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Abstract 

Proton radiation therapy allows for delivering a high dose to a well-confined 
region of interest due to the characteristic proton dose deposition. Due to proton 
range straggling, anatomic variations in patients and small patient setup errors, 
treatment plans needs to account for proton range uncertainties of up to 3.5% in-
vivo. Therefore, it is highly desirable to measure the proton range on-line in order 
to minimize margins in the treatment plan.  Initially, the feasibility of on-line 
range monitoring through prompt gamma imaging and Positron Emission 
Tomography (PET) at different proton energies is evaluated using GEANT4 
Application for Tomographic Emission (GATE) Monte Carlo (MC) simulations. 
In the second phase, the performance of a lead knife-edge slit system for prompt 
gamma imaging was evaluated with MC simulations. Results from simulations 
indicate that prompt gamma emission and PET isotope production is correlated 
with proton range, with discrete prompt gamma emission lines from Carbon (4.4 
MeV) showing good correlation. The evaluated system was able to image the 
peak gamma emission location at three different slit positions with promising 
precision ± 1 mm, ± 0.7 mm and ± 1.3 mm, and average shifts of -2 mm, -3 mm 
and -4 mm, respectively. The proton range was resolved with mean profile shifts 
of -12 ± 1 mm, -13 ± 0.7 mm and -14 ± 1.3 mm, following prompt gamma cross-
section behavior with peak emission- and threshold energies. The results provide 
an indication of the potential of the knife-edge slit system and future work will 
include more extensive MC simulations and experimental measurements at the 
Skandion clinic to determine its clinical validity. 
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Sammanfattning 

Strålbehandling av cancer med hjälp av protoner är fördelaktigt jämfört med 
konventionell strålterapi då protonerna kan leverera en hög dos till ett väl 
avgränsat område samtidigt som dosen till intilliggande vävnad effektivt 
reduceras. Tack vare statistiska variationer i protoners dosfördelning, anatomiska 
avvikelser i patienter samt små fel vid patientfixering måste behandlingsplaner 
innehålla marginaler som motsvarar ca 3.5% avvikelse i protonräckvidd. Att i 
realtid kunna mäta protoners räckvidd i patienten skulle vara tills stor nytta och 
skulle bidra till att minska marginalerna i behandlingsplanen. I ett första skede av 
arbetet undersöktes möjligheten att avbilda protonräckvidden med prompt-
gamma emission och Positron Emissions Tomografi (PET) genom GEANT4 
Application for Tomographic Emission (GATE) Monte Carlo (MC) simuleringar. 
Resultatet från MC simuleringarna användes sedan för att utvärdera ett 
detektorsystem för prompt-gamma avbildning. Simuleringarna indikerade att 
produktion av både prompt-gamma och PET isotoper är korrelerade med 
protonernas räckvidd, särskilt 4.4 MeV emissionslinjen från Kol. Positionen för 
maximal gamma emission kunde avbildas för tre olika positioner i 
detektorsystemet med en medelförskjutning på -2 ± 1 mm, -3 ± 0.7 mm och -4 ± 
1.3 mm. Detektorprofilen var förskjuten -12 ± 1 mm, -13 ± 0.7 mm och -14 ± 1.3 
mm jämfört med protonräckvidden p.g.a. interaktionernas energiberoende. 
Resultatet påvisar detektorsystemets potential att avbilda prompt-gamma fotoner 
och framtida arbete omfattar ytterligare MC simuleringar och experimentella 
mätningar på Skandionklinken. 
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1. Introduction 

Photon radiation has been used in tumor treatment since the beginning of the 20th 
century, beginning shortly after the important discoveries within radiation physics 
made by Röntgen (1895), Becquerel (1896) and Curie (1898). For medical 
purposes, Robert Wilson was the first to propose the use of fast protons in 
radiotherapy with his publication Radiological Use of Fast Protons in 1946. 
Wilson [1] realized that the mean energy loss relation for protons together with 
their finite range, would be very suitable for tumor treatment once available in 
high enough energy. Although Sweden has treated patients with protons since the 
1960s, the first dedicated center for advanced proton therapy recently opened: the 
Skandion clinic in Uppsala. 

 

Protons traveling through matter mainly interact with atomic electrons via 
electromagnetic Coulomb interactions. The Bethe-Bloch equation analytically 
describes the continuous mean energy loss of protons due to these interactions 
[2,3]: 

 

 
 

With  equaling the speed of light in vacuum,  is the projectile velocity,  

and  .   being the maximum transferable energy and  the mean 

ionization potential of the traversed medium with atomic number  and nuclear 
number . According to eq.(1) protons lose more energy with decreasing 

velocity as  , which results in a characteristic curve know as the Bragg 

curve (figure 1). The peak of the curve is broadened by the statistical differences 
in energy loss for individual protons known as range straggling [1].  

 

Following this, the depth dose curve for protons is characterized by a low dose 
plateau in the entrance region followed by a distal rapid dose build-up and a steep 
fall off at the end of their range (figure 1).  The depth dose distribution together 
with the finite particle range allows for a better dose conformation compared to 
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photons. Protons can deliver a high dose to the target tumor volume and will at 
the same time spare surrounding healthy tissue and organs at risk. Additionally, 
the denser energy deposition at the Bragg peak increases the biological 
effectiveness of proton therapy. 

 

 
Figure 1. Simulated Bragg Curve for 150 MeV protons in PMMA 

 

As the protons deliver their maximum energy within a narrow range it is crucial 
to know the actual range in-vivo in order to optimize tumor dose distribution and 
protect surrounding healthy tissue. Uncertainties in the proton range may have 
serious impact on the dose distribution e.g. delivering a high dose to an organ at 
risk or a low dose to the tumor, compromising tumor control. More exact 
knowledge of the in-vivo range would additionally enable more precise use of the 
Bragg peak and dose fall-off regions for dose delivery and tissue protection.  

 

Range uncertainties arise due to several factors such as organ motion, changes in 
patient anatomy and patient setup. Further sources of uncertainty are Computed 
Tomography (CT) attenuation limitations, including artifacts and noise affecting 
the measured attenuation coefficients, as well as uncertainties in the conversion of 
Hounsfield units to proton stopping power [4]. The in-vivo range of protons is 
often calculated using Monte Carlo (MC) simulations, but at the clinical energy 
levels (90-200MeV) the models describing the nuclear interactions are uncertain 
and thus contribute to the range uncertainty.  

 



 3 

Clearly, there is a need to measure the proton range in-vivo and several direct and 
indirect techniques have been purposed e.g. in-vivo point measurements (direct), 
range probes (direct), secondary gamma measurements (indirect) and magnetic 
resonance imaging (indirect) [5]. However, no commercially available system for 
real time in-vivo proton range measurements exists and such a system would 
without doubt increase the effectiveness and the range of applicability of proton 
therapy.  

1.2 Purpose of study 
The initial part of this thesis was to analyze the feasibility of secondary gamma 
(prompt and β+ annihilation) detection for on-line in-vivo proton range 
monitoring. The spatial distribution of secondary particles was to be simulated 
using GATE Monte Carlo code. Subsequently, the results from the simulations 
were in a second step used to evaluate the setup and performance of a prompt 
gamma imaging knife-edge slit system prior to experimental measurements.  
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2. Background 

2.1 Proton therapy physics 
In order for the reader to fully grasp the contents in the present thesis, 
understanding of the physics of proton therapy is necessary. Below follows a 
review of the most essential physics of proton therapy relevant to this thesis. 

