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Abstract

Proton CT is a novel imaging modality designed to improve dose planning and treatment
monitoring in proton therapy. The precision of the beam of charged particles, like protons,
requires accurate diagnostics, to avoid unnecessary irradiation of healthy tissue. CT mea-
surements using photons can be used to determine the range and stopping power of the
particles, but with an uncertainty of 2-3% [1]. It is, therefore, preferable to use proton CT,

since it provides a more accurate representation of the range of the beam in the patient.

Using technology like the ALPIDE (ALICE Pixel Detector) sensor, developed at CERN for high
energy physics, a proton CT system is now under development. The ALPIDE is a Monolithic
CMOS Active Pixel Sensor with a pixel matrix of 1024 x 512 sensitive pixels, where each pixel
measures 29.24 um x 26.88 um; giving better resolution and more accurate determination

of particle paths. The ALPIDE can also retain a high data rate, resulting in a short scan time.

In this thesis, the focus has been on the characterisation of a digital sampling calorimeter
prototype. The properties were investigated based on a test beam experiment at DESY using
the Electromagnetic Pixel Calorimeter, EPICAL-2, prototype. EPICAL-2 is composed of 48
ALPIDE sensors, consisting of 24 layers, with two ALPIDE sensors and 3 mm of tungsten
absorber per layer. This thesis conducts a systematic study of the sensor performance and
the shower profiles at various energies for single and multiple electromagnetic showers in
one readout frame. The preliminary results of the data analysis show that the prototype
performs as a calorimeter should, i.e. the response scales linearly with the energy of the

incoming electron.






iv

Acknowledgement

First of all, I would like to thank my supervisors, Professor Dieter Rohrich, Ph.D. Pierluigi
Piersimoni, Ph.D. Ganesh Tambave and Ph.D. candidate Viljar Nilsen Eikeland for all their
excellent guidance throughout this project. Thank you, Dieter, for providing me with a truly
interesting project, and for your valuable insight along the way. I would also like to thank you
for your great lectures in radiation physics, giving me the motivation to pursue this project.
I would like to send a thank you to Pierluigi and Ganesh for their input and ideas concerning
the project. Thank you, Viljar, for all of the incredibly helpful conversations, and for always

having an answer when I was stuck on a problem.

I would also like to express my appreciation to the EPICAL-2 analysis team. A thank you
to Naomi Van Der Kolk, Nigel Watson, Thomas Peitzmann, Fabian Pliquett, Qasim Waheed
Malik, Robert Ross Bosley, Marcus Johannes Rossewij, Hiroki Yokoyama and Rene Georges
Ernst Barthel for everything you have taught me during the test beam experiment and the
weekly analysis meetings. I would also like to thank you for all the helpful discussions and
for input regarding the analysis—an additional thank you to Qasim Waheed Malik and Hiroki

Yokoyama for sharing your scripts for inspiration.

Thank you to all my friends and fellow students at the Department of Physics and Technol-
ogy, for making these years some of the best years of my life. Thank you, Lena Marie Setter-
dahl, Minh Chi To, Ingrid Marie Stuen and Andreas Havsgard Handeland for your friendship,
motivation, love and support. A special thanks to Ingrid Marie Stuen for our great team-
work and to Andreas Havsgiard Handeland for all the helpful discussions and for all your
comments and suggestions. Lastly, I want to thank my family, especially my parents and my

sister, for all your love and for always encouraging and supporting me.

Emilie Haugland Solheim

Bergen, November 2020






vi

Contents
Abstract i
Acknowledgement iv
1 Introduction 1
1.1 AbouttheThesis . ... ... ... . . .. .. . 1
1.2 ThesisOutline . . . . . . . ... .. e 2
1.3 Citation Principles . . . ... ... . . . .. .. 3
2 Radiation and Its Medical Applications 5
2.1 Radiation . . . . . . . . . . . e e 5
2.2 Interaction of Photons With Matter . ... ... ... ... ............. 6
2.2.1 PhotoelectricEffect. . . . .. ... ... .. L o 8
2.2.2 ComptonScattering . . .. ... . . . . . ..t 9
2.23 PairProduction . . ... ... ... .. ... 12
2.3 Interaction of Charged Particles WithMatter . . . . . ... ... ... ....... 13
2.3.1 Energy Loss by Ionisation for Heavy Particles . .. ... .......... 14
2.3.2 Energy Loss of Electrons and Positrons . . . . . ... ... ......... 17
2.3.3 Multiple Coulomb Scattering . . . . ... ... .. .. ... ....... 18
234 RangeandStraggling . . . .. ... ... ... . .. ... .. . ... 19
235 BraggPeak . . .. ... . 21



CONTENTS vii
2.4 ElectromagneticShowers . . ... ... ... ... ... ... 23
2.5 Biological Effects . . . ... ... . . ... .. 26

2.5.1 AbsorbedDose . ... ... .. .. ... 27
2.6 Radiotherapy . .. .. ... .. .. . . e 28
2.6.1 PhotonTherapy . . ... ... ... .. i 29
2.6.2 ParticleTherapy . . . . . . .. ... i 30
2.7 ImagingModalities . . . . . . . .. ... . .. 30
2.7.1 Computed Tomography (CT) . ... ... ... .. ... ... ....... 31
272 ProtonCT . ... .. . . . e 33
2.7.3 TheBergen pCT Collaboration . . ... .................... 34
Semiconductors and Silicon Pixel Detectors 37
3.1 SemiconducCtors . . . . . . . . . . e e 37
3.2 P-NJunction and the DepletionZone . . .. ... ... ... ... ......... 40
3.3 Pixel Detectors . . . . . . . . . . . e e 42

4 ALPIDE Chip 47
4.1 The ALPIDE Architecture . . .. .. ... ... .. ... ... 48
4.2 ALPIDE Operation . . . . . . . . . . ittt et et e ettt 49

421 Front-End . ... ... . . ... 50
4.2.2 PriorityEncoders . . . . ... ... 52
4.2.3 ALPIDE Triggeringand Strobes . . . . .. ... ................ 52
4.3 Applications of the ALPIDE Chip in Calorimeters . . ... ............. 53
4.3.1 Electromagnetic Calorimeters . ... ..................... 53
4.3.2 FoCal . .. ... . 54
433 ProtonCT .. ... ... . ... e 56



viii CONTENTS

5 Characterisation of the EPICAL-2 Prototype 60
5.1 ExperimentalSetup . ... . ... ... . . .. e 60
5.1.1 DESYI TestBeam Facility . . . . . ... ... .. ... ............ 62

5.1.2 Test Beam Experimental Setup and Data Acquisition . . . . ... ... .. 63

5.2 DataAnalysis . ... ... . ... 66
5.2.1 ClusteringAlgorithm . . . . . ... ... ... .. ... .. ... .. ... 66

5.2.2 EventSelection ... ... ... .. .. .. .. ... .. 67
Position of Incoming Particles . .. ...................... 67

53 Results . . . . . . . e 68
5.3.1 Beamprofile. . .. ... ... ... ... 68

53.2 ClusterStudies . ... ... .. ... ... .. 76

Cluster Size . . . . . . . . . . e 76

Energy Dependence of the Cluster Size . . . .. ... ... ......... 84

Temperature Dependence of the Cluster Size . . . ... .......... 84

Strobe Length Dependence of the Cluster Size . . . . . ... ... ..... 86

533 NOISE . . . . . e 87

5.3.4 ShowerStudies . ... ... ... .. ... .. 92
SingleTrack . ... .. ... ... .. ... . 92

Multiple Tracks . . . . . . . . .. . e 98

6 Discussion and Conclusion 107
Bibliography 109
A Lane Number and Chip ID for the Layers in the EPICAL-2 Setup 115

B Cluster Size Distribution 116



CONTENTS

ix

C The Feature

118



List of Figures

2.1

2.2

2.3

2.4

2.5

Total cross-section (circles) and partial cross-sections (lines) of photons in car-
bon (left) and lead (right). The partial cross-sections correspond to the follow-
ing interactions: photoelectric effect (ope.), Compton scattering (0 compton)s
coherent scattering (0 rayleigh), Pair production in the field of the nucleus (xpyc)
and the field of the electrons (x¢), and lastly the giant dipole resonance (0'g4.r),
a photonuclear process [7][8]. The figure is reprinted from [7], 2519-8041 —
©CERN, 2018. Published by CERN under the Creative Common Attribution CC
BY 4.0 Licence. https://doi.org/10.23730/CYRSP-2018-005.47 . . . . . . ... ..

Diagram illustrating the photoelectric effect. The K-shell electron gets ejected
from its orbit after absorbing the incident photon. An outer orbital electron
can fill the vacancy created by the ejected electron, by emitting a characteristic

x-ray. Emitting an electron (called an Auger electron), instead of a photon, can

also return the excited atom to a lower energy state. The figure is taken from [4].

[lustration showing the process of Compton scattering, where a photon scat-
ters off an atomic electron. The electron gets emitted at an angle 6 to the path
of the incident photon, and the photon scatters at an angle ¢ from its original

path. [4]. . . . e e e e e e

Plot showing the energy distribution of Compton recoil electrons. At maximum
recoil energy, there is a sharp decline known as the Compton edge. The figure

isretrieved from [5]. . . . . . ..o e e e e e e e e e

Diagram displaying the process of pair production. The photon produces an
electron-positron pair within the field of an atomic nucleus. The figure is taken
from [4]. . . .

9

10



LIST OF FIGURES

2.6 Themass stopping power plotted against the momentum for positively charged
muons in copper. The solid line gives the total stopping power; the dotted line
is the radiative stopping power; whereas the dash-dotted line is the electronic
stopping power, according to Bethe. The figure is reprinted from [7], 2519-8041
— ©CERN, 2018. Published by CERN under the Creative Common Attribution
CCBY 4.0 Licence. https://doi.org/10.23730/CYRSP-2018-005.47 .. ... ...

