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Abstract

ITon therapy has become one of the major pillars in modern cancer therapy with sev-
eral dedicated therapy centres all over the world. However, there still exists no satisfying
1maging technique that could be used for an online quality control. The detection of prompt
gamma rays presents a promising approach. This secondary radiation is created in inelastic
nuclear reactions of the primary beam on a timescale below nanoseconds. The production
rate is correlated to the energy deposition and it should therefore be possible to reconstruct
the ion range from the longitudinal yield distribution.

In the scope of this work I investigated several topics concerning prompt gamma imaging,
making use of both simulations and experiment. A number of factors regarding the pro-
duction and the detection of prompt gammas were evaluated with the Geant4 based toolkit
GATE. A variable spectroscopy setup based on a HPGe detector was build and tested within
a short beam time at the Paul Scherrer Institute in Switzerland. Based on the experience
gained from those experiments, improvements of the setup were proposed and implemented.






Zusammenfassung

Tonentherapie ist zu einer wichtigen Sdule der modernen Krebstherapie geworden und
ist inzwischen in mehreren Therapiezentren weltweit verfigbar. Es gibt jedoch immer noch
keine zufriedenstellende Méglichkeit, die durch die Ionen deponierte Dosis im Patienten
nachzuvollziehen. Ein vielversprechender Ansatz ist die Detektion von prompter Gamma-
strahlung. Hierbei handelt es sich um sekunddre Strahlung, die in Kernreaktionen zwischen
den Ionen und dem Absorbermaterial entsteht. Die Lebenszeiten der beteiligten Zustinde
sind dabei unter einer Nanosekunde. Die Produktionsrate dieser Strahlung ist mit dem
Energieverlust korreliert und es sollte daher mdglich sein, aus der longitudinalen Inten-
sitdtsverteilung auf die Reichweite der primdren Ionen im Absorber zu schlieflen.

In Zuge dieser Arbeit habe ich mich mit mehreren Aspekten zum Thema 'Prompt Gamma
Imaging’ beschdftigt. Finige wichtige Eigenschaften beziiglich der Produktion und Detek-
tion von prompter Gammastrahlung wurden durch Simulationen im auf Geantj basieren-
den Toolkit GATE untersucht. Um diese Simulationen zu verifizieren, wurde ein variabler
Spektroskopieaufbau basierend auf einem HPGe Detektor gebaut. Dieser wurde charak-
terisiert und in einer kurzen Strahlzeit am Paul Scherrer Institut (Schweiz) getestet.
Beruhend auf den Resultaten dieser Strahlzeit wurden einige Verbesserungsmdaglichkeiten
des Aufbaus erkannt und die ersten Schritte zu deren Implementierung eingeleitet.
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Chapter 1

Introduction

Ion therapy has become a major pillar in modern cancer treatment strategies. It presents
the possibility to deliver a precisely shaped dose distribution to the tumour volume while
sparing the surrounding tissue to a large extent. Though already proposed in 1946 by
Robert Wilson [1], it is only in the past two decades that ion therapy has been accessible
on a larger scale — mainly due to the lack of necessary infrastructure that is needed to
access ions of appropriate energies. Today, there exist a number of dedicated facilities all
over Europe that provide this infrastructure.

The most modern of these facilities make use of a technique called active beam scanning
or voxel scanning. Here, the tumour is divided into hundreds to thousands of sub volumes
called voxels, each of which is given a precise dose value by the treatment planning and
irradiated independently. However, this high accuracy dose delivering is only possible if
there exists an equally precise knowledge of the tumour volume and its surroundings. This
is usually only the case for a very short period of time, e.g. shortly after a CT. Therefore, it
is desirable to have the possibility to verify the actual delivered dose by independent means
and, if necessary, adapt the treatment planning. One approach for such a verification is
to infer the delivered dose distribution from the distribution of secondary prompt gamma
radiation that is created during the therapy. This approach called, prompt gamma imaging
or PGI, is the main topic of this thesis.

1.1 A Short Overview on Ion Therapy

Unlike electromagnetic radiation, the energy deposition of heavyr'_-] charged particles is
characterised by an increase in depth, eventually ceasing in a sharp maximum close to the
finite and energy dependent range. This maximum is named Bragg peak after its discoverer
William Bragg. Additionally, some ion species show an elevated biological effect in this
area, i.e. the same dose results in a lower cell survival ratel?]

The term ’heavy’ in a medical physics context refers to any masses equal or higher than the proton
mass.

2The quantity to describe this effect is called relative biological effectiveness and is closely related to
the energy loss per distance of the ion species, the ionisation energy of the DNA molecules and the DNA
repair mechanism. See Schardt et al. [2, chapter 3] for more information.
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Figure 1.1: Longitudinal dose profile in water for various primary beams, normalised to the re-
spective maximum. Protons and carbon ions show an increasing dose deposition in depth with the
Bragg peak close to the end of their finite range. Notice the distal tail in the dose distribution and
the much narrower Bragg peak for carbon ions compared to the profile of protons. Simulations
were done with GATE.

A comparison of the depth dose profiles of several different radiation types can be seen in
fig. [[.1] While photons show a maximum near the beginning followed by a slow decay,
the characteristic Bragg peak is visible for all charged particles except for electrons. Due
to their relatively small mass their energy loss shows a different behaviour than that of
heavier charged particles. Two important differences can be seen when comparing the
dose profile from protons to that of carbon ions (or any other ions heavier than protons
for that matter). First, the Bragg peak of carbon ions is narrower due to their higher
mass. Secondly, there is a tail after the Bragg peak in the dose distribution of carbon ions
that is the result of fragmentation processes. These two characteristics will be discussed
in more detail in chapter 2.

Modern ion therapy is almost exclusively based on protons and carbon ions. The use of
other ion species such as helium, oxygen or neon has been investigated in the 70s [3] and
is being reinvestigated in modern therapy environments [4]. Also, the potential use of
anti protons is a topic of ongoing research [5]. Properties of interest for those particles
include mainly biological and technical aspects. Pions are not actively used in radiotherapy
applications today. Nonetheless their depth dose profile is shown in fig. because they
played an important role in the experiments that were conducted within this thesis.

Taking advantage of the energy loss characteristics of heavy charged particles, a depth
dose distribution can be tailored to a target volume via superposition of different primary
energies. However, as stated at the beginning, one needs exact knowledge of the tissue
composition to fully exploit this potential. There are several factors that will blur that
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knowledge. The most important one is timeE| The patient’s internal geometry will change
over the course of a treatment (which can take up to several weeks), e.g. by changes in
the tissue composition or filling of cavities with fluids (see Paganetti et al. [6]). The
result of these uncertainties is that the targeted volume is usually calculated with safety
margins to either ensure tumour coverage or avoid damage to risky organs like the spine.
Consequently, it is desired to verify the actual beam delivery within the patient to avoid
the safety margins and have some sort of quality control. Ideally, this verification should
be online (i.e. during the irradiation), non invasive and allow for a real time adaptation
of the treatment to any changes.

1.2 Imaging Techniques for Ion Therapy

In order to monitor the actually delivered dose distribution and confirm treatment plan-
ning, many different approaches have been proposed. Probably the most apparent method
is to measure the dose before it enters the patient, e.g. by an energy loss measurement
in a gaseous ionisation chamber. However, such a method can only deliver information
about the total dose that is delivered, not about the actual distribution and will thus not
be discussed any further.

Another possibility would be to measure secondary radiation that escapes the target and
to try to find some correlation with the dose deposition. Basically, this secondary radiation
consists of photons, neutrons and protons (and other light ions) and, as a special case,
photons having 511 keV from beta plus emitters. The three former types of radiation are
called prompt because they are created in nuclear reactions on a sub nanosecond timescale
while the latter is called delayed due to the lifetime of the beta plus emitters that is on
a timescale of seconds to minutes for the emitters of interest. Also, Cherenkov radiation
from secondary electrons can escape the body under certain circumstances and lately there
have been approaches to measure ultrasound signals created by thermoelastic expansion
of tissue. Except for neutrons, each of the secondary radiation types has been proposed to
offer information about the dose distribution. The following section should provide a short
overview on the different imaging approaches for ion therapy and their current research
status.

1.2.1 Positron Emission Tomography

The only clinically used online technique for imaging of the dose distribution in ion therapy
today, is Positron Emission Tomography or PET. Nuclear spallation reactions of target
and, in the case of carbon irradiation, also projectile nuclei, can create beta plus emitters.
Some of them have well suited half lifes for a PET scan during or shortly after the irradi-
ation, e.g. 1°C (19.3 sec), 11C (20.3 min) or %0 (122.2 sec). The two resulting 511 keV
photons are emitted in a nearly 180 degree angldﬂ, which, if detected in coincidence, can

3There are other uncertainties like patient movement and inaccurate positioning. However, these factors
are easier tackled with other approaches such as laser tracking.

4The actual angle varies slightly from 180 degrees due to momentum conservation. This ultimately
limits the achievable spatial resolution with PET. However, at the moment other factors present much
stricter limits.
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be assigned to a so called line of response that contains the point of origin. Like for many
other imaging techniques, the distribution of the activated emitters is different from the
dose distribution with a drop in activation a few millimetres before the dose falloff [7].
The obtained PET image is compared to expectations from the treatment planning, i.e.
Monte Carlo simulations.

If the PET scan is carried out after the irradiation, one speaks of offline PET. This option
has the advantage, that conventional scanners can be used and no technical adaptations
are needed. However, offline PET scanners will be situated outside of the treatment room
and thus require a relocation of the patient. The time needed for the relocation (seldom
faster than 15 minutes [§]) leads to a biological washout of the long-lived emitters and
practically a complete loss of the short-lived once. The latter is of even more significance
for proton therapy in which projectile fragmentation is missing and ?O with roughly 2
minutes half life is the emitter most created.

