimum energy range is from 80 keV
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Figure 5.25.: Change of the fraction of registered events from backscattering and direct
irradiation Nback

Ndir
as a function of the thickness of the PMMA-filter in front

of a Dosepix detector. The data points are normalised to the fraction
without filter. (a) depicts the data for the slab phantom, (b) for the cylinder
phantom. The colours of the curves represent different initial photon
energies according to the legend.

to 1250 keV. However, only the previously defined energy range is used to focus on
medical applications. First, the thickness for the filter at an irradiation angle of 0◦ is of
interest. It is later used to determine the filter thickness for the remaining irradiation
angle range.

5.4.1 Filter thickness for perpendicular irradiation

The determination of the filter thickness for an irradiation angle of 0◦ is essential. This
angle is used as a reference, i.e. the detector should estimate doses as best as possible
for it. Dose conversion coefficients for registered events of the detector to dose are
determined for this reference angle only. All other irradiation angles use the same
coefficients since a determination of the irradiation angle from measurement data is
not possible.

The interpolated response spectra for the irradiation with monoenergetic photons
for direct irradiation and backscattering are sampled in the following. These responses
are normalised to the applied photon fluence Φ each. The spectra differ in their
backscattering contributions depending on the used phantom type. Since all dose
measurements are performed in Dosi-mode, the deposited energy spectra are binned
accordingly. For the determination of the filter thicknesses for 0◦ irradiation angle,
start values of the bin edges are chosen heuristically. The 16 left edges of the bins are
distributed uniformly within [10, 180] keV. The last bin counts all registered deposited
energies greater than 180 keV.
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5.4. Filter shape optimisation

First, the start values of the bin edges are used to bin the response spectra for all
discussed initial photon energies. The result is a matrix N̂ with its rows representing
the different energies and its columns containing the binned number of registered
events. Performing a matrix multiplication with a vector containing the conversion
coefficients from events to dose~k results in the dose vector ~HDPX according to

~HDPX(~k) = N̂ ·~k. (5.5)

See section 3.2.6 for more information. Dose vector HDPX is compared with the target
dose vector ~H to optimise vector~k. ~H is determined by taking the conversion factors
D
Φ
(E) from fluence to personal dose equivalents D for photon energies E and multiply-

ing them with the photon fluence Φ. For simplicity, a unit fluence of Φ = 1
cm2 is used.

The same fluence then also has to be used for the response spectra of the detector.
qualityThe conversion factors D

Φ
(E) are illustrated in figure 3.21 for ~Hp(10)/Φ (a) and

Hp(0.07)/Φ (b), and in figure 5.2 for Hp(3)/Φ. To optimise~k, the loss function

L(~k) =

√

√

√

√

NE

∑
i=1

(

1 − HDPX,i(~k)

Hi

)2

(5.6)

is minimised. The sum of index i is over the NE initial photon energies. L describes

the mean squared error of the dose responses HDPX,i
Hi

concerning the perfect response of

1. The optimisation of the conversion coefficients~k is repeated for different thicknesses
to find the PMMA filter’s shape in front of the Dosepix detector. The thicknesses are
varied within a range of [0, 20]mm with a step size of 1 mm. A first evaluation using
the initial values of the bin edges shows that filter thicknesses of 1 mm (Hp(3)), 7 mm
(Hp(10)) and 1 mm (Hp(0.07)) provide the best conversion coefficients. These prelim-
inary results are used to optimise the bin edges of Dosi-mode. Their optimisation is
executed under the assumption that the best filter thicknesses do not change when
the bin edges are varied.

In bin edge optimisation, their values are varied via a genetic algorithm. It is imple-
mented in the DEAP framework [68]. In the beginning, an initial population of edges
is created. These are randomly varied versions of the start edges. The performance of
each individual of the population is evaluated. This evaluation corresponds to the pre-
viously introduced optimisation of the conversion coefficients for 0◦ irradiation angle
and the determination of loss L. In a new generation, the individuals of the popula-
tion are modified or exchanged according to fixed rules. These include mutations, i.e.
the random modification of bin edges of an individual, crossovers, i.e. the splitting
and recombination of multiple individuals at a random point, or selection, i.e. the dis-
carding of flawed individuals and the introduction of random new ones. Finally, the
procedure leads to individuals within the population with increasingly better perfor-
mance from generation to generation. The algorithm is executed until the evaluated
loss L converges. The determined bin edges bi are listed in table A.6 of the appendix.
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5. Optimisation of Dosepix filters for medical dosimetry

They only slightly vary from the initial values, approving the quality of the start pa-
rameters. The following analyses use these optimised bin edges. Figure 5.26 shows
the corresponding dose responses, i.e. the fraction of estimated and true dose, as a
function of initial photon energy. Different filter thicknesses according to the colour
bar are evaluated. For each filter thickness, a new set of dose conversion factors is
optimised. (a) depicts the results for Hp(3), (b) for Hp(10), and (c) for Hp(0.07).
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Figure 5.26.: Dose response, i.e. the fraction of the reconstructed dose via Dosepix and
the target dose, as a function of initial photon energy. (a) shows the results
for Hp(3), (b) for Hp(10), and (c) for Hp(0.07). The used dose conversion
coefficients are optimised via a fit to the target dose. Dashed lines indicate
the perfect response of 1. The colours of the different curves correspond
to different thicknesses of the PMMA filter in front of Dosepix according
to the colour bar.

All response curves show fluctuations that increase with increasing initial photon
energies. The reason is a decreasing photon detection efficiency of Dosepix and, as a
consequence, decreasing event statistics. Due to the simulations’ complexity, a high
computational effort is required to increase statistics. Instead, a focus on the mean
values of the response curves is set in this analysis. It is represented by the MSE loss
L of equation (5.6). The loss as a function of filter thickness is illustrated in figure 5.27

138



5.4. Filter shape optimisation

for different filter sizes. The different curves are analysed to provide the best filter
thickness. The curves of Hp(3) and Hp(0.07) show an almost identical trend, differing
mostly in their magnitudes. A minimum loss is achieved for 1 mm for both dose types.
These values are used for the filter thickness for 0◦ irradiation angle. The dashed line
in the plot indicates their values.
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Figure 5.27.: MSE loss L, calculated according to equation (5.6), as a function of the
PMMA filter thickness. The curves represent different dose types accord-
ing to the legend. Dashed vertical lines indicate the final choices of the
filter thicknesses for an irradiation angle of 0◦.

For Hp(10), the trend of loss L as a function of filter thickness is different. Here, the
performance of the dose reconstruction increases with increasing filter thickness at
first. The loss reaches its minimum at about 7 mm and increases for larger thicknesses.
Lower event statistics and greater fluctuations in the response additionally contribute
to this worsening. A value of 7 mm is chosen for the filter thickness at 0◦ irradiation
angle, which is indicated by the dashed line.

The corresponding conversion coefficients from registered events to dose are calcu-
lated for the chosen filter thicknesses. Their values are listed in table A.6 and depicted
as a function of deposited energy in figure 5.28 (a) for the different dose types accord-
ing to the legend. All curves look similar due to the similarity of the conversion
factors from photon fluence to dose equivalents of the different dose types. The dose
conversion coefficients approximately increase exponentially with linearly increasing
deposited energy. Registered events with higher deposited energies are given a higher
weight for dose calculation to compensate the detector’s lower photon detection effi-
ciency.
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5. Optimisation of Dosepix filters for medical dosimetry

The dose coefficients of figure 5.28 (a) are used to calculate the optimised dose
responses shown in (b). The colours correspond to the different dose types according
to the legend. All response curves are similar as they employ the same simulation data.
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(b) Response curves

Figure 5.28.: (a) shows the optimised dose conversion coefficients as a function of
deposited energy of table A.6. The bins correspond to the settings in
Dosi-mode of the Dosepix detector. (b) depicts the dose responses corre-
sponding to a calculation with the coefficients of (a). The curves represent
the performance of dose reconstruction for the detector for an irradiation
angle of 0◦. The different colours of the curves in (a) and (b) represent the
different types of personal dose equivalents according to the legends of
the plots.

If there are statistical fluctuations in data, they are present in the responses also. These
fluctuations increase with increasing photon energy since the number of registered
events decreases. The main difference between the different dose types is noticeable
for low initial energies, i.e. less than about 30 keV. The trend of the curves indicates
there is no solution for the conversion coefficients~k, providing good dose estimation
abilities for high and low photon energies simultaneously. According to PTB [53, 67],
the requirements for a dosemeter are dose responses within a range of 0.71 and 1.67.
This limits the energy range to photon energies greater than about 14 keV. Within the
dose response curves, some values are close to 0.7. Also, the curves show a sawtooth-
like trend due to the limited number of bins in Dosi-mode. For real measurements,
the responses are smoother, as the photon spectra are usually broader. The response’s
shown features can probably be compensated when combining measurement data
of multiple detectors employing different filter designs. However, the objective is to
optimise filters for a single detector to reduce the number of required detectors.
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5.4. Filter shape optimisation

5.4.2 Filter optimisation for complete irradiation angle range

The determined dose conversion coefficients~k for 0◦ irradiation angle are now utilised
to optimise the complete shape of a PMMA filter. In the following, different methods
for Hp(3), and Hp(10) and Hp(0.07) are used. For Hp(3), only one irradiation angle
is important. It rotates about the symmetry axis of the cylinder phantom. Therefore,
also the filter design has to be optimised for one dimension only. For the other dose
types, the direction of irradiation is described by two angles.

Filter optimisation for Hp(3)

The filter thickness optimisation for Hp(3) is performed as a function of the irradiation
angle rotating about the cylinder phantom’s rotational symmetry axis. The resulting
filter design is described by this angle alone. The shape has to be stretched along
the height-dimension of the phantom afterwards. In the following, the approximation
that Dosepix is tiny compared to the filter is used, i.e. the walls of the filters are far
away from the detector itself, and each irradiation angle is considered individually.
For more details, see section 5.2.3.

The fit procedure consists of a loop over a range of irradiation angles. Within
each iteration, the loss L according to equation (5.6) is optimised. Previously, the
actual dose ~H was fixed while the estimated dose ~HDPX = N̂ ·~k was varied with
~k. Now, ~k stays fixed, and the filter thickness is varied instead. In each iteration
of the optimisation process, the count matrix ~N is sampled from the interpolated
simulations for the current filter thickness. The true dose vector ~H is determined
from the conversion coefficients from fluence to dose of figure 5.2 for the current
irradiation angle. The results of the filter shape optimisation are illustrated in figure
5.29.

(a) shows the MSE loss L as a function of the irradiation angle. (b) depicts the
results of the determined filter thicknesses for different angles. The curves illustrate a
possible final design. The inner surface is set to a radius of 5 mm and is indicated by
the blue curve. The sensor of Dosepix is located at a radius of 0 mm. The orange line
corresponds to the curvature of the outer surface of the optimised filter. The dashed
line at a fixed radius of 6 mm indicates the start value of the filter thickness of 1 mm.
Two dashed lines at −70◦ and 70◦ are included to indicate the irradiation angles the
thickness of the optimised filter increases strongly. Since the used simulation data
underlies statistical fluctuations, their influence is also present in the orange curve.
The filter shape stays constant at about 1 mm within an irradiation angle range of
−70◦ and 70◦. In (a), the loss remains almost stable and low within this angle range.
The filter thickness gets large for greater angles and reaches its peak at about −90◦ and
90◦. Even larger angles are excluded since no proper dose reconstruction is possible
for them.
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Figure 5.29.: (a) shows the MSE loss L after the optimisation of the filter thicknesses for
different irradiation angles. (b) shows the corresponding shape of the filter
as a function of the irradiation angle. The blue curve describes the filter’s
inner shape. The sensor of a Dosepix detector is centred at a radius of
0 mm. The sensor’s surface points in the direction of 0◦. The orange line
illustrates the outer shape of the optimised filter. A dashed line indicates
the start parameter of the thickness of 1 mm. The other dashed lines at
irradiation angles of −70◦ and 70◦ represent the angles the thickness of
the filter begins to increase strongly.

The corresponding dose responses after the optimisation are illustrated in figure
5.30. (a) shows the curves for different irradiation angles according to the colour bar.
(b) depicts the average of the curves in (a). The error bars correspond to the standard
deviations. The shaded region reflects the minimum and maximum responses of (a).
All responses are centred about a perfect response of 1. Again, fluctuations at high
photon energies are present. However, the mean response in (b) shows that the actual
deviation is not as high. As before for the optimisation of conversion coefficients for 0◦

irradiation angle, the performance of dose estimation is worst for small initial photon
energies. This is especially the case for an angle of 90◦. Here, dose reconstructed with
the detector overestimates the true dose. However, dose reconstruction is difficult for
these energies, and irradiation angles since the conversion coefficients from fluence to
dose are close to 0 as figure 5.2 shows.

In summary, the performance for dose reconstruction is best for a PMMA-filter
with a thickness of about 1 mm within an irradiation angle range of −70◦ and 70◦.
The individual response curves show that performance is just slightly worse for larger
angles. There is an indication that the dose estimation abilities do not depend much
on the filter’s thickness. This is reflected in figure 5.27 where the MSE loss L remains
almost stable within a filter thickness range of 0 mm to 10 mm.

Considering the trend of the loss, a simpler filter design that is easier to use in real
applications is tested. Its shape is depicted in figure 5.31 (a). The blue curve describes
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Figure 5.30.: (a) shows the dose responses for the optimised filter depicted in figure 5.29

(b) as a function of initial photon energy. The colours of the curves
correspond to different irradiation angles according to the colour bar.
(b) shows the average of the curves in (a). The error bars indicate the
corresponding standard deviations. The light shaded region reflects the
minimum and maximum responses.
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Figure 5.31.: Simplified PMMA filter design for Hp(3) dose measurements. In (a), the
shape of the filter is illustrated. The blue curve describes the trend of the
inner surface, the orange curve the trend of the outer surface. (b) reflects
the thickness of the filter as a function of the irradiation angle.
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Figure 5.32.: (a) shows the dose responses for the filter depicted in figure 5.31 (a) as a
function of initial photon energy. The colours of the curves correspond
to different irradiation angles according to the colour bar. (b) shows the
average of the curves in (a). The error bars indicate the corresponding
standard deviations. Additionally, the light shaded region reflects the
minimum and maximum responses.

the inner, the orange curve the outer shape of the filter. It resembles a housing made
of flat planes with thicknesses of 1 mm. At absolute angles of 45◦, the edges of two
walls are located. The resulting thickness of the filter as a function of the irradiation
angle is illustrated in (b). The maximum thickness is

√
2 mm ≈ 1.41 mm. Therefore,

the thickness varies within a small region only. The shape of the filter is evaluated
by calculating the corresponding responses, presented in figure 5.32. (a) shows the
individual curves as a function of initial photon energy. Their colour corresponds to
the irradiation angle according to the colour bar. (b) shows the mean of the curves of
(a). The error bars represent the corresponding standard deviations. Via the lightly
shaded region, the minimum and maximum responses are indicated.

The determined responses show that the detector’s dose reconstruction capabilities
with the simple cap design are also well. The mean responses are within the required
range of 0.71 and 1.67 [53]. In comparison to the fully optimised filter, the simple filter
shows deficiencies for low initial photon energies and in the region of about 80 keV
to 100 keV. For the low energies, only absolute irradiation angles greater than 70◦ are
affected, while within the other region, all angles are affected, with the responses still
being reasonable. This finally shows that the shape of the filter in front of Dosepix is
not that important to measure Hp(3). However, measurements are required to validate
the results.

Filter optimisation for Hp(10)

For Hp(10), which utilises the slab phantom, a different filter optimisation approach
is used. Here, a correct filter thickness is more important than for Hp(3). It is reflected
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5.4. Filter shape optimisation

by the loss from the optimisation of the filter thickness at an irradiation angle of 0◦

as depicted in figure 5.27. For the other dose types, this loss remains almost stable
within a range of up to 10 mm filter thickness, but it varies strongly for Hp(10). The
direction of the irradiation for the slab phantom is described in spherical coordinates
with two angles φ and θ according to figure 3.12. An improved optimisation algorithm
now also considers the pixelation of the Dosepix detector. First, a filter is placed in
front of the detector. It should be describable with only a few parameters since its
shape is to be optimised. A superquadrics model is used to represent the inner and
outer surface of the filter. The height of the surface, resembled by the z-coordinate, is
determined via the following function which depends on the coordinates within the
plane, x and y [69]

z(x, y) = C ·
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Figure 5.33.: Description of the shapes of a filter via the superquadrics equation (5.7).
The projections for y = 0 are illustrated. Initial parameters are fixed to
{r, t, A, C} = {2, 2, 5 mm, 5 mm}. The curves represent evaluations of the
function where only the parameters in the titles of the plots are varied
according to the values indicated by the colour bars.

The shape is described by four parameters r, t, A, and C. Their influence on
the shape of the filter is illustrated in figure 5.33. Initial values are chosen for the
parameters corresponding to a half-sphere with a radius of 5 mm: {r, t, A, C} =
{2, 2, 5 mm, 5 mm}. For each subplot, only the parameter specified in the title varies
according to the corresponding colour bar. The profiles of the resulting filter shapes
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5. Optimisation of Dosepix filters for medical dosimetry

for y = 0 are depicted. The surface is not rotationally symmetric about the z-axis.
Instead, it is symmetric along the surfaces defined by the diagonals of the x- and
y-axis, and the z-axis. This symmetry corresponds to the quadrangular shape of the
surface of the Dosepix detector and is therefore preferential. Parameters r and t ma-
nipulate the curvature of the filter design. If both have a value of 2, the shape is
an ellipsoid. Parameter A corresponds to the radius along the x-axis, while C de-
scribes the radius in z-direction. If C = A and r = t = 2, the shape is a half-sphere.
To reduce the number of parameters for optimisation, the inner surface is fixed to
{r, t, A, C} = {2, 2, 8 mm, 8 mm}. This provides enough space for the Dosepix detector
to fit inside the filter. The optimisation of the filter thickness for an irradiation angle
of 0◦ determined a thickness d0. It corresponds to the width the new filter should
have at its centre. Therefore, the parameter C, describing the radius in z-direction, of
the filter design’s outer surface is set to 8 mm + d0.

A Nelder-Mead algorithm [43] is used to optimise parameters r, t, and A of the
previously described outer shape of the filter while the inner shape stays fixed. The
contribution of the pixelation of the detector is taken into account. Here, an approx-
imation is made. Instead of dividing the sensor’s surface into 12 × 16 large pixels
like in real hardware, a lower amount of pixels, here 7 × 7, is used. This leads to a
small loss in precision but speeds up the calculation. A brief description of the steps
performed in each iteration of the optimisation algorithm is given in the following:

• Start the iterations over different irradiation directions. Angles of φ at 0◦ and
45◦ are considered. For each φ, θ is varied within 0◦ to 60◦ in steps of 15◦. These
steps are performed for each direction:

– Cast rays for the current direction from the centre of each pixel and evaluate
the intersections with the inner and outer filter surfaces

– Use the distances between the intersection points to determine the filter
thicknesses

– Sample the corresponding simulated Dosepix response spectra for each
pixel

• Optimise the conversion factors from registered events to dose for a perpendic-
ular irradiation direction

• Calculate the dose for every irradiation direction and evaluate the corresponding
dose loss of equation (5.6)

• Calculate the total loss by taking the average of the losses for different irradiation
directions

• The optimisation of the filter shape ends when the loss converges

The optimisation algorithm is described in detail in the following. The first step
of each iteration is the variation of the parameters of the outer surface of the filter.
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5.4. Filter shape optimisation

Corresponding response spectra for all irradiation angles of all pixels of the detector
are sampled. For each pixel, a ray is cast in the negative direction of each irradiation
angle. A ray intersects twice with the surfaces of the filter. This is illustrated in
figure 5.34 for the start parameters of the outer shape of the filter of {r, t, A, C} =
{2, 2, 15 mm, 15 mm}. Five rays with an irradiation direction of φ = 0◦ and θ = 45◦

are shown. The intersections with the inner surface are highlighted in orange and
with the outer surfaces in blue.
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Figure 5.34.: Start shape of the filter for Hp(10) dose estimation. Parameters
{r, t, A, C} = {2, 2, 15 mm, 15 mm} are used with equation (5.7) to de-
scribe the height of the outer surface. Only the slice for y = 0 is depicted.
The sensor is illustrated as a grey block at the centre. Its width corresponds
to a real Dosepix sensor. Five rays are casted from the sensor in direction
of φ = 0◦ and θ = 45◦. Their intersections with the inner surface are
highlighted in orange and with the outer surface in blue.

The intersections are calculated using a ray-marching algorithm utilising the mid-
point method, according to [70]. The casted ray has the form of

~r = λ





sin θ · cos φ

sin θ · sin φ

cos θ



+ ~p (5.8)

where φ and θ describe the direction of the ray and ~p resembles the central position of
a pixel. λ is varied by a fixed amount, and the values of~r are determined. The x- and
y-coordinates are used to evaluate the height of the filter’s shape at this location by
evaluating equation (5.7). If the z-coordinate of the ray is less than the filter’s height,
another step is performed by increasing λ. This procedure is repeated until the ray’s
z-coordinate exceeds the evaluated filter height. Afterwards, the midpoint-method is
used.

147



5. Optimisation of Dosepix filters for medical dosimetry

Figure 5.35.: Example of the midpoint-method to find the intersection of a ray and an
arbitrary surface. The ray is cast from point 0 to point 1 in the first image.
The black lines illustrate the shape of the filter surface. The ray’s colour
corresponds to the position of the last evaluated point. If its z-coordinate
is greater than the height of the surface, it is coloured red. If the point lies
below the surface, it is coloured blue. This colour represents the direction
the next step is taken. Red means in the opposite direction of the initial
ray, blue in the same direction . For each new step, the previous step
width is halved.

Its processing is depicted in figure 5.35 and explained in the following. From point
0 to 1, the ray crosses the filter’s surface, represented by the black line. Since the
z-coordinate of point 1 is greater than the surface’s height, the ray is depicted in red.
If it is below, it is coloured in blue. The point of intersection has to be between points
0 and 1. Therefore, a step in the direction of 0 via the midpoint-method is made. The
new point 2 will be at the centre of points 0 and 1. The resulting point is below the
surface, and the next step is made in the initial direction of the ray. For each new
step, the step length is halved. After point 3, another step in the initial ray direction
is made, resulting in point 4 that now lies above the filter’s height, as indicated by
the red line. Therefore, the next step is made in the negative ray direction again. The
procedure is repeated until a pre-defined accuracy is achieved. This way, the inter-
sections of the casted rays with the filter’s inner and outer surfaces for each pixel of
the matrix are calculated. The thickness of the PMMA filter a photon has to traverse
is provided by taking the distance between the intersection points. Afterwards, the
direction of irradiation, as well as the filter thickness, are available. These measures
are used to sample the corresponding response spectra of Dosepix from the precalcu-
lated and interpolated simulation data. These simulations were previously performed
for the whole detector, and therefore the number of registered events is scaled to the
utilised pixel size. Finally, for the optimisation algorithm’s current iteration, the re-
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5.4. Filter shape optimisation

sponse spectra for each pixel corresponding to the currently evaluated filter design
are provided.

The conversion factors from registered events to dose are optimised for an irradia-
tion direction perpendicular to the slab phantom’s frontal surface. This optimisation is
analogous to section 5.4.1. Now, each pixel has a response spectrum attributed. There-
fore, dose is calculated per pixel, and the sum over the pixels is taken afterwards. It
corresponds to the method used for measurement data. The determined conversion
factors are used to evaluate the dose responses for all simulated irradiation directions.
The loss per direction is calculated according to equation (5.6). The total loss, which
is the optimisation algorithm’s value to evaluate the results, is finally calculated by
taking the mean of the direction-losses.

The optimisation finally provides a parameter set of

{r, t, A, C} = {1.856, 2.460, 27.175 mm, 15 mm}

for the outer surface of the filter. The shape for y = 0 is illustrated in figure 5.36. The
radius along the x- and y-axes is 27.175 mm for z = 0. Since the inner radius of the
filter is 8 mm, this corresponds to a thickness of 19.175 mm This rather large shape
is required due to the low density of the used PMMA and, as a consequence, low
capability to attenuate photons. The response spectra for all pixels are calculated for
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15

z
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Figure 5.36.: Optimised shape of the filter for Hp(10). Parameters {r, t, A, C} =
{1.856, 2.460, 27.175 mm, 15 mm} are used with equation (5.7) to describe
the height of the outer surface. Only the section for y = 0 is depicted. The
detector is illustrated as a grey block at the centre. Its width corresponds
to a real Dosepix sensor. Five rays are casted from the sensor in direction
of φ = 0◦ and θ = 45◦. Their intersections with the inner surface are
highlighted in orange and with the outer surface in blue.

different irradiation directions to provide a final set of conversion coefficients from
registered events to dose equivalent Hp(10). The procedure is analogous to the one
used in the optimisation algorithm. The number of registered events per pixel is
illustrated in figure 5.37. The rows of the plots resemble different angles of φ, the
columns different angles of θ. φ has values of 0◦ and 45◦ where for each angle, θ
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Figure 5.37.: Count distributions of the simulated pixel matrices for different irradiation
directions. The initial photon energy is set to 20 keV. The plots on the
y-axis correspond to different values of φ. θ is varied according to the
x-axis. Each plot is normalised to its maximum.

is varied within 0◦ to 60◦ in steps of 15◦. An exemplary photon energy of 20 keV is
used. The gradients directly reflect the shape of the optimised filter in front of the
detector depicted in figure 5.36. For irradiation perpendicular to the sensor’s surface,
the central part of the filter is thinnest. The width increases when moving away from
the centre. Once the irradiation direction is tilted, i.e. for θ > 0◦, the gradient in
registered events is from one sensor edge to the other for φ = 0◦, and from one corner
to the diagonally opposing one for φ = 45◦. For φ = 0◦, photons are emitted from
direction of positive x. This is illustrated for θ = 45◦ in figure 5.36. For pixels with
a larger x-position, the rays have to pass a larger thickness of the filter, leading to an
increased attenuation of photons.

Figure 5.38 depicts the number of events for different irradiation angles. Two curves
are depicted, one for each setting of φ, while the x-axis reflects θ. Each curve is nor-
malised to the case of θ = 0◦. There is only a slight dependence on angle φ. With
increasing tilting angle θ, the number of registered events decreases and the filter
thickness increases. This behaviour is favourable as Hp(10)/Φ decreases for increas-
ing irradiation angles, reflected in figure 3.21 (a). This is because dose is measured
within a depth of 10 mm for Hp(10). For large angles, the attenuation distance for
photons increases. Since the shapes of the spectra of deposited energies as measured
with Dosepix do not depend much on the irradiation angle, reducing the number of
registered events via the optimised filter helps to estimate the dose.

The final dose conversion coefficients for Hp(10) are optimised by minimising the
response loss, as explained before. The factors are only optimised for an irradiation
perpendicular to the sensor of the detector resulting in the dose conversion coeffi-
cients listed in table A.7, which are depicted in figure 5.39. Two curves are presented.
One represents the new factors, labelled optimised, while the other one corresponds
to the dose conversion coefficients previously optimised for the flat filter thickness
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Figure 5.38.: The normalised number of registered events for the simulated Dosepix
detector with the optimised Hp(10) filter installed. Two curves for different
irradiation angles of φ according to the legend are depicted. For these,
angle θ is varied according to the x-axis.

for perpendicular irradiation in section 5.4.1, labelled as flat. Both curves show an
exponential trend as a function of deposited energy. There is a difference between the
factors due to the definitions of the shapes. In the latter case, the filter’s thickness
increases when moving in direction of x and y. This shows that the dose conversion
coefficients are very sensitive. When actual dose measurements are made with the de-
tector, it is beneficial to recalculate the conversion coefficients by combining data from
measurements and simulations as introduced in section 3.2.7. For this set of dose con-
version coefficients and the optimised filter, the responses are depicted in figure 5.40

(a) and (b). (c) and (d) show the responses for the start shape of the filter in figure
5.34. All curves are resembled as a function of the initial photon energy. In (a) and (c),
the colours of the curves correspond to different irradiation angles θ according to the
colour bars. In (b) and (d), the mean values of the curves in (a) and (c) are depicted.
The error bars correspond to the standard deviations. Shaded regions indicate the
minimum and maximum values of the responses.

(a) and (b) reflect the dose reconstruction abilities of the detector with the optimised
filter installed. All response curves are centred about the perfect response at 1. Higher
photon energies show statistical fluctuations, which are indicated by the error bars in
(b). For lower photon energies, a fluctuation as a function of initial photon energy
is visible. Its shape is mostly due to the binning in Dosi-mode. When measuring
broad irradiation spectra, this effect will cancel out. For the largest irradiation angle
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5. Optimisation of Dosepix filters for medical dosimetry

Figure 5.39.: Hp(10) dose conversion coefficients. The blue curve, labelled optimised,
shows the values for the optimised PMMA filter. The orange curve,
labelled flat, representing the coefficients previously determined in the
optimisation of the flat filter’s thickness for perpendicular irradiation.
Both curves use the bin edges of table A.7 on the deposited energy axis.

of θ = 60◦, a large deviation is present for low initial energies due to the conversion
factors from fluence to dose Hp(10) which are very low in this energy region. At about
100 keV an underestimation of the dose is visible for larger irradiation angles. This is
mostly a statistical problem of the precalculated simulation and does not resemble the
detector’s true dose reconstruction abilities.

The importance of the optimised PMMA filter shows when comparing the responses
of (a) and (b) to corresponding responses of the start shape of the filter in (c) and (d).
Mainly low initial energies are affected by the filter, especially under large irradiation
angles. For the start-filter, the dose is always overestimated. Dose estimation for low
initial energies and large angles is too imprecise. For higher initial energies, overes-
timation takes place, but to a lesser extent. In this energy regime, the attenuation
capabilities of the PMMA filter are low. However, this shows that by choosing proper
dose conversion coefficients, a correct dose reconstruction is possible.

5.4.3 Hp(10) optimised filter validation

Due to the complexity of the optimisation process of the PMMA filter, a validation is
made. The shape of the filter is now implemented in the Allpix2 [37] simulation of the
measurement setup. The geometry includes the slab phantom, the readout electronics
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(a) Individual curves (optimised filter) (b) Average of curves of (a)
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Figure 5.40.: The dose responses for Hp(10) for the optimised (a) and the start filter (c)
as a function of the initial photon energy are shown. The colours of the
curves correspond to different irradiation angles according to the colour
bars. (b) and (d) show the averages of the curves in (a) and (c). The error
bars indicate the corresponding standard deviations and the light shaded
regions the minimum and maximum responses.

at the phantom’s centre, and a Dosepix detector with the optimised filter installed
plugged in at the readout electronics’ central slot.

Figure 5.41 shows the readout electronics, the installed Dosepix and the optimised
filter. The geometry of the filter is opaque in (a), showing its full outer shape. The
filter is half-transparent in (b) to present the filter’s inner and outer surfaces. The grey
block at the centre represents the Dosepix detector. It has just enough space to fit
under the filter. Not depicted are the wire bonds which connect the detector with its
PCB. These wires are shaped in small arcs extending beyond the upper edge of the
detector’s sensor. Therefore, sufficient space in front of the detector is required.

With the described setup, the simulation is performed for initial photon energies
in a range of 10 keV to 250 keV. For each energy, irradiation angle θ is varied within
0◦ to 60◦ in steps of 15◦. φ remains fixed at 0◦. The simulation results are deposited
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5. Optimisation of Dosepix filters for medical dosimetry

(a) Opaque filter (b) Half-transparent filter

Figure 5.41.: The optimised PMMA filter installed to a Dosepix detector located at the
central slot of the readout-electronics. In (a), the geometry is opaque,
illustrating the outer shape of the filter. In (b), the geometry is half-
transparent to represent the inner surface of the filter. Within the filter, the
Dosepix detector, resembled by the small grey block, is present.

energy spectra used to calculate the corresponding personal dose equivalents Hp(10).
Dose conversion coefficients are optimised for an irradiation angle of 0◦ like described
in section 5.4.1. The determined factors are listed in table A.7 and depicted in figure
5.42, labelled reoptimised. Additionally, the factors previously optimised with the ap-
proximative simulation are included and labelled optimised. Since both curves use the
same binning, the data is directly comparable. The trends of the curves are similar,
with only slight variations between them. These are attributed to different statistical
fluctuations in the simulations. Also, the simulation for the optimised-curve is only an
approximation. However, since the differences are small, this approves the approxi-
mative simulation’s usability to determine the PMMA filter’s shape.

