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Abstract

The presented master thesis tests two different methods to determine the elementary
composition of different targets in proton therapy. For verification of the methods,
time-resolved prompt gamma spectra which are generated with the simulation toolkit
Geant4 are used. In order to determine the usability of the simulation for a proof of
principle, the results are compared with experimental data.

While the first method uses cross sections to determine two of the three most
frequent elements in the human body, carbon and oxygen, the second works with
various statistical analyses. By means of so-called templates, the correct sequencing
of the different materials in the target is determined by comparison between the
original energy-time spectrum of the target and the combination of multiple spectra
of these templates.

Both methods show promising results and could lead to new ways to determine
the material composition of an unknown target with the aid of prompt gammas and
thus identify the penetration depth of the protons used in the therapy. For this,
however, it is necessary to further improve the accuracy of the methods and take into
account, previously neglected time resolutions of the detectors and time structures of
the proton bunches.

Kurzdarstellung

Die vorliegende Masterarbeit testet zwei verschiedene Methoden auf ihre Tauglichkeit
zur Bestimmung der elementaren Zusammensetzung verschiedener Targets in der
Protonentherapie. Zur Uberpriifung der Methoden werden zeitaufgeldste Prompt-
Gamma-Spektren genutzt, welche mit dem Simulationsprogramm Geant4 gener-
iert werden. Um die Verwendbarkeit der Simulation als Vergleich zur Realitét zu
gewéhrleisten, wird diese zuvor mit experimentellen Daten verglichen.

Wihrend die erste Methode mit Hilfe von Wirkungsquerschnitten zwei der drei
héufigsten Elemente im menschlichen Korper, Kohlenstoff und Sauerstoff, bestimmt,
arbeitet die zweite mit verschiedenen statistischen Analysen. Mit Hilfe von sogenan-
nten Templates wird die korrekte Aneinanderreihung von verschiedenen Materialien
im Target bestimmt, indem das Energie-Zeit-Spektrum des Targets mit dem kom-
binierten Spektrum dieser Templates verglichen wird.

Beide Methoden zeigen vielversprechende Ergebnisse und kénnten neue Wege
aufzeigen, die materielle Zusammensetzung eines unbekannten Targets mit Hilfe
von prompten Gammas und somit die Eindringtiefe der verwendeten Protonen zu
bestimmen. Dafiir ist es jedoch notig, die Genauigkeit der Methoden weiter zu
verbessern und die bis dahin vernachléssigte Zeitauflosung der Detektoren und
Zeitstrukturen der Protonen-Bunches zu beriicksichtigen.
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1 Introduction

Due to advanced medical knowledge in Western civilisations and thereby increasing
life expectancy, cancer has become a more and more dominant cause of death.
Further reasons for that are growth of population as well as types of cancer that are
connected to modern lifestyle. The World Health Organization (WHO) predicts that
new cases of cancer will rise up to 25 million per year until 2030 [1]. In 2018, the
global cancer burden is estimated to be 18.1 million new cases and 9.6 million deaths
[2]. This makes cancer the second most frequent cause of death in countries like
Germany. Cancer treatment is therefore one of the most important research fields in
contemporary medicine. Because of the possibilities opened up by radiotherapy, like
X-ray and proton therapy, physics and medicine work together on further improving
these methods. The usage of particles — especially protons — as an effective method
of treatment was first suggested by ROBERT R. WILSON in 1949 [3]. Since then,
particle therapy has come a long way. Today more than 80 facilities are operating it
worldwide and more are under construction [4, 5]. More than 100000 patients were
treated as of 2015 [6].

Protons have the feature to deposit most of their energy at a predictable depth
inside a target. That makes them work well for tumor treatment. Although the
penetration depth can be determined, it is subject to fluctuations and uncertain-
ties. For one thing, the calculated ranges only represent a mean value. Further,
uncertainties arise when determining the energy loss of the protons in the target.
The penetration depth is also influenced by changes in the patient’s body. In Order
to maximise the potential of proton therapy, these range uncertainties need to be
eliminated. The most preferable way is to use only information that originate from
the radiation itself during the treatment. These so-called in vivo range verification
methods can determine the penetration depth of the protons in real time. Currently,
different methods are under development and are tested based on various secondary
signatures that encode the range of the protons. One of the most promising tool
to do so are prompt gamma-rays. These photons are created by the interaction of
the proton with the target in picoseconds or less. By detecting and analysing their
time and energy distribution, conclusions about the interacting proton and therefore
about the target can be made.

Moreover, methods based on the use of collimators in the form of slits are under
development. This enables researchers to obtain information about the location of
the reaction and link the results to a specific depth in the target. This collimation
also leads to a selection of photons and thereby to a decreasing number of detected
prompt gammas. In order to prevent this as well as to decrease the expenses and
increase the flexibility, a detection of all prompt gammas without collimation is
proposed. One way to determine the penetration depth of protons with such a system
could be to determine the material composition of the whole target. By doing this,
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the energy loss of the proton for each part of the target could be computed and with
that the penetration depth could be calculated. This also reveals the deposit dose
inside the patient.

The objective of this thesis is to present and test methods for determining the
material composition along the proton path and to give an initial assessment of
whether further investigations in these methods are worthwhile. For this purpose,
spectra of prompt gamma-rays are generated with a simulation program and analysed
and compared with the aid of various methods. At first a general overview on proton
radiotherapy is given in Chapter 2. This chapter covers basics of proton physics
in matter and currently studied methods for range verification. In Chapter 3,
the simulation program Geant4, that is used in this thesis, is introduced and the
simulations are compared to experimental results. Furthermore, the specific setup is
motivated and explained. Chapter 4 deals with the different methods that are used
for the analysis and comparison of the generated spectra. In Chapters 5 and 6 the
two explored methods are described and tested. The first one uses a linear correlation
between one of the prompt gamma peaks and the oxygen amount inside the target
as a starting point to determine the target composition. The second method relies
on the usage of so-called templates to reconstruct a larger unknown target out of
smaller target slices. For this method a statistical benchmarking is also given in the
chapter. In Chapter 7 the findings of this thesis are summarised and an outlook is
presented on possible ways to improve the described methods. Remaining problems
that need to be solved in order to bring these methods closer to medical practise will
be addressed as well.



2 Physical Background and Basics of Proton
Therapy

Developing new methods of range verification requires profound knowledge of proton
therapy and currently investigated methods, and about possible signatures and their
properties originating from the interaction between the proton and the target. As
proton therapy is a field of huge interest and the different aspects of this field could
fill books, this chapter only covers the basics of proton therapy and focuses on
the aspects that are necessary for understanding the proposed solution for range
verification in this thesis. First of all, a short introduction to the behaviour of protons
in matter is given. Subsequently, the usage of protons in radiotherapy and their
advantages and disadvantages are explained. As a possible solution for the given
disadvantages prompt gamma-rays are then presented and their properties described.
Finally, different methods that are currently used in the field of proton therapy are
explained briefly.

2.1 Protons in Matter

While the proton moves through the target the main interaction comes through
Coulomb force. The positively charged proton interacts with the orbital electrons of
the material. In rare cases the proton can scatter inelastically with the nuclei and
thereby excite the nucleus. These processes lead to an energy loss of the proton and
eventually to a stop of the particle inside the material. This process can be described

by the linear stopping power
g dE
B dz )

S is a representation of the energy loss dF after a certain distance dx inside a target.
The stopping power by ionisations can be calculated by the Bethe formula [7] with
the corrections of BARKAS [8] and BLocH [9]:

dE 9 Z 1 2mc? B2 Tiax 9 C
_ (E) = 27N, r.c pZeHZE In 2 —2B°—6 — 25 ) (1)
[ and v are the known expressions
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N, is AVOGADROS number, r,. the classical electron radius, m, represents the rest
mass of the electron and e its charge. The charge of the incident particle is given
by zeg. 0 is the correction for the density and C for the shell. T,,. describes the
maximum energy that can be transferred in a single collision. The important part is
the influence of different materials on the formula, namely the density p, the average
exitation potential of the target atom I and the mass number A as well as the charge
Z of the nuclei.

The interaction of the proton with the target leads to a specific curve of the deposit
energy and therefore of the deposit dose, called the Bragg curve with the typical
Bragg peak [10, 11|. Along its path the proton deposits only a relatively small
amount of energy. Shortly before it comes to rest, most of the energy is deposited
inside the small area of the peak. This can be explained with the Bethe-Bloch
formula: the stopping power has a 1/+2 dependency, so the energy loss increases with
the slowing down of the particle. It is also important to note that the calculated
energy loss is a mean value and that the slowing down process of protons in matter
is subject to fluctuations. As the stopping process is a stochastic one, the Bragg
curve is broadened (as shown in Figure 1).

Relative Dose

Depth

Figure 1: Typical shape of the broadened Bragg curve with a Bragg peak.

The penetration depth of one specific particle cannot be exactly determined. In-
stead a mean range R (Ej) can be calculated by integrating the reciprocal stopping
power over energy. That gives the so-called continuous slowing down approxi-

mation (CSDA):
Eo 1

o S(Eo)

For this approximation energy-loss fluctuations are neglected. Typical penetration

dEb.

R(Ep) =
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Figure 2: Depth-dose distribution of an X-ray beam and multiple proton beams with
the resulting spread out Bragg peak in water. (Taken from [13])

depths are in the range of centimetres. For a proton energy of 130 MeV the penetration
depth in water is 12.26 cm and in carbon 6.89cm. The values are calculated with
the PSTAR and ASTAR Databases for Protons and Helium Ions from the National
Institute of Standards and Technology (NIST) [12].

2.2 Protons in Radiotherapy

The behaviour of the proton leads to possible advantages of proton therapy over
other radiotherapies, like X-ray therapy. Photon beams have an exponential dose
distribution and therefore deposit less dose by Compton scattering in larger depths
of the target as more photons are removed from the beam. In order to deposit a
higher dose at the tumor compared to the surrounding tissue or organs, several
photon beams from different directions have to be used. Proton therapy, on the other
hand, works with a fixed beam direction. In order to deposit the correct dosage
amount, the energy of the proton beams is varied, thereby changing the penetration
depth. The resulting total radiation dose of the multiple proton beams is called the
spread-out Bragg peak (SOBP). The depth-dose distribution of the two particles
can be seen in Figure 2. Compared to X-ray therapy, tissue behind the tumor can
be spared and tissue in front of the tumor receives a weaker dose.

Accelerators like a isochronous cyclotron are used to bring the protons to the
required energy. A degrader is used to reduce the energy of the protons because the
accelerator only delivers the proton bunches with a fixed energy. Another important
factor is that protons have a bunch structure which results from "the phase-focusing
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Figure 3: Schematic representation of the Pencil-Beam-Scanning-Mode. The proton
beam is deflected by the magnets in the x- and y-direction and the energy
of the beam modulates the depth in z-direction. By this the whole tumor
is scanned point by point. (Taken from [16] with courtesy of Jonathan
Berthold)

periodic acceleration of protons in the resonator gaps of an isochronous cyclotron"
[14]. These bunches leave the cyclotron at the frequency of the accelerating high
voltage. The bunches themselves already have a time width in their internal time
structure in reference to the frequency of the accelerator. This bunch time spread is
further increased by the degrader [15]. Low proton energies can therefore lead to a
higher time uncertainty as the particles need to cross more matter from the degrader.
This in turn has an influence on range determination methods working with the time
information of the protons.