2.7 Plotillustrating how the energy loss from radiation and collision contributes to
the total loss for electrons in copper. The plot also depicts the energy loss for

protons for comparison. The figure is retrieved from [5]. . . . . . ... ... ...

2.8 [Illustration outlining a particle undergoing multiple Coulomb scattering after

entering a material with thickness x. The particle emerges at position y at an

angle 0 with respect to its original path. The sketch is based on a figure from [9].

2.9 A curve showing the ratio of transmitted to incident particles as a function of
absorber thickness, also known as a range number-distance curve. The range
distribution due to range straggling is approximately Gaussian in form. The

figureisretrieved from [5].. . . . . . . ...

2.10 Bragg Curve for an unmodulated 250-MeV proton beam illustrating the relative
dose versus depth. The sharp energy deposition is known as the Bragg peak.

The figureisfrom [4]. . . . . . . . . . .

2.11 Spread-out Bragg Peak (SOBP) gained from adding appropriately weighted and
shifted Bragg peaks. The figure is taken from [11]. . . . . . . ... ... ... ...

2.12 Diagram showing the development of an electromagnetic shower. The diagram

isamodification ofa figurefrom [9]. . . . . . ... ... ... . L oL

2.13 Relative biological effectiveness (RBE) versus linear energy transfer (LET) for in
vitro cell lines, where the LET values are given in keV/um in water. The differ-
ent colours indicate the different ions used as radiation, ranging from protons

to heavy ions. The figure is retrieved from [13]. . ... ... ... ... ......

2.14 Distribution of dose versus depth in water for several clinical radiation beams.

The figureisfrom [15]. . . . . . . .. .. . . L

2.15 (Top) Non-contrast-enhanced low-dose CT scan (left), U C-methionine PET scan

(right) and the corresponding fusion image (centre). (Bottom) MRI scan pro-
ducing a T2-weighted FLAIR image (left), PET scan (right) and the fusion image

(centre). The figure isretrieved from [22]. . . . . . ... ... ... .. ... ...

19

29



LIST OF FIGURES

2.16 This figure illustrates the physical principle of computed tomography, record-
ing a series of one-dimensional projection by synchronous rotation of multiple

detectors and the x-ray tube. The figureis from [21]. . ... ... ... ... ...

2.17 The setup of the Bergen pCT system. The beam of protons traverses through
the patient before reaching the digital tracking calorimeter placed behind the

Patient. . . . . . .. e e e e e e e e e e e e e e

3.1 A schematic outline of a pixel cell, which is the basic module of a hybrid pixel

detector. The figure is retrieved from [26]. . . ... .. ... ... ... ......

3.2 Sketch displaying the principle of how monolithic active pixel sensors operates.

The sketch is based on a figure from [27]. . . . .. ... ... .. ... .......

4.1 An overview of the ITS2 layout, with two Outer layers, two Middle layers and

three Inner layers near the beam pipe. The figure is retrieved from [31]. . . . . .

4.2 Diagram displaying the cross-section of a MAPS pixel by TowerJazz with 180
nm CMOS technology and the deep p-well feature. The figure is from [33]. . . .

4.3 The ALPIDE chip’s general architecture. The figureis from [34]. . . . . . ... ..

4.4 Block diagram displaying a pixel cell on the ALPIDE chip. The figure is retrieved
from [34]. . . . . e e e e e e

4.5 Scheme of the ALPIDE front-end. The figure is taken from [34]. . . . . . ... ..
4.6 Design of the EPICAL-2 prototype. The figure is retrieved from [36]. . . . . . ..
4.7 Design of a single layer of the EPICAL-2 prototype. The figure is from [36]. . . .

4.8 A schematic representation of the general structure of the Bergen pCT proto-
type. The support where the ALPIDE sensors will be mounted in the rear track-
ers is not displayed to exhibit the arrangement of the sensors in the layer. The

figureisretrieved from [24]. . . . . . .. ... L L L L o

4.9 (A) A top slab and a bottom slab, together forming a half layer. Each slab con-
sists of three 9-chip strings glued to an aluminium carrier. (B) Side-view of two
calorimeter layers (left), and half layer in more detail (right). The figure is from
[24]. . e

32

55

95

57



LIST OF FIGURES

Xiii

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Pictures of the experimental setup, where (a) displays the EPICAL-2 from the
sideand (b) fromthefront. . .. .. .. . . .. . ... ..

Diagram showing a schematic view of how the test beam is generated at the
DESY II Test Beam Facility, using beam-line TB21 as an example. In the pri-
mary target, bremsstrahlung photons are generated before travelling through
the tunnel and hitting the secondary target. Electron-positron-pairs are gener-
ated at the secondary target before a dipole magnet selects particles according
to charge and momentum. Further collimation can be applied to the particle

beam before it enters the test beam area. The figure is taken from [38]. . . . . .

An integrated spatial distribution for the first layer, Layer 0. Plotted with a log-
arithmic scale on the z-axis. The red square indicates the event selection that
only includes the hits within a 15 x 15 mm? area around the centre of the layer.

Run 1335: energy of 3 GeV, temperature of 20°C and strobe length of 2 us.

An integrated spatial distribution for all layers. Plotted with a logarithmic scale
on the z-axis. Run 1335: energy of 3 GeV, temperature of 20°C and strobe length
Of 2 US. . o e e

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as it
was excluded from the data taking. Run 1335: energy of 3 GeV, temperature of
20°Cand strobelengthof2 us. . . .. ... ... ... . o L

Spatial distribution in Layer 0 for Event 31147. Run 1335: energy of 3 GeV,
temperature of 20°C and strobe lengthof 2 us. . . . . . ... .. .. ... .....

Spatial distribution integrated over all layers for Event 31147. Run 1335: energy
of 3 GeV, temperature of 20°C and strobe lengthof2 us. . . . .. ... ... ...

Spatial distribution in Layer 0 for Event 4168, where the hit positions are cir-

cled. Run 1335: energy of 3 GeV, temperature of 20°C and strobe length of 2

Spatial distribution integrated over all layers for Event 4168. Run 1335: energy
of 3 GeV, temperature of 20°C and strobe lengthof2 us. . . .. ... ... ....

5.10 Spatial distribution in Layer 0 for Event 34495, where the hit positions are cir-

cled. Run 1335: energy of 3 GeV, temperature of 20°C and strobe length of 2

69



LIST OF FIGURES

5.11 Spatial distribution integrated over all layers for Event 34495. Run 1335: energy
of 3 GeV, temperature of 20°C and strobe lengthof2 us. . . .. ... ... .... 73

5.12 Distribution showing the number of entries for each column number in Layer
0. Noisy pixel (273,445) is filtered out. Run 1335: energy of 3 GeV, temperature
of 20°Cand strobelengthof2 us. . . . . . . .. ... .. . Lo L. 74

5.13 Distribution showing the number of entries for each column number integrated
over all layers. Run 1335: energy of 3 GeV, temperature of 20°C and strobe
lengthof2 us. . . . . . . . 75

5.14 Distribution showing the number of entries for the different number of hits,
integrated over all layers. Run 1335: energy of 3 GeV, temperature of 20°C and
strobelengthof2 us. . . . . .. .. . L 76

5.15 Cluster size distribution for the different layers, showing the number of clusters
with different cluster sizes. Plotted with a logarithmic scale on the y-axis. Run

1335: energy of 3 GeV, temperature of 20°C and strobe lengthof 2 us. . . . . . . 77

5.16 Cluster size distribution for Layer 0, Layers 5-7, Layer 18 and Layer 22, nor-
malised against the cluster size distribution of Layer 2, plotted with a logarith-
mic scale on the y-axis. Run 1335: energy of 3 GeV, temperature of 20°C and

strobelengthof2 us. . . . . . . .. L 77

5.17 Spatial distribution integrated over all layers and all the events containing clus-
ters with a cluster size larger than 200 pixels. Run 1335: energy of 3 GeV, tem-

perature of 20°C and strobe lengthof2 us. . . . .. ... .. ... .. ... .... 78

5.18 Spatial distribution for Layer 0, displaying only clusters with a cluster size be-
tween 10 and 20 pixels. Run 1335: energy of 3 GeV, temperature of 20°C and
strobelengthof2 us. . . . . .. ... .. 79

5.19 Spatial distribution for Layer 0, displaying only clusters with a cluster size be-
tween 20 and 30 pixels. Run 1335: energy of 3 GeV, temperature of 20°C and
strobelengthof2 us. . . . . .. . . . 79

5.20 Spatial distribution for Layer 0, displaying only clusters with a cluster size be-
tween 30 and 40 pixels. Run 1335: energy of 3 GeV, temperature of 20°C and
strobelengthof2 us. . . . . . ... L 80



LIST OF FIGURES XV

5.21 Spatial distribution for Layer 0, displaying only clusters with a cluster size be-
tween 40 and 50 pixels. Run 1335: energy of 3 GeV, temperature of 20°C and
strobelengthof2 us. . . . . .. .. . L 80

5.22 Spatial distribution for Layer 0, displaying only clusters with a cluster size be-
tween 50 and 60 pixels. Run 1335: energy of 3 GeV, temperature of 20°C and
strobelengthof2 us. . . . . . . .. . 81

5.23 Spatial distribution for Layer 5, displaying only clusters with a cluster size be-
tween 50 and 60 pixels. Run 1335: energy of 3 GeV, temperature of 20°C and
strobelengthof2 pus. . . . . .. .. L 82

5.24 Spatial distribution for Layer 22, displaying only clusters with a cluster size be-
tween 50 and 60 pixels. Run 1335: energy of 3 GeV, temperature of 20°C and
strobelengthof2 us. . . . ... ... . . 82