To avoid the inevitable washout and statistics loss in offline PET, in-beam or online PET
is used. Here, the scanner is incorporated into the treatment room and measurement
is conducted during or immediately after the therapy session. While solving the afore
mentioned problems, the limited place available inside a treatment room poses a new
obstacle. At GSI, a double headed BGO positron camera was used to avoid interference
with the beam line and positioning system [9]. This not only drastically reduces statistics
compared to a full ring scanner but also leads to artefacts in the image reconstruction.
Another problem is the high rate of prompt gamma radiation causing false coincidences.
Therefore, it is envisaged to record data only if the beam is off, e.g. during the injection
phase in modern facilities.

An overview of several years of offline PET experience at MGH Boston and online PET
usage at GSI can be found in Parodi et al. [§].

1.2.2 Interaction Vertex Imaging

Interaction Vertex Imaging or IVI uses prompt charged particles produced over a wide
angular and momentum range to reconstruct nuclear emission vertices. Since secondary
fragments have about the same velocity as primary particles but lower charge states and
masses (see chapter 2), their range is generally longer and thus mostly highly energetic
prompt protons emerge from the target. The main idea is to measure the direction of these
forward ejected protons by two consecutive tracking detectors and combine this informa-
tion with a beam hodoscope to reconstruct a map of the interaction vertex density inside
the target. This density map should then provide information on the dose distribution.
Difficulties include the multiple scattering of protons inside the target, large influences of
the target’s geometry and the unclear correlation between Bragg peak and vertex density.

Henriquet et al. conducted a first measurement of secondary proton yields together with
extensive simulation studies [I0]. They used a set-up of a single tracking detector and a
beam hodoscope and report that roughly half of the protons are emitted at angles smaller
than 40 degrees. This is valuable information since the angle of the tracking detectors with
respect to the beam axis is a trade off between statistics and precision. Their simulation
results also show that the blurring from vertices produced by secondaries will not be too
problematic due to the low energies of the emitted protons from these points.
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In 2013, Gwosch et al. reported first reconstructions with a setup of two silicon pixel
detectors situated at 30 degrees 1 metre upstream of the target and no hodoscope. They
used a back projection method and tried different fitting approaches to correlate one fitting
parameter to the primary beam range, the beam width and the beam position. While
giving sub millimetre precision for the beam width and beam position measurement, the
precision for the beam range varies between 1.3 and 2.8 millimetres depending on the
fitting approach [II]. They suggest that a set of multiple detectors at different positions
should provide a stable empirical relationship between ion range and vertex distribution.
This would also allow for more advanced reconstruction algorithms. It remains to be seen
if differences in geometry will allow for the same empirical correlation or if one can find
suitable models that provide a more stable reconstruction. Also, it is questionable to what
extent this technique will be suitable for proton therapy due to the much lower yields of
highly energetic prompt protons.

1.2.3 Ionoacoustic Imaging

Very recently another approach has been presented that takes advantage of the induced
temperature raise caused by ion irradiation. These variations are in the order of mil-
likelvins and microseconds. The following thermoelastic expansion of the tissue produces
acoustic waves on an ultrasonic scale that can be recorded by common ultrasonic sen-
sors. The distance between target surface and Bragg peak can be deduced from the time
difference of the sound waves arriving at the sensor.

Assmann et al. reported a first Bragg peak determination for 20 MeV protons in water
using a commercially available piezo-composite (PZT) based ultrasound immersion trans-
ducer that can be used at 3.5 or 10 MHz. The detector was positioned at the distal end
of the water target on the beam axis. They measured a mean value of 4239430 pm and
4255430 pm at 3.5 and 10 MHz respectively, compared to a Geant4 result of 4060 pm
[12]. As explanation of this discrepancy, they point out various dependencies that are not
yet fully understood and require further studies, e.g. dependencies on the proton pulse
width.

In conclusion, the ionoacoustic approach is still at a very early stage but can take advantage
of the large amount of experience already existing in other fields of acoustics. A dedicated
apparatus for ion therapy application will surely be cheaper to manufacture than for the
nuclear approaches since industrial solutions for many other applications already exist.
However, at the moment this approach seems to be very dependent on short and high
intensity pulses and it remains to be seen how well it will stand at continuous beam
extraction (lower beam intensity, no time profile) and higher proton energies. Also, in a
non homogeneous target such as a real patient, there will be many surface transitions and
variations in the speed of sound (body temperature, tissue density) that will have to be
included in the analysis.

1.2.4 Prompt Gamma Imaging

The use of prompt gamma radiation as imaging technique for ion therapy was first pro-
posed by Stichelbaut and Jongen [I3], but prompt gamma rays from proton activation
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have been studied much earlier in astronomy [e.g. [I4]. They result mainly from direct
excitation of target nuclei or from target or projectile nuclei that are left in an excited
state after nuclear spallation reactionsﬁ Since their production is also caused by energy
loss, they should show some correlation to the dose deposition. While this is also the
case for other types of secondary radiation, the weakly interacting nature of photons in
the MeV range will result in much less scattering while traversing body tissue and should
therefore allow an easier reconstruction of the original production profile.

The first measurements of prompt gamma radiation from proton irradiation in a clinical
environment came from Min et al. in 2006 [15]. They compared the total counts of a slit
collimated (2 mm hole, well shielded) CsI(T1) detector with the dose measurements from
an ionisation chamber prior to the target and found that for primary proton energies of
100, 150 and 200 MeV the respective peaks correlate within 1 to 2 mm. Best results were
reported with a lower threshold at 4 MeV.

In 2009, Testa et al. reported first results from prompt gamma measurements during
carbon ion irradiation [I6]. Here, the additional fragmentation processes result in much
higher neutron yields. To distinguish between gamma and neutron events, they used a time
of flight selection triggered by the RF-signal from the cyclotron. For the final analysis,
only detector events within a 6 ns time window and above 1 MeV were selected. No
reconstruction was made, but the longitudinal distribution of the selected events indicate a
clear correlation to the ion range. They conclude that improving the signal-to-background
ratio, whether by means of TOF or another method, is going to be a crucial aspect for
this application.

Since then, several other groups have studied prompt gamma emission after proton or
carbon irradiation with a spectroscopy scanning approach. Two more notable are Polf et
al. [I7], who showed that the intensity of the 6.13 MeV gamma line of 160 is proportional to
the oxygen concentration in the target and suggest the possibility to monitor the oxygen
content of tissue over the course of multiple therapy sessions to track changes in the
irradiated tissue, and Janssen et al. [18], who studied the influence of various parameter
such as elemental composition, target diameter, energy cut-off and detector acceptance
angle on the accuracy of the range prediction that can be achieved by PGI measurements.
The latter conclude that 'the PG signal is rather robust to many parameter variations,
but millimetre accurate range monitoring requires all medium and detector properties to
be carefully taken into account’.

Detection Systems

In order to have a clinical viable imaging method, it is required to measure the com-
plete prompt gamma production profile at one time. To achieve this, it is necessary to
develop a detector system with either physical or electronic collimation that allows for
spatial-resolved detection of many MeV photons. Here, three different approaches will be
discussed.

One approach is to use a multi slit collimator followed by a detector that is segmented
along the beam axis (see fig. [1.2(a)). Such a design has been used by Min et al. [19] using

®See chapter 2 for a more detailed discussion of prompt gamma production and further sources.
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Figure 1.2: Schematics of a multi-slit camera (a, adapted from Min et al. [19]), a two stage
Compton camera (b, taken from Yamaguchi et al. [20]) and a knife-edged slit camera (c, taken
from Smeets et al. [21]).

a 2 mm thick collimator followed by a 2 mm gap. The collimator length was 2 mm and
CsI(T1) scintillator segments of 2 mm thickness were situated right behind the collimator
gaps (a total of 35 cm from the beam axis). The measured integrated counts between 4
and 10 MeV of each segment were fitted with a sigmoidal function. They don’t report a
precision value but suggest that with a sophisticated analysis the Bragg peak should be
detectable with an error of a few millimetre. Multiple detector elements should provide
further improvement.

Another approach known from astrophysics is the Compton camera (see fig. . This
system consists of two consequent but separate detectors. One is optimised to detect
Compton scattering and the other for photo absorption. The idea is to reconstruct the
angle of the incoming photon from the two energy depositions E; and Es by

=) (1.1)
2 1+ B
If the two detectors are then segmented in three or, if thin enough, two dimensions, one
can obtain the origin of the photon by intersection with the known beam axis. The big
advantage of this approach is that there is no need for mechanical collimation (which is
usually very bulky and heavy). However, the precision of the calculated angle heavily
depends on the energy and spatial resolution of both detectors. Ideally, a good time
resolution would also be desirable. Fulfilling all those requirements and at the same time
retaining a high efficiency is a difficult task that many research groups are working on
(though not solely for PGI). The approaches range from stacks of silicon strip detectors
followed by a segmented block of CdZnTe to a gaseous TPC surrounded by a liquid
scintillator. The application of PGI poses two additional problems: Unlike in astrophysics,
one has to deal with limited statistics and an unknown incoming energy which imposes
a difficult challenge to the image reconstruction (using only discrete lines would further
decrease statistics). Variations of the two stage Compton camera are the three stage
Compton camera that needs two consecutive Compton scatterings followed by a third
interaction of any kind, and the pair creation camera, that tracks pair creation in e.g. a
TPC and reconstructs the initial photon direction from the energy and direction of the
electron-positron pair.

cosf =1 —mecz(
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A third approach is the so called knife-edged slit camera, which uses a slit collimator
with openings sharpened like the cutting edge of a knife followed by a segmented detector
along the beam axis (fig. [1.2(c)). The idea is that in the case of a perfect collimator,
any segment of the detector can only see gammas coming from a certain point along the
beam axis and one would thus obtain a projection of the gamma production along this
axis. Smeets et al. [2I] made extensive tests with such a design. They evaluated the
collimator slit angle, slit opening, material and thickness as well as detector segmentation
width and thickness. As a result from optimised simulations they report range estimation
of ¢ = 1.5 mm with 10% protons at 160 MeV into an PMMA target and the collimator
situated 15 cm from the beam axis. An experimental validation could not completely
follow up on those results but reached the same precision at about 3-10% protons. Also,
this result relies on simulation to obtain reference data and was obtained at low beam
currents, thus eliminating the problem of high count rates and dead time. Nonetheless,
the knife-edged slit camera is able to map the longitudinal distribution of prompt gamma
radiation in one single measurement as required for any real application.
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Theoretical Background

This chapter deals with the theoretical background of the prompt gamma production and
the underlying nuclear reactions. The topics are discussed as compact as possible with a
reference to more comprehensive resources where necessary.

