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Abstract

The detection of higher energetic gamma rays (> 1MeV) is of increasing importance in
medical imaging and nuclear medicine. Especially proton therapy treatment could benefit
from the ability to measure prompt gammas emitted subsequent to the irradiation of the
patient with high-energetic sub-atomic particles like protons. Such an imaging modality
would help monitor the treatment process and ensure correct particle range and optimal dose
delivery to the tumor while sparing surrounding healthy tissue.

One potential gamma detector for medical applications is the Compton camera — a two-layer
detection system, where an incoming gamma scatters in a first detection layer and is absorbed
in a second layer. In the first layer, a Compton electron is created, which carries a large part
of the momentum information about the incoming gamma. A coincidence measurement of
energy and position of both the electron and the absorbed gamma enables to reconstruct the
gamma source location to lie on the surface of a cone. Knowledge of the electron momentum
direction enables to confine the origin to an arc. The real reconstructed source position
is obtained by the measurement and superposition of many of these cones or arcs, respectively.

In this work, a novel detection concept for the Compton scattered electron is presented and
investigated, which is based on the coincident measurement of Cherenkov photons created
by that electron in an optically transparent radiator material. The photons are emitted
along the surface of a cone with a characteristic opening angle that mainly depends on the
refractive index of the material and the velocity of the electron. The intersection of this
Cherenkov cone with a photon sensitive detector area forms a ring or an ellipse, which can
be used to reconstruct the cone and the momentum direction of the electron. The number
of emitted photons yields information on the electron energy, while the size of the ellipse
contains information on the scattering vertex position.

A first proof of this concept is provided in this thesis. In a first test set-up, a successful
coincident measurement of Cherenkov photons on an array of Silicon-Photomultipliers (SiPMs)
was performed. The photons were created by electrons from a “’Sr source inside radiator
materials of different types and thicknesses. A coincidence time resolution of 242 ps could be
achieved using signal read-out based on an application specific integrated circuit (ASIC). The
number of detected photons could be counted with a charge integrating measurement and
analysis method using an oscilloscope. The width of the distribution of the measured patterns
was quantified and was in good agreement with predictions. All results were compared
with calculations, which were performed under consideration of electron energy and range,
detection efficiency of the SiPM, detector geometry and absorption properties of the radiator.
A sensitivity of the measured pattern to the thickness of the sample and to the position of
the electron source was observed from accumulated coincident events. These patterns also
allowed for a reconstruction of the electron source position with an accuracy better than
1mm. In the scope of the development of the set-up and measurement method, all detector
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components were investigated to find the optimal parameter settings and the most suited
radiator materials.

With an improved set-up with a different ASIC and cooled detectors a coincident light
detection on single photon level was possible. An extensive correction algorithm allowed for
a compensation of time walk effects and inherent time differences between individual ASIC
channels. The ability to count the number of detected Cherenkov photons per event and per
Silicon Photomultiplier (SiPM) channel was implemented using the Time over Threshold
(TOT) information of the SiPM signals. The average number of detected photons per event
was measured for various sample thicknesses and the results were compared to calculations
and simulations performed with GEANT4.

After these first successful coincidence measurements, the detection principle was applied
to the detection of Compton scattered electrons and photo electrons created by 511keV
photons from a ?*Na source in UV transparent Polymethyl Metacrylate (PMMA). A detection
efficiency on the order of 1073 was found. Simulations indicate a strong increase in the
efficiency to about 3% for higher gamma energies. The number of detected Cherenkov
photons from Compton electrons was counted and compared with simulation results. The
measured coincidence pattern from accumulated events showed response to a shift of the
gamma source position.

The ability to detect Cherenkov photons from Compton electrons in coincidence could be
successfully demonstrated. In future works, the patterns of individual events need to be used
to reconstruct the Cherenkov cone and the electron momentum direction. The achievements
in this thesis constitute a vital step towards an application of this electron detection principle
for medical purposes and could help realize prompt gamma detection in particle therapy
treatment using a Compton camera.