5.25 Average cluster size versus layer for different event selections. Run 1335: en-

ergy of 3 GeV, temperature of 20°C and strobe lengthof2 us. . . . .. ... ... 83

5.26 Average cluster size versus layer for a single track within a readout frame and
different energies. All the runs used here has a temperature of 20°C and a strobe
length of 2 us. The runs are listed in Table5.2. . . . . ... ... ... ....... 84

5.27 Average cluster size versus layer for a single track within a readout frame and
different temperatures. All the runs used here have an energy of 3 GeV and a

strobe length of 2 us. The runs are listed in Table 5.2. . . . . . ... ... .. ... 85

5.28 Average cluster size, averaged over all layers, versus temperature for a single
track within a readout frame. The data points are fitted with the linear function
described in Equation 5.1. All the runs used here have an energy of 3 GeV and

a strobe length of 2 us. The runs are listed in Table 5.2. . . . ... ... ... ... 86

5.29 Average cluster size versus layer for a single track within a readout frame and
different strobe lengths. All the runs used here have an energy of 3 GeV and a

temperature of 20°C. The runs are listed in Table5.2. . . . ... ... ... .... 87

5.30 Distribution showing the number of entries for the different number of hits,
integrated over all layers. Run 1246: temperature of 20.1°C and strobe length
Of 2 S, o o e 88



LIST OF FIGURES

5.31 Distribution showing the number of entries for the different number of hits,
integrated over all layers. Run 1246: temperature of 20°C and strobe length of
20 S, . o e e 89

5.32 Cluster size distribution integrated over all events and layers. Run 1330: tem-

perature of 20°C and strobe lengthof20 us. . . . . . . .. .. ... ... ... ... 91

5.33 Spatial distribution integrated over all events and layers. Run 1330: tempera-

ture of 20°C and strobe lengthof20 us. . . . . . . .. ... ... ... .. . ... 91

5.34 Spatial distribution integrated over all events and layers, zoomed in on the
clusters in the lower right quadrant. Run 1330: temperature of 20°C and strobe

lengthof 20 us. . . . . . . . . 92

5.35 Number of hits per event for events with a single track in the first layer, within a
2 us readout frame, with corresponding error-bars. The cluster in the first layer
is also within a 15x15 mm?

20°Cand strobelengthof2pus. . . ... .. .. ... . L o o 93

area. Run 1335: energy of 3 GeV, temperature of

5.36 Number of clusters per event for events with a single track in the first layer
within a 2 us readout frame, with corresponding error-bars. The cluster in the

2

first layer is also within a 15x15 mm*“ area. Run 1335: energy of 3 GeV, temper-

ature of 20°C and strobe lengthof2 us. . . . . ... ... ... ... .. . ... 94

5.37 Number of hits per event versus energy for a single track within a readout frame,
with corresponding error-bars. The data points are fitted with the linear func-

tion described in Equation 5.2. . . .. ... ... ... . e 95

5.38 Number of clusters per event versus energy for a single track within a readout
frame, with corresponding error-bars. The data points are fitted with the linear

function described in Equation5.3. . . . ... ... ... ... . .. ... 96

5.39 Transverse distribution of the hit densities for single tracks within a 2 us read-
out frame, averaged over all events, for Layers 2, 4 and 18. The hit in the first
layer is also within a 15x 15 mm? area. Run 1336: energy of 1 GeV, temperature
of 20°Cand strobelengthof2 us. . . . . . . ... ... ... ... ... ... . ... 97

5.40 Transverse distribution of the hit densities for single tracks within a 2 us read-
out frame, averaged over all events, for Layers 2, 5 and 18. The hit in the first
layer is also within a 15x 15 mm? area. Run 1335: energy of 3 GeV, temperature
of 20°Cand strobelengthof2 us. . . . . . . .. ... ... . ... ... ... . ... 97



LIST OF FIGURES Xvii

5.41 Transverse distribution of the hit densities for single tracks within a 2 us read-
out frame, averaged over all events, for Layers 2, 5 and 18. The hit in the first
layer is also within a 15x 15 mm? area. Run 1339: energy of 5 GeV, temperature
of 20°Cand strobelengthof2 us. . . . . . . .. ... ... .. ... ... ... 98

5.42 Number of hits per event for different event selections, with corresponding
error-bars. The clusters in the first layer are also within a 15x15 mm? area
around the centre of the layer. Run 1335: energy of 3 GeV, temperature of 20°C

and strobelengthof2 us. . . . . ... ... ... 99

5.43 Number of clusters per event for different event selections, with correspond-
ing error-bars. The clusters in the first layer are also within a 15x15 mm? area
around the centre of the layer. Run 1335: energy of 3 GeV, temperature of 20°C
and strobelengthof2 us. . . . . ... ... ... 99

5.44 The relationship between the number of clusters in the first layer and the num-
ber of clusters in shower maximum, averaged over all events with correspond-
ing uncertainty. The red graph is a linear fit to the data given by Equation 5.4.
Run 1335: energy of 3 GeV, temperature of 20°C and strobe length of 2 us. . . . 100

5.45 The relationship between the number of clusters in the first layer and the num-
ber of clusters in shower maximum, averaged over all events with correspond-
ing uncertainty. The red graph is a linear fit to the data given by Equation 5.5.
Run 1324: energy of 3 GeV, temperature of 20°C and strobe length of 20 us. . . . 101

5.46 Number of hits per event integrated over all layers versus strobe length. This

plot is based on the November runs listed in Table5.4. . . . ... ......... 102

5.47 Number of clusters per event integrated over all layers versus number of tracks
for different energies. All the runs used here have a temperature of 20°C and a
strobe length of 2 us. The runs are listedin Table5.2. . . . . ... ... ... ... 103

5.48 Number of clusters per event integrated over all layers versus the number of
tracks for different energies, with cuts checking for hits in the second layer. All
the runs used here have a temperature of 20°C and a strobe length of 2 us. The
runs are listedin Table5.2. . . . ... ... ... . . L o o 104

B.1 Cluster size distribution for Layer 0, Layer 2, Layer 5 and Layer 22, zoomed in
on the first ten bins of the histogram. Run 1335: energy of 3 GeV, temperature
of 20°Cand strobelengthof2 us. . . . . . .. ... . . o L L. 116



xviii

LIST OF FIGURES

C.1

C.2

C3

C4

C.5

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as it
was excluded from the data taking. Run 1336: energy of 1 GeV, temperature of
20°C, strobe length of 2 us, stage position of (0.3, -448.4) and EPICAL-2 angle

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as it
was excluded from the data taking. Run 1335: energy of 3 GeV, temperature of

20°C, strobe length of 2 us, stage position of (0.3, -448.4) and EPICAL-2 angle

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as it
was excluded from the data taking. Run 1339: energy of 5 GeV, temperature of
20°C, strobe length of 2 us, stage position of (0.3, -448.4) and EPICAL-2 angle

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as it
was excluded from the data taking. Run 1358: energy of 3 GeV, temperature of

30°C, strobe length of 2 us, stage position of (0.3, -448.4) and EPICAL-2 angle

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as it
was excluded from the data taking. Run 1324: energy of 3 GeV, temperature of
20°C, strobe length of 20 us, stage position of (0.3, —-448.4) and EPICAL-2 angle



LIST OF FIGURES

Xix

C.6

C.7

C.8

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as
it was excluded from the data taking. Run 1280: energy of 3 GeV, temperature
of 20.1°C, strobe length of 2 us, stage position of (-7.7,—-441.2) and EPICAL-2
angleof 0°. . . . . . L

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as it
was excluded from the data taking. Run 1447: energy of 3 GeV, temperature of

20°C, strobe length of 2 us, stage position of (0.3, -400.9) and EPICAL-2 angle

Integrated spatial distributions, displaying the distribution for each layer sep-
arately. The first 12 layers are located in the upper part of the plot, while the 12
last layers are in the bottom. Chip ID 27 in Layer 21 has no registered hits as it
was excluded from the data taking. Run 1467: energy of 3 GeV, temperature of
20°C, strobe length of 2 us, stage position of (2.3, -448.4) and EPICAL-2 angle
Of 180°. . . e e e e e

121






List of Tables

4.1

5.1

5.2

5.3

5.4

5.5

5.6

Overview of some of the DAC specifications [34]. The nominal settings are

given in DAC units, where 1 DAC unit is equivalentto 10e™ [35]. . .. ... ...

Overview of the ALPIDE chips with adjusted VCASN and ITHR settings. . . . . .

Run condition table for electron beam runs at the DESY Test Beam in February
2020. The table gives an overview of beam energy, collimator settings, water
temperature, number of events, beam rate and strobe length for the respective
run numbers. Chip ID 27 is excluded in all of the listed data runs. The beam
rate values marked by a star is based on the average beam rate for similar runs,

as the beam rate was not available for these particularruns. . . . . ... ... ..

Run condition table for pedestal runs at the DESY Test Beam in February 2020.
The table gives an overview of water temperature, number of events and strobe
length for the respective run numbers. Chip ID 27 is excluded in all of the listed

dataruns. . . . .. e e e e e e e

Run condition table for electron beam runs at the DESY Test Beam in Novem-
ber 2019. The table gives an overview of beam energy, collimator settings, num-

ber of events and strobe length for the respective run numbers.. . . . . ... ..

The number of clusters in a layer with cluster size between 50 and 60 pixels, the
total number of clusters in a layer and the ratio between them, given for Layer

0, Layer5and Layer22. . . ... .. .. . ... e

Coordinates of the noisy pixels masked during the beam test, meaning pixels
firing in more than 90% of the events. This table also gives an overview of the
fraction of events where these pixel fires. The noisy pixels are the same for all

of the pedestal runs listedinTable 5.3. . .. ... ..................