2.1 Energy Loss and Range

The energy loss of heavy charged particles in matter can be described by the specific
energy loss or linear stopping power S.

_aE
dzx

In the energy region relevant for ion therapy, the dominant channel for energy loss is in-
elastic scattering due to Coulomb interaction with target electrons. At projectile velocities
larger than a few Bohr velocities vg (the velocity of an electron bound by 13.6 €V) this is
well described by the so called Bethe-Bloch formula. In ST unitdl] it reads

S = (2.1)

dE 4AnZ2 , 2 2mev2 1 oo 5
S=——""= P Zi|1 P4 B 2.2
dr  mev} <47T60) t[ T +h 1— % A 2] (2:2)
C

where Z, and v, are the charge and velocity of the projectile, Z; and N are the atomic
number and atomic density of the target, m. and e are the mass and charge of the electron
and [ is the mean excitation and ionisation potential of the targetE] The C term represents
corrections due to the different binding energies of target electrons (’shell correction’)
and the 0 term corrections due to shielding effects ('density correction’). For a detailed
discussion of those terms see [22].

There are many details about this formula that deserve close attention but for the pur-
pose of this thesis only a few points shall be discussed. First, for medium velocities, the

Tt should be noted that the Bethe-Bloch formula is often displayed in varying arrangements and units
of measurements as well as additional correction terms that are not included in here.

2The mean excitation and ionisation potential is the effective quantity that portraits the minimal energy
loss of the projectile in one interaction with the target. Values for liquid water range from 75 eV to 80 eV

2].
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Table 2.1: Penetration depth of protons in liquid water at various energies. CSDA range data
taken from the NIST database [24]. Penetration depths are calculated with a density of p =
0.99780 g/cm? (22° C).

KINETIC ENERGY [MeV] CSDA RANGE [g/cm?] PENETRATION DEPTH [cm)]

50 2.23 2.22
7 4.62 4.61
100 7.72 7.70
125 11.46 11.43
127 11.78 11.75
150 15.77 15.74
175 20.62 20.57
200 25.96 25.90
225 31.74 31.67
250 37.94 37.86

energy loss rises approximately with 1/ vg and results in the advantageous profile that ion
therapy is based on. At velocities much lower than vy the energy loss scales with v,. The
intersection of these two regions results in the Bragg peak. However, this behaviour is
best modelled with a different approach than the Bethe-Bloch formalism [23]. Second,
the maximum energy transfer from the projectile to one electron is approximately 2mev][2J
(constraint by kinematics) and thus secondary electrons are spatially confined close to the
primary tracks. Finally, it is important to understand that the Bethe-Bloch formalism
does only deal with inelastic electronic interactions and does not account for interactions
with the target nuclei (elastic, inelastic or Bremsstrahlung). This is not a concern for dose
calculations because the dominating mechanism of energy loss, and thus dose deposition,
are the interactions with the target electron and semi-empirical corrections can be done to
include the dose deposition by other mechanisms to a satisfying degree. However, it also
means that the Bethe-Bloch formalism can not provide any insights into the production
of secondary radiation and its correlation to the dose deposition.

From the specific energy loss one can calculate the CSDA (continuous slowing down ap-

proximation) range R.

R(E) = /OE (%>_ldE (2.3)

The ranges of protons and carbon ions in water for various energies are tabulated in tab.

2.1 and 2221

An important aspect of the energy loss is its statistical nature. Therefore, a beam of
initially mono-energetic heavy ions will always show a spread in energies after travelling
through an absorber. This phenomena is called energy straggling and results in a variance
O'% of the energy loss. The consequential effect is that the range of the ion is only a mean
value and shows a variance 0% as well. The ratio of range straggling to mean range is
proportional to the inverse square root of the projectile’s mass [2].

OR 1
— X
R N

This explains the narrower Bragg peak of carbon ions compared to protons.

(2.4)

10
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Table 2.2: Penetration depth of '2C%* in liquid water at various energies. Ion ranges taken from
simulation.

KINETIC ENERGY [MeV/u] PENETRATION DEPTH [cm)]

160 5.9
240 11.75
300 15.6
400 24.7

A more detailed analysis of the energy loss and range straggling of heavy charged particles
can be found in Schardt et al. [2]. For a theoretical analysis, the paper of Fano should be
considered [22].

2.2 Nuclear Reactions

While interactions with electrons govern the energy loss, interactions with the target’s
nuclei have influence on the dose deposition as well. First, elastic interactions with the
nuclei lead to deflections of the projectile and thus cause range shifts and a broadening of
the beam. Second, inelastic interactions can lead to a fragmentation of the projectile and
target nucleus, resulting in multiple fragments with different ranges and, if those fragments
are unstable, in additional radiation sources.

An established description for such spallation reactions is the so called abrasion-ablation
model [25]. Here, it is assumed that the collision happens on a very short time scale so
that the dynamics of the nucleus can be neglected and the problem reduces to high energy
scattering of free nucleons (dynamical effects can be reintroduced by corrections). The
reaction is then split into two parts: the abrasion step, in which the collision takes place
and the nuclei are split into fragments, and the ablation step, in which the fragments
"deexcite by evaporation of nucleons or clusters’ [2] until they do not have enough energy
left to separate another nucleus. The remaining energy is lost via gamma radiation and
represents one part of the prompt gamma radiation of interest. The other part is created
by direct excitation of target nuclei [26]. A consequence of those two different production
mechanisms is that one can see gamma lines from elements that are not originally contained
in the experimental setup, e.g. carbon lines in water from 160(p,p’o¢)MC’*E|

Due to the kinematics of the reaction, the secondary particles from projectile fragmentation
have velocities close to that of the primary particle [2]. As a consequent, this secondary
projectiles with lower mass have a longer range than the primary ones and lead to the tail
in the dose profile of carbon ions. Measurements show that at a range of 16 cm only 52% of
primary carbon ion reach the end of their track without fragmentation [2]. Fragmentation
also leads to additional broadening of the beam and a reduction in the peak-to-entrance
dose ratio.

3There are also gamma rays produced during nucleon-nucleon bremsstrahlung or via giant resonances
[27]. However, the contributions in the energy range of interest will be negligible.
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Chapter 2. Theoretical Background

Again, the paper of Schardt et al. [2] can be named as a resource for more detailed
information. For a theoretical analysis of prompt gamma production in nuclear reactions
the work of Ramaty, Kozlovsky and Lingenfelter [26] should be mentioned, even though
it is written with regards to astrophysics.

To summarise, the dose deposition is done mainly via inelastic reactions with electrons
while the production of secondary radiation results from inelastic reactions with the nuclei.
It is reasonable to assume a correlation between both mechanism but the theoretical
framework for that correlation has yet to be found.
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Chapter 3

Simulations

This chapter describes several Monte Carlo simulations of prompt gamma production and
detection. They were of great assistance for the proper preparation of the experiments
and interpretation of the data.

3.1 The Simulation Environment

All of the simulations in this chapter were implemented within the Geant4 based toolkit
GATE [28]. GATE (Geant4 Application for Emission Tomography) is a scripted sim-
ulation toolkit with the purpose to adapt the sophisticated and well validated Geant4
libraries to the field of nuclear medicine. Like Geant4, GATE simulates the passage of
particles through matter. While mainly created to simulate experimental setups for PET
and SPECT (Single Photon Emission Computed Tomography), it currently also supports
radiotherapy applications. A simple example of a GATE script can be found in appendix
A.

In GATE, there are two concepts to collect information about a simulation: the Geant4
known sensitive detector volumes and the so-called actors. Both tools have to be attached
to a specific volume. Sensitive detector volumes document information about individual
hits like change in energy or time of interaction. One can then add so-called digitiser
modules to simulate a detector readout chain. For example, the adder module combines
all hits of the same track in the same volume into one single pulse. Actors are macro tools
that allow to interact with the simulation in a particular manner to extract information
that would otherwise be buried deep inside the Geant4 mechanics. For example, the
statistics actor returns a summary of the run statistics (starting time, number of steps,
elapsed real time, etc.) and the production and stopping actor counts the number of
particles produced/stopped inside a given volume. It is also possible to provide actors
with a filter to, say, only record the production of photons created in a 10 degree cone
around the y axis. The working principle of the different actors and digitisers will be
explained later in the text when those actors are used for the first time. More information
on actors, sensitive detectors and GATE in general can be found on the OpenGATE
collaboration wiki [29].
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Chapter 3. Simulations

All simulations have been carried out in GATE v6.2 (based on Geant4 v9.5 p01) and, if
not specified otherwise, use 10 primary protons and 10® primary carbon ionsE|

3.1.1 The Physics Lists

The selection of the physics list is a delicate problem because it highly influences the
outcome of a simulation. Each list consists of a different set of physical processes and
for each process a computational model is selected to describe it. For electromagnetic
processes such as photo-absorption or bremsstrahlung, the choice of the model is not
much of a concern since those processes are well understood and models that are valid
over a large range of energies are available. For nuclear processes however, the choice of
the model is essential.

In Geant4 (and thus GATE), nuclear collisions are divided into four steps [27]: applica-
tion of the cross sections, modelling of intra-nuclear interactions, modelling of the pre-
compound stage and modelling of de-excitation processes. For medical applications up
to a few hundred MeV, the QGSP__BIC_HP list is recommended which uses the Binary
Cascade model (BIC) for the first two steps at particle energies below a few GeV and
the G4PrecompoundModel for the latter ton| Additionally the High Precision Neutron
Package (HP) is used for neutron transport below 20 MeV.