The corresponding responses for the reoptimised-curve, for the Allpix2-simulated
data, are shown in figure 5.43. (a) depicts single curves for different irradiation angles
θ. (b) depicts the mean of the curves in (a). The error bars reflect the corresponding
standard deviations, and the shaded region the minimum and maximum responses.
In comparison, the responses determined from the approximated simulation are in-
cluded in figure 5.40 (a) and (b). Both methods, the approximated and the complete
Allpix2 simulation provide similar response curves. The biggest difference is in their
fluctuations for high initial photon energies. The number of emitted photons is in-
creased for the complete simulation, leading to higher count statistics of the registered
events. This is shown in figure 5.43 (b) where the error bars and the shaded region
are now smaller. Again, there is a mismatch for an irradiation angle of θ = 60◦ for
low initial energies due to the small conversion factors from photon fluence to dose.
For energies greater than 14 keV, the responses only show slight deviations about the
perfect response of 1.
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Figure 5.42.: Conversion coefficients from registered events to dose equivalent Hp(10).
Both curves utilise the optimsed PMMA filter of Dosepix. The blue curve,
labelled reoptimised, shows the factors optimised to the Allpix2 simulation.
The orange curve, labelled optimised, depicts the factors optimised in
section 5.4.2 via the approximated simulation. Both curves use the bin
edges of table A.7 on the deposited energy axis.
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Figure 5.43.: (a) shows dose responses for the optimised filter of figure 5.31 (b) as a
function of initial photon energy. The responses are based on Allpix2

simulations. The colours of the curves correspond to different irradiation
angles according to the colour bar. (b) shows the average of the curves
in (a). The error bars indicate the corresponding standard deviations.
Additionally, the light shaded region reflects the minimum and maximum
responses.
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5. Optimisation of Dosepix filters for medical dosimetry

In conclusion, the optimisation regarding Hp(10) of the PMMA filter in front of
Dosepix is successful. Simultaneously, the simulation of the complete system validates
the approximative simulation used during optimisation. The described setup allows
to measure Hp(10) for an initial photon energy range of about 14 keV to 250 keV cor-
responding to photon energies usually found in medical applications. A test is made
if the range can be extended to up to 1400 keV. Therefore, the initial photon energies
in the Allpix2 simulation are extended, new conversion coefficients from registered
events to dose are optimised, and corresponding responses are calculated, which are
depicted in figure 5.44.
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Figure 5.44.: (a) shows the dose responses for the optimised filter depicted in figure
5.31 (b) as a function of initial photon energy. The responses are based
on Allpix2 simulation data. In comparison to figure 5.43, the range of
initial photon energies is extended. Also, responses are calculated using
independently optimised conversion coefficients from registered events
to dose equivalent. The colours of the curves correspond to different
irradiation angles according to the colour bar. (b) shows the average of
the curves in (a). The error bars indicate the corresponding standard
deviations. Additionally, the light shaded region reflects the minimum
and maximum responses.

There is a large deviation for the energy range of about 100 keV to 300 keV. With
the shape of the filter, optimised for initial photon energies of up to 250 keV, there
are no dose conversion coefficients for Hp(10) which properly reconstruct doses for
the whole energy range. The performance, indicated by the responses, only varies
slightly when changing the bin edges in Dosi-mode. Therefore, at least one additional
detector is required for the reconstruction. It requires an additional filter, made of
a different material than PMMA. The methods presented in this thesis can easily be
extended to utilise an increased number of detectors and by including higher initial
energies. However, this is an object of future analyses. Here, the focus will remains
on optimising the filters for initial photon energies relevant for medical use to keep
the number of utilised Dosepix detectors as low as possible.
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5.4. Filter shape optimisation

5.4.4 Dose response for Hp(0.07)

Previously, the personal dose equivalents for Hp(3) and Hp(10) were analysed. While
it was shown that Hp(10) requires a more complex filter shape to perform proper
dose measurements, Hp(3) has no strong dependence on the filter’s shape. The loss
in figure 5.27 indicates that Hp(0.07) also only slightly depends on the thickness of the
filter for perpendicular irradiation. This is evaluated by performing the Allpix2 simu-
lation for the setup similar to the one used for Hp(10) before. The readout hardware
with Dosepix detector is placed at the centre of the slab phantom. Two approaches
are tested. First, no filter is used. Second, the filter optimised for Hp(10) is used. The
motivation of the latter approach is to evaluate the dose estimation abilities regarding
Hp(0.07) for a single detector system optimised to Hp(10). Therefore, the bin edges
in Dosi-mode for Hp(10) are used in the following.
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Figure 5.45.: Conversion coefficients from registered events to dose equivalent Hp(0.07).
Two curves are presented, one for the detector without filter and one with
the filter optimised for Hp(10). Both curves use the bin edges of table A.8
for Hp(10) on the deposited energy axis.

The optimised conversion coefficients are listed in table A.8 and are shown in
figure 5.45. Both curves, one corresponding to the data without filter and one to
the data with filter, show a similar trend as a function of deposited energy. The main
difference is the lowest energy bin. Since the PMMA filter is absorbing photons of
low energies, the number of registered events for these energies is reduced, which is
compensated by the conversion coefficients.
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(a) Individual curves (without filter)
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(c) Individual curves (Hp(10) optimised filter)
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Figure 5.46.: Dose responses for Hp(0.07) as a function of initial photon energy. (a)
shows the data without filter and (c) with the Hp(10) optimised filter. The
colours of the curves correspond to different irradiation angles according
to the colour bars. (b) and (d) depict the averages of the curves in (a) and
(c). The error bars indicate the corresponding standard deviations. The
light shaded regions reflect the minimum and maximum responses.

The optimised responses corresponding to the factors are depicted in figure 5.46.
(a) shows the data for the setup without filter and (b) for the filter previously opti-
mised for Hp(10). The colours of the curves indicate different irradiation angles θ

according to the colour bar. (b) and (d) depict the average of the curves in (a) and (c).
Additionally, error bars indicate the corresponding standard deviations, and shaded
regions the minimum and maximum values of the responses. For initial photon ener-
gies greater than about 30 keV, the responses only slightly depend on the used filter.
All responses are centred about a perfect response of 1 and only show a slight devia-
tion from it. Fluctuations are again due to the low number of bins in Dosi-mode. For
low initial energies, a small difference between the approaches becomes noticeable.
In the case of no filter, the responses are slightly closer to 1 than for the optimised
filter. Responses greater than 0.69 are required according to PTB [53]. Considering the
different initial energies leads to an energy threshold of about 15 keV for no filter and
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about 20 keV with filter. Both methods show an underestimation of dose for low initial
energies. It reflects that the detector is not able to measure corresponding doses inde-
pendent of the used filter accurately. In real measurements, the issue of low responses
for low photon energies is not as relevant. X-ray spectra are broad, and although their
mean energies are low, they have large contributions of higher energies.

5.5Conclusion

An efficient method for the optimisation of filter designs for a Dosepix detector in
regards of dose was established. The required calculation time was reduced by pre-
calculating various setups in simulations. Direct irradiation and back-scattering were
separated. These simulations were linearly interpolated for different photon energies,
irradiation directions, and filter thicknesses. Dosepix response spectra for specific
photon field characteristics and used filter can be determined fast by sampling data
from the interpolated functions. It allowed performing optimisations of PMMA filter
designs without a need to resimulate the whole complex setup. Simulations showed
that a detector with a filter for Hp(10) is able to estimate dose for photon energies in
the range of 14 keV to 250 keV and angles of up to 60◦. For Hp(3), the exact shape
of the filter is not important as long as the thickness is not too large, i.e. about less
than 10 mm. For a filter with a thickness of about 1 mm, Hp(3) estimation is possible
for energies up to 250 mm and angles of 90◦. However, for angles greater than 70◦

deviations for photon energies below about 15 keV manifest. For a future dosemeter
system, this result is important since it shows that a detector can be placed directly
behind housing walls, and that the conversion coefficients from registered events to
dose equivalent can adapt to the filter’s shape. For Hp(10), this is not as easy and
a more complex filter shape is required to estimate doses correctly. While the deter-
mined PMMA filter is large, a possible future optimisation with a different material
like aluminium or tin will lead to smaller filters. A simulation of direct irradiation
has to be repeated for the new material first. For Hp(0.07), the importance of a filter’s
shape is similar to Hp(3). The detector performs best if there is no or only a filter of
small thickness. However, the optimised Hp(10) filter can also be used to measure
Hp(0.07). The only disadvantage is an increase of the minimum photon energy the
detector estimates dose accurately from about 15 keV to about 20 keV. If higher ini-
tial energies than 250 keV are required to measure Hp(10), additional detectors are
needed. Each detector then has to use its own filter. The presented algorithms can be
adopted to optimise two or more detectors at the same time without much additional
computing effort. Simulations have to be precalculated for higher initial photon ener-
gies. However, this is a topic for future works. The tested energy ranges are sufficient
for medical applications, and dose estimation is possible with a single detector. Every-
thing presented in this chapter is based on simulations. The optimised filter shapes
have to be manufactured and tested in measurements with radiation sources in the
future. Different photon spectra have to be utilised, and also irradiation directions
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5. Optimisation of Dosepix filters for medical dosimetry

have to be varied accordingly. The conversion coefficients from registered events to
dose determined via simulations might not be directly applicable to data. However,
by reoptimising the factors using a combination of measurements and simulations,
the system will be able to measure the dose with responses close to the optimum.

160



CHAPTER 6

Spectroscopy and quality assurance

of X-ray tubes
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Dosepix detectors can be applied in other fields than dosimetry. For the large pixels
with an area of 220 µm × 220 µm, the probability for effects like charge sharing to
occur and distort the registered deposited energy spectrum is relatively low. Due to
this, large pixels are suitable for spectroscopy tasks. The main goal of this chapter is to
reconstruct the initial photon spectrum from measurements with Dosepix detectors.

The Dosi-mode of the detector allows for dead-time free measurements. Registered
deposited energies are directly sorted in 16 bins per pixel. The histograms of the
pixels are combined in a special way to benefit from the energy resolving abilities and
the dead-time freeness. This combination method is presented in the first section of
this chapter. A measurement setup is introduced consisting of three detectors, two
equipped with different metal filters. Measurements and corresponding simulations
are made with the setup, and their agreement is evaluated.

The simulations are the foundation to train and validate a convolutional neural
network to reconstruct an initial photon spectrum from measurements. This operation
resembles a deconvolution of the input data. The procedure is executed for various
photon spectra of an X-ray tube with different filters and settings applied.

Additional networks are developed to reconstruct characteristics of an input spec-
trum. These include the kVp-value, the half-value layer, factors to convert photon
fluence to various dose equivalents, and the photon fluence. Combining the methods,
the goal of this chapter is to determine the initial photon spectrum, correctly scaled
with the photon fluence, and additional characteristics from measurements. This al-
lows quality assurance of an X-ray tube to ensure the proper working of a system.
This is important for imaging tasks like in interventional radiology and cardiology
to guarantee the quality of recorded images and to reduce the exposure of a patient.
Additionally, the features of a sources can be characterised for scientific purposes.

6.1Shifted bins in Dosi-mode

The choice of operation mode of Dosepix depends on the application. ToT-mode al-
lows for precise measurements of energy spectra as the hardware provides ToT-data
of single events. The downside is that the most recent event continuously overwrites
the value of the ToT-register. Only the current value of the register is provided during
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the read-out of a frame. Since read-out speed is relatively slow (about a magnitude
of 10 Hz), event statistics are low. Dosi-mode directly sorts events via a binning state
machine into a histogram with user-defined bins. This ensures that no events are
missed which is especially important for dosimetry applications. Bin edges in energy
are usually chosen to be identical for all pixels. This provides enough spectral infor-
mation for dose estimation and keeps the required dose factors for the conversion
from events to dose low. The best features of ToT- and Dosi-mode are combined to
perform spectroscopy with Dosepix. These are the precision of the ToT-mode and the
high count statistics of Dosi-mode.

6.1.1 Description of the method

The Dosepix detector can utilise the pixels’ freely adjustable bin edges to measure a
deposited energy histogram in Dosi-mode with high precision. While the first 15 bins
of a pixel count events with energies in-between two neighbouring edges, the last bin
is an overflow-bin for all higher energies. The content of this bin is neglected for each
pixel in the analysis since its upper limit cannot be adjusted. The bin edges are set
uniformly within a pre-defined energy range of Emin to Emax, resulting in a bin width
of Ebw = Emax−Emin

15 . A small energy offset in the edges is introduced from pixel to
pixel to ultimately increase the precision of the histogram, which is defined as

∆Ep2p =
Ebw

Npx
(6.1)

with the number of used pixels Npx. Mixing small and large pixels for this application
is impossible as their areas and, consequently, count rates and registered spectra differ
significantly. Therefore, only the large pixels are considered in the following, i.e.
Npx = 16 · 12 = 192. The energy Ebe,(i,j) of a left bin edge j of pixel i is defined via

Ebe,(i,j) = Emin + j · Ebw + i · ∆Ep2p =

= Emin + Ebw ·
(

j +
i

Npx

)

(6.2)

with i ∈ [0, Npx − 1] and j ∈ [0, 15]. The bin edges are combined for all pixels as
depicted in figure 6.1 and described in the following. New bin edges are introduced
at the intersection energies of overlapping bins. These rebinned bins consist of 192 · 16
edges which span a range from Emin to Ebe,(191,15) = Emax + Ebw. Under the assump-
tion of uniformly distributed events per bin in the original histogram, the bin contents
are evenly distributed to the new bins. Since the rebinned histograms share the same
bin edges, the contents of the bins of all pixels can be added. The combination of
pixels provides a method to measure a deposited energy spectrum with increased pre-
cision compared to the standard 16 bin measurements. Figure 6.2 shows an exemplary
measurement with an 241Am source with Mo-fluorescence target. The energy range
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Figure 6.1.: The deposited energy histograms of all large pixels are combined to increase
the energy precision for measurements in Dosi-mode. There is an offset
of ∆Ep2p, according to equation (6.1), for the uniformly distributed energy
bin edges between neighbouring pixels. Further explanation is given in the
text.

of the bins is set to Emin = 10 keV and Emax = 120 keV. The figure’s left-hand side
depicts a 2D histogram of all large pixels and their registered events per bin. With
increasing pixel index, the regions with many events in the histograms shift towards
lower energy bin indices. This directly indicates the hardware settings of the shifted
bin edges. The entries of all pixels are then combined like previously described to
create the deposited energy spectrum on the right-hand side of the figure.

6.1.2 Distortion effects

The combination of the histograms for the shifted bins per pixel increases the precision
compared to regular operation in Dosi-mode. However, this method is not comparable
to a measurement in ToT-mode as a distortion is introduced. Figure 6.3 illustrates this
for an exemplary measurement of a mono-energetic photon source and a simplified
perfect detector consisting of 6 pixels. All pixels detect photons of energy E0 from
the source, which are sorted into their corresponding energy bins as sketched in the
upper half of the figure. Each bin is divided into 6 new bins with the previously
explained rebinning method. The number of events is distributed uniformly to these
bins. Via a combination of the entries of the new bins of all large pixels, a more precise
histogram depicted in the bottom half of the figure is obtained. The resulting shape
from rebinning is described by a triangular window function

Λ(E) =
N0

τ

(

1 − |E − E0|
τ

)

, (6.3)
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Figure 6.2.: 2D-histogram for all large pixels and their energy bins in Dosi-mode for the
measurement of an 241Am source with additional Mo-fluorescence target.
The bin edges of the pixels are set according to equation (6.2). The entries
of the histograms are combined to the deposited energy spectrum on the
right-hand side.

centered at E0 and with a half-width of τ. The width corresponds to τ = Ebw − 1
2 ∆Ep2p.

The sum of all events covered by the triangular window is N0 which corresponds to
the number of registered events. The amplitude of the triangular window is N0

τ .
The measurement of a continuous energy spectrum is assumed in the following.

Since the number of used pixels is large (192), the deposited energy spectrum after
rebinning is assumed to be also continuous. The broadening due to the rebinning
compared to measurements in ToT-mode is described by a calculation of the convolu-
tion of the true deposited energy spectrum and the triangular window function Λ(E)
of equation (6.3). This is illustrated in figure 6.4. Measurements of the same radia-
tion source are performed in ToT- and Dosi-mode. The source consists of 241Am with
an additional Mo-fluorescence target. The measurement in ToT-mode corresponds to
the deposited energy spectrum of a large pixel. Convolving it via the triangular win-
dow function results in a spectrum almost identical to the measurement performed in
Dosi-mode with shifted bin edges.

There is an additional effect distorting the rebinned energy spectrum close to the
energy limits of Emin and Emax. Since there is an energy offset between the bins of
neighbouring pixels, only the first pixel measures in the specified range. The edges of
the other pixels are calculated via equation (6.2) and depend on the index of the pixel
and the number of the bin. For the first bin of the last pixel this yields Ebe,(191,0) =

Emin + 191
192 Ebw. The linear behaviour of the first energy bins of the pixels leads to a

triangular shape of the spectrum after rebinning and combining the pixel histograms.
For the low energy edge, this results in a distortion in the range of Emin and Emin +Ebw.
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Figure 6.3.: The setup of a simplified perfect detector consisting of 6 pixels. The top
half shows the bins which registered events from a mono-energetic photon
source of energy E0 indicated by the dash-dotted line. The bins are rebinned
and combined to the histogram depicted at the bottom half.

For the high energy edge, the distortion takes place between Emax and Emax + Ebw.
Therefore, when using the Dosi-mode with shifted bin edges, these effects must be
considered and are implemented in the simulations of deposited energy spectra.

6.1.3 Deconvolution of measurements

The resolution of spectra measured with shifted bins in Dosi-mode can be increased
by applying deconvolution. Measurements underlie statistical fluctuations depending
on the measurement duration and a have a systematic error due to the shifting of
bins which depends on the accuracy of the energy calibration. Due to this, a direct
deconvolution is not applicable and a Wiener filter is used in the process, taking place
in the frequency domain. The filter is described according to [71]. Multiple param-
eters are defined first. The original signal corresponds to the true deposited energy
spectrum, which is the desired output of the deconvolution and is called s(E) with
its Fourier transform S(Ẽ). x(E) and X(Ẽ) are the measured spectrum with shifted
bins in Dosi-mode and its representation in the frequency domain. H(Ẽ) describes
the triangular window function Λ(E) of equation (6.3) in Fourier domain used as the
deconvolution kernel. Ps(Ẽ) and Pn(Ẽ) are the power spectra of the original signal
s(E) and its noise n(E). They are determined by taking the Fourier transform of the
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Figure 6.4.: Measurements of an 241Am source with Mo-fluorescence target in ToT- and
Dosi-mode with shifted bins. The average of the spectra of all pixels is
taken. The Dosi-mode measurement shows additional broadening due to
the rebinning of the histograms described via a convolution of the triangular
window function (6.3). This is illustrated by the convolved ToT spectrum as
represented by the blue dashed line.

autocorrelation. The deconvolution is then described by

S(Ẽ) =
H∗(Ẽ)

|H(Ẽ)|2 + λ2
· X(Ẽ), (6.4)

where the asterisk operator denotes the complex conjugate and λ2 corresponds to

the inverse of the signal to noise ratio, i.e. Pn(Ẽ)
Ps(Ẽ)

. Finally, the original signal s(E) is

obtained by taking the inverse Fourier transform of S(Ẽ).
The deconvolution process is illustrated based on the exemplary input signal s(E)

of figure 6.5. The signal is convolved via the triangular window function Λ(E). Gaus-
sian noise is applied to simulate a measurement. The convolved input signal is decon-
volved via the same kernel Λ(E) using the described method of applying a Wiener
filter. The parameter λ is varied according to the colour bar. The lower λ, the better
the features of the spectrum are discernible. For high λ, the output becomes noisy and
includes artefacts, i.e. features that are not present in the original signal. Therefore, a
tradeoff in regards to stability and precision has to be made for λ, depending on the
application.
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Figure 6.5.: The figure shows an exemplary input signal corresponding to a measure-
ment of deposited energy in ToT mode. The signal is convolved with the
triangular window function Λ of equation (6.3). The spectrum is decon-
volved using the Wiener filter method with Λ as the kernel. Parameter
λ, whose value is indicated by the colour bar, describes the inverse of the
signal to noise ratio used by the deconvolution.

Figure 6.6 depicts the deconvolution process applied to a measurement of an 241Am
source with an additional Mo-fluorescence target. λ is set to a value of 5 for the
Wiener filter. The deconvolved spectrum reveals features of the deposited energy
spectrum like the backscatter peak corresponding to the full energy peak of Am and
fluorescence peaks for Sb and Sn close to 29 keV. However, there is a slight mismatch
for this peak energy which ideally should have its maximum at about 26 to 27 keV,
depending on the accuracy of the detector calibration.

6.1.4 Extension of the method

The previously described method of combining the histograms for shifted bins of
pixels is extended to improve the precision. The deposited energy range the spectrum
is recorded in is defined by the limits Emin and Emax. Previously, each pixel’s bin
edges were assigned to span this range, with neighbouring pixels having an offset of
∆Ep2p. Instead of using single pixels to represent these energy ranges, a split factor
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Figure 6.6.: The measurement of an 241Am source with Mo-fluorescence target with
shifted bins in Dosi-mode. The initial deposited energy spectrum is decon-
volved via the method of Wiener filtering.

s is introduced. The combination of the pixels’ bins is illustrated in figure 6.7 and
explained in the following.

The energy ranges, previously resembled by single pixels, are now split to be repre-
sented by s pixels. Virtual pixels are introduced, each consisting of the concatenation

of the bins of s real pixels. The total number of virtual pixels is N′
px =

Npx
s , with Npx

the number of real pixels. This indicates that Npx and s have to be divisible. The
descriptions of the histogram combination method of section 6.1.1 still holds but is
applied to virtual pixels now. The bin width of a virtual pixel is E′

bw = Emax−Emin
15·s , the

width parameter of the triangular window function Λ is τ′ = τ
s . The precision of a

registered deposited energy spectrum increases as the convolution window’s width
decreases with increasing s. However, this benefit comes at a cost. Since the whole
energy range is split into s parts, the total number of registered events, i.e. the sum of
all pixels, is also divided by a factor s. Previously, it was assumed that the rebinned
histogram is continuous since the number of pixels is large. If s is set too high, the
number of virtual pixels is lowered to a point where this assumption does not hold
anymore. In this case, additional binning artefacts come into play. Therefore, s is
never set higher than 4 in the following.
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Figure 6.7.: The combination of histograms for pixels with shifted bin edges. The whole
energy range is split into s parts and is described via virtual pixels, where
each consists of s true pixels. After the combination of the virtual pixels,
the energy resolution of the histogram and the number of registered events
is decreased by a factor of s.

A measurement with 241Am and Mo-fluorescence target is made to demonstrate the
improved method. The results are depicted in figure 6.8 where the split parameter s

is set to 4. On the left-hand side, a 2D-histogram of the registered events of the real
pixels is shown. The virtual pixel index i′ corresponds to the concatenation of true
large pixels with indices of i = n · 192

s + i′ where n ∈ [0, s]. Virtual pixels are combined
like previously described. The result is shown on the right-hand side of the figure. The
black line represents the case for s = 4. For comparison, the spectrum for s = 1 of
figure 6.2 is present as dashed blue line. This directly reveals the improvement in
precision due to the extended method.

6.2Detector setup

The detector setup used for the X-ray tube spectra measurements is depicted in
figure 6.9. It consists of three Dosepix detectors where each has a plastic cap installed
to protect from mechanical damages. The detector on the left has a filter of 2 mm alu-
minium, the one at the centre of 1 mm tin. All measurements are performed with the
detector at the central position of the readout hardware moving along an imaginary
line through the X-ray tube’s focal point. The distance of the detectors in regards to
the X-ray tube is increased to get an approximately parallel photon field. This implies
that flat filters for the Dosepix detectors are sufficient. These filters are used to gain
different interpretations of the emitted photon spectrum. The filters attenuate pho-
tons of low energies which increases focus on the higher energetic part of a spectrum.
Also, Compton effect takes place, and fluorescences are emitted. With the introduced
variety, the information about a photon spectrum is increased.
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Figure 6.8.: The 2D-histogram of all pixels and their bins in Dosi-mode for the measure-
ment of an 241Am source with an additional Mo-fluorescence target. The
split parameter s is set to 4, i.e. a virtual pixel consists of 4 real pixels. The
entries of the histograms are combined to determine the deposited energy
spectrum in black on the right-hand side. The dashed blue line additionally
represents the same spectrum for s = 1.

6.3Spectrum deconvolution

The spectrum of a radioactive source and the registered deposited energy spectrum of
Dosepix differ a lot. This difference is due to the energy dependence of photon inter-
actions with the sensor, and effects like Compton scattering and charge sharing (see
section 2.2 for more details) and the resulting photon detection efficiency of Dosepix.
These distortions make it impossible to reconstruct the impinging energy spectrum
from measurements directly. The response spectra for the irradiation of a Dosepix
detector with mono-energetic parallel photon fields are known from simulations. The
response to a continuous input spectrum is the weighted superposition of individual
responses. Therefore, a spectrum measured with Dosepix carries information about
the emitted photons. It can be reconstructed by applying deconvolution methods
like matrix inversion, spectrum stripping or Bayesian deconvolution (see e.g. [72, 73]).
These approaches are often not particularly stable and require high events statistics to
work correctly. This chapter introduces a new method, utilising a convolutional neu-
ral network (CNN). The priorities are stability and applicability in single-shot spec-
troscopy where an X-ray tube with optional filters is active for a short duration only.
The Dosepix setup consisting of three filtered detectors takes events in Dosi-mode
with shifted bin edges for a split of s = 4. The energy resolution is improved by a
factor of 4, while count statistics are reduced by a factor of 4. This is accounted for by
scaling the registered spectra with this factor. The energy limits in the measurements
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Figure 6.9.: A render of the Dosepix setup used for the measurements of X-ray tube
spectra. All detectors have protective plastic caps installed. The detector at
the central position has a filter of 1 mm tin and the detector on the left side
of 2 mm aluminium.

are set to Emin = 10 keV and Emax = 120 keV. A description of the network and its
application to measurements is introduced in the following.

6.3.1 Network design

The convolutional neural network design for the deconvolution of Dosepix measure-
ments is illustrated in figure 6.10. It takes the concatenation of three registered spectra
as its input, each consisting of 100 bins. After concatenation, the data has two dimen-
sions and a shape of 3× 100. The network’s output corresponds to the emitted photon
spectrum from 0 to 120 keV, sampled in bins of 1 keV. Directly after the input, a layer
that applies Gaussian noise with a random standard deviation to the data is present
(see section 4.2.1 for more details). This layer is used for regularisation and is only
active during training. Four convolutional layers follow. Each has a kernel size of
3 × 3 and employs same-padding. The numbers of filters are 32, 64, 128, and 256.
In between convolutions, average pooling with a kernel size of 3 and a stride of 2 is
used to reduce the data in lateral dimensions (see section 2.5.5 for more information).
The activations are flattened to one dimension after the convolutions and gradually
reduced to the desired output size of 121 by 4 dense layers. All layers of the network
use a ReLU activation function (see section 2.5.1 for more information). The exception
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Figure 6.10.: The convolutional neural network for the deconvolution of three measured
Dosepix spectra to reconstruct a corresponding initial photon spectrum.
Yellow blocks resemble convolutional layers, purple blocks dense layers.
The dark regions within the blocks indicate the use of an activation-
function. The image is created using [58].

is the output, which uses an absolute function to ensure positive values. By taking the
convolutions of the three measured spectra, correlations between the spectra of the
detectors are taken into account.

6.3.2 Training and validation data generation

The network’s input data consists of three Dosepix spectra where each detector has
filters applied as described in section 6.2. The network’s output is the deconvolution
of these spectra, which corresponds to an initial photon spectrum. The generation of
the X-ray tube spectra and the corresponding responses of the Dosepix detectors are
described in the following.

X-ray tube spectrum generation

The training data consists of tungsten X-ray tube spectra. The python package xpecgen
[21] is used for their generation. It employs the models defined in [74]. Via a variation
of the free parameters of the X-ray tube, a dataset is generated. These parameters
include the applied voltage and the thicknesses of one or multiple filters applied in
front of the X-ray tube. The filter materials used are Al, Cu, Sn, and Pb. The tube
voltage UXRT is sampled from a uniform distribution of range 20 kV to 120 kV. The
filter thicknesses are sampled from an exponential distribution with the probability
density function

f (w, β) =
1
β

exp
(

−w

β

)

, (6.5)

where w is the filter thickness and β the expected value. w itself has no unit but
corresponds to cm. Smaller filter thicknesses are sampled with a higher probability.
The distribution is chosen to resemble real-life situations, where small filters are used
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more often than large ones. To properly scale the distribution along the thickness-axis,
the expected value β0 is set so the probability p to sample w0 is

f (w0, β0) = p. (6.6)
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Figure 6.11.: A visualisation of the parameters of the exponential distribution f (w, β0)
defined via equation (6.5). w0 resembles the filter thickness the probability
density equals p. β0 corresponds to the expected value of the distribution
and is chosen to fulfil f (w0, β0) = p.

The shape of distribution (6.5) and a visulisation of its parameters are illustrated
in figure 6.11. The parameters are chosen heuristically. Probability p is set to 0.01
for all materials. Thicknesses w0 specified in table 6.1 for different filter materials
are used, resembling typical filter thicknesses in applications. w0 has no units but
corresponds to cm. To use distribution (6.5) to randomly generate filter widths via
f (w, β0), equation (6.6) is solved for β0 which yields

β0 = − w0

W−1(−w0 · p)
, (6.7)

where W−1 is the -1st branch of the Lambert W function.
An additional random decision to use a filter is made. In real applications, filters are

often stacked to achieve a desired X-ray tube spectrum. Each material has the same
probability of pf =

1
2 to be used. Therefore, the number of filters of different materials
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Material w0

Al 1.
Cu 0.8
Sn 0.6
Pb 0.4

Table 6.1.: Thicknesses w0 of the filters of the X-ray tube the distribution of equation
(6.5) equals p = 0.01. Values for different filter materials are provided. w0

itself has no unit but corresponds to cm.
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(b) Density histogram of 5k random XRT spectra

Figure 6.12.: (a) depicts the distributions of 30 random tungsten X-ray tube spectra
with additional filters of Al, Cu, Sn, and Pb applied. (b) shows the density
distribution of 5k random spectra.

is distributed according to a Binomial distribution of B(n = 4, pf =
1
2 ), where n is the

number of available materials.

The sampled characteristics of an X-ray tube and its filters are used to generate the
corresponding photon spectra via xpecgen [21]. Figure 6.12 (a) shows 30 random X-
ray tube spectra. (b) shows the density of 5k normalised random spectra. Features
shared by the spectra are discernible. See section 2.3 for a detailed explanation. The
dominant peak in the region of about 20 keV to 30 keV is due to the shape of the
bremsstrahlung spectrum. Also, characteristic lines of the tungsten anode are present.
Drops in photon fluence at certain energies in the spectra correspond to the K-edges
of the used filter materials.

Random spectra are generated according to the previously described rules. They
are rebinned from 0 to 120 keV in steps of 1 keV to coincide with the output of the
network. The determined histograms are stored as the labels of the training dataset.
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Dosepix response spectra generation

The previously generated random spectra of the filtered X-ray tube are used to create
the corresponding responses of the Dosepix detectors. These later reflect the input
data of the network. The Dosepix detector setup described in section 6.2 is used. The
responses to monoenergetic photon fields for each detector are simulated as discussed
in chapter 3, with the difference that no phantom is involved now.
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Figure 6.13.: The responses of the Dosepix detectors to an irradiation with monoener-
getic parallel photon fields. The colour bar indicates the initial photon
energies. The titles of the three plots correspond to the filters of the
detectors according to section 6.2.

The resulting deposited energy spectra are depicted in figure 6.13. The colour bar
represents the initial energy of the photon field. The titles of the plots correspond to
the filters of the detectors. Vac is the abbreviation of vacant and represents the detector
without a metal filter. Each deposited energy spectrum is normalised to the number
of simulated events. Peaks at deposited energies close to the initial photon energy are
discernible. There is a small difference between deposited and photon energy due to
effects like Compton scattering and charge sharing, described in detail in section 3.1.3.
The amplitudes of these peaks decrease with increasing photon energy due to the
declining probability of photoelectric absorption to occur (see section 2.2.1 for more
details).

Figure 6.14 illustrates a density representation of the spectra in figure 6.13. The
data reflects response matrices for the different detectors. The colour indicates the
probability a deposited energy is provided by the detector for a specific initial photon
energy. The probability dimension is scaled logarithmically to emphasise the features
of the spectra. White dashed lines represent the full energy peaks, dash-dotted lines
the Compton edge and the backscatter peak, and dotted lines the Sn-fluorescences.
The responses for the Vac and Al detectors look very similar. They mostly differ for
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6.3. Spectrum deconvolution

Figure 6.14.: The colours of the plots reflect the probability Dosepix registers a deposited
energy for a certain photon energy. The axis of the probability is scaled
logarithmically. White dashed lines indicate the full energy peaks, dash-
dotted lines the corresponding Compton edges and backscatter peaks, and
dotted lines the Sn-fluorescences. The titles of the plots correspond to the
filter of the detectors according to section 6.2.

low initial photon energies. The Sn detector shows almost no registered events for
these lower initial energies, due to the tin’s strong attenuation capabilities. This is
further illustrated in figure 6.15 which shows the detectors’ efficiencies to register
events for photons of different initial energies. The efficiency is defined as the ratio of
detected events and the fluence of the simulated parallel photon field.