There are two ways to deliver the proton beam to the patient: Double-Scattering
and Pencil-Beam-Scanning-Mode. In Double-Scattering-Mode the proton beam is
passively modulated and collimated. Scatterers broaden the beam which has a fixed
energy. Then a modulator wheel and a range compensator slow down the beam so
that the correct dose is deposited in the entire tumor. In Pencil-Beam-Scanning-
Mode, the target is divided into several isoenergetic layers which are further divided
into so-called spots. By using deflecting dipole magnets, the beam is deflected to
scan the target spot by spot (see Figure 3). By changing the beam energy, the
different layers can be reached. Pencil-Beam-Scanning is the widely accepted method
in proton therapy as it has the advantage of being flexible. Instead of creating a
new range compensator for each patient and each tumor, the same setup can be
used again each time. The methods described later in this thesis are designed for
Pencil-Beam-Scanning-Mode. The simulations used in this thesis work with a fixed
beam energy and describe the irradiation of one pencil beam spot.

A major problem proton therapy is currently facing is the influence of range
uncertainties on the treatment plan. Before the treatment can be started, a computed
tomography scan (CT) is made. With the hereby collected data and the knowledge
of the stopping power of different materials, the treatment plan can then be created.
This way the required energy for the proton beams is calculated. With the conversion

10
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Figure 4: Effect of range uncertainties on the deposit dose inside the human body
for proton therapy with a SOBP (left) and for photon therapy with an
X-ray beam (right).

of CT Hounsfield units into relative stopping power, range uncertainties of the
proton inside the target arise. Additional patient positioning, movements during the
treatment and anatomical changes after the C'T also contribute to these uncertainties
[17].

In X-ray therapy, these range uncertainties have only a small effect on the delivered
dose, whereas in proton therapy, they lead to a shift of the Bragg peak and therefore
to a change of the position of the deposit energy and dose. The changed dose
deposition for an X-ray and an SOBP is illustrated in Figure 4.

To ensure that the complete tumor is covered, robust safety margins are used. For
example the margin used in the "Universitits Protonen Therapie Dresden" (UPTD)
is 3.5 % of the proton range plus 1 mm [18]|. These margins, however, prevent proton
therapy from reaching its full potential as they lead to damage to the surrounding
tissue and organs. Therefore current research focuses on a way to tackle this problem
and find ways to verify the range of proton beams during a treatment. One promising
way is the usage of so-called prompt gamma-rays which are produced along the path
of the proton.

2.3 Prompt Gamma-Rays

Prompt gamma-rays are produced by proton-nuclear interactions. The prompt
gammas are the result of the de-excitation of the excited nuclei. This reaction takes
less than 1ns which is why they are called prompt gamma-rays. An example for
such a reaction can be seen in Figure 5.

Because most of the photons have energies up to 7MeV or higher [19] they can

11
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Figure 5: Inelastic reaction between a proton and a carbon 2C nucleus leading to
the production of a prompt gamma-ray. (Taken from [16] with courtesy of
Jonathan Berthold)

leave the patient with a high probability. The intensity reduction is defined by the

Beer-Lambert law:
I = IO e*(l‘/pm)pml

with the initial intensity Iy, the attenuation coefficient u, the mass density p,, and
the length [ of the attenuation. The mass attenuation coefficient #/,,, for water and
a photon energy of 1 MeV is 7.072 - 1072 ¢cm?/g. This results in a loss of 29.78 % of
the initial intensity for an attenuation length of 5cm. For a photon energy of 8 MeV
this loss is reduced to 11.44 % with a coefficient of 2.429 - 1072 ¢cm? /g [20]. For these
energies the dominant interactions are Compton scattering and pair production [21].
Figure 6 shows a comparison between the depth dose distribution of a proton beam
and the total number of gammas that are emitted from the target. As can be seen,
the number of gammas rises slightly with the penetration depth of the proton and
reaches its maximum short before the Bragg peak.

The cross sections of the reactions are energy-dependent, so that different gamma
spectra result of different proton energies. These spectra can therefore be used
to draw conclusions about the energy and penetration depth of the protons used.
Since the frequency of the reaction also changes with the composition of the target,
statements about this can also be made.

Another important point is the angular dependency of the reaction cross section,
as it is important to know where to locate the detector to the target and if the
angle influences the frequency of the reactions. As stated in 23], the cross sections
are obtained by assuming that the angular gamma emission can be described with
Legendre polynomials [24]. Similar results are presented in [25]. It is important
to note that the angular dependency can be disturbed or smeared by the collision
kinematics. In [26] and [27] it is stated that the emission of prompt gammas is
isotropic. In [28] is observed that the C (p, py;440evC) reaction has a larger
differential cross section when the detector is moved away from the 90° position, but

12
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Figure 6: Depth dose distribution of a proton beam in a water target with an
energy of 200 MeV and the corresponding total number of gammas emitted.
(Adopted from [22])

all other processes for this energy are isotropic. For a clear statement regarding the
simulation that is used in this thesis, an analysis is made in Section 5.1 to see if
the cross sections used in calculations need to be adjusted depending on the angle
between the target and the detector.

2.3.1 Prompt Gamma-Ray Spectra

The human body mainly consists of three elements: hydrogen, oxygen and carbon.
For the analysis of prompt gamma-rays the de-excitation lines originating from these
elements are most important. Table 1 contains most of the interesting transitions for
this thesis.

For testing range verification methods before they are applied in a clinical environ-
ment, targets made out of water or poly(methyl methacrylate) (PMMA) are used as
they show similar behaviour to human tissue with regard to elemental composition
and stopping power. PMMA is a transparent thermoplastic with the chemical formula
C50,Hg and has a density of 1.18 g/cm?. An example of a prompt gamma-ray energy
spectrum from PMMA (hereafter referred to as energy spectrum) with the important
lines from Table 1 can be seen in Figure 7. As one can see some of the peaks with
their respective single and double escape peaks are clearly visible. These escape lines
are a result of the interaction between the photon and the detector material via pair

13
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Table 1: Some important gamma-ray lines from proton reactions with 0 and 2C

[29].

Energy [MeV| Transition Nuclear Reaction Mean life [s]
0.718 0BT g 2C(p, x)OB*  1.0-107
1.022 10R#1.740 _y 1030718 1203(py x) 10 7 5.10-15

150 (p, x)1B* 7.5-1071
2.000 1EH2000 _y o g 120(p, x)11C* 1.0-101
2.313 HN#2318 _y g g 160 (p, x)4N* 9.8.10"1
4.438 1204439 o g, 2C(p, p)t2C* 6.1-10714

10 (p, x)2C* 6.1-1071
4.444 NR=4445 oo 20(p, 2p)'B* 5.6 10719
5.180 BOI8L _y g 160(p, x)50* <49.1074
5.240 BOBAL _y g 160 (p, x)150* 3.3.10712
5.269 IIN#*5270 o g, 160 (p, 2p)5N* 2.6 10712
5.298 IBN#5.299 o . 160(p, 2p)PN*  1.2.10~1
6.129 1606130 _y o 160(p, p')1%0*  2.7-10~1
6.175 1BOITE _y o) 160(p, x)50* <23.10°4

production. The resulting positron is captured in the detector material and leads
to the creation of two photons of 511keV each. As one or both of these photons
leave the detector, the single and double escape peaks are formed additionally to
the full-energy peak. Due to Compton scattering, the Compton continuum and
the Compton edge are created. Figure 8 shows a schematic representation of these
effects. The sharp edge at the end of the Compton plateau is the Compton edge and
represents the highest energy that can be transferred to the electron by the gamma.
The plateau itself represents the fact that the photon can be scattered at different
angles and therefore deposits different amounts of energy.

Because of the Doppler broadening and the energy resolution of the detector the
4.444MeV line due to the reaction *C (p, 2p)11 B* and the 4.438 MeV line due to
the reactions 2C (p,p’)"> C* and 0 (p,x)"* C* can not be separated. With lower
resolution of the detector the lines around 5.2 MeV cannot be distinguished as one
can see in Figure 9.

The effects of low detector resolution and the Doppler broadening as well as the
effect of Compton scattering inside the detector lead to an overlap of lines in the
energy spectrum. These effects need to be considered in order to determine the
correct amount of events for specific lines as they complicate the spectrum.

Next to energy spectra, so-called energy-time spectra can also be measured. These
are time-resolved energy spectra. The arrival time of the gammas in the detector

14
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Figure 7: Prompt gamma-ray spectrum of a PMMA target produced by a 150 MeV
proton beam. The data was measured with a High-Purity Germanium

(HPGe) detector. (Taken from [30])
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Figure 8: Schematic representation of an energy spectrum of photons with the effects
of Compton scattering in a detector. The photon energy is larger than
1.022MeV. (Taken from [21])

in reference to the time at which the protons leave the accelerator is selected as
the reference time in the spectrum. The clock of the cyclotron can be used as a
reference time. With the time of prompt gamma production being less than 1ns and
the cycle of the cyclotron larger than a few ns, the time information can be used

15
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Figure 9: Prompt gamma-ray spectrum of a PMMA target produced by a 224.5 MeV
proton beam. The data was measured with a cerium(III) bromide (CeBrs)
detector. (Adopted from [31])

to determine the penetration depth of the proton or identify from where inside the
target the gamma comes. In Figure 10 such spectra are visualised for different target
materials. The difference resulting from different compositions can clearly be seen.
Due to reactions between protons and oxygen nuclei, prompt gammas are present in
form of peaks above 5 MeV in the HyO target whereas in the HoC target these peaks
do not exist. Figure 11 depicts the discrete gamma-ray lines over the penetration
depth in these targets. Again the correlation with the Bragg peak can be seen. In
the following section the usage of these different information and properties of the
spectra in proton therapy is described.

2.4 Methods for Range Verification in Proton Therapy

Additionally to methods that are based on prompt gamma detection, other methods
are being used for range verification. For example the usage of positron emission
tomography [32-34| or acoustic signatures [35, 36| of the proton beam. As in
this thesis the focus lies on range verification with the aid of prompt gamma-rays,
alternative methods will not be introduced here.

For range verification with prompt gamma-rays different aspects of the detected
photons are used. The strong spatial correlation between the gamma emissions and
the dose deposition [37, 38] is used by prompt gamma-ray imaging (PGI). Different
prompt gamma camera systems using passive collimation in form of a slit or a
hole are used to detect one-dimensional spatially resolved prompt-gamma spectra.
Prompt gamma spectroscopy (PGS) makes use of the fact that the emission spectrum

16
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Figure 10: Comparison between energy-time spectra of two different targets HyO
(left) and HoC (right) that were produced by a 165MeV proton beam.
(Taken from [23])

depends on the energy and therefore on the penetration depth of the protons [23].
This is achieved by analysing the ratios of prominent peaks in the measured energy
spectrum and thereby the energy dependency of the individual cross-sections. The
time the particle needs to cross the target, also referred to as transit time, is used by
prompt gamma-ray timing (PGT) [39]. This time is influenced by the properties of
the material. A higher stopping power deriving from a higher density of the material
leads to a shorter range in the target and thus to a shorter transition time. These
effects on the spectra are measured and analysed.

In this thesis a system without a collimator is used as well as the benefits of
PGT and PGS. The spectra, as shown in Figure 10, are simulated and analysed.
Chapter 5 explores a method which correlates the timing information to the place of
the reaction and then uses PGS to determine the material composition of the target.
The method in Chapter 6 uses the whole energy-time spectrum to determine the
composition of the target. In the next Chapter the simulation setup is described and
the results of the simulations are compared to experimental data.

17
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Figure 11: Comparison between discrete prompt gamma-ray lines of two different

targets HoO (left) and HyC (right) that were produced by a 165 MeV
proton beam. (Taken from [23])
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3 Simulation with Geant4

For testing different methods to determine the composition of targets, Monte Carlo
simulations can be chosen as a cheap and controllable way to generate the needed
data sets. The goal of the simulation is to generate energy-time spectra of different
materials with varying proton energies. Most importantly the simulation should
represent experimental results in such a way that the investigated methods could
also be applied to real spectra. For this purpose, the general trend of the simulation
should match the results of experimental measurements. Geant4 is selected as the
simulation program because it is suitable and already in use for investigations in
the field of radiotherapy. Therefore this chapter introduces Geant4 and gives a brief
explanation of its functionality. In this context, a short discussion of physics lists is
included as they are responsible for the representation of the spectra. Subsequently
the simulated setup of the geometry is described. In the last section some of the
simulated spectra are shown and compared to experimental data. Thereby the
suitability of the simulation for a proof of principle of different range verification
methods is examined.

