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Abstract

In radiotherapy, it is fundamental to manage the radiation damage in terms of tumor con-

trol and normal tissue complications. Thus, therapeutic strategies aim to find a compro-

mise between the applicable dose for clonogenic cell death of the tumor cells and possible

side effects. Radiobiological experiments may provide further insight into the damaging

effects of radiation.

Here, three different and independent research approaches in proton therapy physics from

the millimeter to nanometer scale are introduced to improve radiobiological experiments

and thus long-term therapeutic outcome.

The first project presents a method to optimize field shaping in the treatment modality of

proton pencil beam scanning in combination with collimating apertures. The fundamental

relationship between spot position and aperture edge with respect to the maximization of

the dose gradient is investigated in detail analytically, experimentally and in simulations.

It has been shown that positioning the outer spots beyond the aperture edge and further

combined with fluence modulation can obtain a sharper dose gradient. Thus, a lateral

dose fall-off from 80% to 20% of the relative dose profile can be achieved within a few

millimeters.

In a second project, an experimental setup is developed and optimized to deliver pro-

tons originally accelerated to clinical energies as efficiently as possible with an arbitrary

energy down to only a few MeV. The analysis of energy spectra, which are affected by

range scattering and fluence loss especially for low-energy protons, shows that there is an

optimal material thickness for decelerating protons to a required energy. This allows the

provision of proton fields of all energies relevant to radiobiology, especially down to a few

MeV with high linear energy transfer and ranges on the scale of 100µm, for performing

radiobiological experiments.

The third project investigates the radiosensitizing effect of platinum nanoparticles (PtNPs)

in proton therapy, which can potentially induce increased tumor control during treatment.

Promising results have been reported in the use of metal nanoparticles in radiotherapy

in terms of increased treatment efficacy. However, the underlying mechanism of the ra-

diosensitizing effect of PtNPs in proton therapy remains unclear. Experiments on tissue-

like samples with and without PtNPs have demonstrated no difference on a macroscopic
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scale in the stopping power or energy deposition of protons in the presence of PtNPs.

Thus, the project provides experimental evidence that the radiosensitizing effect of PtNPs

in proton therapy is not due to an enhanced energy deposition, thereby directing the re-

search focus of this effect to the chemical and biological phase of the radiation effect.

Accordingly, the projects investigated in this work provide individual contributions to the

radiobiological research and thus to the improvement of the radiation effect in proton

beam therapy.
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Kurzzusammenfassung

In der Strahlentherapie ist es fundamental den Strahlenschaden im Hinblick auf die Tu-

morkontrolle und auf Normalgewebskomplikationen zu steuern. Somit müssen Ther-

apieansätze einen Kompromiss zwischen der applizierbaren Dosis für den klonogenen

Zelltod der Tumorzellen und möglichen Nebenwirkungen finden. Mithilfe von strahlen-

biologischen Experimenten können weitere Erkenntnisse über die schädigende Strahlen-

wirkung gewonnen werden.

Diese Arbeit stellt drei unterschiedliche und unabhängige Forschungsansätze in der

Physik der Protonentherapie von der Größenordnung Millimeter bis zu Nanometer vor,

um strahlenbiologische Experimente und damit den langfristigen Therapieerfolg zu

verbessern.

Im ersten Projekt wird eine Methode zur Optimierung der Feldformung bei der Behand-

lungsmodalität von gescannten Protonennadelstrahlen in Kombination mit kollimierenden

Aperturen präsentiert. Dabei wird die fundamentale Beziehung zwischen Spotposition

und Aperturkante im Hinblick auf die Maximierung des Dosisgradienten im Detail ana-

lytisch, experimentell und in Simulationen untersucht. Es hat sich gezeigt, dass die Po-

sitionierung der äußeren Spots über den Aperturrand hinaus sowie weiterhin kombiniert

mit Fluenzmodulation einen schärferen Dosisgradienten erzielen kann. So kann ein lat-

eraler Dosisabfall von 80% auf 20% des relativen Dosisprofils von wenigen Millimetern

erreicht werden.

In einem zweiten Projekt wird ein Versuchsaufbau entwickelt und optimiert, um Protonen,

die ursprünglich auf klinische Energien beschleunigt wurden, so effizient wie möglich mit

einer beliebigen Energie bis hinunter zu wenigen MeV bereitzustellen. Die Analyse von

Energiespektren, die besonders für niederenergetische Protonen von Reichweitenstreuung

und Fluenzverlust beeinflusst sind, zeigt, dass es eine optimale Materialdicke für die Ab-

bremsung von Protonen auf eine gewünschte Energie gibt. Damit können Protonenfelder

aller strahlenbiologisch relevanten Energien, vor allem runter bis zu ein paar MeV mit

hohem linearen Energietransport und Reichweiten im Bereich von 100µm, zur Durch-

führung von strahlenbiologischen Experimenten bereitgestellt werden.

iii



Das dritte Projekt untersucht den strahlensensitiven Effekt von Platinnanopartikeln (Pt-

NPs) in der Protonentherapie, der potentiell eine erhöhte Tumorkontrolle bei der Behand-

lung bewirken kann. Bei der Anwendung von Metallnanopartikeln in der Strahlenther-

apie sind vielversprechende Ergebnisse im Hinblick auf eine erhöhte Therapieeffizienz

bekannt. Allerdings ist der zugrundeliegende Mechanismus des strahlensensitiven Ef-

fekts von PtNPs in der Protonentherapie bisher ungeklärt. Experimente an gewebeähn-

lichen Proben mit und ohne PtNPs haben auf makroskopischer Skala keinen Unterschied

im Stoßbremsvermögen oder der Energiedeposition von Protonen bei der Anwesenheit

von PtNPs gezeigt. Damit liefert das Projekt den experimentellen Beweis, dass der

strahlensensitive Effekt von PtNPs in der Protonentherapie nicht in einer erhöhten En-

ergiedeposition begründet liegt und lenkt dabei den Forschungsfokus des Effekts auf die

chemische und biologische Phase der Strahlenwirkung.

Dementsprechend liefern die in dieser Arbeit untersuchten Projekte individuelle Beiträge

zur strahlenbiologischen Forschung und damit zur Verbesserung der Strahlenwirkung in

der Protonentherapie.
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1. Introduction

Radiation therapy is an important mainstay in the treatment of malignant tumors. Thereby,

ionizing radiation is specifically directed onto tumor cells and its destructive effect on

the deoxyribonucleic acid (DNA) is exploited. While induced irreversible double-strand

breaks may lead to clonogenic tumor cell death, normal tissue cells should be protected

as best as possible from the exposure to high-energy radiation.

This damaging effect of ionizing radiation on cells depends mainly on the amount of

radiation delivered, i.e. the deposited energy in the tissue. The radiation effects on

a biological system consist of a variety of complex physical, chemical and biological

processes, which can be described in successive phases [Schlegel et al. (2018)]: Physical

interactions of the radiation and the cell’s molecules cause chemically altered molecules

through ionization or generate damaging free radicals. Interactions of these very reactive

free radicals with biomolecules also cause them to change chemically. Biological pro-

cesses for radiation damage regulation and enzyme reactions induce repair mechanisms,

cell divisions or initiate programmed cell death (apoptosis).

The cells of a human body respond to the absorbed dose in different ways, represented

by simplified dose-response curves for tumors and normal tissue cells in Figure 1.1.

The illustrated biological endpoints, the tumor control probability (TCP) and the normal

tissue complication probability (NTCP), approximately show a sigmoid dependence as

a function of the absorbed dose [Bentzen (2009); Baumann and Grégoire (2009)]. The

optimization of the physical and biological factors affecting TCP and NTCP may enable a

wider therapeutic window, increasing the probability of a successful radiotherapy. Thus,

an increase of tumor cell killing could be achieved through a more efficacious radiation

delivery or a more precise tumor targeting. This procedure, as well as an improved

sparing of normal tissue, would reduce the probability of complications in therapy and

highlights the substantial need for radiobiological and physical research. This goal is

addressed in this thesis in particular for proton therapy.

Proton therapy has its beginnings in the 1950s after Wilson introduced the use of protons

in radiation therapy in his pioneering work [Wilson (1946)]. Compared to conventional
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Figure 1.1.: Simplified schematic representation of the dose-response curves for tumors
and normal tissue as a function of dose. Tumor control probability (TCP) and
normal tissue complication probability (NTCP) are shown as typical end-
points. The gray shaded area between the curves indicates the therapeutic
window. Figure based on [Baumann and Grégoire (2009)].

photon-based radiotherapy, whose depth dose distribution follows roughly an exponential

decay, the interactions of protons or ions with matter result in a uniform low entrance

dose rising to a maximum dose deposition at a characteristic penetration depth, called

Bragg peak, followed by a sharp dose fall-off. This allows a dose escalation within the

tumor and at the same time sparing of normal tissue, especially beyond the tumor. Al-

ready in 1954, the first patient was treated with protons at Lawrence Berkeley Laboratory

(Berkeley, California), using the uniform low entrance dose (Section 2.1.4.1) [Lawrence

(1957)]. Already in 1958, a fractionated-based therapy concept and proton stopping in

the tumor was realized by Tobias et al. (1958). Since then, the number of proton therapy

facilities as well as treated patients with protons has increased nearly exponentially, due

to the promising physical properties for the radiotherapy [Jermann (2015)].

This work deals with physical challenges on very small scales to improve the radio-

biological effect of proton therapy. Following three different research approaches, the

efficiency of proton radiation in the tumor and a better sparing of normal tissue is investi-

gated.

The structure of this thesis is the following: Chapter 2 gives an overview of the funda-

mental aspects of proton therapy. Beginning with the interactions of protons with matter,

biological and technical fundamentals are presented.

The first research project deals with the formation of collimated scanned proton fields

(Chapter 3). It is studied to what extent the spot position optimization relative to an

aperture in the pencil beam scanning technique can sharpen the lateral field gradient.

An optimized field design is presented, which achieves lateral penumbras of a few

2



millimeters, allowing for a more targeted dose delivery and better sparing of the normal

tissue.

In the second research project (Chapter 4), an experimental setup is developed for

performing radiobiological studies with clinical protons at the few-MeV level. The

particular challenge consists in the provision of protons with residual ranges in the mi-

crometer range, which requires an optimization of the field design. The method developed

here allows cell experiments of high radiobiological interest, i.e. experiments with a high

linear energy transfer. In this way, important insights into the biological effects of particle

radiation can be gained.

The last project presented in Chapter 5 is based on a novel therapeutic approach for tumor

control in which the tumor is enriched with metal nanoparticles. Here, the radiosen-

sitizing effect of platinum nanoparticles (PtNPs) in combination with proton radiation

is investigated. To analyze the interactions of protons with PtNPs, the protons’ energy

deposition downstream of tissue-like samples spiked with PtNPs is explored. The local

enhancing radiation effect of these high-Z nanoparticles allows the tumor tissue to be

treated more aggressively, i.e. leading to a higher TCP.

Each individual project is based on a component of particularly small scale. Therefore,

the title Milli, micro, nano: Venturing to small scales in proton beam therapy physics

for radiobiological research has been chosen for this thesis. All results contribute to the

understanding of proton radiation effects, which are summarized in Chapter 6.
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2. Principles of proton beam

therapy

2.1. Proton interactions in matter

When proton radiation penetrates matter, protons interact with the absorber atoms, re-

sulting in energy loss and scattering due to a variety of mechanisms. Since protons are

charged particles, these interactions are dominated by Coulomb fields [Palmans (2015);

Newhauser and Zhang (2015); Attix (2004)]: The energy loss is mainly due to Coulomb

interactions with atomic electrons, leading to atomic excitation or secondary electron

emission (collision loss). Elastic Coulomb interactions due to scattering in the electro-

magnetic field of the nucleus (Rutherford scattering) deflect the protons and become

important for proton energy loss at low kinetic energies. These electromagnetic interac-

tions - collision loss and scattering - occur very frequently and define the proton stopping

power as described in Section 2.1.2. Additional to the deceleration process, infrequent

energy losses due to non-elastic nuclear interactions result in the generation of secondary

particles and a partial loss of the primary protons leading to a slightly attenuated primary

proton beam (Section 2.1.3).

Compared to the bound electron, the proton mass and its momentum is high, while

compared to heavy ions, it is low. Therefore, protons as projectiles behave physically

between electrons and heavy ions. The interaction processes presented below refer to

protons with therapeutic energies up to 250MeV.

2.1.1. De�nition of quantities

In order to characterize an irradiation field, the quantity fluence Φ is introduced. It is

defined as the number of protons dN per unit area dA, Φ= dN
dA . Describing the interactions

of protons with matter, the negatively defined mean energy loss dE per path length dx is

defined as the linear stopping power S = dE
dx . Usually given normalized to the material
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2. Principles of proton beam therapy

mass density ρ , it is the mass stopping power

S
ρ
=− 1

ρ

dE
dx

. (2.1)

Furthermore, the mass stopping power for charged particles is the sum of the mass

electronic stopping power
(

S
ρ

)
el
= − 1

ρ

(dE
dx

)
el due to atomic shell interactions (sub-

script ’el’), the mass radiative stopping power
(

S
ρ

)
rad

= − 1
ρ

(dE
dx

)
rad caused by emit-

ted bremsstrahlung (subscript ’rad’) and the mass nuclear stopping power
(

S
ρ

)
nuc

=

− 1
ρ

(dE
dx

)
nuc arising from elastic Coulomb interactions with the nuclei (subscript ’nuc’):

S
ρ
=− 1

ρ

(
dE
dx

)
el
− 1

ρ

(
dE
dx

)
rad
− 1

ρ

(
dE
dx

)
nuc

.

Since the radiative stopping power is only relevant for electrons or extremely high-

energetic ions, i.e. not for protons in the therapeutic energy range, only the electronic

and nuclear stopping power are described in more detail in Section 2.1.2.

To quantify the local ionization density, which also impacts the biological effect of pro-

tons traversing through material, the linear energy transfer (LET) is introduced as the

restricted linear electronic stopping power, LET∆. It describes the mean deposited energy

due to electronic interactions of charged particles (Section 2.1.2) - primary protons and

secondary particles from the nuclear interactions (Section 2.1.3) - to the material per path

length dx minus the energy deposition dEke,∆
dx of interactions producing secondary electrons

with kinetic energies above an energy limit ∆ [International Commission on Radiation

Units and Measurements (2014)]:

LET∆ =

(
dE
dx

)
el
−

dEke,∆

dx
=

dE∆

dx
. (2.2)

Thus, the LET is restricted to a region around the proton’s trajectory, with the radius

corresponding to the range of secondary electrons with the energy ∆. If no energy limit is

specified (∆→ ∞, dEke,∆
dx = 0), all secondary electrons are considered and the LET equals

the electronic stopping power.

The absorbed dose D is the mean energy dE imparted in a mass element dm,

D =
dE
dm

,

also written as the product of the fluence Φ and the mass stopping power S/ρ:

D = Φ
S
ρ
.
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2.1. Proton interactions in matter

2.1.2. Electromagnetic interactions and energy loss

The energy loss due to electromagnetic interactions occurs when protons penetrate matter.

This depends on the relation of the closest distance between the incident proton and the

nucleus s to the atomic radius ratom. Thereby, the energy loss scales inversely with the

squared distance. If s� ratom, the protons transfer a small amount of energy while in-

teracting with the whole atom, leading to atomic excitation or ionization (soft collision).

So-called hard collisions with large energy transfer arise when s ≈ ratom holds. In this

case, the protons interact with individual electrons, leading to secondary electron ejec-

tions, that are important for the definition of the LET (Section 2.1.1) and often known as

δ -electrons. The transferred energy to the electrons W can be described by the Rutherford

cross section σ differential in energy, dσ

dW ∝
1
E

mp
me

1
W 2 [Rudd et al. (1992); Palmans (2015)],

with the electron mass me ≈ 511 keV
c2 and the proton energy E and mass mp ≈ 938 MeV

c2 .

This relation is obtained from the usual expression of the Rutherford cross section (Equa-

tion 2.4). Thus, the cross section as a function of the transferred energy W is higher for

lower energetic protons as well as for generating low energetic secondary electrons. The

maximum secondary electron energy in a hard collision is given as [Gottschalk (2012);

Palmans (2015)]

Wmax ≈ 2mec2 β 2

1−β 2 , (2.3)

with the electron rest energy is mec2 ≈ 0.511MeV and the projectile velocity is given in

units of the speed of light β = v
c . This energy transfer is nevertheless relatively low: For

a proton energy of 200MeV, for example, secondary electrons of approximately 256keV

are emitted, which are important for the biological effect (Section 2.2.2). As a rule of

thumb, classically speaking, Wmax roughly corresponds to 4
(

me
mp

)
E ≈ E

500 with the proton

energy E, and the mass ratio me
mp
≈ 0.0005.

Beside these two processes of collision loss with the atomic shell, elastic Coulomb scat-

tering at the nuclei defines the nuclear stopping power for s� ratom. More precisely, it

specifies the scattering of a proton due to the electromagnetic field of the atomic nucleus.

In this single scattering process, the proton is changing its direction while losing a very

small amount of energy due to the recoil to the nucleus. This recoil energy is negligible

for proton energies higher than 1MeV and is only important at very low proton energies.

The single scattering angle is described by the Rutherford cross section,

dσ

dΩ
∝

Z2

E2 ·
1

sin4(θ

2 )
, (2.4)

with the atomic number Z of the target material [Palmans (2015); Rutherford (1911)].

This shows that the scattering cross section, i.e. the probability of proton scattering by the

7



2. Principles of proton beam therapy

nuclear Coulomb field into a given solid angle element dΩ, increases with lower proton

energy E as well as for smaller scattering angles θ . Since such a single scattering event

occurs very frequently and the deflection of the proton is very small, multiple scattering

events have to be considered [Gottschalk (2012)]. This so-called multiple Coulomb
scattering (MCS) is approximated by a Gaussian distribution for the mean scattering

angle

θ0 =

√
θ 2

0 (x) =
14.1MeV

pv
z
√

x
XR

[
1+

1
9

log10

(
x

XR

)]
[rad], (2.5)

where XR is the material-specific radiation length (Highland formula) [Highland (1975);

Gottschalk (2009)]. The mean scattering angle is smaller for a higher projectile velocity

v or momentum p (and mass), and increases for a larger thickness x of the absorbing

material and with the projectile charge z, which equals 1 for protons. In comparison to

other projectiles, the momentum with the high velocity is decisive, which is why carbon

ions undergo less scattering than protons.

This Gaussian approximation underestimates the number of single scattering events with

larger angles described by Rutherford (Equation 2.4). Taking this large-angle scattering

tail into account, more accurate but also more complicated theories of the angular distri-

bution were introduced by Molière [Molière (1948); Gottschalk (2012)] or Goudsmit and

Saunderson (1940).

The strength of the protons being scattered away from the initial beam direction is de-

scribed by the scattering power T = dθ0
dx [Newhauser and Zhang (2015)]. In analogy to the

stopping power, it describes the change in mean scattering angle within a certain material

thickness.

Although the electromagnetic interactions with the shell and the nucleus are the most

dominant interactions of protons with matter, the nuclear stopping power only contributes

at low proton energies (< 1MeV) to the proton energy loss. Therefore, the mass stopping

power in the therapeutic energy range is approximated by the mass electronic stopping

power S
ρ
≈ 1

ρ

(dE
dx

)
el.