A short overview of the physics models in Geant4 is available at [30]. The complete
reference can be found in the Geant4 Physics Reference Manual [31].

3.2 Production Studies

To study the production of prompt gammas, a Gaussian shaped proton or carbon beam
with a spread of ¢ = 3 mm was shot into a cylindrical water target with radius r = 10 cm
and length | = 50 cm. Beam and target were aligned along the z axis. Attached to this
target were different actors.

3.2.1 Production Spectrum

A first test of the simulation environment was done by looking at the production spectrum
created by primary carbon ions and protons inside the water target. The spectrum was
recorded by attaching an energy spectrum actor to the target. This device records the
initial kinetic energy of every particle that enters the associated volume (creation equals
entering). One can think of the energy spectrum actor as a ’perfect’ detector that is
neither exposed to a limited energy resolution nor to a decrease in efﬁciencyﬂ

1On the average, a simulations with 107 primary protons takes about 12 hours while a simulation with
the same number of carbon ions takes about two weeks when conducted on a modern CPU (using a single
core). Thus the number of primary carbon ions was reduced to allow for reasonable simulation times. In
most cases, statistics should not suffer too much due to the higher secondary yields from carbon ions.

2QGSP stands for quark gluon string pre-compound model and is the standard model for hadronic
interactions above a few GeV. Therefore, it should not have any effect on the presented simulations.

3For any visualisation however, the energy resolution has to be finite. For fig. m it was set to 1 keV.
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Figure 3.1: Production spectrum for 127 MeV protons and 240 MeV /u carbon ions impinging
on a water target. The spectrum was recorded with an energy spectrum actor in GATE. The
broad peaks are most likely the result of Doppler broadening of excitation lines due to their short
lifetimes. See tab. for a more complete list of the excitation lines.

The result from this simulation is displayed in fig. One can see that the yields from
carbon irradiation are generally higher and that some gamma peaks are more distinct in
one spectrum than in the other. The latter is due to different production ratios between
gammas on the one hand (discrete production spectrum) and neutrons and protons on the
other (continuous production spectrum). A list of the most important gamma decay lines
from relevant elements is given in tab. It is interesting to see that for some of the
excitation levels, the spectrum shows broad peaks instead of sharp lines. This is thought
to be due to Doppler broadening of levels with an extremely short lifetime. For example,
the prominent 4.44 MeV line of '2C has a lifetime of about 42 fs. The excitation is created
in a %0 (p, p'a)'2C* reaction and will most likely decay before the recoil nucleus is at rest.
In contrast to that, the 0.87 MeV line of 17O has a lifetime of about 180 ps and shows a
much sharper peak. The 0.511 and 2.225 MeV line, that result from positron annihilation
and neutron capture respectively, show sharp peaks as well because both processes show
high cross sections only when the particles are close to rest.

3.2.2 Production Rate

In order to get an estimation of the event rate, simulations of the production of secondary
particles were done. The number of produced particles was recorded with a production and
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Chapter 3. Simulations

Table 3.1: Most important excitation lines produced in water. The spectrum is shown in fig.
Data is adapted from NuDat [32].

SPECIES E, [MeV] LIFETIME [ps] TRANSITION
e 2.00 0.007 3 200— 3 gs.
12¢ 4.44 0.042 2t 4.44 — 0F gs.
18C 3.68 0.001 37368~ 35 gs.
160 6.13 18.4 37 6.13 — 0% gs.

6.92 0.005 2+ 6.92 — 07 g.s.
7.12 0.008 17 7.12 — 0% gas.
170 0.87 179.2 17087 » 57 gs.
2.18 0.08 17306 - 37 0.87
N 2.31 0.068 0 231 = 1T gs.
1.64 0.005 17 3.95 — 0 2.31
4.92 0.005 0~ 4.92 — 17 gs.
2.79 4.35 27 511 — 0F 2.31
5.11 4.35 27 511 — 17 gs.
3.38 0.011 17 5.69 — 0+ 2.31
5.69 0.011 17 5.69 — 1 g.s.
0.73 8.3 37 5.83 — 27 5.11
3.89 0.111 1+ 6.20 — 0+ 2.31
15N 5.27 1.8 3% 527 5 17 gs.
5.30 0.017 17530 - 17 gs.
1.88 0.012 3% 716 —» 2F 5.7

16
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stopping actor attached to the water target. This device records all produced and stopped
particles inside a certain volume (or slices of that volume) and creates a map of particle
production and stopping. The resolution and dimension of the map can be adjusted and
was set so that the target was divided into 500 equal steps along the z axis but only one
along the x and y axis. Therefore, the production was integrated over the complete radius
of the volume with a 1 mm resolution along the beam axis. Several particle and energy
filters were used.

Production on the Full Energy Scale

In fig. [3:2] and fig. [3-3] one can see the production of secondary particles per millimetre
penetration depth. The results were obtained with a primary beam of 127 MeV protons
and 240 MeV /u carbon ions respectively. These energies were chosen because their CSDA
range of 117.5 mm is a typical value in clinical applications. In these two simulations, no
energy cuts were set.

For the gamma production, the actual numbers close to the Bragg peak region are displayed
in tab. [3:2 One can observe a drop of over 90 percent of gamma production between
109 mm and 118 mm for protons and between 114 mm and 117 mm for carbon ions.
This is in concord with the dose profiles shown in fig. [I.1] Also, the narrower Bragg
peak and the tail are visible in the production profile of carbon ions. At this point it is
very important to note that those numbers are produced by Monte Carlo calculations and
should therefore only be seen as rough estimation. Absolute numbers do not only change
from simulation to simulation (as expected due to statistics) but also with the choice of
the physics model. Therefore, a comparison of production and dose profile in the scope
of these simulations can only be of rough qualitative nature and should not be used to
interpret the relation of dose deposition and secondary gamma production.

For secondary proton production one can see a less significant drop only in the case of
the primary proton beam. However, this situation changes drastically if one looks at the
specific energy ranges, which will be done in the next section. For neutrons, a decrease is
visible but it is neither sharp nor significant.

Noteworthy are the total production rates. For primary protons, the ratio of photons to
neutrons to protons is about 1 to 0.04 to 0.3. In the case of a primary carbon beam, one
observes generally higher production rates and the ratio becomes about 30 to 2 to 4. One
should take remark of the much higher neutron yields from primary carbon ions which
indicate that differentiation between secondary neutrons and photons is going to be of
even more importance for imaging in carbon therapy.

Production in Different Energy Regions

While the study of the production in the full energy range is important to get an idea of
the yields, any imaging method is primarily concerned with what can be detected rather
than what is produced. For example, low energetic photons and low to medium energetic
protons have too short attenuation lengths to escape the patients body and reach any
kind of detector. Therefore, it is of importance to look at the different energy regions. In
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Figure 3.2: Production per mm in the energy range of 0 to 20000 keV for 127 MeV protons
impinging on a water target.
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Figure 3.3: Production per mm in the energy range of 0 to 20000 keV for 240 MeV /u carbon ions
impinging on a water target.
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Table 3.2: Prompt gamma production along the beam axis for 127 MeV protons and 240 MeV /u
carbon ions impinging on a water target. One can observe a drop of over 90 percent of gamma
production between 109 mm and 118 mm for protons and between 114 mm and 117 mm for carbon
ions. The values are extracted from simulations in GATE using a production and stopping actor.

PENETRATION DEPTH [mm] GAMMA COUNTS FROM 107 p* GaMMA COUNTS FROM 109 C6F

108 1.13 - 10° 2.70 - 108
109 1.13 - 10° 2.72 - 108
110 1.13 - 10° 2.76 - 106
111 1.11 - 10° 2.80 - 106
112 1.08 - 10° 2.86 - 108
113 1.04 - 10° 2.93 - 108
114 0.95 - 10° 2.97 - 108
115 0.79 - 10° 2.51 - 108
116 0.55 - 10° 0.76 - 108
117 0.27 - 10° 0.42 - 108
118 0.10 - 10° 0.41 - 108
119 0.03 - 10° 0.40 - 10
120 0.02 - 10° 0.39 - 108

fig. [34] the production per millimetre from a primary proton beam is shown with various
energy cuts. The choice of the cuts is based on previous simulation results but is still
rather arbitrary[]

The drop in the gamma production is visible in all energy regions except for the very
highest above 10 MeV. The region between 2.2 and 2.3 MeV is of special interest. It
contains the deuterium line at 2.2248 + 0.0010 MeV [33], produced by neutron capture on
a hydrogen atom. Due to the high probability for elastic scattering of neutrons and the
fact that the absorption is most probable at the end of the neutron path, it is generally
assumed that this line cannot be correlated to the Bragg peak and has therefore to be
excluded. However, these first simulations of the production do not suggest any of this: a
clear drop in the rate is visible here as well.

For protons, there are very clear drops visible at higher energies (in contrast to the full
energy range). Since protons have only a short range in tissue (about 4 mm at 20 MeV),
only high energy protons can leave the patient’s body during irradiation and can be
detected. Thus, as discussed in the first chapter, the possibility of interaction vertex
imaging appears to be another promising approach for ion range verification. The neutron
production does show a slight drop in the higher energy regions, but due to the difficulties
of detecting neutrons efficiently with a decent energy resolution and the already mentioned
problem of elastic scattering, they will not be further analysed here.

In fig. the same plot series is shown for a primary carbon beam. Besides minor
differences in the overall shape and the already mentioned increase of neutron production,
one can see that there is a higher tendency to produce high energetic photons than for
primary protons. Also, when looking at the photon production between 2.2 to 2.3 MeV,

4For the image reconstruction, it might be more important to study the different energy regions and
distinguish between them.
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Figure 3.4: Production per mm for 127 MeV protons impinging on a water target with various
energy cuts between 10 and 20000 keV.
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Figure 3.5: Production per mm for 240 MeV/u carbon ions impinging on a water target with
various energy cuts between 10 and 20000 keV.
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it is more vivid now that this region should be excluded.