The efficiencies of the detectors differ for low initial energies. At about 60 keV, the
Vac and Al detectors provide an almost identical number of events. The Sn detector
with its strongly attenuating filter stays different for almost the whole energy range
and starts to approach similar count rates at about 120 keV. The trend of the detection
efficiencies further emphasises the task of the filters of the Dosepix detectors. They
attenuate photons, emit fluorescences, and Compton scattering takes place. The prob-
abilities for these processes to occur strongly depend on the material as indicated by
the efficiencies. The spectra impinging on the different detectors then differ, leading
to a variety of information at the input of the network, and as a consequence, to an
improvement of its reconstruction abilities.

The response of a Dosepix detector as a function of deposited energy E for a mo-
noenergetic parallel photon field of energy E′ is called R(E′, E) (see figure 6.14). Re-
sponses are combined for the previously generated X-ray tube spectra of the labels,
described by f (E′). f (E′) corresponds to a probability distribution that provides the
weights in a superposition of the monoenergetic detector responses. Here, a correct
normalisation is important. Responses R(E, E′) are normalised to their sum and there-
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Figure 6.15.: The ratio of registered events N and fluence Φ of the parallel photon field
as a function of its energy. The curves represent the Dosepix detectors
with filters installed according to the legend.

fore have to be scaled with the efficiency, now called ε(E′) and shown in figure 6.15.
In summary, the detector response R f (E) for a photon spectrum f (E′) is described
via

R f (E) =
∫ ∞

0
dE′R(E′, E) · ε(E′) · f (E′). (6.8)

R f (E) for the differently filtered detectors is provided by using the corresponding
distributions of R(E′, E) and ε(E′).

Responses R f (E) for a corresponding exemplary photon spectrum f (E′) are de-
picted in figure 6.16. Since the voltage of the X-ray tube is high, the responses of
the Vac and Al detector are similar. They only differ in their number of events for
deposited energies below 60 keV while their shape is almost identical. The Sn detector
registers a spectrum that completely differs from the other detectors. The total num-
ber of events is lower due to the strong attenuation, and there is a dominant peak at
about 25 keV due to Sn fluorescences. A common feature of the Vac and Al spectra is
a decreasing number of events for increasing deposited energies, which is due to the
trend of the efficiency ε(E). This example illustrates that there is no simple relation be-
tween the measured spectra and the initial photon spectrum. This further emphasises
the requirement for a deconvolution.

Dosepix response spectra for all filtered X-ray tube spectra of the labels are gen-
erated. Each response is rebinned to 100 bins within the deposited energy range of
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Figure 6.16.: The plot shows the initial photon spectrum in red („Label“) and the
corresponding responses of the Dosepix detectors with filters applied
according to the legend. The response spectra are normalised to the
maximum value of the Vac spectrum for deposited energies greater than
20 keV.

10 keV to 120 keV. The responses are concatenated to a shape of 3 × 100 and stored as
training data to represent the network’s input.

6.3.3 Training process

The training process of the deconvolution network is explained in the following. Train-
ing is performed on 800k samples, validation on 150k samples. The order of the
samples is reshuffled after each training epoch. The response spectra, reflecting the
input of the network, are normalised to their sum each. Each spectrum of the labels
is normalised to its maximum value. The batch size during training and validation is
1024. The metric used for the loss is the mean squared error LMSE (see section 2.5.2
for more information). This loss is chosen as it considers a spectrum’s exact shape,
including characteristic lines. Figure 6.17 depicts the trend of this loss for five epochs.
There is no indication of overfitting, i.e. the loss converges properly for training and
validation.

Predictions on the validation dataset are made to prove the quality of the deconvolu-
tion network. Figure 6.18 shows two examples. The tops of the plots show simulated
Dosepix detector responses provided as input to the network. The labels of the curves
correspond to the filters of the detectors according to the legend. The bottoms of the
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Figure 6.17.: The mean squared error LMSE as a function of epochs for the training and
validation of the deconvolution network. The trends of the curves indicate
no overfitting.
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Figure 6.18.: Two examples of the deconvolution network are shown. The top plots de-
pict the three Dosepix responses with the filters of the detectors according
to the legend. The bottom plots show the corresponding photon spectra
(„Label“) as solid lines. The Dosepix responses constitute the input of the
deconvolution network, providing the output „Prediction“, represented
by a dashed line.
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6.3. Spectrum deconvolution

plots depict the corresponding predictions of the network, represented by a dashed
line and the target spectrum via a solid line. Predicted and target curves are almost
identical. The prediction shows small noise contributions in regions where no events
are present in the target spectrum, e.g. for deposited energies higher than the maxi-
mum possible energy limited by the X-ray tube voltage.

Each of the Dosepix responses is normalised to its sum. This neglects the differ-
ences in registered events of the detectors. As the deconvolution via the network
works sufficiently well, the normalisation is kept in the following. This way, addi-
tional robustness is gained when applying the network to real measurements. Possible
discrepancies introduced by the simulation regarding the detectors’ photon detection
efficiencies will then have a decreased influence.

6.3.4 Results

The previous section shows that the deconvolution network works well with simu-
lations. One desired quality of the network is robustness to discrepancies between
simulated and measured input data. Therefore, the performance of the network is
evaluated on real measurements in the following.

Weakly filtered X-ray tube spectra

Measurements with a Siemens Megalix Cat X-ray tube [20] (see section 2.3 for more
details) without additional filters are made in the following. However, the exit window
cannot be removed. It corresponds to an Al-filter of 1.5 mm. The acquired response
spectra of the Dosepix detectors are depicted in figure 6.19. The voltage UXRT of the
X-ray tube is varied in a range of 40 kV to 120 kV in steps of 10 kV, indicated by the
colour bar. The titles of the plots correspond to the filters of the detectors. The y-axis
is scaled linearly in (a) and logarithmically in (b). See section 2.3 for more information
about the features of the photon spectra of the X-ray tube. All Dosepix responses show
a peak in the region of 20 keV to 30 keV, corresponding to the shape of the filtered
bremsstrahlung spectrum, whose shape for low energies only slightly depends on
the tube voltage. Once the voltage exceeds the transition energies for tungsten, the
anode material of the X-ray tube, small peaks in the region of 50 keV to 70 keV emerge.
These are most distinct for the Vac and Al detectors, whereas the number of registered
events for the Sn detector is too low to separate the peaks from the bremsstrahlung
spectrum. However, the Sn detector shows prominent Sn-fluorescence peaks. In figure
6.19 (a), where a linear scale is used, all spectra seem to cut off at about 80 keV. This
is due to the low photon detection efficiencies of the detectors for higher photon
energies. For the logarithmically scaled curves of (b), entries of higher energies are still
discernible. The number of registered events decreases approximately exponentially
with the deposited energy.
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(a) Linear scale
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Figure 6.19.: The measurements of an X-ray tube with 1.5 mm Al-filter. The voltage of
the tube is indicated by the colour bar. The responses of three Dosepix
detectors with filters according to the titles of the plots are illustrated. All
spectra are normalised to the sum of their registered events. The y-axis is
scaled linearly in (a) and logarithmically in (b).

The measurements are used as input to the deconvolutional network, which pre-
dicts the corresponding photon spectra. The output is depicted in figure 6.20 (a) via
solid lines. Dashed lines correspond to the simulated X-ray tube spectra. The colour
bar indicates the tube voltage UXRT. Dash-dotted vertical lines further illustrate the
maximum possible photon energies.
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(a) Prediction and simulation of irradiation spectra
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(b) Relative deviation of prediction and simulation

Figure 6.20.: The plot in (a) depicts the prediction (solid lines) and simulation (dashed
lines) of the photon spectrum of an X-ray tube with 1.5 mm Al-filter. The
colour bar indicates the used tube voltages. Additional vertical dash-
dotted lines represent the maximum possible photon energies. (b) reflects
the relative deviations of the predicted spectra fpred(E), and simulated
spectra ftrue(E) according to equation (6.9).
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Figure 6.20 (b) illustrates the relative deviations of the predicted spectra fpred(E),
and simulated spectra ftrue(E) in (a) according to

ftrue(E)− fpred(E)

ftrue(E) + fpred(E)
. (6.9)

The mismatch of the low energy parts of the simulated and predicted spectra increases
with increasing X-ray tube voltage. The discrepancy corresponds to an underestima-
tion of the attenuation of the filter of the X-ray tube. For tube voltages in the range
of 40 kV to 60 kV and for 120 kV the maximum energies in the spectra are underes-
timated. The energies are overestimated for the remaining voltages. The deviations
according to equation (6.9) for energy ranges between the dominant peaks of the spec-
tra up to close to the maximum energies, corresponding to the set tube voltages, are
small and almost constant. There are only slight fluctuations at the transition energies
of tungsten noticeable. The Dosepix responses for the measurement with a tube volt-
age of 120 keV have the problem of low statistics for high deposited energies, leading
to an underestimation of events in the prediction for this region.

The discrepancies can mainly be attributed to imperfections in the detectors’ calibra-
tions from ToT to deposited energy (see chapter 4 for a description of the procedure).
The simulation does not rely on this calibration since it directly works with deposited
energies. Discrepancies are introduced by the used calibration function, which is only
an approximation, as shown in section 4.1.4. This mostly leads to inaccuracies at lower
deposited energies. Also, measurements with Dosepix depend on temperature, as is
illustrated in section 3.3. Since no temperature correction is applied, a mismatch of
registered ToT, and as a consequence, of deposited energy, is possible. However, the
temperature during the measurements only slightly differed from the calibration tem-
perature, leading to only a small error contribution. The calibration was performed
via an 241Am source which emits photons with energies of up to about 60 keV. Higher
photon energies are not included in the calibration. The calibration function (see sec-
tion 4.1.2 for more details) for the conversion from ToT to deposited energy describes
higher deposited energies with a linear relation. Therefore, a small inaccuracy intro-
duced in the calibration of low energies leads to an increased inaccuracy for high
energies. This is the main contribution of the introduced error sources. When using
the network for the prediction, its input spectra’s inaccuracies are transferred to its
output.

Additionally, a two-sample Kolmogorov-Smirnov test is performed to evaluate the
agreement of predicted and simulated X-ray tube spectra. The description of the test
is based on [75]. The Kolmogorov-Smirnov statistic is calculated via

D = max
∣

∣

∣
F̂pred − F̂sim

∣

∣

∣
, (6.10)

which describes the maximum distance between the empirical distribution functions
F̂pred and F̂sim, corresponding to the predicted and simulated spectra. A null hypoth-
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Figure 6.21.: Kolmogorov-Smirnov statistic according to equation (6.10) for the simu-
lated and predicted weakly filtered X-ray tube spectra of figure 6.20 as
a function of their kVp-value. The dashed line indicates Dα for α = 5%,
the limit the null hypothesis of two samples from the tested distributions
being from a common distribution is neglected.

esis is stated that two samples, one from the predicted and one from the simulated
distribution, are drawn from a common distribution. The sample sizes of F̂pred and
F̂sim are identical, i.e. n = 121. The critical value of the Kolmogorov-Smirnov is calcu-
lated via [75]

Dα = Kα

√

2
n

. (6.11)

α is the level the null hypothesis is rejected. Here, α = 5% is used. The corresponding
value of Kα is 1.36 [75], resulting in Dα = 0.175. Figure 6.21 shows the Kolmogorov-
Smirnov statistic according to equation (6.10) for the predicted and simulated photon
spectra of figure 6.20 as a function of the kVp-value. The dashed line indicates the
rejection limit of the null hypothesis, Dα. D indicates that the agreement of simulation
and prediction is best for kVp = 70 keV. All values are less than Dα, i.e. the null
hypothesis for α = 0.05 is accepted. In conclusion, despite the inaccuracies for low
and high photon energies, the network is able to predict the weakly filtered X-ray tube
spectra from measurements correctly.
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Strongly filtered X-ray tube spectra

Since the deconvolution network’s performance on X-ray tube spectra with weak fil-
tration is well, the test is also made with filters of different materials of varying thick-
nesses. 21 spectra are measured, called R-series in the following [76]. The spectra’s
mean photon energies cover the whole energy range, making them well suited for eval-
uation tasks. Also, due to the different filter combinations, the shapes of the photon
spectra vary. The used tube voltages and filter sizes are listed in table 6.2.

Code kVp Al (mm) Cu (mm) Sn (mm) Mean energy (keV)

R0 40 3.5 0 0 29.7
R1 50 3.5 0 0 34.19

R2 45 3.5 0.3 0 37.21

R3 55 3.5 0 0 42.73

R4 55 5 0.9 0 47.12

R5 60 5 0.9 0 50.21

R6 65 5 0.9 0 53.14

R7 70 5 0.9 0 56.45

R8 70 6 2 0 60.54

R9 75 6 2 0 63.5
R10 80 6 2 0 65.99

R11 85 6 2 0 68.39

R12 90 6 2 0 70.73

R13 95 6 2 0 73.00

R14 100 8 5 0 83.94

R15 105 8 5 0 87.05

R16 110 8 5 0 90.04

R17 115 8 5 0 92.81

R18 120 8 5 0 95.59

R19 115 8 5 0.5 96.07

R20 120 8 5 0.5 99.04

Table 6.2.: The filters and tube voltages for R-series X-ray tube spectra [76]. Al, Cu, and
Sn are used as filter materials. The values for Al include the internal filter of
the Siemens Megalix Cat X-ray tube. Additionally, the mean energy of each
spectrum is shown.

The simulated R-series photon spectra are depicted in figure 6.22 (a). (b) shows the
corresponding mean energies as a function of the spectra’s codes as described in the
table. The mean energies reflect how the spectra cover the available energy range of
the used Megalix X-ray tube.

The measurements with the X-ray tube and the specified filters are made for all
codes of the R-series. The responses of the Dosepix detectors are illustrated in figure 6.23.
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(a) Simulated spectra
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Figure 6.22.: (a) shows the simulation of R-series spectra with the filters and tube
voltages applied according to table 6.2. Each spectrum is normalised to its
maximum. The index indicated by the colour bar corresponds to the code
in table 6.2. (b) shows the mean energies of the spectra in (a).

All spectra are normalised to their number of registered events. The titles of the plots
indicate the different detectors. The colours of the curves correspond to the codes of
the R-series.
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Figure 6.23.: Dosepix responses for the measurements of the R-series spectra. The
titles of the plots correspond to the filters of the detectors. The colour bar
indicates the code of the spectrum according to table 6.2.

Like in the measurements of the weakly filtered spectra before, the spectra of the Vac

and Al detectors are similar, except for energies less than about 40 keV. In this region,
the number of entries decreases approximately exponentially with the photon energy.
The Al detector shows fewer entries than the Vac detector due to its filter’s attenuation.
The Sn-fluorescences in a region of about 25 keV are discernible for all detectors but
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are most prominent for the Sn detector. Small peaks in the energy region of 50 keV
to 70 keV show once the tube voltage exceeds the excitation energies of tungsten. All
Dosepix detectors’ responses, independent of the used filter, are broader the higher
the voltage of the X-ray tube. All spectra show a similar trend for low deposited
energies due to effects like Compton scattering and charge sharing (see section 2.1.1
for more details).

Figure 6.24 (a) shows the simulated spectra (dashed lines) and the predictions from
measurements (solid lines) for the R-series spectra. The colour bar indicates the code
of the spectra according to table 6.2. (b) depicts the relative deviation of prediction
fpred(E), and simulation ftrue(E) according to equation (6.9). There is a mismatch
in prediction and simulation for all spectra in the region close to the energy corre-
sponding to the highest possible photon energies emitted by the X-ray tube. For tube
voltages of up to 60 kV, the simulation overestimates the prediction. For higher volt-
ages, it is vice versa. This discrepancy increases with increasing tube voltage, which is
another indication of inaccuracies in the calibrations of the three detectors. The char-
acteristic lines of tungsten are properly predicted. An adjustment of the calibration
might resolve the observed discrepancies. This is analysed in section 6.5.

6.4Spectrum characteristics

In addition to the shape of a photon spectrum, other characteristics help to assure
the quality of an X-ray system. Via regular service measurements of medical X-ray
tubes, image quality in imaging is ensured, and patients are protected from possible
malfunctions and high exposures. The following 6 attributes of a photon spectrum
are determined:

• kVp-value

• Half-value layer (HVL) for aluminium and copper

• Conversion factor from fluence to air kerma Kair/Φ

• Conversion factors from photon fluence to ambient dose equivalent H∗(10)/Φ

and directional dose equivalent H′(0.07, 0◦)/Φ

A detailed description of the characteristics and an explanation of their calculation
from spectra is given in section 6.4.2. These parameters can also be calculated from a
photon spectrum predicted by the deconvolution network. However, an approach to
predict these measures directly is made. This way, possible errors introduced by the
deconvolution network are circumvented. First, the architecture of the characteristics
network is introduced in the following.
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(b) Relative deviation of prediction and simulation

Figure 6.24.: (a) shows the prediction (solid lines) and simulation (dashed lines) of the
R-series spectra. The index of the code according to table 6.2 is indicated
by the colour bar. Dash-dotted lines represent the maximum possible
photon energies. (b) depicts the relative deviation of prediction fpred(E),
and simulation ftrue(E).
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6.4.1 Network design

Figure 6.25 depicts the convolutional neural network’s design to predict the charac-
teristics of an X-ray tube spectrum. Its architecture is similar to the deconvolution
network in section 6.3.1. The input shape of 100 × 3 is the same while the output
size is reduced to 6, corresponding to the number of characteristics. After the input,

Figure 6.25.: The convolutional neural network for the prediction of 6 characteristics
of an X-ray tube spectrum. It takes three Dosepix response spectra as
input. Yellow blocks correspond to convolutional layers, purple blocks to
dense layers. Dark regions at the ends of the blocks indicate the usage of
activation functions. The image is created using [58].

a layer applying Gaussian noise with a random standard deviation to the spectra is
present (see section 4.2.1 for more details). It is used for regularisation and is only
active during training. 5 convolutional layers follow, the first 3 with a kernel size of
3 × 3, the following with a kernel size of 2 × 2. The layers’ stride size reduces the
detector dimension gradually from 3 to 1. For each convolutional layer, the number of
filters is doubled in relation to the preceding layer. This results in filter sizes of 8, 16,
32, 64, and 128. Afterwards, the activations are flattened and reduced to the desired
output size of 6 units via 4 dense layers. All network layers use a ReLU-activation
function except the last one, which uses a linear activation.

The network is designed to compress the information of the three Dosepix response
spectra at its input to 6 characteristic values of the corresponding X-ray tube spec-
trum. This is achieved via convolutional layers which consider correlations within the
response spectra of the detectors.

6.4.2 Training and validation data generation

The training dataset is similar to the deconvolution network in section 6.3.2. The
input data of the Dosepix responses are kept unchanged. The corresponding X-ray
tube spectra previously used as label are now replaced with their characteristics. The
methods used to extract the different characteristics from an X-ray tube spectrum are
described in the following.
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6.4. Spectrum characteristics

kVp-value

The kVp-value (kilovoltage peak) of an X-ray tube spectrum is known from its simula-
tion. Here, the X-ray tube’s voltage is set, which directly corresponds to the kVp-value
of the spectrum. The voltages are chosen uniformly within a range of 40 kV to 120 kV.

Conversion factors from fluence to air kerma and dose equivalents

The conversion factors from fluence to air kerma, ambient dose equivalent H∗(10),
and directional dose equivalent H′(0.07, 0◦) compress the information of a photon
spectrum to single numbers. These contain information about the possible harm to
an exposed human. The ambient and directional dose equivalents instead of personal
dose equivalents are chosen as there is no phantom in spectroscopy measurements.
For a detailed description of the dosimetric quantities, see section 2.4. Only an irra-
diation angle of 0◦ is considered, which is ensured by a proper detector alignment
during measurements. Figure 6.26 shows the trend of the conversion factors from
photon fluence to dose factors as a function of energy, i.e. D

Φ
(E).

Figure 6.26.: Conversion factors from photon fluence Φ to air kerma (in pGy cm2) and
to dose equivalents H∗(10) and H′(0.07, 0◦) (in pSv cm2) as a function of
initial photon energy. The data is taken from [45, 46, 77].

The conversion factors D
Φ

corresponding to photon spectra f (E) of the labels of the
training data are calculated via

D

Φ
=

∫

dE f (E) · D
Φ
(E)

∫

dE f (E)
, (6.12)
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where D
Φ
(E) according to figure 6.26 for the different dose types is used. Spectra f (E)

represent the label data previously used for the deconvolution network.

Half-value layer (HVL)

The half-value layer (HVL) characterises the photon attenuation ability of an X-ray
tube spectrum. It is reflected by the thickness of a specific material attenuating 50%
of the incident energy, corresponding to a halving of the air kerma rate [78]. The
attenuated dose D due to a filter of thickness d is calculated via

D(d) =
∫ ∞

0
dE f (E) · Kair

Φ
(E) · exp (−µ · ρ · d) (6.13)

where f (E) is the fluence of a photon spectrum as a function of energy E, Kair
Φ

(E) is
the conversion from fluence Φ to air kerma according to figure 6.27, µ is the mass
attenuation coefficient and ρ the density of the filter material. The half-value layer
dHVL reflects the thickness of the filter which fulfills the condition

D(dHVL) =
D(d = 0)

2
. (6.14)

Aluminium and copper are chosen as materials. Equation (6.14) is solved for dHVL
numerically. The new training data labels are calculated by using the photon spectra
f (E) of the label data previously used for the deconvolution network.

6.4.3 Training data distribution

The distributions of the X-ray tube characteristics in the training dataset are shown
in figure 6.27. In general, uniform distributions are desirable as other shapes might
lead to a network bias. However, the photon spectra previously generated for the
deconvolution network are used to calculate the characteristics. These spectra are
distributed uniformly in their tube voltages, which is reflected by the uniformity of
the kVp-distribution. The distributions of the HVL values and dose conversion factors
strongly depend on the shapes of the X-ray tube spectra, resulting in non-uniform
distributions.

It is possible to sample characteristics uniformly from their distributions by neglect-
ing a fraction of the dataset. However, since the parameters are correlated, sampling
one parameter would produce a bias in the distributions of the remaining parame-
ters. In conclusion, instead of adjusting the training dataset, possible bias effects are
considered for the analysis of the measurement data.

6.4.4 Training process

The training dataset of the characteristics network is based on the dataset of the de-
convolution network. Consequently, both share the same number of samples, i.e. 800k

192



6.4. Spectrum characteristics

20 40 60 80 100 120

kVp (kV)

0

200

400

600

800

1000

1200

E
n
tr

ie
s
 /

 1
.9

8
0
 k

V

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

dHVL, Al (cm)

0

500

1000

1500

2000

2500

3000

E
n
tr

ie
s
 /

 0
.0

3
1
 c

m

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

dHVL, Cu (cm)

0

1000

2000

3000

4000

5000

6000

7000

E
n
tr

ie
s
 /

 0
.0

0
4
 c

m

0.6 0.7 0.8 0.9 1.0

H * (10) / (pSv / cm2)

0

1000

2000

3000

4000

5000

E
n
tr

ie
s
 /

 0
.0

1
0
 p

S
v
 c

m
2

0.5 1.0 1.5 2.0 2.5 3.0

H 0(0.07, 0 ) / (pSv / cm2)

0

2500

5000

7500

10000

12500

15000

17500

E
n
tr

ie
s
 /

 0
.0

5
2
 p

S
v
 c

m
2

0.5 1.0 1.5 2.0 2.5 3.0

Kair / (pGy / cm2)

0

2000

4000

6000

8000

10000

12000

14000

E
n
tr

ie
s
 /

 0
.0

5
6
 p

G
y
 c

m
2

Figure 6.27.: The distributions of the X-ray tube characteristics of the training dataset
for 50k exemplary samples. These parameters include the kVp-value, the
half-value layers dHVL for Al and Cu, and the conversion factors from
fluence to air kerma, to H∗(10) and H′(0.07, 0◦).

for training and 150k for validation. The response spectra of Dosepix, representing
the network’s input, are normalised to their sum each. The characteristic parameters
of the photon spectra, representing the output, are normalised to the mean values of
their distributions, listed in table 6.3.

The batch size for training and validation is 1024. The mean squared error is used as
the loss function. The trend of this loss LMSE for the training of 5 epochs is depicted
in figure 6.28. There is no indication of overfitting, and the loss is converging as
expected. The performance of the network after training is validated on 50k samples.
Figure 6.29 (a) depicts the ratio of predicted and true values X =

xpred
xtrue

. (b) reflects the
relative deviation according to

X1/2 = |X − µ1/2|, (6.15)

i.e. the absolute value of the difference of the ratio X and its distribution’s median
µ1/2. For the ratios X in (a), the dashed lines represent the distributions’ means,
and the dash-dotted lines the corresponding standard deviations. These values and
the medians µ1/2 are listed in table 6.4. The means and medians are approximately
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Parameter mean value

kVp 70 kV
dHVL,Al 0.606 cm
dHVL,Cu 0.0253 cm

H∗(10)/Φ 0.576 pSv cm2

H′(0.07, 0◦)/Φ 0.549 pSv cm2

Kair/Φ 0.36 pGy cm2

Table 6.3.: The means of the distributions of the characteristics of the simulated photon
spectra of the training dataset. Prior to the training of the network, the
distributions are normalised to the corresponding means.

0 1 2 3 4 5
Epoch

10 3

10 2

10 1

100

L M
SE

Training
Validation

Figure 6.28.: Mean squared error LMSE as a function of epochs for the training and vali-
dation of the characteristics network. There is no indication of overfitting.

1, proving the network’s correct working regarding validation data. However, the
distributions of the ratio of predicted and true values of kVp and the half-value layers
show a slight positive skewness towards lower values. Nevertheless, the mean values
are approximately 1, but the standard deviations are increased. Since the distributions
are not normally distributed, the standard deviation is not the optimal measure for
the uncertainty. Figure 6.29 (b) shows that the relative deviation can be described with
a scaled exponential distribution via

g(x, λ) = N · exp (−λ · x) , (6.16)
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Figure 6.29.: (a) depicts the ratio of predicted and actual values of the characteristic
parameters for 50k samples of the validation dataset. The dashed lines
indicate the mean values of the distributions, the dash-dotted lines the
corresponding standard deviations. (b) shows the relative deviation X1/2

according to equation (6.15). The dashed lines represent fits with equation
(6.16).
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Parameter mean median standard deviation 1
λ

kVp 0.991 0.994 0.033 0.01013 ± 0.00020
dHVL,Al 0.986 0.993 0.063 0.00506 ± 0.00014
dHVL,Cu 0.987 0.989 0.043 0.00885 ± 0.00032
H∗(10) 0.993 0.993 0.012 0.00378 ± 0.00005

H∗(0.07) 0.996 0.995 0.016 0.00428 ± 0.00010
Kair 0.999 0.999 0.019 0.00528 ± 0.00012

Table 6.4.: Medians, means, and corresponding standard deviations of the ratio of
predicted and true values X of the characteristic parameters for 50k samples
of the validation dataset. The last column of 1

λ lists the uncertainty for the
distributions of the relative deviation X1/2 according to equation (6.15). 1

λ is
determined by fitting the curves in figure 6.29 (b) with a scaled exponential
distribution (6.16), where 1

λ corresponds to the mean.

where x reflects the bins of the histogrammed relative deviation of predicted and true
values, and λ is the parameter characterising the exponential distribution. N corre-
sponds to the number of entries in the histogram for which the relative deviation is 0.
The values of 1

λ , corresponding to the mean of the exponential distribution estimated
via the fit, are listed in the last column of table 6.4 for the different parameters of the
characteristics. 1

λ . Therefore, 1
λ resembles the mean deviation for the ratio of predicted

and true values of the characteristic parameters of figure 6.29 (b). Since the values are
within a region of 1%, the training and validation of the characteristics network is
considered successful.

6.4.5 Results

The R-series spectra’s measurements (see section 6.3.4 for more details) are used to
evaluate the performance of the characteristics network.

kVp-value and energy recalibration

The kVp-value of an X-ray tube spectrum resembles the voltage applied to the X-
ray tube. It corresponds to the highest possible photon energy within the emitted
spectrum. The errors on the voltages of the X-ray tube are assumed to be neglectable.
All R-series measurements are used as input to the characteristics network to predict
the corresponding kVp-values. Their true values are listed in table 6.2. The blue curve
of figure 6.30 illustrates the relative deviation of the predicted voltages UkVp,pred, and
true voltages UkVp,true via

UkVp,pred

UkVp,true
− 1, (6.17)
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as a function of the mean energy of the initial spectra.
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Figure 6.30.: The relative deviation of predicted and true kVp-values of the R-series
spectra. The x-axis represents the mean energies of these spectra according
to table 6.2. The green line corresponds to the directly estimated kVp
values from data. The blue line shows the deviation for the predictions
of the characteristics network from measurements. The orange curve
resembles the predictions for the data corrected via equation (6.18). The
red borders indicate the requirements of a kVp-meter according to IEC
61676 [79].

For mean energies below about 55 keV, the prediction underestimates the kVp-value.
For higher mean energies, an overestimation is present. The deviations lie within a
range of [−4.1, 6.7]%. Under the assumption of a properly working characteristics net-
work, an issue with the detectors’ energy calibrations becomes apparent. The energy
region and trends of the deviations correspond to the discrepancies observed for the
deconvolution network in section 6.3.4. Here, also the reasons for the deviations are
introduced.

A simple method to estimate the deviation of the energy calibration is introduced
in the following. The data of the Al detector shown in the centre of figure 6.23 is
compared to a threshold of 5 · 10−4. Intersections with the threshold and the R-series
measurements are determined. The threshold is not exactly 0 to neglect statistical
noise. Under the consideration of a detector resolution σ of about 1.2 keV (see section
3.1.2 for more details), the intersections correspond to kVp-values UkVp,data. These
values are compared to the true values UkVp,true by taking their relative fraction, re-
sembled by the green curve of figure 6.30. The deviation’s trend closely resembles the
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blue curve in figure 6.30. This approves that observed discrepancies in kVp are due
to the energy calibration and are not introduced by the deconvolution network. The
difference between the simple and the network method to determine the kVp-values
is the available information. While the network employs all three detectors, leading to
increased stability, only a single detector is used in the simplified approach. The red
lines in figure 6.30 indicate the requirements for a kVp-measurement device accord-
ing to IEC 61676 [79]. These limits are ±1 kV for voltages greater than 50 kV and ±2%
for voltages below. The predicted values of the characteristics network are not within
these ranges. Under the premise that the detector simulation is accurate, the detectors’
calibrations are corrected or refined in the following. This might additionally improve
the prediction capabilities of the deconvolution network.

The goal of the recalibration is to scale the measurement spectra along their de-
posited energy axis to optimise the performance of kVp-prediction. The blue curve
of figure 6.30 indicates three regions in mean energy where the relative deviations
approximately follow linear trends. Carrying this over to the kVp-values, a correction
function of the shape

Ecorr(E) =







A · E E < a

(E − a) · B + A · a E ≥ a and E < b

(E − b) · C + (b − a) · B + A · a E ≥ b

(6.18)

is defined. It describes the conversion from deposited energy E to corrected deposited
energy Ecorr. In a Nelder-Mead optimisation [43], energy corrections according to
equation (6.18) are performed on the R-series measurements. kVp-predictions with
the determined spectra are made, and the mean squared error of predicted and true
kVp-values is minimised. This results in the parameters listed in table 6.5.

Parameter Value

a 58.199 keV
b 114.127 keV
A 1.030

B 0.814

C 3.914

Table 6.5.: The parameters of the energy correction function (6.18) depicted in figure 6.31.
The parameters were optimised via Nelder-Mead [43], which minimised
the relative deviation of predicted and true kVp-values for the R-series
measurements.

Inserting the optimised parameters in equation (6.18) provides the conversion curve
from measured deposited energy to corrected deposited energy of figure 6.31. The
parameters A, B, and C describe the slopes of the energy correction, indicating the
quality of the detectors’ energy calibrations. The closer the parameters are to 1, the
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Figure 6.31.: The energy correction function (6.18) for the optimised parameters listed
in table 6.5. The dashed lines are located at the parameter values a and b.
These indicate the three regions of linear conversion with slopes of A, B,
and C. The dash-dotted line represents a perfect calibration.

better. Since A fits well while B and C do not, it is apparent that calibration was
only performed within a range of 60 keV. Within the energy region E ≥ a and E <

b, the deviations between correction and measurement increases with the measured
deposited energy E. The deviation in the calibration introduced in region E < a is
propagated and amplified for higher energies due to the linear part of the calibration
function. The large deviation of C, describing the conversion for deposited energies
greater than b, is due to the measurement’s binning artefacts for shifted bins in Dosi-
mode. A triangular cutoff close to the maximum energy of 120 keV is introduced as
discussed in section 6.1.

The application of energy correction to the measurements of R0 to R19 spectra is
depicted in figure 6.32. The colours of the curves indicate the filters of the detectors
according to the legend. All spectra are normalised to their maximum each. The event-
axis is scaled logarithmically to indicate the highest deposited energies of the spectra
better. Solid lines represent the uncorrected spectra while dashed lines correspond to
the corrected ones.