51



xxii LIST OF TABLES

5.7 The number of hits from multiple adjacent and single pixels accumulated over

all events and layers for the pedestal runs listed in Table 5.3. This table also

gives an overview of the percentage and rate per frame of pixels firing in the
pedestalruns. . . . . . . . .. e e 90

A.1 Overview of the lane numbers and chip IDs corresponding to the different lay-
ers of the EPICAL-2 prototype. . . . . . . . . o it ittt e e 115

C.1 Run condition table for electron beam runs at the DESY Test Beam in February

2020. The table gives an overview of beam energy, collimator settings, stage
position, water temperature, number of events, strobe length and angle of the
EPICAL-2 for the respective run numbers. Chip ID 27 is also excluded in all of
thelisteddataruns. . . . . ... ... ... . . 118






XXiv

List of abbreviations

ALICE A Large Ion Collider Experiment

ALPIDE ALICE Pixel Detector

C++ A programming language

CERN Conseil Européen pour la Recherche Nucléaire
CMOS Complementary Metal-Oxide-Semiconductor
CT Computed Tomography

DESY Deutsches Elektronen-Synchrotron

DNA Deoxyribonucleic Acid

DTC Digital Tracking Calorimeter

EPICAL Electromagnetic Pixel Calorimeter

FoCal Forward Calorimeter

ITS Inner Tracking System

LET Linear Energy Transfer

LHC Large Hadron Collider

MAPS Monolithic Active Pixel Sensor

MCS Multiple Coulomb Scattering

MIP Minimum lonising Particles

MRI Magnetic Resonance Imaging

NMOS N-type Metal-Oxide-Semiconductor



LIST OF TABLES

pCT Proton Computed Tomography

PET Positron Emission Tomography

PMOS P-type Metal-Oxide-Semiconductor

RBE Relative Biological Effectiveness

ROOT Object-oriented data analysis framework developed by CERN
RSP Relative Stopping Power

SOBP Spread-Out Bragg Peak

TB Test Bench

WEPL Water Equivalent Path Length






Chapter 1
Introduction

Radiotherapy is a focused treatment course often used on cancer patients, most commonly
delivered using external sources emitting x-rays or other high-energy photons. Radiotherapy
aims to primarily deliver ionising radiation to the tumour and limit the unwanted irradiation
of healthy tissue. A disadvantage of conventional radiotherapy is that the photons have an
exponentially decreasing dose delivery as the radiation traverses the patient, leading to a

dose delivery to the surrounding healthy tissue [1].

In the last decades, there has, however, been an increase in radiotherapy using charged par-
ticles, such as protons and heavier ions. The physical properties of charged particles travers-
ing a medium provide methods for dose delivery at a desired depth in the patient. The ac-
curacy in dose delivery reduces the unwanted irradiation of healthy tissue, resulting in a

reduced risk of long-term side effects [1].

In Norway, the first cancer patient will be treated with proton therapy in 2024, at Radiumhos-
pitalet in Oslo. The planned proton centre in Bergen will also open the same year [2]. Cur-
rently, measurements using x-ray CT are used in dose planning to determine the range and
stopping power of the particle. This technique introduces uncertainties that can be reduced
by using a proton CT scanner. In this context, the Bergen pCT collaboration has been granted

funding to design and build a pCT prototype.

1.1 About the Thesis

The primary objective of this thesis is to characterise a digital sampling calorimeter proto-
type, which has a similar design to the one that will be used in the Bergen proton CT pro-
totype. The aim is here to investigate the performance of the ALPIDE chip when used as
an electromagnetic calorimeter. The characterisation of this prototype, referred to as the
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EPICAL-2 prototype, is conducted based on experiments carried out at the DESY II Test
Beam Facility. This prototype consists of 24 layers, where each layer contains two ALPIDE
chips and 3 mm of tungsten absorber. The Digital Tracking Calorimeter, which will be used
for tracking and energy measurements in the proton CT prototype, will, on the other hand,

consist of 2 tracking layers and 41 calorimeter layers.

The general aim of this study is to understand the performance of such a prototype since it is
the first time a stack of 24 layers consisting of absorbers and ALPIDE chips has been built and
tested. Previously this kind of setup has only been studied digitally, using simulations. This
prototype is, therefore, a great test bench to study the overall performance of the ALPIDE

when packed in such a dense calorimeter.

This study is performed using electron beams since the showers have a similar hit density
as can be expected for proton CT. The prototype could also have been tested using a proton
beam with aluminium as an absorber instead of tungsten. This was, however, not a possibil-
ity due to the COVID-19 situation.

Time was spent collecting data during the beam test at DESY. This beam test resulted in a
substantial amount of data where different parameters and setups were tested. A consid-
erable amount of time went into analysing the collected data, and results were discussed
in weekly meetings with the EPICAL-2 analysis group who conducted the experiment. The
software used for analyses was written in the programming language C++ using analysis tools
provided by ROOT.

1.2 Thesis Outline

Chapter 2: Radiation and Its Medical Applications This chapter describes the medical ap-
plications of radiation and provides a basic description of how charged particles and
photons interact with matter. Electromagnetic showers and the biological effects are
covered, as well as the concept of radiation therapy. Lastly, it will present the concept

of proton CT and the Bergen pCT Collaboration.

Chapter 3: Semiconductors and Silicon Pixel Detectors This chapter presents the funda-
mental principles of semiconductors and silicon pixel detectors, explaining how char-
ged particles can produce a signal. The concepts and design of silicon pixel detectors
and Monolithic Active Pixel Sensors are covered, as well as the principal variables in-

fluencing the size of clustered pixel hits.

Chapter 4: ALPIDE Chip This chapter aims to describe the essentials of the ALPIDE detec-
tor. The ALPIDE operations will be described focusing on the front-end, priority en-
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coders, triggering and strobes. Finally, the applications of the detector in calorimeters

are presented, concentrating on FoCal and proton CT.

Chapter 5: Characterisation of the EPICAL-2 Prototype In this chapter the experiment con-
ducted at the DESY II Test Beam Facility in February 2020 is described, as well as the
result of the data analysis. Data from a similar experiment carried out in November

2019 were also used for analysis.

Chapter 6: Discussion and Conclusion This chapter reviews and discuss the results presen-
ted in the thesis.

1.3 Citation Principles

In this thesis, citations listed before the paragraph’s ending punctuation refer to all the state-
ments of that paragraph, in cases where there is only one citation per paragraph. Citations

registered at the end of a sentence within a paragraph refers to the statement itself.






Chapter 2
Radiation and Its Medical Applications

This chapter outlines the medical applications of radiation and provides a basic description
of how charged particles and photons interact with matter—then explaining electromag-
netic showers before presenting the biological effects of radiation. Thereafter, the concept
of radiation therapy will be disclosed, followed a discussion of the advantages of particle
therapy compared to conventional radiotherapy using photons. Finally, proton computed

tomography and the Bergen pCT Collaboration will be described.

2.1 Radiation

Radiation is a general term used to describe a process that carries energy through space in
the form of electromagnetic waves or as streams of energetic particles [3]. There are several
ways to characterise radiation based on how it interacts with matter. We distinguish between
non-ionising and ionising radiation, where ionising radiation can be further characterised as

either directly or indirectly ionising [4].

Ionisation describes the process where a neutral atom gains a positive or negative charge,
and ionising radiation can cause this process by stripping electrons from atoms as the beam
traverses the medium. The atom that loses its electron ends up as a positive ion, and subse-
quently, the stripped electron might further combine with a neutral atom, forming a negative

ion [4].

Provided that they have an amount of kinetic energy that is adequate to produce ionisation
by collisions as they penetrate matter, charged particles such as a-particles, protons and
electrons are referred to as directly ionising radiation. The incident particle loses its energy in
alarge number of small steps along the ionisation track within the medium, and occasionally

the ejected electron acquires enough energy to form its own, secondary ionisation track.
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These electrons are known as 6 rays. Alternatively, if the energy loss of the incident particle
is used to raise the electrons to a higher energy level, but is not large enough to eject it from
the atom, the process is called excitation [4].

Uncharged particles, such as photons and neutrons, are referred to as indirectly ionising
radiation since they do not ionise themselves, but instead, release directly ionising particles
from the matter that they interact with [4].

2.2 Interaction of Photons With Matter

Photons are one of the fundamental particles, which are particles without a known substruc-
ture. Photons are force carriers in a force field, and according to the theory of quantum
electrodynamics (QED) classified as messenger particles. Being force carriers of the electro-

magnetic force, they are quanta of the electromagnetic field [4].

Electromagnetic radiation is characterised by electric and magnetic fields that are oscillating
perpendicular to each other, and perpendicular to the direction of the energy propagation.
Photons have no electric charge or mass and their energy is proportional to the frequency of

oscillation. The amount of energy carried by a photon, Ey, is given by
Ey = hv 2.1)

where £ is the Planck’s constant and v is the frequency of oscillation [4].

The utilisation of higher energy photons like x-rays and y-rays is common in both conven-
tional radiotherapy and medical imaging [4]. In the interest of understanding the medical
applications of photons, knowledge of the fundamental interactions between photons and

matter is essential.

The interaction of photons with matter (in our case, x-rays and y-rays) is drastically different
from that of charged particles, in large part due to the photon’s lack of electric charge. The
many inelastic collisions with atomic electrons, characteristic of the interaction between
charged particles and matter, are impossible for photons. The main interactions of x-rays

and y-rays with matter are instead [5]:

1. Photoelectric Effect
2. Compton scattering (including Thomson and Rayleigh Scattering)

3. Pair Production.
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Photons also interact through other mechanisms, such as nuclear dissociation reactions, but

these are significantly less common, and thus not mentioned in detail in this thesis [5].

X-rays and y-rays are considerably more penetrating than charged particles when passing
through matter. This characteristic is a result of the three processes mentioned earlier hav-
ing a much smaller cross-section compared to the cross-section of the inelastic collisions

between charged particles and electrons [5].

Furthermore, the energy of a photon beam does not degrade as it traverses a medium; the
beam only attenuates in intensity. This feature is also a consequence of these three inter-
actions. Photons are removed from the beam entirely, either by scattering or by absorption,
meaning that the photons passing straight through will not have undergone any interactions

at all, retaining their original energy [5].