2.1.1 Energy loss and dose deposition 

Electromagnetic inelastic scattering from atomic electrons is the most common 
interaction for protons at clinical energy levels traversing a medium. As the 
protons are about 1800 times heavier than electrons, they are scattered of the 
atomic electrons with negligible angular deflections and small energy attenuation.  
This type of interaction is commonly referred to as inelastic Coulomb scattering 
and applies to any charged particle transported through a medium [6]. The 
maximum energy transfer in a single collision between a proton and an unbound 
electron can be calculated with [7]: 

 

 
 

Where  and  is the electron and proton mass in MeV/c2. Particles traveling 
with velocities close to the speed of light will in a stationary frame of reference 
suffer length contraction and an increase in effective mass that needs to be 
accounted for with the Lorentz factor . For moderately relativistic protons 
( ) a simple low energy approximation can be used [7]: 

 

 
 

If the transferred energy is greater than the electron binding energy the electron is 
ejected and the atom is ionized. Ejected electrons that carry enough kinetic 
energy to cause ionization are called delta-rays. Following ionization, the ions 
interact with the cellular constituents, e.g. DNA or cell membrane causing 
damage in the cells. 
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The energy loss for the projectile is generally approximated as continuous due to 
the sheer number of interactions with very short mean free paths. The rate of 
continuous energy loss, or linear stopping power , is often expressed 
independently of mass density and Bethe [2] and Bloch [3] formulated an 
accurate description of mass stopping power, taking relativistic and quantum 
mechanical effects into account (figure 2):  

 

 
 

Where  is Avogadro’s number, is the classical electron radius,  is the 
charge of the projectile,  is the atomic number of the absorbing material,  is 
the atomic weight of the absorbing material,  is the electron shielding correction 
and  is the shell correction.  

 

 
Figure 2. Proton stopping power in aluminum with (Bethe-Bloch) and 
without corrections (Bethe) [8] 
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The Bethe-Bloch equation with proper corrections is valid down to  or 
about 1 MeV for protons [7]. For very low energies with velocities comparable to 
those of orbital electrons, the Bethe-Bloch model is no longer valid and the 
energy attenuation is instead described by low energy models developed by 
Ziegler, et al. [9] and Lindhard, et al. [10]. 

 

The Bethe-Bloch linear stopping power is proportional to the inverse projectile 
velocity squared, target material , target material density and projectile 
charge squared (for protons (Zp = 1). It is furthermore proportional to the 
logarithm of the inverse material ionization. Because the  ratio is somewhat 
constant for light atoms (except for hydrogen) and the ionization energy enters 
the formula logarithmically, the energy loss rate will be strongly dependent on 
target mass density [6,11]. The energy attenuation as a function of distance 
travelled is called the Bragg curve. The therapeutically useful shape of the Bragg 
curve (figure 1) with its characteristic Bragg peak derives from the inverse 
velocity relation [11].  

 

Linear Energy Transfer (LET) is a concept used to compare the energy loss for 
different particles. Except for photons, the LET is the same as  and 
expressed in energy per unit length [11]. However the main interest in 
radiotherapy is the energy loss due to collisions, so the radiotherapy LET is based 
on the restricted collision stopping power. It is also common to discard the energy 
loss resulting in the production of delta-rays with energy above a certain 
threshold. For radiotherapy purpose, optimum LET is in the vicinity of 100 
keV/µm as the mean distance traveled between ionizing events corresponds to the 
distance between the two strands in the DNA alpha helix [12]. 

2.1.2 Multiple Coulomb Scattering 

In addition to the inelastic Coulomb interactions with electrons, positively 
charged particles passing close to the atomic nucleus in the target material will 
suffer scattering due to the repulsive Coulomb force. These elastic and inelastic 
Coulomb interactions are generally denoted as Multiple Coulomb Scattering 
(MCS). The energy loss due to MCS is generally small enough to be neglected, 
but it still plays an important role in dosimetry as it causes a lateral broadening of 
the proton beam [6,13]. This effect on the penumbra of the beam profile needs to 
be carefully accounted for during treatment planning in order to optimize dose 
delivery. MCS can also be helpful, e.g. scattering foils can be used to widen the 
beam to needed dimensions [6]. 
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Molière [14] derived one of the most complete and well-tested theories for MCS, 
giving the root mean square MCS angle for any energy and homogenous material 
in a wide range of thicknesses. Theoretical calculations of the scattering angle are 
however very complex and predictions are usually modeled with a statistical 
approach. Highland parameterized the Molière theory in order to simplify 
calculations [15,16]. An approximated probability distribution of the net 
scattering angle in radians can be achieved using a Gaussian distribution with a 
width derived by Highland [7,16](figure 3):  

 

 
 

Where  is the momentum,  is the thickness of scattering material and  is the 
radiation length. Target material characteristics are accounted for by the radiation 
length. The Gaussian approximation does not describe large angle deflections 
resulting from single (Rutherford) scatters and nuclear form factors and Fano 
corrections are needed in order to obtain accurate predictions for heavy particles 
[13].  

 

Shortly after Molière, Lewis [17] formulated a theory without the small angle 
approximation capable of predicting moments of the lateral displacements and 
large angle single scattering. MC calculations are usually based upon the either 
Molière or the more complete Lewis theory.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Illustration of beam widening due multiple coulomb scattering 
with θ0 according to eq.(5). 
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2.1.3 Nuclear interactions 

Apart from the previously described electromagnetic interactions, charged 
particles can also interact directly with the material nucleus as long as they are 
energetic enough to overcome the Coulomb barrier [6]. These can either be 
elastic or inelastic and characterized as hadron-hadron, hadron-nucleus or 
nucleus-nucleus interactions. The probability of not interacting when traveling a 
distance can be described by simple statistics and is given by [18]: 

 

 
 

Where  is the mean free path/interaction length and  is the total cross section. 
The cross section energy threshold for inelastic proton-nucleus interactions is 
roughly 10-20 MeV [19]. 

 

Elastic collisions due to strong interaction are similar to MSC with respect to 
energy conservation and deflection. Although not very probable, the elastic 
nuclear interactions still contribute to the beam broadening enough to not be 
negligible [13].  

 

Inelastic collisions, where kinetic energy is not conserved, are stronger and often 
result in production of secondary particles or fragments, which are important 
contributors to absorbed dose and dose distribution (figure 4). High-energy 
fragments mainly emitted in the forward direction can have a relatively long 
range in tissue and are the source of fragmentation tails in the depth dose 
distribution. Lower-energy fragments are distributed more laterally and contribute 
to the out of field and entrance region dose. Proton beams at therapeutic energies 
can produce other energetic protons, neutrons, deuterons (2H), tritons (3H), 3He, 
alphas (4He), other ions, unstable isotopes and gamma-rays [6].  

 

Inelastic collisions are typically described with an Intra-nuclear Cascade (INC) 
model first implemented by Bertini in 1968. The model is based on the 
assumption that the incident particles interact with freely moving individual 
nucleons within the nucleus [20]. The nucleons are assumed to have momentum 
and binding energy according to the Fermi gas model and semi empirical mass 
formula [11,18]. Nucleon trajectories are affected by Coulomb forces and the 
individual nucleons are subjected to the constraints of the Pauli principle [11,18]. 
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The path length for the incoming projectile is calculated with the total particle 
cross-sections and nucleon density. When an interaction occurs, the momentum 
of the struck nucleon along with the reaction type and momentum of the 
interaction products are determined. If the Pauli principle allows and their energy 
is above the cut-off threshold (tens of MeV), the reaction products are treated 
identically to the primary projectile and transported through the nucleus causing 
the cascade [18,20]. If the reaction products are energetic enough they can escape 
the nucleus producing a shower of particles. The INC is responsible for the 
production of long ranged high-energy neutrons mainly directed along the beam.  

 

 

 

 

 

 

 

 

 

 

 

For energies below the cut-off threshold the interactions are generally modeled in 
a semi-classical way by a series of nucleon-nucleon collisions first introduced by 
Griffin [21]. Nucleons excited above the Fermi level leave a “hole” in the Fermi 
Sea and the initial excitation energy is distributed in a chain of steps to other 
nucleons, “averaging” out the individual energy levels. Each step has a definite 
probability of emitting an energetic proton, neutron or light fragment. The chain 
stops when the number of excitons (exited nucleons and holes) is sufficiently high 
(excitation energy is evenly distributed) or the remaining excitation energy is 
below the emission thresholds [20].  