The orange curve in figure 6.30 shows that after energy correction, the predic-
tion of the kVp-values of the measured R-series spectra is well within the limits of
the IEC 61676 [79]. Since the recalibration is based on the optimisation of the kVp-
prediction abilities of the network, an additional analysis with independent measure-
ments is required in the future. A correctly scaled deposited energy axis is a necessity
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6.4. Spectrum characteristics

when using the detectors for an application like spectroscopy. The determined en-
ergy correction function is also used in the following for the analysis of the remaining
predicted characteristics of the X-ray tube spectra.

Half-value layer

The half-value layer describes the required thickness of a filter for the X-ray tube to
reduce the photon spectrum’s energy by 50%. Predictions of the HVL values dHVL for
Al and Cu are made for the R-series measurements via the characteristics network.
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(a) Predicted and true half-value layer values
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(b) Response of predicted and true half-value layer
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Figure 6.33.: (a) shows the actual and predicted values of the half-value layer dHVL

for Al and Cu for the R-series measurements. The x-axis corresponds to
the mean energies of the spectra. (b) depicts the corresponding response,
i.e. the fraction of predicted and actual values of the data in (a). Solid
lines resemble original measurements, while dashed lines represent energy
corrected data. A dash-dotted line indicates the actual half-value layer
thickness in (a).

The determined values and their corresponding true values are depicted in figure
6.33 (a). (b) shows the response, i.e. the fraction of predicted and true values for the
data in (a). The colours of the curves correspond to the filter materials according to the
legend. Solid lines represent the original measurements’ predictions and dashed lines
the energy corrected measurements. The energy correction is executed as described in
the previous section. Additionally, a dash-dotted line indicates the true values in (a).
The uncorrected response curves in (b) show a similar trend to the kVp-values before.
This indicates that the HVL is also affected by the discrepancies in the calibration of
the detectors. The responses are flat after energy correction, especially for higher mean
energies. Table 6.6 lists the mean value of all responses µ, the corresponding standard
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deviation σ, and the root mean squared error in regards to the perfect response of 1

σRMS =

√

√

√

√

1
N

N

∑
i

(Ri − 1)2, (6.19)

where R is the response
dHVL,pred
dHVL,true

and N is the number of measurements. Additionally,
the minimum and maximum responses are included.

HVL material µ σ σRMS min. max.

Al 0.971 0.0636 0.067 0.872 1.058
Al (corr.) 0.973 0.038 0.046 0.893 1.036

Cu 0.972 0.107 0.11 0.803 1.15
Cu (corr.) 0.957 0.064 0.077 0.83 1.081

Table 6.6.: The statistical quantities for the responses of the half-value layer values of
figure 6.33 (b) for different filter materials. Included are the mean response
µ, the corresponding standard deviation σ, the mean squared error σRMS in
regards to the perfect response of 1 according to equation (6.19), and the
minimum and maximum responses.

The table’s values show that the means of the responses are slightly underestimated
on average. After energy correction, the standard deviation is reduced by about 40%
for both filter materials. σ describes the deviation from the mean, σRMS from the per-
fect response of 1. The energy correction leads to a reduction of σRMS of about 3%
for both filter materials. All responses lie in the range of [0.803, 1.15] for uncorrected
measurements and [0.83, 1.081] for corrected measurements. Since values are underes-
timated on average, a correction factor can be introduced to create a more symmetric
systematic deviation. The uncertainties are then confined within 10% for the HVL
of aluminium. These results are comparable to modern quality assurance devices
like the RaySafe X2 [80] and the NOMEX Multimeter [81]. Both can determine HVL
with a precision below 10% for values of up to about 14 mm aluminium. The results
of the Dosepix system are promising but additional measurements are required to
thoroughly analyse its capabilities, including higher X-ray tube voltages and different
irradiation angles.

Conversion factors from fluence to air kerma and dose equivalents

The conversion factors from fluence to air kerma and dose equivalents represent the
harm of an X-ray tube’s spectrum to an exposed human. The corresponding dose
values are provided by multiplying these factors with the photon fluence Φ. The
true and predicted factors for the R-series measurements are depicted in figure 6.34

(a). The x-axis corresponds to the mean energies of the photon spectra. (b) shows
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the response, i.e. the fraction of predicted and true conversion factors. The colours
indicate the type of the dose-factors. Solid lines correspond to the predictions of
original measurements and dashed lines to the energy-corrected measurements. The
dash-dotted lines in (a) additionally indicate the true values of the dose conversion
factors.
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(a) Predicted and true dose conversion factors
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(b) Response of predicted and true dose conversion
factors

Figure 6.34.: (a) shows the trend of predicted and true dose conversion factors for
the R-series measurements. The x-axis corresponds to the mean energies
of the X-ray tube spectra. (b) depicts the response, i.e. the fraction of
predicted and true doses of (a). The colours represent the dose types
according to the legends. Solid lines correspond to the predictions of
original measurements, dashed lines to energy corrected measurements.
Additionally, a dash-dotted line representing the true values is present in
(a).

The responses in (b) resemble the prediction qualities of the network. All dose-
types show a similar trend. The responses are the best for mean energies close to
about 65 keV. For higher and lower energies, the dose conversion factors are over-
estimated in the prediction. This issue is explained by the trend of the true dose
conversion factors illustrated in figure 6.26. Here, the minima of the curves are also
in the region of about 65 keV. If the mean energy deviates due to irregularities in the
energy calibration, the dose conversion factor is overestimated. This is also indicated
by the statistical quantities of the response curves listed in table 6.7. These include the
mean responses µ, the corresponding standard deviations σ, the root mean squared er-
rors in regards to the optimal response of 1, σRMS, defined by equation (6.19), and the
minimum and maximum responses. The prediction slightly overestimates the mean
responses for all dose conversion factor types. For dose measurements, underestima-
tions are more dangerous as possible damages due to an exposure to the bearer of
a dosemeter are understated. The energy correction does not influence deviation σ

much but improves σRMS. For H∗(10), H′(0.07) and Ka the improvements of σRMS are
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Dose type µ σ σRMS min. max.

H∗(10) 1.021 0.013 0.025 0.989 1.046
H∗(10) (corr.) 1.004 0.014 0.014 0.969 1.028

H′(0.07) 1.024 0.016 0.029 1.000 1.058
H′(0.07) (corr.) 1.004 0.020 0.021 0.948 1.032

Ka 1.030 0.022 0.038 0.994 1.079
Ka (corr.) 1.009 0.023 0.025 0.941 1.045

Table 6.7.: The statistical quantities of the dose response curves of figure 6.34 (b) for the
R-series measurements. Included are the mean responses µ, the correspond-
ing standard deviations σ, and the root mean squared errors in regards to
the perfect response of 1, σRMS. Additionally, the minimum and maximum
responses are listed.

44%, 27.6%, and 34.2%. The minimum and maximum deviations for all dose conver-
sion types are within the limits of [−1.1%, 7.9%] for uncorrected and [−5.9%, 4.5%]
for corrected measurements. Under the assumption that photon fluence can be deter-
mined with perfect accuracy, the error on the estimated dose corresponds to the error
of the dose conversion factors.

6.5Energy corrected spectrum deconvolution

The energy correction of equation (6.18) is applied to the input data of the decon-
volution network to evaluate the R-series measurements. Figure 6.35 illustrates the
predicted photon spectra fpred(E) for an uncorrected (a) and corrected (b) input as
dashed lines. The solid lines represent the corresponding simulations ftrue(E).

The colours of the lines represent the indices of the R-series spectra according to the
colour bar. The bottom plots depict the relative deviation of true spectra ftrue(E) and
predicted spectra fpred(E) according to equation (6.9). The agreements of the energy
corrected predictions are improved compared to the uncorrected predictions, espe-
cially for energies close to the kVp-values of the spectra. Here, the relative deviations
of the energy corrected prediction have a positive sign. Small peaks are discernible,
indicating slight underestimations of kVp. Their amplitudes are reduced in compar-
ison to the uncorrected predictions. For the rising parts of the spectra, the relative
deviation of uncorrected and corrected predictions is similar. The correction shows a
small improvement for spectra with lower mean energies.

The median of the relative deviations of figure 6.35 is used to quantify the benefit
of the energy correction. The median instead of the mean is chosen as mainly the
deviation in the spectra’s central regions is concerned, i.e. excluding the rising parts
and the values close to the kVp-values. The median relative deviations for corrected
and uncorrected predictions are depicted as a function of the R-series spectra’s mean
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(a) Without energy correction
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(b) With energy correction

Figure 6.35.: The predictions of the deconvolution network for R-series measurements.
For inputs without energy correction in (a) and with energy correction
in (b). The dashed lines represent the predicted photon spectra fpred(E)
and the solid lines the true spectra ftrue(E) obtained from simulations.
The colour of the curves corresponds to the index of the R-series spectra
according to the colour bar. The bottom plot shows the relative deviation of
true spectra ftrue(E) and predicted spectra fpred(E) calculated via equation
(6.9).

205



6. Spectroscopy and quality assurance of X-ray tubes

40 50 60 70 80 90 100 110

0.15

0.10

0.05

0.00

0.05

0.10

M
e
d
ia

n
 r

e
la

ti
v
e
 d

e
v
ia

ti
o
n

uncorrected

corrected

Mean photon energy (keV)

(a) Median relative deviation

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

K
S
 s

ta
ti

s
ti

c

uncorrected

corrected

40 50 60 70 80 90 100 110

Mean photon energy (keV)

(b) Kolmogorov-Smirnov statistic

Figure 6.36.: (a) shows the median of the relative deviations of the curves in the bottom
plots of figure 6.36 for uncorrected and corrected predictions. The x-axis
corresponds to the mean energies of the R-series spectra. (b) shows the
Kolmogorov-Smirnov statistic according to equation (6.10) for the same
data as in (a).

energies in figure 6.36 (a). The small peaks in the regions of about 25 keV of the top
plots in figure 6.35 are excluded. These are predicted due to Sn-fluorescences of the
surroundings in the measurements and would lead to a falsification of the curves of
figure 6.36 (a). The median relative deviation shows an improvement for almost all of
the R-series spectra.

Additionally, a Kolmogorov-Smirnov test is made to analyse the agreement of sim-
ulations and predictions. A description of the test is established in section 6.3.4. The
Kolmogorov-Smirnov statistic for the corrected and uncorrected predicted spectra re-
garding the simulation is depicted in figure 6.36 (b). The null hypothesis that two
samples, one from a simulated and one from a predicted spectrum, originate from a
common distribution is made. The hypothesis is rejected for a level of α = 5% if the
Kolmogorov-Smirnov statistic exceeds the limit Dα = 0.175, calculated via equation
(6.11). For all evaluated spectra, the null hypothesis is accepted. Additionally, an
improvement of the statistic for almost all R-spectra is present, corresponding to the
median relative deviation of figure 6.36 (a). In conclusion, the deconvolution network
with energy correction applied can precisely predict photon spectra from measure-
ments.

6.6Photon fluence estimation

The previous sections described the estimation of the shape of a photon spectrum of
an X-ray tube. The corresponding photon fluence is estimated in the following. Using
this result to scale the determined shape allows to fully describe the spectrum. The
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6.6. Photon fluence estimation

photon detection efficiencies ε of the Dosepix detectors with different filters installed
are known from simulation. The efficiencies describe the fraction of registered events
N and photon fluence Φ as a function of energy E, i.e.

ε(E) =
N

Φ
(E), (6.20)

depicted for the filtered Dosepix detectors in figure 6.15. The photon fluence Φ for
Ntot registered events can be calculated by using the spectrum f (E) predicted via the
deconvolution network and the relation

Ntot

Φ
=

∫

dE ε(E) · f (E)
∫

dE f (E)
=

⇔ Φ = Ntot ·
∫

dE f (E)
∫

dE ε(E) · f (E)
. (6.21)

Here, the efficiency ε(E) corresponds to the detector which registered Ntot events.
Instead, a direct approach with a new convolutional network is made to circumvent
possible errors introduced by the deconvolution network. Effectively, this network will
then predict a measure proportional to the inverse of the convolution of the photon
detection efficiency ε(E) and a photon spectrum f (E).

There are multiple applications of the predicted photon fluence information. The
standard procedure to estimate dose with Dosepix detectors is to calculate a weighted
sum of registered events in Dosi-mode and corresponding dose conversion factors.
The predictions of the networks require a different approach. The characteristics net-
work predicts the conversion factors from fluence to dose D

Φ
. A combination with

the predicted fluence Φ allows an estimation of the doses D. Via this method, de-
tails about the dose-prediction with Dosepix are revealed, helping to break down the
contributions of dose conversion factors D

Φ
and fluence Φ.

Another application of fluence estimation is its combined use with the spectrum
deconvolution. The prediction of the initial photon spectrum only returns the shape
of the energy distribution, which can then be scaled along the y-axis to represent
photon fluence Φ.

6.6.1 Network design

The neural network takes the measured response spectra of three Dosepix detectors
as its input. The detector setup depicted in figure 6.9 is used. Instead of predicting
the fluence directly, attention about the normalisation of the input and output data
is required. The input spectra’s distributions should be normalised in the same way,
as a bias is introduced otherwise. Each input spectrum is normalised to its sum,
denoted by N. Since the input is normalised by N, the corresponding fluence has to
be normalised with the same factor so the network will output the normalised fluence
Φ̂ = Φ

N . This eliminates the dependence on the number of registered events while
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6. Spectroscopy and quality assurance of X-ray tubes

the dependence on the photon spectrum remains. After predicting Φ̂, fluence Φ is
obtained by multiplying it with the number of registered events N.

For the estimation of the normalised fluence Φ̂ an independent convolutional neural
network is used. Instead of predicting a single value, the normalised fluence for
each detector is predicted independently. The output of Φ̂ for each detector allows
for agreement studies of measurements and simulations for the differently filtered
Dosepix detectors. The three detectors’ results are combined in a sum by weighting
them with the corresponding relative number of registered events. This decreases the
influence of detectors with a large statistical error.

Figure 6.37.: The convolutional neural network for the determination of three nor-
malised fluences, each corresponding to a Dosepix detector. The input
consists of the concatenation of the detectors’ response spectra corre-
sponding to measurements of an X-ray tube. Yellow blocks represent
convolutional layers, and purple blocks dense layers. Dark regions at the
ends of the blocks indicate the usage of activation functions. The image is
created using [58].

Figure 6.37 depicts the convolutional neural network’s design for the prediction
of the normalised fluences. The input consisting of three concatenated Dosepix re-
sponse spectra is followed by five convolutional layers, represented by yellow blocks
and using same-padding each. The first three layers have kernel sizes of 3 x 3, to
find correlations in the data of the three detectors. This helps to establish internal
representations of photon spectra, related to the desired fluence output via equation
(6.21). The dimension along the bins is halved from layer to layer by utilising a stride
size of 2. Additionally, the filter-size is doubled. The activations of the last two layers
are combined along the detector dimension. Afterwards, the layer is flattened, and its
dimension is reduced by 4 dense layers, shown in purple, to the final output size of 3.
All layers use a ReLU-activation function, except the last one, which uses an absolute
function to ensure positive values.

6.6.2 Training and validation data generation

The basis of the training dataset is the same as the ones used for the deconvolution-
and characteristics networks before. The input data consists of the three Dosepix re-
sponse spectra, while the labels comprise the normalised fluences. The initial photon
spectra f (E) are used to calculate the corresponding fluences Φ via equation (6.21).

208



6.6. Photon fluence estimation

Figure 6.38.: The distributions of the normalised fluences Φ̂ of the label data for 50k
samples of the validation dataset. The titles of the plots correspond to the
filters of the Dosepix detectors. The dashed lines indicate the mean values
of the distributions.

The response spectra are normalised to their number of registered events each. These
normalisation factors are applied to the fluence, providing the normalised fluences Φ̂

for each detector representing the label. The distributions of Φ̂ are depicted for 50k
samples of the validation dataset in figure 6.38. The titles of the plots correspond to
the filters of the Dosepix detectors. Dashed lines represent the mean values of the
distributions listed in table 6.8.

The labels are also normalised with the means µ of their distributions to reduce
biasing of the network. After prediction, the normalisation factor has to be applied
to provide the actual value. The distributions for the Vac and Al detectors are simi-
lar in shape, as the Al filter’s attenuation mainly impacts low energy photons. The
distributions of figure 6.38 mostly differ for low normalised fluences. The minimum
values of the Al detector are larger than the ones of the Vac detector. This is due to
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Dosepix type µ (1 / cm2)

Vac 460.67
Al 595.75
Sn 9840.37

Table 6.8.: The mean normalised fluences µ of the distributions of figure 6.38 for the
different Dosepix detector types. The types correspond to the filters of the
detectors.

the number of registered events N, which is lower, the higher the filter’s attenuation.
This is evident for the Sn detector whose normalised fluences are larger than those of
the other detectors, also reflected by the mean µ of the distribution.

6.6.3 Training process

The datasets consist of 800k samples for training and 150k samples for validation. The
batch size is set to 1024 samples. A mean squared error LMSE is used as loss function.
Figure 6.39 depicts LMSE for training and validation of the network for five epochs.

0 1 2 3 4 5
Epoch

10 4

10 3

10 2

10 1

100

L M
SE

Training
Validation

Figure 6.39.: The mean squared error LMSE as a function of epochs for the training and
validation of the network to determine normalised fluences Φ̂.

The network converges like expected and shows no signs of overfitting. After the
training, the predictions of the network are validated. Figure 6.40 (a) depicts the ratio

X of the predicted and true normalised fluences, i.e. X =
Φ̂pred

Φ̂true
, for the three detectors.
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6.6. Photon fluence estimation

(a) Ratio X of predicted and true values (b) Relative deviation of predicted and true values

Figure 6.40.: (a) depicts the ratio of predicted and true normalised fluences X =
Φ̂pred

Φ̂true

for each detector. (b) shows the relative deviation to the perfect response,
|X − 1|. The titles of the plots indicate the filters of the detectors. Dashed
lines represent the mean values of the distributions, and dash-dotted lines
the corresponding standard deviations.

(b) shows the deviation from a perfect response defined as |X − 1|. The titles of the
plots correspond to the filters of the Dosepix detectors. The dashed lines indicate
the mean values of the distributions, the dash-dotted lines in (a) the corresponding
standard deviations. The statistical quantities of the distributions are listed in table
6.9. µ and σ correspond to the means and standard deviations in (a). µrel denotes the
means in (b).

Dosepix type µ σ µrel

Vac 1.014 0.026 0.022
Al 1.007 0.016 0.012
Sn 1.005 0.016 0.013

Table 6.9.: The means µ and standard deviations σ for the distributions of the nor-
malised fluences in figure 6.40 (a). The mean µrel corresponds to the dis-
tributions in (b). The values are denoted for the three Dosepix detectors,
indicated by their filters.

The mean values µ reflect that the network slightly overestimates the normalised
fluences. Similar to the prediction of the dose conversion factors before, an overes-
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6. Spectroscopy and quality assurance of X-ray tubes

timation is considered to be more conservative regarding dose measurements. Here,
the risk of undervaluing the harmfulness of irradiation of the bearer of a dosemeter is
reduced. The standard deviations σ represent the deviations from the means µ, which
are 1.6% and 2.6%. Since the values are not normally distributed, µrel gives a better
representation of the deviation from the perfect response at 1. It shows deviations in
a range of 1.2% to 2.2%. The distributions of the relative deviations of figure 6.40 (b)
indicate that the responses mostly vary within a range of about 5%. In conclusion, the
network is able to predict the fluence normalisation factors for all detectors with high
precision.

6.6.4 Results

Since the prediction of the normalised fluences works well for validation data, the net-
work’s performance is tested with measurements. The previously introduced R-series
spectra are used for this task (see section 6.3.4 for their definition). In the following,
no energy correction is applied to the data as there is no significant influence on the
network’s predicted values.

Actual photon fluences are required to judge the quality of the predictions. These
cannot be measured directly, and therefore, another measure is introduced - the air
kerma rate. It is acquired via Dosimax Plus, a semiconductor detector for dosimetry
applications made by IBA dosimetry [9]. Employing the RQX-sensor, air kerma with
uncertainties below 5% according to IEC 61674 [82] are acquired. This detector is
placed close to the Dosepix detectors to ensure irradiation with the same photon
fluence. The devices must not shield each other from radiation which would falsify
the measurements. The prediction via the network provides the normalised fluences
Φ̂ for each Dosepix detector. These are multiplied with the number of registered
events N per detector to provide the fluence Φ. Fluence Φ is multiplied with the
conversion factor of fluence to air kerma Kair

Φ
, depicted in figure 6.26, to determine

the corresponding air kerma Kair. The factor predicted via the characteristics network
is used, i.e. the air kerma prediction is independent of any external measures. The
Dosepix detectors are irradiated for about 23 s in measurements. The value of Kair is
divided by this time to obtain the air kerma rate K̇air. It is possible to estimate the
irradiation time via Dosepix itself, but the time resolution is limited by the readout
time for a frame. Instead, a fixed time is used for the measurements as this increases
the precision.

Figure 6.41 shows the predicted dose rates for each Dosepix, denoted by the fil-
ters in the legend, and those measured with Dosimax Plus, denoted as „True“, for the
R-series measurements. The x-axis corresponds to the mean energies of the initial pho-
ton spectra. The predictions for the Dosepix measurements are named and coloured
according to the legend. The dashed line is the weighted mean of the detector values,
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(a) Predicted and true air kerma rates
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(b) Responses of predicted and true air kerma rates

Figure 6.41.: (a) depicts air kerma rates predicted via the network for R-series measure-
ments. The x-axis corresponds to the mean energies of the initial photon
spectra. The red curve reflects the actual rates measured with Dosimax
Plus. The colours of the curves correspond to the filters of the Dosepix
detectors according to the legend. The dashed line reflects the weighted
mean of the dose rates of the detectors. (b) illustrates the fractions of the
predicted and true air kerma rates. The dashed line corresponds to the
perfect response of 1.

i.e. the air kerma rate

K̇air,mean =
1

∆t
· ∑i Ni · Φ̂i

∑i Ni
· Kair

Φ
(6.22)

where index i ∈ {Vac, Al, Sn} corresponds to the filters of the Dosepix detectors. ∆t

is the measurement duration, Ni are the registered events, Φ̂i are the predicted nor-
malised fluences and Kair

Φ
is the conversion factor from fluence to air kerma shown

in figure 6.26. The responses in figure 6.41 (b) reflect the fractions of the predicted
and actual values for the dose rates in (a). The predictions for the Vac and Al detec-
tors show a good agreement while the Sn detector does not. The highest deviations
are present for low photon energies for all detectors. If the network was designed
to provide a single normalised fluence directly, each detector would have the same
influence, which would lead to a large mismatch of predicted and actual values for
small mean energies.

Statistical quantities for the responses are listed in table 6.10. µ reflects the mean
responses with corresponding standard deviations σ. µ1/2 resembles the median. Ad-
ditionally, the minimum and maximum responses are stated for the different Dosepix
types corresponding to the filters of the detectors. The mean values µ indicate an
overestimation of the predicted dose rates on average. The deviations from this mean
are reflected by the standard deviations σ and strongly depend on the Dosepix type.
The deviation for the Sn detector is about 4 to 6 times larger than for the Vac and Al
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Dosepix type µ σ µ1/2 min max

Vac 1.098 0.131 1.114 0.960 1.453

Al 0.973 0.096 1.024 0.938 1.254

Sn 1.081 0.575 1.444 0.937 2.470

Mean 1.035 0.127 1.084 0.962 1.401

Table 6.10.: Statistical quantities of the air kerma rate responses for the R-series mea-
surements of figure 6.41 (b). µ and σ reflect the means and corresponding
standard deviations. µ1/2 represents the median. Also, the minimum and
maximum responses are included. The Dosepix type corresponds to the
filters of the detectors. The row labelled „Mean“denotes the weighted mean
of the dose rates of all detectors.

detectors. These discrepancies for the Sn detector for low photon energies are mostly
due to mismatches of the used filter in simulations and measurements. Even small
variations in material density and thickness influence the number of registered events.
The weighted mean of the air kerma rates K̇air of the detectors is used. The corre-
sponding responses lie within a range of [0.962, 1.401]. The systematic uncertainty of
Kair has to be confined within 5% according to IEC 61674 [82]. The measurements with
mean photon energies below about 55 keV exceed this limit, while data for the remain-
ing energy range is within limits. The presented responses are calculated under the
assumption of perfect Dosimax Plus measurements. However, these also underline
uncertainties of < 5%. Measurements with well-defined photon field qualities and si-
multaneous acquisitions of the corresponding air kerma have to be made to evaluate
the Dosepix system’s performance fully. An air kerma correction can be performed
via the mean photon energy of a predicted spectrum of the deconvolution network
using the air kerma response as a function of the mean photon energy of figure 6.41.
Additional to air kerma, the doses H∗(10) and H′(0.07) can be calculated which will
show similar responses as the conversion factors determined in section 6.4.5 varied
only within 6%. The deviations are sufficiently small for dosimetry applications as
the responses have to be confined within a range of [0.71, 1.67] according to PTB [83].

In the following, the fluence is examined directly as a measure of the network’s pre-
diction performance. The predicted mean fluences are compared to those calculated
from Dosimax Plus measurements. Dosimax provides the air kerma rate K̇air which is
transformed to fluence Φ via

Φ = K̇air · ∆t ·
(

Kair

Φ

)−1

. (6.23)

Here, ∆t is the measurement duration and Kair
Φ

the fluence to air kerma conversion fac-
tor calculated via the simulated X-ray tube photon spectrum and equation (6.12). Fig-
ure 6.42 (a) illustrates the results of the photon fluence predictions. Only the weighted
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(a) Predicted and true fluences
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(b) Response of predicted and true fluences

Figure 6.42.: (a) depicts the predicted and true fluences for the R-series measurements.
True values, reflected by a dashed line, correspond to converted air kerma
rate measurements of Dosimax Plus. The prediction, as solid line, repre-
sents the weighted mean of the predictions of the single Dosepix detectors.
(b) resembles the response of predicted and true values in (a). The x-axes
of the plots denote the mean energies of the photon spectra.

mean of the detectors is used. The dashed line, labelled „True“, corresponds to the
values measured via Dosimax. (b) resembles the responses of the fluences in (a). The
x-axes of the plots represent the mean energies of the R-series spectra. The trends of
the curves are similar to those of figure 6.41 for the air kerma rates. The agreement
of predicted and true values is best for mean photon energies greater 50 keV. The
discrepancy increases with decreasing mean energy, leading to an overestimation of
the predicted fluence. The statistical quantities of the responses in figure 6.42 (b) are
listed in table 6.11.

µ σ µ1/2 min max

1.052 0.118 1.011 0.947 1.356

Table 6.11.: Statistical quantities of the fluence responses of the R-series measurements
of figure 6.42 (b). µ and σ are the mean and corresponding standard
deviation. µ1/2 represents the median. Also, the minimum and maxi-
mum responses are included. Only the weighted mean of all detectors is
considered.

The mean and median indicate a tendency of overestimation. All responses lie
within a range of [0.947, 1.356]. Comparing these responses to the previously deter-
mined range for the air kerma rate of [0.962, 1.401] shows that the deviations are sim-
ilar. The error on the predicted dose almost entirely depends on the precision of the
predicted normalised fluence. The results of the characteristics network for the dose
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conversion factors only show small deviations from true values. As a consequence, the
shapes of the simulated response spectra agree well with reality. The agreement of
simulation and prediction of the deconvolution network further approves this. In the
trainings of the characteristics and deconvolution networks, the number of registered
events is never utilised as the inputs and outputs do not depend on this measure. This
is different for the network predicting the normalised fluences. There is an overpredic-
tion of registered events, especially for low photon energies, which can be attributed
to uncertainties in the simulated responses used in training. This was also observed
in section 3.2.6.

The fluences provided from Dosimax Plus measurements are utilised to calculate
the photon detection efficiencies ε of the Dosepix detector. They are a measure for
the number of registered events N per photon fluence Φ according to equation (6.20).
Figure 6.43 (a) depicts these measured efficiencies as solid lines, along with the ef-
ficiencies provided from simulations of mono-energetic radiation sources as dashed
lines. The sources in measurements are broad spectra, and their mean photon ener-
gies are used to indicate the efficiencies. Therefore, their data can only approximately
be compared to the simulated efficiencies for monoenergetic sources.
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(a) Measured and simulated detector efficiencies
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(b) Response of measured and simulated detector
efficiencies

Figure 6.43.: (a) depicts the photon detection efficiencies ε according to equation (6.20).
Solid lines represent measurements, dashed lines simulations. The colours
correspond to the filters of the Dosepix detectors according to the legend.
(b) shows the responses of the curves in (a), i.e. the fraction of measured
and simulated efficiencies. The x-axes of both plots correspond to the
mean energies of the R-series spectra.

Figure 6.43 (b) depicts the response, i.e. the fraction of measured and simulated
efficiencies in (a). The dashed line additionally indicates a perfect response of 1. The
trend of the measured and simulated efficiencies is similar. There is an offset between
the curves that increases with decreasing mean photon energy. The responses for
energies greater than 60 keV are almost flat and show a good agreement. There are
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6.7. Conclusion

discrepancies in the simulation for photons of lower energies. This energy range is
challenging to model in the simulation as any material attenuates low energy photons.
Slight deviations in thickness of an object lead to large differences in the detectors’ reg-
istered events. The measurements of figure 6.43 can be utilised to adjust the training
data to calibrate the network in regards to fluence prediction. This correction has to be
applied in the generation of simulated responses by using modified photon detection
efficiencies. A different approach is to use the determined relation of photon fluence
and mean photon energy of figure 6.42. Via the mean energy of the predicted photon
spectrum f (E), the predicted fluence can be corrected.

6.7Conclusion

The goal of this chapter was the deconvolution of X-ray tube spectra. Deposited en-
ergy spectra measured with a setup consisting of three Dosepix detectors are used
to determine a corresponding initial photon spectrum of an X-ray tube. This was
achieved by implementing various methods. First, the detectors are operated with
shifted bins in Dosi-mode. Using this technique, a dead-time free measurement of
deposited energy spectra is possible. However, this approach results in a slightly
worse energy resolution in comparison to ToT-mode, which was considered in the
simulation. Detector responses for various photon spectra were simulated. They were
generated by varying the current and voltage of an X-ray tube and applying filters
of different materials and thicknesses. The simulated data were used to train a con-
volutional neural network. Its task is to determine the photon spectrum from mea-
surements. Simulations of the X-ray tube spectra were compared to the output of the
network. Good agreement was achieved for tube voltages of up to about 60 keV. For
larger voltages, discrepancies between simulations and predictions were present due
to inaccuracies in the energy calibrations of the detectors of the setup. Another neural
network predicting characteristics of a photon spectrum was trained. These charac-
teristics include the kVp-value, i.e. the voltage set on the X-ray tube. A function was
optimised to perform an energy correction by rescaling the input spectra’s deposited
energy axis to determine proper kVp-values. This rescale-function was used to cor-
rect the inputs of the deconvolution network, which then was able to predict photon
spectra in good agreement with the simulation for the used voltage range of 40 keV to
120 keV.

The outputs of the networks to determine the photon spectra’s characteristics in-
clude the half-value layer, conversion factors from photon fluence to dose equiva-
lents, and photon fluence. The results are promising, especially when using the kVp-
corrected input spectra. The deviations of the responses for HVL lie within a range of
10% for aluminium and 20%, those for the conversion factors within 6%. For the deter-
mination of photon fluence, discrepancies for lower photon energies are present. The
fluence was determined for each detector separately at first. The responses strongly
depend on the used filter material of a detector. The values were combined and
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weighted with the number of registered events. The determined deviation for the
photon fluence response lies within a range of 5% for mean photon energies greater
about 55 keV. For lower energies, the deviation increases, revealing a mismatch in
the number of registered events for simulation and measurements. As established in
chapter 3, this is mainly due to the difficulty to simulate Dosepix responses for low en-
ergy photons. The agreement for the conversion factors from fluence to dose is good
and mostly depends on the agreement of the shape of the deposited energy spectra.
Therefore, it is concluded that the simulation resembles the shape correctly but not the
photon fluence for low energies. A method was introduced to determine the photon
detection efficiency of Dosepix from measurements. Applying this method, a correc-
tion of the efficiency is possible, ultimately leading to a correction of the measured
fluence. The performance of the networks in regards to the mean energies of vari-
ous photon spectra was analysed. The determined responses in combination with the
predicted mean energy from the characteristics network can also be used to perform
corrections.