When a mono-energetic photon beam travels through matter, there is a reduction in the total
number of photons by the number of photons that interacts with the medium. The following
expression gives the intensity of the photon beam after having travelled a distance x in the
medium:

Ix)=Iye ™ (2.2)

In this equation, [j is the beam’s intensity before it enters the medium, and p is the absorp-
tion coefficient of the medium. The absorption coefficient is characteristic of the absorbing
material and is dependent on the density of the medium. Itis also a quantity which is directly

related to the total cross-section of the photon interactions [5].

The following approximation gives the total cross-section, o, of a photon interaction:
Otot ®OpetOc+0pp (2.3)

where ope, 0¢ and o, are the cross-sections of photoelectric effect, Compton scattering and

pair production, respectively [4][6].
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Figure 2.1: Total cross-section (circles) and partial cross-sections (lines) of photons in carbon
(left) and lead (right). The partial cross-sections correspond to the following interactions:
photoelectric effect (op..), Compton scattering (0 compton), COherent scattering (0 rayleigh)»
pair production in the field of the nucleus (k) and the field of the electrons (x.), and lastly
the giant dipole resonance (0¢ q.), a photonuclear process [7][8]. The figure is reprinted from
(7], 2519-8041 — ©CERN, 2018. Published by CERN under the Creative Common Attribution
CC BY 4.0 Licence. https://doi.org/10.23730/CYRSP-2018-005.47

Figure 2.1 illustrates how the cross-section of the different interactions change with the pho-

ton energy, and which process is the dominating factor for energy loss at different energies.

The main interactions of photons, as well as their cross-sections, will be addressed in the

following sections.

2.2.1 Photoelectric Effect

The photoelectric effect, illustrated in Figure 2.2, is the process of an atom absorbing a pho-
ton and subsequently emitting one of its orbital electrons [9]. In this phenomenon, the atom
first absorbs the entire energy of the photon (hv) before, essentially, transferring all of the
energy to the atomic electron. The photoelectron, which is the electron ejected from the
atom, has kinetic energy, E, equal to

Ex=hv—Ep (2.4)
where Ep is the electron’s binding energy. The photoelectric effect can occur with electrons
in the K, L, M or N shells [4].
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When the electron gets ejected, it creates a vacancy in the shell and leaves the atom in an
excited state. An outer orbital electron can fill the vacant position by emitting a characteristic
x-ray. The emission of Auger electrons is also a possibility. The Auger effect occurs when
an electron in a higher shell gets ejected after absorbing the energy generated by the outer

electron filling the vacancy [4].

Characteristic
X-rays Auger
electrons

hv(photon)

€ (photoelectron)

Figure 2.2: Diagram illustrating the photoelectric effect. The K-shell electron gets ejected
from its orbit after absorbing the incident photon. An outer orbital electron can fill the va-
cancy created by the ejected electron, by emitting a characteristic x-ray. Emitting an electron
(called an Auger electron), instead of a photon, can also return the excited atom to a lower
energy state. The figure is taken from [4].

For photons with energy less than 100 keV, the photoelectric effect is the dominant mode of
interaction. The following expression gives an approximation of the energy dependence of

the cross-section: ,

Ope = Const (2.5)

3.5
EY

Here, Ey is the energy of the photon and Z is the charge of the nucleus. n varies between 4

and 5, depending on the energy of the photon [8].

As illustrated in Figure 2.1, the cross-section for the photoelectric effect decreases sharply
with increasing photon energy. However, when the photon energy exceeds the threshold
energy corresponding to the binding energy of a lower electron orbital, there is a sudden

increase in the cross-section. These leaps are also visible in Figure 2.1 [8].

2.2.2 Compton Scattering

Compton scattering is the phenomenon where a photon scatters off an atomic electron, as
shown in Figure 2.3. In this process, the electron’s binding energy is negligible compared to

the energy of the incident photon. The photon, therefore, interacts with the electron as if
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it was a "free" electron. The electron gets emitted at an angle 0 to the path of the incident
photon, after receiving some of the photon’s energy. The photon scatters at an angle ¢ from
its original path, with reduced energy [4].

One can analyse Compton scattering by treating it as a collision between two particles. Fur-

ther, one can obtain the following expressions by using the conservation laws for momentum

and energy:
E hv
E = r = 0 (2.6)
Y 1+e(l-cos¢p) 1+e(1—cose)
1 —
Ey = By - E, = hv, £l ~cos¢) 2.7)

1+&(l—cos¢)

In these equations Ey and E;, are the energies of the incident photon and the scattered pho-
ton, respectively. Ey is the kinetic energy of the electron, # is Planck’s constant and v is the
frequency of the incident photon. Furthermore, € = hvg/ mec?, where mec® = 0.511 MeV is
the rest energy of the electron [4][5].

€ (Compton electron)

“Free” electron

hyy(incident photon)

Figure 2.3: Illustration showing the process of Compton scattering, where a photon scatters
off an atomic electron. The electron gets emitted at an angle 6 to the path of the incident
photon, and the photon scatters at an angle ¢ from its original path. [4].

The scattered photon might undergo several interactions after being scattered off the atomic
electron, before finally being absorbed by the medium. The Compton electron may, alterna-

tively, cause further excitation and ionisation events as it traverses the medium.

A special case of Compton scattering is when the photon makes a direct hit with the electron.
After the interaction, the electron will move along the path of the incident photon with an
angle 0 = 0°, and the scattered photon will move in the opposite direction, ¢ = 180°. This

event leaves the scattered photon with a minimum energy, Efy and transfers a maximum

,min’

amount of energy, Ex max, t0 the electron. One can determine these energies by solving Equa-
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tions 2.6 and 2.7 for ¢ = 180° in [4]:

o

By min = V0 75 2.8)

B = hvy —25 (2.9)
k,max — 0 1+ 2¢ .

Equation 2.9 gives the maximum recoil energy a Compton electron can get according to kine-
matics, also known as the Compton edge. The plot in Figure 2.4 displays the energy distribu-

tion for various energies of incoming photons [5].
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Figure 2.4: Plot showing the energy distribution of Compton recoil electrons. At maximum
recoil energy, there is a sharp decline known as the Compton edge. The figure is retrieved
from [5].

Another special case is when the photon only grazes the electron, resulting in the electron
being emitted at 8 = 90° to the incident photon path, while the scattered photon continues
forward with ¢ = 0°. From Equations 2.6 and 2.7, with ¢ = 0°, the energies become E;,min =
hvo and Ex max = 0 [4].

The cross-section for Compton scattering is known as the Klein-Nishina formula:

do r? 1 €2(1 = cos)?
— == 1+cos?p+ ( 2

dQ 2 [1+e(1-cos)]? 1+£(1—cos)

(2.10)

where do/dQ is a differential cross-section, dQ) an infinitesimal solid angle element and r,
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the classical radius of the electron. The total probability for a Compton scattering to occur,
per electron, is given by integrating Equation 2.10 over d( [5].

5 [1+€
O'C:27Tre Q>
£

2(1+¢e) 1 1 1+ 3¢
——In(1+28)|+—In(1+2&) - — (2.11)
142 ¢ 2¢ (1+2¢)2

Thomson and Rayleigh Scattering

The classical phenomena that are known as Thomson and Rayleigh scattering closely are
related to the process of Compton scattering. Thomson scattering is the process of free elec-
trons scattering photons within the classical limit, while Rayleigh scattering describes when
an atom as a whole scatters the photons. The latter process is also known as coherent scat-

tering, stemming from the fact that all the electrons of the atom participate coherently [5].

Common for both phenomena is the fact that there is no net energy transfer to the medium.
By only altering the direction of the photon, these processes neither ionise nor excite the
atoms. For most purposes, Thomson and Rayleigh can be neglected for photons with rela-

tively high energies, as there is minimal scattering occurring at these energies [5].

2.2.3 Pair Production

Pair production describes the process of a photon producing one electron and one positron
within the field of an atomic nucleus, as shown in Figure 2.5. This process can only occur if
the photon has an energy higher than 1.02 MeV. Interacting with the electromagnetic field of
a nucleus, the photon loses all its energy and establishes a pair consisting of an electron, e”,
and its antiparticle, e*, also known as a positron. A minimum photon energy of 1.02 MeV
is required for this process, because both the electron and the positron has a rest energy
of 0.511 MeV. The particles share any excess energy as kinetic energy, and they tend to get
ejected in a path forward relative to the incoming photon [4].

/—.—\ € (electron)

hv>1.02 Mev
Photon

g(positron)

Figure 2.5: Diagram displaying the process of pair production. The photon produces an
electron-positron pair within the field of an atomic nucleus. The figure is taken from [4].

If atomic electrons do not screen the nuclear charge, (photons with low energy must be rel-
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atively proximate to the nucleus for pair production to be probable; thus the photon views

only a 'bare’ nucleus), € will be within the following limits

1
lxe< m (2.12)

the following expression then gives the cross-section of pair production

Opp = dariZ* (Zln(Zg) - @) (2.13)
pp — e 9 54 .
If the nuclear charge, on the other hand, is completely screened,
1
e — (2.14)
which makes the cross-section
472 71 183 1 91
O'pp— are §nﬁ—a (5)
The variables in these equations are described earlier in this section.
In these equations, a is the fine-structure constant given by
e? 1
(2.16)

a= =~ —
dmeghic 137

where e is the elementary charge, € is the permittivity of free space, i = h/2x is the reduced

Planck constant, and c the speed of light in vacuum [5][10].

2.3 Interaction of Charged Particles With Matter

As mentioned in the previous section, photons interact with the medium through processes
such as photoelectric effect, Compton scattering and pair production. Charged particles, on
the other hand, mainly interact through ionisation and excitation. Charged particles may
also interact by radiative collisions, which are collisions between charged particles where a
portion of their kinetic energy is radiated away as one or more photons. Bremsstrahlung is
an example of a radiative collision, and it is a process more likely for electrons and positrons,
than for more massive charged particles [4].