 

After the pre-equilibrium stage the remaining nucleuses may still be left in an 
excited state. De-excitation and equilibrium is reached by releasing energy 
through several channels. The nucleus can de-excite through nuclear evaporation 
emitting neutrons, protons, alpha particles and other ions with a few MeV. For 
high Z (>65) materials the nucleus can undergo fission, splitting the nucleus in 
two lighter fragments. This process is not very relevant for radiotherapy as the 

Figure 4. Schematic illustration of an inelastic collision 
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human body have a low abundance of high Z materials. More relevant is de-
excitation through Fermi-breakup where a low A (<16) nucleus is split into 
smaller fragments. This process is highly relevant as the human body primarily 
contains low Z elements such as C, O and N. Any energy left from previous de-
excitation steps can be emitted as gamma photons [11,18,20]. As the gamma 
emission is mediated by the electromagnetic force the type of radiation emitted is 
governed by selection rules conserving total angular momentum and parity [11].   

 

In addition to the influence on dose distribution an important consequence of the 
nuclear reactions is the production of prompt-gamma rays. It is however 
important to note that proton dose deposition and prompt-gamma emission 
originate from different processes. Proton dose deposition is due to multiple 
coulomb interactions, while prompt-gamma emission is a consequence of nucleus 
de-excitations following inelastic nuclear reactions. As a result, dose deposition 
and gamma emission are correlated but the Bragg peak is not going to be 
superimposed to the prompt-gamma emission profile. Prompt-gammas are 
instantaneously (within ns) emitted isotropically along the proton path and 
emission of certain energies have been shown to follow the proton dose 
distribution more closely [22], making prompt-gamma imaging suitable for in-
vivo proton range monitoring. The desirable properties of prompt-gamma 
emission originate from the characteristic behavior of the associated reaction 
cross-sections. These cross-sections generally increase with decreasing proton 
energy and quickly drops when the energy of the proton drops below the reaction 
thresholds. As a consequence, prompt-gamma emission increases towards the end 
of the proton range and is followed by a rapid decrease in emission intensity [19]. 
The energy spectrum of the prompt-gamma will contain an exponentially 
decaying continuum along with several visible line emissions. The line emissions 
are characteristic to the elements present and are the result of transitions between 
discrete energy levels in the excited nuclei [19,23].  

 

A further consequence of the nuclear reactions is the production of unstable β+ 
emitting isotopes through the previously described target fragmentation 
processes. The isotope production cross-sections display similar properties as 
those associated to prompt-gamma production and due to the kinematics of the 
interactions, the produced isotopes remain fairly close to the place of production 
[19]. As for the prompt-gamma emission, these characteristics makes imaging of 
β+ decay suitable for in-vivo proton range monitoring. Contrary to prompt-gamma 
emission, the β+ decay is not instant as the half-life of the isotope can be several 
minutes. In living tissue, typical isotopes are 11C, 13N and 15O with T1/2 of around 
20 min, 10 min and 2 min [19]. In the weak force mediated β+ decay, an up quark 
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in the proton decays into a down quark forming a neutron, a β+ particle (positron) 
and an electron neutrino (figure 5). As the rest mass of the neutron is greater than 
that of the proton, the decay can only proceed if the daughter nucleus has a higher 
binding energy, i.e. a lower total energy, than the mother nucleus. Furthermore, 
the emitted β+ particles have a range in the order of mm in tissue before 
annihilating with an electron producing two approximately back to back 511 keV 
photons. As a consequence, the positron range constitutes a fundamental limit in 
the accuracy of β+ decay imaging for in-vivo proton range monitoring. 

 

 

 

 

 

 

 

 

 

 

2.1.4 Proton range 
 

 
Figure 6. Proton Bragg Curve with clincal proton range indicated 

Figure 5. Feynman diagram of beta plus decay 
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In the previous section the energy loss for protons was approximated as 
continuous and the mean loss per unit length calculated with the Bethe-Bloch 
formula. This approximation does not however consider the statistical nature of 
the energy loss and the individual variations among the protons. For many 
applications this approximation is perfectly valid and the effects of range 
straggling can be safely neglected [6]. However, as the main radiological 
advantage of protons is the highly localized dose distribution, even small 
fluctuations in individual range need to be accounted for in order to assure 
optimal dose delivery. Range straggling causes a broadening of the Bragg peak 
known as a Spread-Out Bragg Peak (SOBP) [24]. The mean range for 
monoenergetic protons corresponds to the position in the Bragg curve where the 
dose has fallen to 80% of its maximum value. However by convention, the 
clinical proton range is currently defined at the 90% dose falloff position or at the 
90% isodose line in the patient (figure 6) [24]. In addition to the range straggling, 
the in-vivo range of protons is affected by variations in patient anatomy, organ 
motion and patient treatment set-up. The set-up uncertainties may be reduced by 
the use of proper and accurate patient fixation.   

2.2 Monte Carlo simulations 
Monte Carlo simulations represent an essential part of the present thesis. In the 
following section, the reader is introduced to the working principles of Monte 
Carlo simulations along with more detailed presentation of the codes used in the 
thesis.  

2.2.1 Principles 

Monte Carlo methods are computational algorithms that obtain results through 
repeated random sampling distributions. These codes were first intended for 
solving differential equations but are now extensively used in physics as they can 
be applied to a wide range of complex analytical problems. Monte Carlo codes 
used to simulate particle transport through matter have been widely adopted and 
used in medical physics [25].  

 

In medical physics applications e.g. radiotherapy or Positron Emission 
Tomography (PET), the number of particles simulated has to be very high in 
order to reflect real experimental parameter values and reduce the uncertainty in 
the simulations. MC simulations of such systems with realistic values for particle 
current or decay activity require substantial computational power and are 
associated with long simulation time. In figure 7, a block diagram displays the 
basic working principles of a transport MC simulation. 
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Figure 7. Working principle of a Monte Carlo transport code 

 
The accuracy of the MC simulations is highly dependent on the probability 
distributions used for sampling. In physics, the distributions are based upon 
physics models and cross-sections for different interactions. The MC-simulation 
results are therefore not better than the models and data sets used to describe the 
relevant physical processes.  

2.2.2 GEANT4 

GEANT4 (GEometry ANd Tracking) is an open source MC simulation toolkit 
dedicated to particle transport through matter [26]. It features functionality such 
as tracking, geometry, physics models and hits. GEATN4 handle electromagnetic, 
hadronic and optical processes and include extensive material and isotope 
databases [26]. The toolkit is implemented in C++ and was developed at CERN 
for use in the large hadron collider (LHC) but is now widespread and used in 
many experiments around the world e.g. MINOS at Fermi lab. GEANT4 areas of 
application are high-energy physics, nuclear and accelerator physics, space 
physics and medical physics [13,26]. 

 

The GEANT4 toolkit offers the possibility to choose from a variety of physics 
models to optimize performance for a given application and energy level. In 
proton therapy applications the proton inelastic nuclear interactions are modeled 
with the less simplified Binary Cascade model (BIC), which is based on the INC 
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principle described in the proton physics section [27]. Binary cascade interaction 
cross section data are parameterizations from Particle Data Group experimental 
values [28]. The Bertrini INC model is not utilized as it uses a simpler gamma 
emission model that does not account for discrete nucleon energy levels [29]. 
Electromagnetic interactions are described with the standard model and proton 
energy loss is modeled with the Bethe-Bloch equation down to two MeV [28]. 
For scattering, GEANT4 uses condensed algorithms based on the Lewis theory 
[18]. 