Zusammenfassung

Die Detektion héherenergetischer Gammastrahlung (> 1 MeV) ist von wachsender Bedeutung
fiir die medizinische Bildgebung und die Nuklearmedizin. Besonders die Partikeltherapie
konnte von der Moglichkeit profitieren, prompte Gammastrahlen zu messen, welche in Folge
der Bestrahlung des Patienten mit hochenergetischen, subatomaren Teilchen wie Protonen
emittiert werden. Solch ein Bildgebungsverfahren wiirde die Uberwachung des Behand-
lungsprozesses unterstiitzen und dabei helfen, die korrekte Teilchenreichweite und die opti-
male Dosisverabreichung im Tumor sicherzustellen und dabei umliegendes Gewebe zu schonen.

Ein Kandidat fiir einen Gammadetektor in medizinischen Anwendungen ist die Compton
Camera — ein zweilagiges Detektorsystem, bei welchem ein einfallendes Gamma in einer ersten
Detektorschicht streut und in einer zweiten absorbiert wird. In der ersten Schicht wird ein
Compton-Elektron erzeugt, welches einen groflien Teil der Impulsinformation des einfallenden
Gammas tragt. Eine koinzidente Messung von Energie und Position des Elektrons als auch
des gestreuten Gammas ermoglicht es, die Ursprungsrichtung des Gammas auf die Oberflache
eines Kegels einzuschrianken. Kenntnis des Elektronenimpulses ermoéglicht eine Einschrankung
des Usprungs auf einen Kreisbogen. Die tatsichliche rekonstruierte Quellposition wird durch
Messung und Uberlagerung vieler dieser Kegel beziehungsweise Kreishogen gewonnen.

In dieser Arbeit wird ein neues Messkonzept fiir Compton-gestreute Elektronen prasentiert
und untersucht, welches auf der koinzidenten Messung von Cherenkovphotonen basiert, die
durch das Elektron in einem optisch transparenten Radiatormaterial abgestrahlt werden. Die
Photonen werden entlang der Oberflache eines Kegels mit charakteristischem éffnungswinkel
emittiert, welcher hauptsachlich vom Brechungsindex des Materials und der Geschwindigkeit
des Elektrons abhangt. Der Schnitt des Cherenkovkegels mit einer lichtsensitiven Detek-
torebene erzeugt einen Ring oder eine Ellipse, welche dazu verwendet werden kann, den
Kegel und die Impulsinformation des Elektrons zu rekonstruieren. Die Anzahl der emittierten
Photonen gibt Aufschluss iiber die Energie des Elektrons, wahrend die Grofie der Ellipse
Informationen iiber die Position des Compton-Streuvertex enthalt.

Ein erster Machbarkeitsnachweis wird in dieser Dissertation vorgestellt. Eine erfolgreiche
Koinzidenzmessung von Cherenkovphotonen auf einem Array von Silizium-Photomultipliern
(SiPMs) wurde mit einem ersten Testaufbau durchgefiithrt. Die Photonen wurden von Elek-
tronen aus einer “’Sr-Quelle in Radiatormaterialien unterschiedlicher Typen und Stirken
erzeugt. Unter Verwendung einer Ausleseelektronik basierend auf einem Application Specific
Integrated Circuit (ASIC) konnte eine Koinzidenzzeitauflosung von 242 ps erreicht werden.
Die Anzahl der detektierten Photonen konnte mit einem Oszilloskop mittels Ladungsinte-
gration gezéhlt werden. Die Breite der Verteilung der aufgenommenen Pattern (Hitmuster
koinzidenter Photonen) wurde quantifiziert und war in guter Ubereinstimmung mit Vorher-
sagen. Alle Ergebnisse wurden mit Berechnungen verglichen, welche unter Beriicksichtigung
von Elektronenenergie und -reichweite, Detektionseffizienz des SiPM, Detektorgeometrie



4 ZUSAMMENFASSUNG

und Absorptionseigenschaften des Radiators angestellt worden waren. Es wurde eine Sensi-
tivitat der gemessenen Pattern von akkumulierten Ereignissen hinsichtlich Radiatorstarke
und Quellposition beobachtet. Diese Pattern ermoglichten es des Weiteren, die Position der
Elektronenquelle mit einer Genauigkeit von unter 1 mm zu rekonstruieren. Im Rahmen der
Entwicklung des Messaufbaus und der Messmethode wurden alle Detektorkomponenten un-
tersucht, um die optimalen Einstellungen und die am besten geeigneten Radiatormaterialien
zu finden.