Based on the first-order Born approximation [Bethe (1930)], the so-called Bethe-Bloch

formula expresses the mass electronic stopping power for charged particles. Theoreti-

cally, the formula is extended by some corrections for very low and very high particle

energies, which are described in more detail in Leo (1994), Attix (2004), Bloch (1933),

International Commission on Radiation Units and Measurements (1993) and Palmans

(2015). For the energy range of proton therapy, the Bethe-Bloch formula can be expressed
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2.1. Proton interactions in matter

as [Palmans (2015); Leo (1994); Gottschalk (2012)]

Sel

ρ
=

4πr2
emec2

β 2
1
u

Z
A

z2
[

ln
(

Wmax

I

)
−β

2
] [

MeV
g/cm2

]
(2.6)

with the classical electron radius re , the atomic mass unit u, the atomic number Z and

the relative atomic mass of the target atom A, the charge number of the projectile z (z = 1

for protons, but note the squared dependence for other ions), the largest possible collision

energy transfer to a free electron Wmax (Equation 2.3) and the mean excitation energy

of the target material I. There is an inverse square relationship of the proton velocity v,

contained in the β : If the protons slow down, the stopping power and thus the energy

deposition per path length increases strongly, reaching a characteristic depth where the

protons lose their entire energy, which explains the Bragg peak (see Section 2.1.4.1 and

Figure 2.1 (a)). The absorbing material contribution scales with Z/A to the mass stopping

power, as well as with the mean excitation energy I in the denominator of the logarithm.

Furthermore, the stopping power depends on the electron density of the material: n = Z·ρ
A·u .

2.1.3. Non-elastic nuclear interactions

In contrast to the Coulomb interactions, non-elastic nuclear interactions are of short range.

They occur when the proton distance s to the nucleus is approximately equal to or less

than the nuclear radius, s . rnucleus. For this, they must have enough energy to overcome

the Coulomb barrier. There is a lower energy limit for the cross section for these interac-

tions to take place, that for biologically relevant elements is about 8MeV [Newhauser and

Zhang (2015); Palmans (2015)]. Here, in contrast to the discussed MCS, the combined

effect of elastic scattering events with the nuclei, the kinetic energy is not conserved. This

non-elastic nuclear scattering is not included in the nuclear stopping power
(dE

dx

)
nuc intro-

duced before.

In general, protons are removed from the primary beam during the nuclear interactions,

resulting in an attenuated proton beam. At the same time, the nuclei of the material or

tissue can change or remain the same under the influence of the protons (the latter, a spe-

cial case of non-elastic interactions, is called inelastic). A nucleus can release the energy

gained by a penetrating proton by the process of nuclear evaporation or an intranuclear

cascade. Protons with low initial energies < 10MeV are absorbed by a nucleus, leaving

a highly excited nucleus (compound nucleus), which leads to the emission of particles in

the form of evaporation processes. The intranuclear cascade results from the interaction

with protons of higher energies, producing a spray of particles, i.e. ejecting high energetic

secondary particles, such as protons or neutrons [Palmans (2015); Ipe (2012)].

Besides the emission of particles in the cascade, a lot of excited nuclei are left behind. The

9



2. Principles of proton beam therapy

excited nuclei can also evaporate light ions, so protons, neutrons, light fragments (mainly

alpha particles), or they relax by an emission of gamma photons (in the following referred

to as gammas). This evaporation of light ions or the de-excitation of highly excited nuclei

happens on short time scales after the proton interaction (< 10−8 s), which is why such

emitted gamma photons are often called prompt gammas [Langen et al. (2015)]. In ad-

dition, inelastic proton interactions can lead to radionuclides (unstable isotopes like 15O,
11C, etc.), which decay for example via positron emission (β+-decay). The following

annihilation process will emit two coincident gamma photons of 511keV. These decay

processes are very slow due to the half-lives of the unstable isotopes (order of seconds

and minutes).

Both, the 511keV gammas and the prompt gammas, can be applied for in vivo dose veri-

fication: In a positron emission tomography (PET) scanner, the origins of the annihilated

gammas and thus the distribution of the primary proton absorption in the tissue can be

verified after the treatment. Prompt gamma imaging during a treatment with a slit camera

has shown the possibility to obtain prompt gamma detection profiles in dependence of the

depth in the patient [Smeets et al. (2012)].

2.1.4. Absorbed dose distribution of proton beams

2.1.4.1. Depth dose distribution

The three interaction processes, stopping, scattering and nuclear interactions, result in a

depth dose distribution of protons in matter, the so-called Bragg peak. The depth in a

tissue is usually referred to the depth in water, the water-equivalent depth (WED) (Sec-

tion 2.4.1). Figure 2.1 (a) shows the shape of the Bragg peak with characteristic regions

[Newhauser and Zhang (2015)]:

The electronic and nuclear buildup region is the dose deposition at the absorber surface,

when the proton beam penetrates the material. Its characteristic results from the emis-

sion of δ -electrons, which emerge due to the ionization processes of the initial proton

beam. Since the maximum electron energy corresponds to about 0.2% of the proton en-

ergy (Equation 2.3), the range of these δ -electrons in the above calculation example is less

than 2mm in water. Therefore, their dose is deposited close to the surface. As a result, the

electronic buildup in the material is usually not detectable. There is also a small increase

of the absorbed dose close to the entrance region due to the outcome of the nuclear in-

teraction [Palmans (2015)]. Once protons interact with the material, secondary particles

are generated by proton-induced non-elastic nuclear interactions, with a secondary parti-

cle equilibrium achieved in the first centimeters. Then, the primary beam has a uniform

admixture of secondary particles [Gottschalk (2012)].
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Figure 2.1.: Relative depth dose distributions of a pristine Bragg peak (a) and a spread-out
Bragg peak (SOBP) (b).

In the plateau region, secondary protons continuously contribute to the absorbed dose

with the increasing depth, which explains the proton buildup. Furthermore, in the plateau,

the decreasing primary proton fluence due to nuclear interactions counteracts the increase

in the stopping power with depth, due to the inverse square dependence on the velocity of

the protons (Equation 2.6). The increasing deceleration process leads to a sharp increase

in the energy loss per path length when the protons finally deposit their kinetic energy in

the environment. This results in the Bragg peak, at the depth of maximum dose depo-

sition. Due to statistical energy loss fluctuations (energy straggling, Section 2.1.4.2) the

peak has a certain width in distal direction. This area distal to the Bragg peak is called

distal fall-off. It is used to define the range of the proton beam, in which not all protons

stop at the same depth (range straggling, Section 2.1.4.2). Therefore, the mean projected

range R80 is defined, that is the water equivalent depth at which the relative dose has

dropped to 80%, corresponding to about 50% of the fluence. Consequently, the range of

a proton beam is defined at the depth where half of the initial protons have stopped. It is

therefore independent of the width of the Bragg peak [Paganetti (2012)].

Neglecting the lateral scattering, the mean projected range R80 can be numerically approx-

imated by the integral over the energy E of the inverse linear stopping power [Newhauser

and Zhang (2015)]:

R80(E) =
∫
E

S(E′)−1dE′. (2.7)

In order to cover the tumor with a uniform proton dose, Bragg peaks for different pro-

ton energies and intensities are used. The sum of the their deposited doses creates the

spread-out Bragg peak (SOBP), whereby the ranges are adapted to the tumor depth and
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2. Principles of proton beam therapy

dimensions. This ensures a dose coverage of the tumor, while sparing normal tissue

proximally and distally (Figure 2.1 (b)). The depth extension of the SOBP is called mod-

ulation width. This illustrative concept of SOBP with constant range modulation is more

commonly used in conventional passive delivery techniques based on beam scattering

(Section 2.3.3.1). Modern techniques, where narrow proton beamlets (spots) are scanned

over the target volume, use the principle of intensity modulation, realized by a fluence

modulation in three dimensions over the field (Section 2.3.3.2) [Lomax (2012)].

2.1.4.2. Energy and range straggling

When considering the energy loss of many protons describing the Bragg peak, the mean

energy loss is the important property (as the mean range discussed above). But each

individual proton interacts multiple times with the matter, which can lead to statistical

fluctuations in the energy loss of this proton per path length. Therefore, as mentioned

above, the energy loss determining the mass stopping power (Equation 2.1) refers to the

mean energy loss of a large number of protons of the same initial energy. The statistical

fluctuations thus lead to an energy loss distribution describing the probability of losing a

specific amount of energy. This energy loss straggling results in a total range straggling

σR, leading to a broadening of the Bragg peak. Based on the works of Lewis (1952) and

Bohr (1915), the range straggling can be formulated as the variance of the range straggling

distribution [Behrends et al. (2021)],

σ
2
R = 4πnZe4

E0∫
0

dE
(

dE
dx

)−3 1− β 2/2

1−β 2 , (2.8)

with the number of atoms per unit volume in the absorber n, the elementary charge e,

the initial kinetic proton energy E0, and β = 1−
(

1+ E
mpc2

)−2
= v

c , as above. Further,

the equation shows an increasing range straggling for a higher kinetic proton energy E,

material thickness x and atomic number Z of the absorber material.

Energy spectra The shape of the statistical energy loss distribution varies with the

absorber thickness and number of protons: For thin absorbers with a small number of

collisions, the distribution has an asymmetrical shape, described by the theory of Landau

(1944). Some protons experiencing electromagnetic hard collisions and thus high energy

loss produce some high energetic secondary electrons (Equation 2.3). For thick absorbers,

there are many individual interactions, so the central limit theorem holds and the energy

loss distribution can be approximated by a Gaussian distribution, which is described by

Bohr’s theory [Bohr (1915); Newhauser and Zhang (2015)]. In general, the energy loss
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2.1. Proton interactions in matter

probability distribution is an asymmetric Landau distribution, whose tail, however, is less

pronounced with a large number of protons and thick absorbers. However, while thin or

thick absorbers are distinguished in the literature, it is usually not clear to which relative

thicknesses the nomenclatures refer. Also, it must be stated whether the energy loss spec-

trum or the resulting energy spectrum is meant.

For example, Tschalär and Maccabee (1970) and Bichsel and Hiraoka (1989) have de-

scribed the dependence of the resulting energy distribution as a function of absorber thick-

ness and energy loss as follows: For thin absorbers leading to an energy loss of 20% of

the initial energy, the energy distribution can be described by Bohr’s theory. Accordingly,

it can be assumed that the central limit theorem would be fulfilled. With an energy loss up

to 80%, the energy spectrum results in a Landau distribution (correspondingly reversed,

since the energy loss spectrum follows the Landau distribution), with increasing asymme-

try. An energy loss of more than 80%, where accordingly a very thick absorber must be

present, results in a skewed energy distribution [Tschalär (1968)]. This is due to the fact

that not all protons contribute to the energy distribution anymore, since they have already

lost all their energy and are stopped in the absorber. Such skewed energy spectra become

relevant for spectra with very low proton energies (Section 4).

Reconciling the various theories and laws of physics, it is generally found that the shape

of the resulting energy spectrum depends strongly on the absorber thickness, the absorber

material and on the number of particles. In terms of proton therapy, a beam source can ac-

cordingly have a Landau-shaped energy distribution or a Gaussian-shaped one, depending

on the number of protons. For a clinical cyclotron, a Gaussian-shaped source is assumed,

since the number of initial protons is large. Furthermore, a degraded beam reaches the

nozzle, so a Gaussian-shaped energy distribution is applied to a patient when considering

the degrader (Section 2.3.2) as a thick absorber. The width of the spectra scales with the

material properties and the initial proton energy.

2.1.4.3. Lateral dose distribution and lateral penumbra

Due to the lateral scattering of the proton beam by MCS, the lateral profile of a field is

smeared out. At this point Moliere’s theory mentioned in Section 2.1.2 becomes important

to fully describe this smearing by large scattering angles of protons from hard collisions.

While a single pencil beam spot has an approximately Gaussian-shaped intensity profile,

s(x) =
1√

2πσs
e
− (x−µs)2

2σ2
s

[
1
m

]
(2.9)

with the integral normalized to 1 w.l.o.g., the standard deviation σs and the mean spot po-

sition µs, an extended field with uniform dose distribution shows a smeared box-shaped

13



2. Principles of proton beam therapy

dose (%)
95

80
60
40
20

90
PTV

thalamus

brainstem

80% isodose 

20% isodose

LP

Figure 2.2.: Illustration of the lateral penumbra of an uncollimated treatment field: Sagit-
tal view of a patient with craniopharyngioma. The relative dose distribution is
shown by the color washed areas and results from two opposing beams, with
one field coming from the view of the observer. The planning target volume
(PTV) and the nearby risk organs brainstem and thalamus are shown. The
orange line highlights the 80% isodose and the brown line highlights the 20%
isodose. The lateral distance between them is defined as the lateral penumbra
(white double arrow), which is here about 1cm. Patient is from the cohort of
Bäumer et al. (2021).

profile. The field size is generally defined as the distance between the lateral positions of

the 50% isodose of the relative beam profile. The parameter describing the dose fall-off

or field shape is the lateral penumbra (LP), which is commonly defined as the distance

between the lateral positions of 80% and 20% of the relative field profile [International

Commission on Radiation Units and Measurements (2007)]. Figure 2.2 illustrates the LP

in a proton dose distribution. The dose protrudes into the nearby organs at risk. This

highlights the importance to achieve the sharpest LP as possible in radiotherapy in order

to optimally protect surrounding normal tissue from the radiation. The optimization of

the LP will be examined in more detail in Section 3 of this thesis. This requires more

fundamental theoretical background:

In general, the LP depends on the lateral scattering power of the proton beam. This also

includes the scattering in air, which depends on the airgap, i.e. the distance between scat-

tering sources, such as exit window of the delivery nozzle, and the patient or any other

absorbing material. Since the lateral scattering also increases with decreasing proton

speed, MCS usually has the greatest influence on the LP, especially at larger depths in the

patient (Equation 2.5). However, the treatment technique essentially determines the LP,

which is why a distinction should be made between passive and active techniques when

analyzing the properties in more detail.
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2.2. Biological response of ionizing radiation

In passive techniques, MCS has the largest effect on the LP of the proton beam. In ad-

dition to the scattering in the patient, lateral scattering occurs in all components in the

beam path, for example for energy modulation, field shaping or monitoring. Collimating

apertures are necessary to limit the field laterally (Section 2.3.3.1).

In active techniques, the superposition of Gaussian-shaped spots (Section 2.3.3.2)

strongly influences the LP, as there are barely any scattering elements in the beam path.

Therefore, a minimal initial spot size, which is commonly associated with σs of the Gaus-

sian profile, is advantageous for a small LP. This also makes the LP depending on the

initial energy, since the spots are smaller for higher energies due to less lateral scattering.

Nevertheless, the scattering in air and in the patient also contribute to the LP.

When comparing the irradiation techniques, it has been shown that the LP of the active

technique is mostly inferior to that of the passive collimated technique. However, this

depends on the depth in the absorbing material: While the LP of the active technique in-

creases much slower with depth, the LP of the passive techniques is superior at the surface

and inferior at greater depths [Safai et al. (2008); Lu and Flanz (2012)].

In current researches - including Section 3 of this work - there are approaches to im-

prove the LP in the nowadays commonly used active delivery techniques: On the one

hand, the spacing and weighting of spots is investigated, whereby a higher weighting of

the outer ones at the edge of the field is advantageous for a small LP [Winterhalter et al.

(2018)]. On the other hand, the combination of the active technique pencil beam scanning

(Section 2.3.3.2) with collimating apertures also shows promising improvements of the

LP [Bäumer et al. (2019, 2021); Bues et al. (2005); Dowdell et al. (2012); Wang et al.

(2015)]. Specifically, the position of the spots relative to the aperture edge is investigated

in this work with regard to the LP, whereby and overscanning technique (spot position out-

side the opened aperture) can further sharpen the LP. Additional details and a description

of the whole project can be found in Section 3 of this thesis.

2.2. Biological response of ionizing radiation

Irradiation of living organisms leads to biological reactions with complex mechanisms.

The DNA damage caused by the irradiation leads to gene activation and signal transduc-

tion in the cell. As a result, there are cellular stress responses, DNA repair mechanisms,

cell death, impairments in cell growth or cell cycle. Further parameters like the amount of

oxygen in the cell (radiosensitivity increases with oxygen), nutrients or the influence of

neighboring tumor cells can also affect the biological response after irradiation [Coleman

and Harris (1998)].

From the radiotherapeutic point of view, the crucial question is: Do the irradiated tumor
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2. Principles of proton beam therapy

cells or normal tissue cells survive? To answer this question, the linear-quadratic model

describing the fraction of cell survival after irradiation is presented first. It is indepen-

dent of the radiation type. Afterwards, the biological effectiveness due to the ionization

density of different types of radiation is compared.

2.2.1. Cell survival and linear-quadratic model

While cell death can be defined in different ways, in radiobiology it is the loss of the

cell’s ability to proliferate indefinitely. Most commonly, clonogenic cell death, i.e. the

loss of the ability to form at least 50 daughter cells through multiple cell divisions, is used

[Herrmann et al. (2006)]. To quantify the radiation response in terms of cell survival, the

so-called clonogenic assay is used, which investigates the colony formation after irradi-

ation and provides the cell survival fraction (number of surviving cells over the number

of irradiated cells) in terms of the dose. The resulting dose dependent survival curve

has a characteristic linear-quadratic shape in a half logarithmic plot and is shown in Fig-

ure 2.3 (a). One mathematical description is therefore also called linear quadratic model,

which is the model in widespread use [Joiner (2009)]. The data can be fitted according to

the function SF(D) = exp(−αD−βD2). Here the function SF is the survival fraction, D

is the dose, α and β are fit parameters specific to the cell type, tissue type and radiation

type. In this model, the linear dependence of the dose in the half logarithmic plot, −αD,

describes the initial slope of the curve, which is based on nearby DNA double-strand

breaks from a single radiation interaction. The curvature of the curve is characterized by

the quadratic dependence of the dose,−βD2, resulting from independent nearby double-

strand breaks by two radiation interactions, where each individual hit is sublethal and only

the combination of both hits leads to cell death. The shoulder’s shape of SF is described

by the α

β
-ratio in the unit Gray at which αD = βD2 holds, i.e. the linear and quadratic

parts contribute equally to cell death (Figure 2.3 (a)) [Herrmann et al. (2006)]. A small
α

β
-ratio is associated with a large curvature, i.e. a strongly shaped shoulder, while a large

ratio implies a small curvature.

2.2.2. Ionizing density and radiation e�ectiveness

The large amount of relatively low energetic secondary electrons of short ranges from the

electromagnetic interactions of charged particles (Section 2.1.2) influences the biological

effect of the ionizing radiation. Thereby, the various types of radiation have a different

biological effectiveness, based on the ionization density, which is quantified by the LET

(Section 2.1.1): Photons and electrons are sparely ionizing and therefore defined as low

LET radiation. Although protons have a higher LET than photons or electrons, they also
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Figure 2.3.: Sketches of cell survival curves illustrating (a) the linear-quadratic model and
(b) the definition of the relative biological effectiveness (RBE).

rate as low LET radiation in the therapeutic range. Densely ionizing radiation, such as

heavy charged particles (alpha particles or carbon ions) are considered as high LET radi-

ation.