2.2.3 GATE 

GATE (GEANT4 Application for Tomographic Emission)[25] is a user-friendly 
open source MC framework designed for simulation of preclinical and clinical 
scans in emission tomography, transmission tomography and radiation therapy. It 
handles complex geometries and allows the user to model e.g. complete PET and 
Single Photon emission Computed Tomography (SPECT) scanners or 
radiotherapy solutions. GATE also features tools for image reconstruction and 
dose distribution maps. Physical processes are handled with the GEANT4 physics 
libraries.  From GATE version 7.0 the physics models are handled with the 
GEANT4 physics builder that provides several reference physics lists 
recommended for different applications and ensures that the proper physics are 
modeled. 

2.2.4 GATE Monte Carlo actors 
Actors are the readout parameters for radiotherapy simulations in GATE. Actors 
collect information on e.g. energy or the number of particles entering a volume. 
Different actors collect different information and filters can be applied to 
selectively store information for certain particle types, energies, parent particles 
etc.  

 

Phase space actor 

The phase space actor records information about particles entering or exiting the 
volume the actor is attached to. The actor stores the particle type, particle energy, 
position of entrance/exit (x, y, z), particle direction (dx, dy, dz) and weight. It 
furthermore stores information about the production process and volume of 
creation.  
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Production and stopping actor 

The production and stopping actor stores the position where particles are 
produced and stopped. The actor is capable of producing 3D, 2D and 1D 
distributions.  

 

Dose actor 

The dose actor builds 3D, 2D and 1D distributions of deposited energy (MeV) 
and dose (Gy) in a medium. The actor uses a volume weighted dose calculation 
algorithm. The actor also features functions for uncertainty calculations.   

2.3 Dose planning uncertainties 
As the results in this thesis and actual patient treatment planning are based upon 
Monte Carlo simulations, it is of great importance that the uncertainties and 
limitations of such simulations are presented to the reader. 

2.3.1 Physics 

MC simulations are subject to errors due to uncertainties in the physics models 
and available cross-section databases. These uncertainties arise from the fact that 
MC codes used in proton therapy lack valid theoretical models at clinical energy 
levels [13]. Furthermore, the cross-sections are incomplete over the clinical 
energy range and available data often originate from old experiments. 
Interpolation and parameterization of experimental data is used to overcome the 
issue [28]. As a result the angle-integrated emission spectra for proton 
interactions are known within 20-30% uncertainty. Extensive benchmarking and 
validation of MC code should therefore be done in order to find the most 
appropriate settings for a given application. Jarlskog and Paganetti [28] validated 
the GEANT4 toolkit, using water and plastic phantoms, for different settings and 
presented a recommended physics list for proton therapy applications with focus 
on dose distribution. Grevillot, et al. [27] proposed optimized settings for proton 
therapy with GATE (GEANT4) along with comparisons of performance to other 
similar MC codes. Additionally, Jarlskog and Paganetti [28] along with Grevillot, 
et al. [27] concluded that the uncertain value for the ionizing potential of water 
and other elements significantly affect the results on proton beam range in tissue. 
Mean excitation energy values may have 5-15% uncertainty and can result in 
more than 1 mm range uncertainty for protons. 

 

As a consequence of the MC codes inability to accurately model the physical 
processes that govern gamma emission, GEANT4 substantially overestimates the 
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secondary gamma yield in comparison with experimental results. The cross-
sections for the different line emissions from the most abundant elements (12C, 
14N, 16O) in the human body was investigated by Verburg, et al. [29]. The 
investigation found considerable differences in gamma yield when comparing 
MC codes (including GEANT4) with ENDF/B-VII library cross-sections 
generated by nuclear models benchmarked to experiments. Dedes, et al. [30] 
reported a prompt gamma overestimation in the energy range 1-10MeV by a 
factor of 1.7 while Pinto, et al. [31] in a later report claimed an overestimation by 
roughly 40%. Both studies used the BIC model for proton interactions. Despite 
the overestimation, the latter study showed a good agreement between simulated 
and estimated experimental prompt gamma emission profile. The Quantum 
Molecular Dynamics (QMD) model showed slightly better agreement with 
experimental gamma yield data for protons but requires a longer simulation time 
[31]. 

2.3.2 Computed Tomography 

For actual treatment planning, patient CT images are used to obtain values for the 
stopping power. The CT measures the attenuation of photons and stores the data 
as a Hounsfield Unit (HU) in each voxel. The HU is converted into proton 
relative stopping power using translation algorithms based on CT scans of tissue 
equivalent material with known densities and material composition. MC codes 
use density and material composition and several methods to for conversion have 
been proposed [24]. According to Espana and Paganetti [32] the proton range 
uncertainties in MC due to the conversion is about 0.2%. Individual variation 
between different CT machines may however have a noticeable impact on the 
estimated range and dose distribution. It is therefore important to normalize the 
conversion scheme to the scanner used for image acquisition [24]. CT artifacts, 
mainly from metal objects, assign faulty HU values to voxels and can seriously 
compromise the range and dose estimations if undetected.  

 

The resolution of the CT scanner may have an impact on range and dose accuracy 
if the object is highly heterogeneous with small densities e.g. lung tissue. Range 
differences of up to 5.6 mm in swine lung tissue were reported by Espana and 
Paganetti [33]. 

2.3.3 Proton CT 

A way of improving the accuracy of the treatment planning would be to directly 
measure proton stopping power using proton computed tomography. The 
possibilities of the method have been known since the 1960s but progress in the 
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area has been slow and no commercially available proton CT solution exists. 
Difficulties in development are related to the bulky and expensive equipment 
needed to produce protons of sufficient energy (>230 MeV) and limitations in 
image quality due to extensive scattering of protons in the object [34]. 
Furthermore, estimates on patient dose for proton CT are in the range of a few 
mGy, while conventional CT may deliver tens of mGy.  

 

The main source of contrast is proton energy loss but image quality in proton 
integrating systems is greatly compromised by proton multiple scatterings 
resulting in halo like effects at interfaces between different materials. To 
overcome and cope with the scattering, a handful of proton tracking systems with 
multiple position sensitive detectors along with residual energy range detectors 
have been developed and tested with satisfying results [34], with two full size 
prototypes being installed at operating treatment facilities. A limiting factor in the 
future outlook for proton CT is the high energy threshold as many current 
facilities do not have the capability of producing protons with sufficiently high 
energy [34]. Many facilities also utilize fixed proton beams that require patient 
rotation which is not optimal for proton CT due to shifts in patient anatomy. 

2.4 State of the art 
Proton therapy has in recent years emerged as a promising alternative to 
conventional radiotherapy with photons thanks to advancement in beam delivery 
technology and treatment planning. As a consequence, work on in-vivo proton 
range measurements has recently started and is mainly focused on the use of PET 
and prompt gamma imaging.  

 

PET range measurement is currently the only technique used for proton dose 
verification at therapy centers. The method enables treatment facilities to use 
already existing PET cameras (off-line) reducing costs and providing good image 
quality. However, the off-line method is subject to delays in image acquisition 
causing the isotope decay and biological washout to affect the spatial distribution 
of the PET signal [35-38]. Furthermore, off-line PET often requires patient 
repositioning causing additional errors. In a study by Knopf, et al. [38], the 
averaged measured spatial agreement was ± 3 mm compared to the simulated 
distribution for off-line PET. An in-room PET eliminates the need for patient 
repositioning and long acquisition delay while still offering the image quality 
benefits from a full ring gantry.  Zhu, et al. [39] showed that the in-room PET is 
advantageous if irradiated tissue is Oxygen rich or has a high perfusion rate. 
However, an in-room PET will reduce the patient throughput as they will have to 



 18 

remain in the treatment room for image acquisition.  A general drawback with 
off-line and in-room PET is that it does not offer real time dose verification. Any 
discrepancies in the dose delivery will subsequently be detected after dose 
delivery.  In-beam PET offers the possibility of verifying the dose delivery in real 
time but with reduced image quality since a full ring gantry would interfere with 
the proton beam line. Parodi, et al. [36] presented results indicating better 
correlation between the spatial distribution of decays and dose delivery during 
irradiation. Furthermore, in-beam PET systems will detect coincidences 
originating from gamma pair production in the patient and suffer from poor 
statistics when treatment time is short, making a prolonged acquisition necessary 
[36,40].  