One more thing that sparks interest is a drop in the count rate shortly before the Bragg
peak in the production of neutrons and protons above 2.3 MeV. This might be a real effect
but could just as well be a wrong cross section or a bug in the simulation mechanics.
In case this is a real physical effect, it might prove problematic for any imaging method
detecting protons (or neutrons) and should be investigated in more detail.

When comparing the numbers from the different energy ranges, one has to keep in mind
that those are Monte Carlo simulations and thus variations in the order of vV N are ex-

pectedﬂ

3.2.3 Correlation Between Dose and Gamma Production

In fig. [3:6] the gamma production per millimetre is displayed together with the dose
deposition for various primary proton energies. The end points of both distributions seem
to coincide very well. However, one has to keep in mind, that the resolution was only set to
1 mm in a homogeneous target and that the simulation should naturally be viewed with a
healthy scepticism. A high precision measurement of the production cross sections would
certainly be of great interest for PGIL. Verburg et al. [34] tried to collect cross section data
from various resources (mainly astrophysics) to evaluate hadronic physics models but the
data is incomplete.

A further analysis of the correlation between dose deposition and gamma production is
outside the scope of this thesis. It would be very interesting to see how well certain
points and extrapolations of both distributions coincide. On the basis of fig. [3.6] the
intersection between the x axis and a linear fit along certain points on the distal fall off
slope, say between 80% and 20% of the maximum, could be an interesting candidate.
Also, one would have to check different energy regions, statistical variations and especially
inhomogeneous targets.

In conclusion, the results from the production simulations suggest a high potential for any
imaging technique that is based on spatial-resolved gamma or proton detection.

3.3 Detection Studies

For the detection studies, the original arrangement of beam and target were left unchanged
but additional detector structures were added. The detector consisted of a sensitive de-
tector volume made of germanium. This volume records information about every single
interaction. To simulate a real detector, a set of digitisers were added. An adder module
was used to combine all the energy depositions of the same particle in the same volume
into one pulse. A blurring module was used to simulate the statistics of charge collection.
The resolution was set to 0.13% at 1332.5 keV and scaled with an inverse square law, i.e.
1/ VE. Finally a threshold module at 50 keV was added to discard low energy events.

®Mind that N is always given per primary particle of which there are 107 and 10° respectively.
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Figure 3.6: Dose deposition and gamma production per mm in the energy range of 0 to 20000
keV for 100, 127, 150 and 200 MeV protons impinging on a water target. Within a limited spatial
resolution of 1 mm, the end points of both distributions coincide. Simulations were done in GATE
using a dose actor and a production and stopping actor.

3.3.1 Simulated Detection Spectrum

The spectrum of particles was detected with a large barrel detector of length 70 cm centred
around the target. The inner radius was 40 cm from the beam axis and the detector
thickness was 10 cm. Despite this huge detector, the number of events was low and the
spectrum was smoothed for display purposes using a first order Savitzky—Golay filter with
a window size of 3 neighbouring data points.

The result can be seen in fig. [3.7] All lines from the production spectrum in fig. [3.1] and
tab. are visible, though some of them are not very distinctive due to the low statistics.
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Figure 3.7: Spectrum detected by a HPGe barrel detector surrounding the water target. Due to
low statistics the spectrum was smoothed using a first order Savitzky—Golay filter with a window
size of 3 neighbouring data points. Incident particles are 127 MeV protons. Simulation in GATE
with a sensitive detector volume attached to the germanium barrel.
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Experiments

The main purpose of this work was the experimental validation of the results presented
in the last chapter. The original goal was to measure the longitudinal and angular dis-
tribution of the prompt gamma production using various primary energies. However, due
to the limited beamtime available, only a fraction of these measurements were actually
carried out within the period of this Master’s thesis.

This chapter deals with the characteristics of the experimental setup, the preparations
and results of the first beam time as well as the following improvements of the setup.

4.1 Experimental Setup

The setup should be versatile and allow for a free adjustment of the relative angle and
position between detector and target. As projectiles, protons with energies between 100
and 200 MeV as well as carbon ions between 120 MeV /u and 400 MeV /u should be possible.

The target is a water filled plastic cylinder of 50 cm length and 10 cm radius. Water as
a material was chosen due to the price and simplicity of preparation as well as the large
number of available reference data and cross sections. The dimensions fit for all desired

penetration depths (see tab. and .

The detector is mounted on a rotatable platform which in turn is mounted on a sledge
that is moveable in x and z direction relative to the target platform. A CAD drawing of
the complete setup can be seen in fig. and an annotated outline of the important parts

in fig.

4.1.1 Choice of the Detector

A HPGe (high purity germanium) detector was chosen to record the nuclear reaction
spectrum. The cylindrical crystal has a length of 72.4 mm and a surface area 27.33 cm?
(radius 2.95 cm).
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Figure 4.1: Bird’s-eye view of the experimental setup. The target (orange) is mounted on a fixed
platform. The detector is surrounded by a copper/plastic shielding (red) and lead collimators
(dark grey). It is mounted on a rotatable disk that can be moved on a sledge along the supporting
rack.

Lead Water
Collimator Target
Germanium

Detector

Copper
Shielding

Plastic
Shielding

Figure 4.2: Outline of the experimental setup.
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(a) detecor side (b) coldhead side (c¢) connection

Figure 4.3: Connection between detector and coldhead. A short copper band (a) serves as heat
link between the detector and the coldhead projection (b). The connection (c) is greased with a
silver containing paste.

The signal chain consisted of the pre-amplifier integrated in the detector housing, a
discriminator, a standard spectroscopy amplifier (Canberra 2020) and a pocket MCA
(Amptek MCAS8000A). This MCA is based on a 14 bit successive approximation ADC
(about 16k channels) that is read out via a programme called ADMCA (also Amptek).
The analysis of the recorded spectra was mostly done either within this programme or
with self-written code (NumPy or ROOT). A trigger gate was created from the original
signal to reduce the effect of noise coming from the electronics.

Due to the inconvenient handling of a dewar when tilted, the detector was not cooled with
liquid nitrogen but with a cryostat. For the connection between coldhead and detector,
a custom made adapter was used to keep the heat link as short as possible (see fig. .
The connection was then wrapped in super insulation foil (Mylar®), placed in a vacuum
chamber and evacuated to 10~7 mbar. The temperature was measured by a PT100 sensor
inside the vacuum chamber and read out by a Leakshore 335 temperature controller. The
stable values were 35.6 €2 or 113 K. Due to a bad vacuum inside the detector housing it was
necessary to make a connection to the vacuum chamber and pump the housing directlyEl

4.1.2 Choice of the Shielding

The shielding consists of two parts: a low energy x-ray shielding and a high energy gamma
collimator. The low energy shielding is made of 1 cm thick plastic plates followed by 2 cm
of copper on the outside. They are arranged in a box structure surrounding the detector
with the purpose to reduce the total rate by blocking low energetic radiation scattered
by the environment or the collimator. The addition of another layer of moderation and
absorber material, such as paraffin and boron, is a possible improvement at a later point.
For the collimation, there are six lead bricks in front and to the side of the detector. Four
of them have dimensions of 20 x 10 x 5 cm and two are 10 x 10 x 5 cm. Their purpose is
to create a slit collimation to allow a spatial-resolved view on gamma radiation emerging
from the target. The exact arrangement can be seen in fig.

'The bad vacuum in the detector housing could have been caused by a (small) leakage or wear-out of
the getter materials, which are supposed to keep the detector housing at moderately low pressure levels.
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Table 4.1: Measurement of net counts in the peak area and FWHM for different bias voltages and
otherwise unchanged conditions. FWHM error is taken as v/2 times the channel width. The value
of —2700 V was chosen due to the best FWHM value and already maximised active volume.

VOLTAGE [V] PEAK AREA NET COUNTS [-] FWHM [keV]

— 2500 20469 £ 144 17.14 £ 0.34
— 2600 43554 + 209 17.48 + 0.34
— 2650 69355 £ 264 17.06 + 0.34
— 2700 106188 + 326 15.23 + 0.34
— 2750 106194 £ 326 15.61 +£ 0.34
— 2800 106322 £ 327 15.43 £ 0.34

4.2 Detector Characterisation

4.2.1 Working Point

To establish the optimal working point for the HPGe detector, a scan of the bias voltage
and its effect on FWHM and peak area net countsﬂ was conducted. The results of this
scan can be seen in tab. 41l

Two effects can be observed. First, the peak area net counts increase with higher voltage
until it reaches a stable value and does not change any more (within the expected error).
This can be explained by the size of the depletion zone which has reached its highest
possible dimension at —2700 V. At this point, the active volume (and the capacity) of
the crystal is maximised and therefore the efficiency as well. The second observation is
a drop in energy resolution for bias voltages below —2700 V which can be explained by
incomplete charge collection. A working point of —2700 V was chosen as consequence of
this measurement due to the best FWHM value and already maximised active volume.

4.2.2 Energy Resolution

In fig. one can see a sample spectrum taken from a %°Co source. Calibration with the
two gamma lines at 1173.2 keV and 1332.5 keV resulted in a channel width of 0.238 keV.
The FWHM and energy resolution for the 1332.5 keV peak are

FWHM@1332.5 keV — (1523 + 034) keV

Ra1332.5 kev = (1.143 £ 0.026) %

This rather low resolution for a germanium detector can be explained by the relatively high
operation temperature of 113 K. At higher temperatures thermal generation of intrinsic
carriers (electrons and holes) in the crystal increases, causing significantly higher statistical
fluctuations and therefore degradation of the energy resolution. For comparison, a test

2Net counts are the number of counts in a certain region of interest after the subtraction of an estimated
baseline. This was done automatically by the ADMCA programme. The exact calculation method can
found in the documentation of the programme.
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Figure 4.4: Spectrum taken from a %°Co source under laboratory conditions. Peaks are at
1173.2 keV and 1332.5 keV.

measurement with a different (smaller) HPGe cooled with LNj to 77 K showed a resolution
of (0.129 £ 0.026) % at 1332.5 keV -- an improvement of almost a factor 10.