3.1 The Simulation Toolkit Geant4

The Geant4 toolkit has been created for the purpose of simulating particles passage
through different materials with the possibility to change the geometry of detectors
and targets. The name stands for Geometry and Tracking and is a project that
evolved from the Detector Research and Development Committee (DRDC) at CERN.
Different geometries and physics models can be included to test experiments or make
proof of principle studies based on Monte Carlo methods [40, 41]. Geant4 allows the
implementation of geometrical objects with different properties and various physics
models. By a process called tracking, the progression of particles in the defined
objects can be simulated and all values of interest (e.g. energy, position, reaction
type) can be saved.

In the field of proton therapy and especially prompt gamma analysis, the Geant4
toolkit is used to recreate a clinical environment to test different setups of detectors
and targets. In this thesis, Geant4 is used to collect data for prompt gamma energy
and time spectra to analyse them with different methods.

3.2 Physics Lists

The physics models for nuclear reactions are provided by so-called physics lists.
For different applications there are recommended lists that contain appropriate
models for this specific use case [42]. Until today, there is no dedicated physics list
for proton therapy so that there are different options to choose from. This topic
is discussed for example in [16]. Given these considerations and tests, it seems
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3 Simulation with Geant4

reasonable to use the list QGSP BIC EMY as it provides a feasible description of
the experiment and evaluated cross section data from the Cross Section Evaluation
Working Group (CSEWG) [43|. The list provides the binary cascade (BIC) model [44]
that handles reaction below 10 GeV and also includes the precompound (PRECO)
model for low-energy (under 170 MeV) proton-nuclear inelastic interactions. The
models for electromagnetic interactions such as Compton scattering or pair production
are described in the standard electromagnetic physics list option 3 (EMY). The
interactions of nucleons are described with the quark gluon string precompound
model (QGSP). It describes high energies from 12 GeV to 100 TeV. A description of
the different models can be found in the Geant4 Physics Reference Manual [45].

As it is already tested and commonly used in hadron therapy, this list is used for
the simulations in this thesis. Additionally, the discussion in [16] indicates that the
important properties — i.e. the existence of discrete energy lines and agreement of
the general trend of the spectrum with the experiment — are given so that the results
of the simulation are suited for proof-of-principles analysis of the methods presented
in Chapter 4.

3.3 Setup of the Simulation Geometry

In this thesis, the version 10.04.p0 of Geant4 is used. As a basic test for determination
methods, the setup of the simulation is kept simple. A schematic representation
can be seen in Figure 12. The experimental hall only includes the target and the
detectors as geometrical objects. All is positioned in a vacuum. To improve the
statistics and thereby decreasing the simulation time, a ring of detectors is chosen
instead of only one detector. For all the simulation runs, the ring of detectors is
facing the centre of the target and is positioned at 90° to the centre. Based on the
geometry, this ring consists of 24 detectors which are evenly distributed around the
target. That means that the simulation of 10° protons in this setup is the same as
simulating 2.4 - 10! protons with just one detector in terms of gamma detection.
This has to be kept in mind for the statistical analysis in Chapter 6. The detectors
are sensitive so that Geant4 saves time, position, energy and interactions of the
particle in the object during the simulation. Cerium(III) bromide (CeBrs) is selected
as material of the detectors since this material is used for the experiment at OncoRay
in Dresden in Section 3.4. The size of the detectors is cylindrical 50.8 mm in diameter
and 50.8 mm length (227 x2"). They are positioned at a distance of 228 mm to the
centre of the target. For the simulation any time resolution of the detector is ignored
and not implemented. Additionally, Geant4 uses the front plate of the detector as
the detection timing of the photons to eliminate the finite expansion of the detectors
as an influence on time. Therefore, the simulation and tests represent an ideal case in
terms of time resolution of the detector and show the best attainable result. However,
it must be noted that there will always be a time width of the proton bunches that
prevents reaching the ideal case. This time width is also not simulated. The target,
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Figure 12: Schematic representation of the simulation setup with the target and one
of the detectors in the detector ring in vacuum.

like the detectors, is also sensitive and is cylindrical with a fixed diameter of 100 mm
so that photons have to cross the same amount of material in all directions. The
material and length of the target can be selected freely as well as the material and
length of additional slices that can be introduced in the target.

The target is irradiated by protons that are produced by a monoenergetic particle
source pointing along the negative z-direction as a pencil beam with no diameter.

Some of the properties of the simulation can be changed by a macro file. The
material of the target can be changed and also the energy of the particle source.
Furthermore one or two slices can be introduced inside the target. Each can have a
different material. The size of the target, the detectors and the slices is set in the
Geant4 code.

3.4 Comparison between Simulation and Experiment

Before the data of the simulation is used to test range verification methods, their
properties are analysed and compared to experimental data. This comparison is
made to justify the usage of the Geant4 simulatoin for the test of range verification
methods. An isochronous cyclotron with a frequency of 106 MHz is used in the
experiment. The cyclotron is installed at the OncoRay proton facility Universitats
Protonen Therapie Dresden (UPTD). The type designation is a Proteus C230 built
by the company IBA. For the detector a @2” x2” CeBrj scintillation crystal is chosen.
With an energy resolution of A8/E = 2.21% (FWHM at 4.4 MeV) for detectors with
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3 Simulation with Geant4

Figure 13: Setup of the experiment with four detector units and a tungsten shield
at the Universitéts Protonen Therapie Dresden (UPTD) with a carbon
target.

a size of (1”7 x1”) [46] and a short decay time of 18 ns to 20 ns [21]| the material is
well suited to detect the prompt gammas up to 8 MeV. For the photomultiplier tube
(PMT) a Hamamatsu R13089-100 is used. The PMT is plugged on an electronic unit:
the Target U100 that was developed for the usage at the UPTD [14]. The U100 is
among other things responsible for digitising the signal and the high voltage supply
for the PMT.

The beam energy is set to 224 MeV. A PMMA block is used as target. The
dimensions are 10 x 10 x 30 cm?®. For the experiment four of the above described
units are used. They are positioned at 90°, 135°, 225° and 270° to the beam axis with
the first two shielded with a tungsten block. The setup can be seen in Figure 13. In
order to compare the results of the simulation to the experiment, a time correction and
an energy calibration have to be applied to the data. In [31] a detailed explanation
can be found of what has been done with these data. Moreover analyses of different
material, the angular of the detector and the influence of the collimator are discussed
there.

3.4.1 Comparison of the Energy Spectra

For comparing the experiment with the simulation the setup of the experiment is
modelled with Geant4. Therefore the setup described in Section 3.3 is changed so
that the target, the energy of the source and the distance between detector and
target are the same as in the experiment. The environment of the experiment was
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3.4 Comparison between Simulation and Experiment

not simulated as well as the width of the proton beam and the time resolution of
the detector and the proton bunches as it is described in the previous section. The
comparison of the energy spectra shows whether all relevant peaks are present in
the simulation. In Figure 14 the simulated and the measured energy spectrum up to
12MeV from a PMMA target that was irradiated with a 224 MeV proton beam are
compared. As one can see, the general structure of the experiment spectrum can
be found in the simulation. The energy area above 6.5 MeV gets overestimated by
the simulation whereas lower energies get slightly underestimated. The area around
3 MeV shows an exception. Here more events are simulated. It can be seen that
the peaks of the 4.44 MeV line are as well pronounced in the simulation as in the
experiment. In contrast, the lines of 6.129 MeV and 5.2 MeV are underestimated by
the simulation and can hardly be distinguished from underground fluctuations.

A similar comparison of targets made of carbon can be seen in Figure 15. Here
the simulation also overestimates the energy area above 6.5 MeV but also the area
above 5 MeV. The difference of relative frequency is bigger than in the comparison
of the PMMA targets. The absence of oxygen in the carbon target should lead to a
lower event frequency in this area for the simulated spectrum as it can be seen in
the experimental spectrum.

>
2 Energy Spectrum [PMMA, 224 MeV]
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o Experiment
i
q>_) 102 A Rt SIS I IR RIS SIS
3 - Simulation
D o
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102 =

1074 =

107

Energy [MeV]

Figure 14: Comparison between the simulated and experimental results of a PMMA
target that is irradiated by a proton beam with an energy of 224 MeV.
The result of the experiment is scaled to match the 4.44 MeV peak of the
simulation and both are normalised to their respective integrals.
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Figure 15: Comparison between the simulated and experimental results of a carbon
target that is irradiated by a proton beam with an energy of 224 MeV.
The result of the experiment is scaled to match the 4.44 MeV peak of the
simulation and both are normalised to their respective integrals.

3.4.2 Comparison of the Energy-Time Spectra

The comparison of the energy-time spectra in Figure 16 shows that the prompt
gamma lines are visible as a function of time. The time interval can be correlated to
the target as only there prompt gammas are produced. In both cases, the width is
roughly 2.5ns. The simulation is therefore able to reproduce the time structure of
the experiment qualitatively.

In Figure 17 the total number of events for each bin on the time axis for different
energies and lengths of a simulated PMMA target are shown. It can be seen that
the length of the spectrum depends on the size of the target but also on the energy
of the protons used. The total number of events increases over time and forms a
plateau in targets that are long enough. After that the number of events decreases
again. Since the time resolution of the proton bunches and the detector as well as
the finite expansion of the detector are neglected, the effect cannot be caused by
this. This effect cannot be observed in experiments, since the quantities mentioned
above prevent this. With a time resolution of 189 ps at 4.4 MeV [46], the bin width
of the simulation cannot be resolved by a CeBrj scintillator. In Figure 18 it can be
seen that the first bins of such an energy-time spectrum are dominated by gamma
energies below 1 MeV. In order to clarify where the effect comes from, further tests
and analyses should be carried out. But since it is not relevant for working with real
spectra, this is only necessary for tests and calculations with simulated spectra and
is considered in this thesis.
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Figure 16: Experimental (a) and simulated (b) energy-time spectrum of a PMMA
target that is irradiated with a beam energy of 224 MeV.
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Figure 17: Total number of events for every time of the energy-time spectrum for
different simulated PMMA targets.
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Figure 18: Simulated energy-time spectrum of a 1cm long PMMA target that is
irradiated with a proton beam energy of 130 MeV.
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4 Methods to Analyse the Prompt Gamma-Ray
Spectra

This chapter gives an overview of the methods used in this work to analyse the
simulated spectra. These analyses provide the event number of certain gamma lines
which can be used for further calculations in the method described in Chapter 5. For
the method in Chapter 6, the analyses described below provide quantifiable values
for different targets so that they can be compared against each other. Different
approaches are adopted in order to conclude which analysis achieves the best results.
The different analyses are presented here only briefly to give an overview of their
basic approaches. The analyses are:

e 4.44 MeV peak analysis with background subtraction,

e 3.3MeV to 4.6 MeV region analysis with background subtraction,

e 5 MeV to 7MeV region analysis with and without background subtraction and
e chi-square test to determine the similarity of two spectra.

The first two represent the analysis of the prominent 4.44 MeV peak and the
respective double and single-escape peak. This line originates from the carbon as well
as from the oxygen in the target. Therefore it is well suited to gain information about
these two elements. The analysis of the range around the 4.44 MeV peak is included
to find out if an analysis of the region instead of the peaks gives better results for
spectra with lower event counts. Instead of an analysis of the 6.129 MeV peak also a
range analysis is applied for this area. The reason for this is the underestimation of
the gamma lines by Geant4 in this energy region (see Section 3.4.1). No background is
subtracted for this area because statistical fluctuations could influence the background
estimation and by this introduce uncertainties. In addition, as long as the setup of
the experiment does not change, it can be tested whether a comparison of different
spectra also works without subtracting the background.