Mit einem verbesserten Aufbau unter Verwendung eines anderen ASICs und gekiihlten
Detektoren war eine koinzidente Lichtdetektion auf Einzelphotonenniveau moglich. Ein
aufwandiger Korrekturalgorithmus ermoglichte die Kompensation von Time-Walk-Effekten
und inherenten Zeitunterschieden zwischen einzelnen Kanélen des ASICs. Die Mdglichkeit,
die Anzahl detektierter Cherenkovphotonen zu zéhlen, wurde unter Verwendung der Time-
over-Threshold-Information der SiPM-Signale umgesetzt. Die mittlere Anzahl detektierter
Photonen pro Ereignis wurde fiir unterschiedliche Materialstarken gemessen und mit Berech-
nungen und GEANT4-Simulationen verglichen.

Nach diesen ersten erfolgreichen Koinzidenzmessungen wurde das Detektionsprinzip fiir
den Nachweis von Compton- und Photoelektronen verwendet, welche in UV-transparentem
Polymethylmethacrylat (PMMA) von Photonen mit einer Energie von 511keV aus einer
22Na Quelle erzeugt wurden. Es wurde eine Detektionseffizienz in der GréSenordnung von
1072 ermittelt. Simulationen deuten auf einen starken Anstieg der Effizienz auf etwa 3 % fiir
hoherenergetische Gammas hin. Die Anzahl der detektierten Cherenkovphotonen von Comp-
tonelektronen wurde gezahlt und mit Simulationsergebnissen verglichen. Die gemessenen
Koinzidenzmuster von akkumulierten Ereignissen sprachen auf eine Anderung der Position
der Gammaquelle an.

Die Moglichkeit, Cherenkovphotonen vom Comptonelektronen in Koinzidenz zu detektieren,
konnte erfolgreich nachgewiesen werden. In zukiinftigen Arbeiten miissen die Pattern einzelner
Ereignisse verwendet werden, um den Cherenkovkegel und den Elektronenimpuls zu rekon-
struieren. Die Erfolge in dieser Dissertation stellen einen wesentlichen Schritt in Richtung
einer Anwendung fiir medizinische Zwecke dar und kénnten dazu beitragen, Prompt-Gamma-
Detektion in der Partikeltherapie mittels Compton Cameras zu realisieren.



1. Introduction

Contents
1.1  The Research Topic . . . . . . . . . . . . . . . . e 5
1.2 Contents and Structure . . . . . . . . . . ... ... 7

1.1. The Research Topic

Seventy-four years after ROBERT WILSON suggested the use of accelerated particles to treat
cancerous tissue [Wild6], particle therapy has become a wide spread treatment method for
tumors in countless facilities all over the world [Grol9]. Constantly ongoing developments
and improvements regarding treatment quality, treatment method and monitoring devices
make it a vivid and fast evolving research field in medical physics.

The term cancer describes the uncontrolled growth of abnormal cells that can occur anywhere
in the body. It can manifest in over 200 different types, which can have multiple causes like
exposure to chemical or toxic components, ionizing radiation or even human genetics. Type
and stage of the disease determine the treatment protocol, which in most cases involves one
or several of the following therapeutic methods: surgery, chemotherapy or radiation therapy
with photons or ionizing particles. [Dav19]

Extensive research on this topic will always be desired, as cancer is still among the leading
causes of death worldwide. According to the International Agency for Research on Cancer
4.2 million new cancer cases occurred only in Europe in 2018, causing 1.9 million deaths
[Glo19]. Worldwide an estimated 9.6 million patients did not survive the disease in the year
of 2018. The highest mortality was observed for cancer in lung and bowel (colorectal cancer),
which both make up for more than a fourth of the deaths by cancer. Considering that the
number of new cancer cases per year is expected to rise to 23.6 million by 2030 [Nat1§],
cancer — and especially its treatment — is a pressing issue.