The LET controls the type of radiation effect that induces a biological damage. Ionizing

radiation can induce direct radiation effects, where the energy is absorbed in the target

molecule itself, or indirect radiation effects, where the damage occurs through a sec-

ondary process involving intermolecular energy transfer. In the indirect effect, radiolysis

of water, for example, produces radicals that induce damage via radical reactions in the

target molecule. While low-LET radiation produces a uniform dose deposition due to

more indirect radiation effects, high-LET radiation is more likely to induce direct radi-

ation effects causing in a locally deposited high dose [Herrmann et al. (2006)]. Based

on the simulations of Friedland et al. (2003), indirect radiation effects of protons pre-

dominate with respect to the generation of DNA single-strand breaks. This confirms the

classification of clinical protons in the low-LET range. Clinical protons with a relatively

high LET are produced in Section 4. In addition, the more frequent indirect radiation

effects of low-LET clinical protons are discussed in Section 5 of this thesis.

Cell survival curves for a low-LET photon radiation and a high-LET ion radiation are

shown in Figure 2.3 (b). Their different radiation effect leads to the relative biological
effectiveness (RBE) defined as the ratio of the reference dose Dref required for photons

and the dose required for ions Dion resulting in the same biological endpoint (isoeffect):

RBE =
Dref

Dion

∣∣∣∣
isoeffect

. (2.10)
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Figure 2.4.: Two treatment rooms of the proton therapy system at WPE: The fixed beam
treatment room (FBTR) with the IBA universal nozzle and the dedicated eye-
line in (a) and a treatment room equipped with a rotatable gantry with dedi-
cated nozzle in (b).

In Figure 2.3 (b), the endpoints of 10% or 1% of the cell survival level are illustrated as

examples.

In general, the RBE depends on many factors such as the dose, LET, ion type, biologi-

cal system and the chosen endpoints. Usually, for proton therapy treatment planning, a

constant RBE of 1.1 is used [Heuchel et al. (2022)]. This assumption is made although

the RBE increases at the distal end of the depth dose distribution, due to the increasing

LET with depth. This makes the RBE a challenging and important measure in treatment

planning [Paganetti et al. (2002); Lühr et al. (2018)].

2.3. Beam production and delivery at the WPE

The West German Proton Therapy Centre (WPE, Essen, Germany) is a clinical pro-

ton therapy facility equipped with an IBA ProteusPlus proton therapy system (IBA PT,

Louvain-la-Neuve, Belgium). It consists of four treatment rooms, one fixed beam treat-

ment room (FBTR) with a horizontal beam direction and three gantry rooms, where the

gantry can be rotated by 360◦ around the patient. There are in total five beam lines, as

the eye treatment beam line (in the following called eyeline) is located in the fixed beam

room too. This eyeline is similar to the one described in Slopsema et al. (2013). Two of

the four rooms have the IBA universal nozzle with the option to mount an aperture. The

two other rooms are equipped with the IBA dedicated nozzle.

All rooms operate in the commonly used pencil beam scanning technique (Sec-

tion 2.3.3.2). Only the eyeline uses the single scattering mode (Section 2.5). Figure 2.4

demonstrates the treatment room with the fixed beam and the eyeline in (a) and a treat-

ment room with a rotatable gantry in (b). These three beam lines (fixed beam, eyeline and

the gantry) were used for all measurements described in this thesis.

In the following, beam production and acceleration by a cyclotron, as implemented at
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2.3. Beam production and delivery at the WPE

WPE, is described. Furthermore, the beam guiding from the cyclotron to the treatment

rooms is presented, as well as the treatment techniques used in this thesis.

There are other possibilities of proton acceleration, for example by a synchrotron or the

mechanism of laser-plasma acceleration. The latter is discussed in Section 4.

2.3.1. Isochronous cyclotron

The basic components of the cyclotron are a proton source, a radio frequency (rf) system

with an alternating strong electric field to accelerate the protons and a high magnetic field

strength for deflection of the protons.

The cyclotron at the WPE is an isochronous cyclotron with a diameter of 4.34m accelera-

ting protons to a fixed energy of 230MeV [Ion Beam Applications (IBA) (2018)]. In the

center is a hot filament Penning ion gauge source. Electrons are emitted by the hot fila-

ment and accelerated. They ionize hydrogen gas by electron impact in a hollow cylinder

(Penning effect). The protons of the formed plasma can escape from the cylinder through

a slit. If they have the right rf phase, they are accelerated by the electric field of the nearest

electrode of the rf system [Schippers (2012)].

At the same time, a large magnetic field strength perpendicular to the particles’ motion

plane forces the accelerated protons onto a spiral-shaped trajectory due to the Lorentz

force
mv2

r
= Bqv

v= 2πr
T=⇒ T =

2πm
qB

, (2.11)

with the proton mass m, the magnetic field strength B and the proton charge q = ze. Since

the orbital period T is independent of the proton beam radius r and the proton velocity v,

all protons move on their circular path in the cyclotron on a line with the same azimuthal

angle [Schippers (2012)]. In the azimuthal direction, the magnet has a varying thickness

of four twisted pancake-shaped hills and valleys (more details below).

The proton acceleration system of the cyclotron is based on four cavities, which requires

two copper high-voltage electrodes (dees) placed diametrically in opposite valleys of the

magnet. These dees are mounted on copper pillars and, together with additional copper

sheets on the valley walls (counter dees), they form the cavities in which rf currents are

generated: The resonance frequency of the cavities is approximately 106MHz, which

corresponds to the 4th harmonic of the proton orbital frequency. This accelerating voltage

(here 60kV) has to be synchronized to the azimuthal proton positions for all radii. The

resulting alternating polarity of the high voltage supply causes currents flowing back and

forth in the cavity. The protons experiencing this electric field are accelerated strongly in

each of the four acceleration gaps between the dees and counter dees, whereby each dee

consists of an upper and a lower part at the same electric potential. Also, the volumes
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between the two dees are at ground potential, providing field-free areas, and making a

polarity reversal straightforward [Schippers (2012, 2015)].

Taking into account the relativistic mass increase at proton velocities close to the speed

of light (larger radii), the magnetic field strength increases radially from the central part

of the cyclotron to the outside, enabling a constant rf and a uniform beam current. This

is implemented by a decreasing distance between the magnetic poles towards the outer

parts. However, the radially increasing magnetic field strength leads to vertical defocusing

of the proton beam. Therefore, the hills and valleys at the poles are shaped such that a

focusing followed by a defocusing force acts on the protons in a horizontal plane. Since

the magnitude of the focusing force decreases with the radius, the hills and valleys as well

as the dees have to be wing-shaped. These technical details ensure a vertically stabilized

proton beam [Schippers (2012)].

For example, an applied voltage of 60kV and four acceleration gaps add 240keV per

cycle to the protons’ energy, so they need about 1000 cycles to reach their maximum

energy of 230MeV.

Afterwards, the protons are extracted from the cyclotron. A so-called septum is used to

deflect the proton beam from its circular path by means of a strong radial electric field.

In terms of charge carriers per time, proton currents up to 500nA can be achieved [Ion

Beam Applications (IBA) (2018)].

2.3.2. Ion-beam guiding to the treatment rooms

Since the isochronous cyclotron provides a proton beam of constant 230MeV, the beam

energy has to be reduced to the desired treatment energy. This is done with an exter-

nal energy selection system. A continuous degrader consisting of a rotating cylindrical

graphite (alternatively beryllium) absorber with variable thickness is used to adopt the

proton energy for clinical application between 100 and 230MeV. A collimator and slits

confine a diverging beam [Ion Beam Applications (IBA) (2018)].

After the energy selection system, the beam is guided by the so-called beam line to the

treatment rooms. The beam line consists of a vacuum chamber, some stainless steel tubes

as well as quadrupole and dipole magnets to focus and bend the proton beam. A shaped

and collimated beam with well defined parameters such as energy, energy and angular

spread, spot size and intensity at the beam exit in the treatment room is of particular im-

portance for the precise application of the field and therefore the dose to the patient’s

tumor.
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2.3. Beam production and delivery at the WPE

2.3.3. Beam delivery techniques

After the beam is guided to the treatment room, it is applied to the patient using passive

or active delivery techniques.

For passive techniques, the beam is laterally scattered. In addition, the depth coverage is

provided by a rotating modulator wheel, which changes the energy in small steps leading

to a uniform dose distribution in the SOBP (Figure 2.1 (b)). A passive modality is single

scattering, in which the beam is sufficiently scattered laterally while the modulator wheel

rotates so quickly that each depth is applied several times sequentially. Thus, the total

dose is applied in all three dimensions simultaneously. Typically, passive techniques are

combined with patient specific apertures and compensators to shape the field laterally and

in depth. However, due to the field size, wedges instead of compensators are usually used

for the single scattering techniques (see below).

An active technique is pencil beam scanning (PBS), in which the target is “painted” with

a pencil beam. In the following, single scattering and pencil beam scanning will be dis-

cussed in more detail, as they are used in this work.

2.3.3.1. Single scattering technique

For the single scattering technique, the initial Gaussian-shaped beam is expanded by a

single flat scatterer. Therefore, the technique is used for small targets (eyeline in WPE).

To irradiate eye tumors and thus superficial tumors, the proton energy from the cyclotron

has to be degraded, here at the eyeline to 82.5MeV. Lucite (polymethyl methacrylate) or

tantalum scattering foils spread the beam laterally. Upstream of the scatterer, exchange-

able range modulator wheels create an SOBP that extends to the surface. By mounting an

additional absorber of brass (stop block) upstream, the SOBP can be limited in proximal

direction (Figure 2.5). With the various wheels, ranges (at which the dose has dropped

to 90%) of R90 = 35mm to R90 = 5mm can be achieved. This corresponds to an ener-

gy range of approximately 22MeV to 65MeV. For a laterally confined beam, apertures

adopted to the patient’s tumor are mounted downstream. To create a sharp field, a major

part of the beam is blocked, resulting in a low efficiency.

There are three commissioned wedges made of polymethyl methacrylate (PMMA) at the

WPE, which can additionally be used for beam shaping [Wulff et al. (2023)].

2.3.3.2. Pencil beam scanning technique and apertures

The active delivery technique pencil beam scanning (PBS) scans a pencil beam in three

dimensions across the target volume utilizing dipole magnets (Figure 2.6). A pencil beam
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modulator wheel

scattererinitial 
Gaussian 

beam

patient specific
aperture

stop block

Figure 2.5.: Principle of the single scattering technique. The depth profile of an ini-
tial Gaussian-shaped beam is formed with an exchangeable range modulator
wheel and an exchangeable stop block. Then the beam is laterally scattered.
More downstream, the beam is laterally confined by an aperture. A more de-
tailed description is in the main text. In addition to the sketch, photos of a
stop block, a modulator wheel and a patient specific aperture are given.

emerging from the beam line already has an energy corresponding to the desired penetra-

tion depth. In contrast to the passive techniques, the energy is adjusted with the energy

selection system at the cyclotron. The Gaussian-shaped spots (Equation 2.9) are then

scanned laterally over the tumor volume in discrete steps using a fast-scanning and a slow-

scanning dipole magnet orthogonal to the beam direction (Figure 2.6). With this principle,

the so-called step and shoot technique can be operated, which is used at the WPE. During

treatment planning, the tumor volume is divided into depth layers, which are commonly

applied from the back to the front, i.e. starting with the highest energy. A scanning con-

trol system optimizes the treatment time by reordering the spot pattern in each layer from

the irradiation plan. The depth modulation of the dose is again achieved by modulating

the proton energy. Here, the energy switching time is an important factor, as it influences

the treatment time, but also the homogeneity of the dose if the patient moves [Paganetti

(2016)]. For superficial tumors, the energy can additionally be decreased with the help of

a range shifting block (short: range shifter, usually made from PMMA), which is mounted

in the snout. Furthermore, a collimating aperture can be additionally mounted to the snout

to sharpen the lateral penumbra (Section 2.1.4.3). Since a combination of the PBS with

an aperture is the basis for the project in Section 3 of this work, a typical aperture is added

optionally in Figure 2.6.

The biggest advantage of the PBS technique is the optional intensity modulation that

is commonly used today, the so-called intensity modulated proton therapy (IMPT). In

contrast to a single field uniform dose (SFUD) concept, where each contributing field

provides an individual homogeneous dose distribution to the overall homogeneous dose

distribution, IMPT exploits another degree of freedom: the cross-field fluence profile

modulation for each field [Lomax (2012)]. Each spot’s position and intensity is opti-

mized, resulting in a single field having an inherently inhomogeneous dose distribution.
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with min. energy

patient specific
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Figure 2.6.: Principle of the pencil beam scanning (PBS) technique. A fluence modulated
pencil beam is scanned laterally across the target volume in multiple energy
layers. The optional aperture is illustrated as a photo of a patient specific
aperture [based on Krämer and Durante (2010)].

Only the combination of all contributing beams guarantees an overall homogeneous dose

delivery. The three-dimensional fluence modulation makes IMPT a flexible and powerful

tool to confine the radiation to target volume, as long as there is no movement of the pa-

tient between the application of the fields. As a side effect, due to intensity modulation,

there is no classical SOBP as illustrated in Figure 2.1 (b) for an IMPT field.

2.4. Computational tools for proton transport

This chapter provides a brief introduction to the useful concepts of proton transport com-

putation for proton therapy. This includes the simple, but important and frequently used

concept of water-equivalent thickness. It also introduces the basic principle of a Monte

Carlo simulation, which nowadays is the state-of-the-art computation method in an ion

beam therapy treatment planning system (TPS).

2.4.1. Water-equivalent thickness

As already mentioned in Section 2.1.4.1, the penetration depth of protons into a material

and thus the specified range is commonly given for a water equivalent. Water represents

a tissue very well and is recommended as the reference medium in dosimetry for tissue-

like phantoms or the characterization of detectors [International Atomic Energy Agency

(IAEA) (2000)]. Therefore, the so-called water-equivalent thickness (WET) is used for

the definition of radiological depths. Based on Zhang and Newhauser (2009), the WET

of a material, WETmat, is defined as follows [Newhauser and Zhang (2015)]:

WETmat = hH2O = hmat
ρmat

ρH2O

Smat

SH2O
. (2.12)
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Figure 2.7.: Concept of the water-equivalent thickness (WET) and water-equivalent depth
(WED) [based on Zhang and Newhauser (2009)]. The initial energy E0, the
final energy Ef, the thickness of the material hmat and the water thickness
hH2O are relevant properties.

Here, h is the physical thickness, ρ the density and S the mean proton mass stopping

power defined by S =
∫

E SdE∫
E dE . The subscripts ’mat’ and ’H2O’ denote the used variables

for a specific material and water, respectively. The concept is illustrated in Figure 2.7.

For radiologically thin materials, with a low proton energy loss in the material, the WET

can be simplified to

WETmat = hH2O = hmat
ρmat

ρH2O

Smat

SH2O
(2.13)

with the mass stopping powers Smat and SH2O for the energy of the initial protons (Sec-

tion 2.1.1) [Zhang and Newhauser (2009); Newhauser and Zhang (2015)].

Experimentally, the WET of a material is usually determined as the difference of the mea-

sured ranges in water with (R80,mat) and without material (R80,no mat) in the beam path:

WETmat = R80,no mat−R80,mat. (2.14)

While the WET describes the radiological thickness of beam line objects or detectors, the

corresponding WED is specified for the water depth. The WED is applied, for example, to

characterize a depth dose curve (DDC), or the penetration depth in a phantom or a patient.

Therefore, the important concept of WET or WED is used for the quality assurance and

dosimetry. There is the need for reliable methods to compute and measure the quantities.

In clinical practice, a WET is traditionally measured by the range shifted in water due

to presence or absence of the material in the beam path. Overall, it can be found from

Equation 2.12 that the WET depends on the proton’s energy, as well as on the thickness

and type of the material of interest.

For the comparison of different computational or measurement methods, it is also com-

mon to specify the water-equivalent ratio (WER) of a material [Zhang and Newhauser
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(2009)]. It is the ratio of WETmat related to the physical thickness hmat:

WERmat =
hH2O

hmat
=

R80,nomat−R80,mat

hmat
=

WETmat

hmat
. (2.15)

These concepts of WET and WER are used in the projects in Section 4 and Section 5.

2.4.2. The Monte Carlo method

The use of Monte Carlo simulations in the field of medical physics has increased rapidly

during the last 50 years [Rogers (2006)]. The power of Monte Carlo methods results from

statistical approaches that solve, for example, radiation transport problems. Related to the

application of proton transport computations, the Monte Carlo method uses probability

distributions of microscopic interactions to describe protons in matter. Based on the in-

teraction cross sections, the interaction length and mean free path length is modeled for

each infinitesimal step for the proton path through matter. To do so, generated random

numbers applied on probability density functions are utilized [Agostinelli et al. (2003);

Wulff (2010); Geant4 (2020)]: This sequence of random steps with statistical events of

the initial protons and generation of secondary particles proceeds until the energy of the

particles is below a cut-off value. At that point, the particles stop in the material and de-

posit their remaining energy. Quantities such as the dose distribution, the LET or energy

spectra can then be calculated via a numerical integration. A sufficiently large number of

primary particles is needed to achieve a specific statistical uncertainty.

Monte Carlo methods are more accurate than analytical models, since the latter require

more approximations. Therefore, a TPS in proton therapy nowadays also usually calcu-

lates the dose using Monte Carlo simulations.

In general, a Monte Carlo simulation tool involves a beam source model, the treatment

head, and a phantom (patient) or detector. The proton source parameters implemented in

the beam model are mostly determined by measurements. Any implemented range shifter

or aperture is important for modeling the treatment head. A detector or phantom can be

divided into arbitrary small steps, defining a scoring grid.

Briefly speaking, a computed tomography (CT) image of the patient is performed and im-

ported into the TPS. The geometry of the patient is divided into voxels of an appropriate

resolution. For each voxel, the CT number given in Hounsfield units (HU) is converted

into a mass density via a calibration curve and also into a proton stopping power. The dose

of charged particles is calculated using the Bethe-Bloch formula (Equation 2.6), whereby

the proton transport through the patient geometry is based on the above discussed statis-

tical Monte Carlo method.
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collimated proton pencil beam

positions

For the investigation of the lateral shape of proton fields, this project deals with observ-

able scales in the millimeter range, the typical size for a lateral penumbra in proton pencil

beam scanning as illustrated in Figure 2.2 [Safai et al. (2008); Bäumer et al. (2018)].

Thereby, the application of a static or dynamic collimator offers more options for the field

shaping. This requires optimization of the collimator shape as well as the spots to be

optimized with respect to a fluence modulation and its positioning relative to the aperture

edge [Winterhalter et al. (2018)].

This thesis project deals with the optimization, i.e. the minimization, of the LP of proton

fields in pencil beam scanning with an additional collimating aperture. For this purpose,

the effect of the spot position with respect to the aperture edge in terms of dose fall-off

is investigated in detail analytically, experimentally and in silico. First, from a theoretical

side, two different analytical approaches are introduced in Section 3.2 to study the dose

profile for various positions of one spot hitting the aperture edge in air. These analyses of

the single spot in air are validated by measurements with radiochromic films on a clinical

pencil beam scanning beam line. Further comparison with Monte Carlo simulations in the

Geant4 TOol for PArticle Simulation (TOPAS) [Perl et al. (2012)] as well as in the TPS

RayStation (RaySearch Laboratories, Stockholm, Sweden) is presented in Section 3.3.1.