In summary, a system of Dosepix detectors is able to determine various charac-
teristics of a photon spectrum. The measurement duration can be short due to the
dead-time freeness of the detectors. The characteristics include the photon fluence,
half-value layers, and various doses. These results are comparable to established qual-
ity assurance systems. Additional measurements and analyses of the Dosepix system
are required to prove this further. However, the proposed system’s unique feature is
its ability to reconstruct the shape of the input spectrum scaled with the correspond-
ing photon fluence. Since the resulting detector setup is small, it is easily applicable
in quality assurance of an X-ray tube or to characterise unknown sources.
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7. Dosepix characteristics for high photon flux conditions

Previous chapters involved the operation of Dosepix in low flux photon fields. It was
established that the detector operates well under these conditions. However, there
are indications for problems when dealing with high photon flux. Under these cir-
cumstances, the detector’s event rate reaches levels where pulses in the analogue elec-
tronics superimpose, leading to so-called pile-up. Methods are introduced to model
this unwanted effect. This requires a thorough understanding of the analogue hard-
ware of Dosepix and a calibration method to describe the behaviour of an individual
detector accurately. The model is evaluated via low photon flux measurements and
applied to high flux data afterwards. It reveals that the analogue electronics’ thresh-
old or baseline voltage is shifting as the detector’s event rate increases. This variation
is analysed, and a correction method is implemented by changing the threshold level.
Increasing the photon flux even further reveals an issue of Ikrum variation. Its change
is analysed and applied in simulations to increase the agreement to measurements.
High photon flux capabilities are important for dosimetry with pulsed photon fields
and especially for the previously introduced spectroscopy of X-ray tubes. This chapter
concerns a description of Dosepix at hardware level. A thorough understanding of the
detector’s inner workings is established, allowing to judge applicability to measure-
ments. Additionally, the introduced threshold correction allows for measurements
with a minimsed distortion of a registered spectrum.

7.1Analogue circuit and pulse shape model

A mathematical model is required to describe the voltage levels within the analogue
electronics of a pixel of a Dosepix detector. Section 2.1.1 provides a brief introduction
of these signals. The analogue circuit depicted in figure 7.1 is described in the follow-
ing. The schematic is based on the design established in [5], which itself is based on
the concept for a pixel detector introduced in [84]. Some simplifying changes are ap-
plied to the original design. The circuit’s polarity is mirrored and works with positive
signals which is easier to present and interpret. The leakage current compensation
is exchanged with an analogous constant current source of Ikrum

2 . This exchange is
reasonable under the assumption that the compensation works correctly at all time.
An additional filter section is added to model undershoots of pulses like observed in
simulations of Dosepix [5].

The names introduced within the schematic of figure 7.1 are used in the following.
The goal is a function which returns an output voltage Uout,filt for an input signal at
Uin as a function of time. Uout,filt represents the analogue pulse shape signal. It is
compared to a threshold voltage UTHL to determine the corresponding ToT values.
The main parts of the circuit are a charge sensitive amplifier which integrates the
current at the input via capacitor Cf, a constant current Ikrum which discharges this
capacitor, and a filter section attached to Uout which describes the undershoots of the
pulse shapes.
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7.1. Analogue circuit and pulse shape model

Figure 7.1.: The schematic of a charge sensitive amplifier corresponding to the analogue
electronics of Dosepix. All notations correspond to the equations in the text.
Close to the output, resistors and capacitors are described by combining
their values to time constants τ indicated by the bounding boxes. The
circuit is based on [5, 84].

Iin

Uin

Cf

CL

Uout

(a) Op-amp section

IinUin Cf CL

UoutUd

Rd

Ri

aUd

(b) Op-amp equivalent circuit

Figure 7.2.: (a) represents the op-amp section of the schematic of figure 7.1. (b) shows
the corresponding equivalent circuit [85]. A detailed explanation is pre-
sented in the text.

Figure 7.2 (a) shows the functioning of the op-amp section of the charge sensitive
amplifier. It is described by using the equivalent circuit diagram of figure 7.2 (b) [85].
Ud represents the voltage at the negative input of the op-amp with an input resistance
of Rd. The op-amp is assumed to be ideal, which means this resistance is infinite
and can be neglected. The internal resistance at the output is named Ri. The op-
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7. Dosepix characteristics for high photon flux conditions

amp amplifies the voltage Ud by a factor a, called the gain, indicated by the constant
voltage source aUd. A load capacitance CL at the output of the op-amp is present. A
current Id is provided by aUd, described via

Id =
aUd

Ri
. (7.1)

The currents cancel each other at their common knot, corresponding to

Id = Iin + IL + Iout. (7.2)

Under the assumption that the output is not drawing any current, i.e. that it is
buffered from the filter section in-between Uout and Uout,filt, depicted in the schematic
of figure 7.1, Iout = 0. The voltage Uf at capacitor Cf is described via two relations.
First, it resembles the difference of the potentials of Ud and Uout. Second, Cf is charged
or discharged via input current Iin. This results in equation

Uf = Uout − Ud =
∫

dt
Iin

Cf
. (7.3)

Equations (7.2) and (7.3) together with the relation of the current through capacitor
CL, IL = CL

d
dtUout [86], are combined to yield

Id = Iin + IL

⇔ aUd

Ri
= Iin + CL

d
dt

Uout

⇔ a

Ri

(

Uout −
∫

dt
Iin

Cf

)

= Iin + CL
d
dt

Uout. (7.4)

The equation is simplified under the assumption of no output capacitance CL and an
infinite gain a to show its function:

Iin =
a

Ri

(

Uout −
∫

dt
Iin

Cf

)

⇔ Rin · Iin

a
= Uout −

∫

dt
Iin

Cf

a→∞⇔ Uout =
1
Cf

∫

dtIin.

The result corresponds to an integration of the input current Iin via capacitor Cf. Equa-
tion (7.4) will still be used in the following. Performing an additional time derivative
results in

d2Uout

dt2 =
a

CL · Ri
· dUout

dt
− a

Ri · CL · Cf
· Iin −

1
CL

· dIin

dt
. (7.5)
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7.1. Analogue circuit and pulse shape model

This differential equation describes the output voltage Uout as a function of time. It in-
cludes constants describing the behaviour of Dosepix and the input current Iin, which
is analysed in more detail in the following.

An energy deposition within the sensor of Dosepix results in a short charge pulse
Q at the input capacitance Cdet of the analogue electronics. Together with the input
resistance Rdet, this resembles an RC time constant of τdet = RdetCdet. The input
current is described via

Iin =
Uin

Rdet
· exp

(

− t

τdet

)

− I = (7.6)

=
Q

τdet
· exp

(

− t

τdet

)

− I,

where the relation for the input voltage Uin = Q
Cdet

is used. Current Iin includes a
current I, which opposes the pulse originating from the input charge. It is described
by evaluating the knot at the input of the charge sensitive amplifier in figure 7.1 via

I =
Ikrum

2
− IDS3 (7.7)

and represents the difference of the constant current source of magnitude Ikrum
2 , rep-

resenting the leakage current compensation, and the drain-source current through
MOSFET T3, IDS3. The assumption that the MOSFET always operates in linear-mode
is made, which is valid by adjusting Ufbk accordingly. IDS3 depends on the state of
MOSFET T4. The drain-source currents of the MOSFETs depend on each other due to
the constant current source Ikrum, resulting in

Ikrum = IDS3 + IDS4. (7.8)

For the MOSFETs themselves, a simplified model is used in the following. IDS3 is
described via [87]

IDS3 = K · (UDS3 − Ud) ·
(

(UDS3 − Ufbk − UTh)−
1
2
· (UDS3 − Ud)

)

, (7.9)

where K is a material dependent parameter representing the characteristics of the
MOSFET and UTh is the threshold voltage which also depends on the material. The
model describes the region the MOSFET operates in. As stated before, the MOSFET
will always be in the linear region which is the case if UDS3 − Ufbk ≥ UTh and UDS3 −
Ufbk − UTh > UDS3.

MOSFET T4 connects to Udd with its drain and to UDS3 with its source. Under the
assumption that T3 and T4 are structurally identical, they share the same values for K

and UTh. This leads to the equation for the drain-source current of T4 [87]

IDS4 = K · (UDS3 − Udd) ·
(

(UDS3 − Uout − UTh)−
1
2
· (UDS3 − Udd)

)

. (7.10)
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7. Dosepix characteristics for high photon flux conditions

The voltage signal Uout at the output of the op-amp, controls the current IDS4. Ac-
cording to equation (7.8), IDS3 also varies with Uout. Two states of MOSFET T4 are
distinguished in the following. It is „off“ if the gate-source voltage is smaller than the
threshold voltage UTh. In this case, no drain-source current is present, i.e. IDS4 = 0. If
the gate-source voltage is larger than the threshold voltage, the MOSFET is „on“. The
off-state is represented by a voltage UTHL, which is the solution of IDS4 = 0 for UDS3

UTHL = −2 · (Uout + UTh). (7.11)

Here, the voltage of Udd is set to 0, which does not change the functioning of the
detector model but helps to simplify its description. The state of T4 is then described
as

MOSFET T4 =

{

on UDS3 ≤ UTHL
off UDS3 > UTHL

(7.12)

If T4 is off, there is no drain-source current IDS4, and the current of IDS3 equals
Ikrum according to equation (7.8). For current I, discharging capacitor Cf according to
equation (7.7), this yields I = Ikrum

2 . This leads to the description of I for the different
states of MOSFET T4 of

I =

{

Ikrum
2 − IDS3 MOSFET T4 on

Ikrum
2 MOSFET T4 off.

(7.13)

Using relations (7.8) and (7.10), equation (7.9) is solved for UDS3 for the different states
of MOSFET T4

UDS3 =










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
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

















1
2
· (−Uout + Ufbk + 2UTh)−

−1
2
·
√

(−Uout + Ufbk + 2UTh)2 + 2 · Ud · (Ud − 2Ufbk − 2UTh)−

− 2
K
· Ikrum

MOSFET on

Ufbk + UTh −
√

(Ufbk + UTh − Ud)2 + U2
Th +

2
K · Ikrum MOSFET off

(7.14)

The equation is used to switch MOSFET T4 according to equation (7.12).
After the output Uout of the op-amp, an additional filter stage to model undershoots

in the pulse shapes as observed in simulations is present [5]. This extension is required
as the op-amp was assumed to be ideal in the previous descriptions. The filter con-
sists of an RC-differentiatior, resembled by R3 and C3, which creates the undershoot.
An additional resistor R2 for pole-zero cancellation is implemented to model the am-
plitude of the undershoot. R2 and C2 are combined to an RC-constant of τ2, R3 and
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7.1. Analogue circuit and pulse shape model

C2 to τ3. Under the assumption the output of the filter draws no current, the ansatz
consists of equations

IR3 = IC2 + IR2 , (7.15)

UR3 = Uout,filt = Uout − U2 (7.16)

where the indices correspond to the components of the schematic in figure 7.1. Voltage
U2 is shared by R2 and C2. Using these equations together with the relation for the
voltage across capacitor C2

U2 =
1

C2

∫

dtIC2 , (7.17)

finally leads to a differential equation describing the filtered output voltage Uout,filt as
a function of Uout

dUout,filt

dt
=

dUout

dt
+

Uout

τ2
− Uout,filt ·

(

1
τ3

− 1
τ2

)

. (7.18)

The simulation of the corresponding analogue voltage signal for a charge deposition
Q in the sensor of Dosepix is desired. This charge is related to the deposited energy
of an ionising electron from an interaction with a photon via

Q = E · e

3.62 eV
, (7.19)

with e the elementary charge and 3.62 eV the average energy required to create an
electron-hole pair for silicon [11].

The solutions of the equations are calculated numerically by employing a Runge-
Kutta fourth-order algorithm. For more information about the algorithm, see for ex-
ample [88]. The solutions of differential equations are performed for fixed time steps
∆ts. The relations are evaluated in a loop, where the current time t corresponds to
t = ∆ts · n, for an iteration n. At the beginning of the loop, output voltages Uout and
Uout,volt are 0 and MOSFET T4 is on. In the iteration, input current Iin is evaluated
via equation (7.6). The differential equation of second order (7.5) is solved for Uout.
Using the result, Uout,filt is evaluated via (7.18). Finally, equation (7.14) is evaluated to
yield UDS3. Equation (7.12) tells if the state of MOSFET T4 has to be switched. After-
wards, a new iteration is started utilising the previously calculated values. During the
calculation of the output voltage, a comparison to a threshold voltage UTHL is made.
Everytime Uout,filt exceeds and undercuts the threshold, the time difference between
the intersections is provided as ToT in units of 10 ns.

In the following, the elaborated model of the analogue electronics of Dosepix is
used to describe measurements. An optimisation of the various parameters of the
model to data is performed.

225



7. Dosepix characteristics for high photon flux conditions

7.2Pulse shape model optimisation to calibration data

For normal operation of a Dosepix detector, i.e. under the irradiation with low photon
flux, a detector can be described via its calibration curve alone (see chapter 4 for more
information). There seldomly is a need to specifically know the exact shape of the
signals of the analogue electronics of the detector. However, for large fluxes, pile-up
occurs, which can only be explained via a description of the analogue electronics. The
previously introduced mathematical model of Dosepix is used in the following. A
detector is described by adjusting the parameters of the model. It is established from
energy calibrations that every detector and every pixel of a detector behave slightly
different. Therefore, the model parameters have to be optimised for each detector
separately to do a proper simulation of the analogue signals. Each pixel has to be
treated on its own if high precision is required. Since every optimisation requires
high computational effort and time, only the average of all pixels is considered. If the
equalisation (see section 2.1.1 for more details) of a detector was performed properly,
this approximation is sufficient as the calibration curves of the pixels are similar then.
The solid lines in 7.3 show the mean calibration curves for different values of Ikrum
for the same detector. Here, the value of Ikrum is stated in units of DAC, where 1 DAC
equals 0.2 nA.
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Figure 7.3.: The mean energy calibration curves, i.e. the average of the calibration
curves of all pixels of the same Dosepix detector for different settings of
Ikrum. The solid lines correspond to the data provided by the calibration
network of chapter 4, while the dashed lines are the results of optimising
the pulse model to the solid lines.
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7.2. Pulse shape model optimisation to calibration data

The analogue pulse shape model depends on 12 parameters. It takes the deposited
energies of events and their times of occurrence as its input and returns an array
of corresponding ToT values. To determine a calibration curve, deposited energies
are varied within a range of [0, 75] keV for a step size of 1.5 keV, and additionally
for energies of {100, 200, 300, 400} keV. Lower energies are analysed in more detail
to better represent the knee’s shape in the calibration curve. Only a few supporting
points are evaluated for higher energies since the curve’s trend is approximately linear
within this regime. Pile-up is prevented by calculating single events.

A Nelder-Mead algorithm [43] is used to minimise the mean squared distance be-
tween the calibration curve provided by the calibration network (see chapter 4 for
more details) and the curve of the pulse shape model. The start parameters of the
model are listed in table 7.1. Ikrum is not listed and instead set to the value used dur-
ing calibration measurements. The current is specified in units of nA for the model.
To keep the parameters as uncorrelated as possible while providing enough degrees
of freedom to properly describe the data, the following values are kept constant: Cf, a,
Ufbk, and UTh. The parameters are chosen heuristically and according to [5].

Cf τdet τ2 τ3 Ufbk

11.11 fF 150 ns 40 µs 67 µs 0

K UTHL UTh a Cl Ri

200 nA/V 30 mV 0 V −214 10 nF 30 Ω

Table 7.1.: The start and constant parameters for the optimisation of the calibration
curves of the pulse shape model to the curves determined via the calibration
network. The value of Ikrum is set to the value used during measurements.

Ikrum (DAC) Ikrum (nA) K (nA/V) UTHL(mV) τdet (ns) τ2 (µs) τ3 (ns) Cl (nF) Ri (Ω)

20 3.947 139.298 21.738 50.637 20.3 424.317 11.902 7.078
40 4.698 134.647 24.866 28.741 3.903 223.234 18.813 5.167
50 6.578 148.094 28.056 26.267 5.37 391.609 13.617 5.685

Table 7.2.: The parameters of the pulse shape model optimised to the calibration curves in
figure 7.3 for different values of Ikrum. The first column corresponds to Ikrum set
in hardware during detector calibration, whereas the second column reflects
the values from optimisation.

The first column of table 7.2, describes Ikrum in units of DAC and corresponds to the
values set during the calibration measurements. The remaining columns represent the
values returned from the optimisation. Some of the parameters vary more than others
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7. Dosepix characteristics for high photon flux conditions

under the variation of Ikrum. The deviation is expected to be small, considering some
parameters describe a constant part of the detector’s hardware. A possible variation
of constant parameters is compensated by the optimised parameters. Also, the used
model is only an approximation of the true analogue electronics, which is sufficient
as long as the pulse shapes are described properly. Especially for the set and fitted
values of Ikrum there is a mismatch. A detailed explanation for this discrepancy is
given in section 7.8.2. When Ikrum is refered to in the following, it always corresponds
to the set value.
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Figure 7.4.: Relative deviation of the calibration curves provided by the calibration net-
work ToTcalib, and the curves from the optimisation of the pulse shape model
ToTpulse, as a function of deposited energy according to equation (7.20).

The calibration curves of the optimised parameters of the pulse shape model are
depicted as dashed lines in figure 7.3. There are discrepancies to the curves from
the calibration network, indicated by the solid lines. While the linear parts seem to
agree well, the knees of the curves have slightly different shapes. For the pulse shape
model, the knee is softer in comparison to the curves of the calibration network. The
function describing the calibration curves is only an approximation as was established
from measurements with test pulses in section 4.1.4. The pulse shape model shows
similar discrepancies as the test pulse measurements before. These dependencies are
depicted in figure 7.4 which shows the relative deviation of

1 − ToTcalib

ToTpulse
, (7.20)
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7.3. Pulse shape model interpolation

where ToTcalib are the values of the network calibration and ToTpulse the values from
the optimisation of the pulse shape model. This further proves that the commonly
used calibration function does not properly describe the conversion from deposited
energy to ToT and that it should only be used as an approximation. Despite the
high deviation for low deposited energies, the function’s precision is still sufficient
for most applications, e.g. dosimetry. Higher accuracy is required for pile-up simula-
tion, especially in the low energy region. Most deposited energy spectra have a bias
towards low energy entries, mostly consisting of charge sharing and Compton scat-
tering events. Many of these events are not registered by the detector since they are
below the detection threshold in measurements for low fluence conditions. However,
simulations show that these events exist and generate a pulse in the analogue electron-
ics of Dosepix. In pile-up simulation, this is important when many low energy events
occur within a short time as their piled-up signal may be large enough to surpass the
detection threshold.

7.3Pulse shape model interpolation

The model, together with the optimised parameters, is used to generate the analogue
signals of a pixel of Dosepix for a series of deposited energies and corresponding
times. Figure 7.5 shows an exemplary output signal, where the detector was used
with Ikrum = 20 DAC. The events consist of deposited energies which increase in
the range of [5, 100] keV with a step size of 5 keV. The times of occurrence of the
events are evenly distributed within a range of [0, 100]µs. The time in the plot is
denoted in units of ToT where 1 ToT = 10 ns. The y-axis corresponds to the voltage
at the analogue electronics’ output Uout,filt. In hardware, this voltage is compared to
the threshold voltage UTHL to determine the ToT-values corresponding to the pulse
widths. The time difference between the events is large enough to show no pile-up.
The figure reflects that the amplitudes of the pulses increase almost linearly with
deposited energy. Additionally, the negative amplitudes of the undershoots increase.

A detailed view of an exemplary pulse shape is depicted in figure 7.6. Here,
Ikrum = 20 DAC and a deposited energy of 50 keV is used. The shape of a pulse’s
rising edge is almost independent of deposited energy, while the falling edge is not.
It consists of a linear decrease beginning at the time of the maximum. It changes to a
more subtle non-linear decrease once a certain voltage is undercut and MOSFET T4 is
in on-state. This part of the pulse shape is essential to be modelled correctly since an
approximation with a linear decrease will result in a wrong shape of the knee in the
energy calibration function.

A calculation of the pulse shapes, as shown in the example of figure 7.5, requires
a high computational effort and, as a consequence, a long computation time. The
model’s differential equations need to be integrated for small time steps to achieve
a high precision of the output voltage. For pile-up simulation, many events are re-
quired to get a ToT spectrum of high statistics. Computation time is reduced by pre-
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Figure 7.5.: The simulation of the output signal Uout of the analogue electronics of a
Dosepix detector for Ikrum = 20 DAC. The deposited energies are linearly
increased from 5 keV to 100 keV. The times of occurence are set uniformly
within a duration of 100 µs.

Figure 7.6.: Pulse shape for a Dosepix detector with Ikrum = 20 DAC for a deposited
energy of 50 keV. Different colours indicate the rising and falling edges of
the shape according to the legend. The dash-dotted line indicates the time
at which the curve reaches its maximum. The dashed line represents the
baseline level.
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7.3. Pulse shape model interpolation

calculating the analogue pulse shapes. When executing the simulation, the shapes
then only need to be looked up. Since deposited energy is a continuous input vari-
able, only the pulse shapes for specific energies are calculated. Figure 7.7 shows these
energies as a function of the deposited energy index, which consecutively numbers
the generated pulses.
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Figure 7.7.: The distribution of deposited energies for the generation of support pulse
shapes which are interpolated afterwards. The first 10 energies are dis-
tributed uniformly and the remaining 100 energies on a logarithmic scale.

The first 10 deposited energies are distributed uniformly within a range of [0, 10] keV.
Another 100 energies are distributed on a logarithmic scale within [1, 1000] keV. This
distribution is based on the deposited energy spectra commonly measured via a
Dosepix detector. For these spectra, low deposited energies have a high probability of
occurring due to effects like charge sharing and Compton scattering. The probability
of a photon interacting via photoelectric absorption with the sensor material decreases
with increasing energies. However, high values are important since they can occur in
the case of pile-up. The time steps of the pulse calculation are chosen to be within
a uniform range of [0, 300]µs for 300k points, i.e. a resolution of 1 ns or 0.1 ToT. The
smaller the step size, the better the approximation of the model solution. However,
computation time also scales with the number of steps. The calculated pulse shapes
are depicted in figure 7.8 for a single Dosepix with different settings of Ikrum indicated
by the titles of the plots. The density plots show the amplitude of signal Uout,filt as
a function of the time since the event’s occurrence ∆tocc, and the deposited energy E.
Finally, the curves are linearly interpolated to return a function f (∆tocc, E).
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Figure 7.8.: Interpolated pulse shapes for a Dosepix detector for different settings
of Ikrum indicated by the titles of the plots. The levels of the pulses are
represented according to the colour bar, i.e. Uout,filt as a function of time
since occurrence ∆tocc and deposited energy E. Negative values of Uout,filt

represent an undershoot of a pulse.

For the simulation of the output signal of the analogue electronics via the interpo-
lated pulse shapes, some requirements have to be fulfilled. It has to be known if the
currently evaluated time corresponds to the increasing or decreasing part of a pulse
shape to speed up the signal simulation. Therefore, each shape is split at its maximum
voltage Umax, which takes place at a time ∆tmax like previously depicted in figure 7.6
indicated by the dash-dotted line. This time’s trend as a function of deposited energy
is shown in figure 7.9. The settings of Ikrum are indicated by the colours according
to the legend. The peak time decreases linearly for deposited energies up to about
40 keV. In this region, MOSFET T4 is permanently on. While the amplitude increases
with energy, the pulse’s peak will narrow down and slightly shift to lower times. For
larger deposited energies, MOSFET T4 stays on at first but switches off once a certain
output voltage is reached. The time of the peak increases approximately logarith-
mically with increasing energy. The curves of figure 7.9 are linearly interpolated to
resemble a function fmax(E) for each value of Ikrum.

Another important feature of the analogue pulses is the peak amplitude as a func-
tion of deposited energy, illustrated in figure 7.10. Three curves, for different settings
of Ikrum according to the legend, are depicted. All curves show a linear trend and are
hardly visually separable since they are almost independent of Ikrum as the current
mostly affects the decreasing part of a pulse. The curves are interpolated with their
axes inverted, resulting in functions famp(y) which return the deposited energy of a
pulse E for a peak voltage level y.
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Figure 7.9.: Peak times ∆tmax the maximum amplitudes of the pulses are reached as a
function of deposited energy E. The colours correspond to the settings of
Ikrum according to the legend.
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Figure 7.10.: The amplitudes of the analogue pulses as a function of deposited energy.
Three curves for different values of Ikrum according to the legend are
depicted.
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7. Dosepix characteristics for high photon flux conditions

In summary, three interpolation functions are defined

• f (∆tocc, E) for the shape of the analogue pulses

• fmax(E) for the time the pulses reach their maximum

• famp(y) the deposited energy E for an amplitude y of a pulse

These functions are combined to efficiently calculate the ToT values corresponding
to a series of deposited energies Ẽ occurring at times t̃. Figure 7.11 depicts a flow
chart of the algorithm used to determine the ToT values. It consists of three major
parts indicated by the lightly coloured backgrounds and the numbers in their top-
left corners. The functioning of the blocks is described in the following. Block 1 is
executed at the start of the algorithm. Here, some variables are initialised to 0. Their
function is described in the following:

• Erm: if another pulse occurs during the rising edge of a first one, the remaining
deposited energy corresponding to the height of the first pulse is stored. See
block 3 for a detailed description of the calculation of Erm

• xtot: the current time of the simulation

• ytot: the current height of the output signal at time xtot

• FTHL: a flag stating if the analogue signal has previously exceeded the threshold
level UTHL

After initialisation, the main loop of the algorithm is started. It uses an index i, which
is compared to the total number of events Nevents in each iteration. If i is greater than
Nevents, the algorithm finishes. Index i is additionally used to get information about
the current event. It has a deposited energy of E which is the sum of the ith entry
from the energy array Ẽ and the remaining energy Erm. The requirement of Erm is
explained in the following. If a pulse has not reached its maximum yet, and another
event occurs, the first pulse’s rising cannot simply be stopped to continue with a
second pulse as this would lead to an underestimation of the amplitude of the final
pulse. Instead, the charge at the input of the analogue electronics has to be considered.
Its value is decreasing while the analogue pulse rises. If a second event occurs, a new
charge is added to the remaining charge of the first event. This corresponds to a sum
of the first event’s remaining energy and the succeeding events’ energy. One extreme
example is two events taking place almost immediately, i.e. with only a small time
difference between them. The events can be considered a single event with an energy
corresponding to the sum of the initial events. For the current event of the loop, the
peak of the corresponding pulse is at a time tmax = fmax(E) in regards to the time
of occurrence of the event. Additionally, the time difference to the succeeding event
is determined by taking the difference ∆t = t̃[i + 1] − t̃[i], where t̃ is the array that
contains the times of occurrence of the events.
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7.3. Pulse shape model interpolation

Figure 7.11.: Flow chart for the algorithm to calculate ToT-values from a series of events
consisting of deposited energies Ẽ occurring at times t̃. The program
is divided into three major blocks. The first one initialises important
variables, starts the main loop over all events and gets the current event.
Block 2 handles the rising edge of the analogue pulse of the event. Block
3 is about the decreasing edge and provides the ToT-value if the pulse
exceeded and undercut the threshold UTHL.
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7. Dosepix characteristics for high photon flux conditions

After initialisation, the rising edge of the currently processed analogue pulse is
considered in block 2. If the time difference to the next event is larger than the peak
time, i.e. ∆t > tmax, a time difference ∆t′ is set to tmax. Otherwise, ∆t′ is set to ∆t

when the next pulse takes place on the rising edge of the current one. The endpoint
of the pulse for time t′ is determined via yend = f (∆t′, E). Its value is added to the
current output level of the analogue signal ytot. If this voltage exceeds the threshold
UTHL, flag FTHL is set. In hardware, this is when the ToT-register begins to count
clock signals. In simulation, the exact time of the intersection of the rising edge of
the analogue pulse and UTHL has to be determined. Here, only the range of [0, ∆t′]
is of interest where all times are specified regarding the time of occurrence of the
event. Instead of evaluating many points of the interpolated pulse signal or searching
for a numerical solution, a more efficient approach is required. First, a fast scan of
the intersection within the desired range for 10 uniformly distributed times x̃THL is
made. The signal levels of the pulse are evaluated via ỹTHL = f (x̃THL, E) + ytot. The
two times minimising the distance |ỹTHL − UTHL| are searched. These are indicated
by indices imin and jmin, which are set so ỹTHL[imin] is larger than UTHL and ỹTHL[jmin]
is lower than it. The corresponding times x̃THL[imin] and x̃THL[jmin] then define the
range the intersection of the rising pulse edge and the threshold UTHL is determined.
The shape of the pulse is considered to be linear within this new region, resulting in
equation

UTHL =
ỹTHL[imin]− ỹTHL[jmin]

x̃THL[imin]− x̃THL[jmin]
· (xTHL,start − (x̃[jmin] + xtot)) + y[jmin]

⇔ xTHL,start = xtot + x[jmin] + (UTHL − y[jmin]) ·
x̃THL[imin]− x̃THL[jmin]

ỹTHL[imin]− ỹTHL[jmin]
,

where xtot is the current time of the pulse shape simulation and xTHL,start the time
since start the ToT-register begins to count clock ticks.

The third block of the algorithm handles the falling edge of the current pulse. The
condition ∆t ≥ tmax checks if there is a falling edge. If this condition is false, the next
pulse takes place on the rising edge of the current one. Then, the remaining energy is
calculated via

Erm = E ·
(

1 − yend

f (tmax, E)

)

.

The function approximates the rising pulse via a linear function and compares the
current level at yend with the peak level of f (tmax, E). Erm is set according to their
fraction. For example, if the pulse is at baseline level, i.e. yend = 0, the remaining
energy is the deposited energy, i.e. Erm = E. Afterwards, the next iteration of the
main loop is executed.

If the next event takes place on the falling edge of the current event, i.e. for ∆t ≥ tmax,
the algorithm proceeds in block 3. The energy Eslope is determined by evaluating
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7.3. Pulse shape model interpolation

the function famp(ytot) which provides the energy corresponding to the current am-
plitude of the peak of the analogue signal ytot. Eslope differs from E if there is
pile-up for the previous event. The endpoint of the pulse of energy Eslope is de-
termined via yend = f (∆t, Eslope). The value is compared with the threshold level
of UTHL. If yend < UTHL and flag FTHL was set previously, an intersection of the
signal and the threshold takes place for the falling edge. The necessity of FTHL is
explained in the following. There is a possibility that the signals of the pulses are
always lower than UTHL, which is the case for events of low deposited energies. All
falling edges of these pulses fulfil the condition yend < UTHL. The flag FTHL en-
sures that the signal exceeded and undercut the threshold level. The intersection of
the signal and UTHL is calculated analogously to the previous description for the ris-
ing edge of the pulse. Only the time range of [tmax, ∆t] is of interest. Instead of
narrowing down this range only once, the process is repeated multiple times until
|min(yTHL[imin], yTHL[jmin]) − UTHL| < 1 · 10−4 mV. The time of the intersection is
denoted as xTHL,end, which corresponds to the time the counting of clock ticks for the
ToT-register is stopped. Finally, the algorithm provides the ToT-value corresponding
to the duration the pulse exceeded the threshold via

ToT =
xTHL,end − xTHL,start

10 ns
,

where the relation 1 ToT = 10 ns is used. Afterwards, the current time and signal level
of the simulation is updated by adding the time difference ∆t to xtot. This completes
the processing of a single event, and the next iteration of the main loop is started.

The benefit of the interpolation algorithm is its speed in comparison to the direct
solution of the differential equations of the model. Intersections with the threshold
are only calculated if necessary, which is checked by evaluating only a single point of
the analogue signal. To finally find the times of intersections, only a few interpolation
evaluations are required while keeping the precision of the ToT determination high.

The algorithm can be adjusted to provide the exact shape of the output signal,
shown in figure 7.12. Each curve consists of events whose times of occurrence are
uniformly distributed within a range of [0, 5000]ToT. The deposited energy per event
is sampled from a uniform distribution within a range of [0, 100] keV. The number
of events increases from top to bottom, i.e. {10, 30, 70, 100}. Dashed lines indicate
the baseline level of the analogue electronics. The dash-dotted lines represent the
threshold level of UTHL. The Uout,filt-axes of the plots do not share the same scale,
i.e. the higher the number of events is set, the higher the amplitudes of the pulses
are. For 10 events, the output signal corresponds to a measurement with low photon
flux. There is enough time for a pulse to reach the baseline level, or at least to come
close to it before the next event takes place. Every peak exceeding and undercutting
the threshold provides a ToT-value. Almost every event can be attributed with a
corresponding duration in ToT. For an increasing number of events, like depicted in
the second plot, this is no longer the case. Pile-up takes place, and pulses begin to
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Figure 7.12.: The output signal Uout,filt of the simulation of a Dosepix detector for
Ikrum = 20 DAC. The times of occurrence of the events are uni-
formly distributed within a range of [0, 5000]ToT and deposited energies
within [0, 100] keV. The number of events increases from top to bottom:
{10, 30, 70, 100}. Dashed lines indicate the baseline level, and dash-dotted
lines the threshold of UTHL.
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7.4. Analogue pulse characteristics

superimpose. Mostly, a second pulse takes place at the decreasing edge of a first one.
The time the signal exceeds the threshold is increased, leading to a lower number of
ToT-events with higher values. When increasing the flux even further, like in the third
and fourth plot, pulses begin to pile-up on the rising edges. This results in higher
output voltages Uout,filt and a lower number of ToT-events. The fourth plot shows 100
events. Here, the probability for the signal to reach the baseline level or to come close
to it is low. When the fluence is increased even further, the detector will not measure
any ToT-events since the signal cannot undercut the threshold anymore. The charge-
sensitive-amplifier of the analogue electronics will stay completely satisfied during
this operation and renders the detector useless. All Dosepix detector simulations are
made via the introduced algorithm using interpolated data in the following.