 

Prompt gamma imaging utilizes the prompt gamma emission from proton 
inelastic reactions. Several methods for prompt gamma imaging have been 
proposed [4,22,41-43] with the knife-edge slit [43] approach being the most 
promising for clinical use at the moment. Conventional collimated systems have 
difficulties attenuating the high energy photons and coping with the high neutron 
flux, while Compton cameras have issues with low count rates [4]. The knife-
edge system provides 1D proton range information through slit collimation of 
emitted photons. Using a tungsten collimator with a slit width of 6 mm, Smeets, 
et al. [43] were able to evaluate the proton range shift with good precision (<  ±1 
mm) at clinical energy levels and low nozzle currents. Using a similar system 
with different read-out electronics and a thicker pixelated scintillation crystal, 
Perali, et al. [4] were able to achieve ± 2 mm range shift precision at clinical 
energy levels with nozzle currents of several nA. In a recent publication by 
Richter, et al. [44] the first clinical application of proton prompt gamma imaging 
in a single patient was demonstrated using the system developed in [4]. The 
prompt gamma profile was successfully detected but no conclusions on actual 
system performance were presented as it served as a first evaluation for future 
work. 
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3. Method 

The secondary particle distribution was simulated by letting incoming protons 
interact in a cylindrical phantom and subsequently registering particles both 
produced inside and leaving the phantom. Following initial simulations, the 
prompt-gamma imaging system was modeled and the acquired secondary particle 
distributions were used for system performance evaluation. All simulations were 
conducted using GATE 7.1 with GEANT4 10.01.p03, operating on a 256 node 
Linux CPU cluster. ROOT version 6.04.14 was used for data analysis along with 
MATLAB 2015b. 

3.1 Secondary particle distribution 
A simple cylindrical phantom with a radius of 8 cm and length of 25 cm was used 
to simulate the secondary particle distribution for different proton beam energies 
(100 MeV, 150 MeV and 200 MeV). PolyMethylMethAcrylate (PMMA), 
(C5O2H8)n, was chosen as phantom material as it was intended to be used in 
future experimental measurements. An ideal cylindrical detector was modeled 
using a hollow air cylinder and a phase space actor (figure 8). To map the depth 
dose distribution a dose actor was attached to the PMMA phantom along with 
production and stopping actors scoring the production of beta plus decaying 
isotopes 11C, 13N and 15O. Simulations were conducted with the 
QuarkGluonStringG4Precompound – BInaryCascade – HighPrecision neutron – 
ElectroMagnetic opt Z(4) (QGSP-BIC-HP-EMZ) reference physics list. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Setup for distribution simulation 
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The output was analyzed using the ROOT data analysis framework. All detected 
gamma photons with an incoming angle of 1.8o relative to the xy-plane 
(perpendicular to the proton beam) were selected and differentiated with respect 
to production process. The emission depths in the phantom (z-axis parallel to 
proton beam) of the selected gamma photons were plotted in a histogram 
superimposed on the proton dose distribution (Bragg curve) along with photon 
energy distribution. Discrete energy line emissions were identified and yields 
compared to available reaction cross-sections [23]. The neutron distribution was 
plotted in a similar way but without production process differentiation. To 
investigate the emission profile energy dependency, selected gamma photons 
were further differentiated with respect to energy in intervals of 1 MeV ranging 
from 0 MeV to >7 MeV. Production depth positions of 11C, 13N and 15O were 
plotted and superimposed on the proton Bragg curve. Production was compared 
to available cross-sections from [45]. 

3.2 Prompt-gamma imaging system 
 

 

 

  

 

 

 

 

 

 

 

 

 

The experimental detector setup (figure 9) was modeled with a knife-edge slit 
system comprised of four 20cm×5cm×5cm wedge shaped lead blocks with an 
acceptance angle of 27o (76.5o edge). A top, bottom and side lead shielding were 
added with thicknesses of 3 cm, 5 cm and 5 cm respectively. The 2 mm thick and 
10cm×10cm Lutetium-Yttrium OxyorthoSilicate (LYSO) crystal was placed 15 
cm behind the slit center, giving a 1:1 magnification. A thin crystal was chosen in 

Figure 9. Experimental detector setup 
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order to reduce the experimental count rate enabling conventional readout 
electronics and to minimize the artifacts originating from multiple interactions by 
a single photon. Furthermore a detector shield consisting of 0.5 mm copper and 1 
mm tin was placed just in front of the crystal element to attenuate any low energy 
x-rays from the lead collimators. A crystal sensitive detector was attached to the 
crystal volume storing information on each interaction in the material. The 
phantom and collimators were assigned a phantom sensitive detector in order to 
track Compton and Rayleigh interactions in these volumes. A perfect detector 
was modeled with a phase space actor attached to the crystal. The simulations 
were conducted with the QGSP-BIC-HP-EMZ physics list. 

 

A cylindrical PMMA phantom with a radius of 8 cm and a length of 25 cm was 
used. PMMA was chosen as it was intended to be used in the future experimental 
measurements. Proton beam characteristics from the Skandion clinic were 
implemented using a proton treatment plan source provided by the clinic. To 
speed up the simulations, a reference phase space file containing only outgoing 
particles from the phantom was used as simulation input. This eliminates the need 
for proton transportation in the phantom and reduces simulation time 
significantly. The reference input phase space file was acquired for 2×109 150 
MeV protons interacting in the phantom. To handle occasional faulty particles 
without particle name, causing simulations to terminate upon encounter, all 
particles without an assigned name were assigned to be gamma photons. The 
phantom peak gamma emission position was acquired by plotting the emission as 
described in 3.1 and locating the bin with highest count.   

 

Two scenarios were modeled; slit edges touching and no knife-edge slit (solid 
lead block). Three slit positions were simulated at 132 mm, 142 mm and 152 mm 
phantom depth, with the 132 mm positions roughly centered on simulated clinical 
proton range (falloff to 90% of maximum dose, 132.5 mm). Each position was 
simulated 50 times for the slit system and one time with a solid collimator, each 
with individual seeds, to provide better statistics. The profile acquired from the 
solid block system was subtracted from each of the 50 slit profiles at the 
corresponding positions. The subtraction removes contribution from particles 
being created and passing through the shielding, i.e. the background 
contamination.  

 

The subtracted profiles were fitted with a seven point, six-segment linear 
approximation in MATLAB, similar to [43]. Three reference points were 
assigned; point one and seven were chosen as the first and last data point in the 
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profile and point four was assigned to the position in the profile with the highest 
counts. The other points were assigned equally spaced between the reference 
points (figure 10). Following assignment, points two to six were relocated along 
the profile in order to minimize the root mean square error. The final position of 
point four was sampled and subtracted from the simulated clinical proton range 
and phantom peak gamma emission position and analyzed as a normal 
distribution giving the mean profile shift and precision. 

 

 
Figure 10. . Assigned starting points 1-7 for the linear fit iteration. 

To investigate the gamma energy deposition in the LYSO crystal and possibly 
assign detector readout energy thresholds, a 2 mm thin LYSO crystal with a 
crystal sensitive detector was simulated for 105 incoming photons with energies 
of 2.22 MeV, 4.44 MeV and 5.24 MeV. The selected energies correspond to 
characteristic lines from Hydrogen, Carbon and Oxygen and were chosen as they 
represent strong emission lines that were detected by the ideal detector. For each 
emission line the deposited energy was integrated event-wise to build a crystal 
response spectrum. 
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4. Results 

4.1 Secondary particle distribution 

4.1.1 Gamma emission profiles 

Figure 11 to 13 show the simulated prompt gamma emission length profile 
plotted together with the proton Bragg curve for different proton energies. The 
emission length profile follows the proton energy deposition and peaks at 55.5 
mm, 123.5 mm, 209.5 mm for incoming proton energies of 100 MeV, 150 MeV 
and 200 MeV, respectively. The simulated clinical proton range for the above 
energies are 64.5 mm, 132.5 mm and 218.5 mm giving a peak emission shift of -9 
mm for each energy. Emission drops sharply prior to the Bragg peak and proton 
range position and is followed by an emission tail extending beyond the proton 
range. 1.9×106, 3.7×106 and 5.7×106 gamma photons were detected and emission 
from proton inelastic processes account for 80 %, 76% and 76% for 100 MeV, 
150 MeV and 200 MeV protons, respectively.  