Further in silico investigations on the field shape of one collimated spot as a function if its

position are performed in water, for different energies and using a clinical range shifter.

In addition, two-dimensional spot pattern configurations with different spot positions to

the aperture edge are simulated with respect to the LP (Section 3.3.2). The results of

the experiments and simulations of a single spot in air (Section 3.4.1) confirm the the-

oretical analysis. A benefit from spot positioning beyond the aperture edge, here called

overscanning, in terms of LP is found. Further simulations of the profiles in water are

given (Section 3.4.2), as well as an analysis of two-dimensional fields in Section 3.4.3.

These in silico investigations indicate a further potential of overscanning in combination

27



3. Project milli: Optimization of collimated proton pencil beam positions

with fluence modulation. Overall, the spot overscanning method improves the lateral field

shaping. Such sharper dose profiles spare potentially organs at risk.

The methods and results of this project are presented in an own publication on this topic,

which is referred to once at this point to avoid frequent citations in the text below:

Behrends et al. (2023), Optimization of proton pencil beam positioning in collimated

fields, Medical Physics, accepted and online available, 2023.

3.1. Introduction to collimated proton �elds

High conformality of proton fields is particularly important to spare the surrounding tis-

sue during radiotherapy. A disadvantage of the characteristic depth dose distribution of

protons (Section 2.1.4.1) with the targeted dose deposition in the Bragg peak are range

uncertainties, whereby the maximum dose could be inadvertently deposited distal to the

tumor. This is coupled to an increased proton LET with depth and the consequent in-

creased RBE distal to the Bragg peak (Section 2.2.2). Because of these difficulties, the

optimization process in treatment planning seeks field designs that avoid proton stopping

directly in front of an organ at risk or restricts these field arrangements appropriately. As

a consequence, organs at risk are more often located laterally to the beam propagation

direction, requiring a sharp lateral dose profile, i.e. a small LP.

In pencil beam scanning (Section 2.3.3.2), a field consists of overlapping spots, whose

lateral dose profile is commonly approximated by a Gaussian function (Equation 2.9).

The LP of a PBS field is generally determined by the initial spot size, the lateral scat-

tering by MCS in the material or in the patient and by the influence of optional beam

shaping devices in the nozzle, like a range shifter or an aperture. However, PBS offers

further benefits for optimization, for example, the fluence modulation in IMPT compared

to passive application techniques. Safai et al. (2008) found that the LP of passive tech-

niques using a field shaping aperture is mostly superior to that of active techniques. These

observations suggest the combination of PBS with a collimating aperture. It has proven

to be beneficial for the LP when combining PBS with apertures or multi-leaf collimators

[Bäumer et al. (2019, 2021); Bues et al. (2005); Dowdell et al. (2012); Wang et al. (2015);

Tominaga et al. (2022)]. Related to this work, there are some approaches to improve the

lateral dose fall-off of PBS with apertures in proton therapy. For example, Bäumer et al.

(2018, 2019) have shown that some mechanical hardware modifications concerning the

order of aperture and range shifter in the treatment head can be beneficial for the LP. Fur-

ther, Winterhalter et al. (2018) pointed out that a fluence modulation, more precisely a

higher weighting of the spot placed on the aperture edge (edge enhancement), is advanta-

geous for the LP.
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Overall, this highlights that the LP in PBS fields with aperture can be influenced by a va-

riety of aspects, not all of which have been investigated or optimized so far. One of these

aspects is the reduction of the LP by spot position optimization relative to the aperture

edge, which is addressed in this project by theoretical considerations, experiments and

simulations.

3.2. Analytical approaches of lateral penumbra

optimization

The lateral one-dimensional dose profile of a PBS spot can be described by the Gaus-

sian function (Equation 2.9). Based on Sabbas et al. (1987), the profile of a collimating

aperture edge at its downstream end can be described by the Heaviside function

h(x) =

1 x≤ 0

0 x > 0
. (3.1)

The collimation effect on the spot is mathematically described by the multiplication of the

spot profile s(x) with the aperture profile h(x) [Sabbas et al. (1987); Hong et al. (1996);

Safai et al. (2008)]. To model the profile in a more downstream plane, it is convolved with

the Gaussian-shaped lateral spread

a(x) =
1√

2πσa
e
− (x−xmean)2

2σ2
a , (3.2)

which includes, for example, the scatter due to the intrinsic angular confusion of the beam.

The mean lateral position is denoted by xmean and the standard deviation σa approaching

typical beam optics in PBS. These definitions lead to the mathematical expression of a

collimated lateral spot profile

p(x) = (s(x) ·h(x))∗a(x), (3.3)

with the convolution expressed by the arithmetic symbol ∗. With respect to the opti-

mization of spot positions in PBS with an aperture, this chapter provides two analytical

approaches using Equation 3.3 regarding the resulting LP. Since the mathematical oper-

ation of convolution is inconvenient for an analytical consideration and h(x) is a non-

differentiable step function, both approaches make use of a simplification: While the

non-differentiable function h(x) in Approach A (Section 3.2.1) is estimated by an error
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function with small standard deviation, Approach B (Section 3.2.2) describes the convo-

lution over the width of the resulting profile as a quadratic addition of both widths. The

latter assumption would only be completely correct for the convolution of two Gaussian

functions.

3.2.1. Approach A: The analytical beam approach

The inversely proportional lateral gradient of a dose profile is used below as a measure to

describe the LP. This is founded on the numerical definition of a gradient and the linear

approximation of the profile in this range. For the gradient p′(x) of the collimated spot

profile p(x) this gives

LP =
(0.8−0.2)

p′(xc)
, (3.4)

with the profile p reaching 50% at x = xc, the most representative position within the LP,

since the side facing the closed aperture:

p(x = xc) = 0.5. (3.5)

It is worth mentioning that the position xc depends on the spot position µs. Figure 3.1 (a)

illustrates these defined quantities.

Considering the objective of this project, optimizing the spot position to minimize the

LP, the mathematical optimization problem translates into maximizing the gradient of the

dose profile p(x) and is written as:

maximize
over µs

{D [(s(x,µs) ·h(x))∗a(x))]} . (3.6)

Here, the differential operator D acts on the resulting profile of Equation 3.3. The mathe-

matical conversion D [(s(x,µs) ·h(x))∗a(x))] = D [s(x,µs) ·h(x)] ∗ a(x) reduces the opti-

mization to maximizing the gradient D [s(x,µs) ·h(x)].
The non-differentiable function h(x) is approximated by the error function with standard

deviation σh, modeling the aperture profile in a plane further downstream (subscript ’ds’)

[Sabbas et al. (1987); Hong et al. (1996); Safai et al. (2008)]:

hds(x) =
1
2

1− erf

 x√
2σ2

h

 . (3.7)

Therefore, the propagated spot profile in a plane further downstream is represented by

pds(x) = sds(x,µs) ·hds(x). This describes any plane further downstream, according to the

strength of aperture smearing and spot broadening, due to the propagation. The latter is
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Figure 3.1.: Illustration of Approach A: In (a), the one-dimensional profiles of the aper-
ture edge as an error function hds(x) with σh = 1.5mm, the Gaussian-shaped
spot profile sds(x) with σs = 5.2mm, and the profile pds(x) as a product of the
former are given. The analysis of the gradient pds′(x) and the resulting lateral
penumbra LPds as a function of different spot positions µs are visualized in
(b). To examine the influences of a varying spot position in detail, the con-
tributions of the addends from Equation 3.10 are shown as separate relative
gradients, as well as the total gradient pds′. The effect of the spot comes from
the first addend, which yields a straight line as a function of the spot posi-
tion, illustrated as a series with varying µs values denoted in mm on the green
lines. According to the µs values, the locations x = xc, where the gradient
equals 50%, are marked by the red crosses. The gray shaded area indicates
the closed aperture area. The second addend of Equation 3.10 is shown in
light blue and represents the influence of the aperture on the gradient of the
profile. The latter is marked by the dark red circles as a function of different
xc values for different spot positions µs. The inset provides the resulting val-
ues for the LP in dependence of the spot position, with the gray area again
marking the closed aperture. Figure based on Behrends et al. (2023).
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denoted by sds(x,µs). However, here this is mentioned for consistency and any change in

lateral spot position µs due to beam divergence in air is neglected for simplicity. It seems

reasonable that these profiles defined downstream of the aperture comprise a small contri-

bution from the lateral spread a(x). This assumption is not necessarily true, since hds(x)

is utilized only for differentiability with much smaller σh than σa and a(x) is eliminated

from the gradient expression.

This leads to the maximization problem of the gradient from Equation 3.6:

maximize
over µs

{D [sds(x,µs) ·hds(x)]} . (3.8)

Furthermore, following the condition in Equation 3.5, the profile becomes

pds(x) = sds(x,µs) ·hds(x)|x=xc(µs)
= 0.5. (3.9)

The gradient, now written as pds′(x) = D [sds(x) ·hds(x)], remains to be maximized for the

optimization problem when varying the spot position µs, which results in

pds′(x) = 0.5
(

sds′(x,µs)

sds(x,µs)
+

hds′(x)
hds(x)

)∣∣∣∣
x=xc(µs)

= 0.5

−x−µs

σ2
s
−

1√
2πσh

e
− x2

2σ2
h

1
2

(
1− erf

(
x√
2σ2

h

))

∣∣∣∣∣∣∣∣
x=xc(µs)

(3.10)

with the insertion of the spot and aperture profiles, sds(x,µs) and hds(x), and their deriva-

tives sds′(x,µs) and hds′(x).
Figure 3.1 (b) provides a graphical representation of the relative gradient components and

is explained step by step in the following.

The first addend of Equation 3.10, which is a straight line, is plotted as a series with vary-

ing µs values. The latter are indicated in mm on the corresponding line. It is intended to

evaluate the gradient pds′(x) at the point x = xc, which is related to the spot position µs.

Since the fraction sds′
sds

explicitly depends on µs, the values for xc for each spot position µs

are calculated first. For this, Equation 3.9 is solved for x = xc via determination of the

roots, pds(x)−0.5 = 0, for profiles with varying µs. In each case, the solution of the root

for the profile’s side pointing towards the aperture is taken. A third degree polynomial

fit function relates xc to µs: xc ≈ 0.0008 µ3
s −0.0073 µ2

s +0.1543 µs +0.2883. With this

result, the values of xc for various spot positions are available analytically for the gradient

analysis and are marked with the red crosses in Figure 3.1 (b).

One might expect a direct dependence of the fraction hds′
hds

on µs. This is not the case, since
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the fraction only applies to the position xc where the function value is determined. The

plot of hds′
hds

, which is the second addend of Equation 3.10, is displayed in light blue in

Figure 3.1 (b) and shows a strong decay with x.

The resulting gradient pds′(x) due to both addends for different values of x = xc is calcu-

lated and indicated by red circle markers in Figure 3.1 (b).

Equation 3.4 finally yields the LP from the gradient pds′ with varying spot positions µs,

which is given as LPds in the inset of Figure 3.1 (b). From the definition of the aperture

profile geometry in Equation 3.7, it follows that positive spot positions imply a spot over-

scanning. Overall, it can be seen that the gradient becomes larger for the absolute value

with increasing x and thus a larger overscanning, and the LP consequently decreases.

3.2.2. Approach B: The approximated convolution approach

The contributing components and the resulting dose profile p(x) as the convolution of the

multiplication of spot s(x) and aperture profile h(x) with the lateral spread due to angular

confusion a(x) (Equation 3.2) are presented in Figure 3.2. This approach approximates

the latter convolution by a convolution of two Gaussian functions. The width of the

computed profile is evaluated as a measure of the LP, as explained in the following.

Starting from the multiplication of s(x) and h(x), the product is given by

m(x) = s(x) ·h(x) =

s(x) x≤ 0

0 x > 0
=


1√

2πσs
e
− (x−µs)2

2σ2
s x≤ 0

0 x > 0
. (3.11)

These functions are shown in Figure 3.2. To describe the profile p(x) propagated to a

plane further downstream, m(x) has to be convolved with the lateral spread a(x), here

approximated by the quadratic addition of their standard deviations σm and σa. The fol-

lowing calculation is based on the full width at half maximum (FWHM), for which the

mathematical relation σ = FWHM
2
√

2ln2
holds. To find an expression for the FWHM of m(x),

FWHMm, m(x) is normalized to the maximum value, which is at µs for the case µs < 0

and at x = 0 for µs ≥ 0. This relative profile of m(x) is solved for the x values, returning

m(x) = 0.5. The FWHM results from the absolute value of the existing solution, since

here, FWHMm is the distance from x = 0 to the solution of m(x) = 0.5:

FWHMm =



∣∣∣µs−
√

2ln(2)σs

∣∣∣ µs < 0√
2ln(2)σs µs = 0∣∣∣µs−
√

µ2
s +2ln(2)σ2

s

∣∣∣ µs > 0

. (3.12)

33



3. Project milli: Optimization of collimated proton pencil beam positions

-20 -10 0 10 20
x (mm)

0

0.2

0.4

0.6

0.8

1

re
l. 

pr
of

ile

h(x)
s(x)

p(x)
m(x)

µs

-2 0 2 4
µS (mm)

LP
 (a

.u
.) 

LP = 1.13 σp

closed apertureopen

Figure 3.2.: Numerical presentation of Approach B: The aperture edge profile h(x) as the
Heaviside function, the spot profile s(x) and their product m(x) are given.
A convolution of m(x) with the lateral spread a(x) (Equation 3.2) yields the
resulting profile p(x). The lateral penumbra of the latter for varying spot
positions µs is shown in the inset, with the closed aperture marked by the
gray shaded area. Figure from Behrends et al. (2023).

The solution for µs < 0 is valid as long as |µs| ≤
√

2ln(2)σs. In the case of µs < 0

and |µs| >
√

2ln(2)σs, two solutions not equal to zero would satisfy the condition of

m(x) = 0.5 and the FWHM would correspond to their difference. However, the latter case

is not considered in this approach.

This enables the calculation of the FWHM of p(x) as

FWHMp =
√

FWHM2
m +FWHM2

a . (3.13)

By calculating σp for FWHMp, and using the relation between the standard deviation and

the LP obtained in Bäumer and Farr (2011), the LP can be deduced as

LP≈ 1.13σp. (3.14)

Applying this to several spot profiles for multiple spot position µs leads to the dependency

on the LP shown in the inset of Figure 3.2. It indicates a smaller LP for a larger spot

overscanning.
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3.3. Methods of collimated spot position optimization

3.3. Methods of collimated spot position

optimization

3.3.1. Veri�cation of analytical approaches

This section outlines the experimental methods and simulations used to validate the the-

ory developed in Section 3.2. As in the analytical approaches, the LP of a single spot

profile with varying spot position relative to the aperture edge in air is investigated. The

experiments are performed with film measurements and the simulations consist of com-

putations in TOPAS and in the clinical TPS. The general setup of the measurements and

simulations is sketched in Figure 3.3.

3.3.1.1. Measurements of single spot pro�les in air

The fixed beam line at the WPE with an IBA universal nozzle, which can be equipped

with an aperture (Section 2.3, Figure 2.4), is used for the experiments in the PBS delivery

mode. A half-open 3.3 cm thick brass aperture is attached to the snout. To measure the

effect of the spot position on the LP, the position of a single spot in the here-named spot

position plane is varied from −2mm to 5mm relative to the aperture edge, as shown in

Figure 3.3. Since the lateral spot positions in the scanning system are defined for the

isocenter plane and the beam is divergent, the positions defined in the spot position plane

have to be calculated for the isocenter plane. For this purpose, the known mean virtual

source axis distance, which is the mean distance of the scanning magnets to the isocenter,

is used (Figure 2.6). The protons have an energy of 150MeV with a width in air at the

isocenter of σs = 5.4mm.

To measure high resolution profiles in air, Gafchromic EBT3 radiochromic films (Ash-

land LLC, Bridgewater, NJ, USA) are used, which have a negligible entrance window

of 125µm polyester and are suitable for dosimetry of PBS with apertures [Maes et al.

(2019)]. These are attached to the surface of a stack of plastic blocks to ensure stable

positioning of the films perpendicular to the central beam propagation direction. These

plastic blocks can be seen partially in the photo of Figure 3.3. The optical density of

the two-dimensional dose distribution of each collimated spot is detected at a distance of

5cm and 13cm in air (detection planes in Figure 3.3). The films are scanned 40 hours

after exposure with the flatbed document scanner Epson Expression 10000XL (Epson,

Suwa, Japan) with a resolution of 0.13mm (200dpi) and a color depth of 48bit, i.e. 16bit

per color channel. Half an hour before the irradiated films are scanned, the scanner is

turned on to warm up and 10 blank scans are performed. To eliminate further impacts of

the scanner, a template is used, whereby the films are scanned at the same position in the
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Figure 3.3.: Sketch of the setup for experiments and simulations. The phase space source
and the propagation direction of the proton beam are indicated. The half-
open aperture with the edge at x = 0 is shown as a gray shaded area. The
multiple spot positions in the spot position plane are marked by the red dots.
These range from−2mm in-field to 5mm overscanning, as can be seen in the
magnification. The dose profile of each collimated spot is evaluated in 5cm
and 13cm airgaps by film measurements or simulations. The photo shows the
experiment with the half-open aperture mounted in the snout in the FBTR.
Figure from Behrends et al. (2023).
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center of the scanner and in the same orientation.

A calibration curve is used to map the optical density to the absorbed dose. This calibra-

tion is defined for the red color channel of the scanned films, which is the most sensitive

color channel for low dose levels [Sorriaux et al. (2013)]. For further analysis, the rela-

tive dose profiles are processed in the myQA software (IBA Dosimetry, Schwarzenbruck,

Germany, version 2.12). To compensate for uncertainties in the positioning of the films

in each measurement, they are shifted relative to each other, so that the 50% dose levels

align at the edge, with the measurement at µs =−2mm serving as the reference.

For the one-dimensional dose profiles perpendicular to the aperture edge, the row includ-

ing the pixel value of maximum intensity is selected. To compensate for small inaccu-

racies, two rows before and two rows after the selected one are also included. The dose

profile values for each lateral step are averaged over the five values and the standard error

is given.

3.3.1.2. Monte Carlo simulations of single spot pro�les in air

TOPAS Simulations of relative dose profiles of the collimated spots are computed in

TOPAS (version 3.5). In the measurements and as illustrated in Figure 3.3, the profile of a

single spot is recorded for multiple spot positions starting with µs =−2mm (in-field) up

to µs = 5mm (overscanning) recorded downstream of the aperture edge. The simulations

are based on a beam model in which the source is described by a phase space placed at the

snout exit 53cm upstream from the isocenter. From the phase space source, the protons

emanate from a bivariate normal distribution, for which the Fermi-Eyges parameters, the

mean energy corresponding to 150MeV (σs at source plane is 5.2mm) and the energy

spread, are defined [Verbeek et al. (2020); Bortfeld (1997); Clasie et al. (2012); Grass-

berger et al. (2014)]. Unlike the measurements, the spot positions are specified here in the

phase space source, which means that the defined positions in the spot position plane must

be projected back onto the source plane of the simulations. Thereby, the deflection of the

protons at the scanning magnets are considered in the beam model. The spot parameters

are computed by the method of Kimstrand et al. (2007).