7.4Analogue pulse characteristics

In this section, insights about the simulation of the analogue pulses and their charac-
teristics are presented. Figure 7.13 shows the shapes of pulses as a function of ToT for
different deposited energies according to the colour bar. The curves are depicted for
three settings of Ikrum according to the titles of the plots.

Figure 7.13.: The output voltage Uout,filt of the simulated analogue pulses as a function
of ToT for various deposited energies indicated by the colour bar. Three
settings of Ikrum, represented by the titles of the plots, are depicted.

Only times up to 500 ToT are depicted, neglecting the undershoot which takes a
long time to reach the baseline level of Uout,filt = 0 again. The amplitudes of the
pulses only slightly depend on the setting of Ikrum. This parameter mostly affects
the slope of the falling edges and, consequently, the intersection with the threshold
level. The amplitudes linearly depend on deposited energy. The higher this energy,
the larger the negative amplitude of the undershoot. While the constant current of
Ikrum is used to decrease the capacitor’s charge in the charge sensitive amplifier of the
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Figure 7.14.: The calibration curves from a simulation with the pulse shape model for a
Dosepix detector with Ikrum = 20 DAC. The threshold determined from
the fit to the measured calibration curves is denoted as THL0. The colours
of the curves correspond to the scaling of THL0 according to the colour
bar.

electronics, the output voltage does not directly correspond to it. If the charge is high,
the trend is linear as a function of time. But if the output voltage undercuts a certain
threshold, MOSFET T4 is switched on leading to a dampening of the output voltage
close to the baseline. This results in an intersection with the baseline at times almost
independent of deposited energy. Nevertheless, the curves represent the deposited
energy via their width, determined via threshold voltage UTHL. With increasing Ikrum,
the slope of the falling edge increases and also the time of the baseline intersection is
reduced, leading to smaller ToT-values.

The optimised parameters of the pulse shape model describe the Dosepix detec-
tor’s hardware. Some of these parameters can be adjusted in hardware, e.g. the
threshold voltage UTHL. Its standard value, which was determined from the fit to
the calibration functions, is now denoted THL0. Figure 7.14 represents the calibration
curves determined from the simulation of pulse shapes for the Dosepix detector with
Ikrum = 20 DAC. The color bar represents the threshold level as a scaled version of the
initial threshold THL0. Increasing the threshold leads to a shift of the calibration curve
towards lower values of ToT. The pulse shapes of figure 7.13 explain this observation.
When UTHL is high, the parts of the pulses which are greater than the threshold are
approximately triangular. The rising edge is neglected since the rise time is short in
comparison to the falling edge. Since the amplitude of the peaks depends linearly on
the deposited energy and the slope of the falling edge remains constant, the provided
ToT-values also increase linearly with energy. For low values of the threshold, the

240



7.4. Analogue pulse characteristics

0 10 20 30 40 50 60 70
Deposited energy (keV)

100

101

102

103

104
En

tri
es

 / 
0.

72
 k

eV

Figure 7.15.: Exemplary deposited energy spectrum representing the input events for
the simulation of the analogue signal of a Dosepix detector.

pulse shapes are damped. In the calibration curves, this results in the shape of the
knee. The closer the threshold is to the baseline, the larger the radius of the knee. The
shapes of the calibration curves correspond to the curves of figure 4.17 (a), where the
threshold was varied for measurements evaluated with the calibration network.

The simulation of the analogue signal is now used with a large number of events.
The exemplary deposited energy spectrum in figure 7.15 is used. It consists of two
main contributions. For low deposited energies, a background is modelled with an
exponential distribution for Nexp events. The higher deposited energies are normally
distributed with a mean of 20 keV and a standard deviation of 4 keV for Nnorm events.
Since this is only an example, the distributions do not directly correspond to any
measurements but are similar in shape to the deposited energies of a filtered X-ray
tube spectrum. The times of occurrence of the events are distributed uniformly, which
corresponds to an exponential distribution of the time differences between two subse-
quent events. For practical reasons, it is easier to use the exponential distribution

f (x, λ) = λ exp (−λ · x) , (7.21)

as its parameter λ directly corresponds to the event rate of the deposited energies. To
finally determine the times of occurrence of the events, the cumulative sum of the time
differences is calculated. 10 uniformly distributed event rates per pixel within a range
of λ = [3 · 104, 1.5 · 106] s−1 are evaluated. A fixed exposure of 0.05 s is chosen. The
number of simulated events then corresponds to N = λ · 0.05 s. Only a single pixel is
simulated.
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7. Dosepix characteristics for high photon flux conditions

The deposited energies of the previously defined spectrum and their times of oc-
currence are used as input of the analogue electronics simulation. It returns the ToT-
values of simulated pulses, which are then transformed to deposited energies via the
calibration curves introduced in section 7.2 and combined into a histogram.
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Figure 7.16.: (a) depicts the simulated deposited energy spectra for the input spectrum
in figure 7.15. The event rate is varied linearly according to the colour bar.
(b) shows the total number of registered events as a function of the event
rate via the blue curve. The orange curve represents the number of input
events to the simulation.

The histograms for the different event rates are depicted in figure 7.16 (a). The
colors of the curves represent the event rate per pixel according to the color bar. The
deposited energies are binned within an energy range of [10, 250] keV for 50 bins. (b)
depicts the total number of registered events in (a) as a function of the event rate.
The blue curve corresponds to the simulation results and the orange to the number
of events for a perfect, pile-up free detector. For low event rates, the input energy
spectrum and the output spectrum are similar in shape, indicating the proper working
of the simulation. Ideally, they should be identical since the probability of pile-up is
still very low and the number of registered events is almost identical to the number of
input events. However, there is a small offset because only deposited energies higher
than the threshold are registered in simulation. When increasing the event rate, pulses
begin to superimpose, leading to ToT-values that correspond to deposited energies
larger than physically possible. The energy spectra begin to be biased towards higher
energies while their peak amplitudes are no longer increasing linearly. Once an event
rate per pixel of about 8 · 105 1

s is reached, the number of registered events decreases,
resembled by a shrinking amplitude of the peak in the spectrum. Events are binned for
energies up to 250 keV in figure 7.16 (a). If the event rate succeeds a certain threshold,
here about 14 · 105 1

s , the analogue signal is not able to undercut the threshold level,
and the detector does not measure any ToT-values.

This first example shows the expectation of how a spectrum changes with an in-
creasing event rate. This is no proof for the correct working of the simulation as it still
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has to be evaluated with measurements. These are presented in later sections within
this chapter. The pile-up of individual pulses as a function of their times of occurrence
is described in the following.
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Figure 7.17.: The reconstructed deposited energy for the pile-up of analogue pulses with
a deposited energy of 25 keV. Dark-coloured curves represent the pile-up
of two events, light-coloured curves of three events. Only the energy of the
first registered event is considered. The colours correspond to the settings
of Ikrum according to the legend. Dashed lines represent the reconstructed
deposited energy for the case that all events occur simultaneously.

It is shown for an exemplary energy of 25 keV in figure 7.17. The dark-coloured
curves represent the pile-up of two events and the light-coloured curves the pile-up
of three events. The times of occurrence between the pulses are varied according to
the x-axis. The deposited energies and their times are used as input to the analogue
electronics simulation, which then provides the corresponding ToT-value. The result
is finally converted to deposited energy. Three curves for different settings of Ikrum
according to the legend are depicted. Dashed lines indicate reconstructed energies
when the events occured simultaneously. If the time difference between the input
events is exactly 0, they can be interpreted as a single event with an energy of the
sum of the individual events. Succeeding pulses take place during the rising edges
of their previous events for increasing time differences. Since the rise time is fast, the
reconstructed deposited energy varies only slightly compared to coincident events.
Once the time difference exceeds the rise time of the peak of a pulse, the reconstructed
deposited energy starts to increase steeper as a function of time difference. The rise
time is almost independent of Ikrum. This is not the case for the reconstructed energy,
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7. Dosepix characteristics for high photon flux conditions

as the effect of pile-up is larger the higher the current is. At a certain time difference
between events, the first pulse is able to undercut the threshold. The vertical cutoffs in
the plot indicate these times. Here, the reconstructed energy suddenly drops to 25 keV
as only the energy of the first pulse is considered. The robustness of the detector
regarding pile-up increases with Ikrum. This is because the duration of a pulse gets
shorter, and the probability for a second pulse to take place on the falling edge of the
first pulse decreases.
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Figure 7.18.: The percentage of registered events in regards to the number of input
events as a function of event rate per pixel. The curves represent the
settings of Ikrum according to the legend.

This can also be observed in figure 7.18 which shows the percentage of registered
events for a mono-energetic input spectrum of 25 keV as a function of event rate per
pixel. The colours represent the different settings of Ikrum according to the legend.
For low rates, the number of registered and input events is almost the same. The
number of registered events decreases with an increasing event rate. The detector
with the lowest Ikrum cannot reach rates as high as for higher settings of the current.
For large time differences, shown in figure 7.17, the reconstructed deposited energies
reach values greater than 100 keV which is over 4 times larger than the initial energy.
In this case, the reconstructed energies of the first pulse always stays the same. The
second pulse exceeds and undercuts the threshold, resulting in the output of a ToT-
value. Figure 7.19 depicts these as a function of the time difference in ToT. The second
pulse starts at about the threshold level, leading to reconstructed deposited energies
larger than the initial energy. With increasing time difference, the starting point begins
to shift closer to the baseline level, resulting in an event with identical reconstructed
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Figure 7.19.: The reconstructed deposited energy for the pile-up of two analogue pulses
with deposited energies of 25 keV. Only the energy of the last event is
considered. The colours correspond to the settings of Ikrum according to
the legend. The dashed line additionally represents the deposited energy
of a single pulse.

and initial energy. This case is represented by the intersection of the curves with the
dashed line. For even larger time differences, the second pulse begins on the first
pulse’s undershoot, leading to an underestimation of the reconstructed energy. The
curves reach their minima when the starting point is at the minimum of the first
pulse’s undershoot. Reconstructed energy begins to increase until the first peak has
reached the baseline level again.

The analysis of the reconstruction of deposited energies as a function of the time
difference between two events shows that the correct simulation of the analogue sig-
nal is a necessity to precisely model pile-up effects. It reflects that the actual and
reconstructed deposited energies differ, depending on the time between events and,
as a consequence, the event rate.

7.5Low photon flux evaluation measurements

An evaluation with low photon flux measurements is made to approve the simulation
of the analogue electronics. The R-series spectra of section 6.3.4 are utilised. The
python package xpecgen [21] is used to generate the initial photon spectra. Ikrum is
set to 50 DAC for all detectors. The setup corresponds to the one defined in section 6.2.
All three detectors have plastic caps attached, which protect from physical damages.
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7. Dosepix characteristics for high photon flux conditions

Additionally, two of the detectors employ flat metal filters. The Al filter has a thickness
of 2 mm, the Sn filter of 1 mm. The detectors are named according to their filters in the
following. The detector without filter is denoted as Vac. The corresponding deposited
energy spectra are generated via the initial photon spectra for all detectors separately
via the method introduced in section 6.3.2. Their events are used as input to the
analogue electronics simulation, which returns the response spectra for R0 to R19
depicted as solid lines in figure 7.20. Measurements of these spectra are reflected as
dashed lines. Here, as introduced in section 6.4.5, the energy correction is applied to
measurements. All spectra are normalised to the maximum of the Vac-histogram for
energies greater than 20 keV.

The plots show that measurements and simulations generally agree well. The
shapes of the spectra are reflected accurately, with peak positions at the correct de-
posited energies. However, there are discrepancies for the amplitudes, especially for
low deposited energies. These can mostly be attributed to the detector response simu-
lation analysed in section 6.6 and not to the analogue electronics simulation. Since the
shape of the spectra and the cutoff at high energies are modelled correctly, the pulse
shape simulation is considered accurate.

7.6X-ray tube spectra for high photon flux measure-

ments

The behaviour of Dosepix for high photon fluxes is investigated in the following sec-
tions. The highest flux is achieved with no filter applied to the X-ray tube and a high
setting of the tube’s voltage and current. However, all photon spectra look very sim-
ilar since the low-energy part of the bremsstrahlung spectrum only slightly depends
on the tube voltage (see section 2.3 for more details). Different kinds of filters are used
for the X-ray tube to get spectra with greater variation in their distributions. These are
denoted as WO- and S-series spectra in the following and are listed in table 7.3. The
main filter consists of aluminium, as this material only slighty attenuates the photon
flux while still influencing the spectrum’s shape.

The initial photon spectra are generated via xpegcen [21] and are depicted in figure
7.21 (a). The corresponding deposited energy spectra of the Vac detector are shown
in (b). The defined initial photon spectra are used in the following sections, which
regard measurements made with the Dosepix detector for high flux conditions.

7.7Threshold variation issue

The previous simulations are expanded by increasing the fluence of the photon field.
Pile-up is expected to take place now. Therefore, it shows how the detector works
under these conditions and how well the analogue electronics simulation agrees to
measurements. In the following, an undesired variation of the threshold is observed.

246



7.7.
T

hreshold
variation

issu
e

Figure 7.20.: Simulations and measurements of R-series spectra (see section 6.3.4 for their definition). A setup of three
Dosepix detectors with filters according to the legend is used. Simulated initial photon spectra are used as input
to the analogue electronics simulation to determine the solid curves. The dashed lines reflect the responses
of the detectors from measurements. All spectra are normalised to the maximum of the Vac-histograms for
energies greater than 20 keV.

2
4
7



7. Dosepix characteristics for high photon flux conditions

Code kVp Al (mm) Cu (mm) Sn (mm) mean energy (keV)

WO40 40 1.5 0 0 26.98
WO60 60 4 0.2 0 43.95
WO80 80 4 0.2 0 54.59
WO100 100 4 0.2 0 60.6
WO120 120 4 0.2 0 64.91

S60 60 1.5 0 0.06 35.79
SP60 60 6.5 0 0.06 43.04

Table 7.3.: The filter thicknesses and tube voltages for the X-ray tube spectra utilised
for measurements of high photon flux conditions. Al, Cu, and Sn are used
as filter materials. Additionally, the mean photon energy of each spectrum is
listed.

(a) Initial photon spectra (b) Deposited energy spectra

Figure 7.21.: (a) shows the initial photon spectra for X-ray tube voltages and filters as
specified in table 7.3. (b) depicts the corresponding simulated deposited
energy spectra for the Vac detector. Each curve, in (a) and (b), is normalised
to its maximum, excluding the characteristic peaks.

Measures to prevent the issue are introduced and evaluated by comparing measure-
ments and simulation.

7.7.1 Measurements and description of the issue

The behaviour of Dosepix for different settings of Ikrum is investigated. The detector
stays at a fixed position close to the focal spot of the X-ray tube. Only the protec-
tive plastic cap is installed. For a selected X-ray tube spectrum with filters installed
according to the previous section, the tube voltage setting stays fixed in-between mea-
surements. This ensures that the shape of the photon spectrum remains while the flux
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7.7. Threshold variation issue

is varied linearly by adjusting IXRT. All measurements are performed with shifted
bins in Dosi-mode as described in section 6.1. A split parameter of s = 4 is utilised.
This allows for fast measurements of the deposited energy spectra without dead-time.
However, event statistics are reduced by a factor of 4 due to the applied splitting.
Irradiation times are kept short to prevent an overflow of the histogram bins of the
Dosepix detector. A value of ∆tXRT = 500 ms is used for all measurements. This is
the safest and easiest method of overflow protection. Another measure is to increase
the read-out time of the hardware. However, this requires an optimisation of the hard-
ware and its firmware. Also, there is no guarantee that no overflow takes place for
very high photon fluxes nevertheless.

Figure 7.22.: Measurements of a WO60 photon spectrum with a single Dosepix detector
for different settings of Ikrum according to the titles of the plots. The
colours of the curves correspond to the tube current IXRT indicated by the
colour bar.

Figure 7.22 depicts deposited energy spectra for measurements of a WO60 X-ray
tube spectrum, filtered according to table 7.3. The colour of the curves corresponds to
the value of the tube current IXRT indicated by the colour bar. The titles of the plots
denote the setting of Ikrum. Due to the measurement with shifted bins in Dosi-mode,
all spectra are contained within a region of [10, 120] keV. Additionally, measurements
of the air-kerma rate K̇air are made via Dosimax Plus, a semiconductor detector for
dosimetry applications created by IBA dosimetry [9]. Dosepix is exchanged with this
detector, and measurements for different IXRT are performed. This results in a linear
relation of K̇air and IXRT described via

K̇air = k · IXRT (7.22)

and k = (0.3753 ± 0.0006) mGy
mA for the used setup. All results are presented in regards

to IXRT in the following, but can easily be converted to K̇air via factor k.
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7. Dosepix characteristics for high photon flux conditions

For low values of IXRT, the detector registers a deposited energy spectrum whose
shape is independent of Ikrum. The shape corresponds to the spectrum of the simula-
tion in figure 7.21 (b). Increasing the current of the X-ray tube IXRT leads to a linear
increase of events within the detector’s sensor as indicated by a growing peak ampli-
tude. Pile-up events begin to become discernible in the spectra. These have energies
greater than 60 keV which physically is not possible as the highest photon energy is
limited by the X-ray tube voltage of 60 kV. The pile-up regime of deposited energies
increases towards larger energies while also the number of registered events increases.
The colours of the curves correspond to the settings of Ikrum according to the legend.
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(b) Peak energy shift ∆µ̂E

Figure 7.23.: (a) shows the registered events for the measurements of a WO60 spectrum.
(b) depicts the peak energy shift ∆µ̂E in regards to a low photon flux
measurement. The peak energies are determined from a fit with function
(3.4) to the curves of figure 7.22. The error bars correspond to the fit errors
of the peak positions. The dashed lines are linear functions optimised to
the curves. Both plots show data as a function of the X-ray tube current
IXRT. The colours of the curves correspond to the setting of Ikrum according
to the legends.

The total number of registered events as a function of X-ray tube current IXRT is
reflected by the curves in figure 7.23 (a). While the number of photons increases
linearly as a function of IXRT, the number of registered events does not. Multiple
events are registered as single events due to pile-up as shown for the example in
section 7.4. The higher the value of Ikrum, the more robust the detector is against
pile-up and, as a consequence, the higher the number of registered events.

There is an issue in the measurements which is not present in the simulation of
the analogue electronics. With increasing IXRT, and therefore, photon flux, the curves
in figure 7.22 start to shift towards lower deposited energies. For the simulation, the
peak position remains almost independent of the tube current. The measured energy
shift ∆µ̂E of the peak energy in regards to the peak energy for low photon flux as a
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7.7. Threshold variation issue

function of the tube current is depicted in figure 7.23 (b). Here, the peak positions
are estimated by a fit to the curves of figure 7.22 via equation (3.4). The error bars
correspond to the fit errors. The dashed lines indicate the linear relation between
the peak shift and the X-ray tube current. Like for the number of registered events
before, for a higher setting of Ikrum the detector is more robust for high photon flux
conditions.

The measurements indicate that the analogue electronics simulation does not fully
describe the hardware of the Dosepix detector. The measured deposited energies are
determined by converting ToT via the corresponding calibration function. ToT, as
its name Time over Threshold indicates, is a measure for the duration of an analogue
pulse. The shift of peaks in the deposited energy spectrum is attributed to an under-
estimation of ToT. Under the assumption of analogue signals keeping their shape, the
observed issue is explained by a decreasing baseline voltage or an increasing thresh-
old level UTHL. Both effects are exchangeable, and a variation of their level by the
same amount but with an opposite sign returns identical results. As the baseline level
for a Dosepix detector cannot be varied easily in hardware, a focus on the threshold
is put in the following.

7.7.2 Threshold correction

To correct the observed energy shift of the registered spectra, the relation between
this shift and the threshold setting must be determined. Various measurements with
an X-ray tube are performed with the voltage set to 40 kV, and only the internal
filter of the output window of 1.5 mm aluminium present. In general, any X-ray
source can be used. The requirement is a dominant peak within the deposited energy
spectrum. Multiple measurements under a variation of the threshold voltage are made.
Afterwards, the peak positions in the deposited energy spectra are estimated via a fit
with equation (3.4). The measured deposited energy spectra are depicted in figure
7.24. In measurements, the Dosepix detector is positioned far away from the focal
spot of the X-ray tube. This keeps the photon flux low and reduces pile-up. In
between measurements, the value of the threshold is varied by ∆THL. This change
is added to the threshold value determined in the detector’s equalisation, i.e. THL0.
The value is set in hardware in digital units, represented by DAC. The values of the
threshold variation ∆THL are indicated by the colour bar. The figure shows three plots,
each corresponding to a different setting of Ikrum denoted by the titles. The dashed
lines represent the optimised fit functions that provide the mean deposited energies
of the peaks. The differences of the measured peak energies to the peak energy for
a measurement with the original threshold of THL0, i.e. ∆THL= 0, are denoted as
∆µ̂E. The curves of the figure show that reconstructed deposited energies are shifting
towards lower energies for increasing ∆THL, independent of Ikrum. Figure 7.25 depicts
the correlation of ∆µ̂E and the threshold shift ∆THL. Three curves, one for each setting
of Ikrum as denoted by the legend, are shown. An approximately linear relation is
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Figure 7.24.: The measurements of an X-ray tube spectrum filtered with 1.5 mm alu-
minium. The tube voltage is set to 40 keV. The Dosepix detector is used
with different settings of Ikrum according to the titles of the plots. The
colours of the curves correspond to the threshold level change ∆THL
indicated by the colour bar.
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Figure 7.25.: Energy shift ∆µ̂E as a function of THL shift ∆THL. The colours of the
curves correspond to the setting of Ikrum indicated by the legend. Dashed
lines represent the correlation of the parameters according to equation
(7.23).
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7.7. Threshold variation issue

discernible. The slopes of the curves increase with increasing Ikrum. The conversion
from energy shift ∆µ̂E to threshold shift ∆THL is of interest for later applications. A
measured shift in energy can directly be transformed into a corresponding threshold
shift. This allows correcting the THL to perform a second measurement. The relation
of ∆µ̂E and ∆THL is defined as

∆THL(∆µ̂E) = w · ∆µ̂E. (7.23)

The parameters w are optimised via a fit to the curves of figure 7.25. The values of w

and their fit errors δw are listed in table 7.4.

Ikrum w
(DAC

keV

)

δw
(DAC

keV

)

20 3.48 0.08

40 3.05 0.05

50 2.82 0.05

Table 7.4.: Optimised fit parameters of equation (7.23) for the datasets of figure 7.25.
These depict the correlation of the shift in deposited energy ∆µ̂E as a function
of the threshold shift ∆THL for different values of Ikrum. w corresponds to
the inverse of the slopes in the figure, while δw is the associated error from
the fit.

The determined correction function for the threshold level can then be applied to
measurements. Previously, WO60 spectra were covered. The uncorrected deposited
energy spectra are depicted in figure 7.22. Figure 7.23 (b) shows the corresponding
energy shift of the peak ∆µ̂E as a function of the X-ray tube current IXRT. Via lin-
ear functions, depicted as dashed lines, the trend of the curves is described by two
parameters, i.e.

∆µ̂E(IXRT) = msh · IXRT + tsh. (7.24)

The offset t is required since the measured shift in deposited energy is regarding the
measurement for low flux. It does not necessarily correspond to the lowest possible
setting of the tube current IXRT of 1 mA. Instead, an additional measurement with a
high distance to the X-ray tube is required for the reference peak energy. The opti-
mised parameters of equation (7.24) are listed in table 7.5 for different values of Ikrum.

Equations (7.24) and (7.23) are combined to

∆THL(IXRT) = w · (m · IXRT + t) . (7.25)

This relation determines the threshold correction ∆THL for a given tube current IXRT.
The setup has to be identical for all measurements as the X-ray tube current IXRT di-
rectly represents the photon flux at the position of the detector. Even slight variations
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7. Dosepix characteristics for high photon flux conditions

Ikrum msh

(

keV
mA

)

tsh (keV)

20 1.132 ± 0.015 −0.82 ± 0.17
40 0.655 ± 0.010 −0.20 ± 0.12
50 0.515 ± 0.006 0.01 ± 0.08

Table 7.5.: The optimised parameters of linear equation (7.24) to describe the curves in
figure 7.23 (b). They represent the deposited energy shift of the peaks ∆µ̂E,
as a function of the X-ray tube current IXRT for measurements of a WO60
spectrum. Results for different settings of Ikrum are listed.

Figure 7.26.: Measurements of a WO60 spectrum with a Dosepix detector for different
settings of Ikrum according to the titles of the plots. For all measurements,
the threshold correction of equation (7.25) is applied. The colours of the
curves correspond to the tube current IXRT according to the colour bar.

in the position lead to a large error in the threshold correction, and consequently, a
wrong correction of the peak energy.

Figure 7.26 depicts the threshold corrected measurements of the WO60 spectrum.
For these measurements, the X-ray tube current IXRT is varied in a range of [1, 13]mA
in steps of 1 mA. The corresponding air kerma rate K̇air is calculated via equation
(7.22) and k = (0.3753 ± 0.0006) mGy

mA . For each setting of IXRT, the threshold is cor-
rected according to equation (7.25) and a measurement is made. The shape of the
dominant peak, corresponding to the deposited energy spectrum measured for low
photon flux conditions, is almost independent of IXRT and Ikrum. The peak position
stays stable while the amplitude increases with increasing IXRT and, therefore, photon
flux. Figure 7.27 (a) depicts the total number of registered events as a function of X-
ray tube current IXRT for different values of Ikrum. The trends are approximately linear
and only slightly depend on Ikrum. This is related to the small range of IXRT. A devia-
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7.7. Threshold variation issue

tion for high values of the current is indicated as the presence of pile-up events starts
to increase. Due to the binning of the registered deposited energies, the measurement
of energies larger than 120 keV is impossible, which contributes to an underestimation
of registered events. Events undercut the energy threshold and are not registered as
an energy shift takes place in uncorrected measurements. If the threshold is corrected,
these events are preserved, resulting in a steeper slope of registered events as a func-
tion of IXRT depicted in figure 7.27 in comparison to figure 7.23 with no correction.
The curves in figure 7.26 additionally reflect the probability for pile-up to occur. De-
posited energies larger than 60 keV are physically not possible due to the tube voltage
of 60 kV. Therefore, this energy region only consists of pile-up events. The amplitude
of this region depends on the value of Ikrum. For higher values, the duration of the
analogue pulse shapes is reduced, and the detector is more robust against pile-up.
This is reflected by the decreased number of events in the pile-up region. The number
of events with deposited energies below 60 keV, for which pile-up is not as dominant,
shows larger amplitudes for higher Ikrum.
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(b) Peak energy shift ∆µ̂E

Figure 7.27.: (a) shows the number of registered events, (b) the peak energy shift ∆µ̂E in
regards to a low photon flux measurement as a function of the X-ray tube
current IXRT for the WO60 spectrum with applied threshold correction.
The peak energies are determined from a fit with equation (3.4) to the
curves of figure 7.26. The error bars correspond to the fit errors of the
peak positions. The dashed lines are linear functions optimised to the
curves. The colours of the curves represents the setting of Ikrum according
to the legends.

Figure 7.27 (b) shows the shift of the peaks as a function of the X-ray tube current
and, therefore, photon flux for the threshold corrected WO60 measurements. The
different colours of the curves correspond to the settings of Ikrum according to the
legend. All curves are almost flat and show a maximum deviation of about 1 keV.
The dashed lines indicate the linear trend of the data via fit. The slopes are small,
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7. Dosepix characteristics for high photon flux conditions

and the lines are centred about an energy shift of about 0. Therefore, the threshold
correction is successful and can put Dosepix in a state where a correct measurement
of the analogue signal is possible. The pile-up effects on these signals are still present
as they are not affected by the correction. The threshold correction is made using the
X-ray tube current as a reference. A method that is independent of the used setup and
its settings is introduced in the following.

7.7.3 Threshold correction via leakage current

A requirement for the threshold correction is that uncorrected and corrected measure-
ments are performed with the same setup. For real applications, this is impractical
since all measurements have to be made twice, and many steps are involved to deter-
mine the threshold correction. Previously, the current of the X-ray tube represented
the photon flux for a setup. Therefore, a measure to replace IXRT, which is indepen-
dent of the setup, is required. The leakage current Ileak of the detector’s sensor is used
as it includes the combined information of the photon flux and the initial photon spec-
trum and does not suffer from effects like pile-up. The previously described shift of
either the baseline or threshold level of the analogue electronics is probably induced
or influenced by a high leakage current. Therefore, a method to find a relation be-
tween the measures is required. Calibration measurements with the WO60 spectrum
are performed. The Dosepix detector is placed close to the focal point of the X-ray
tube. It ensures a high photon flux and, as a consequence, high leakage current Ileak.

Figure 7.28 (a) shows the measurement of the leakage current for the WO60 spec-
trum for different values of the X-ray tube current IXRT as a function of time. The
measurements are performed with the Fluke 8845A digital multimeter [89]. The cur-
rent of the X-ray tube is varied within a range of [1, 10]mA in steps of 1 mA. For
each measurement, the X-ray tube was active for about 30 s to increase the number
of acquired data points, resulting in the blue curve of figure 7.28 (a). Between the
broad peaks, additional small sharp peaks are discernible. These originate from ir-
radiations with the X-ray tube, which is active for a short time when the setting of
the tube current is changed. The blue curve is smoothed via a low-pass filter to re-
duce the influence of noise. An auxiliary linear function, illustrated by the orange
curve, is defined to intersect with each of the green curve’s broad peaks twice. The
red cross-markers indicate the points of the blue curve closest to the intersections. Via
these points, the peak regions are determined. Within these regions, the mean and
the corresponding standard error are calculated. These quantities represent the mea-
surements of Ileak with increased statistics and are depicted as a function of the X-ray
tube current IXRT in figure 7.28 (b). A linear trend is described via

Ileak(IXRT) = mleak · IXRT + tleak. (7.26)
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Figure 7.28.: (a) shows the measurement of the leakage current Ileak of the sensor of
Dosepix with the Fluke 8845A digital multimeter [89] under the irradiation
of a WO60 spectrum. The X-ray tube current IXRT is varied according to
the x-axis of the plot in (b). The blue curve in (a) represents the leakage
current’s raw measurements, while the green curve represents a low-pass
filtered version of the data. An orange line is introduced to find the
intersection points with the filtered data to determine the different peak
ranges. The points of the blue dataset closest to these intersections are
indicated with red markers. (b) shows the mean and standard error of the
mean for the leakage current values of the determined peak regions in
(a) as a function of the X-ray tube current IXRT. The standard error of the
mean is reflected by error bars. The data trend is described via a fit with
equation (7.26), indicated by the orange curve.

The optimised parameters and their errors from the fit are listed in table 7.6. Their
values are represented by the orange curve in the figure. Measurements show that the
parameters are approximately independent of the value of Ikrum.

mleak

(

µA
mA

)

tleak (µA)

0.0111 ± 0.0001 0.1492 ± 0.0008

Table 7.6.: Optimised parameters of equation 7.26 which describes the linear relation
of the leakage current Ileak as a function of the X-ray tube current IXRT for
measurements with WO60 spectra.

The leakage current measurements correspond to the previously made measure-
ments shown in figure 7.22 for the determination of the peak energy shift ∆µ̂E as a
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Figure 7.29.: The air kerma rate, measured via Dosimax Plus, as a function of the
leakage current Ileak of Dosepix for the photon spectra of table 7.3. The
dashed lines represent linear fits to the data.

function of X-ray tube current IXRT. The used setup is identical, and therefore, the
X-ray tube current represents the same photon flux. Therefore, equations (7.25) and
(7.26) are combined to provide a relation between the threshold shift and the leakage
current, i.e.

∆THL(Ileak) = w ·
(

m

mleak
· (Ileak − tleak) + t

)

. (7.27)

This function is generally applicable to all initial photon spectra using the previously
determined parameters from the calibrations via WO60 measurements. This method
only requires the acquisition of the leakage current Ileak to correct the threshold and
is used in measurements if not specified otherwise.

Since the leakage current influences the THL shift, the relation between Ileak and
the air kerma rate K̇air, depicted in figure 7.29, is analysed to determine a description
important for practical applications. Measurements of the settings and filters of the
X-ray tube according to table 7.3 are executed. The leakage current of Dosepix is
recorded via the digital multimeter and the air kerma rate at the position of Dosepix
via Dosimax Plus. Linear trends of the curves are described by a fit with equation

K̇air = mleak2K · Ileak + tleak2K. (7.28)
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Figure 7.30.: Slopes mleak2K (a) and intercepts tleak2K (b) of the curves in figure 7.29 as a
function of mean photon energy E. The values are determined from fits
via equation equation (7.28). The error bars represent the corresponding
fit errors and the dashed lines the linear trends of the data.

Parameter index s (keV−1) o

mleak2K

((

mGy
s

)

· µA−1
)

0.58 ± 0.04 9.1 ± 1.7

tleak2K

(

mGy
s

)

−0.151 ± 0.011 1.3 ± 0.5

Table 7.7.: Slope s and intercepts o of the linear relation to describe the parameters
mleak2K and tleak2K of equation (7.28) as a function of mean photon energy E.
The names in the first column are used as indices for the parameters of the
columns. The unit of a parameter is the product of the units specified for
the corresponding row and column.