4.2.3 Stability

In order to ensure a stable operation with cryostat cooling, a series of 21 measurements
was carried out. The %9Co spectrum was recorded in intervals of 2 hours for a total
measurement time of 42 hours and analysed with respect to shifts of FWHM, centroid and
net counts of the 1332.5 keV peak.

The results can be seen in fig. 4.5(a){to|4.5(c)l Here, the grey area shows the 1o variation
around the mean value. For stable operation, one would assume that these values have
a Gaussian distribution around the mean value and thus about 68% of the measurement
points should be inside the 1o zone. All three measurement series satisfy this Gaussian
prediction very well and the setup can be assumed to have long term stable operation
condition.

4.3 Experiment at PSI

It was intended to do a first test measurement with a proton beam to check for the neces-
sity of additional neutron or proton discrimination and get an idea of the trustworthiness
of the simulations. Such a test was done at the tM1 beam line of the Paul Scherrer Insti-
tute (PSI), a designated pion beam line that can also deliver protons, and was conducted
in about 8 hours of parasite beamtime granted by a befriended experiment. Due to these
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Figure 4.5: Stability measurements of the %°Co spectrum with mean value and one sigma error.
The variations in FWHM, centroid and net count rate fits the Gaussian prediction very well. Each
spectrum was recorded for 2 hours.
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Figure 4.6: Layout of the tM1 beamline and measurement of the 7—, 7%, 4~ and p fluxes. Both
graphics are taken from the PSI webpage [35]. Unfortunately, they are not available at a higher
resolution.

circumstances, the measurement conditions were less than ideal in multiple aspects. Nev-
ertheless, the data allowed for a first test of the setup and indicated its shortcomings and
optimisation potential.

4.3.1 Beamline Setup

The beam delivery at the tM1 beam line starts with a 590 MeV proton beam from the
large cyclotron at PSI that is shot into a graphite target. From there, a secondary beam
of various particle species and deflected primary protons is extracted at an angle of 22
degree (optimised for pions) and delivered to the beam area. Unfortunately, the beam line
has no electrostatic bender and is relying solely on magnetic momentum separation. For
the given experimental setup it was therefore not possible to distinguish between primary
pt and 7F. The complete layout of the beam line is shown in fig. and the pion

yields are given in fig. [4.6(b)]

The final selection magnet was set to the highest possible value to filter for momenta of
450 MeV /c corresponding to 102.3 MeV protons (rest mass 938.3 MeV/c?) and 331.6 MeV
pions (rest mass 139.6 MeV/c?). At these values the primary proton rate is 2 - 105 Hz
(information from the operator) and the primary pion rate is 8 - 107 Hz (see fig.
beam current stable at approximately 2 mA). Due to radiation safety measures, the final
beam blocker could not be opened to its maximum value of 500 steps (arbitrary units)
but only to 100 steps, effectively cutting off large portions of the beam. The operator
estimated the beam loss to be 75% of the primary beam, resulting in effective primary
rates of 5 - 10° Hz protons and 2 - 107 Hz pions. Unfortunately, there was no opportunity to
measure these rates and the data analysis has to rely on the estimation from the operator.

The water target had to be placed about 40 cm from the exit window of the beam line. The
designed focus point of the beam line is approximately 150 cm from the exit window, which
was than scaled to be at about 10 cm into the target or 50 cm from the exit window. This
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arrangement was necessary because the equipment of another experiment was situated
at the original focus point. The short distance to the exit window of the beam has the
disadvantage that deflected and then scattered particles from the beamline are more likely
to reach the target or even the detector itself because the covered solid angle is increased.

The detector was placed 60 cm away from the target centre. The longitudinal position
and collimator opening was varied for the different spectra. The 102.3 MeV proton beam
has a CSDA range of 8.036 cm in water (NIST database [24]). Therefore, the first detector
position was chosen to be placed at 8 cm and the second one at 19 cm. The lower threshold
of the discriminator was set to 50 keV.

4.3.2 Results

A total of five main spectra were recorded at two different depth positions, 8 cm and 19 cm
along the target, with three and two different collimator openings respectively. Four of
these spectra were recorded for one hour each. The last one (19 cm depth, 0 mm opening)
was recorded in only 10 minutes and therefore suffers from low statistics. In addition, a
multitude of background spectra were recorded at different settings and varying durations.

The five recorded spectra and one exemplary background spectrum can be seen in fig.
KU.7(a)| to 4.7(f)} All count rates were normalised to one second and one centimetre cir-
cumference coverage by the detector. The normalisation considering the detector coverage
was done to compare the experiment, which used a single detector of 6 cm diameter, to
the simulation, which used a full ring detector of 2zr circumference. For this purpose, the
curvature of the detector surface was ignored. The spectra are discussed in the following
section.

The background spectrum inwas recorded with the final beam stopper (completely)
closed and the setup unchanged from the other five spectra. Another background spec-
trum, recorded with the final beam stopper (completely) open, no water target and a
80 MeV /c negatively charged beam going by, showed no significant difference. Unfortu-
nately there was no spectrum recorded with the final beam stopper open to 100 steps, no
water target and a 450 MeV /¢ beam with positive charge going byE| Such a measurement
would have allowed inside into possible scattering from pions, that are cut off by the beam
stopper, into the detectorﬁ

4.3.3 Interpretation

From a first look on fig. [4.7(b)| to [4.7(f)| one might be irritated because they hardly differ
at all. However, considering the complete setup, this is not unexpected. A summary of
the integrated counts compared to simulation is given in tab. For this comparison
the counts were normalised to one primary particle. The mechanics of the simulation

3Such a measurement would have damaged the befriended experiment’s setup.

4The dose deposition of 331.6 MeV positive pions after penetrating 20 cm of lead has dropped to about
50% and the drop in number of particles is significantly less. Thus it is a very real possibility that scattered
and cut-off pions were penetrating beam stopper and collimator and create a direct energy deposition in
the detector.
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Figure 4.7: Background corrected spectra at different detector positions and collimator openings
recorded at PSI. Normalisation to one second and one centimetre circumference coverage. Detector
diameter was 5.9 cm and actual rates in the order of 10 kHz.
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Table 4.2: Integrated count rates per primary particle and circumference for a lower threshold of
50 keV. The numbers from the simulation are a weighted mean of 0.024 protons and 0.976 pions.

PositioN  OPENING ‘ SIMULATION EXPERIMENT ‘ DEVIATION
8 cm 10 mm (4.2 +£0.3) - 10~5 (12.210 £ 0.005) - 10—° (66 + 3) %
8 cm 4 mm (3.9 £0.3) - 10° (8.980 £ 0.004) - 10-° B7+£3)%
8 cm 0 mm (3.7£0.2) - 10° (8.884 £+ 0.004) - 10° (58 +3) %
19 cm 10 mm | (4.6 £0.3)-107° - -
19 cm 4 mm (2.1 £0.2) - 10~5 (9.618 + 0.004) - 10~5 (719 +£3) %
19 cm 0 mm (4.1 +£0.3) - 1073 (9.623 £+ 0.004) - 10~5 (58 +£3) %

were the same as in section 3.3.1. Together with the recorded spectra, one makes several
observations:

1. The numbers from the simulation roughly reproduce those from the experiment but
are generally underestimated by a factor of 2 to 3 for most settings.

2. All five spectra look pretty similar, i.e. the structure does not change much with
position or even collimation of the detector and gamma lines are barely visible.

3. The opening of the collimator has only very little effect on the count rate.
4. There is a higher count rate at 19 cm than at 8 cm.

5. In the experiment, but much more so in the simulation, there are more counts at 19
cm with 0 mm opening than with 4 mm opening. The simulation predicts that at
19 cm and 10 mm opening the count rate goes up again.

6. Overall, there is a very high count rate independent of position of the detector or
opening of the collimator.

Point (1) does not really raise any concerns. First, as described in chapter 3, the choice
of the physics model for hadronic processes is a very delicate matter and an agreement of
about 50 % should already be considered as a good result (see [34] for one of the many
reports on the accuracy of hadronic models). Secondly, the primary rate in the experiment
was estimated by the operator and could easily be underestimated by a factor of 2 or 3
which would reduce the values from the experiment but has no effect on values from the
simulation.

Before discussing the other five points, it is helpful to have a look at what causes the
events in the detector. This is possible due to the tool of the kill actor. A kill actor is
attached to a volume and simply removes every particle that enters this volume from the
simulation. Like any other actor, it can be equipped with filters to only kill particles of
a specific kind, e.g. neutrons. Any other kind of particle is unaffected by the actor and
traverses the volume as it would normally do. Here, the kill actor was always attached
to a very thin volume of air around the detector or target to eliminate certain particles
from the simulation and see the effect on the count rate. Three sets of such simulations
were conducted. From them, conclusions about the event distribution in the detector
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Table 4.3: Estimation of the event distribution at the various experimental settings with a lower
threshold of 50 keV. The values are based on the results from multiple simulations.

SETTING PRrOTONS Pions
8 04 ~ 68 % direct neutron ~ 72 % direct neutron
~ 18 % indirect neutron | ~ 19 % indirect neutron
- ~ 7 % pion
~ 14 % gamma ~ 2 % gamma
8 00 ~ 73 % direct neutron ~ 73 % direct neutron
~ 22 % indirect neutron | ~ 19 % indirect neutron
- ~ 7 % pion
~ 5 % gamma ~ 1 % gamma
19 04 ~ 72 % direct neutron ~ 44 % direct neutron
~ 20 % indirect neutron | ~ 29 % indirect neutron
- ~ 24 % pion
~ 8 % gamma ~ 3 % gamma
19 00 ~ 71 % direct neutron ~ 73 % direct neutron
~ 21 % indirect neutron | ~ 15 % indirect neutron
- ~ 11 % pion
~ 8 % gamma ~ 1 % gamma

were drawn and are displayed in tab. A table with the complete results from these
simulations can be found in appendix B.