The electric fields of the travelling charged particles interact with the fields of the nuclei and
orbital electrons along the charged particles’ path. Atoms in the medium are ionised and

excited through collisions between the particle and the orbital electrons, while collisions
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between the particle and the nucleus give rise to bremsstrahlung and other radiative energy
loss. There is also a possibility of the particle scattering without notable energy loss. In
addition to the interactions governed by the Coulomb force, charged heavy particles can

also produce radioactive nuclides by causing nuclear reactions [4].

Hence, the following interactions are the leading cause of the energy loss and deflection of

charged particles traversing a medium:

1. Inelastic collisions with atomic electrons; leading to ionisation and excitation of atoms

and is the primary cause of the charged particle’s energy loss
2. Elastic collisions with nuclei, also known as Coulomb scattering or angular deflection
3. Elastic collisions with atomic electrons

4. Inelastic collisions with nuclei (nuclear reactions); e.g. absorption of the charged par-

ticle, leading to the production of secondary particles

5. Bremsstrahlung (for high energy particles); caused by the deceleration of charged par-

ticles

6. Cherenkov radiation; arising from charged particles moving faster than the speed of

light in a particular medium

7. Transition radiation; a weak effect that resembles the Cherenkov radiation and is caused

by the charged particle polarising the medium

These interactions may occur numerous times per unit path length within the medium which
cumulatively causes the observed effects. The three last reactions are, however, of minimal

consequence compared to the processes of atomic collision [5][8].

2.3.1 Energy Loss by Ionisation for Heavy Particles

When a massive charged particle passes through a medium, the inelastic collisions caused
by the Coulomb fields are almost entirely responsible for its energy loss. The energy transfer
per collision is usually minimal compared to the total kinetic energy of the particle. Nev-
ertheless, there is also a large number of collisions per unit path length within the typically

dense matter, resulting in substantial cumulative energy loss [5].

The average energy loss per unit length, also known as stopping power, is described by the
Bethe-Bloch formula:

dE o . Z 27
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with the following parameters

27t Nar2mec?® = 0.1535 MeVem? /g

Na Avogadro’s number = 6.022 - 10?3 mol™!
Te classical radius of the electron = 2.817-107 3 cm
mec”  rest energy of the electron = 0.511 MeV
density of the absorbing material
atomic number of the absorbing material
atomic weight of the absorbing material

charge of the incident particle, in units of the elementary charge e

Lorentz factor, 1/+/1 - 82

P
Z
A
z
B velocity of the incident particle in units of the speed of light, v/c
Y
Wmax maximum transfer of energy in a single collision

I mean excitation potential
) density correction
C shell correction

A head-on collision produces the maximum energy transfer possible in a single collision, and
kinematics gives the following expression for the maximum energy transfer of an incoming

particle with mass M:

Zmeczﬁzyz
Whhax = e >— PRy (2.18)
1+252\/1+ B2y% + (5¢)
Further, if M > m,, then
max = 2Mec” fy° 2.19)

The mean excitation potential, I, is essentially the average orbital frequency of the bound

electrons, v, times Planck’s constant, iV [5].

The correction for density effects, 8, is important at high energies. When the energy, and
thereby the velocity, of the incoming particle, is high, its electric field will flatten out and
elongate due to relativistic length contractions. This electric field tends to polarise atoms
along its path. The polarisation will shield electrons far from the incoming particles from
the full effect of the particles’ electric field. Collisions with these shielded electrons will con-
tribute less to the total energy loss than what the uncorrected Bethe-Bloch formula would
have predicted. The density effect increases for materials with higher densities due to greater

polarisation [5].

The correction for shell effect, C, is, however, more important at lower energies. This effect
occurs when the velocity of the incoming particle is close to the orbital velocity of bound

electrons in the absorbing material. The assumption that the electrons are stationary com-
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pared to the velocity of the incoming particles is no longer valid, causing the Bethe-Bloch
formula to break down without this correction [5].

There is also a relativistic correction, In(1— v?/c?) — v?/c?, since the particles will interact less

at higher velocities.

It is also worth noting that the average energy loss is proportional to z?/4%, which means
that the energy loss of the particle is mostly dependent on the charge carried by the particle,

and its velocity.
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Figure 2.6: The mass stopping power plotted against the momentum for positively charged
muons in copper. The solid line gives the total stopping power; the dotted line is the radiative
stopping power; whereas the dash-dotted line is the electronic stopping power, according to
Bethe. The figure is reprinted from [7], 2519-8041 - © CERN, 2018. Published by CERN under
the Creative Common Attribution CCBY 4.0 Licence. https://doi.org/10.23730/CYRSP-2018-
005.47

By studying the plot of the Bethe-Bloch formula, in Figure 2.6, one can see that the energy
loss per unit length is most significant at lower velocities. The energy loss decreases with
increasing velocity until it reaches a point of minimum ionisation. A particle with average
energy loss close to this minimum is called a minimum ionising particle, or MIP. After that,
there is a relativistic rise, where the energy loss increases due to the relativistic elongation
of the transverse electric field, caused by Lorentz-contractions of the Coulomb forces. The

graph finally flattens out in the density effect plateau caused by polarisation and shielding.
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2.3.2 Energy Loss of Electrons and Positrons

Electrons and positrons mainly lose their energy through inelastic collisions and brems-
strahlung. While the primary mechanism outlined for collision loss for massive particles still
is valid for electrons and positrons, the Bethe-Bloch formula for collision energy needs mod-
ification. Since the projectile and target now have identical mass, the assumption that the
projectile only transfers a minimal amount of energy per interaction is not valid anymore.
The projectile and target are now identical seen from a quantum-mechanically perspective,
so there is no way to distinguish the target from the projectile. Consequently, the calcula-

tions must consider their indistinguishability [5].

Taking these considerations into account, several terms must be adjusted in the formula.
For instance, the maximum transfer of energy permitted becomes Wiax = Ex ¢/2, where Ej ¢
is the kinetic energy of the incoming electron or positron. Thus, the Bethe-Bloch formula

becomes

—E—ZnN r2mec? éi In M —F(T)—6—2E (2.20)
dx  CTATeMMeC 07 g 2(12 Z '

Mec?

In this equation, T is the projectile particle’s kinetic energy in units of mec?, and F(1) is

z_(2r+1)n2

0 =1-F+ "y

fore™

(2.21)
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fore*

The remaining parameters are as defined in Section 2.3.1 [5].

Positrons behave precisely like electrons, except at lower energies. After coming to rest,
positrons will annihilate since there are always electrons present. The process of annihi-
lation, where antiparticles collide, produces a pair of back-to-back gamma rays, each with
an energy equivalent to the rest energy of the electron. If the particles collide before coming

to rest, this energy will be higher [3][8].

The small mass of electrons and positrons results in an additional mechanism for energy
loss. The electric field of nuclei in the medium causes the particle trajectories to bend around
the nuclei; the particles accelerate and radiate energy by releasing photons as part of the
bremsstrahlung process. At relativistic velocities, the contribution from bremsstrahlung ex-

ceeds the contribution from collisions and it becomes the dominating cause of energy loss
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for electrons and positrons [5].

Hence, the total energy loss for electrons and positrons is composed of the energy loss caused

by collisions and the loss due to radiation:

(&) (& () 222
dx tot dx coll dx rad .

Figure 2.7 shows how the primary mechanism for energy loss contributes to the total energy

loss for different energies.
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Figure 2.7: Plot illustrating how the energy loss from radiation and collision contributes to
the total loss for electrons in copper. The plot also depicts the energy loss for protons for
comparison. The figure is retrieved from [5].

2.3.3 Multiple Coulomb Scattering

As previously discussed, when charged particles traverse a medium, the electric field of atomic
nuclei will result in small elastic collisions or deflection of the particles, commonly referred
to as Coulomb scattering. While a simple scattering usually gives a negligible angular deflec-
tion, the sum of multiple scatterings can result in a large deflection from the original path of

the particles [5].

The Rutherford formula governs an individual Coulomb scattering, but if the average num-
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ber of independent scatterings is large enough, and the individual scattering events have a
small or negligible energy loss, one can treat the problem statistically. The phenomenon of

multiple repeated collisions is called multiple Coulomb scattering (MCS) [5].

A particle that enters a medium of thickness x perpendicularly and undergoing multiple scat-
tering will come out a particular distance y from the original trajectory. The particles course
will then continue with an angle Oycs from the original perpendicular path, as illustrated in
Figure 2.8 [9].

Figure 2.8: Illustration outlining a particle undergoing multiple Coulomb scattering after
entering a material with thickness x. The particle emerges at position y at an angle 6 with
respect to its original path. The sketch is based on a figure from [9].

For small scattering angles, a normal distribution distributed around an average scattering
angle of Oyics = 0 describes the random variable Oy;cs. Larger scattering angles, resulting
from elastic collisions with nuclei, occur, nevertheless, more frequently than expected from

a Gaussian distribution [10].

The following formula gives the root mean square of the projected scattering-angle distribu-

; 13.6 MeV
Obml = \/(0%) = 20— g [ 2
Bep Xo

where fc is the velocity, p [MeV/c] the momentum, z is the charge of the scattered particle

tion

x
1 +0.0381n(—)] (2.23)
Xo

and x/ X is the thickness of the medium per radiation length [10].

2.3.4 Range and Straggling

The range of a particle is the distance the particle will travel before losing all of its energy, a

quantity that is dependent on particle type, its energy, as well as the type of medium it pen-
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etrates. By measuring the ratio between transmitted and incident particles after sending a
beam of particles of desired energy through various thicknesses of a specific material, one
can determine the range experimentally. A range number-distance curve is a curve display-

ing this ratio as a function of absorber thickness and is exemplified in Figure 2.9 [5].