4.1 Peak and Energy Region Analysis

In order to determine the number of events of a gamma line, the background of the
spectrum must first be subtracted. Then all events of the full-energy, single-escape
and double-escape peak are added. For the 4.44MeV line, an energy interval of
0.15MeV is selected in which the events are added up. This way of determining
the peak areas is, of course, only an estimate, since several lines contribute to the
selected interval due to Compton scattering. Additionally, events of the gamma line
to be determined are between the peaks in the Compton plateau and are not taken
into account. In order to better determine the peak areas, more accurate descriptions
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4 Methods to Analyse the Prompt Gamma-Ray Spectra

and models of the gamma spectrum must be used. In case of the analysis of an
energy region, the background is subtracted and then all events in this region are

added.

The background estimation is handled by the T'Spectrum class of the data analysis
framework ROOT [47]. The class includes a method based on the Sensitive Nonlinear
Iterative Peak (SNIP) clipping algorithm [48]. The algorithm takes the values of the
spectrum as v(i) with ¢ being the number of bins in the histogram. In the next step
the new value for the i*" bin is calculated iteratively. For the p™ iteration step the
value v,(7) is given by

0,(i) = min {vp_m.)? vp-1(i +p) ‘QF vp-1(i — p) } '

Figure 19 gives an illustration of the algorithm for a peak region and outside of a
peak region.

Alternatively, v(i) can be calculated by a transformation. For this y(i) represents
the count in the i*" bin. Then the transformation

y(i) — v(i) = log <10g <\/W+ 1) + 1)

is applied. The double log operator is useful for spectra that cover several orders of
magnitude and the square root enhances small peaks.

vp-1(i)

Vp-1(i +p) +vp-1(i —p)
2

Up-1(i +p) +vp-1(i = p)
2

vp-1()

i—p i i+p i—p { itp

(a) Peak region. (b) Outside of peak region.

Figure 19: Illustration of the SNIP algorithm for a peak region (a) and outside of a
peak region (b). (Adopted from [48])

The method in the TSpectrum class has different options to influence the back-
ground estimation (see [49]). For the analysis, all of the options have the default
setting. In Figure 20 an example for a background estimation with the TSpectrum
class is shown.
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Figure 20: Example of a background estimation with the TSpectrum class for an
energy spectrum of a 3cm long PMMA target that was irritated with a
proton beam energy of 130 MeV.

4.2 Chi-Square Test

For comparing two spectra in terms of their similarity, a chi-square test is used. This
is also implemented in ROOT [50]. The closer the result of the test is to 1, the more
both spectra follow the same distribution. The test also provides the possibility to
compare weighted histograms. As a representation of an experiment the spectra
compared in this thesis are not scaled for the chi-square test. So the default setting
of comparing two unweighted histograms is applied.

The histograms have the same binning and the same number of bins. The number
of bins is given by r and the number of events in each histogram by N and M with

i=1
and i
i=1
where n; and m; are the number of events in the i*" bin. The homogeneity test has

the hypothesis that both histograms of random values have the same distribution.
So the probability for a value to be in the same bin ¢ in both histograms is p;. For
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these p;
> pi=1
i=1

is fulfilled. For the number of events in the i*" bin a Poisson probability distribution
is assumed. They are given by

e—Npi (sz)m
P(n) = P
n;.
and u ( )
e MP (Mp;)™
P (m;) = |
m;!

and therefore the maximum likelihood estimator of p; is

_nH—mi
Pi= N

So we get

sz Mpz an Nmz)2
Z Np; Z Mpi MN Z n; +m; )

=1 =1

with a x? distribution. The x? value divided by the number of degrees of freedom is
used for the evaluation of the comparison.
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5 Linearity Method

The first method investigated in this thesis is described in this chapter. The method
uses different energy lines of the dominant elements in the human body: carbon and
oxygen. For this accurate, cross sections and measurements of prompt gamma-rays
are necessary. With this the composition of an unknown target should be directly
obtainable during the treatment.

First the effect of the angle between the detector and the target in the simulation
is evaluated so that the chosen position of the detector is accounted in the following
calculations. Then the method is described. It is based on a linear correlation
between oxygen in the target and the number of the 6.129 MeV line. In this chapter
it is examined if this correlation is also present in the simulation so that some
first calculations can be made in the last section to see if the method is capable to
determine the correct composition of a target.

5.1 Angular Distribution of the Simulation

Before the simulations are made, the influence of the detector position is checked so
that the central position of the detector to the target (see Section 3.3) is justified. For
this a PMMA target with a length of 1cm is irradiated three times with 10° protons
and a proton energy of 70 MeV. In the following, the length of the target is given as
an indication before the material, so that e.g. a 1cm PMMA target represents a
PMMA target with a length of 1cm and a diameter of 10 ucm. The diameter is the
same for all targets. For each of this simulations, the ring of detectors is positioned
in the same distance to the target but on another position on the z-axis. The three
positions are 90°, 77.63° and 66.32° to the z-axis from the centre of the target. A
top view of the setup with the angle between the target and the detectors can be
seen in Figure 21.

To see if the simulation with Geant4 assumes an anisotropic effect of the prompt
gamma, emission the energy spectra are plotted together. First without subtracting
the background and then with a background subtraction of the T'Spectrum class of
ROOT (see Section 4.1). All three spectra in the energy range from 3 MeV to 7 MeV
can bee seen in Figure 22. As one can see, the background of the simulation with
an angle between the detector and the target of 66.32° is lower in comparison to
the other spectra in the area above 1 MeV. For lower energies the background for
an angle of 90° is the lowest. The comparison after the background is subtracted
can be seen in Figure 23. It shows that for the important energy range from
3MeV to 7TMeV the 4.44 MeVpeak is estimated to be of the same height in all three
simulations. Only the peaks with energy of 3.2 MeV, 3.416 MeV and 5.65 MeV seem
to be lower for the detection under an angle of 66.32°. This confirms statements of
an isotropic distribution of prompt gamma-ray reactions at least for the simulation
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Figure 21: Top view of the detector and target positioning for the simulation to test
angular effects. The proton beam is pointing in the negative z-direction.
The length of the target is 1cm and the diameter 10 cm. The distance
d between the detector and the target is 22.8 cm. The detector has the

Figure 22: Energy spectra of a 1cm long PMMA target that is irradiated with a
70 MeV proton beam with three different positions of the detector. The
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5.2 Description of the Method

Angle Between Target and Detector

N entries

102 ey

3 3.5 4 4.5 5 55 6 6.5 7
Time [ns]

Figure 23: Energy spectra with background subtraction of a 1 cm long PMMA target
that is irradiated with a 70 MeV proton beam with three different positions
of the detector. The number of simulated protons is 10°.

with Geant4 and the physics list QGSP_BIC EMY. In [31] a similar observation
for the experimental setup at the UPTD is made.

Figure 24 shows the total event numbers of the three simulations plotted over time.
It can be seen that the arrival time of the gammas in the detector is shifted backwards
with decreasing angle, because the gammas have to travel a longer distance. In
addition, a broadening of the spectra on the time axis can be observed. The FWHM
for a Gaussian fit are 0.127 for 90°, 0.131 for 77.63° and 0.14 for 66.32°. This effect
can be explained by the larger difference in the flight time of the photons produced
at the beginning and end of the target. In order to minimise the above mentioned
effects and thus to make the spectra of targets of different length and material
as comparable as possible, the detector in the simulations is aligned centrally to
the target. In Chapter 6 in particular, a broadening of the energy-time spectrum
could impair the method, since targets of different lengths are used there. For a
lower background a position of the detector in backwards direction of the beam is
preferable.

5.2 Description of the Method

The linearity method combines the approaches of PGT and PGS (see Section 2.4)
to determine the percentage of oxygen and carbon along the path of the protons
in an unknown target. As described in Section 2.3.1 the important elements in
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Figure 24: Comparison of the total number of events for every time of the simulated
energy-time spectrum of a PMMA target that is measured at three different
angles. The proton beam energy is 70 MeV.

proton therapy are oxygen, carbon and hydrogen. The only contribution from
hydrogen to the prompt-gamma spectrum is the 2.22MeV line due to neutron
capture [51]. Therefore, to get the composition of the material along the proton
path, the percentage of oxygen and carbon needs to be determined. The remainder
of the material is then hydrogen and other elements in the human body such as
nitrogen or calcium which are neglected in the following tests as they only make a
minor contribution to the gamma spectrum due to their small amount in the body.

To determine the elemental composition from a prompt gamma spectrum the linear
correlation between the number of detected photons with an energy of 6.129 MeV
and the amount of oxygen in the target is used [52]. Figure 25 shows the result of
experiment described in [52]. There the total number of prompt gamma-rays emitted
per gray rises linear to the amount of oxygen irradiated. The percentage of oxygen
in the target was changed, but the dimensions of the target remained the same.

If the percentage of oxygen along the proton path is known, the carbon content
can be determined. For this, smaller sections of the proton path have to be analysed
instead of the entire path. In order to extract spatial information from the energy-
time spectrum, a correlation is established between the location of the reaction and
the time at which the gamma arrives at the detector. An accurate calculation of
the time it takes the proton to travel the path in the target and the gamma to
reach the detector can be performed using the stopping power of the material [39].
First analyses of the simulated spectra without the exact calculation show that for
a proton energy of 70 MeV 1cm in the target can be correlated to about 130 ps in
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Figure 25: Result of a linear fit of the amount of oxygen irradiated in gram as a
function of the total number of measured prompt gammas with an energy
of 6.129 MeV. (Taken from [52])

the energy-time spectrum (see Figure 26). For a proton energy of 130 MeV, 1cm
corresponds to approximately 80 ps. In order to be able to make first statements
about a possible application of the proposed method in the following, this estimation
is sufficient.

In the first step, the percentage of oxygen in the small section of the proton path
must be determined as described above. Since the cross section and thus the amount
of detected prompt gamma changes with the energy of the protons used, such a linear
fit between the amount of oxygen and the resulting amount of prompt gammas must
be made for each specific energy interval of the individual path sections. However,
since the material and thus the stopping power of these sections is not known, this
energy interval must be determined in another way. One possibility is to take the
energy interval as given. On the basis of this assumption, the percentage of oxygen
in the section fo can then be determined.

With this the number of protons that led to reactions inside the section is then

calculated:
N 129 Mev

NProton - .
00,6120 MeV * JO * Ntimestice *

Ng.129 Mev 18 the number of measured photons in the 6.129 MeV peak, niimesiice the
number of atoms per volume in the timeslice and d the thickness of the slice.
00,6.120Mev Tepresents the cross section between protons and the oxygen nuclei
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Figure 26: Plot of the position where the photon is created and the time the photon
hits the detector as a two dimensional plot (a) and as a profile plot (b) with
a linear fit. For the analysis a 20 cm PMMA target that is irradiated with a
proton beam with an energy of 130 MeV is used. The results for the linear
fit are po = (533.25 4+ 0.09) mm and p; = (—120.87 4+ 0.02) mmns~'.

multiplied by the branching ratio for the 6.129 MeV reaction.

The number of protons can be used to calculate the number of gammas in the
4.44 MeV peak originating from oxygen in the section.

NO,4.44MeV = fO * 00,4.44MeV * Ttimeslice * d- NProton

is used for this purpose. The remaining number of gammas is used to determine the
carbon content:

Nyaanmev — Nog.aamev
fe= :
0C,4.44MeV * NProton * Mtimeslice * d
Here 0¢ 4.44mev and 00 444 Mev representing the cross sections for the 4.44 MeV peak
of the two elements and Nj44mev the total number of measured photons with an
energy of 4.44 MeV.