Figure 7.30 shows the parameters mleak2K (a) and tleak2K (b) of equation (7.28) as func-
tions of the mean photon energies E of the X-ray tube spectra. The linear trends of
the parameters are described by the slopes s and intercepts o in table 7.7. The rows
represent the parameters for the conversion of leakage current to air kerma rate, the
rows the corresponding linear relation of these parameters to the mean photon en-
ergy E. The units of o and s are determined by taking the product of the units in the
corresponding row and column. A combination of the previously determined linear
relations results in

K̇air(Ileak, E) = (smleak2K · E + omleak2K) · Ileak + (stleak2K · E + otleak2K), (7.29)

which directly describes the air kerma rate K̇air as a function of the leakage current
Ileak and mean photon energy E. Figure 7.31 shows the conversions from Ileak to
air kerma rate K̇air (a) and vice versa (b). The relations reflect that for a constant air
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Figure 7.31.: The conversions from leakage current Ileak to air kerma rate K̇air (a) and
vice versa (b) as a function of mean photon energy E. Equation (7.29) is
used with the parameters of table 7.7. The results of the conversions are
resembled by the color bars.

kerma rate, the corresponding leakage current increases with decreasing mean photon
energy. This is due to the increasing number of events in the sensor of Dosepix as the
probability for the photoelectric effect increases. This result is important for dosimetry
as for a constant air kerma rate, the stability of Dosepix is decreased for measurements
of low photon energies.

7.7.4 Agreement of measurements and simulation

The agreement of threshold corrected measurements and simulations is analysed in
the following. First, WO60 spectra are considered. The simulation requires the cor-
responding deposited energy spectrum for low photon flux and an event rate to dis-
tribute the events in the time domain. The rate is varied to optimise the simulated
deposited energy spectra to measurements. The measurements are indexed using the
X-ray tube current IXRT. The event rate per pixel Ṅ in the simulation is assumed to
depend linearly on this current, i.e. it is described via

Ṅ = wN · IXRT. (7.30)

wN is varied instead of varying Ṅ directly. In each iteration of the optimisation, the
fitness of simulation and measurement is evaluated via loss L

L =
nkrum

∑
i=1

nXRT

∑
j=1

Lmax,ij + Lsum,ij + Lcurve,ij. (7.31)

Two nested sums are made. Index i iterates over the different settings of Ikrum which
uses values of {20, 40, 50}DAC. Therefore, nkrum = 3. Index j considers the values
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of the X-ray tube current IXRT during measurements. nXRT reflects the total number
of measurements. The sums comprise three constituents, each attributing to different
features of the spectra. In the following description, indices i and j are neglected
for simplicity. Lmax considers the position of the maxima within the spectra. It is
calculated via

Lmax =

∣

∣

∣

∣

Êsim

Êmeas
− 1

∣

∣

∣

∣

. (7.32)

Lmax resembles the relative deviation of the mode of the measured spectrum Êmeas,
and the simulated spectrum Êsim. Only the modes for deposited energies greater than
20 keV are considered to neglect the high number of registered events for low energies,
dominated by charge sharing and Compton events.

The loss Lsum considers the total number of registered events. It is calculated via

Lsum =

∣

∣

∣

∣

Nsim

Nmeas
− 1

∣

∣

∣

∣

, (7.33)

i.e. by taking the relative deviation of registered events in measurement Nmeas, and
simulation Nsim.

Loss Lcurve represents the deviation of the curves of measured and simulated spec-
tra. It is calculated via

Lcurve =

√

√

√

√

k=nE

∑
k=1

(

fsim(Ek)

fmeas(Ek)
− 1
)2

, (7.34)

which contains the sum of the deposited energy bins Ek in the spectra ranging from
10 keV to 120 keV. nE resembles the total number of bins. The number of registered
events for energy Ek of a spectrum f is represented via f (Ek). Lcurve describes the
relative deviation of the measured spectrum fmeas and the simulated spectrum fsim.

The total loss L of equation (7.31) is used to optimise parameter wN of equation (7.30)
which describes the linearity between the X-ray tube current IXRT and the event rate
Ṅ per pixel. Since the setup is not changed in-between measurements, the parameter
wN is the same for all recorded data and therefore, loss L considers the whole dataset.
A Nelder-Mead optimisation [43] provides a value of wN = 1.995 · 104 1

s·mA . However,
this result is only valid for the current measurements and the utilised setup condi-
tions. It resembles a constraint that establishes a fixed relation between the event rate
and the true photon flux. The measured and simulated deposited energy spectra for
WO60 photon spectra are compared to validate the quality of the pile-up simulation.
The detector responses are shown in figure 7.32. The plots on the left-hand side rep-
resent measurements, the plots on the right-hand side simulations. The rows reflect
different settings of Ikrum according to the titles. The colours of the curves indicate the
used values of the X-ray tube current IXRT according to the colour bars. All spectra of
a plot are normalised to the sum of the spectrum with the lowest setting of Ikrum. The
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7. Dosepix characteristics for high photon flux conditions

Figure 7.32.: The left-hand side shows measurements, and the right-hand side simula-
tions of WO60 deposited energy spectra. Threshold correction is applied
for the measurements. The rows of the plots correspond to the settings of
Ikrum according to the titles. The colours of the curves represent different
currents IXRT of the X-ray tube according to the colour bar. All spectra of
a plot are normalised to the sum of the spectrum with the lowest setting
of IXRT. The used bin width is arbitrary.
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number of bins on the deposited energy axis is arbitrary.

The shapes of the deposited energy spectra are compared in the following. Simu-
lations and measurements agree well for low tube currents, independent of the used
Ikrum. The probability for pile-up is low, and deposited energy is measured as ex-
pected. With increasing photon flux, pile-up increases and energies greater than phys-
ically possible, i.e. 60 keV, are registered. The amplitudes of the dominant peak and
the low energy domain, close to the threshold energy, increase while their shapes re-
main almost the same. Simulations and measurements generally agree well within
the region of the dominant peak. However, for Ikrum = 50 DAC, the deviation of the
amplitude, especially for the highest value of IXRT, is largest. This issue is investigated
via a comparison to measurements for different Ikrum. For a current of 40 DAC, higher
amplitudes are registered than for 50 DAC. However, for a higher value of Ikrum, the
detector is more robust to pile-up and should therefore show a higher amplitude in
comparison.

The peaks close to the minimum detectable energy indicate a discrepancy for the
threshold. The number of events in simulation is underestimated compared to mea-
surements for all settings of Ikrum. The dent at about 20 keV is located at approximately
the same energy for all spectra. Its height is almost independent of Ikrum in simulation
but varies strongly in measurements, which indicates different thresholds for differ-
ent Ikrum. The threshold issue is related to the settings of the detector. The detector is
calibrated separately for each setting of Ikrum. The average of the calibration curves of
all pixels is used, leading to only an estimation of the correct energy threshold. When
the pile-up model is fitted to these curves, small deviations regarding the threshold
may additionally be introduced.

Deposited energies greater than 60 keV only include pile-up events. The region’s am-
plitude increases with increasing tube current and, therefore, photon flux and event
rate. The higher Ikrum, the more robust the detector is to pile-up, and the lower the
growth of the peak as a function of photon flux. The amplitudes for simulations and
measurements are similar in comparison. However, there are some deviations regard-
ing the shapes of the spectra in this region. The agreement of Ikrum = 50 DAC is best.
Simulation and data show a broad peak at about 85 keV. Its shape is mainly defined by
the sum of two deposited events from the dominant peak. An additional shift towards
higher energies exists as pile-up has a higher probability of occurring the higher the
first event’s energy. The peak is discernible for all settings of Ikrum in measurements.
For simulation, the peak is broader in comparison and increasingly broadens with
increasing photon flux. This discrepancy can be attributed to deviations of the energy
resolution of the deposited energies. Another error source is the simulation of re-
sponse spectra of Dospix resembling the input to the analogue electronics simulation.
Here, the number of charge sharing and low energy Compton scattering events does
not entirely agree with measurements. These events have a high contribution to the
spectra. Pile-up then leads to a broadening of the deposited energy spectrum. Evalu-
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ating the spectra’s agreement for energies below the threshold is impossible, and only
assumptions about the detector’s behaviour can be made.

Figure 7.33.: Sum of the normalised spectra shown in figure 7.32 as a function of X-ray
tube current IXRT for MC simulations and measurements according to the
legends. The plots represent different settings of Ikrum resembled by the
titles.

Figure 7.33 depicts the sum of the spectra of figure 7.32 as a function of the X-ray
tube current IXRT for MC simulations and measurements according to the legends.
Each plot represents a different setting of Ikrum, indicated by the title. The simula-
tion predicts a linear relation between IXRT and the corresponding spectra’s integrals.
There are noticeable deviations in data, indicating that the assumed linearity of the
tube current and the photon flux in measurements is not perfect. This discrepancy
cannot be attributed to pile-up. For a low setting of Ikrum and high values of IXRT, the
integral overestimates the expected trend. Instead, an underestimation is expected if
pile-up is considered.

Another test for the agreement of simulations and measurements of figure 7.32 is
made via a two-sample Kolmogorov-Smirnov test. The null hypothesis is stated that
two samples, one from the simulated spectrum and one from the measured spectrum,
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Figure 7.34.: Kolmogorov-Smirnov statistic calculated via equation (6.10) for the sim-
ulations and threshold corrected measurements of the WO60 spectra of
figure 7.32. The colours of the curves represent different values of Ikrum

according to the legend.

are from a common distribution. The Kolmogorov-Smirnov statistic D is calculated
according to equation (6.10) and described in more detail in section 6.3.4. The test
is made for deposited energies ≥ 20 keV to neglect the inaccuracies of the threshold
energy. Figure 7.34 shows the determined values as a function of IXRT. A rejection
level for the null-hypothesis of α = 5% is used. A rejection is made if D is greater
than the limit Dα = 0.205, calculated according to equation (6.11). Therefore, the null
hypothesis is accepted for all spectra. This test only regards the shape of the spectra
and not their scale. However, the scale was previously tested by analysing the number
of registered counts of the spectra.

In conclusion, the simulation generally describes the measurements well. Multi-
ple error sources make a perfect simulation impossible as the analogue pulse model
and the measurement setup are complex. The assumption of a linear relation be-
tween X-ray tube current and photon flux underlies deviations within the measure-
ments. Therefore, only an approximative description via the simulation is feasible.
The achieved precision is considered sufficient as a qualitative representation of the
characteristics of Dosepix is in focus.
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7.8 Ikrum variation issue

Previously, only the WO60 spectrum was analysed. Measurements with air kerma
rates up to about 5 mGy

s were performed. In the following, the S60 spectrum accord-
ing to table 7.3 is examined. A threshold correction is applied. Simultaneously, pho-
ton flux, and as a consequence, the event rate are increased. An air kerma rate of
about 12 mGy

s for the highest setting of the X-ray tube current IXRT is used. A new
issue regarding dominant peaks of deposited energy spectra changing their position
with increasing photon flux is observed in measurements. The issue and measures to
describe the effect in simulation are discussed in the following.

7.8.1 Measurements and description of the issue

The left-hand side of figure 7.35 depicts the deposited energy spectra from threshold
corrected measurements with the detector for a setting of Ikrum = 20 DAC for S60
spectra. The plot on the right-hand side shows the corresponding simulations where
the relation between tube current and event rate per pixel is optimised as described
in the previous section. All spectra are normalised to the integral of the spectrum
for the lowest setting of IXRT and deposited energies ≥ 20 keV. Parameter wN of
equation (7.30) is determined to 1.096 · 105 1

s·mA . The equation is used to convert the
X-ray tube current to the corresponding event rate. Figure 7.36 shows the sum of the
spectra as a function of IXRT with a good agreement of MC simulations and measure-
ments.

Discrepancies are discernible in the deposited energy spectra of figure 7.35. Within
the region the spectra’s integrals are linear to the tube current, i.e. up to about
IXRT = 5 mA, the shapes of the spectra agree well. The dominant peak remains
stable and changes its amplitude as photon flux increases. The spectra’s integrals
decrease for higher currents of IXRT, which is resembled by a decreasing amplitude of
the dominant peak. This behaviour is present in measurements and simulation. For
measurements, the peak position additionally shifts towards higher deposited ener-
gies, and the peaks broaden. This behaviour is not resembled by the simulation, with
peaks approximately keeping their positions even at high photon fluxes.

The discrepancies of measurements and simulations indicate an issue of the elec-
tronics of Dosepix, extending the previous assumptions about the detector’s function-
ing. Two issues come into question to be accountable for the discrepancy. First, the
applied threshold correction might overcompensate if the photon flux is too high. The
correction shifts deposited energies towards higher values while a baseline or thresh-
old shift in the analogue electronics moves energies towards lower values. When
correctly calibrated, these shifts compensate each other. If the threshold shift satu-
rated for high event rates, overcompensation would occur, and spectra would shift
towards higher energies. However, no broadening like observed in the measurements
would occur.
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Figure 7.35.: The left-hand side shows threshold corrected measurements, the right-
hand side simulations of S60 spectra. The setting of Ikrum is 20 DAC. The
colours of the curves correspond to the settings of the X-ray tube current
IXRT according to the colour bar. All spectra are normalised to the integral
of the measurement spectrum with the lowest setting of IXRT for deposited
energies ≥ 20 keV. The binning on the x-axis is arbitrary.

Figure 7.36.: Integrals of the curves of figure 7.35 for the S60 response spectra for MC
simulations and measurements according to the legend. The integrals are
depicted as a function of the X-ray tube current of the measurements.

Another explanation for the observed discrepancies is a change of Ikrum. If the de-
tector works perfectly, the value of the current remains constant. If possibly due to the
high number of events in the sensor and as a consequence, increased leakage current,
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Figure 7.37.: The sketch shows how changes of Ikrum lead to a distortion of the registered
deposited energy spectrum of Dosepix. The dark-blue curve corresponds
to high values of Ikrum while the gradient towards yellow corresponds to
a linearly decreasing Ikrum. A detailed explanation of the observed effect
of a shifted deposited energy is given in the text.

Ikrum effectively decreases, the effects like described in the following occur. The expla-
nation is based on figure 7.37. The calibration curves from deposited energy to ToT
are artificial and represent a Dosepix detector for different settings of Ikrum. The val-
ues of Ikrum are arbitrary but vary linearly. A normally distributed ToT-spectrum on
the y-axis is converted to the corresponding deposited energy spectrum on the x-axis.
The dashed lines indicate the positions of the means of the spectra. The assumption
that Ikrum reduces with increasing event rate is made, reflected by an increasing slope
of the conversion function, represented by a colour gradient from dark blue to yellow.
The deposited energy spectrum for low flux, in dark-blue, is converted via the differ-
ent conversion functions to determine the corresponding ToT-spectra. These spectra
reflect what the detector registers. Since only the conversion function for low photon
flux is used to convert ToT into deposited energy, the spectra along the y-axis are
determined. The deposited spectra’s mean values show that an almost linear shift
towards higher energies takes place when Ikrum is reduced. Simultaneously, the peaks
broaden, resembling the observations made in measurements.
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7.8.2 Dosepix calibration and simulation for a large Ikrum-range

There is an indication that Ikrum varies with increasing event rate of Dosepix. The
detector is recalibrated for a large Ikrum range to describe this effect in simulations.
The calibration is performed utilising the deep learning approach of chapter 4 for
which measurements of low statistics are sufficient. This allows to vary Ikrum from
10 DAC to 50 DAC in steps of 2 DAC with measurement durations of about 10 minutes
per step. Again, only large pixels are considered. The resulting calibration curves are
depicted in figure 7.38.
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Figure 7.38.: Calibration curves for the conversion of deposited energy to ToT for the

used Dosepix detector. The colours of the curves correspond to different
settings of Ikrum according to the colour bar.

The pulse shape model is optimised for each calibration curve according to the
method introduced in section 7.2. The relative change of the determined model pa-
rameters as a function of Ikrum are depicted in figure 7.39. Each curve represents a
parameter according to the legend. The change is represented by the ratio in regards
to the model parameters for Ikrum = 10 DAC as listed in table 7.8.

Ikrum (DAC) Ikrum (nA) K (nA/V) UTHL(mV) τ (ns) τ2 (µs) τ3 (ns) Cl (nF) Ri (Ω)

10 2.102 105.729 22.122 67.634 30.369 253.426 11.83 8.712

Table 7.8.: Parameters of the pulse shape model optimised to the calibration curves in
figure 7.38 for Ikrum = 10 DAC. The first column corresponds to Ikrum set in
hardware during detector calibration, whereas the second column corresponds
to the optimised value.
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As described in section 7.2, some of the parameters of the model are assumed to be
constant. Variations are observed because free parameters compensate inaccuracies of
constant parameters. Also, an undefined behaviour of Dosepix under a variation of
Ikrum is possible. However, all parameters only change slightly and not by magnitudes.
The variation lies within a range of about 0.4 to 1.9.
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Figure 7.39.: The variation of the optimised pulse shape model parameters as a
function of the set Ikrum. All curves are normalised to the values for
Ikrum = 10 DAC.

The value of Ikrum provided from optimisation to the pulse shape model, called
Ikrum,pulse, is an exception. Ikrum,pulse is analysed separately since it is expected to vary
linearly with the set value of Ikrum, called Ikrum,set. Figure 7.40 shows the correlation
of optimised and set values via the blue curve. All values are represented in units
of nA, utilising the conversion of 1 DAC = 0.2 nA. The dashed line illustrates the
relation Ikrum,set = Ikrum,pulse which resembles the expectation. A large deviation is
discernible, which is further investigated in the following. The calibration curves are
utilised to describe the value of Ikrum directly. The output voltage Uout,filt of a pulse in
the analogue electronics is reduced by a constant current of − Ikrum

2· within a duration
of ∆t, described by equations 7.6 and 7.7. The time difference ∆t is approximately
proportional to the registered ToT-value. A pulse’s voltage amplitude is proportional
to the deposited energy.

Therefore, the relation ∆E
∆ToT ∝ Ikrum holds. This applies to the falling edge of a

pulse shape but also to the linear parts of the calibration functions in figure 7.39. The
fractions ∆E

∆ToT are calculated as a function of the set Ikrum,set. Assuming the relation
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Figure 7.40.: Value Ikrum,pulse determined from fit to the pulse shape model in blue, and
via an estimation from the calibration curves in orange as a function of
Ikrum,set. The dashed line represents the relation Ikrum,set = Ikrum,pulse.

Ikrum,set = Ikrum,pulse holds for small values, the calculated fractions are normalised in
regards to Ikrum,set = 2 nA. The resulting curve is illustrated in figure 7.40 in orange.
The curve matches well with the blue one, corresponding to the simulation results.
In conclusion, the effective value of Ikrum is lower than the set one for values greater
than about 4 nA. In the following, when refering to Ikrum the set value in units of
DAC is used. The optimised models of Dosepix for different values of Ikrum can now
be used in the pulse-shape simulation to implement the observed pulse shifting in
measurements.

7.8.3 Ikrum correction

Previously, when fitting the simulation to measurements, only the event rate per pixel
was varied. Now, additionally, the change of Ikrum is considered. Due to this addi-
tional dimension, the calculation time for the optimisation increases a lot. The process
is sped up by precalculating the response spectra as a function of Ikrum and event rate
Ṅ and by linearly interpolating the results. This provides a function that is easily eval-
uated and compared to measurements by calculating the loss L via equation (7.31).

Figure 7.41 shows the integrals of the response spectra as a function of Ikrum and
event rate Ṅ. Only simulated supporting points are shown. In between these points,
a linear interpolation is executed. The number of registered events increases with
increasing Ikrum. Simultaneously, it increases with the event rate up to a certain rate.
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Figure 7.41.: The number of registered events for deposited energy spectra as a function
of Ikrum and event rate. The integrals are normalised to the integral with
the lowest number of events.

Once too many events per second are present at the input of the analogue electron-
ics, response spectra are dominated by pile-up, and the number of registered events
decreases. When response spectra are sampled from the interpolated function, the
conversion from ToT to deposited energy is always performed via the conversion
function of the initial setting of Ikrum. This corresponds to the method used in mea-
surements. It would be preferable to correct Ikrum during measurements, but would
require a high effort to calibrate. Simultaneously, Ikrum had to be changed, which
would introduce dead-time and requires a measure to estimate the current event rate.
Therefore, the simulation in regards to the measurements is adapted instead.

When optimising the simulation to measurements, the previous assumption of a
linear relation between Ikrum and the event rate registered by the detector holds. Ad-
ditionally, the assumption of Ikrum remaining constant until a certain event rate is
exceeded is made. After this excess, Ikrum decreases linearly with the event rate, rep-
resented via IXRT. This effect is applied to the true current of Ikrum in units of nA.
A conversion from true to set Ikrum is achieved via the relation of figure 7.40. In
summary, the behaviour of Ikrum is resembled by the function

Ikrum(IXRT) =

{

Ikrum,0 if Ikrum > Ikrum,0
IXRT · mkrum + tkrum else

, (7.35)

where Ikrum,0 represents the start value of Ikrum, i.e. the value the detector was cali-
brated with. The linear trend of the current is described via parameters mkrum and
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tkrum. The threshold value for the tube current at which the decline begins corre-
sponds to

IXRT,krum =
Ikrum,0 − tkrum

mkrum
. (7.36)

Taking threshold- and Ikrum-correction into account, the simulation’s precalculated
response spectra are fitted to measurements of S60 spectra. Three measurements,
each for a different setting of the initial Ikrum, are performed. These measurements
are considered independent, i.e. parameters are not shared between the datasets. A
loss like defined in equation (7.31) is used but the sum over Ikrum is neglected. The
measurements and optimised simulations are depicted in figure 7.43. The determined
parameters for equation (7.30), describing the conversion from X-ray tube current IXRT
to event rate, and for equation (7.35), describing the trend of IXRT as a function of the
tube current, are listed in table 7.9.

Ikrum (DAC) wN (1/(s · mA)) mkrum ( nA
mA ) tkrum (nA)

20 9.2 · 104 −4.892 · 10−2 3.793
40 8.165 · 104 −3.486 · 10−2 6.351
50 7.54 · 104 −4.02 · 10−2 7.366

Table 7.9.: Optimised parameters for the fit of simulation to measurements of S60
spectra. wN describes the relation between X-ray tube current IXRT and the
event rate according to equation (7.30). Parameters mkrum and tkrum belong
to equation (7.35) which describes the change of Ikrum as a function of IXRT.

The corresponding functions of the optimised parameters are depicted in figure
7.42. The event rate as a function of the tube current IXRT is depicted in (a). The
slopes for all initial settings of Ikrum,0 are similar. Small variations are possible due
to the inaccuracy of the threshold, i.e. the minimum deposited energy a detector can
register. It is because different calibrations are used for different values of Ikrum,0. The
higher the photon flux, which depends linearly on IXRT, the higher the deviation of
the event rate if the thresholds differ.

Figure 7.42 (b) shows Ikrum as a function of IXRT. The y-axis reflects the values
corresponding to the set values of Dosepix, while the variation of Ikrum is performed
on the true values of the current. All curves show a decrease of Ikrum with increasing
photon flux or IXRT. This trend is discernible for the lowest setting of the tube current
for which the values of Ikrum is already lower than the initial setting Ikrum,0. The slopes
of the curves for different Ikrum,0 are approximately the same.

The measured deposited energy spectra and the optimised simulations are depicted
in figure 7.43. The different rows correspond to different settings of Ikrum according
to the titles. The left plot column shows the measurements, the right column the sim-
ulations. Different colours represent the settings of the X-ray tube current according
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Figure 7.42.: Event rate (a) and effective Ikrum (b) as a function of X-ray tube current
IXRT. The depicted values are the results from the optimisation of the pulse
shape simulation to S60 measurements, shown in the left-hand column of
figure 7.43. Three curves are depicted per plot where each corresponds to
a different setting of the initial Ikrum,0 as indicated by the legend.

to the colour bars. For Ikrum = 20 DAC, the maximum value of IXRT is 12 mA, while
for the other plots it is 20 mA. For lower settings of Ikrum, the detector is not as sta-
ble and cannot measure proper energy spectra once the photon flux is too high. The
agreement of all spectra for low deposited energies shows deviations. This is again
attributed to variations of the set and actual energy thresholds of the detector. For all
settings of Ikrum, the amplitudes of the spectra as a function of IXRT agrees well for
simulations and measurements. Also, the peaks now shift in simulation the way they
do in measurements. However, while the curves show the correct height, the primary
peak’s width is slightly underestimated. This deviation is larger for smaller values
of the initial Ikrum. This is possibly due to inaccuracies of the conversion function
from ToT to deposited energy and an underestimation of the energy resolution of the
Dosepix detector. Due to the complexity of the model, there are various error sources
for this observation. One major contribution is an inaccuracy introduced when fitting
the pulse shape model to the calibration curve.

Figure 7.44 depicts the number of registered events for the spectra of figure 7.43

as a function of X-ray tube current. The plots correspond to different values of the
initial Ikrum indicated by the titles. The curves are normalised to the measurement
with the lowest IXRT each. For all settings of Ikrum, simulations and measurements
show a linearly increasing number of events for increasing X-ray tube current at first.
The trend saturates until a maximum is reached, at which the number of registered
events decreases again. The decrease takes place once pile-up starts to dominate, and
multiple events at the analogue electronics input are detected as single events. The
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Figure 7.43.: The left-hand side shows measurements, the right-hand side simulations
of S60 spectra. Threshold correction is applied for the measurements. Ikrum

correction is performed for simulations. The rows of the plots correspond
to the settings of Ikrum according to the titles. The colours of the curves
represent different currents IXRT of the X-ray tube according to the colour
bar. All spectra are normalised to the sum of the spectrum with the lowest
setting of IXRT for deposited energies ≥ 20 keV. The used bin width is
arbitrary.
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Figure 7.44.: Integrals of the normalised S60 spectra of figure 7.43 as a function of X-ray
tube current IXRT. Each plot depicts the data for different settings of Ikrum

according to the titles.

agreement of MC and measurements is good for the linear increase of the different
curves. The falling trend is only reflected qualitatively.

The agreement of the shapes of the spectra is additionally evaluated via a Kolmogorov-
Smirnov test. The two-sample Kolmogorov-Smirnov statistic D is calculated according
to equation (6.10) and illustrated in figure 7.45. The null-hypothesis of two samples
being from a common distribution under a rejection level of α = 5% is neglected if D

is greater than Dα = 0.205 according to equation 6.11. The figure shows that the null
hypothesis is accepted independent of Ikrum.

In conclusion, by implementing the threshold correction in measurements and the
Ikrum correction in simulation, a good agreement is achieved. This provides informa-
tion about the behaviour of Dosepix for high flux conditions. An investigation of how
the effective Ikrum changes as a function of dose rate is presented in the following.
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Figure 7.45.: Kolmogorov-Smirnov statistic calculated via equation (6.10) for the simu-
lations with Ikrum variation and threshold corrected measurements of S60
spectra of figure 7.32. The colours of the curves represent different values
of Ikrum according to the legend.

7.8.4 Effective Ikrum for dose rate variation

The last section shows that the set and effective value of Ikrum differ for high photon
flux conditions. A further investigation of the correlation of these measures is made.
The initial value of Ikrum,0 is set to 50 DAC. The shift of the dominant peak in the
deposited energy spectra is determined as a function of the air kerma rate. This
is shown for a measurement of the WO40 spectrum. The corresponding deposited
energy spectra are depicted in figure 7.46. All curves are normalised to the maximum
of the spectrum for the lowest dose rate in (a) and to their maxima in (b). The colours
represent the air kerma rates according to the colour bars, which are measured via
Dosimax Plus of IBA dosimetry [9].

The variation of the peak positions is determined by finding the maxima of each
curve. First, the position is estimated by searching for the maximum value. A region
of a width of 20 keV about the estimated position is selected and a Gaussian function
is fitted to the data. The determined peak values as a function of air kerma rate are
depicted in figure 7.47 (a). Fit errors are reflected by error bars, but are too small to be
discernible. The true error is higher since it depends on the calibration of the Dosepix
detector. The errors are considered to lie within a range of 1 keV. If the air kerma rate
is high, the deposited energy spectra’s distortion is too high to find a peak position.
The distortion of the spectra is represented by figure 7.46 (b), where each curve is
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7. Dosepix characteristics for high photon flux conditions

(a) WO40 (normalised to low air kerma rate) (b) WO40 (independently normalised)

Figure 7.46.: Measurements of deposited energy spectra for a W40 spectrum. The air
kerma rate is varied according to the colour bar. All spectra are normalised
to the maximum of the curve for the lowest dose rate in (a). The spectra
are normalised to their maximum each in (b).
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Figure 7.47.: Positions of the maxima of the measured deposited energy spectra of a
WO40 spectrum, illustrated in figure 7.46. The values are specified in
units of keV in (a) and are converted to ToT using the calibration function
shown in figure 7.38 for Ikrum = 50 DAC in (b). Different photon fluxes
were used during measurements. These are reflected by the air kerma rate,
denoted on the x-axes of the plots. The modes of the deposited energy
spectra are determined by fitting a Gaussian function to the peaks. The fit
error from is reflected via error bars but is too small to be discernible in
the plot.

normalised to its maximum. This limits the data in figure 7.47 to rates of 40.56 mGy
s .

Once the air kerma rate exceeds a certain level, all spectra show a similar shape. It
indicates that Ikrum does not change anymore and saturates. The original peak shift
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7.8. Ikrum variation issue

takes place within the ToT spectra. These are then converted to deposited energy via
the calibration function of the initial Ikrum,0, leading to the spectra of figure 7.46. This
process is inverted and the calibration function shown figure 7.38 for Ikrum = 50 DAC
is used to provide the ToT values of the previously determined peak values, resulting
in the curve depicted in figure 7.47 (b). For the lowest air kerma rate, no peak shifting
and therefore no change of Ikrum is present. The corresponding ToT value is used as
reference in the following. The peak in ToT shifts due to a change of Ikrum, resulting
in different effective calibration curves in figure 7.38. For the reference ToT-value, the
intersections with these calibration curves are determined.
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Figure 7.48.: Effective Ikrum as a function of the peak position in ToT, PToT, for the
measurements of WO40 spectra. The data is fitted via equation (7.37) and
represented by the dashed curve.

This results in the blue curve of figure 7.48 which shows the effective Ikrum as a
function of the peak position in ToT, PToT. The trend of the curve is described via

Ikrum = exp (log(PToT) · a + b) , (7.37)

with the parameters a = 97.62 ± 0.04 and b = 57.53 ± 0.17, indicated by the dashed
curve in the plot. Units are neglected, but PToT has to be provided in ToT, and Ikrum
in DAC. The optimised function is used to determine the effective values of Ikrum for
the different peak positions of figure 7.47 (b). This conversion results in the data of
figure 7.49 which reveals the relation of the effective Ikrum to the air kerma rate K̇air.
This curve is only valid for the investigated WO40 spectrum. Since the trend of the
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Figure 7.49.: Effective Ikrum as a function of the air kerma rate K̇air for WO40 photon
spectra. The solid curve represents the values from measurements and the
dashed curve a linear fit to the data.

Code m

(

(

mGy
s

)−1
· DAC

)

t (DAC)

WO40 −0.706 ± 0.018 3.7 ± 0.4
WO60 −0.589 ± 0.028 11.43 ± 0.29
WO100 −0.285 ± 0.022 20.3 ± 1.0
WO120 −0.240 ± 0.012 21.9 ± 2.1

Table 7.10.: Optimised parameters of linear equation (7.38), describing the relation of
Ikrum and air kerma rate K̇air. Depicted are the values corresponding to
the photon spectra of the first column. The errors of the parameters are
determined from the fit.

relation is linear, it is described via

Ikrum = (K̇air · m + t) + 50 DAC, (7.38)

where Ikrum is restricted to values ≤ 50 DAC. The described procedure is repeated
for multiple photon spectra. Here, WO60, WO100, and WO120 are defined according
to table 7.3. For each spectrum, the parameters of equation (7.38) are optimised. Their
values are listed in table 7.10. The relation of Ikrum to air kerma rate is linear, indepen-
dent of the used photon spectrum. Therefore, the effective Ikrum also depends linearly
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7.8. Ikrum variation issue

(a) Parameter m (b) Parameter t

Figure 7.50.: Parameters m and t of equation (7.38) to describe the effective Ikrum as
a function of air kerma rate K̇air. The parameters are determined for
different photon spectra whose mean energies are specified on the x-axis.
Error bars represent the errors from the fit.

on the leakage current as it is proportional to the air kerma rate for a spectrum as
established in equation 7.29.

Figure 7.50 depicts the optimised slopes m (a) and offsets t (b) of equation 7.38 as a
function of the mean photon energies of the utilised spectra, listed in table 7.3. Linear
trends are discernible in each plot which are described via linear functions. The slope
is now called s and the intercept o. Additionally, the parameters receive an index
which represents the parameter they are describing. For example, m is described via
sm and om. The optimised values of the parameters are listed in table 7.11. The rows
represent the parameters for converting air kerma rate to effective Ikrum. The columns
describe the linear relation between these parameters and mean photon energy. The
unit of a value is the product of the units specified for the parameter names in the
corresponding row and column of the table.