 

 
Figure 11. Photon emission for 100 MeV protons in PMMA 
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Figure 12. Photon emission from 150 MeV protons in PMMA 

 

 

 
Figure 13. Photon emission from 200 MeV protons in PMMA 

The total emission of gamma rays consists of photons produced by both proton 
inelastic processes and other reactions. Differentiation of emission profiles shows 
that photons emitted through other processes e.g. beta plus annihilation, 
bremsstrahlung and neutron capture, are less correlated with proton range and 
contributes to the emission tail in the total emission profile (figure 14).  
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Figure 14. Emission from different processes for 150 MeV protons. Top left: 
Proton prompt gamma, Top right: Beta plus annihilation, Bottom left: Neutron 
processes, Bottom right: Bremsstrahlung. 

Profiles differentiated with respect to energy (figure 15, 16) show interesting 
properties for photons with energy between 4 MeV to 7 MeV. The photons are 
better correlated with proton dose and proton range with emission profiles 
resembling the proton Bragg curve. An excellent agreement with proton dose 
deposition is found for photons with energies ranging from 4 MeV to 5 MeV. For 
energies of < 1 MeV the profile does not show a sharp drop in emission intensity 
around the Bragg peak position. Additional profile differentiation with respect to 
photon production process reveals that the low energy emission photons from 
proton inelastic processes are not as correlated with proton dose and range as for 
higher energies.  
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Figure 15. Energy differentiation for 150 MeV protons. Top left: ≤ 1 MeV, Top 
right: 1-2 MeV, Bottom left: 2-3 MeV, Bottom right: 3-4 MeV 

 
Figure 16. Energy differentiation for 150 MeV protons. Top left: 4-5 MeV, Top 
right: 5-6 MeV, Bottom left: 6-7 MeV, Bottom right: >7 MeV 
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4.1.2 Gamma energy distribution 

The gamma photon energy distribution can be seen in figure 17. Energy 
distributions display an exponentially decaying continuum with several 
superimposed discrete line emissions. In table 1, identified line emission energies 
are listed along with the associated nuclear transitions and reactions. 

 

 
Figure 17. . Energy spectrum from 150 MeV protons in PMMA phantom 
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Energy (MeV) Transition Reaction 

0.511  β+ + β- à 2γ 

0.718 10B*0.718 à g.s 16O(p, x)10B* 
12C(p, x)10B* 

1.022 10B*1.740 à 10B*0.718
 

16O(p, x)10B* 
12C(p, x)10B* 

2.00 11C*2.000 à g.s 12C(p, x)11C* 

2.124 11B*2.125 à g.s 12C(p, x)11B* 

2.223  1H(n, γ)2H 

2.313 14N*2.313 à g.s 16O(p, x)14N* 

4.438 12C*4.438 à g.s 16O(p, x)12C* 
12C(p, p’ )12C* 

4.44 11B*4.445 à g.s 12C(p, 2p)11B* 

5.240 15O*5.241 à g.s 16O(p, x)15O* 

5.269 15N*5.270 à g.s 16O(p, x)15N* 

5.298 15N*5.299 à g.s 16O(p, x)15N* 

6.129 16O*6.130 à g.s 16O(p, p’)16O* 

6.916 16O*6.917 à g.s 16O(p, p’)16O* 

Table 1. Discrete line emissions from PMMA with corresponding transitions 

and reactions for 150 MeV protons. 
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4.1.3 Beta plus isotope production 

The simulated production of beta plus isotopes in a PMMA phantom is plotted 
together with the Bragg curve for 109 protons with different energies in figure 
18,19 and 20 and presented in table 2. The dose and production profiles are scaled 
to allow proper presentation. Production is clearly correlated with proton clinical 
range with a peak shift and a negligible amount of isotopes produced beyond the 
Bragg curve. 11C is the most numerous isotope followed by 15O and 13N.13N 
production behaves differently maintaining a nearly constant production level 
followed by a rapid decrease and a small local production maximum. An 
additional small production peak is visible near the end of the production depth 
profile.  

 

 

 

 
Figure 18. Isotope production for 100 MeV protons in PMMA 



 30 

 
Figure 19. Isotope production for 150 MeV protons in PMMA 

 

 

 

 
Figure 20. Isotope production for 100 MeV protons in PMMA 
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4.1.4 Neutron emission 

 
Figure 21. Neutron emission for protons in PMMA 

 

Figure 21 shows the length distribution of neutrons emitted from the PMMA 
phantom at different proton energies. Emission is not well correlated to proton 
range. 

 

Energy (MeV) 100  150 200 100 150 200 

 Production peak position (mm) Production rate per 100 protons 

11C 56.5 124.5 209.5 1.9 3.1 4.5 

15O 56.5 124.5 210.5 0.6 1.1 1.6 

13N 51.5 120.5 203.5 0.05 0.1 0.2 

Table 2. Isotope production for different proton energies. 
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4.2 Prompt-gamma imaging system 

4.2.1 Knife-edge slit system 

Figure 22-24 show simulated and fitted ideal detection profile superimposed on 
the proton Bragg curve for the three simulated slit positions; 132 mm, 142 mm 
and 152 mm. Figure 25 show the emission profile imaged by the knife-edge slit 
system. Peak gamma emission occurs at 122.5 mm depth in phantom. For all 
simulations at 132 mm, 142 mm and 152 mm the ideal detector observed an 
average total photon count of (755 ± 9)×102, (619 ± 8)×102 and (488 ± 8)×102, 
respectively with background subtracted. 

 

With the detector gamma profile peak obtained through the six segment linear 
approximation, the average gamma peak position was shifted approximately -12 
± 1 mm at 152 mm, -13 ± 0.7 mm at 142 mm and -14 ± 1.3 mm at 132 mm 
compared to the simulated reference clinical proton range. In comparison with the 
phantom peak emission position, the average gamma peak shift in the detector 
was -2 ± 1 mm at 152 mm, -3 ± 0.7 mm at 142 mm and -4 ± 1.3 mm at 132 mm. 

 

 

 
Figure 22. Detector profile at 152 mm slit position 
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Figure 23. Detector profile at 142 mm slit position 

 

 

 

 
Figure 24. Detector profile at 132 mm slit position 
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Figure 25. Reference emission imaged by the knife-edge slit system 

 

 
Figure 26. Detector profile with energy distribution 

In figure 26, a 152 mm depth gamma profile is plotted together with photon 
energy distribution. Discrete emission lines at around 2.2 MeV and 4.4 MeV are 
clearly visible. Other expected emission lines are not as clearly resolved or 
clouded behind the continuous spectrum.   
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4.2.1 Crystal response 

Figure 27, shows the event-wise integrated energy deposition in the LYSO crystal 
for photons with energies of 2.22 MeV, 4.44 MeV and 5.24 MeV. The energy 
deposition decays exponentially with no photo-peaks or Compton-backs visible. 

 

 

 
Figure 27. Energy deposition in 2 mm LYSO 
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5. Discussion 

The presented study has evaluated the secondary particle distribution form a 
focused proton beam, as well as the possibility of in-beam monitoring of dose 
deposition using a knife-edge slit prompt-gamma imaging system. Results from 
the Monte Carlo simulations of the secondary particle distributions from protons 
suggest that both prompt-gamma and PET may be used for in-vivo proton range 
measurements. Additionally, simulations of the knife-edge slit prompt-gamma 
imaging system indicate the possibility of achieving mm accuracy and precision 
in range measurements. 