By inserting the equations into each other the number of protons in the section, the
thickness of the section and the atoms per volume in the section can be eliminated.
This leaves a relational equation with the cross sections and the measured number of
photons in the two peaks for the fraction of carbon in the section:

f f ( Ny aamev 00,6.129 MeV 00,4.44 Mev> (4)
c=Jo- : .
Ne120Mev O C,4.44 MeV 0C,4.44 MeV

With the knowledge of the material composition the rest of the spectrum is used to
check if the assumed energy range is correct. For this other peaks like the 5.2 MeV or
2 MeV peak can be used. If the number of events in these peaks do not correspond to
the amount of gammas created by the determined material composition and assumed
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energy range, the process needs to be repeated.

Another way to determine the energy range is by using only peaks that originate
from the oxygen inside the section of the proton path. The number of photons in
these peaks can be calculated with

N = fO * 00 * Mtimeslice * NProton-
Using for example the 5.2 MeV peak and the 6.129 MeV peak one gets:

Ne 129 Mev 00,6.129 MeV

N5 oMev J00,5.2MeV

This means that the ratio of the measured events in the two peaks must be equal to
the corresponding cross sections. By comparing the cross sections to one another the
right energy in the section could be found. If there are multiple points at which the
ratios are equal the energy nearest to the previous section is taken.

This way to determine the composition of a section of the whole target is repeated
as long as the unknown target is completely reconstructed.

5.3 Linear Correlation between the 6.129 MeV Peak and the
Oxygen Amount

To verify the linear correlation between the oxygen content and the 6.129 MeV peak in
the simulation targets with different percentages of oxygen but the same dimensions
are simulated. All of the simulations use a proton beam energy of 130 MeV and the
target has a length of 20 cm and a diameter of 10 cm so that a full absorption of the
proton energy happens. In Table 2 the different targets with their respective oxygen
amount are shown. Geant4 offers the possibility to create mixtures from different

Table 2: Target composition and respective oxygen amount of the used targets.

Target Composition Oxygen Amount [%]| Carbon Amount [%]
Carbon 0.0 100.00
PMMA (40 %), Carbon (60 %) 5.2 73.32
PMMA (60 %), Carbon (40 %) 7.8 59.98
PMMA 13.3 33.33
Water 33.3 0.00

materials. They are defined by the fraction of mass of each component. This is used
to create the two targets as a mixture of PMMA and carbon to generate targets with
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5 Linearity Method

different oxygen amounts. Additionally to the above mentioned targets, a target
made of polyoxymethylene (POM) is simulated. It has an oxygen amount of 25 % as
well as 25 % carbon and is used to verify the method.

As one can see in Figure 27 the linear correlation is also present in the simulation
with Geant4. The chi-square value per degree of freedom for the linear fit is 3.63.
Instead of the event counts in the 6.129 MeV peak the events in the energy range
from 5MeV to 7TMeV are used because of the underestimation of the peaks in this
area by Geantd (see Section 3.4.1). The values p(fo) for the different targets are
calculated as the event counts in the energy range from 5MeV to 7MeV N5 7nyey in
proportion to the events in the range from 1 MeV to 8 MeV Nj gyev:

_ Ns7mev
p(fo) = NigMev

This percentage is determined for 10 data sets that are generated from the individual
simulation. Each set represents the irradiation of the target with 10% protons. The
value that is used for the linear fit is the mean value of these 10 sets. The uncertainty
is the standard deviation of the smaller sets from this mean value.

N5-7MeV
1-8MeV
—
[oe]

P4
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Figure 27: Linear fit of prompt gammas in the energy range from 5MeV to 7MeV
of targets with different oxygen amount.

For the POM target the percentage of events is (16.4 £0.1) %. This gives a
oxygen amount of (22.1 4+ 0.9) % from the linear fit. As discussed in Section 3.4.1
the amount of events in the area for the carbon simulation is higher in comparison
to the experiment. So this point should be lower whereas the other values should be
higher as the peaks are underestimated.

Although the accuracy can be improved, this first test shows that the linear
correlation is one possible candidate for a starting point to determine the composition
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of an unknown target. However, the method must be extended to the smaller
structures inside the target which results in lower statistics. Further tests with these
structures should be made to see if such a linear correlation can be created with
lower event numbers.

The linear fit is also done for the carbon amount in the targets with the analysis of
the 4.44 MeV peak and the respective double and single escape peak (see Section 4.1).
The result of the fit can be seen in Figure 28.
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Figure 28: Linear fit of prompt gammas in the 4.44 MeV peak of targets with different
carbon amount.

For this the linear fit does not represent the values as well as for the oxygen
amount. Using the parameters of the fit the carbon amount in the POM can be
determined to (38.9 £ 11.2) %. For the event counts a square fit is also applied. Even
though this fit represents the progression of the values better it is not clear if there
is a correlation between the percentage of carbon and events in the 4.44 MeV peak.
The reason for that is most probably that the events in this spectral line do not only
originate from the carbon in the target but from the oxygen as well. Therefore the
plot in Figure 28 should be three dimensional including the percentage of oxygen
in the target. One way to determine the carbon amount in an unknown target is
by decoupling the oxygen and carbon contribution to the 4.44 MeV region like it is
described in the last section.

5.4 Analysis of a Target

To test if the method can be expanded to smaller slices of a target, a 3cm PMMA
target is simulated with a proton beam energy of 130 MeV. Based on the approxi-
mation that 80 ps of the energy-time spectrum correspond to roughly 1cm in the
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Figure 29: Energy-time spectrum of a 3cm long PMMA target that is irradiated
with a proton beam with an energy of 130 MeV and separated in three
smaller parts by 80 ps time frames.

target, the resulting energy-time spectrum of the detected prompt gammas is divided
in three parts (see Figure 29) so that each of the timeslices represents 1cm of the
target.

In the following, only an estimation is made if the result of Equation 4 goes in
the right direction and could give the correct amount of carbon in the target. As
discussed in Section 3.4.2 the energy-time spectra show a energy depended rise-up
and fall-down effect at the beginning and the end of the spectrum. Therefore it is
not clear where the first slice starts when looking at the prompt gamma spectrum.
Additionally, in this test cross sections from [23| are used and not the ones from
Geant4 as they were not available for this test. The number of events in the 4.44 MeV
peak and the energy area from 5MeV to 7MeV are determined like it is described
in Section 4.1 with a background estimation from the T'Spectrum class of ROOT.
The background estimation is included to get an estimation of the peak area in
this energy region. But as long as a more accurate description of the background
is not made this is also only an approximation. All these inaccuracies lead to an
estimation of an uncertainty of 15 % on all the variables in Equation 4. The values
for these variables including their uncertainty can be seen in Table 3. Although the
events in the area from 5 MeV to 7 MeV are taken the cross section for the 6.129 MeV
peak is chosen because of the general underestimation of the peaks in this area (see
Section 3.4.1). Because of this bad representation of the oxygen peaks the process to
gain the correct energy range for the sections is not done by the linear fit described
before. For this first approximation the amount of oxygen is set to be known and
has also an uncertainty of 15 %, therefore the value is (13 £ 2) %.

The results for the three slices are: (60 & 29) %, (58 +27) % and (43 + 20) %.
PMMA has a carbon content of 33.3%. For all slices the correct amount of carbon
is within the range of uncertainty. Of course there is a lot of room for improvement
so that better and more accurate results should be achievable.
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5.5 Summary and Discussion

Table 3: Values for the number of events and cross sections that are used in the
calculation of the carbon amount in the three 1 cm slices in a 3ecm PMMA

target.
Variable Timeslice 1 Timeslice 2 Timeslice 3
130 MeV to 123 MeV 123 MeV to 115MeV 115 MeV to 108 MeV
Ny a4 Mev 3588 + 538 5159 + 774 4322 + 648
Nypev_rMmevy 1644 £ 247 2238 + 336 2153 + 323

Y0samuv®) (934 0.3)mbsr! (244 04)mbsr' (244 0.4) mbsr!
do0snnev0%) (19 4 02)mbsrt (1.2£02)mbsr! (1.2 0.2) mbsr!

an
—dUC’“‘ageV(go ) (0.9+0.1)mbsr! (1.04£0.1) mbsr! (1.1 £0.2) mbsr!

5.5 Summary and Discussion

In this chapter, the first method for determining the composition of material irra-
diated by protons was presented. Previously, the influence of the angle between
detector and target on the gamma spectra was analysed. It could be shown that the
simulated energy-time spectra with a smaller angle have a broader time distribution.
Furthermore, the gammas reach the detector later due to the larger distance to the
target. Additionally, it could be shown that the important 4.44 MeV peak and the
energy region from 5MeV to 7MeV are isotropically simulated by Geant4. In order
to minimise effects on the spectra, a centred position of the detector to the target
was chosen. The linear dependence of the number of gammas with an energy between
5MeV to 7MeV on the percentage of oxygen of a target required for the method
could be shown for the simulation. A first test with the material polyoxymethylene
confirmed the possibility to determine the oxygen content of a target with the help of
the gamma number in the area mentioned above, but left room for improvement of
the accuracy. In the last section, a first estimating calculation with large uncertainties
was performed for a 3 cm long PMMA target. Although the calculated values were far
above the expected carbon value, the actual percentage was within the uncertainty
limits. Thus it could be shown that the method presented can theoretically be used
for the determination of material compositions. However, further tests have to be
carried out. For example, the cross sections used by Geant4 should be determined
in order to perform a more precise calculation. In addition, the determination of
the peak areas of the individual peaks should be improved in order to calculate
with accurate gamma numbers. Afterwards, tests should be performed with a time
resolution of the detectors and the time structure of the proton bunches to check
whether the method can still be applied. The challenge here will be to assign the
local structure in the target to certain sections in the energy-time spectrum.
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6 Template Method

This chapter covers the second method examined in this thesis. The idea is to
reconstruct an unknown target using so-called templates to determine its composition.
Instead of relying on physical principles to calculate the exact composition, this
method tries to reproduce the correct composition and to determine whether this type
of reconstruction was successful by comparing the spectra. This chapter describes
the method of reconstruction and how the templates can be created. To test the
method, different targets are simulated. This includes shorter targets of 3 cm that
are irradiated with a 130 MeV proton beam as well as targets which contain the full
proton path especially the Bragg peak with a beam energy of 70 MeV. In both cases
PMMA targets were used and slices of two different material (carbon and water) of
1 cm thickness are inserted in the central part of the larger PMMA target to test the
capability of the template method.

First it is checked whether the different comparative analyses for several measure-
ments which were statistically averaged, provide correct results. The longer targets
are also used to test how the reconstruction with templates reacts to the Bragg peak
and whether the comparative analyses still work. This should give an overview of
the different analyses used to compare the spectra and make possible problems of
the individual analyses more visible. In the last section, the method is subjected to
a statistical benchmark test. This is intended to provide initial estimates of how the
method deals with low event numbers, as they will be available in the reality, and
whether correct results can then still be achieved. In addition, it is checked whether
the method also works consistently with many individual data sets.

6.1 Description of the Method

By irradiating a target that has a certain length and is made of a certain material a
specific energy-time spectrum is created. This spectrum depends on the energy of
the beam as well as on the material composition of the target (see Chapter 2). A
homogeneous PMMA target has a different spectrum than a PMMA target that has
a carbon or water slice of a certain length inside the target. In a clinical environment
this could be an air cavity, accumulation of liquid, another organ, or bones. The idea
now is to reproduce the energy-time spectrum of a large target from the spectra of
smaller targets and thus reconstruct the large target. This idea is based on the idea
that a large target can be physically composed of smaller target slices. Once the
correct proton energy and material have been selected for the energy-time spectra of
the slices, the spectrum of the large target should be generated by combining these
spectra. In the following, the energy-time spectrum of a known material irradiated
with a known proton energy is referred to as a template.