The counts that can be contributed to a direct interaction of neutrons inside the detector
volume can be identified by attaching a neutron kill actor around the detector surface.
This way, no neutron can enter the detector volume but neutron induced effects such as
(n,y) reactions in the collimator and shielding are still taken into account. These events
can be eliminated by adding a neutron kill actor around the target itself, so that all
neutrons are eliminated as soon as they leave the target. However, (n,y) reactions inside
the target are not eliminated this way and are counted as gamma events in tab. [£.3] For a
primary pion beam it is also reasonable to assume that many primary pions are scattered
into the detector due to their large attenuation length in water as well as lead. Therefore,
these events are removed by adding a pion kill actor around the target. The number of
protons reaching the detector was also measured but is negligible. The percentage value
for one kind of events is then the drop in the integrated count rate when these events are
removed from the simulation. At PSI, the primary beam consisted of over 97% pions and
thus the effective numbers can be assumed more or less equal to the pion numbers. With
this knowledge, the observations from point (2) to (6) become much clearer.

From tab. one can see that the great majority of events in all settings are either caused
by pions, neutrons or effects of neutrons in the detector surroundings. Gamma radiation
from the target only contributes a few percent to the total count rate. Therefore, the
gamma lines are sitting on a huge continuous background that is far less dependent on
position and collimation than the gamma lines. Additionally, the low energy resolution
of the detector will wash-out many gamma lines from short-lived excitation levels and
such that are only weakly distinct anyway. Another point is that the production profile
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of gamma radiation created by pions does not show a significant drop at 8 cm like gamma
radiation created by protons. Therefore, point (2) and point (6), i.e. an overall high count
rate and a shape that does not change much with position and collimation, are expected
for a primary beam that consists mainly of pions. Point (3) can also be contributed to
the high background since the opening of the collimator has only significant influence on
the gamma radiation and far less on pions and neutrons. The overall higher count rate
at 19 cm than at 8 cm, that is named in point (4), is also expected when most events are
created by secondary massive particles because their angular distribution is highly forward
directed and they can penetrate the collimation from the side. The effect described in point
(5) can not really be explained but is thought to be connected to the specific scattering
angle of neutrons in the collimator gap of 4 mm. This is also supported by the fact, that
the effect is gone when direct neutron events are removed from the simulation.

What to Take from the Experiment

Due to the lack of a pure proton beam, it was not possible to make a statement about the
potential of prompt gamma imaging for range verification. However, it was possible to do
a first test of the setup in a realistic environment and get information on its shortcomings
and upgrade potential. The simulation environment could reproduce the results to a good
degree and was of great assistance at interpreting the data. The experiment also showed
the need to deal with the huge neutron background and that a good energy resolution
might be expendable in favour of a better time resolution.

4.4 Improvements of the Setup

From the previous section it can be seen that a way of event identification is going to be
indispensable for future experiments. While most of the problems that occurred at PSI
could be solved by taking advantage of a dedicated proton beamline, neutron discrimina-
tion is going to be necessary nonetheless. Also, for carbon measurements discrimination
of charged particles will be advantageous.

4.4.1 Discrimination of Neutrons

The discrimination of neutrons could be done in various ways. The most obvious way
is to eliminate the 2.225 MeV neutron capture line from the evaluation. However, the
last section showed that those events make up only a tiny fraction of the neutron events.
Another option would be pulse shape analysis (PSD). However, this would not take care
of neutron induced gamma creation, e.g. (n,y) reactions in the lead collimator. A much

better option is to use a fast timing detector and an event selection based on time of flight
(TOF).

From fig. [£.8 one can see that the arrival of neutrons in the detector will be delayed
compared to photons and thus an upper threshold of a few nanoseconds time of flight
will eliminate most, if not all, direct neutron events. Additionally, this method will take
care of gamma events coming from neutron capture reactions since they have relevant
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Figure 4.8: Geant4 simulated time distribution of the energy deposited in a detector positioned at
60 cm from the target with a collimator slit of 2 mm. Gamma radiation and neutrons are produced
by nuclear fragmentation of 73 MeV /u carbon ions on a PMMA target. Taken from Testa et al.
Nucl. Instr. and Meth. B 267 (2009) 993.

cross sections only at the end of the neutron flight path. The drawback of this approach
however, is the additional material needed for a start counter which will degrade the beam
quality. Also, a much faster primary detector than the HPGe is going to be necessary.
For future experiments it is planned to use a BaFy detector of approximately the same
dimensions as the HPGe detector.

Effect of Neutron Discrimination

In order to the see the effect such a TOF discrimination would have on longitudinal
measurements as the ones conducted at PSI, a complete scan along the beam axis was
simulated. The setup was the same as in the PSI experiments with a 102.3 MeV proton
beam but the distance between detector and beam axis was reduced to 40 cm (as originally
planned for PSI). The simulation was then conducted at 14 longitudinal detector positions
along the target, once with a collimator opening of 4 mm and once with 0 mm. Afterwards,
the whole procedure was repeated but this time a kill actor with neutron filter was attached
to the target’s surface. Hence, this second set of simulations eliminates all effects that are
caused by neutrons outside of the target, i.e. all direct neutron events and (n,y) events
from the collimator. In contrast to a TOF selection, gamma events from neutron capture
inside the target are not eliminated this way.

The results of both simulations are displayed in fig. and The data points in fig.
[4.9] are the differences in count rate between collimator opened to 4 mm and collimator
closed. Herein, shows the results from the normal simulation and the results
after adding a neutron kill actor around the target. In both settings one can see the drop
in counts at about 8 cm but the drop is more distinct with neutron discrimination. The
larger errors in the simulation without neutron filter are due to the offset that is created by
the neutron induced events. The need for two measurements, one with collimator closed
and one with collimator opened, is problematic because any clinical application will not
allow two consequent measurements. Fig. shows the data coming only from the
simulations with a 4 mm collimator opening. Without the neutron discrimination (fig.
the dominating trend is a monotonic increase in depth with a weak drop around
8 cm. However, if one now adds a neutron kill actor around the target (fig. , the
dominating trend is mostly gone and the gamma profile emerges. The remaining increase
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at large depth long after the ion range can most likely be contributed to photons coming
from forward scattered neutrons inside the target and should also be eliminated by a real
TOF selection.

The drop is still not as distinct as the production simulations would suggest. While this
has many reasons, one of them is the limited spatial resolution caused by the finite opening
of the collimator. Assuming the given geometry, a perfect collimator and a production
only along the target centre, the resolution as a function of the collimator opening g is

2
S(t)g'(H/_t—l) (4.1)
with detector face to target centre distance r and collimator thickness t. For values of
¢g =4 mm and t = 20 cm, the resolution becomes s = 3g = 12 mm for r = 40 cm (simulated
setup) and s = 5g = 20 mm for = 60 cm (setup at PSI). Considering this and the values
from fig. and the choice of 8 cm as one of the two reference position at PSI was
not perfect, not even if a pure proton beam would have been available.

4.4.2 Discrimination of Charged Particles

The discrimination of charged particles can be done by placing a thin sheet of scintillating
material directly in front of the BaFy detector. The interaction probability for gamma
radiation will be very small while for charged particles it is 100 percent and thus allows
for anti-coincidence measurements.

4.4.3 Construction of the Start Counter

The start counter ultimately limits the primary rate. Therefore, it was segmented and
16 bars of 4 x 4 x 40 mm were cut from a large plate of the synthetic material BC-408.
Each of them was glued on a SiPM using a optical glue. The SiPMs and the bottommost
part of each scintillator were covered with latex and stored overnight to dry. Then, each
individual bar was wrapped in thin aluminium foi]E| to obtain a maximum reflection of
the scintillation light. Afterwards, eight bars each were packed together and wrapped into
black tape. The border regions between tape and aluminium as well as the remaining
surface regions were again covered in latex to make sure that no light from the outside
can reach the scintillating bar. Both packs were put into a 3D printed frame, one layer
oriented in x direction and one in y direction. The schematics of the start counter can be
seen in fig. and some pictures from the construction process in fig.

4.4.4 Testing of the Start Counter

A first test with the start counter was done by measuring coincidences between the two
layers. Therefore, an improvised collimator consisting of two pieces of metal approximately
one and a half centimetre thick was put above the start counter and on top of it a %°Sr

5This sequence of action was important to make sure that the aluminium can not touch the open pins
of the SiPM.
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Figure 4.9: Longitudinal scan of the difference in count rates between 4 mm and 0 mm collimator
opening. Incident particles are 102.3 MeV protons. Simulation in GATE.
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Figure 4.10: Longitudinal scan with 4 mm opening. Incident particles are 102.3 MeV protons.
Simulation in GATE.
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Figure 4.11: Schematics of the start counter.

source. The main emission products of this source are 0.546 MeV and 2.284 MeV electrons.
With this setup, the possible interaction region for coincidences is restricted to the two
cubes of 4 x 4 x 4 mm at top of each other. A simple electrical circuit as displayed in
fig. Was build to trigger only on coincident events. The events were then recorded
on an oscilloscope with a 40 GHz/s sampling rate.

To allow a test of the time of flight capabilities of the start counter under normal laboratory
conditions (i.e. no high energetic proton beam is available), the TOF measurement was
done between the two layers of the counter, without a gap between them to improve
efficiency. Since the two layers are so close to each other, one can not hope to resolve the
timing difference At = t5 — t1. In fact, for a coincidence interaction region 10 mm from
the SiPM’s, the jitter resulting from the uncertainty of the interaction point is already of
the order of the time difference that results from the 4 mm centre to centre separation of
the two bars. Additionally, there is the uncertainty of scintillation light scattering inside
the bars, lifetime of the excited states, jitter coming from the SiPM and also the time
resolution of the oscilloscope. One possible test however, is to create an asymmetry on
purpose and see if the measurement can reproduce it.