According to the setup in Figure 3.3, a half-open 3.3cm thick brass block is positioned

in the aperture plane with the edge centered to x = 0 in the simulation environment. Cor-

responding to the composition of the brass aperture used, the mean excitation energy of

333.2eV is specified for brass. A one-dimensional air-filled detector volume scoring the

mean dose with a voxel length of 5mm parallel to the aperture edge, a voxel width per-

pendicular to the aperture edge of 0.05mm and a voxel length of 0.05mm in the beam

propagation direction (in z-direction) is created. Thus, each dose profile is captured at

5cm and 13cm downstream of the aperture in air with a lateral resolution of 0.05mm.
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For computing the electronic stopping power in air, TOPAS refers to the International

Commission on Radiation Units and Measurements (2014) Report 90. For the transport

calculations, the production cut for all particles is set to 5µm according to Wulff et al.

(2018) and the default value for the maximum step size of 1mm remained unchanged.

For each spot, 109 initial protons are simulated, resulting in a maximum mean statistical

uncertainty of 1% of all values of the relative dose profile above 10%.

As recommended in Jarlskog and Paganetti (2008), the physics packages g4em-standard

opt4, g4hphy QGSP BIC HP, g4decay, g4ion-binarycascade, g4h-elastic HP and

g4stopping are included in the Monte Carlo computation. No variance reduction strategies

are employed.

The RayStation treatment planning system The commercial TPS RayStation

(version 12A Evaluation) is additionally used to verify the single spot profiles. As for

the experiment and the TOPAS simulation, the setup shown in Figure 3.3 is used. A

half-open 3.3cm thick aperture made of brass, as described in Bäumer et al. (2021), with

the edge centered is placed in the snout of the PBS universal nozzle. The varying spot

position must be implemented in RayStation - as for the fields in the measurements - for

the isocenter plane, which is why the conversion of the spot propagation from the spot

position plane to the isocenter plane is applied. The proton energy is set to 150MeV with

a σs = 5.4mm at the isocenter in air. A 1× 1× 1mm3 dose grid is used for dose com-

putation in air evaluated at 5cm and 13cm distance downstream of the aperture. To set

the dose grid symmetrically around the center, care is taken to ensure an aperture edge

position centered within a voxel.

The implemented Monte Carlo dose engine, which calculates the dose up to a mean re-

lative uncertainty of 0.5%, adjusts the internal lateral computational grid in the aperture

block in accordance with the aperture opening size. For this reason, a smaller aperture

opening than in the experiment is chosen, while the position of the edge is maintained.

With a reduced aperture opening of 8cm2 in contrast to the half opened shape before, a lat-

eral block resolution of 0.2mm is achieved. However, no perturbing effects are expected

from this smaller opening.

3.3.2. Investigation of clinically relevant setups in silico

Previously, the simplest setup of a spot in air is studied based on theoretical approaches.

To investigate influences on the clinical outcome due to the potential impact of the spot

position on the LP, simulations in RayStation of more clinically relevant setups are per-

formed. First, a single spot is again evaluated but at this time in a water environment

for different energies and in combination with a range shifter. In addition, field profiles

38



3.3. Methods of collimated spot position optimization

of mono-energetic two-dimensional spot patterns with different spot configurations are

studied.

3.3.2.1. Single spot pro�les in water

Comparable investigations in RayStation as in Section 3.3.1.2 (same setup as in Fig-

ure 3.3) are performed for single spots in water. A second proton energy of 100MeV

(in air σs at isocenter 8.1mm) in addition to the 150MeV (σs = 5.4mm) is implemented.

In addition, the influence of two clinical range shifters is examined: For 150MeV the

clinical range shifter of the WPE, so-called RS74, with a water-equivalent thickness of

74mm is used, and for 100MeV the RS51, with corresponding 51mm WET, is used due

to the different proton ranges.

Unlike before, here, the isocenter is placed in the Bragg peak plane, which is located

in the target volume in a clinical situation. A clinically realistic airgap of 5cm between

snout and the water phantom is adjusted, except for the case of 100MeV spots without

range shifter. In this scenario, a minimal airgap of 6.1cm is possible due to the maximum

extended snout position under clinical conditions. Profiles with the spot positions from

−2mm to 5mm in the spot position plane are examined at different water depths. For both

energies, the depths at 3cm, 5cm and one in the Bragg peak vicinity, more specifically,

proximal 1cm to the peak, are evaluated. The latter approximates the modulation center

of the SOBP for clinical extended fields with multiple energy layers (Section 2.1.4.1, Fig-

ure 2.1). For 150MeV, an additional depth of 10cm is chosen.

Further parameters remained unchanged compared to the previous studies of spots in air

in RayStation.

3.3.2.2. Two-dimensional spot pattern

Various two-dimensional spot patterns are configured for a 4× 4cm2 aperture, with half

of each one-dimensional spot array sketched in Figure 3.4. The spots in RayStation are

calculated for an energy of 150MeV (σs = 5.4mm) and are placed with a constant spot

spacing of λ = 4mm in respect to each other. The distance of the spots with the outermost

position varies relative to the aperture edge, depending on the pattern arrangements: In

the in-field configuration, all spots are placed within the opening of the aperture, with the

outermost spots starting with a distance of λ

2 = 2mm to the aperture edge. In edge, the

outermost spots are positioned directly on the aperture edge (top right). The OS (overscan-

ning) configuration implies a possible configuration of overscanning with the outermost

spots positioned with an overscanning of λ

2 = 2mm. The OS enhancement configuration

implements the concept of fluence modulation of Winterhalter et al. (2018), where the

overscanned spots have an extra weight of 50%.
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Figure 3.4.: Schematic sketch of the two-dimensional spot patterns studied in RaySta-
tion. For each configuration, half of a one-dimensional spot row of the two-
dimensional pattern is sketched with Gaussian-shaped spots and a σs of 5mm.
The spot placement is adjusted relative to the aperture edge (at µs = 20mm),
while the spots are symmetrically arranged with a spot center spacing of
λ = 4mm for all configurations. In the sketch top left the in-field config-
uration is shown, where all spots are placed inside the aperture opening for
a distance λ

2 = 2mm from the edge. In edge, the outermost spots, here one
drawn in dark green, are positioned on the aperture edge (top right). In the
OS configuration (bottom left) the outermost spots, of which one is shown
in dark red, are λ

2 = 2mm overscanned and in OS enhancement configura-
tion, they are weighted by additional 50% (bottom right). Figure based on
Behrends et al. (2023).
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Figure 3.5.: Relative dose profiles of collimated spots at 150MeV in 13cm air for spot po-
sitions at µs =−2mm, 0mm and 2mm. The gray shaded area symbolizes the
aperture. Shown are the experimental data in blue colors, denoted by ’film’,
the Monte Carlo simulations with TOPAS in red colors and the RayStation
treatment planning system (’TPS’) in green dotted lines. For the film mea-
surements, the standard error of each sampling point is indicated by an error
bar. The errors of the Monte Carlo simulations are not shown because of their
smallness. Figure from Behrends et al. (2023).

As in previous computations in RayStation, the dose is calculated on a 1×1×1mm3 grid

in water and the dose profiles are extracted at water depths of 3cm, 5cm and 10cm. Since

the internal resolution of the block for aperture openings below 10cm2 is 0.2mm (as for

the previous RayStation calculations) and otherwise scales with the aperture opening, an

internal lateral computation grid of about 0.3mm is assumed for the aperture opening that

is here 16cm2. Further parameters and settings in RayStation, as well as the airgap of

5cm, remain as in the previous calculations.

3.4. Results of collimated spot analysis

3.4.1. Single spot pro�les in air

Figure 3.5 presents the relative dose profiles of spots at the aperture edge for the selected

positions µs = −2mm, so 2mm in-field, directly on the aperture edge (µs = 0mm), and

with 2mm overscanning, µs = 2mm. A comparison of the film measurements, as well

as the simulations with TOPAS and RayStation, is given. The profiles of the 150MeV

spots are shown here exemplarily for the 13cm airgap. The initial Gaussian-shaped spot

profile is asymmetric due to collimation and clearly truncated on the side towards the
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spots measured and simulated with varying spot position µs and 5cm (dashed
lines) and 13cm (dotted lines) distance in air. The relative LP values are
normalized to the value of LP at µs = −2mm. The aperture is indicated
by the gray shaded area, and the labels ’film’ and ’TPS’ refer to the film
measurements and simulations in the RayStation treatment planning system,
respectively. The lines connect the data points only to guide the eye. Figure
from Behrends et al. (2023).

closed aperture (gray shaded area), generating a sharp dose fall-off. The position of the

normalized maximum is closer to the aperture edge when the spot is placed on the edge

(µs = 0mm) compared to µs = −2mm, and even closer for 2mm overscanning. This

leads to a steeper dose fall-off from µs =−2mm to µs = 0mm to µs = 2mm.

Figure 3.6 provides an overview of the absolute and relative LP values from all investi-

gated spot positions in 5cm and 13cm air for the film measurements and simulations in

TOPAS and RayStation. Comparing the different airgaps for each evaluation method, the

absolute LP (upper graph) is larger after the protons have penetrated 13cm of air than

after 5cm of air. In addition, the film measurements reveal the smallest absolute values

and RayStation the largest. While the film measurements show small variations in the
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trend, the absolute LP generally decreases with larger spot position, which means from

µs =−2mm to µs = 5mm.

Basically, the relative values of the LP in the bottom graph of Figure 3.6, normalized

to the value at µs = −2mm, confirm the observed tendency of a decreasing LP from

µs =−2mm to µs = 5mm. Fluctuations in this trend for the film measurements, however,

are more apparent due to normalization. While the relative values at 5cm in RayStation

exhibit a smaller effect than those at 13cm, the relative ones in TOPAS at 5cm airgap

give the largest relative decrease in the LP for a larger spot position. A very good agree-

ment is found between the RayStation and TOPAS results at the 13cm airgap. Altogether,

the methods result in an average 20% decrease in the LP in air with 5mm overscanning

compared to a spot position of 2mm in-field.

3.4.2. Single spot pro�les in water

Figure 3.7 shows the results of the absolute and relative LP for the simulations in RaySta-

tion at different water depths for a 150MeV and a 100MeV proton spot with varying

position µs and for some cases in combination with a range shifter. The absolute LP at

shallow water depths of 3cm and 5cm is larger for 100MeV than for 150MeV, as shown

in Figure 3.7 (a). At greater water depths, 1cm before the Bragg peak and in combination

with a range shifter, the LP shows a smaller magnitude for the 100MeV protons. The LP

increases with increasing penetration depth for each energy, as also shown by the absolute

LP values with increasing air distance in Figure 3.6. Likewise, a decreasing trend of the

LP magnitude for overscanning can also be observed.

The relative values of LP, normalized to the value at µs = −2mm, are provided in Fig-

ure 3.7 (b). In general, a stronger effect on the LP is evident at 150MeV: The LP relative

to that at the spot position for −2mm in-field becomes smaller with increasing overscan-

ning. The same order of magnitude as in the studies in air (Figure 3.6), meaning a 20%

decrease in the LP with up to 5mm spot overscanning, can be observed at small water

depths of 3cm and 5cm. This effect decreases to about 15% at a water depth of 10cm.

At larger water depths close to the peak area or when applying a range shifter, the effect

further decreases, but there still remains a 7% to 10% reduction in LP at up to 5mm over-

scanning.

In contrast, at 100MeV there is almost no difference between various water depths or

in combination with a range shifter. Nevertheless, also a spot overscanning up to 5mm

results in a 10% decrease of the LP compared to the spot placed −2mm in-field.
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Figure 3.7.: Results of the absolute (in (a)) and relative (in (b)) lateral penumbra (LP)
of the collimated spot profiles in water simulated in RayStation for several
spot position µs and energies of 150MeV (left in (a) and top in (b)) and
100MeV (right in (a) and bottom in (b)). For each configuration, the values
are normalized to the value at µs = −2mm. With an airgap of 5cm (6.1cm
at 100MeV and without range shifter) water depths of 3cm, 5cm and 10cm,
as well as 1cm proximal to the Bragg peak are shown. The gray shaded
area implies the closed aperture and ’RS’ indicates that a range shifter is
included in the study. The latter has a water-equivalent thickness of 74mm
for 150MeV and 51mm for 100MeV. Figure from Behrends et al. (2023).
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Table 3.1.: Values for aperture margin with iso-coverage of 95% of the various field
configurations.

field configuration
aperture margin (mm)

3cm WED 5cm WED 10cm WED

in-field 7.1 6.1 7.7

edge 4.8 5.2 6.3

OS 3.1 3.5 4.6

OS enhancem. 1.1 1.4 3.1

3.4.3. Pro�les of two-dimensional spot patterns in water

The one-dimensional central relative dose profiles of the two-dimensional spot patterns

of Figure 3.4 are presented in Figure 3.8 (a), showing half of the profile from the center

of the field to the edge. The profiles consisting of 150MeV spots at 3cm water depth

are presented on the left, at 5cm water depth in the middle and at 10cm water depth on

the right. Comparing these water depths, it can be seen that the dose profiles are sharper

(larger slope at the edge) at smaller water depths.

Figure 3.8 (b) provides the LP values of the profiles shown in (a). From the previous

analyses it is known, that the LP increases with water depth for the same field configura-

tion. When comparing the different spot pattern configurations, differences in the LP are

further evident: For example, in 3cm water depth, there is a 30% reduction in the LP of

the OS configuration relative to the edge configuration, and almost 15% reduction of OS

enhancement relative to OS. For 5cm water depth, the LP of the OS arrangement relative

to the edge configuration becomes smaller by 26% and of the OS enhancement arrange-

ment relative to the OS configuration by 17%. The effect diminishes for the larger water

depths of 10cm: The values show an LP decrease of 10% of the OS arrangement relative

to the edge configuration and a decrease of nearly 13% from OS enhancement relative to

OS.

However, the spot arrangements yield differences in the shape of the field profiles, espe-

cially in the high dose region, which is indicated in Figure 3.8 by the 95% isodose. This

leads to different field widths and uniformities within the 95% dose level. To compare

the field widths with identical tumor coverage, the differences between the 50% isodose

and 95% isodose corresponding to the aperture margin in treatment planning are given in

Table 3.1. The values indicate that the aperture margin decreases from the in-field config-

uration through the edge configuration, the OS configuration up to the OS enhancement

arrangement. Moreover, it increases with increasing water depth, except for in-field and

5cm depth. In general, this trend reveals the proportionality of aperture margin and LP.
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Figure 3.8.: Central one-dimensional dose profiles at 3cm (left), 5cm (middle) and 10cm
water depth (right) from the two-dimensional spot pattern configurations with
150MeV spots simulated in RayStation, as outlined in Figure 3.4, are shown
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gives an overview of the LP values of the different spot pattern configurations
for the three water depths. Parts from Behrends et al. (2023).
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3.5. Discussion and conclusion of the collimated

spot position optimization

The impact of spot positioning in PBS with apertures relative to the aperture edge on the

LP is studied in detail for this project. It is demonstrated that spot overscanning, meaning

the placement of the outermost spot on the closed side of the aperture, provides a benefit

for the LP. A sharper LP potentially increases the sparing of normal tissue and organs

at risk lateral to the fields in PBS with apertures. To conclude these findings, analytical

proofs of a reduced LP with overscanning spot position are provided and verified with

measurements and simulations in air. In addition, in silico studies in water in the TPS

serve to evaluate the clinical impact based on different parameters, such as the combina-

tion with range shifters, and different energies or water depths.

Theoretical approaches of the spot penumbra optimization

By means of the two analytical approaches based on different assumptions, it could be

argued that the LP is influenced by the spot position and decreases with spot overscan-

ning. The first Approach A (Section 3.2.1) is based on the optimization problem in which

the gradient of the resulting spot profile should be maximized, as a measure for the LP.

Using Equation 3.10, this may suggest that for maximizing pds′ over µs, both addends

should point the trend in the same direction and the outermost spot edge is in line with

the aperture edge. However, as shown in Figure 3.1, the relative gradient of the aperture

is considerably larger in absolute magnitude than the relative gradient caused by the spot.

On the contrary, it is advantageous to place the outermost spots of a field in such a way that

the large contribution of the relative gradient of the aperture is exploited. In other words,

the position xc should be favorably modified for this purpose, which can be achieved by

overscanning. As this may be rather counterintuitive, Approach B (Section 3.2.2) presents

the analytical results from another point of view.

Both approaches adopted approximations, such as the choice of σh for the description of

the aperture profile downstream, or to simplify the mathematical operation of convolu-

tion. These simplifying assumptions in both approaches lead to the presentation of LP in

arbitrary units. Therefore, only a similar trend can be recognized, while the results from

the measurements and simulations (Figure 3.6) cannot be compared directly.

Validation of a collimating spot position theory

In general, the studies in Section 3.4.1 corroborate the theoretical approaches. The fact

that the normalized profile in Figure 3.5 is sharpest at µs = 2mm confirms the trend of

47



3. Project milli: Optimization of collimated proton pencil beam positions

a smaller LP with spot overscanning. The larger absolute LP values for a larger airgap

(Figure 3.6) are consistent with observations in other studies [Bäumer et al. (2019); Maes

et al. (2019); Ciocca et al. (2019)] and can be explained by an increased angular variance

of the initial spot with increasing airgap. With the longer trajectory of protons through

material, also the MCS increases (Section 2.1.2). Both Monte Carlo simulation meth-

ods reveal the same trend of decreasing an LP with overscanning. However, the absolute

values in RayStation are larger, which is due to the larger computation grid of 1mm,

causing a volume averaging effect. Due to the smaller resolution of 0.05mm, the TOPAS

simulations resulted in smaller values for the LP. However, although the film measure-

ments have a larger resolution of 0.13mm, the measured LP is still smaller than those of

TOPAS. This may be caused by inaccuracies in the TOPAS simulation, e.g. due to the

implemented beam model. Various influences on the film dosimetry, such as uncertainties

in the calibration curve or LET effects, can also be responsible. In addition, inconsis-

tencies in the spot positioning of the system during the experiment can play a role. The

latter are validated during the monthly quality assurance and the position accuracy is ex-

pected to be less than 1mm depending on the deflection distance. Nevertheless, these

differences in the absolute LP occur on extremely small scales. While the relative results

of the film measurements show variations in the trend, they also exhibit large error bars

because of the error propagation. Considering the standard errors, a decreasing LP with

spot overscanning is evident and the film measurements verify experimentally the trend

of the Monte Carlo simulations and analytical proofs.

An alternative dosimetry method to measure steep dose gradients would be a pixel detec-

tor [Schilling et al. (2022b)] or based on radioluminescence [Metzner et al. (2022)].

Investigations on the collimated spot positioning in water

Investigations of individual spot profiles in water show an LP increase with depth (Fig-

ure 3.7). There are two influences contributing to the smearing of the profile, i.e. the

increase of the LP, with water depth: On the one hand, there is the contribution of the

increasing angular confusion of the spot’s initial angular variance with depth, as in air.

On the other hand, the increasing MCS with water depth contributes to the increase in

LP. The results show that for the same water depths, 3cm and 5cm, the LP is smaller

for a higher energy due to its smaller initial σs and smaller initial angular variance. The

results in water are consistent with those of other studies [Bäumer et al. (2019); Maes

et al. (2019); Ciocca et al. (2019)]. The spot profiles in water with varying position for

150MeV at depths of 3cm and 5cm demonstrate a decrease in the relative LP of about

20% with 5mm spot overscanning (Figure 3.7), similar to investigations of a spot in air

(Figure 3.6). Further setups at larger depths, for 100MeV or in combination with a range
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shifter produce also an effect on the LP with overscanning, mostly in the range of 7%

to 10%. But overall, the results suggest a clinical relevance of this spot overscanning

method.