To find the right composition of the unknown target different combinations of
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Figure 30: Example for the reconstruction process with different templates. Different
combinations of slices are combined and then compared to the original
measured spectrum.

smaller targets are created and the energy-time spectra of both are compared. In this
way the templates are composed and the result compared until the best combination
is found. A simple example of this process can be seen in Figure 30. There the
unknown target is a PMMA target with a slice of a different material in the central
part. One combination of smaller targets that is compared to the unknown target
consists of three PMMA slices. The other one of two PMMA slices and one that
represents the material in the unknown target. The latter combination should
represent the energy-time spectra of the unknown target better than the combination
of PMMA slices.

A starting point for this comparing process would be a CT like it is done in other
range verification methods (for example [53]). Then the initial material composition
would be known. This should make it easier and faster to search for the correct
templates. This is necessary because there is a large variety of materials and proton
energies used in proton therapy.

6.2 Construction of the Template Database

To create a database of templates a homogeneous target is irradiated with a proton
beam of a specific energy. The resulting energy-time spectrum is then used to create
different spectra of the material. They all represent varying energy ranges of the
proton beam inside the target and therefore have unique spectra. The templates are
created by taking a time interval of a given width and sliding it over the measured
energy-time spectrum. This time interval corresponds to a certain energy range of
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the protons in the target. By choosing a smaller time interval shorter energy ranges
and therefore thinner structures of this material can be represented by the template.

Each of these spectra is influenced by surrounding material due to slower reactions.
Therefore it is better to start from simulations or measurements with a thin target
that has the width corresponding to the energy range that is needed instead of
using a larger target. To get the desired energy range the energy of the proton
beam is adapted for each simulation according to the expected mean energy loss in
the larger target. For this the Bethe-Bloch formula shown in Equation 1 is used.
The calculation is done with the PSTAR program [12, 54]. For example the total
stopping power of a proton with 130 MeV in PMMA is 5.86 MeVem?/g. For a density
of 1.19¢g/cm?® and 1cm of target the mean energy loss is 6.97 MeV. Therefore the
proton energy for the following slice would be approximately 123 MeV.

6.3 Description of the Applied Test

In the following sections the different analyses are tested. For this, two different
simulation are made: targets with a length of 3 cm that are irradiated with a proton
beam energy of 130 MeV and 5cm or 4 cm targets with a proton beam energy of
70 MeV. All targets and the following templates have a fixed diameter of 10 cm. The
following targets are simulated:

e 3cm target and 130 MeV proton beam energy

— PMMA target

— PMMA target with a 1cm carbon slice after the first centimetre of the
target

— PMMA target with a 1cm water slice after the first centimetre of the
target
e 4cm target and 70 MeV proton beam energy
— PMMA target with a 1cm carbon slice after the first centimetre
— PMMA target with a 1cm carbon slice after the first centimetre and a
1 cm water slice in the last centimetre
e 5cm target and 70 MeV proton beam energy
— PMMA target
They are constructed as shown in Figure 31. Because the CSDA range in PMMA
for proton energies of 130 MeV is roughly 11 cm not the full energy of the protons
is deposited in the 3 cm targets. The test on these targets therefore shows if the

analyses can distinguish between the different materials in the centre of the target.
For the 5cm and 4 cm targets the full energy of the proton is deposited. The CSDA
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Introducing a Slice

PMMA Target PMMA Target

Figure 31: Construction principle of the different targets.

range for protons with 70 MeV in PMMA is 3.5 cm and gets shorter for the targets
with the carbon slice. The length of the target was calculated by calculating the
energy loss of the protons for each centimetre in the target. For this the Stopping
Power determined by PSTAR was used. If the calculated energy is zero or less, the
target ends after this slice. It is important to note that the CSDA range and the
calculated length do not match. By determining the length like this, it is ensured
that the behaviour of the protons is also simulated after the Bragg peak. In addition,
the initial energy of the protons of the templates described below is also determined
in this way.

For both target types templates in form of 1cm long slices with the corresponding
material and initial proton energy are simulated. The number of simulated protons
is always 10°. Table 4 shows all templates that are generated.

The energy-time spectra of these templates are combined to represent the spectra
of the full target. For this the templates need to be positioned at the right time
interval. The beginning of the energy-time spectrum can easily be identified from
the two-dimensional histogram. It depends on the geometry of the simulation as
well as on the beam energy. The time interval at which the following template must
be positioned is determined by the arithmetic mean of the velocity of the protons
in the previous section of the proton path. This velocity is used to calculate the
time it takes for the proton to pass through this section. The energies are calculated
with the Bethe-Bloch formula (see Equation 1). This method is already sufficient to
obtain combined spectra in agreement with the fully simulated target.

The so created spectra are then compared to each other so that a conclusion can
be made if the target was reconstructed in the right way. For this comparison of the
energy-time spectra an arbitrary projection window of 100 ps is created. Note that
this window is not related to the correlation between the timing information of the
gammas and the corresponding reaction place used in Chapter 5. In this window
the two dimensional spectra are projected on to the energy axis. With a stepsize
corresponding to the bin width of the energy-time spectrum (here: 0.005ns) the
projection window is moved over the whole spectrum (see Figure 32). Therefore
each bin in the following diagrams represents the comparison between 100 ps long
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Table 4: Templates for the different targets. The first column shows the target
materials in the corresponding 1 cm slices.

Target Material of Template Proton Energy of Template
PMMA-PMMA-PMMA PMMA 130.00 MeV
PMMA 123.03 MeV
PMMA 115.77 MeV
PMMA-Carbon-PMMA PMMA 130.00 MeV
Carbon 123.03 MeV
PMMA 111.88 MeV
PMMA-Water-PMMA PMMA 130.00 MeV
Water 123.03 MeV
PMMA 116.76 MeV
PMMA (5cm) PMMA 70.00 MeV
PMMA 58.93 MeV
PMMA 46.26 MeV
PMMA 30.93 MeV
PMMA 9.72MeV
PMMA-Carbon-PMMA-PMMA PMMA 70.00 MeV
Carbon 58.93 MeV
PMMA 39.46 MeV
PMMA 22.03 MeV
PMMA-Carbon-PMMA-Water PMMA 70.00 MeV
Carbon 58.93 MeV
PMMA 39.46 MeV
Water 22.03 MeV
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Figure 32: Principle of a sliding window to create energy spectra from an energy-time
spectrum. The window has a width of At = 0.1ns and a stepsize of
dt = 0.005 ns which represents the selected bin width of the spectra.

windows of the spectra starting at the time of the bin.

For each of these energy spectra a peak analysis of the 4.44 MeV line, an analysis of
the region from 5 MeV to 7MeV, and the chi-square test to compare two histograms
implemented in ROOT are applied (see Chapter 4). To get a quantifiable statement
which combination of templates represents the original target better a reduced chi-
square test is applied on the first two of the above mentioned analyses. For this the
results of the combined targets represents the expected data E, the results of the
original targets the observed data O and the degree of freedom v is the number of
data points. To calculate the variance, o2, of O the simulation results are divided in
ten smaller event sets. Each of these sets represent therefore the simulation with
108 protons. The variance is then estimated from these ten data sets. The reduced
chi-square is therefore calculated by

v oF

6.4 Test with 3 cm long Targets

The energy-time spectra of the 3cm PMMA target and the combination of the three
corresponding PMMA templates as described before can be seen in Figure 33.
Both histograms are displayed in the time frame of interest, meaning the part
of the spectrum where the prompt gammas are detected. In this time range the
original spectrum has 1.329 - 10° events and the combined one 1.228 - 10°. Although
all three templates are simulated with a proton number of 10° as well as the 3 cm
target, the sum of detected prompt gammas are nearly the same. The reason for
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Figure 33: Energy-time spectra of a homogenous PMMA target with a beam energy
of 130 MeV. One of the 3cm long target (a) and one of the combination
of three 1 cm long templates (b).

this is that more protons produce a prompt gamma instead of crossing the target
without a prompt gamma reaction.

In Figure 34 a comparison of the energy spectra of the three targets can be seen.
As expected the event counts for the 4.44 MeV peak are higher for the PMMA target
with a carbon slice at the centre. For the other two the peaks are roughly of the
same height. For the energy region from 5MeV to 7MeV the target with a water
slice has the highest event number and the other two targets are closer together.
These differences are used to distinguish between the three materials.

Chi-Square Test

For the chi-square test (see Section 4.2) each of the 3 cm targets is compared to the
three different combinations of templates. The results for this comparison can be
seen in Figures 35, 36 and 37.

For this chi-square between two histograms the integral of the mean chi-square
values per bin is calculated. In the following this chi-square test is just called chi-
square test and the reduced chi-square (see Equation 5) described in the previous
section test is always referred to as reduced chi-square test. The values of the integrals
are given in Table 5. For every target the corresponding correct combination of
templates shows the best conformity with chi-square values fluctuating around 1 and
an integral value of roughly 66 which is the number of bins. The other combinations
have stronger deviations from these numbers as their chi-square values in the time
frame from 4.1ns to 4.25ns rise up to a maximum of 1.6. In all cases the correct
combination would be selected as the right one within the range of uncertainty except
for the comparison to the PMMA target with a water slice. Here both combinations,
the one made from three PMMA slices and the correct combination, shows a similar
agreement with the expected material distribution.

The differences in the different comparisons can be explained with the elementally
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Figure 34: Energy spectra in the energy region from 3MeV to 7MeV of the three
3cm long targets with PMMA, Carbon or Water at the centre of the
PMMA target. All targets are irradiated with a proton beam energy of

130 MeV.
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Figure 35: Chi-square test between the 3cm long PMMA target and the three
combinations of templates.
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Figure 36: Chi-square test between the 3 cm long PMMA-Carbon-PMMA target and
the three combinations of templates.
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Figure 37: Chi-square test between the 3 cm long PMMA-Water-PMMA target and
the three combinations of templates.
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Table 5: Result of the chi-square test between the three 3 cm long targets and the
different combinations of templates in form of the integral about the resulting
chi-square values.

Target Combination of Templates Integral
PMMA-PMMA-PMMA PMMA-PMMA-PMMA 66.5
PMMA-Carbon-PMMA 69.9
PMMA-Water-PMMA 69.4
PMMA-Carbon-PMMA PMMA-PMMA-PMMA 70.6
PMMA-Carbon-PMMA 66.1
PMMA-Water-PMMA 78.6
PMMA-Water-PMMA  PMMA-PMMA-PMMA 67.2
PMMA-Carbon-PMMA 77.5
PMMA-Water-PMMA 66.0

composition of the slices used. If the composition of these slices differ strongly from
one another, like water and carbon, the chi-square test can select between the two.
Carbon for example contains no oxygen lines at 5.2 MeV or 6.129 MeV. Slices with
a similar composition like PMMA and water, as both energy spectra contain oxygen
lines as well as carbon lines, show a greater agreement to one another.

For this statistics and with these three elements the chi-square test can already be
used to distinguish between the materials.

4.44 MeV peak analysis

The Figures 38, 39 and 40 show the results of the 4.44 MeV peak analysis with the
different 3 cm targets. The number of events in the peak are calculated after the
background subtraction like it is described in Section 4.1. This number is then divided
by the number of events in the region from 1 MeV to 8 MeV after the background
subtraction. The reduced chi-square values between the target and the combinations,
that are calculated from the results shown in the above mentioned Figures, are shown
in Table 6.