5.1 Secondary particle distribution  

5.1.1 Emission profile 

The overall appearance of the total gamma emission profile with the sharp drop 
prior to the Bragg peak position agrees well with results presented by previous 
studies [43,46]. The total proton prompt gamma emission peaks roughly 9 mm 
ahead of the Bragg peak and the clinically defined range due to nuclear reaction 
energy thresholds and the characteristic behavior of the reaction cross-sections, 
effectively reducing gamma emission for low energy protons.  

 

Neutrons are the largest source of photon contamination as they produce a vast 
number of both high and low energy gamma rays. As neutrons are weakly 
interacting compared to charged particles, they will emit photons over a wide 
range in the phantom and collimators through capture and inelastic interactions. 
The capture reaction 1H(n, γ)2H is highly numerous and is by far the single 
strongest gamma emission line from the phantom, clearly visible in the spectrum 
(figure 14).  Neutrons will also produce line emission photons at e.g. 4.4 MeV 
and 6.13 MeV through inelastic processes. These emission lines will however be 
weak in comparison with the emission lines from protons. Furthermore, an 
intense flux of high energy neutrons is expected to exit the phantom in the beam 
direction, but as a cylindrical detector was used, these neutrons where not 
detected. Such neutrons will, in more extensive simulations (including treatment 
room facilities) and experimental measurements, be major contributors to the 
background radiation. 
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5.1.2 Energy differentiation 

The less significant decrease in the low energy emission length profile at the end 
of proton range is largely due to photons emitted by inelastic proton interactions 
with a continuous low energy spectrum, not associated to a certain discrete 
transition. Photons with discrete energy levels such as 0.718 MeV from the 10B* 
de-excitation, better reflect the proton clinical range with a steeper decrease and a 
more suppressed tail in emission intensity. Emission by other processes, e.g. 
bremsstrahlung, beta plus annihilation from pair production and especially 
neutron capture and neutron inelastic interactions also contribute to the emission 
tail in the gamma emission profile.  

 

The higher energy spectrum is dominated by gamma photons emitted via 
transitions between discrete energy levels in the nuclei. As the production of the 
excited nuclei peaks at certain energies, protons with low energy (< a few MeV 
depending on the process) will not produce any high-energy line emissions. High-
energy photons are therefore better correlated with proton clinical range, typically 
displaying a peak in production prior to the Bragg peak position followed by a 
sharp falloff. A higher peak production and threshold energy will effectively shift 
the emission further ahead of the Bragg peak and the clinical proton range. 
Photons with energy between 4 MeV and 5 MeV, dominated by the 4.38 MeV 
and 4.44 MeV line emission, have a production peak only slightly ahead of the 
Bragg peak and closer to the clinical proton range, as it associated with 
production cross-sections with peak emission at lower proton energies. For a 
more thorough discussion on emission cross-sections, see 5.1.3.  

 

Neutrons will also produce high-energy photons and the 2-3 MeV emission 
profile is heavily contaminated with neutron gamma rays. Although the 2-3 MeV 
profile contain line emission from proton induced reactions it is dominated by the 
gamma emission from 1H neutron capture giving the profile a long emission tail.  
It would therefore be ideal to only detect photons with higher energy, preferably 
at 4.4 MeV in PMMA and 4.4 MeV to 6.1 MeV in biological tissue as they 
correlate better with clinical proton range, see 5.1.3 for details.  

5.1.3 Energy spectrum 

The energy of the detected and identified gamma line emissions corresponds well 
to the established nuclear transitions, and reactions. The dominant lines were 
easily identified with positron annihilation or one or several nuclear transitions in 
Carbon, Hydrogen, Nitrogen, Boron and Oxygen with the single exclusion of the 
0.42 MeV emission.  
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As stated in the introduction, available cross-sections for particle interactions at 
clinical energy levels are far from complete and often rely on old measurements. 
However, they may still serve as an indication to whether the gamma yields for 
different energies are reasonable or not. Emission of photons with energies 
around 2 MeV have peaks in production cross-sections between 20 MeV and 30 
MeV and thresholds above 20 MeV. Production of gamma photons with energies 
around 4.4 MeV are possible through several channels presented in table 1. The 
corresponding channel cross-sections have peak values of hundreds of millibarns 
(mb) at energies between 10 MeV and 20 MeV and effective production 
thresholds between 5 MeV and 20 MeV.  6.1 and 6.9 MeV photons have a similar 
cross-section with a peak value of above 100 mb at around 10 MeV and threshold 
at 7 MeV and 9 MeV, respectively.  Production cross-sections for 0.718 MeV 
gamma photons through 10B de-excitation more uncertain with some cross-
sections being measured at single energies only. Production of other gamma 
photons such as 5.2 MeV has cross-sections with peak amplitudes in the range of 
tens of mb and production thresholds above 20 MeV. The peak at 5-6 MeV is 
therefore, in theory, expected to be located more ahead of the Bragg peak.  

 

Through investigation of the cross-sections it is clear that the 4.4 MeV line with 
many available production channels and high corresponding cross-sections 
dominate the proton prompt gamma emission. The gamma emission is however 
strongly dependent on medium composition as it will govern the fraction of each 
element and the open reaction channels. PMMA lacks Nitrogen and have a higher 
abundance of Carbon and lower abundance of Oxygen compared to biological 
tissue. Line emissions from each element will therefore be enhanced and 
suppressed. Emission from biological tissue is subsequently expected have 
stronger lines from Oxygen and Nitrogen.  

 

However, the most dominant line emission originates from Hydrogen thermal 
neutron capture with a well-established cross-section of around 300 mb. The 
relative high abundance of Hydrogen in PMMA together with the high neutron 
production contributes to the high emission intensity.  

 

The emission of prompt-gammas shows desirable profile properties for range 
measurement with higher energy photons being nicely correlated to proton range 
and dose distribution.  The more or less instant emission together with the more 
simple system design possibilities i.e. single camera setup, makes prompt-gamma 
imaging a promising method for on-line, in-vivo proton range measurement. 
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5.1.4 Isotope production 

The 15O production agrees with the available cross-sections for the 16O(p, x)15O 
reactions showing a increase in reaction cross section down to particle energies of 
around 30 MeV with a effective reaction threshold at slightly above 15 MeV. 11C 
production cross-sections follow a similar pattern with an increase in reaction 
cross-section down to energies of around 30MeV for the dominant 12C(p, x)11C 
channel and 60 MeV for 16O(p, x)11C with reaction thresholds at slightly above 15 
MeV and 25 MeV, respectively.   

 

Investigating the available cross-sections for the 16O(p, x)13N channel reveals 
differences compared to 15O and 11C production cross-sections. The 13N cross-
sections are characterized by a rather low and constant cross-section for high 
particle energies, which is consistent with the low production rates. It is followed 
by decrease at around 75 MeV and an increase from about 30 MeV reaching a 
maximum at approximately 10 MeV. Beyond 10 MeV the cross-section decreases 
rapidly but displays a sharp peak at around 6.5 MeV with a magnitude slightly 
higher than the 10 MeV peak. The two closely spaced peaks are visible in the 
isotope production plot.  The cross-section for 12C(p, x)13N is compared to 16O(p, 
x)13N negligible, but the elemental composition of PMMA may still make the 
production channel important. The Carbon rich composition of PMMA is also 
responsible for the production ratios of 15O and 11C as the available cross-sections 
for 16O(p, x)15O and 12C(p, x)11C are nearly identical.  Switching phantom 
material to e.g. water would effectively close the 12C(p, x)11C channel heavily 
reducing the production of  11C.  