Parameter index s (keV−1) o

m

(

(

mGy
s

)−1
· DAC

)

0.0129 ± 0.0019 −1.09 ± 0.10

t (DAC) 0.490 ± 0.013 −9.7 ± 0.7

Table 7.11.: Slope s and offset o of the linear relations to describe the parameters m and
t of equation (7.37) as a function of mean photon energy. The names in
the first column are used as indices for the parameters of the remaining
columns. The unit of a parameter is the product of the units specified for
the corresponding row and the column.
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(b) Ileak to Ikrum

Figure 7.51.: The conversions from air kerma rate K̇air to Ikrum (a) and leakage current
Ileak to Ikrum (b) as a function of mean photon energy E. Equation (7.39) is
used with the parameters of table 7.11. The results of the conversions are
resembled by the color bars.

Combining the previous results, a formula representing the effective Ikrum as a
function of mean photon energy E and air kerma rate is described via

Ikrum(K̇air, E) =
(

(sm · E + om) · K̇air + (st · E + ot)
)

+ 50 DAC, (7.39)

where the value of Ikrum is restricted to ≤ 50 DAC. Figure 7.51 shows the correspond-
ing conversions from air kerma rate K̇air to Ikrum (a) and vice versa (b), using equation
(7.29). The relations reflect that Ikrum stays stable as long as the air kerma rate and the
leakage current are small. The lower the mean photon energy E, the less stable Ikrum
becomes. Equation (7.39) in combination with previous results allows to simulate the
threshold corrected detector responses for arbitrary photon spectra.

7.9Event rate response

Previously, the simulation was optimised to measurements by determining a correla-
tion between the X-ray tube current and the event rate at the input of the Dosepix
detector. Additionally, the air kerma rate was measured with Dosimax to validate
these results. In the following, a method to determine the event rate of Dosepix from
these measurements are introduced.

Additional steps are required to determine the event rate from the air kerma rate
K̇air. First, the used photon spectra are convolved with the air kerma to fluence factors
Kair
Φ

, described in section 6.4.2, to calculate conversion factors for each spectrum. By
dividing the air kerma rate K̇air of Dosimax with the previously determined factors
Kair
Φ

, the photon flux Φ̇ is determined. This flux is multiplied by the photon detection
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7.9. Event rate response

efficiency ε of Dosepix, describing the number of registered events per fluence Φ, to
estimate the event rate. ε(E) as a function of photon energy E is depicted in figure
6.15. The curve for Vac is considered since no additional filter is used for the Dosepix
detector. The photon spectrum is convolved with ε(E) to get a single efficiency value
ε representing the spectrum. In summary, the following formula describes the calcu-
lation of event rate Ṅ from air kerma rate K̇air

Ṅ = K̇air ·
(

Kair

Φ

)−1

· ε. (7.40)

The calculation of Ṅ is performed for all photon spectra of table 7.3. Since measure-
ments are performed for different X-ray tube currents, and therefore, photon fluxes,
their relationship is described via equation (7.30) and parameter wN . The same pa-
rameter is determined by optimising the pulse shape model to the measurements.
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Figure 7.52.: Event rate response as a function of the photon spectra’s mean energy
listed in table 7.3. The responses reflect the fraction of event rates from
pulse-shape simulations optimised to detector measurements and rates
from air kerma measurements. Three curves are presented, each corre-
sponding to a different initial value of Ikrum,0.

The result is depicted in figure 7.52 which shows the response, i.e. the fraction of
simulated and measured wN . The x-axis corresponds to the mean energies of the ini-
tial photon spectra according to table 7.3. Three curves are depicted in the figure, each
representing a different initial value of Ikrum,0. The mean and standard deviations of
the event rate responses are additionally listed in table 7.12. The simulation underes-
timates the event rate on average, independent of Ikrum. Nevertheless, the responses
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Ikrum,0 (DAC) µ σ

20 0.88 0.22
40 0.7 0.14
50 0.73 0.13

Table 7.12.: Mean and standard deviations of the curves of figure 7.52. These resemble
the event rate responses of optimised simulations and measurements for
different initial values of Ikrum,0.

are close to the perfect response of 1. The event rate reconstructed via simulation
and determined directly from measurements lie within the same range, i.e. they do
not differ in their magnitudes. For Ikrum,0 = 20 DAC, the performance in regards to
the average response is best. However, the corresponding standard deviation is the
largest. There is no trend discernible for the different settings of Ikrum,0. The observed
deviations of the responses can mostly be attributed to a mismatch between the pulse
shape model and the measurements. Also, irregularities due to the measurements of
the air kerma rate via Dosimax Plus exist. The device has to be placed at the same
position as Dosepix to measure correctly. Therefore, measurements are performed via
Dosepix and Dosimax switching place. Even small inevitable deviations in the posi-
tion lead to large errors as the photon field directly in front of the X-ray tube is not
homogeneous in regards of photon flux. Measurements with a high power X-ray tube
are required in the future. This allows to place the detectors in the far field and en-
sures a more position independent photon flux. The presented results of this section
validate the pulse shape simulation further, which can sufficiently predict the event
rate using only information from measured deposited energy spectra. The simulation
is able to describe the behaviour of Dosepix even for high photon flux conditions.

7.10Conclusion

This chapter’s goal was the investigation of the behaviour of Dosepix for high photon
flux conditions. A model to describe the shapes of the analogue signals of the detec-
tor’s electronics was established, and its parameters were optimised to measurements.
This allowed a comparison of expectations and measurements. It became apparent
that the detector does not work as intended once the number of registered events
is high. Registered deposited energy spectra are shifted towards lower energies and
are additionally distorted. It was deduced that this is an issue of a shifting thresh-
old level or a change of the analogue signal’s baseline. Changing the threshold as
a function of air kerma rate or leakage current fixed this problem. Spectra did no
longer shift, and pile-up events in the spectrum became visible. Further increasing
the event rate with threshold correction applied showed that dominant peaks within
the spectra are shifting towards higher energies while they should remain according
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to the expectations and the simulation. It was shown that this issue is related to a
reduction of the effective value of Ikrum. Implementing this assumption in simulation
lead to spectra comparable to measurements. The analyses showed that attention is
required if Dosepix is used in high photon flux photon fields. This might be the case
for scientific applications or in dosimetry. Knowledge about the behaviour of Dosepix
is essential for the X-ray spectroscopy introduced in chapter 6. If distorted spectra are
used to predict photon spectra with the developed network, the output will not re-
flect the expectation. The analogue electronics simulation might be used to extend the
deconvolution capabilities to predict photon spectra of high flux in future works. Ad-
ditionally, if the measurement of the leakage current is possible, a threshold correction
can be applied. However, this can never get rid of pile-up events. The documentation
of the behaviour of Dosepix under high photon flux conditions is relevant for future
analyses. The most important relations are the threshold shift as a function of leak-
age current of equation 7.27, the air kerma rate as a function of the leakage current
and mean photon energy of equation 7.29, and the effective Ikrum as a function of the
air-kerma rate and mean photon energy of equation 7.39. The parameters of these rela-
tions have to be determined for a Dosepix detector via measurements. The introduced
descriptions of Dosepix can either be used to perform corrections for measurements
or avoid situations where the detector will not work as intended. Since the found is-
sues are possible related to the detector’s hardware design, the documentation might
help fixing issues in future revisions of Dosepix.
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CHAPTER 8

Summary and outlook

Dosepix is a detector with the ability to count photons and resolve their energies. Due
to its pixelation, it is able to work under high photon flux conditions. These features
allow the measurement and characterisation of X-ray sources. In this thesis, Dosepix
was used in various tasks, including dosimetry and spectroscopy. The detector and
its readout hardware were implemented in a simulation. The geometry was extended
to match measurement setups depending on the application. For example, phantoms
are included, and metal filters are applied to the Dosepix detectors in dosimetry ap-
plications. The simulation was evaluated by comparing it to measurements of X-ray
sources. A good agreement was achieved, and a detector’s energy resolution was
determined in the process. The ability of Dosepix to estimate dosimetric quantities
was evaluated. Mono-energetic sources emitting photons on a phantom with a setup
of multiple Dosepix detectors were simulated. The responses of the detectors were
utilised to optimise conversion coefficients from registered events to dose. These co-
efficients were improved via measurements to achieve good responses for personal
dose equivalents. Great performance is achieved for Hp(10) for photon energies of
12 keV to about 1250 keV. The capabilities are limited to energies above about 25 keV
for Hp(0.07) as deviations for irradiation angles of up to 60◦ are present for lower en-
ergies. The deposited energies and, consequently, the reconstructed doses depend on
temperature. A calibration procedure of this dependency was established to correct
measurements.

Dosepix registers deposited energies in units of ToT. The determined values depend
on the used detector and its settings. A convolutional neural network was developed
to perform an energy calibration of a detector, which matches ToT to correspond-
ing deposited energies. It improved the classic calibration method by reducing the
required measurements and the measurement duration while providing comparable
accuracy. The network’s performance was evaluated by applying it to measurements
performed with different detector settings. The resulting deposited energy spectra
satisfied the expectations well.
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Dosimetry setups involving Dosepix usually employ three detectors with different
filters attached. The number of required detectors was reduced by optimising PMMA
filters for a detector in simulation. The energy range was limited to maximum energies
of 250 keV to satisfy requirements for medical applications. The estimation of personal
dose equivalents Hp(3) and Hp(0.07) is easily possible, i.e. the dose response only
slightly depends on the thickness and shape of the filter. The requirements for Hp(10)
are more strict. The optimised filter has a thickness of 7 mm at its centre, increasing
towards the edges to almost 2 cm. The determined filters allow estimating dose with
single Dosepix detectors. These results concern simulations only. Hp(10) is estimated
correctly for energies greater than about 14 keV for irradiation angles of up to 60◦. If
no filter is used, Hp(0.07) can be determined for energies above 15 keV. If the filter
optimised for Hp(10) is used to measure Hp(0.07), the energy range is reduced to
values greater than about 20 keV. For Hp(3), proper dose estimation for up to 250 keV
and 90◦ irradiation angle is possible with a 1 mm thick PMMA filter. However, photon
energies below about 15 keV limit the capabilities to about 70◦ irradiation. These
results are promising and need to be evaluated in future analyses. The determined
filters have to be manufactured, and measurements for different irradiation angles
have to be made.

A setup of three Dosepix detectors was used for spectroscopy and quality assur-
ance tests of an X-ray tube. Multiple convolutional neural networks were developed
to reconstruct the initial photon spectrum and its characteristics, which include the
kVp-value, the half-value layers for materials of aluminium and copper, the conver-
sion factors from fluence to dose equicalents H∗(10), H′(0.07, 0◦) and air kerma, and
the photon fluence. A method to improve the energy calibration of the detectors via
predicted kVp-values was introduced. The initial photon spectra for various X-ray
tube measurements with voltages from 40 keV to 120 keV were correctly reconstructed
by the corresponding network. The deviations of the predicted half-value layer val-
ues are within about 10% for aluminium and 20% for copper. The deviations for
conversion factors from fluence to dose and air kerma are within about 6%, photon
fluences within about 5% for mean initial photon energies above 55 keV. The devia-
tion increases with decreasing energy. The separate prediction of photon fluence and
fluence to dose factors allows analysing the mismatches in dose reconstruction for the
simulation and measurements. The reconstructed shapes of the spectra agree well
with measurements, while the fluence does not. The photon detection efficiency was
determined and compared for simulations and measurements. Future analyses can
correct simulations with the observed deviations. The predicted photon fluence was
analysed as a function of mean photon energy. These mean energies are available
from the predictions of the measured photon spectra and can be used to correct the
fluence and conversion factors from fluence to air kerma and dose equivalents. In
conclusion, the proposed Dosepix system can reconstruct the shape of an X-ray tube
spectrum correctly scaled with its photon fluence.
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The last chapter presents an in-depth investigation of the behaviour of Dosepix for
high photon flux conditions. A model describing the signals of a pixel’s analogue
electronics as a function of time was established. It was used to explain effects like
pile-up and variations in voltage levels. A change of the effective threshold level and
Ikrum for high photon flux, and consequently, high event-rates per pixel, was deter-
mined by comparing measurements and simulations. A correction of the threshold
was introduced and the Ikrum variation was implemented in simulation. It was shown
that the stability of the detector increases with the set Ikrum. The investigation of the
Dosepix hardware allows judging which applications are suitable for the hardware.
Measurements can be explained, and possible deviations can partly be corrected. This
is important for applications with high photon fluxes like in pulsed photon fields, or
the introduced X-ray spectroscopy.

A thorough understanding of the detector was established in various simulations
in this thesis. Combinations of simulations and measurements were made to improve
the detector’s performance. The behaviour of the detector for different conditions of
temperature and photon flux was investigated and methods to correct deviations were
developed. Systems consisting of one or multiple Dosepix detectors show promising
characteristics. Dosimetry is possible for conditions of high photon flux and pulsed
radiation fields. A single detector with a special filter is able to reconstruct personal
dose equivalents for a photon energy range limited to medical applications. A system
of three detectors can estimate important measures for the quality assurance of X-ray
tubes. Simultaneously, the corresponding energy spectra scaled with their photon
fluences can be reconstructed. There are still engineering efforts required to build
reliable devices for the presented applications. Additionally, official tests have to be
performed to satisfy legal requirements. In conclusion, the analyses and developed
methods in this thesis show the excellent capabilities of Dosepix regarding dosimetry
and X-ray spectroscopy.

289





APPENDIX A

Appendix

Bin edge bi Vac (keV) Al (keV) Sn (keV)

1 12 12 32
2 18 17 37
3 21 31 47
4 24.5 40 57.5
5 33.5 45.5 68.5
6 43 50.5 80
7 53.5 60.5 91.5
8 66.5 68 104
9 81.5 91 117
10 97 102.5 131
11 113 133 145
12 131.5 148 163.5
13 151.5 163 183.5
14 173 196 207.5
15 200.5 220 234.5
16 236 257 269.5

Table A.1.: The settings of the 16 bin edges bi for the pixels of the Dosepix detectors operated in
Dosi-mode for personal dose measurements with three Dosepix detectors. The detector
types correspond to the filter in front of the detectors.
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A. Appendix

Index i bi,vac (keV) Hp(10) (µSv) bi,al (keV) Hp(10) (µSv) bi,sn (keV) Hp(10) (µSv)

1 12.0 2.357658 · 10−3 12.0 7.240882 · 10−3 32.0 1.617864 · 10−3

2 18.0 8.907795 · 10−4 17.0 4.763841 · 10−3 37.0 1.563656 · 10−4

3 21.0 1.662654 · 10−3 31.0 3.184529 · 10−3 47.0 4.973117 · 10−6

4 24.5 1.554367 · 10−3 40.0 3.987113 · 10−3 57.5 4.700597 · 10−5

5 33.5 1.133144 · 10−3 45.5 2.934285 · 10−3 68.5 1.967456 · 10−5

6 43.0 7.846520 · 10−4 50.5 1.990079 · 10−3 80.0 2.839299 · 10−4

7 53.5 5.266790 · 10−4 60.5 1.929429 · 10−3 91.5 7.490655 · 10−4

8 66.5 4.519280 · 10−4 68.0 1.038565 · 10−3 104.0 1.159700 · 10−3

9 81.5 1.439059 · 10−4 91.0 4.230756 · 10−4 117.0 1.238558 · 10−3

10 97.0 1.353906 · 10−4 102.5 3.363124 · 10−4 131.0 1.718868 · 10−3

11 113.0 1.067828 · 10−4 133.0 2.596788 · 10−4 145.0 1.822988 · 10−3

12 131.5 6.934383 · 10−5 148.0 2.331480 · 10−4 163.5 1.744768 · 10−3

13 151.5 7.143382 · 10−5 163.0 1.776723 · 10−4 183.5 1.120562 · 10−3

14 173.0 5.856134 · 10−5 196.0 1.340748 · 10−4 207.5 9.319820 · 10−4

15 200.5 4.374679 · 10−5 220.0 4.465636 · 10−5 234.5 6.662891 · 10−4

16 236.0 2.723558 · 10−5 257.0 1.149641 · 10−4 269.5 7.274129 · 10−4

Index i bi,vac (keV) Hp(0.07) (µSv) bi,al (keV) Hp(0.07) (µSv) bi,sn (keV) Hp(0.07) (µSv)

1 12.0 3.088486 · 10−3 12.0 7.170944 · 10−3 32.0 1.602022 · 10−3

2 18.0 1.073909 · 10−3 17.0 4.728131 · 10−3 37.0 1.572710 · 10−4

3 21.0 1.635528 · 10−3 31.0 3.142512 · 10−3 47.0 1.794128 · 10−4

4 24.5 1.726725 · 10−3 40.0 3.854301 · 10−3 57.5 8.349316 · 10−4

5 33.5 1.099189 · 10−3 45.5 2.879429 · 10−3 68.5 1.955054 · 10−5

6 43.0 7.421748 · 10−4 50.5 1.929578 · 10−3 80.0 1.140007 · 10−3

7 53.5 3.818445 · 10−4 60.5 1.506984 · 10−3 91.5 8.810495 · 10−4

8 66.5 3.519238 · 10−4 68.0 7.186354 · 10−4 104.0 1.891423 · 10−3

9 81.5 2.041210 · 10−4 91.0 3.089212 · 10−4 117.0 1.155497 · 10−3

10 97.0 1.305996 · 10−4 102.5 3.152165 · 10−4 131.0 1.481798 · 10−3

11 113.0 1.034846 · 10−4 133.0 2.180950 · 10−4 145.0 1.572473 · 10−3

12 131.5 8.688862 · 10−5 148.0 1.954615 · 10−4 163.5 1.217154 · 10−3

13 151.5 7.960937 · 10−5 163.0 1.441288 · 10−4 183.5 1.065752 · 10−3

14 173.0 8.607817 · 10−5 196.0 9.647649 · 10−5 207.5 7.566397 · 10−4

15 200.5 5.272322 · 10−5 220.0 5.124426 · 10−5 234.5 5.342495 · 10−4

16 236.0 1.129851 · 10−4 257.0 3.327415 · 10−5 269.5 9.936894 · 10−4

Table A.2.: Conversion coefficients from registered events to personal dose equivalents Hp(10) and
Hp(0.07) for the large pixels. Three detectors with filters according to the titles of the
columns are used. The coefficients are optimised to simulations.
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Index i bi,vac (keV) Hp(10) (µSv) bi,al (keV) Hp(10) (µSv) bi,sn (keV) Hp(10) (µSv)

1 12.0 2.347818 · 10−3 12.0 7.201501 · 10−3 32.0 1.611552 · 10−3

2 18.0 8.873950 · 10−4 17.0 4.713101 · 10−3 37.0 1.569421 · 10−4

3 21.0 1.640917 · 10−3 31.0 3.143366 · 10−3 47.0 7.714020 · 10−6

4 24.5 1.529496 · 10−3 40.0 3.873080 · 10−3 57.5 5.010433 · 10−5

5 33.5 1.107704 · 10−3 45.5 2.880199 · 10−3 68.5 2.352335 · 10−5

6 43.0 7.783327 · 10−4 50.5 1.941486 · 10−3 80.0 2.840215 · 10−4

7 53.5 5.167214 · 10−4 60.5 1.954507 · 10−3 91.5 7.354124 · 10−4

8 66.5 4.475018 · 10−4 68.0 9.756122 · 10−4 104.0 1.129944 · 10−3

9 81.5 1.876281 · 10−4 91.0 4.361833 · 10−4 117.0 1.201577 · 10−3

10 97.0 1.650902 · 10−4 102.5 3.331790 · 10−4 131.0 1.638655 · 10−3

11 113.0 1.102451 · 10−4 133.0 2.468026 · 10−4 145.0 1.731869 · 10−3

12 131.5 5.765619 · 10−5 148.0 2.073348 · 10−4 163.5 1.621696 · 10−3

13 151.5 5.618669 · 10−5 163.0 1.400955 · 10−4 183.5 1.053530 · 10−3

14 173.0 3.581167 · 10−5 196.0 1.228816 · 10−4 207.5 8.671618 · 10−4

15 200.5 2.225799 · 10−5 220.0 4.106909 · 10−5 234.5 6.234710 · 10−4

16 236.0 9.540547 · 10−6 257.0 1.112875 · 10−4 269.5 6.836181 · 10−4

Index i bi,vac (keV) Hp(0.07) (µSv) bi,al (keV) Hp(0.07) (µSv) bi,sn (keV) Hp(0.07) (µSv)

1 12.0 2.404496 · 10−3 12.0 7.521881 · 10−3 32.0 1.628362 · 10−3

2 18.0 1.145302 · 10−3 17.0 4.873064 · 10−3 37.0 2.073654 · 10−4

3 21.0 1.934394 · 10−3 31.0 3.299762 · 10−3 47.0 6.881782 · 10−6

4 24.5 1.908948 · 10−3 40.0 4.075397 · 10−3 57.5 4.688494 · 10−5

5 33.5 1.223553 · 10−3 45.5 3.786515 · 10−3 68.5 1.959346 · 10−5

6 43.0 8.010219 · 10−4 50.5 1.980557 · 10−3 80.0 2.822985 · 10−4

7 53.5 5.021174 · 10−4 60.5 1.797912 · 10−3 91.5 7.519457 · 10−4

8 66.5 3.705274 · 10−4 68.0 9.367800 · 10−4 104.0 1.156275 · 10−3

9 81.5 1.062122 · 10−4 91.0 2.870639 · 10−4 117.0 1.210538 · 10−3

10 97.0 1.186709 · 10−4 102.5 3.220055 · 10−4 131.0 1.646975 · 10−3

11 113.0 7.717966 · 10−5 133.0 2.116799 · 10−4 145.0 1.714097 · 10−3

12 131.5 5.908508 · 10−5 148.0 2.024268 · 10−4 163.5 1.565714 · 10−3

13 151.5 8.239023 · 10−5 163.0 1.462855 · 10−4 183.5 9.779804 · 10−4

14 173.0 7.010934 · 10−5 196.0 1.078412 · 10−4 207.5 8.173455 · 10−4

15 200.5 3.675085 · 10−5 220.0 2.112100 · 10−5 234.5 5.801192 · 10−4

16 236.0 1.366170 · 10−4 257.0 7.059564 · 10−5 269.5 6.617378 · 10−4

Table A.3.: Conversion coefficients from registered events to personal dose equivalents Hp(10) and
Hp(0.07) for the large pixels. Three detectors with filters according to the titles of the
columns are used. The coefficients are optimised to simulations and measurements.
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Index i bi,vac (keV) Hp(10) (µSv) bi,al (keV) Hp(10) (µSv) bi,sn (keV) Hp(10) (µSv)

1 12.0 3.081193 · 10−3 12.0 7.634933 · 10−4 32.0 1.542459 · 10−1

2 18.0 1.029104 · 10−3 17.0 1.063987 · 10−2 37.0 3.256100 · 10−1

3 21.0 8.664213 · 10−4 31.0 6.638154 · 10−2 47.0 1.916155 · 10−4

4 24.5 1.216447 · 10−1 40.0 4.044160 · 10−1 57.5 1.078658 · 10−2

5 33.5 4.974304 · 10−2 45.5 6.540822 · 10−2 68.5 1.568718 · 10−2

6 43.0 1.434765 · 10−2 50.5 1.207149 · 10−2 80.0 2.004276 · 10−1

7 53.5 1.665622 · 10−2 60.5 1.219502 · 10−2 91.5 5.012874 · 10−3

8 66.5 1.799169 · 10−2 68.0 1.383287 · 10−2 104.0 9.006958 · 10−2

9 81.5 6.893234 · 10−3 91.0 5.192911 · 10−3 117.0 1.369100 · 10−1

10 97.0 7.709490 · 10−3 102.5 4.462174 · 10−3 131.0 6.474950 · 10−2

11 113.0 5.294466 · 10−3 133.0 4.392574 · 10−5 145.0 2.611863 · 10−2

12 131.5 1.678381 · 10−3 148.0 7.287129 · 10−3 163.5 4.890299 · 10−2

13 151.5 1.136649 · 10−3 163.0 6.570815 · 10−4 183.5 5.768260 · 10−2

14 173.0 8.885501 · 10−4 196.0 1.106937 · 10−2 207.5 2.690431 · 10−2

15 200.5 1.563319 · 10−3 220.0 5.981774 · 10−3 234.5 2.908943 · 10−2

16 236.0 3.877391 · 10−4 257.0 1.868861 · 10−2 269.5 3.804913 · 10−2

Index i bi,vac (keV) Hp(0.07) (µSv) bi,al (keV) Hp(0.07) (µSv) bi,sn (keV) Hp(0.07) (µSv)

1 12.0 2.813259 · 10−3 12.0 3.965329 · 10−4 32.0 4.121180 · 10−1

2 18.0 2.109096 · 10−2 17.0 3.870762 · 10−1 37.0 6.911998 · 10−2

3 21.0 7.817146 · 10−2 31.0 8.698655 · 10−2 47.0 1.513645 · 10−7

4 24.5 2.041481 · 10−1 40.0 3.579460 · 10−1 57.5 3.015531 · 10−3

5 33.5 4.043206 · 10−2 45.5 5.693344 · 10−2 68.5 2.694999 · 10−2

6 43.0 4.363517 · 10−5 50.5 1.636800 · 10−3 80.0 2.279560 · 10−1

7 53.5 1.099514 · 10−2 60.5 9.099082 · 10−3 91.5 5.484591 · 10−3

8 66.5 1.507740 · 10−2 68.0 8.597374 · 10−3 104.0 9.802037 · 10−2

9 81.5 6.383407 · 10−3 91.0 4.798141 · 10−3 117.0 1.399485 · 10−1

10 97.0 8.039044 · 10−3 102.5 3.455513 · 10−3 131.0 6.276094 · 10−2

11 113.0 3.553145 · 10−3 133.0 6.843451 · 10−6 145.0 2.744972 · 10−2

12 131.5 2.656516 · 10−3 148.0 3.390430 · 10−3 163.5 4.016804 · 10−2

13 151.5 7.700755 · 10−5 163.0 1.651352 · 10−3 183.5 4.613418 · 10−2

14 173.0 1.132734 · 10−3 196.0 1.193533 · 10−2 207.5 3.084131 · 10−2

15 200.5 2.322267 · 10−3 220.0 4.991225 · 10−3 234.5 2.865201 · 10−2

16 236.0 1.588093 · 10−2 257.0 1.157184 · 10−2 269.5 3.303557 · 10−2

Table A.4.: Conversion coefficients from registered events to personal dose equivalents Hp(10) and
Hp(0.07) for the small pixels. Three detectors with filters according to the titles of the
columns are used. The coefficients are optimised so small and large pixels return the same
dose.
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index i
Hp(10)

pVac,i pAl,i pSn,i

0 1.261 · 10−4 −1.903 · 10−5 1.013 · 10−3

1 −1.266 · 10−5 5.589 · 10−6 −6.753 · 10−5

2 2.524 · 10−7 4.175 · 10−6

3 −5.205 · 10−10

index i
Hp(0.07)

pVac,i pAl,i pSn,i

0 4.478 · 10−4 2.515 · 10−4 −1.729 · 10−3

1 −3.545 · 10−5 −3.699 · 10−6 1.921 · 10−5

2 8.456 · 10−7 −1.555 · 10−7

3 −5.519 · 10−9

Table A.5.: Parameters of the polynomial functions of equation 3.23 to determine the
dose conversion coefficients k f from number of registered events of detector
d to personal dose equivalents Hp(10) and Hp(0.07) for large pixels. Three
detectors with filters according to the titles of the columns are used.

Index i bi (keV) Hp(3) (µSv) bi (keV) Hp(10) (µSv) bi (keV) Hp(0.07) (µSv)

1 10.3 5.719011 · 10−5 10.9 5.137635 · 10−5 10.4 1.367654 · 10−4

2 23.7 1.153996 · 10−4 21.1 1.074317 · 10−4 13.6 8.954601 · 10−5

3 31.1 1.521188 · 10−4 32.8 1.995339 · 10−4 36.4 2.425032 · 10−4

4 42.8 3.117573 · 10−4 42.0 3.593896 · 10−4 43.0 3.508682 · 10−4

5 59.0 7.191542 · 10−4 55.4 7.606446 · 10−4 60.6 8.179112 · 10−4

6 67.0 1.026151 · 10−3 66.4 1.311798 · 10−3 67.5 9.843243 · 10−4

7 81.2 1.964862 · 10−3 76.3 2.565951 · 10−3 77.8 1.827342 · 10−3

8 87.5 2.978802 · 10−3 92.3 3.973984 · 10−3 88.5 3.366962 · 10−3

9 99.7 5.091333 · 10−3 100.8 6.720498 · 10−3 102.9 5.723458 · 10−3

10 113.6 7.884823 · 10−3 110.4 6.731689 · 10−3 112.4 7.785916 · 10−3

11 125.9 1.158600 · 10−2 125.3 1.871787 · 10−2 122.0 1.113358 · 10−2

12 135.0 1.820201 · 10−2 132.1 2.243045 · 10−2 134.1 2.071226 · 10−2

13 145.2 6.739717 · 10−2 144.7 1.886649 · 10−2 145.7 3.734784 · 10−2

14 151.6 4.051697 · 10−2 156.2 5.883628 · 10−2 158.7 6.219769 · 10−2

15 170.0 1.155193 · 10−1 164.1 5.453947 · 10−2 171.0 1.146146 · 10−1

16 177.2 4.971313 · 10−2 178.6 4.665729 · 10−2 182.3 3.446552 · 10−2

Table A.6.: Optimised bin edges bi and corresponding dose conversion coefficients in Dosi-mode of a
single Dosepix to measure personal dose equivalents for the dose types in the table. The
optimisation is performed to simulations concerning a perpendicular irradiation. The used
PMMA-filter thicknesses are 1 mm (Hp(3)), 7 mm (Hp(10)) and 1 mm (Hp(0.07)).
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Index i bi (keV) start (µSv) optimised (µSv) reoptimised (µSv)

1 10.9 5.137635 · 10−5 3.928969 · 10−5 5.758158 · 10−5

2 21.1 1.074317 · 10−4 1.056197 · 10−4 1.052979 · 10−4

3 32.8 1.995339 · 10−4 1.619587 · 10−4 2.002986 · 10−4

4 42.0 3.593896 · 10−4 3.950673 · 10−4 3.472902 · 10−4

5 55.4 7.606446 · 10−4 7.387778 · 10−4 7.535444 · 10−4

6 66.4 1.311798 · 10−3 1.041895 · 10−3 1.205817 · 10−3

7 76.3 2.565951 · 10−3 3.789193 · 10−3 2.363017 · 10−3

8 92.3 3.973984 · 10−3 3.204862 · 10−3 3.754616 · 10−3

9 100.8 6.720498 · 10−3 5.534426 · 10−3 5.004779 · 10−3

10 110.4 6.731689 · 10−3 9.442898 · 10−3 8.689978 · 10−3

11 125.3 1.871787 · 10−2 1.264691 · 10−2 1.808955 · 10−2

12 132.1 2.243045 · 10−2 2.199891 · 10−2 1.914253 · 10−2

13 144.7 1.886649 · 10−2 2.247542 · 10−2 3.296169 · 10−2

14 156.2 5.883628 · 10−2 3.631710 · 10−2 3.446430 · 10−2

15 164.1 5.453947 · 10−2 5.814281 · 10−2 5.069877 · 10−2

16 178.6 4.665729 · 10−2 7.444124 · 10−2 7.978522 · 10−2

Table A.7.: Optimised bin edges bi and corresponding dose conversion coefficients used in Dosi-mode
of a single Dosepix to measure Hp(10). Dose conversion coefficients for the flat filter
(„start“), the optimised filter („optimised“), and the optimised filter for a full Allpix2

simulation („reoptimised“) are listed.
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Index i bi (keV) w/ filter (µSv) w/o filter (µSv)

1 10.9 1.474300 · 10−4 8.265184 · 10−5

2 21.1 1.068900 · 10−4 1.009617 · 10−4

3 32.8 1.837400 · 10−4 1.825798 · 10−4

4 42.0 3.077800 · 10−4 3.150821 · 10−4

5 55.4 6.330100 · 10−4 6.456518 · 10−4

6 66.4 9.726400 · 10−4 1.027120 · 10−3

7 76.3 2.007060 · 10−3 1.985942 · 10−3

8 92.3 3.296730 · 10−3 3.626496 · 10−3

9 100.8 4.537680 · 10−3 6.234615 · 10−3

10 110.4 8.001250 · 10−3 7.433225 · 10−3

11 125.3 1.650087 · 10−2 1.091989 · 10−2

12 132.1 1.754262 · 10−2 2.056396 · 10−2

13 144.7 3.059072 · 10−2 3.063546 · 10−2

14 156.2 3.566193 · 10−2 3.477422 · 10−2

15 164.1 4.776410 · 10−2 5.179360 · 10−2

16 178.6 8.526246 · 10−2 7.008044 · 10−2

Table A.8.: Optimised bin edges bi and corresponding dose conversion coefficients used in Dosi-mode
of a single Dosepix to measure Hp(0.07). Dose conversion coefficients for the detector
without filter and for the Hp(10) optimised PMMA filter are listed.
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