As one can see these values show that the PMMA target and the target with
the water slice are represented by their correct combinations. In the case of the
3cm PMMA target the combination with a water slice shows a similar agreement as
the correct combination. For the target with a carbon slice the wrong combination
has the lowest reduced chi-square. As Figure 39 shows, starting at 4.1ns, the
events in the 4.44 MeV peak are fewer in the original target in comparison to the
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Table 6: Result of the 4.44 MeV peak analysis between the three 3 cm long targets
and the different combinations of templates in form of the reduced chi-square

value.

Target Composition

Combination of Templates

Reduced Chi-Square Value

Il Il Il Il Il | Il Il Il Il
4.2 4.25 43

PMMA-PMMA-PMMA PMMA-PMMA-PMMA 1.109
PMMA-Carbon-PMMA 3.621
PMMA-Water-PMMA 1.150
PMMA-Carbon-PMMA PMMA-PMMA-PMMA 2.178
PMMA-Carbon-PMMA 2.525
PMMA-Water-PMMA 5.339
PMMA-Water-PMMA PMMA-PMMA-PMMA 2.791
PMMA-Carbon-PMMA 15.283
PMMA-Water-PMMA 1.069
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Figure 38: 4.44 MeV peak analysis between the 3cm PMMA target and the three
combinations of templates.
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Figure 39: 4.44 MeV peak analysis between the 3cm PMMA-Carbon-PMMA target
and the three combinations of templates.
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Figure 40: 4.44 MeV peak analysis between the 3cm PMMA-Water-PMMA target
and the three combinations of templates.
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Figure 41: 5MeV to 7MeV region analysis between the 3cm PMMA target and the
three combinations of templates.

combination of templates with a carbon slice. This leads to the larger reduced
chi-square. Furthermore, the percentage of events in the peak is lower in the time
interval from 3.98 ns to 4.05ns for all three targets in comparison to the template
combinations.

One explanation could be the cross sections used by Geant4 and the considered
energy range. As the cross section for higher energies of 130 MeV is lower than for
lower energies (see Section 2.3) the 4.44 MeV peak is harder to distinguish. This
could also explain the higher event rates for the combination with a carbon slice as
the higher density could have a larger effect.

Taking the statistical fluctuation into account, the analysis of the peak could lead
to the selection of the wrong combination of templates in some cases. Especially
in measurements with lower proton numbers the fluctuations could increase and
therefore lead to less accurate results with this analysis.

5 MeV to 7 MeV Region Analysis

In the Figures 41, 42 and 43 the analysis of the energy range from 5MeV to 7MeV
can be seen.

In contrast to the 4.44 MeV peak analysis the three materials can be distinguished
even when the fluctuations of the smaller sets are considered. All three follow the
expectations as water should have the most events in this range in comparison to
the other two materials with carbon having the least amount of prompt gammas.
The values in Table 7 confirm this. Only the correct combination of templates has a
reduced chi-square near 1.
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Figure 42: 5 MeV to 7MeV region analysis between the 3cm PMMA-Carbon-PMMA
target and the three combinations of templates.
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Figure 43: 5 MeV to 7MeV region analysis between the 3cm PMMA-Water-PMMA
target and the three combinations of templates.
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6 Template Method

Table 7: Result of the 5 MeV to 7MeV region analysis between the three 3 cm long
targets and the different combinations of templates in form of the reduced
chi-square value.

Target Composition Combination of Templates Reduced Chi-Square Value
PMMA-PMMA-PMMA PMMA-PMMA-PMMA 1.499
PMMA-Carbon-PMMA 19.962
PMMA-Water-PMMA 17.314
PMMA-Carbon-PMMA PMMA-PMMA-PMMA 19.803
PMMA-Carbon-PMMA 0.429
PMMA-Water-PMMA 46.169
PMMA-Water-PMMA  PMMA-PMMA-PMMA 4.379
PMMA-Carbon-PMMA 38.609
PMMA-Water-PMMA 0.884

Summary for the Test with 3 cm long Target

In the given energy range starting with a proton energy of 130 MeV and statistic of
10° protons the analysis of the energy region from 5MeV to 7 MeV can distinguish
between all three different materials and the chi-square test and the peak analysis
two of the materials. It can also be seen that a combination of different tests and
analyses is possible and probably necessary for a broader variety of materials that
can be found in the human body. This combination of different analyses is tested in
Section 6.6.

Regarding the comparison between the water and the PMMA cavity it needs to
be considered that Geant4 underestimates the oxygen lines (see Section 3.4). With a
better simulation or in tests with clinical environment the chi-square test could give
better results as the peaks can be better distinguished.

In the following section the analysis is repeated with a longer target.

6.5 Influence of the Bragg Peak

The energy-time spectra of the 5cm long PMMA target and the combination of
five 1 cm long PMMA templates can be seen in Figure 44. Again both histograms
contain nearly the same number of detected prompt gamma-rays in the shown area:
2695801 events in the long target and 2642845 in the combined one.

To test the influence of the Bragg peak on the recreation with templates the
influence of the last template on the comparison is tested. The chi-square test to
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Energy [MeV]

. 53 5.4 55 . . 5.2 53 54 5.5 56

(a) Original spectrum. (b) Combined spectrum.

Figure 44: Energy-time spectra of a homogenous PMMA target with a beam energy
of 70 MeV. One of the 5cm target (a) and one of the combination of five
1cm targets (b).

compare histograms is performed between the following targets and combinations of
templates in order to estimate the influence of the Bragg peak:

e 5cm PMMA target is compared to
— PMMA-PMMA-PMMA (3 templates)
— PMMA-PMMA-PMMA-PMMA (4 templates)

e 4cm PMMA-Carbon-PMMA-PMMA target is compared to
— PMMA-Carbon-PMMA (3 templates)
— PMMA-Carbon-PMMA-PMMA (4 templates)

e 4cm PMMA-Carbon-PMMA-Water target is compared to
— PMMA-Carbon-PMMA (3 templates)
— PMMA-Carbon-PMMA-Water (4 templates)

Since the last template for the 5em PMMA target contains only about 24000 events,
its influence on the comparison tests is negligible. Therefore, the 5cm PMMA target
is compared once with the first four associated templates and once with the first
three templates.

In Figure 45 the results for the comparison with the 5cm long PMMA target can
be seen. The integral of the chi-square values of the two comparisons give 88.9 for the
combination of four templates and 123.2 for the combination of three. This indicates
that the fourth template is necessary for the correct combination of templates. The
reason for this is that the Bragg peak is located in the fourth template, since it is at
3.5cm. The combination with three templates no longer takes this into account.

In contrast, the absence of the last template in the comparisons to the PMMA
target with a 1cm long carbon slice after the first centimetre in the target leads to
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(a) Comparison with four templates. (b) Comparison with three templates.

Figure 45: Chi-square test between the 5 cm long PMMA target and the combination
of the four associated 1 cm long PMMA templates (a) and three 1 cm long
PMMA templates (b).

better results with the chi-square test (see Figure 46). This can again be explained
by the Bragg peak. The peak is at a depth of about 3 cm due to the carbon in the
target. In the simulation of the whole target, few protons reach this depth and thus
few gammas are produced there and this leads to high statistical fluctuations. The
comparison with the simulated template therefore leads to bad agreement between
the two distributions which is reflected in the high chi-square values. Figure 47
confirms this. The plot shows all proton entries saved by Geant4 in the target. It
shows that few protons reach the last centimetre of the target as predicted by the
results of the chi-square test. The plot also shows an effect of the simulation at
the transition between the two different materials. This effect could be caused by
the way Geant4 is simulating the proton path. Normally there is a certain step
size after which a new entry for the current particle is set. At the edge this entry
could be forced to happen so that there are more proton entries in the histogram in
comparison to the rest.

Same results can be found by analysing the last of the three targets. The chi-square
test in Figure 48 shows again a better representation of the target when only the
first three templates are used.

This considerations lead to an answer regarding the influence of the Bragg peak:
because of the low event numbers after the peak a certain answer about the material
in this area can not be given by the template method. But for the clinical environment
only the material in the path up to the Bragg peak is of relevance to determine
the penetration depth of the protons. The tests also show that in order to better
resolve and determine the Bragg peak and the region around it, finer structures must
be mapped through the templates. Instead of 1 cm, millimetre accuracy would be
required.

The comparisons between the targets with a length of 4 cm or 5 cm and the different
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Figure 46: Chi-square test between the 4 cm long PMMA target with a 1 cm long car-
bon slice after the first centimetre and the associated 1 cm long templates
with (a) the last PMMA template and without (b).
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Figure 47: Energy and position of all simulated protons in the PMMA-Carbon-
PMMA-PMMA target with a initial beam energy of 70 MeV.
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Figure 48: Chi-square test between the 4 cm PMMA target with a carbon slice after
the first centimetre and a water slice at the last centimetre of the target
with (a) the water slice and without (b) and the associated 1cm long
templates.

combinations of templates only confirm the results of the chi-square tests and the
previous section and are therefore not repeated here.

6.6 Statistical Benchmarking

Of course the tests above only show the average of the single analyses. In a real
test of the method only one set of events would be tested as a representation of
one pencil beam spot. So in the following the different analyses are applied on one
small set of events at a time. Again the energy-time spectra is compared in windows
of 0.1ns. For each of these windows the values of the above mentioned analyses is
calculated for the original target data and compared to the corresponding value of
the different combinations. The relative differences of these two values are then add
up for each time window. At the end the combination of templates with the lowest
value and therefore with the smallest difference to the target is selected as the best
representation. The equation for this process for one analysis is:

v (Combination of Templates) = Z T = G
k T

with v the value for one possible combination of templates, £ the number of bins of
the energy-time spectrum, T} the value of the parameter obtained in the different
analyses (e.g. x?, %, ...) using the full target, while C} is the parameter value
using the combined templates.

To test the capability of the different analyses and combinations of them the
3cm long targets are used. The data obtained from the simulation is again divided
in smaller event sets. As mentioned in Section 3.3 the number of protons used
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Table 8: Percentage of selection for a certain combination of templates for the three
targets with 200 sets with 2.4 - 10° proton for one detector with the chi-
square test and the analysis of the 4.44 MeV peak.

Target Combination of Templates Chi®-Test 4.44 MeV-Peak
PMMA-PMMA-PMMA PMMA-PMMA-PMMA 95.5% 33.5%
PMMA-Carbon-PMMA 4.5% 0.5%
PMMA-Water-PMMA 0.0% 66.0 %
PMMA-Carbon-PMMA PMMA-PMMA-PMMA 0.0% 66.0 %
PMMA-Carbon-PMMA 100.0 % 27.5%
PMMA-Water-PMMA 0.0% 6.5%
PMMA-Water-PMMA  PMMA-PMMA-PMMA 50.0 % 10.5%
PMMA-Carbon-PMMA 0.0% 0.0%
PMMA-Water-PMMA 50.0 % 89.5%

for the simulation is 10° for 24 detectors corresponding to 2.4 - 10'° protons for a
setup with one detector. The number of protons per pencil beam spot is estimated
to be 10® [55] that are delivered in roughly 10ms [14]. Therefore this statistical
test is made with the same number of protons. Of course the simulation ignores
the detector throughput so that the number of detected prompt gammas of the
simulation represent an ideal case. In a realistic environment the statistics used will
be lower. To get the amount of prompt gammas corresponding to 10® protons, the
number of events of the simulation needs to be divided by 240. So the event number
of the original target is divided by 10, 240 and 120 for a irradiation of the target
with 2.4 - 107, 10® and 2 - 10% protons and the detection with one detector. For this,
random events from the simulation of the original target are taken to create the sets
with the desired number. In total a number of 200 sets for each statistic is created.
Additionally to the previous analyses, the analysis of the energy region from 3.3 MeV
to 4.6 MeV is included (see Chapter 4).

At first the individual analyses are tested on sets that represent the irradiation
of the target with 2.4 - 10° and 2 - 10® protons and one detector. For the sets that
represent 10® protons only the best analyses are applied.