The smaller effect on the LP decrease for spot overscanning at larger depths can be

attributed to the increasing lateral scattering due to MCS with depth, as in air (Sec-

tion 2.1.2). MCS in PMMA is also responsible for a smaller effect on LP reduction in

the modality of collimated PBS with a range shifter for superficial tumors, which has

been considered in many publications so far [Bäumer et al. (2018, 2019, 2021); Bues

et al. (2005); Dowdell et al. (2012); Winterhalter et al. (2018); Maes et al. (2019)]. The

decrease in the overscanning effect on the LP for a lower energy reflects that this effect

depends on the initial spot width σs, like the LP itself. The relative benefit on the LP

from overscanning is therefore smaller with larger σs. Beyond these simple setups, these

results encourage further analyses of a spot position dependence on the LP in clinical

scenarios. Of potential interest would be treatment plans with multiple fields, fields with

multiple energies, configurations of different range shifter thicknesses or materials, and

modifying the order of aperture and range shifter in the snout, as analyzed in Bäumer

et al. (2018, 2019).

The results discussed so far consider only a single spot. Based on this, small fields

consisting of only a few overscanned spots are conceivable for stereotactical fields or

radiobiological applications, where the previously observed effect on the LP with single

spots is expected. For a more clinically representative setup, the effect is studied in

two-dimensional spot patterns (Figure 3.4), with the extension to fields consisting of

many spots proving to be straightforward (Figure 3.8). Using the simple field configura-

tions, the trend of the single spot analyzed before can be confirmed by the fact that the

arrangement with the outermost spots at 2mm overscanning results in a smaller LP than

with a positioning in-field or on the edge. Likewise, the LP increases with a longer proton

pathway due to MCS for the same field configuration. In addition, further benefits are

motivated by the fluence modulation. Even for non-collimated fields with contour-driven

spot positioning, a sharper LP is found when higher weights are applied to the outermost

spots [Meier et al. (2017)]. In Winterhalter et al. (2018) the technique ’collimated edge

enhancement’ based on fluence modulation by spot weight optimization at the aperture

edge in collimated PBS yielded also advantages with respect to the LP. The results in

Figure 3.8 highlight the potential of combining overscanning and fluence modulation for

spot optimization in the collimated PBS techniques. A consideration of other parame-

ters, such as variable spot weighting or spot spacing for field optimization, should be

addressed in follow-up research. Further, the overscanning method is associated with a
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high fluence loss demanding a higher accelerator output, which is an important aspect to

be considered.

Due to the fact that the two-dimensional spot patterns in Figure 3.4 are created manually

and thus represent academic cases, the results of their profiles in Figure 3.8 should be

interpreted carefully. The configurations are established to apply the results of a single

spot to a multi-spot field arrangement and therefore probably do not constitute a rea-

listic optimization problem in the treatment planning. A typical constraint for the plan

optimization would be to cover the tumor with the 95% isodose, which, when applying

a uniform dose in one field, meaning the SFUD concept (Section 2.3.3.2), is expected

to yield different and rather irregular spot arrangements per energy layer. These studies

nevertheless suggest that in any field layout, an improvement in lateral dose fall-off can

be achieved by spot overscanning. Additionally, the studies of these theoretical field

configurations emphasize the use of overscanning for the treatment planning due to the

required smaller aperture margin. The fact that the aperture margin in Table 3.1 in 5cm

depth is smaller than in 3cm depth for the in-field configuration, may be an effect of

the RayStation computation grid. In addition, a more sensitive effect of proton edge-

scattering at the aperture for the 95% isodose compared to the 50% isodose at shallower

depths would be conceivable (see the dose horns below). At greater depths, this effect

is expected to be compensated. Furthermore, the results in Table 3.1 show, that for all

investigated water depths, the aperture margin could be reduced by 1.7mm if the spot

is overscanned by 2mm than if it is positioned on the aperture edge for a 95% tumor

coverage, for example. This would lead to an increased sparing of normal tissue.

Further outlook on the spot optimization in PBS

While in clinical practice many different energy layers forming the spread-out Bragg

peak are applied to conformally cover the tumor in depth, this study examined one en-

ergy layer at a static aperture with regard to the spot position optimization. Therefore,

the question remains to what extent an advantage in the LP can be expected from spot

overscanning in fields with many proton energies. Based on this study and the fact that

the opening of a static aperture is optimized to conform to the projected tumor extension,

no different effect is expected for spot overscanning with multi-layer fields. After all, the

static aperture directly affects only a few layers or one energy layer.

The combination of PBS with a dynamic collimation systems is thought to be a promising

tool for improving the LP through spot optimization, based on previous investigations

of Hyer et al. (2014) and Moignier et al. (2016). Based on the superposition principle,

dynamic collimation forms a collimator setup for each energy layer. This enables the

possibilities of a continuous spot position and fluence optimization for each collimator
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setting and energy layer for the entire field formation. Such dynamic collimation systems

can be found in compact proton therapy systems with adaptive apertures, which are dy-

namic multileaf collimators for PBS [Vilches-Freixas et al. (2020); Grewal et al. (2021)].

Smith et al. (2016) have shown that a dynamic aperture generally has advantages over

a static aperture. However, if the application of the overscanning method achieves an

improvement in the LP for both methods, the relative output between them is expected to

remain unchanged. Furthermore, an aperture with a focusing opening would be conceiv-

able, which would follow the shape of the beam divergence. Oblique incident protons at

the aperture edge have to pass the same material thickness, which would likely reduce

the secondary effects at the aperture (see below) and lead to a sharper profile. This is a

theoretically interesting aspect, however, this hardware modification is difficult to realize

in clinical practice.

Comparing proton spot scanning techniques with conventional photon techniques, Wang

et al. (2014) found an initial proton spot size limit beneath which the proton techniques

provide some advantages in stereotactical applications. The application of apertures in

the PBS for field shaping makes these initial spot size constraints obsolete. Beyond that,

this project demonstrates that spot overscanning at the aperture edge can achieve an LP

in air of less than 1mm with an initial in-air spot width of 5.4mm at the isocenter. In

addition, the results of this project extend the studies of Wang et al. (2015) on the deter-

mination of the aperture margin in spot scanning proton therapy, since no overscanned

spot positions were considered in their study. Regarding the optimization process for the

irradiation planning, based on this work, it is recommended to insert an aperture before

spot optimization.

Moreover, secondary effects occurring in the interaction of the aperture material with the

protons should be taken into account with regard to the out-of-field dose. These include,

for example, the so-called dose horns formed by edge-scattered protons at the aperture,

affecting the dose especially in shallow regions as observed in Titt et al. (2007) and van

Luijk et al. (2001). At small depths, low-dose contamination of the generated secondary

charged particles can also be problematic. Additionally, overscanning can lead to an

increased neutron generation during the proton interaction with brass, since the increased

target area of brass causes a higher neutron production rate.

An increased LET of protons scattered at the aperture edge due to their higher energy

deposition is further expected. In the studies of Ueno et al. (2019), the observed enhance-

ment in the dose-averaged LET is negligible compared to the entire LET distribution.

Nevertheless, effects on the LET should be considered, in general when using overscan-

ning and especially when applying the method to small fields. Overall, these secondary
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effects influence the absorbed dose downstream of the aperture and should therefore be

investigated in more detail in the future.

Conclusions

This project presents a method for improving the lateral penumbra by a spot positioning

optimization relative to the aperture edge in collimated pencil beam scanning fields. Two

mathematical independent analytical approaches extensively examine the LP as a func-

tion of the spot position. The theoretical considerations reveal that the further the spot is

positioned beyond the aperture edge at the closed side, so-called spot overscanning, the

smaller the LP and thus the sharper the dose profile. Film measurements at the clinical

proton therapy facility WPE as well as Monte Carlo simulations in the TOPAS simula-

tion tool and in the commercial TPS RayStation serve to validate the analytical proofs.

Measurements as well as simulations confirm the result of the analytical approaches by

finding up to 20% decrease of the relative LP in air with 5mm overscanning. Moreover,

in silico investigations demonstrate an effect of 20% LP reduction for 150MeV at 3cm

or 5cm WED with 5mm overscanning. This shows, that overscanning affects the lateral

penumbra of collimated spots in water especially at higher energy, lower depths, and also

in two-dimensional field configurations. Combining such a spot position optimization

with the fluence modulation is identified as a promising tool for field shaping in PBS with

apertures.

Further research in collimated scanned proton beam therapy should elucidate secondary

effects such as the influence on the out-of-field dose as well as the LET in spot positioning

at the aperture edge.

Overall, these findings provide new possibilities for improving the lateral penumbra in

scanned collimated proton fields to spare nearby organs at risk, especially in the entrance

plateau. Particular potential is expected in combining this method with other techniques

such as dynamic collimator systems. In addition, the application with respect to small

fields, for example for small animal irradiations, offers particular benefit due to the rela-

tively higher effect of LP reduction.
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low-energetic proton beams for

radiobiological experiments

When providing very low-energetic proton fields at clinical facilities for radiobiological

experiments, the observed residual proton ranges are on the micrometer scale. They are of

special interest for cell experiments due to their high LET, but also for comparison with

alpha particles [Goodhead et al. (1992); Schneider et al. (2019)], carbon ions [Weber and

Kraft (2009)] or laser accelerated protons (LAPs) [Beyreuther et al. (2017); Hanton et al.

(2019); Raschke et al. (2016)].

First of all, a general overview of protons with energies down to the few-MeV level and

therefore correspondingly high LET is given. It is common to reduce the protons’ ener-

gy by means of absorbing materials (absorbers) in the beam path. However, at the first

glance, this method seems to be a trivial approach: the more material, the lower the proton

energy. In fact, it entails a special challenge due to physical aspects of increasing range

straggling (Section 2.1.4.2) and decreasing fluence as a function of WED. The energy

range of 2.5MeV to 3.3MeV for LAPs, implies residual ranges of about 110µm to 180µm

in water [Berger et al. (2010a)]. Components for a suitable setup to provide such low-

energetic protons as well as a possible technique for dosimetric characterization under

these extreme conditions at a clinical beam line are developed and optimized. Monte

Carlo simulations are conducted to analyze the energy spectra downstream of various

absorber thicknesses. An optimized setup is presented for the implementation of these

fairly low proton energies at a clinical facility. In other words, for each target energy there

is an absorber thickness at which the maximum possible fluence can be achieved. Depth

dose measurements are compared to depth dose simulations and the LET distribution is

calculated.

The entire chapter is based on an own publication, which reference is given here once to
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avoid frequent citations in the following:

Behrends et al. (2021), Technical note: Providing proton fields down to the few-

MeV level at clinical pencil beam scanning facilities for radiobiological experiments,

Med Phys, 49:666-674, 2021.

4.1. Application of low-energetic proton �elds

Radiobiological studies for a high-LET proton radiation are of particular interest. The

LET increases sharply in the Bragg peak, so that the assumption of a constant RBE of

1.1 is an oversimplification (Section 2.2.2). With the help of cell experiments for this

LET range, the radiation effect due to a higher RBE could be investigated with regard to

normal tissue complications. In addition, more in vitro data can be provided to develop or

validate RBE models, for example based on different ion types [Tian et al. (2022)]. This

leads to the opportunity to improve concepts of treatment planning with respect to distally

located organs at risk. The radiobiological effect of high-LET protons is also discussed in

other studies [Chaudhary et al. (2014); Guan et al. (2015); Dahle et al. (2017)].

Since most clinical facilities can provide proton energies between 60−230MeV, the most

challenging aspect of this kind of experiments is to generate the low proton energies. Re-

garding previous projects for low-energetic protons, the proton beam in the work of Dahle

et al. (2017) is generated at a research institute and therefore not within clinical param-

eters, and an eye treatment beam line was used in Chaudhary et al. (2014). Therefore,

the generation of a suitable low-energetic proton beam in the high-LET range at a clinical

PBS facility is still outstanding. The biological effectiveness was already addressed by

the work of Guan et al. (2015) and Patel et al. (2017) in which absorbing materials of

different thicknesses was placed in the beam path to degrade the energy of the protons

for different LET values. An in silico implementation using a small animal irradiation

platform at a clinical proton therapy facility with energies between 20 and 50MeV is

presented in Gerlach et al. (2020).

Example: Comparison with laser accelerated protons Laser-plasma accelera-

tion is an alternative proton acceleration technique in addition to the acceleration with

a cyclotron (Section 2.3.1) or a synchrotron. The acceleration process is based on the

method of target normal sheath acceleration [Roth and Schollmeier (2016); Wilks et al.

(2001)]. A major advantage for clinical application would be the much simpler laser beam

guidance by lenses and mirrors, not requiring elaborate shielding [Schippers (2015)]. In

addition, LAPs induce ultra-high dose pulses (in the order of 108 or 1010 Gy
s ) due to

a high acceleration by ultra-short and high-intensity laser pulses [Karsch et al. (2019);
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Ehlert et al. (2021)]. Therefore, LAPs are of particular interest in radiobiology with re-

spect to the novel so-called FLASH radiotherapy modality. This technique is based on

ultra-high dose rates eliciting different radiation responses between normal tissue and tu-

mor cells [Favaudon et al. (2014)]. The FLASH radiotherapy characterized by dose rates

above 30 Gy
s has shown normal tissue sparing while offering an unaltered tumor response

[Montay-Gruel et al. (2019); Al-Hallaq et al. (2019); Kroll et al. (2022)]. Up to now, the

underlying mechanisms of the FLASH effect have not been clarified. There are different

hypotheses concerning dose rate effects and the influence of oxygen content on radiosen-

sitivity. An overview is provided in Favaudon et al. (2021). Adrian et al. (2020) pointed

out that the high dose rate causes oxygen depletion in normal tissue, leading to hypoxic

and thus more radiation-resistant cells. On the contrary, the results of Labarbe et al.

(2020) indicated a radical-radical recombination as the major mechanism of FLASH. The

recombination leads to shorter lifetimes of the damaging radicals, which correlates with

a reduced probability of normal tissue complications.

The extent to which LAPs can also induce a FLASH effect is still unknown. However, a

recent work of Pawelke et al. (2021) shows, that electrons with a dose rate ≥ 109 Gy
s pro-

duce a FLASH effect in zebrafish embryos [Kroll et al. (2022)]. Moreover, Raschke et al.

(2016) have already proved that LAPs induce a similar DNA damage, but less immediate

nitroxidative stress in comparison to conventional protons. They have supposed that this

is due to the particularly high dose rate of LAPs. This implies a need for interdisciplinary

research of FLASH radiotherapy and LAPs to investigate and compare the underlying

radiobiological or chemical processes. In addition, comparing cellular radiation damages

of conventionally accelerated protons at a clinical beam line and LAPs would be of par-

ticular interest for future developments.

The proton fields from a clinical proton therapy machine used in this project are intended

to correspond to the typical energy range of the LAPs (2.5− 3.3MeV) generated with

the Arcturus laser system at the Institute of Laser and Plasma Physics at the Heinrich-

Heine-University Düsseldorf [Cerchez et al. (2019)]. There, a setup for the application of

the generated LAP radiation is available: A vacuum chamber with two pinholes is used

to spatially confine the protons to a narrow pencil beam. The latter is deflected by two

magnet yokes, whereby the protons possess a defined direction and an energy dispersion.

These kind of proton fields has already been used to verify an increased double-strand

break induction with a higher LAP dose [Ehlert et al. (2021)].

For simplicity, the acronym LAP refers in the following to the particular energy range of

2.5−3.3MeV.
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Figure 4.1.: Characterization of the aluminum range shifter: A photo is shown on the left,
the simulated depth dose curve of initial 120MeV protons downstream of
the aluminum range shifter (middle part), and the resulting energy spectrum
downstream (right).

4.2. Experimental methods and computer

simulations

A setup is designed to be attached to the IBA universal nozzle for the fixed beam line at

WPE (Section 2.3, Figure 2.4). The preparations and optimizations of the experimental

setup with considerations about the absorber, the field design and detection for the low-

energetic protons are presented in the following. In addition, the details on the Monte

Carlo simulations of the energy spectra downstream of the various absorbers, as well as

of the depth dose and LET of the degraded protons, are described.

4.2.1. Characterization of absorber materials

A range shifter block is designed for the snout of the WPE system. The material of the

block has to fulfill the following properties: Since both, range straggling (Equation 2.8)

and MCS, scale with the atomic number Z, a material with the lowest possible Z should

be chosen. In addition, it should have a small temperature coefficient of expansion and

in general it should be practical to fabricate in the in-house workshop. Based on these

criteria, an aluminum alloy consisting of aluminum (94.8%), magnesium (4.5%) and

manganese (0.7%) is used. The cylindrically shaped aluminum block is fabricated and

laterally enclosed in PMMA to match the dimensions of a clinical range shifter for the

snout holder. For details on thickness and WER, see below.

Figure 4.1 shows a photo of the aluminum range shifter (left). The DDC in water for

protons with an initial energy of 120MeV (range in water: 106.6mm) is simulated down-

stream of the range shifter and scored for a simple model in TOPAS (more details in

Section 4.2.3). The outcome is shown in the middle of Figure 4.1. The protons passed
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through the aluminum range shifter still have a residual range of about 2.4cm. This im-

plies, that 120MeV is well suited as an initial energy, since the entire Bragg peak can

be observed downstream the aluminum range shifter, allowing normalization during post-

processing. This energy provides enough flexibility to vary the total absorber thickness

with additional material to study the resulting effect. The resulting energy spectrum down-

stream of the aluminum range shifter of the simple Monte Carlo simulation is shown on

the right. On average, the remaining protons have an energy of 53.5MeV.

In order to further reduce the energy and thus the range of the protons, solid water phan-

toms, hereafter called RW3-plates (SP34, type RW3, IBA Dosimetry, composition: 98%

polystryrene + 2% TiO2), are used. These are also included in clinical quality assur-

ance routines and are available in nominal thicknesses from 1mm to 10mm. To facilitate

smaller step sizes for the DDC measurements, 50µm Mylar foils are utilized. The extra-

polation ionization chamber (IC) also used for the measurements (Section 4.2.2) has an

entrance window made of 25µm Kapton. Figure 4.2 presents a schematic sketch of the

variable absorber combinations (left part). For visualization, the varying shapes of en-

ergy spectra described in Section 2.1.4.2 are shown. In order to provide a very specific

energy range, here that of the LAPs, an energy selection system would be necessary. The

implementation at the institute in Düsseldorf (Section 4.1), in which a vacuum chamber

with two slits and two dipole magnets is used, is sketched here as an example (Figure 4.2,

dashed box, right). Even though the energy selection system will not be considered fur-

ther on, it is shown for the sake of completeness. More details on this topic can be found

in Raschke et al. (2016).

The Kapton layer represents the entrance window of the vacuum chamber. Since the

extrapolation chamber also has a Kapton window (Section 4.2.2), it is included in the

simulations (Section 4.2.3).

The physical thickness and the water-equivalent thickness of the absorber layers has to be

determined with appropriate accuracy. The physical thicknesses of the Mylar films and

the Kapton layer is specified by the manufacturer. The physical thicknesses of the alu-

minum range shifter and the RW3-plates is verified with the TESA-Hite magna 400 IP40

(Tesa Technology, Renens, Switzerland) measuring device with an accuracy of 1µm. The

thickness of the aluminum range shifter in the center region, where the beam incidences

the block, yields 38.993(6)mm on average over its cross section with a radius of 45mm.