 

109 protons correspond to roughly 0.15nA current, which is very low compared to 
clinical treatment values at a few nA. During treatment, the beta plus activity will 
increase and reach a maximum a certain time tmax depending on the beam current 
and treatment time. The mathematics concerning isotope build-up and decay 
intensities as a function of treatment time can be found in [47] and [36].  For on-
line applications of PET for range measurement, any emitted photons from 
isotopes will be mixed with annihilation photons from positrons produced 
through prompt-gamma pair production. The prompt positron production is not as 
correlated with proton range as they originate from secondary gamma rays with 
energies above 1.022 MeV with cm mean free path in PMMA (figure 14). As the 
coincidences originating from pair production cannot be separated, it will 
introduce an image contribution not correlated to proton range.  

As for prompt-gamma production, production profiles for PET isotopes show 
desirable properties for in-vivo proton range measurement with a negligible 
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amount of isotopes produced beyond the proton range. However, for in beam 
measurements, PET is not as feasible as prompt-gamma imaging due to count rate 
issues and limitations in image quality and accuracy [36,40].   

5.2 Prompt-gamma imaging system 
The increased knowledge of the secondary particle distribution produced by 
protons at clinical energy levels indicated that prompt-gamma imaging was more 
suitable for in beam proton range measurements. The gained knowledge on 
proton prompt-gamma emission and its relation to dose deposition was used to 
construct and evaluate simulations for a proposed experimental setup. 

5.1.1 Knife-edge slit system 

The prompt gamma imaging system was able to resolve the clinical proton range 
with mean shifts of -12 ± 1 mm, -13 ± 0.7 mm and -14 ± 1.3 mm at 132 mm, 142 
mm and 152 mm slit positions, respectively. The peak emission position was 
imaged with average shifts of -2 ± 1 mm, -3 ± 0.7 mm and -4 ± 1.3 mm.  

The simulated ideal detector, with a detection efficiency of 100%, will give a far 
superior result compared to an actual detector with 2 mm LYSO crystal. While 
the lower efficiency of the crystal is needed to reduce the count rate in upcoming 
experimental measurements, it however results in too few counts in the Monte 
Carlo simulations as the simulated beam current is downscaled compared to 
clinical beam currents, in order to reduce simulation time. As seen in figures 22-
24, profile counts are still relatively few resulting in large local variations with 
less accurate fits and poorer statistics.  

 

The observed shift in the peak position between detected prompt-gamma 
emission and the clinical proton range is expected, following reaction energy 
thresholds and the emission cross-section behavior discussed in 5.1.3. Emitted 
photons will suffer from asymmetric penetration, i.e. experience a different 
effective collimator thickness depending on its position relative to the slit 
location. At the 152 mm position, the emission peak is just within the system field 
of view accepting fewer photons but resolving the peak more clearly. At 132 mm 
the system is more centered on the emission peak and the collimator accepts more 
photons from the emission peak resulting in a broadening of the detected profile. 
This in turn, results in a less accurate position estimation. The asymmetric 
penetration was expected to introduce a slight increase in average peak position 
shift from the linear fits, following a more lateral slit position. Contrary to 
expectations, the shift decreased with lateral position indicating that the linear fit 
needs improvement. Furthermore, the discrepancy in standard deviation, i.e. 0.7 
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mm at 142 mm slit position, is another indication of the limited performance of 
the linear fit. A more advanced algorithm, with the capability of evaluating data 
points in the vicinity of the simulated data may improve the results. To deal with 
the asymmetric photon penetration, reference simulations and measurements 
needs to be conducted in order to map the occurred shifts at different detector 
positions.  

 

Compared to biological tissue, emission from the PMMA phantom will have 
enhanced spectral lines from Carbon (e.g. 4.438 MeV, 4.44 MeV) and suppressed 
lines from Oxygen (e.g. 5.24 MeV, 5.269 MeV, 5.298 MeV, 6.129 MeV, ) due to 
its elemental composition. While it is not an issue for the ideal detector, it needs 
to be taken into consideration when setting up any energy thresholds in the real 
detector system to reject unwanted photons from e.g. 2.2 MeV 1H(n, γ)2H and 
optimize detection of photons more closely correlated to proton clinical range. 

5.2.2 Crystal response 

The main photon interaction in the crystal is Compton scattering with probable 
energy transfers ranging from zero up to almost the entire photon energy. High 
energy photons are therefore fully capable of producing electrons with enough 
energy to escape the crystal, depositing only a fraction of its energy. Using a 
thicker crystal with better efficiency will offer better energy resolution at the cost 
of spatial resolution.   

5.3 Limitations 
The main limitation of this thesis work is the uncertain physics models and cross-
sections used in the Monte Carlo simulation (described in 2.3). As a consequence, 
results from simulations can only be used as an indication and should not be 
considered as physically valid result until confirmed by experimental 
measurements.  

 

In all simulations, a homogeneous PMMA phantom was used with an elemental 
composition that is different from that of biological tissue. Furthermore, the 
phantom is completely homogeneous as a contrary to biological tissue. In a 
clinical application, structures with different elemental composition and density 
will locally affect the proton interactions and the secondary particle emission.  
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For the knife-edge slit system evaluation, a very low nozzle current was 
simulated in order to reduce the simulation time, as a consequence an ideal 
detector was needed to obtain enough counts for analysis giving an unachievable 
detector resolution. As in previous studies [4,43], only the phantom and the 
detector system was modeled neglecting the background contribution from 
nuclear reactions in the treatment/experimental room facilities such as the floor, 
roof and supportive structures. Such interactions can effectively obscure the 
prompt gamma profile in the detector increasing the need for proper shielding and 
background subtractions. 

5.4 Future outlook 
To deal with the uncertainties of the Monte Carlo simulations, extensive 
benchmarking experiments need to be conducted to correct the particle emission 
yields from the simulations. Furthermore, the cross-sections associated to prompt-
gamma and PET isotope productions need to be more thoroughly investigated 
within the clinical energy range to provide greater understanding of the 
emission/production-dose relation.   

 

With the simulations indicating the feasibility and potential of prompt-gamma 
imaging using the proposed system, subsequent experimental measurements at 
the Skandion clinic, with the prompt-gamma imaging setup (figure 9), should aim 
to evaluate the overall performance of the imaging system and provide a basis for 
further development. Following the results of such measurements, more extensive 
Monte Carlo simulations may be needed to optimize system design, achieve 
better statistics and to effectively investigate how the system slit position in 
relation to proton range affects the detected gamma profile. In addition, 
improvements on the linear fit should be considered to provide more accurate 
peak estimations.  

 

A working prompt-gamma imaging system would enable higher and more 
accurate dose delivery to the patients with reduced damage to surrounding 
healthy tissue. Such improvements in treatment quality would hopefully result in 
a better prognosis and quality of living for the treated patients. 
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6. Conclusion 

In the present thesis, the feasibility of secondary gamma imaging and the 
performance of a prompt-gamma imaging system were evaluated using GATE 
Monte Carlo simulations. In conclusion, both prompt gamma imaging and PET 
offer the possibility of on-line in-vivo proton range monitoring. Prompt gamma 
imaging should be considered as a more promising future method as it can utilize 
an intense spectrum of gamma photons nicely correlated to proton clinical range 
and dose deposition, emitted more or less instantaneously from the target. The 
high neutron flux will continue to be a challenge for any detection system, but 
background subtractions and energy discrimination may reduce the effects to 
acceptable levels.  

 

The evaluated knife-edge slit system was able to image the clinical proton range 
inside the PMMA phantom with average shifts of -12 ± 1 mm, -13 ± 0.7 mm and  
-14 ± 1.3 mm. The emission peak was imaged with promising accuracy and 
precision of -2 ± 1 mm, -3 ± 0.7 mm and  -4 ± 1.3 mm.  The results provide an 
indication of the future potential of the knife-edge slit system for prompt-gamma 
imaging. Further work will include more extensive Monte Carlo simulations on 
the emission-dose relationship to more accurately map the shifts at different 
positions. The choice of crystal thickness may need re-evaluation if energy 
discrimination is wanted.  Future experimental measurements are planned to 
further evaluate and validate the slit system performance, determining its clinical 
feasibility in preparation for future in-vivo testing.  
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