The Table 8 and 9 show how often one of the combinations was selected for one of
the three targets for the 2.4 - 10° proton sets.

As one can see for the event numbers from 2.4 - 10° protons not all tests can
distinguish between the three combinations. The best results for the PMMA target
and the target with the carbon cavity comes from the chi-square test. For the water
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Table 9: Percentage of selection for a certain combination of templates for the three
targets with 200 sets with 2.4 - 10° proton for one detector with the analyses
of the two energy ranges.

Target Combination of Templates 3.3 to 4.6 MeV 5 to 7MeV
PMMA-PMMA-PMMA PMMA-PMMA-PMMA 55.0 % 97.5%
PMMA-Carbon-PMMA 39.5% 2.5%
PMMA-Water-PMMA 5.5% 0.0%
PMMA-Carbon-PMMA PMMA-PMMA-PMMA 6.5 % 0.0%
PMMA-Carbon-PMMA 93.5% 100.0 %
PMMA-Water-PMMA 0.0% 0.0%
PMMA-Water-PMMA  PMMA-PMMA-PMMA 66.0 % 13.0%
PMMA-Carbon-PMMA 8.5% 0.0%
PMMA-Water-PMMA 25.5 % 87.0%

cavity it determines both the PMMA combination and the correct combination in
50 % of the sets. The best test for all three targets is the analysis of the energy range
from 5MeV to 7TMeV as it can determine the right combination in all cases. But
for the PMMA target with a water slice in the centre the analysis only selects the
right combination in 87 % of the 200 sets. The analyses of the 4.44 MeV peak and
the range from 3.3 MeV to 4.6 MeV are less consistent. In two cases they select the
right combination of templates for most of the sets and for the other targets not.

With lower event numbers in each set this trend continues. The results for the
same test for a irradiation with 2 - 10® protons can be seen in Table 10 and 11.

Most importantly the correct combination of templates are not selected for most
of the sets in any of the three cases with the chi-square test. The same is true
for the peak-analysis. Here the combination of two PMMA templates and a water
template seems to have the least difference against all three targets. In comparison
the analyses of the two energy ranges show the best results.

Based on this observations the sets that correspond to 10® protons are tested
with the two energy region analyses and with a combination of these two to see if
by combining different tests a better result can be achieved. The PMMA target
is selected correctly in 58.5% of the 200 sets with the combination of the two
analyses. With the analysis of the energy region from 3.3 MeV to 4.6 MeV 57 % of
the times. For the target with the carbon slice the combined analysis selects the
correct combination in 47 % of the sets and in 80 % for the analysis of the energy
region from 5 MeV to 7MeV. At last for the target with a water slice in the centre of
the target the correct combination of templates gets selected 42.5 % for the combined
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Table 10: Percentage of selection for a certain combination of templates for the
three targets with 200 sets with 2 - 10® protons for one detector with the
chi-square test and the analysis of the 4.44 MeV peak.

Target

Combination of Templates

Chi%-Test 4.44 MeV-Peak

PMMA-PMMA-PMMA

PMMA-PMMA-PMMA
PMMA-Carbon-PMMA
PMMA-Water-PMMA

0.5%
84.5 %
15.0%

0.5%
0.0%
99.5%

PMMA-Carbon-PMMA

PMMA-PMMA-PMMA
PMMA-Carbon-PMMA
PMMA-Water-PMMA

3.0%
9.5%
87.5%

4.0%
0.0%
96.0 %

PMMA-Water-PMMA

PMMA-PMMA-PMMA
PMMA-Carbon-PMMA
PMMA-Water-PMMA

0.0%
100.0 %
0.0%

0.0%
0.0%
100.0 %

Table 11: Percentage of selection for a certain combination of templates for the three
targets with 200 sets with 2 - 10® protons for one detector with the analyses

of the two energy ranges.

Target

Combination of Templates

3.3to4.6MeV 5 to 7MeV

PMMA-PMMA-PMMA

PMMA-PMMA-PMMA
PMMA-Carbon-PMMA
PMMA-Water-PMMA

59.0 %
22.0%
19.0%

53.5%
26.5%
20.0%

PMMA-Carbon-PMMA

PMMA-PMMA-PMMA
PMMA-Carbon-PMMA
PMMA-Water-PMMA

49.5 %
44.5 %
6.0 %

17.0%
82.5%
0.5%

PMMA-Water-PMMA

PMMA-PMMA-PMMA
PMMA-Carbon-PMMA
PMMA-Water-PMMA

52.5%
17.5%
30.0 %

28.5%
4.5%
67.0%
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analysis and 61 % with the analysis of the energy region from 5MeV to 7MeV.

The 100 % selection rate with the peak-analysis for the target with a water slice
seen in Table 10 appears in all analyses with lower statistic. So this result is not
included as it seems not affected by the targets composition.

6.7 Summary and Discussion

For photon numbers corresponding to 2.4 - 10° protons and one detector and taking
the average of the determined results the different ways to compare spectra are
suited to distinguish between different materials. This shows that the recreation of a
target with templates lead to energy-time spectra that are distinguishable by their
progress over time and distribution of the energy lines. Although the analysis in this
thesis used 1 cm templates by using thinner templates smaller structures inside the
target could be resolved. Because it only depends on the energy-time spectrum itself
and not the exact number of events or cross section the method is not depended on
measurements and estimations of these variables.

Section 6.5 shows that the Bragg peak complicates the determination of the
material in this area of the target depending on the length of the templates. The
reason for this is the low number of prompt gammas after most of the protons have
stopped.

The statistical benchmarking in Section 6.6 shows that for prompt gamma counts
corresponding to real measurements the different methods select the correct com-
bination of templates between 40 % and 80 % of the time. The combination of the
two energy region analyses proved to be beneficial in this test. This shows that a
combination of different tests and analyses is possible and probably necessary for a
broader variety of materials that can be found in the human body. Especially for
materials with similar properties analyses of different regions for more information
are necessary. The methods that used energy regions proved to be more consistent
with lower statistics because they are not depending on peak structures that become
more imprecise with decreasing photon counts.

From the two region analyses the analysis without background subtraction is more
accurate. In the simulation many sources for the background are not included. So
the influence of the background on the accuracy needs to be tested in a more realistic
environment.
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7 Conclusion and Outlook

In this thesis, two different methods to analyse the material composition of a target
are introduced and tested. For these tests, the simulation toolkit Geant4 was used
to produce simulations that generate data on which the methods could be tested. A
simulation framework was created for this purpose with which time-resolved energy
spectra of prompt gamma could be recorded. These so-called energy-time spectra
represent the correlation between the frequency of energies deposited in the detector
and the arrival time of the gammas in the detector. Since this work is intended to
show possible ways to determine the material composition and to estimate whether
a further investigation of these methods makes sense, the implementation of the
time resolution of the detectors and the time structure of the proton bunches was
dispensed with. This results in unrealistic data sets, but it was possible to make first
statements about the possibilities of the presented methods. In order to verify that
the results of the simulation can function as a substitute for real measured values,
i.e. the relative frequencies of the gamma energies and the time structure resulting
from the irradiation of the target are simulated, a comparison with the experiment
is carried out. The experimental data were recorded at the UPTD at OncoRay. The
comparison shows that the general trend of the energy and energy-time spectra can
be reproduced by Geant4 v10.04.p0. Nevertheless, some parts of the energy spectrum
are not in agreement with the experiment. Most importantly the gamma lines that
originate from reactions with oxygen nuclei, namely the 5.2 MeV and 6.129 MeV peak,
are underestimated by the simulation. Especially in targets with a low percentage of
oxygen, these peaks can hardly be distinguished from the background in the energy
spectra. Therefore, not the single line at 6.129 MeV, but the full energy range from
5MeV to 7MeV is used to compare two spectra.

The linearity method uses the linear correlation between the irritated oxygen
amount along the proton path in the target and the number of produced prompt
gammas with an energy of 6.129 MeV. It could be shown that this correlation is
also present in the simulation. With the knowledge of the oxygen amount, it should
be possible to decouple the oxygen and carbon content which is responsible for the
prompt gammas in the 4.44 MeV peak. One method to do this is motivated in this
thesis and relies on the usage of cross sections of the different prompt gamma reactions.
By applying this method to smaller parts of the target, the elemental composition
of this section of the proton path could be reproduced. The spatial information
of the target can be obtained from the energy-time spectrum by correlation of the
photon arrival in the detector to the location of the initial reaction.This correlation
is energy-dependent, since the time the proton takes to cross the target depends on
its velocity. A first test of the linearity method showed that the determination of
the material composition is achievable by this way but needs a lot of improvements.
To test the linearity method further a better understanding of the cross sections and
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processes that are used in Geant4 is necessary.

The template method reconstructs the material composition by comparing the
measured energy-time spectrum to different combination of templates. These tem-
plates represent parts of a larger target in form of spectra from 1cm long targets.
By putting together these spectra, the original energy-time spectrum is reproduced.
The method compares different combinations with the longer targets. Different ways
to compare spectra were tested in this thesis. It could be shown that an analysis
of an energy region without background subtraction worked most consistently even
with low event numbers. The comparison with a chi-square test implemented in
ROOT works for spectra with statistics corresponding to an irradiation of the target
with 2.4 - 10'° protons and one detector used. For lower statistics that correspond to
statistics of one pencil beam spot (10® protons) the chi-square test is less precise.
The same holds true for the applied peak analysis. This shows that analysis with only
one detector is not sufficient to provide the correct results. However, the evaluated
statistics can be improved by using multiple detectors. It could also be shown that
the Bragg peak, depending on the size of the templates used, complicates the correct
replication of the target. In the test performed with 1cm long templates, the Bragg
peak was within this centimetre which led to worse results of the comparison methods.
The test of this method showed that the determination of the correct combination of
templates is possible, but it currently lacks a high accuracy and consistency. Also
the test was done for three different materials with distinct properties and only for
structures that are 1cm long. The variety of materials inside the human body is
much larger and the required precision lies in the range of millimetres. The number
of different templates therefore is huge as the database has to cover all different
materials for different initial proton energies. One option to improve the algorithm
would be to use information from a CT like in [53] to have a starting point for
the re-creation process. Additionally, more ways to compare the spectra should be
tested. For this a more detailed analysis of the spectra of low gamma statistics
should be made to get a better understanding of the behaviour of different materials
and elements in general.

Although both methods reviewed already represent promising approaches to
determine the material composition of a target, there still is great potential to unlock.
Before tests with a real test beam can be performed, further tests with simulations
can and should be made. For this the simulation should be improved so that the
resulting spectra represent the real physical behaviour. This could lead to a better
conclusion for the linearity method which highly depends on exact results for the
cross sections. Suggestions to improve the physics list QGSP_BIC EMY have
already been made in [56]. They suggest to use the precompound model with an
alternative initial nuclear exciton state of 2 instead of the binary cascade model (see
Chapter 3.2). Also instead of the cross sections provided by WELLISH and AXEN
[57] for 12C and N, the cross section of TRIPATHI et al [58] is recommended. Beside
just relying purely on Monte Carlo simulations a combination of simulation and
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measurements could be used. As is described in [53], the energy distribution of the
protons inside the target can be obtained by the simulation and the spectra by using
measured cross sections. By this a more consistent statistical result could be achieved
as the data would no longer rely on detector geometry and could be adjusted in
more ways. In addition, tests must be carried out which take into account the timing
resolution and time structure of the proton bunches. Only if a determination of
the material composition is successful, if these factors are included, can the found
approaches be further pursued.

Of course there is room for other methods to determine the elemental compositions
of unknown targets. For example an adjustment from the method used in [53] to
the smaller parts of the proton path that are used in the linearity method could be
made. By calculating the expected number of events in this part of the target based
on a CT, one could calculate the differences and thereby the measured properties of
the unknown target or patient by using a least-square-residual minimisation.
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