Particle therapy constitutes one promising treatment modality. High energetic, subatomic
particles are used to damage cancer cells and potentially stop them from growing and dividing.
This can eventually kill the cancer cells that have been treated with radiation [SJ16]. It
shows an advantageous dose distribution — compared to therapy with photons — with a
potentially high conformity between dose delivery and tumor volume while sparing most
of the healthy tissue [Bon93]. The finite particle range and the steerable, straight particle
beam, furthermore, piqued the interest of the medical community. This treatment method
has experienced a large growth of patient numbers especially throughout the last decade. As
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reported by the Particle Therapy Co-Operative Group, the number of patients that received
particle therapy treatment increased by about a factor of three in the years between 2007
and 2018. In 2018 more than 200000 cancer patients have been treated, most of them with
proton beams [Grol9]. Carbon ion beam treatment has become an alternative particle
therapy type, which has also shown increasing patient numbers throughout the last years. A
graphical representation of the development of patient numbers over the last decade is shown
in figure 1.1, which impressively demonstrates the growing faith in particle beam therapy as
vital part of the various cancer treatment options.

Patients treated with Protons and C-lons
worldwide

200000

180000

160000

140000

120000
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80000
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20000

0
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 1.1.: Statistics of patients treated in particle therapy facilities worldwide. [Gro19]

In order to ensure treatment quality and to verify correct dose delivery to the tumor, imaging
methods are desired that allow for monitoring and controlling the particle beam during the
treatment. One key aspect of beam monitoring is to verify the range of the particles inside
the body to ensure optimal dose delivery to the tumor and to spare proximal and distal
structures (this is explained in more detail in chapter 3.2). A potential imaging modality for
that purpose is the detection of low MeV prompt gammas that are emitted along the beam
path subsequent to the irradiation with particles.

Gamma detection concepts already exist for lower energies (< 511keV) and were successfully
tested and implemented in clinical practice like Single Photon Emission Computed Tomog-
raphy (SPECT). Here, photons are emitted after injection of radioactive tracers into the
body. The detection principle requires collimators to obtain momentum information on the
photons and to be able to reconstruct the source location. In general, the sensitivity for
the detection of emitted photons increases for larger collimator holes, but that impairs the
resolution and vice versa. Especially at higher photon energies, resolution and sensitivity
become increasingly challenging to maintain. Thus, collimating gamma detection systems like
SPECT are impractical at higher energies such that they cannot be considered for prompt
gamma detection. [VA+15]

Novel concepts are required for that purpose.
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The development and improvement of various detection techniques for higher energetic
gammas like the Slit Camera, Prompt Gamma Timing or Single Plane Compton Imaging
shows the great interest among the medical physics community. More details on the detection
of prompt gammas are provided in section 3.2.3.

The Compton camera constitutes another possible gamma imaging technique. The gamma
rays to be detected undergo Compton scattering in a first detector layer and are absorbed in a
second layer. Coincident measurement of the position and the energy of the scattered gamma
together with the scattering vertex allows to confine the gamma source position to the surface
of a cone. The concept requires a position-sensitive measurement of the Compton scattered
electron. Measurement of the electron momentum direction can improve the reconstruction of
the gamma source location and an energy measurement enables the reconstruction of gammas
with unknown initial energy. All details on the Compton camera will be provided in section 3.3.

This thesis investigates a detection modality for Compton electrons using Cherenkov light
created by that electron in an optically transparent radiator material. The principle has been
proposed in 2012 by T. Peterson, A. Brill and A. Walenta [PBW12]. Cherenkov photons are
emitted along the surface of a cone with a characteristic opening angle mostly depending
on the refractive index of the material, in which the photons are created. Coincident de-
tection of these photons allows for a reconstruction of the Cherenkov cone and, thus, also
the momentum direction of the electron and the scattering vertex position. Counting the
number of detected photons yields information on the energy of the Compton electron. Due
to the instantaneous nature of Cherenkov light, it is well suited for the use in a coincidence
measurement in a gamma detector like the Compton camera.

For the first time since the concept has been proposed, the feasibility of this electron detection
principle has been investigated through measurements at the university of Siegen. It unites
fundamental physical principles like the Compton and Cherenkov effect in one novel detection
system with the purpose of advancing a medical imaging technique. A successful electron
measurement with this principle could be a major step towards a working Compton camera
prototype for a gamma detector in medical applications.

1.2. Contents and Structure

This thesis is divided into three parts: a thematic classification, a proof of the concept
and finally an investigation of the applicability of this electron detection modality to the
measurement, of gamma rays.