NUMBER -DISTANCE CURVE
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Figure 2.9: A curve showing the ratio of transmitted to incident particles as a function of
absorber thickness, also known as a range number-distance curve. The range distribution
due to range straggling is approximately Gaussian in form. The figure is retrieved from [5].

As illustrated in Figure 2.9, virtually all particles manage to penetrate small absorber thick-
nesses. The ratio of transmitted to incident particles drops, on the other hand, as one ap-
proaches the range. The drop is, however, not as sharp as expected for well-defined quan-
tities, instead it decreases over a particular interval in absorber thickness. This effect is a
consequence of the statistical nature of the energy loss. Two identical particles with equal
initial energy will rarely undergo the same amount of collisions and will therefore have dif-

ferent energy loss [5].

Consequently, by measuring several identical particles, the ranges will be statistically dis-
tributed, centred around a mean value. This is a phenomenon called range straggling, and
the distribution is approximately Gaussian in form. The mean value, corresponding to the
midpoint of the declining slope in Figure 2.9, is known as the mean range. The mean range
is the thickness where about half of the particles have been absorbed. Finding the point
where all particles are absorbed can be done by using the curve’s tangent at the midpoint to

extrapolate to the zero-level. This quantity is known as the practical or extrapolated range
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[5].

From a theoretical standpoint, one can determine the mean range of a particle of energy E
by integrating dE/dx from initial energy E to zero, hereby assuming that ionisation is the

only cause of energy loss [5][9].

0(dE\7!
R(E) = f ( ) dE’' (2.24)
g \dx

This calculation only gives an approximation to the travelled path length, seeing that it ne-
glects effects such as multiple Coulomb scattering. Hence, the length of the zigzag path
caused by scattering, as seen in Figure 2.8, will normally be larger than the range defined
as a straight-line path. The approximation is, however, relatively good for massive charged

particles, since the effect of multiple scattering is mostly negligible in these cases [5].

Electrons, on the other hand, are more susceptible to multiple Coulomb scattering, causing
their range to differ quite a bit from the approximated path length obtained by Equation 2.24.
There is also more fluctuation in the energy loss for electrons than for massive particles.
The energy loss fluctuation is a consequence of both the emission of bremsstrahlung and
the permission of much larger energy transfer per collision for electrons. Both cases make
it possible for a few photons or collisions to absorb a significant portion of the electron’s

energy, resulting in a higher degree of range straggling [5].

2.3.5 BraggPeak

For massive charged particles, the rate of the energy loss by ionisation, per travelled distance,
is slowly varying and approximately constant over a widespread kinematic range. In Figure
2.6, this corresponds to the momentum region between about 3-1000 GeV/c. Below the point
of minimum ionisation, at By = 3GeV/c, there is a rapid increase in the rate of energy loss.
In other words, the majority of energy loss occurs in the range below the point of minimum

ionisation [9].

Hence, a curve showing the energy loss distribution as a function of penetration depth will
seem approximately constant until the momentum is below this point, after which a peak of
energy deposition will follow. This curve is called the Bragg Curve, illustrated in Figure 2.10,
and the peak of energy deposition is known as the Bragg Peak [9].
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Figure 2.10: Bragg Curve for an unmodulated 250-MeV proton beam illustrating the relative
dose versus depth. The sharp energy deposition is known as the Bragg peak. The figure is
from [4].

The Bragg Peak can be a remarkably beneficial feature in both medical applications and nu-
clear physics. On one side, the Bragg Peak gives the opportunity of precisely depositing
energy at the desired depth, a characteristic utilised in cancer therapy as an alternative to
conventional treatment with x-rays. On the other side, one can also use the feature to cali-
brate the energy of a particle beam by directing the beam to a stopping material of known

thickness, composition and peak position [9].

A substantial part of the technique of particle radiotherapy depends on skilful manipulation
of the Bragg Peak. An example is spreading it out over a larger area, a method used to spare as
much healthy tissue as possible, as well as covering the target volume. The Spread-out Bragg
Peak (SOBP), as shown in Figure 2.11, is obtained by adding weighted and shifted Bragg Peaks
[11]. Itis generated by using a mono-energetic beam with enough range and energy to reach
the distal end of the target volume, followed by adding beams of decreasing intensity and

energy to cover the proximal part [4].
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Figure 2.11: Spread-out Bragg Peak (SOBP) gained from adding appropriately weighted and
shifted Bragg peaks. The figure is taken from [11].

2.4 Electromagnetic Showers

Initiated by an energetic photon, electron or positron, an electromagnetic shower is a chain
reaction into a substance where multiple photons, electrons and positrons are formed or
released. The chain of interaction processes is triggered when the energetic particle enters
a dense target material [9]. Energetic electrons and positrons mainly lose energy through
the bremsstrahlung mechanism, as mentioned in Section 2.3.2. At the same time, Figure 2.1
shows that the interactions that dominate for high-energy photons are the process of pair

production, described in Section 2.2.3.

Figure 2.12 shows an example of this process, where an electron loses energy through brems-
strahlung, producing a photon. This photon undergoes pair production producing an elec-
tron-positron-pair, while the electron keeps loosing energy by bremsstrahlung. These pro-
cesses continue, where the photons continue creating pairs of electrons and positrons, and
the electrons and positron continuously loose energy by creating photons. The number of

particles increases gradually, resulting in an electromagnetic shower.
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Figure 2.12: Diagram showing the development of an electromagnetic shower. The diagram
is a modification of a figure from [9].

The mean thickness of a material (measured in g/cm?) where an electron’s or positron’s en-
ergy has been reduced by a fraction of 1/e of its initial energy by bremsstrahlung alone, is
known as a radiation length. After covering a distance of about one radiation length, a pho-
ton will proceed to create an electron-positron-pair. The shower will continue to develop
until the secondary photons no longer have a sufficient amount of energy for further pair
production. The longitudinal depth of the shower will, therefore, depend on the energy of
the initial particle. The transverse size of the shower is, however, given by the following em-

pirical formula:

Varamec? 21MeV
Ry = Xy = X (2.25)
E. E,

In this equation the parameter Ry is called the Moliere radius, E. is the critical energy in
the material and Xj is the radiation length. The critical energy in a material is the energy of
an electron or a positron where the rate of energy loss by bremsstrahlung equals the rate of
energy loss by ionisation [7][9].

It is also possible to estimate the longitudinal size of the shower by using a simplified model.
By letting ¢ be a measure of depth in units of radiation length, in short ¢t = x/X,, and by
assuming that half the energy of the electron is lost to a single photon after every travelled
radiation length, in other words X, measures the steps of each bremsstrahlung and pair pro-

duction event. At a depth ¢, the number of particles in the shower, N(¢), will be:

N(r) =2¢ (2.26)
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and the numbers of photons, positrons and electrons are approximately the same:

Ny = Ne+ = Ne- (2.27)

Furthermore, the average energy per particle at depth ¢, E(), is given by

_ b _ Lot
E(t) = N =FEy-2 (2.28)

where E| is the initial energy of the particle [9].

The shower continues to grow until the electrons or positrons have less energy than the crit-
ical energy E. for bremsstrahlung. By inverting Equation 2.28 and using E(?) < E, the maxi-

mum penetration depth, fyay, is given by

Eyp
fax = 1.41n (E—) 2.29)

C

Moreover, the maximum number of particles, 7y, is given by

Ey
E¢

2 fmax — (2.30)

Nmax =

The total integrated track length is also proportional to the initial energy Ej [9].
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2.5 Biological Effects

Radiotherapy aims to treat cancer by killing or sterilising the cancer cells and simultaneously
minimising complications. By studying the radiobiology, combining elementary principles
from biology and physics, one can investigate how living organisms and biological tissue

react to ionising radiation.

When a biological system is irradiated, the radiation transfers energy to the system. On a
molecular level, the transfer of energy to the biological system can be divided into two main

categories [12]:

1. Direct effect, where the interactions between the atoms of the biological system and

the radiation give rise to excitation or ionisation of the atoms.

2. Indirect effect, containing all the chemical and physical interactions with the radicals

produced by the radiation.

The DNA is the main target for the ionising radiation, to avoid metastasis of the cancer cells.
The ionising radiation can damage or break the DNA by single and double-strand breaks,
where double-strand breaks are more severe than single-strand breaks. There has to be
enough energy deposited in the DNA to result in a large enough number of double-strand
breaks to destroy the cell [6].

A particles’ stopping power is the average rate of energy loss per unit path length of the par-
ticle, —dE/dx. The linear stopping power of the particle, also known as the linear energy
transfer, or LET, is closely correlated to the dose deposition and biological effect of radiation

in the medium [4].

Furthermore, the relative biological effectiveness, or RBE, of a type of radiation is the ratio
between the dose of 250-kVp x-rays providing a specific biological effect and the dose of a
given radiation type producing the same effect. The specified biological effect can be tissue

damage, mutation, cell killing or any other form of biological result [4].

LET is the most important factor of the RBE, although it also depends on the dose fractiona-
tion, the radiation quality and type, in addition to the biological endpoint. An increasing LET
is associated with a greater RBE. Charged particles generally have a higher LET than x-rays,
leading to an RBE greater than or equal to 1.0. The LET, and thereby the RBE, of charged
particles, increase as the particles decelerate, approaching the end of their range. Hence, the
RBE is at its highest in the Bragg Peak region [4].

Figure 2.13 shows the RBE plotted versus LET, where each point represents a cell experiment,

and the colours indicate the different ions used, ranging from protons to heavier ions. As
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the value of RBE increases, less dose is needed to achieve a particular effect. For points
with higher LET and lower RBE, there will, however, be delivered a higher dose than needed,

resulting in less effective treatment.
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Figure 2.13: Relative biological effectiveness (RBE) versus linear energy transfer (LET) for in
vitro cell lines, where the LET values are given in keV/um in water. The different colours
indicate the different ions used as radiation, ranging from protons to heavy ions. The figure
is retrieved from [13].