For the RW3-plates, in addition to the measured thickness, its homogeneity is checked in

order to use plates with minimal roughness for the experiment. The details of the plates

used are shown in Table A.1. The effort to select the plates is worthwhile, since consider-

able differences in the important µm-range are found.
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Figure 4.2.: Scheme of combined absorbers used for the experimental setup and modeled
for the simulations (black part). The aluminum range shifter is combined with
RW3-plates of different thicknesses. As an option, additional 50µm Mylar
foils are used, which are not shown here. The Kapton layer represents the
detection entrance window of the extrapolation chamber, see Section 4.2.2,
and is also implemented in the Monte Carlo simulations (Section 4.2.3). The
development of the energy spectra with increasing absorber thickness is out-
lined in the three top insets. The part in the dashed box on the right sketches a
possibility for energy selection from the resulting energy spectrum by means
of slits and magnets as described in Raschke et al. (2016). Figure based on
Behrends et al. (2021).
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Table 4.1.: WER values of the different absorber materials used in the measurements for
the water equivalent thickness from Behrends et al. (2021).

material WER

aluminum alloy 2.093

RW3-plates 1.028

Kapton 1.309

Mylar 1.329

Methods for WER determination

. The WER (Section 2.4.1) of the aluminum range shifter is measured using a

multi-layer ionization chamber (MLIC), the Giraffe detector1 (IBA Dosimetry,

Schwarzenbruck, Germany). It consists of 180 air-filled ionization chambers, which

have a diameter of 12cm and are stacked at a distance of 2mm in beam direction.

This distance is reduced by measurements with an additional cover attached with

its WET of 1.2mm [Bäumer et al. (2015); Behrends et al. (2022)]. This detector

is well suited for measuring the WET of materials, achieving high collection effi-

ciency with its large cross-section when the MLIC is captured with single coaxial

pencil beam spots [Bäumer et al. (2015)]. The sampled charge as a function of

WED of the spot with 120MeV protons is given as a measure of the dose, allow-

ing the WET to be determined based on the ranges with and without the aluminum

range shifter (Equation 2.14).

. Stopping power calculations based on the National Institute of Standards and

Technology (NIST) database [Berger et al. (2010a)] are used to estimate the WER

for the RW3-plates, the Kapton layer and the Mylar films. Based on the thin-target

approximation (Equation 2.13) [Zhang and Newhauser (2009)], the WET is calcu-

lated representative for 1cm of each material, which subsequently corresponds to

the WER. This computation is not made for aluminum, since the aluminum alloy

used has a different material composition than that available in the database.

. In addition, the above range analysis with the Giraffe detector is evaluated in

TOPAS simulations. The range of the simulated DDC in water with and without

absorbers is also evaluated with a Bortfeld fit [Bortfeld (1997)] and Equation 2.14

yields the WET for all materials.

1A photo of this detector can be found in Project nano, Section 5, Figure 5.2 (a).
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In summary, the WER of the aluminum range shifter is determined from the average of the

measurement with the Giraffe and the simulation in TOPAS at 120MeV. For the RW3-

plates, according to the energy dependence of the WER, the simulation is performed with

an aluminum range shifter upstream and the energy 53.5MeV is used in the computation.

The WER for Kapton and Mylar is also averaged over the calculation with the NIST val-

ues and the simulation result from TOPAS. The averages of the determined WER values

are listed in Table 4.1. Note that this value for aluminum nearly agrees with the WER

of 2.069 calculated in Zhang and Newhauser (2009) for a comparable proton energy of

50MeV.

4.2.2. Relative depth dose measurements

An experimentally challenging method of dose verification is needed. The conventional

detectors in clinical quality assurance have a too thick entrance window for these µm-

range protons and even Gafchromic EBT3 radiochromic films (Ashland LLC, Bridgewa-

ter, NJ, USA) still have an entrance window of about 125µm with an active layer of 28µm

downstream (physical thicknesses). Therefore, only the cylindrical-shaped air-filled PTW

extrapolation IC type 23391 (PTW, Freiburg, Germany) as a remaining detector is suit-

able for the dose measurements (Figure 4.3) [Physikalisch Technische Werkstätten (PTW)

(1977)]. This chamber has an exchangeable entrance window (diameter = 60mm) made

of stretched Kapton, with the thinnest window of 25µm is used for all measurements.

This entrance window is located on one side of the cylindrical chamber and is coated

with a graphite layer on the inside to serve as a conductive electrode. A second movable

collecting electrode made of brass is positioned inside the chamber. It has a diameter of

30mm and is surrounded by a guard ring at the same potential to ensure a homogeneous

electric field. The distance, i.e. the air volume, between the entrance electrode and the

collecting electrode can be adjusted with an uncertainty of 1µm using a micrometer screw

mounted on the rear side of the cylindrical chamber. For the following measurements, a

distance of 2mm is used between the electrodes and a voltage of 300V is applied based on

previous studies [Kern et al. (2020)]. The individual components are shown in Figure 4.3.

The ionization events are detected due to the deposited charge in the air volume and read

out by an electrometer (TANDEM, PTW, Freiburg, Germany) controlled by the software

Mephysto Navigator (PTW, Freiburg, Germany, version 3.4). With this, the relative dose

downstream of the absorber materials could be measured. The results are given in Sec-

tion 4.4. In order to record the dose at different depths, the thickness of the absorber

materials, i.e. the thickness of the entire buildup, is varied accordingly and a measure-

ment is performed for every setup. In total, the measurements for the DDC are repeated

six times over a time period of one month to check the reproducibility, i.e. fluctuations of
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Figure 4.3.: The air-filled extrapolation ionization chamber type 23391 (PTW, Freiburg,
Germany) at the fixed beam line with the aluminum range shifter for dosi-
metric measurements. Note, for a better view, no RW3-plates and Mylar foils
are placed in the beam path.

the energy and range of the clinical proton beam. The chamber is aligned with the clinical

x-ray system with an accuracy of 0.5mm to the isocenter of the radiation system. In order

to have sufficient space available for varying of the absorber materials and simultaneously

to maintain a reasonably small air gap, the snout is positioned at 12cm (i.e. at a distance

of 12cm from the upstream end of the range shifter to the isocenter). The measurement

details with the various absorber combinations used for the depth dose measurements are

listed in Table A.2. The overall setup, which is also simulated, is described in detail in

the next section.

The protons experience different path lengths through the absorber due to their initial de-

flection angle. To improve the beam transmission and to ensure that all emerging protons

have approximately the same energy, a specially tailored and scanned 2× 2cm2 proton

field is used for the measurements: For this purpose, the field is divided into “rings”,

whereby the central proton spots have an energy of 120MeV and spots on the outer rings

get a higher initial energy corresponding to the energy loss of the increasing path length.

The latter is due to the beam divergence from the scanning system. In this case, however,

an incorrect value for the divergence distance is used in the calculation leading to the fact,

that the energies of the outer protons are somewhat too high (a maximum variation of

0.7MeV). Anyhow, this does not affect the results below, since the same field with the

same energies is used accordingly for the depth dose simulations.

4.2.3. Monte Carlo simulations in TOPAS

Monte Carlo simulations of the energy spectra as well as the depth dose and the LET

are performed in TOPAS (version 3.5) as also used in Section 3.3.1.2. The design of the

experimental setup presented in Figure 4.2 is implemented in TOPAS.
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A phase space source with corresponding Fermi-Eyges parameters, as well as the mean

energy and energy spread, is calculated for both simulation setups using the WPE beam

line model for the FBTR [Verbeek et al. (2020); Bortfeld (1997); Clasie et al. (2012);

Grassberger et al. (2014)]. The WPE beam model is based on measurement in air in the

isocenter, from which the parameters for a position more upstream can be traced back.

Since the data already includes the air scattering, the simulations are planned in vacuum

to ensure the same conditions as for the measurements (in air). 109 primary protons are

included in all simulations.

Based on the material compositions for the various absorber materials (see above), new

material compositions matching the conditions are specified in TOPAS: For the aluminum

alloy, the density of 2.66 g
cm3 is obtained and for the RW3-plates of 1.045 g

cm3 . The elec-

tronic stopping power computations in TOPAS are based on the data of the International

Commission on Radiation Units and Measurements (1993) Report 49 and for water on

the International Commission on Radiation Units and Measurements (2014) Report 90.

For that, the mean excitation energies as specified in International Commission on Ra-

diation Units and Measurements (2014) are set: 166.0eV for aluminum and 78eV for

water. Concerning the transport calculations, the production cut for all particles is defined

according to a proton range in water (2.458 · 10−3 cm) with an energy of 1MeV [Berger

et al. (2010a)]. As default, a maximum step size of 1mm is used. The physics lists

g4em-standard opt4, g4hphy QGSP BIC HP, g4decay, g4ion-binarycascade, g4h-elastic

HP and g4stopping are chosen based on the work of Jarlskog and Paganetti (2008).

Simulation of energy spectra As shown in Figure 4.2, the phase space source is

calculated for the position of the upstream surface of the aluminum range shifter and

one central spot is sampled. To simulate the energy spectra downstream for multiple

absorber thicknesses, the aluminum range shifter, RW3-plates and the Kapton foil are

used (details in Table A.2). The variation of absorber thickness is implemented by varying

the RW3-plates’ thicknesses. A cylindrical scorer volume placed directly downstream of

the Kapton layer tallied the proton fluence with standard deviation and the number of

histories. The detection volume of vacuum has a short extension in the beam direction

(0.1µm) but a large radius of 10cm in lateral direction with a radial binning of 0.5cm. The

total number of scored protons is determined by numerical integration in polar coordinates

over the whole cross sectional area of 20 bins. In addition, the scorer geometry is binned

by energy up to 120MeV in 1200 bins, i.e. energy bins of 0.1MeV. The spectra are given

in a relative efficiency, which is defined as the number of scored protons from the fluence

relative to the initial proton number per energy given in the unit %
MeV . The values for total
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efficiency, i.e. the integrals of the spectra, give the total relative efficiency with respect to

the initial number of particles for a specific absorber thickness.

Simulation of the depth dose and the LET A phase space source, located at

the upstream surface of the aluminum range shifter, which is here 12cm upstream of the

isocenter, is built with the same spot pattern of the 2× 2cm2 field as designed for the

measurements. A cylindrical scoring volume of water is placed with its upstream end in

the isocenter plane. Only the aluminum range shifter is used as an absorber material, so

the water volume serves as additional absorber material as well as for scoring purpose.

The scoring volume diameter of 3cm at the front surface corresponds to the electrode in

the extrapolation chamber. Its length of 4cm is divided into 800 bins. This allows a dose

and LET scoring, as well as a calculation of their standard deviations, in beam direction

(0.05mm step size).

The LET (Equation 2.2) is most often computed by Monte Carlo simulations, since it

is not an easy measurable quantity. TOPAS computes the proton LET as the deposited

energy of all protons and secondary electrons per step length, i.e. considering all pro-

duced secondary electrons (∆→ ∞ in Equation 2.2). Besides a few test simulations for

comparison, the choice of the influencing scoring parameters is mainly based on previous

studies [Cortés-Giraldo and Carabe (2015); Granville and Sawakuchi (2015)]. Calcula-

tions are usually based on dose-averaged LET or fluence-averaged LET to get the local

average LET of all protons in one voxel. In the following, the dose-averaged LET (LETd)

is used since it is more meaningful in terms of RBE, considering the dose and therefore

the energy deposition:

LET d =
Σ N

i Edep,i ·LETi

Σ N
i Edep,i

. (4.1)

This means, LETi is multiplied with the deposited energy Edep,i for each step i. The sum

of the LET values weighted by the energy deposition is taken and divided by the total

energy deposition in the considered voxel [Granville and Sawakuchi (2015)].

Based on Granville and Sawakuchi (2015) and Cortés-Giraldo and Carabe (2015) the

’stopping power dE/dx pre-step lookup’ calculation method is used, which is imple-

mented in TOPAS. Here, the LETd calculation is based on the stopping power of the

proton energy of the pre-step. This avoids unrealistic LET values due to a potential re-

stricted proton step length of a voxel boundary crossing. The parameter of maximum

scored LET is kept by the default 100 MeV
mm / g

cm3 . In addition, as recommended in Granville

and Sawakuchi (2015), the secondary electron production threshold is increased to 1mm.
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4.2.4. Uncertainty analysis

For the consideration of uncertainties in the measurements and simulations, a distinc-

tion is made between type A and type B ones [Joint Committee for Guides in Metrology

(2008)]. All statistical uncertainties being treated as type A. For all other type B uncer-

tainties, with its uniform probability distribution is assumed and the standard deviation is

stated with the coverage factor 1√
3
.

Table A.2 shows the total experimental uncertainties. For the measured charge, there is a

maximum statistical uncertainty of 0.9% for the six repeated measurements of each data

point. To estimate the uncertainty for the WED, different quantities have to be considered:

On the one hand, there is the long-term output fluctuation in the energy of 0.05MeV at the

facility. This affects an uncertainty in the range of 0.08mm for 120MeV protons in water

[Berger et al. (2010a)]. On the other hand, the determination of the exact physical thick-

nesses of the RW3-plates and the aluminum range shifter have also some uncertainties

that contribute to WED. Scaling these maximal uncertainties in physical thickness with

the WER factor (Table 4.1) leads to an uncertainty equal or less than 0.1mm in WET for

all combinations of RW3-plates used and 0.027mm for the aluminum range shifter. The

quadratic addition of the uncertainties regarding range, WET and material combinations

yields a maximal uncertainty of 0.1mm in the total WED (compare Table A.2).

In the Monte Carlo simulations of the energy spectra, the uncertainty on the efficiency of

the protons is given above the 10% level because the uncertainties become very large at

very low numbers of protons. Above this 10% limit of each energy spectrum, the maxi-

mum relative uncertainty is found to be 1.1% in terms of efficiency. The simulations of

the DDC show a maximum uncertainty of 0.1% in terms of dose.

The uncertainties in the WED result from the bin sizes in the simulations: this is

0.002mm in the simulations of the energy spectra, which results from the energy bin-

ning of 0.1MeV. For the simulation of the DDC and the LETd, the bin size of 0.05mm

is used for the uncertainty calculation. For a clear visualization of the results, only the

experimental uncertainties are shown in the following.

4.3. Comparison of simulated energy spectra

Figure 4.4 presents the results of the Monte Carlo simulations of the energy spectra (Sec-

tion 4.2.3). The relative efficiency is shown as a function of the residual proton energy

with the absorber thicknesses as a parameter, i.e. different total WED. The change of the

shape of the energy spectra of initial 120MeV protons with varying absorber thicknesses

consisting of different material layers changes as described in Section 2.1.4.2: For thin-

ner absorber thicknesses, the scored energy spectra follow the Landau distribution with
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Figure 4.4.: Simulated proton energy spectra with an initial energy of 120MeV down-
stream of different absorber thicknesses. In the setup, the water equivalent
thickness of the absorber is varied. The aluminum range shifter with a thick-
ness of 38.993mm is combined with different thicknesses of RW3-plates and
a Kapton layer (Figure 4.2). The relative efficiency, as a measure of fluence,
is plotted as a function of the proton energy. The total efficiency with respect
to the initial beam is written at each spectrum in percent. Figure based on
Behrends et al. (2021).

the tail in the low-energy range. With increasing WED, more precisely from a WED of

106.4mm, the energy spectrum becomes broader and skewed, since it is almost straight

on the low-energy side and no Landau tail is visible. As expected, the skewness increases

for even thicker absorbers. However, along the way, the overall efficiency decreases with

increasing absorber thickness: For the thinnest absorber thickness (a WED of 102.2mm),

the overall efficiency is still 86.5%, while it has dropped to 58.2% in the case with a WED

of 106.4mm, and to 7.5% for the thickest absorber with a WED of 109.5mm. The WED

of 106.4mm is emphasized, because it is close to the nominal range R80 = 106.6mm of

120MeV protons with an efficiency of about 50%. Accordingly, the skewed shape of the

spectrum is observed as soon as about half of the protons in the absorber have stopped

and no longer contribute to the spectrum.

The low-energetic spectra are analyzed in detail: For that, the spectra normalized to their

respective maximum with large WED are given in Figure 4.5. This representation is help-

ful to investigate the physical processes in the low-energetic parts in more detail. There

are more low-energetic protons at larger WED relative to the respective maximum effi-

ciency. The slope of the efficiency for the low energies becomes steeper (almost linear)
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Figure 4.5.: Normalized energy spectra for the larger WED from Figure 4.4.

and the efficiency maximum is reached at a lower energy. As a result, the entire energy

spectrum also becomes narrower at larger WED in the energy domain close to 0MeV.

4.3.1. An optimal setup for the few-MeV level

Here, the spectra are analyzed in terms of an optimal setup, i.e. a setup in which the

proton fluence is maximized in the energy range of interest. The special application of

LAPs requires a setup for providing proton energies in the range of 2.5− 3.3MeV, as

discussed before. Based on this application, the optimal absorber thickness to be used will

be determined based on the energy spectra. Figure 4.6 (a) shows the detailed overview

of the energy spectra with respect to the energy range up to 4 MeV
u . This is a zoom-in

of Figure 4.4 for the low energies. Since further applications are specified, the energy

is now given per nucleon (N) in MeV
u : The energy of alpha particles from an americium

(214Am) source per nucleon is given, which is in a similar energy range as that of LAPs.

Also shown is the natural energy limit (0.9MeV) for irradiation of a mono-layer of cells,

which typically have a diameter of 20µm. As also outlined in Section 4.1, this represents

the multiple applications of this particular low-energy region for radiobiological research.

Figure 4.6 (b) illustrates the existence of an optimal setup, by presenting the efficiency as

a function of WED. For each energy there is an optimum for maximum efficiency, with the

optimum WED decreasing as the energy increases. For providing protons with 7.5MeV

or 10MeV, a WED of 106.4mm is optimal. At 5MeV, both WED of 106.4 and 107.4mm

provide the same efficiency, but at lower energies 107.4mm is preferable. Thus, for the
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Figure 4.6.: Figure (a) shows the part of the energy spectra from Figure 4.4 up to 4 MeV
u

to better show the efficiencies in the low-energy region. Here the energy
per nucleon (N) is given, since also the energy of the alpha particles per nu-
cleon from an americium (214Am) source (1.4 MeV

u ) [Goodman et al. (1994)]
is plotted as a possible application. The natural energy limit of 0.9MeV for
proton irradiation of 20µm thick cells is marked as a dashed line. The gray
shaded area indicates the energy range of the LAPs. For these applications,
the maximum efficiency is found for an absorber with a WED of 107.4mm.
The relative efficiency as a function of WED is presented for different proton
energies in Figure (b). For each energy to be provided, there is an optimal
absorber WED with maximum relative efficiency. The dashed lines are given
to guide the eye. Figure based on Behrends et al. (2021).

specific energy range of the LAPs, as well as alpha particles or for irradiation of 20µm

cells, a WED of 107.4mm can produce an optimal efficiency, with the produced energy

spectrum having a total efficiency of 38.6% with respect to the initial beam.