Figure 4.12: Construction of the start counter/beam profiler.
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Figure 4.13: The coincidence measurement setup.

Let £ be the ratio of the number of events that show At > 0 to the total number of events,
ie.
(4.2)

The minimum travel distance s; for direct photons can be assumed as the distance between
the centre of the interaction region and the SiPM. For a symmetric travel path, i.e. s1 & s9,
one can assume that the jitter will dominate and on average we will have £ ~ 0.5. However,
if one chooses asymmetric travel paths, i.e. so > s1, the ratio should shift in favour of the
shorter travel path.

Two measurements, one with ss ~ s; &~ 10 mm and one with so =~ 3s; ~ 30 mm, were
conducted with about 200 coincidence events each. The timing difference was calculated
by constant fraction discrimination at 20%. The results can be seen in tab. While the
timing measurements themselves show a very large uncertainty as expected (even when
choosing only 'valid’ events with At > 0), the ratio £ shifts from 0.48 to 0.74 due to the
longer travel path in the lower layer. Therefore, this result provides evidence that the
setup is working correctly.

Measurement 1  Measurement 2

Sz 1 Sy 1:1 3:1

At (310 £ 1550) ps (280 + 240) ps

Atpos (220 £ 240) ps (290 £ 240) ps
3 0.48 0.74

Table 4.4: Results from the coincidence measurements. Each result was sampled from about 200
events. The quantity At,,s indicates the timing result when ignoring all 'non valid’ events, i.e.
such where At < 0.
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Chapter 5

Outlook

In this work, the possibility to use prompt gamma radiation to determine the ion range
in ion therapy has been investigated. A versatile detector setup was built and tested at
PSI. The recorded data could be reproduced by the simulation environment GATE. Apart
from the technical preparations for future measurements, the main result of this thesis is
the necessity of particle identification to reduce the neutron background. Ideally, this is
done with fast timing detectors.

Certainly, imaging in ion therapy will play an essential role in improving radiation treat-
ment quality. The three main approaches at this point are PGI (Prompt Gamma Imaging),
IVI (Interaction Vertex Imaging) and PET (Positron Emission Tomography), which were
discussed in section 1.2. In the first stage of clinical application, each of them will most
likely be used to calibrate the ion range prior to the actual dose delivery. With increasing
experience and improved prototypes it should then be possible to map the delivered dose
distribution during the treatment. It is important to point out that the three approaches
do not exclude each other and could be used at the same time, providing that a suitable
detector system is available. Indeed, the combination of two or even three independent
measurements would increase the accuracy and reduce the systematic error of event re-
construction. There are already several approaches going in this direction. The INSIDE
project (Innovative Solutions for In-beam Dosimetry in Hadrontherapy) aims to combine
in-beam PET with IVI [36]. The AQUA program [37] (Advanced Quality Assurance) goes
another step further and plans to build a complete multi-purpose detector system that
would allow to combine in-beam PET with IVI and two forms of proton tomography (Nu-
clear Scattering Tomography and Proton Range Radiography). Besides the combination
of different methods, it will be important to find new detector solutions for the individual
applications and gain a better understanding of the correlation between the deposited
dose and the ion-induced activity. A systematic study of the production cross sections
for prompt gammas, prompt protons and beta plus emitters over a large energy region
and for all relevant elements will certainly help with the latter and increase the quality of
simulations.
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Appendix A

GATE

GATE, the Geant4d Application for Emission Tomography, is a simple macro language
that builds around Geant4 and uses it to generate particles and simulate their transport
through different materials. It is developed by the OpenGate Collaboration. From their
wiki page: "GATE (...) encapsulates the Geant4 libraries in order to achieve a modular,
versatile, scripted simulation toolkit adapted to the field of nuclear medicine."

GATE simulations are written in .mac files and then executed with

I‘Gate example.mac

The following is a short example of a GATE macro file to measure the dose and gamma

production along the z axis as described in chapter 2.

© 0 O T W N~

NN DN DNDNDNRFR = B = =
T W NP O © 00O Ot W N+~ O

#
# PREPERATIONS

#

# Set engine
/gate/random/setEngineSeed auto

# Set material database, must be provided externally
/gate/geometry/setMaterialDatabase GateMaterials.db

# Create world
/gate/world/geometry/setXLength 1. m
/gate/world/geometry/setYLength 1. m
/gate/world/geometry/setZLength 1. m
/gate/world/setMaterial Air
/gate/world/vis/forceWireframe
/gate/world/describe

# Set up statistics actor
/gate/actor/addActor SimulationStatisticActor stats
/gate/actor/stats/save output/statistics.txt

# Load physics list, must be provided externally
/control/execute physics.mac
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50
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#
# TARGET
# ________

# Set up the volume

/gate/world/daughters/name phantom
/gate/world/daughters/insert cylinder
/gate/phantom/setMaterial Water
/gate/phantom/vis/setColor blue
/gate/phantom/vis/forceWireframe
/gate/phantom/geometry/setRmax 10. cm
/gate/phantom/geometry/setRmin 0. cm
/gate/phantom/geometry/setHeight 50. cm
/gate/phantom/placement/setTranslation 0. 0. 0. cm

# Set up dose actor
/gate/actor/addActor DoseActor dose
/gate/actor/dose/attachTo phantom
/gate/actor/dose/save output/dose.txt
/gate/actor/dose/stepHitType random
/gate/actor/dose/setResolution 1 1 500
/gate/actor/dose/enableDose true

# Set up production actor with gamma filter
/gate/actor/addActor ProductionAndStoppingActor gamma_prod
/gate/actor/gamma_prod/save output/gamma_prod.txt
/gate/actor/gamma_prod/attachTo phantom
/gate/actor/gamma_prod/setResolution 1 1 500
/gate/actor/gamma_prod/stepHitType post
/gate/actor/gamma_prod/addFilter particleFilter
/gate/actor/gamma_prod/particleFilter/addParticle gamma

#
# VISUALISATION
#

# Set up the viewer

/vis/open OGLIX

/vis/viewer/reset

/vis/viewer/zoom 2.0
/vis/viewer/set/viewpointThetaPhi 60 70
/vis/viewer/set/style surface
/vis/drawVolume
/tracking/storeTrajectory 1
/vis/scene/add/trajectories
/vis/scene/end0fEventAction accumulate 10
/vis/viewer/update

# Update the view
/vis/viewer/refresh

# Initialise the setup
/gate/run/initialize
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#
# SOURCE
#

# Create gaussian proton beam of 100 MeV
/gate/source/addSource H1 gps
/gate/source/H1/gps/particle proton
/gate/source/H1/gps/energytype Mono
/gate/source/H1/gps/monoenergy 100. MeV
/gate/source/H1/gps/pos/type Beam
/gate/source/H1/gps/pos/shape Circle
/gate/source/H1/gps/pos/centre 0.0 0.0 40.0 cm
/gate/source/H1/gps/direction 0 0 1

# Set sigma and emittance of the beam
/gate/source/H1/gps/pos/sigma_x 3.0 mm
/gate/source/H1/gps/pos/sigma_y 3.0 mm
/gate/source/H1/gps/ang/type beam2d
/gate/source/H1/gps/ang/sigma_x 0 deg
/gate/source/H1/gps/ang/sigma_y 0 deg

# Display source info
/gate/source/list

#
# EXECUTION
#

# Disable visualisation and start simulation for 100 primaries
/vis/disable

/gate/application/setTotalNumberOfPrimaries 100
/gate/application/start



Appendix B

Raw Data from Simulations

The raw data from the information displayed in tab. can be seen in the following
tables. The legend is the following: ’sim’ stands for the normal simulation with any kill
actor, 'filter n det’ is for the simulation with a kill actor around the detector to eliminate
direct neutron events, ’filter n target’ are the numbers from the simulation with a kill actor
around the target to eliminate all neutron induced events outside the target and ’filter n
pi p target’ are those for a neutron, pion and proton kill actor around the target. The
counts above 50 keV per incident particle from a primary proton beam of 102.3 MeV are

PosiTioN  OPENING S1M FILTER N DET FILTER N TARGET
08 00 6.0 - 1077 1.7 - 1077 29.10°8
08 04 721077 231077 10.1 - 1078
08 10 13.2 - 1077 6.7 - 1077 57.3 - 1078
19 00 9.6 - 107 2.8-1077 76108
19 04 9.9-10°7 2.8-1077 7.4 -1078
19 10 10.0 - 1077 3.5-1077 12.8 - 1078

from a primary pion beam of 331.6 MeV

PosiTioN  OPENING SMm FILTER N DET FILTER N TARGET FILTER N PI P TARGET
08 00 3.8.107° 1.0-107° 3.1-10°6 6.2 1077
08 04 4.0-107° 1.1-10°° 3.5-1076 8.6 - 1077
08 10 4.3 -107° 1.3-10°° 5.1-10°6 22.8 - 107
19 00 4.2 .107° 1.1 -107° 511076 4.7 -10°7
19 04 2.1-107° 1.2-107° 5.6 - 1076 731077
19 10 4.7 - 1075 1.4-107° 74 -1076 2121077

and the weighted mean of 0.024 protons and 0.976 pions gives
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PosiTioN  OPENING SMm FILTER N DET FILTER N TARGET FILTER N PI P TARGET
08 00 3.7-107° 1.0-107° 3.0-106 6.1-1077
08 04 3.9.10°° 1.1 -107° 3.4-1076 84107
08 10 4.2 -107° 1.3-107° 4.9 .10 2241077
19 00 4.1-107° 1.1 -107° 4.9 .10 461077
19 04 2.0-107° 1.2-107° 55-1076 721077
19 10 4.6 -107° 1.4-10°° 7.2-1076 21.6 - 1077
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