Clinically, one has adopted a single rounded-off value of RBE. For protons, most treatment
facilities use an RBE value of 1.1 for protons relative to megavoltage x-rays or cobalt-60. An
adaptation implemented to bring the clinical response of photon and proton beams to a

rough agreement [4].

2.5.1 Absorbed Dose

Absorbed dose is a quantity defined as the absorbed energy per unit mass in a medium:

dE
radiation absorbed dose = — (2.31)

where dE is the average energy deposited by the ionising radiation in a material of mass dm,
with uniformly distributed mass. The unit for absorbed dose in the SI system is called gray

[Gyl and corresponds to joule per kilogram, 1 Gy =1 J/kg [6].

Unlike exposure, defined as the quantity of x-rays or y-radiation that produces ions carry-
ing a charge of one coulomb in air, per kilogram of air, the absorbed dose can describe the

quantity for all types of ionising radiation [6].
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2.6 Radiotherapy

Radiotherapy is a focused course of treatment that is frequently used for cancer patients,
regularly in combination with other courses of treatments, like chemotherapy and surgery.
Radiation therapy utilises radioactive sources, both internal and external sources. The most
common is, however, the use of external sources emitting x-rays and other high energetic

photons [1].

The molecules in the patient interact with the high energy particles by ionisation, producing
charged molecules known as free radicals. These free radicals can damage the cancer cells’
DNA structure. The damage inflicted by the radiation, by ionising molecules and damaging

DNA, can also cause late effects and even give the patient new cases of cancer [1].

Thus, radiotherapy aims to limit the unwanted irradiation of healthy tissue, and primarily
deliver ionising radiation to the tumour. The radiation dose delivered by high energetic
x-rays has an exponential decay through the patient, meaning that the radiation gradually
deposits energy in the tissue. Hence, the patient is irradiated from various angles using mul-
tiple beams, creating a so-called low dose bath, limiting the dose to healthy tissue whilst

targeting the tumour with a high dose [1].

Although conventional radiotherapy employs photons, most commonly x-rays, to deliver ra-
diation, there has, in the last decades, been an increase in the use of charged particles such
as protons and heavier ions. As discussed in previous sections and shown in Figure 2.14,
charged particles deposit energy differently than photons. As the velocity of the particles
traversing the patient decreases, the particles have more time to ionise the molecules. Con-
sequently, there is a limited area where almost all the particles stop, giving a high ionisation
frequency and hence a high dose deposition. This limited area is known as the Bragg Peak,
reviewed in Section 2.3.5. As can be seen in Figure 2.14, there is almost no dose deposition
after this point [1][14].

Henceforth, the physical characteristics of charged particles traversing a medium provide
methods of delivering high dose at a desired depth in the patient. The accuracy of the dose
delivery will, therefore, limit the irradiation of healthy tissue resulting in a reduced risk of

long-term side effects caused by undesired dose to healthy tissue [1].
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Figure 2.14: Distribution of dose versus depth in water for several clinical radiation beams.
The figure is from [15].

2.6.1 Photon Therapy

Conventional radiotherapy utilises a linear accelerator to deliver a high energy beam of x-
rays to the site of the patient’s tumour to immobilise the cancer cells. This treatment method
is also known as external beam radiation, since an external source produces the beams. Ex-
ternal beam radiation can be delivered using various techniques which aim to improve the

precision of dose delivery to the tumour [16].

Image-guided radiotherapy makes use of frequent imaging to give highly accurate and pre-
cise irradiation. One can create and inspect images displaying the tumour site both before

and during treatment [16].

Intensity-modulated radiation therapy is a radiation technique that employs radiation beams
controlled by a computer together with three-dimensional computed tomography images of
the cancer site and surrounding areas. By modulating the intensity of the radiation beams,
this technology delivers targeted doses to the tumour site designed to match the tumour
shape [16].

Volumetric Modulated Arc Therapy is a treatment procedure that significantly reduces the
treatment time by the use of single or multiple beams sweeping around the patient. Sup-
ported by three-dimensional imaging modalities, aiding in radiation delivery and precision,

it allows visualisation of the cancer site at the time of treatment [16].
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2.6.2 Particle Therapy

Proton therapy is a method of targeted radiotherapy that utilises the energy deposition of
protons. Due to the characteristics of dose depositions for charged particles, protons min-
imise the radiation exposure of neighbouring healthy organs and tissue and deliver most of
their energy to the tumour site. This precise therapy treatment, therefore, reduces the risk of

late effects as a consequence of the treatment itself [16].

Accelerators producing proton beams for medical use are also conventional in the fields of
nuclear and atomic research. Cyclotrons and synchrotrons are accelerators that can produce

protons, with the beams typically having energies between 200 MeV and 250 MeV [17][18].

Carbon ions exhibit the same characteristic dose distribution as protons, where the majority
of the energy is deposited in the area where the Bragg Peak is located. Unlike for protons,
there is an energy deposition in the distal tissue due to nuclear fragmentation, as can be
observed from Figure 2.14. However, carbon exhibits a higher LET than both photons and
protons, leading to a higher RBE. As a result of its higher LET compared to other radiation
methods, in addition to its characteristic energy distribution with respect to depth, carbon
ion radiation therapy provides a promising treatment option for reducing irradiation of or-

gans at risk, as well as providing higher dose deposition to the targets [19].

2.7 Imaging Modalities

Medical imaging plays a significant role in both the diagnosis and assessment of the re-
sponse of treatment with radiotherapy. Computed tomography, CT, is often considered to
be the gold standard with regards to imaging for treatment planning, particularly concern-
ing geometric accuracy. The modality utilises the transmission of x-rays through the body
to produce a medical image, resulting in excellent bone contrast and overall good soft-tissue
contrast. Furthermore, it can achieve a small pixel size, resulting in high resolution, in addi-

tion to reasonably quick and comfortable image acquisition [17][20][21].

Magnetic resonance imaging, or MRI, makes use of radio waves and a strong magnetic field
to generate detailed diagnostic images, and provides important additional information, es-
pecially with regards to the target description. Due to the acquisition method and principles
behind MR, the bones appear as black areas since they do not exhibit any signal. Small dif-

ferences in soft tissue composition are, on the other hand, easy to observe [17][21].

Positron emission tomography, or PET, is a modality based on biologically active, positron-
emitting radiotracers that get injected into the patient. Hence, the functional PET images

provide complementary information to the structural images obtained from CT and MR,
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due to their reflection of the biochemical function of organs and tissue. This is illustrated in
Figure 2.15 [17][21].
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Figure 2.15: (Top) Non-contrast-enhanced low-dose CT scan (left), U G_methionine PET scan
(right) and the corresponding fusion image (centre). (Bottom) MRI scan producing a T2-
weighted FLAIR image (left), PET scan (right) and the fusion image (centre). The figure is
retrieved from [22].

In the following section, computed tomography using photons will be discussed before un-
dertaking the concept of proton computed tomography. CT using x-rays will be reviewed in
more detail than the other modalities, seeing that this technique is closely related to proton

CT, and regarding proton therapy, a modality that proton CT aims to exceed.

2.7.1 Computed Tomography (CT)

X-rays are widely used in medical imaging, for instance, in planar x-ray radiography and
computed tomography, CT. A different number of x-rays are absorbed as they pass through
the body, depending on the density of the medium they traverse. Materials of high density,
e.g. bone and metal, will appear white, while media of lower densities will appear darker; fat

and muscles will appear as shades of grey, while the air in the lungs looks black [21].

The fundamental principle behind computed tomography is that the two-dimensional struc-
ture of an object, in this case the position-dependent attenuation coefficient of x-rays, can
be reconstructed from a series of one-dimensional projections obtained from different an-
gles, followed by appropriate image reconstruction [21]. Three-dimensional reconstruction

of the imaged object can be obtained by combining several of the two-dimensional pictures
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generated by the CT. Gaps separate these two-dimensional images, so to generate a volume
of data, these gaps are filled using interpolation [23].

A system consisting of semiconductor detectors is located on the opposite side of the x-ray
tube, and together they acquire a one-dimensional projection of the patient, as shown in Fig-
ure 2.16. The detectors and the x-ray source are rotated a full revolution around the patient,
where data is obtained nearly continuously. Two collimators are used in front of the source.
The first collimator limits the beam to an angular width of 45-60°, while the second, which is
placed perpendicular to the first, limits the beam to the desired slice thickness, typically 1-5

mm in the patient’s head-to-foot-direction [21].

source

Figure 2.16: This figure illustrates the physical principle of computed tomography, recording
a series of one-dimensional projection by synchronous rotation of multiple detectors and
the x-ray tube. The figure is from [21].

An image generated form a CT scan in itself does not display a map of spatially-dependent
tissue attenuation coefficients, but instead, it exhibits a map of the tissue CT numbers de-

fined by:
Htissue — HH,0

HH,0

CTtissue = 1000 (2.32)

where CTysgue is the CT number for a given tissue expressed in Hounsfield units (HU), and
Miissue and pp,0 are the linear attenuation coefficients of the tissue and water in each pixel,

respectively [21].
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2.7.2 Proton CT

The precision of radiotherapy using charged particles, such as protons, makes extensive de-
mands for accurate diagnostics, considering the damage the beam can cause if the Bragg
peak misses the target and instead deposits a large dose in healthy tissue. Further, other fac-
tors may affect the positioning of the beam, such as the patient losing weight, or the tumour
shrinking since the approval of the dose plan, or the target may be moving due to the pa-
tients breathing. Although these variations only change the level of dose in photon therapy
by a few per cent, these are significant challenges for modern particle therapy. [1].

A suitable map displaying the stopping power of the particle in the patient is, therefore,
needed to calculate the exact position of the Bragg peak in the patient. The stopping power,
and hence the range of the particle, can be determined by using tomographic images ob-
tained from a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>