The first part will give an introduction to particle and photon interaction processes that play
an important role in this work. In particular, range, energy loss and multiple scattering of
electrons play an important role. Special attention will be given to a thorough introduction to
the Cherenkov effect, which constitutes the essential physical process in this detection concept.
Photon interactions — foremost via Compton scattering — will be covered comprehensively.
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The medical context is described afterwards in chapter 3, beginning with the importance of
photon detectors in medical applications culminating in the detection of gamma radiation
emitted during and after particle therapy treatment. This leads to the Compton camera,
which is explained in the last section of chapter 3.

The detection of single photons is of utmost importance for the success of this thesis and the
herein investigated concept. Therefore, the semi-conductor based detection devices like the
Silicon Photomultiplier (SiPM) used in this thesis are explained in chapter 4.

The second part of this thesis explains the detection concept for electrons using Cherenkov
light (chapter 5) and presents the first test set-up capable of demonstrating the principle.
The detector components are explained and characterized in chapter 6 and a calculation
algorithms for the computation of theoretical expectations is introduced in chapter 7. The
measurement and analysis procedures for an application specific integrated circuit (ASIC)
based read-out system for coincident photon detection and for an oscilloscope based charge
integrating read-out system are discussed in chapter 8. In this chapter the first results for
various detector properties are presented — like type and thickness of the radiator material —
and are compared to theoretical expectations.

An improved, cooled set-up with a different ASIC and the capability for coincident light
detection on single photon level on 64 detector channels is subject of chapter 9. The key
characteristics of this set-up will be explained and details on the assembling and commission-
ing process will be given.

The sensitivity to the source location and a quantification of the width of the measured
distribution are discussed in chapter 10. In this chapter an algorithm is presented that was
developed to measure and compensate for time walk effects and inherent time differences
between channels based on Time over Threshold (TOT) values of the measured signals. The
coincidence time resolution is subsequently calculated.

The ability for photon counting using the TOT of SiPM signals is demonstrated in chapter
11. The number of detected Cherenkov photons are counted per channel and event and
compared to theoretical expectations and simulations performed in GEANT4. The ability
to reconstruct information on the electron energy from measuring the number of detected
Cherenkov photons is investigated in the last section of chapter 11.

The third part of this work contains the application of this electron detection method to
gamma ray measurements. The efficiency for the detection of 511 keV photons from a *’Na
source was calculated. The results will be shown in chapter 12 and thoroughly discussed and
compared to simulations as well as calculations. The properties of the measurement signal,
the number and distribution of detected Cherenkov photons and a simulation based outlook
are provided in the same chapter. This third part of the thesis examines the feasibility of the
concept for photon detection and allows for first conclusions on the applicability of Cherenkov
based electron detection for medical applications like the Compton camera.



1.2. CONTENTS AND STRUCTURE 9

The final conclusion will be provided in chapter 13. All findings from measurement, simu-
lation and calculation as well as any remaining open questions will be taken into consideration.

To promote comprehension, this thesis contains a list of abbreviations in the appendix
chapter B. One more remark shall be given regarding the citation format: references are
often provided at the end of a paragraph and refer to the whole content of that paragraph.
This applies especially to Part I. Thematic Classification. Specific values, figures or findings
that can be associated with a certain publication or project, are cited directly where they
appear in the text.
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2.1. Particle Interactions in Matter

The main interaction of charged particles with matter is through ionization and excitation
of the medium’s atoms. An excited atom will de-excite under emission of electromagnetic
radiation, while ionization will remove an electron from the atom, which in some cases can
be high energetic. For relativistic particles with a speed close to ¢ (speed of light in vacuum),
Bremsstrahlung needs to be taken into consideration as a third channel of energy loss.

This introduction to particle interactions in matter will at first take charged heavy particles
into consideration with a mass significantly greater than that of the electrons in the atomic
shells. In distinction electrons (and also positrons) as incident particles are treated separately,
since in their case incident mass and target mass (electrons in atomic shells) are equal.
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2.1.1. Energy Loss of Charged Particles in Matter
2.1.1.1. Charged Heavy Particles

A large fraction of interactions of particles with the medium happens with the electrons of
an atom, while nuclear interactions play a minor role [Ber+99]. Therefore, the term heavy in
this case refers to incident particles with masses much larger than that of electrons (m > m.).
Examples are protons, alpha particles (Helium-ions) or cosmic muons. Severa