4.4. Depth dose and LET on a small scale

In Figure 4.7, the DDC and the LET Monte Carlo simulations (Section 4.2.3) as well

as the relative dose measurements for different WED using the extrapolation chamber

(Section 4.2.2) are presented. The shown interval of the DDC with corresponding LET

is limited to the region around the Bragg peak and R80 of the field, since this region is

of special interest for providing the low energies, as previously discussed for the energy

spectra. The measured values are given with error bars related to the WED as well as to

the normalized dose. The normalized measurement values agree very well with the Monte
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Figure 4.7.: Monte Carlo simulations of the DDC (left axis) and dose-averaged LET
(LETd, right axis), as well as the measurements of the relative depth dose of
the designed 2× 2cm2 proton field for 120MeV (Section 4.2.2). As shown
by the color code, the left blue ordinate shows the relative dose, as do the
blue graphs, and the right ordinate shows the LETd, as does the correspond-
ing red graph. For the simulation of the DDC, the exact sampling points are
denoted in dark blue and the linear interpolation in between in light blue. The
measured values of the relative dose are shown at discrete depths with their
standard errors. The LETd is calculated based on the electronic stopping
power values of the pre-step proton energy, as explained in Section 4.2.3.
Further information regarding possible applications is included: The dashed
vertical line shows the downstream end of the absorber for an optimal WED
(107.4mm) based on the energy spectra and efficiency analyses. The residual
range of protons at 1.4MeV, the energy of the alpha particles per nucleon,
is indicated by the purple line. The range of 2.5−3.3MeV protons for LAP
application is also marked by the gray shaded area. Figure based on Behrends
et al. (2021).

Carlo simulations of the depth dose in the Bragg peak region. They deviate only by about

0.1mm in depth and by a maximum of 4% in the normalized dose at the distal end. The

LETd shows the expected trend of a strong increase with increasing depth at the distal

end of the depth dose curve. In the region of R80 the LETd reaches almost 9 keV
µm and at

the distal fall-off, where the dose has dropped to 50%, even almost 11 keV
µm .

The distal end of the optimal absorber thickness for the application of proton energies

≤ 5MeV and thus in particular also for the LAP comparison is plotted by the dashed

vertical line at 107.4mm water equivalent depth, as determined in the energy spectrum

and maximum efficiency analyses above. The violet line indicates the residual range of

protons in water after leaving the absorber, at an energy of 1.4MeV according to the

comparison with alpha particles. The special application of providing the proton energies

in the range of LAP energies is shown by the gray shaded area: This region corresponds

to the residual ranges of the protons with 2.5− 3.3MeV. As already observed in the
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efficiency analyses, the depth region of the low-energetic protons is just upstream of the

R80 of the initial proton beam. Moreover, these studies in Figure 4.7 show that the LETd

for this low-energy region is about 9 keV
µm .

4.5. Discussion and conclusion of providing

low-energetic proton beams

A method is presented to optimize the proton efficiency for radiobiological experiments

using clinical protons degraded to energies in the few-MeV level.

Compared to other works that have provided proton fields with high LET, such as Guan

et al. (2015) and Patel et al. (2017), this study particularly focuses on the underlying

physical aspects and experimental challenges posed by very thick absorbers and strong

degrading of the initial proton energy.

Energy spectra

The evolution of the shape of the energy spectra in the Monte Carlo simulation due to in-

creasing absorber thickness is described by the theory of Tschalär and Maccabee (1970)

and Bichsel and Hiraoka (1989), as given in Section 2.1.4.2. The underlying physical as-

pects with increasing absorber thickness can be found in the energy spectra of Figure 4.4.

The increasing range straggling with WED, described by Equation 2.8, is evident from the

increasing width of the spectra. In addition, the decrease in fluence with increasing WED

appears in the decreasing efficiency, i.e. in the smaller integrals of the spectra. As stated

in Section 2.1.3, the number of protons decreases with depth due to non-elastic nuclear

interactions. However, this initially causes the fluence to drop only slightly over the path

length. Since the optimal WED for protons with residual ranges of several micrometers is

close to the protons’ total range of the initial beam, the fluence is about 50% and decreases

very sharply. This leads to the counteracting processes of a strong fluence decrease and an

increasing range straggling for providing protons in the low-energy range. It explains the

asymmetric shape of the energy spectra and the resulting optimum efficiency (Figure 4.6).

However, the increasing range straggling is only evident in the spectra to a limited extent:

The width of the spectra in Figure 4.4 increases with larger WED, due to the increased

range straggling. But for very thick absorbers, the energy spectra’s width decreases again,

since the spectra approach 0MeV (Figure 4.5).

In addition, some considerations are made concerning the formation of the skewed ener-

gy spectra shape: The steeper low-energy (almost linear) slope of the normalized energy

spectra at larger WED could be generated by the increased number of ionizations at low
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proton energies (Section 2.2.2). This increased LETd in larger depth corresponds to a

lower proton energy (Figure 4.7). An increased ionization density leads to more low-

energetic protons, which could explain the relatively increased number of protons at these

energies (Figure 4.5 and Figure 4.6 (a)). Since the effective cross section of non-elastic

nuclear interactions at proton energies ≤ 8MeV is negligible (Section 2.1.3), these inter-

actions would not make a relevant contribution to the number of low-energetic protons.

In the experimental setting, it is advantageous to optimize the beam transmission for low-

energetic protons as much as possible, since many protons stop in the absorbers. One

option is the correct choice of the absorber material. Since both, range straggling (Equa-

tion 2.8) and MCS increase with Z, the absorber material should be of low Z. As explained

in Section 4.2.1, aluminum is chosen because it has a relatively low Z, has a small tem-

perature coefficient of expansion, and is easy to use in the WPE facility. Aluminum thus

represents a good choice with regard to the requirements. Theoretically, however, other

materials would be even more suitable: Beryllium and graphite provide good conditions

with atomic numbers of Z = 4 and Z = 6, respectively. Beryllium and carbon were com-

pared as a degrader material in van Goethem et al. (2009) and they found even a 40%

higher beam transmission for beryllium. Therefore, better results can be expected with

such a thick absorber made of beryllium or carbon. Since beryllium is biologically harm-

ful and carbon is usually brittle, an outer coating of aluminum would be advantageous.

The method presented here is intended to serve as a recipe for the production of low proton

energies at clinical facilities. When transferring it to other facilities, variations in energy

parameters due to other accelerator types are expected. While the lowest possible initial

energy should be used, different cyclotron models vary concerning the minimum energy

and energy spread. Compared to a synchrotron, the initial energy spread is larger for a

cyclotron because a synchrotron varies the energy internally, i.e. it has no degrader. As an

example, the beam parameters of the synchrotron from the Heidelberg Ion Beam Therapy

Center are given: At low energies, the beam has a momentum spread of 0.3% [Parodi

et al. (2012)], which is about a factor of three smaller compared to the WPE cyclotron.

Due to the smaller energy spread, narrower energy spectra than those in Figure 4.4 are

therefore expected for a synchrotron accelerator. Thus, the method would also likely be

more effective at a synchrotron, since a higher number of protons could be achieved.

However, the existence of an optimal setup is still expected, making the method presented

here interesting for applications at other facilities with different accelerator parameters.

Depth dose and LET

This study provides a good validation method of the underlying computations of the phy-

sical interaction processes in the Geant4 TOPAS Monte Carlo Code. Since the simulations
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and measurements with extreme proton scattering and stopping agree very well, the im-

plemented physics in TOPAS models the energy loss and range straggling accurately.

It is obvious that a low initial proton energy should be chosen for this method in terms

of efficiency per energy. An advantage of low energies is also evident in the LETd: The

simulation result in Figure 4.7 indicates that in this study an LETd of about 9 keV
µm can

be achieved at an initial clinical energy of 120MeV for the generation of proton ener-

gies ≤ 5MeV. Compared to other works on radiobiological studies, this is not particu-

larly high. In the simulations by Dahle et al. (2017) with initial energies of 80MeV and

15.5MeV, the achieved LETd values in the range of R80 are 15 keV
µm and 30 keV

µm , respec-

tively. While 15.5MeV initial proton energy is far from an energy in clinical applications,

the investigated 80MeV is more representative of a clinical accelerator. Thus, the 9 keV
µm

achieved in this work represents a feasible value with respect to an initial 120MeV.

When comparing the low-energetic protons with alpha particles, a distinction must be

made between the energy of an alpha particle and the energy per nucleon (Equation 2.6).

An alpha particle consisting of four nucleons has about the same range at four times the

energy compared to a proton. In other words, alpha particles and protons have the same

range at the same energy per nucleon. However, the total stopping power for alpha par-

ticles with four times the energy or the same energy per nucleon is about four times the

stopping power for a proton in water [Berger et al. (2010a)]. And since the LET is a

measure of stopping power (Equation 2.2), the LETd would therefore also be four times

higher.

As a specified energy value is always a mean value of an energy spectrum, a given LETd

is also a mean of an LET spectrum. In principle, the LET spectrum is broadened with in-

creasing initial energy and WED. However, the LET spectra of different widths and shapes

can of course reach the same mean LET value. Accordingly, the same LETd values can

cause a different radiobiological effect due to a differently shaped LET spectrum. This

aspect should be considered in radiobiological experiments and especially when compar-

ing LETd values. Such studies on LET spectra including more details on this topic are

presented in Dahle et al. (2017).

Another challenge, besides providing low proton energies, is their dosimetric detection

at the µm-ranges. Here, the extrapolation IC (Section 4.2.2) is chosen for the relative

dosimetry because all other available clinical detectors are not suitable. Generally, clini-

cal detectors have an entrance window that is too thick, i.e. it is thicker than the protons’

residual range. Alternatively, radiochromic films with suitable entrance window could

be used [Sanchez-Parcerisa et al. (2021)]. In addition, calibrated photo stimulated image

plates or solid state detectors CR39 are an alternative [Mančić et al. (2008)], as also used

in Ehlert et al. (2021).
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To compensate for small fluctuations from the accelerator, these measurements are re-

peated over a period of one month and the results are averaged. However, the small

fluctuations show a good reproducibility of the ranges in µm-scales. Nevertheless, pos-

sible energy and range fluctuations should be taken into account for applications of this

approach.

Applications of this approach and future e�orts

With the provided low-energetic protons, cell experiments under the energetically same

conditions as LAPs can be performed in order to compare the radiation effects [Ehlert

et al. (2021)]. As already mentioned, with this method an energy spectrum is generated

and an energy selection system would be required for a well defined proton energy.

Such a system is of higher complexity than the simplified setup used in this work. It is

indicated in the dashed box in Figure 4.2 and presented in the works of Raschke et al.

(2016) and Ehlert et al. (2021). To address the increased scattering and fluence loss due

to the additional slits in the vacuum chamber, further simulations of the energy spectra

are performed. With a slit aperture attached to the absorbers (a WED of 107.4mm), the

fluence is scored as described in Section 4.2.3. A second slit is attached at the upstream

end of the detector, i.e. 30cm further downstream in vacuum. The distance of 30cm is

roughly estimated by the vacuum chamber’s dimensions. The energy spectrum shows a

comparable shape, indicating that the scattering at the slit is negligible. But, as expected,

significantly less protons hit the detector: Behind the second slit aperture only 0.01% of

the protons compared to the number directly behind the absorber material are detected.

From the results presented in Figure 4.4 it is known that for a WED of 107.4mm an

efficiency of 38.6% with respect to the initial efficiency can be achieved. Thus, the total

efficiency related to the initial number of particles behind the second slit aperture is only

about 0.004%. This very low efficiency resulting from the combination of the simple

setup with an energy selection system underlines the relevance of achieving a maximum

efficiency and thus of the method presented here.

Furthermore, this method can be used for dosimetric studies, such as the response func-

tions of detectors at low energies and close to the end of the depth dose curve.

Although the presented method optimizes the setup and presents a possible dosimetry

procedure for studies with low-energetic protons from clinical proton therapy machines, a

few practical challenges remain to be addressed in the future: Due to the strong degrada-

tion of protons and possible use of slit apertures, the fluence loss is high, so that the dose

rate should be checked for cell experiments. In addition, a way to measure the energy

spectra or selected energy should be implemented. Furthermore, Trinkl et al. (2017)
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showed a larger secondary neutron production while using a range shifter. This motivates

to consider and investigate the neutron contamination on the cells especially downstream

of such thick absorbers as used for this method.

Conclusions

For this project, protons with micrometer residual ranges could be provided at a clinical

PBS line. A setup is developed that degrades the energy of clinical protons as efficiently

as possible. In principle, it is expected that additional material in the beam path, would

lower the energy of the outcoming protons. This is true with respect to the resulting ave-

rage energy spectra, but at one point it is not practical with respect to efficiency on the

low-energy scale. This project shows, based on energy spectra simulations, that there is

an optimal absorber thickness for delivering protons with energies ≤ 5MeV and maxi-

mum efficiency starting with initial 120MeV protons. The WED of the optimal absorber

thickness is found here to be close to R80 of the initial proton beam, i.e. on the distal fall-

off of the Bragg peak, where simultaneously the proton fluence strongly decreases and

the range straggling increases. These physical processes with an opposite trend produce

an efficiency maximum in the energy spectra.

The relative depth dose of the demonstrated measurement procedure agrees with the depth

dose simulations within 0.1mm in water-equivalent depth and within 4% in relative dose.

In addition, the provided low-energetic protons reach a dose-averaged LET of 9 keV
µm .

Overall, this project presents an optimal setup for providing low-energetic proton fields at

a clinical PBS facility with regard to radiobiological experiments. It allows experiments

with proton energies of a few-MeV up to 230MeV to be performed under comparable

environmental conditions and one setup.

This method finds particular application in radiobiological studies, not least because of

the associated high LET of the protons. While the setup for such radiobiological experi-

ments with clinical protons is principally available, further investigations may address the

remaining aspects, for example in terms of secondary effects.
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5. Project nano: Investigations on

the radiosensitizing e�ect of

platinum nanoparticles in

proton therapy

Studying the effect of metal nanoparticles (NPs) require an even smaller scale in proton

therapy, which is at the nanometer level. Such NPs are of great interest for tumor control

in radiotherapy due to their radiosensitizing effect [Schuemann et al. (2020)]. The general

mechanism and the underlying radiobiological, physical or chemical processes have not

been elucidated up to now. With regard to proton therapy, this project aims to contribute

to this hot topic.

First, an overview of the application of metal nanoparticles in radiotherapy and especially

in combination with protons (Section 5.1) is provided. Most studies are based on gold

nanoparticles (AuNPs), which is why some considerations are presented for comparison

with the platinum nanoparticles (PtNPs) used here. Then, the methods and experiments

analyzing the energy deposition of PtNPs under proton irradiation are given in Section 5.2.

Biocompatible surfactant-free PtNPs of 40(10)nm diameter, with the capacity to induce

a radiosensitizing effect via damaging reactive oxygen species (ROS), are used1. Tissue-

like samples in terms of water content without and with a 300 µg
ml PtNP concentration are

employed for the following investigations (Section 5.2.1). For a simplified nomenclature,

the samples with PtNPs will be referred to as PtNP sample in the following and those

without PtNPs will be referred to as nonPtNP sample. CT imaging is used to characterize

the tissue-like samples (Section 5.2.2), as well as to study the impact of the PtNPs on

the treatment planning (Section 5.2.3). The proton energy deposition downstream of the

samples is measured under different experimental methods described in Section 5.2.4.

The WER as a measure of proton stopping, as well as the deposited energy downstream

of the samples are compared. The results of the imaging and the treatment planning

1The manufacturing process of the PtNPs and the samples was performed by the Center for Nanointegra-
tion (CENIDE), University Duisburg-Essen.
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analyses are presented in Section 5.3.

These experiments are published in an own publication, which is referred to once here to

avoid frequent citations to it hereafter:

Behrends et al. (2022), The radiosensitizing effect of platinum nanoparticles in proton

irradiations is not caused by an enhanced proton energy deposition at the macroscopic

scale, Phys. Med. Biol., 67 155023, 2022.

5.1. The power of metal nanoparticles in

radiotherapy

By the definition according to ISO/TS:27687 [Organization for Standardization Technical

Specification (2008)], nanoparticles are nanoobjects in which three external dimensions

are on the nanoscale, which extends from about 1nm to 100nm. Thus, in general, NPs

are characterized by a relatively large surface-area-to-volume ratio. Metal NPs in par-

ticular are specified by a high atomic number Z, ranging from titanium with Z = 22 to

bismuth, Z = 83, resulting in a large interaction cross-section for photons, which makes

the concept of enriching tumors with NPs fundamentally interesting for radiation therapy

[Schuemann et al. (2020)]. For proton radiation interactions, the electron density of the

material affects the energy deposition (Equation 2.6).

The combination of non-toxic metal NPs in radiotherapy presents a wide field with mul-

tiple applications and promising results. The versatile applications include diagnostics, in

which the NPs can act as contrast agents, or in therapy, in which the NPs induce a dose

enhancement effect through their radiosensitivity. Other applications are, for example, in

immunotherapy or dosimetry. In terms of imaging, the use of non-toxic AuNPs as con-

trast agents for a CT has already been demonstrated [Hainfeld et al. (2013); Silvestri et al.

(2016); Han et al. (2019)]. Schuemann et al. (2020) provides a road map with various

potential roles of metal NPs in radiotherapy. Until now, most of the evidence is from pre-

clinical studies. In Scher et al. (2020), the current status of a clinical application of the

NPs in radiotherapy was reviewed. The most commonly used NPs in clinical studies are

hafnium oxide and gadolinium, showing promising results such as increased radiothera-

peutic efficiency by a dose enhancement but no toxicity. Hereafter, the focus is mostly on

pre-clinical investigations in diagnostics and therapy of PtNPs (Z = 78).

In their pioneering work, Hainfeld et al. (2004) presented the radiosensitizing effect of

AuNPs when mouse models are irradiated with x-rays: The long-term survival of the mice

after one year was 86% for the combination of AuNPs (270 mg
ml ) with x-ray irradiation

compared to 20% for irradiation only. The work demonstrated the preferential absorp-

tion of x-rays by high-Z NPs, leading to secondary electrons that ionize the surrounding
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material and produce free radicals. This leads to a local dose enhancement [Schuemann

et al. (2020)]. This motivates the potential of the AuNP enrichment in a tumor tissue for

an induced local therapeutic dose enhancement effect. Due to the calculations of the ratio

of absorption coefficients of a soft tissue and gold, a low x-ray energy in the keV range is

more effective for the photoelectric yield and the dose deposited in the tumor [Hainfeld

et al. (2008); Butterworth et al. (2012)]. These promising first results led to further experi-

ments and simulations on AuNPs demonstrating the radiosensitizing effect with ionizing

radiation, as presented in Mesbahi (2010) and Butterworth et al. (2012).

Beyond the application in photon therapy, the radiosensitizing effect of metal NPs or

metallic complexes exposed to particle radiation is also being investigated [Lacombe

et al. (2017)]: Usami et al. (2005) presented an enhanced DNA damage with platinum-

containing molecules after irradiation with helium ions. On the cellular scale, the group

demonstrated the enhancement effect of the platinum complexes in vitro with carbon ions

[Usami et al. (2008)]. These studies in hadron therapy suggested a potential enhance-

ment effect also for proton therapy. Using mouse tumors, Kim et al. (2010) demonstrated

the proton radiation enhancement effect for AuNPs and iron NPs for the first time. An

increased biological effectiveness of protons combined with AuNPs was in vitro con-

firmed by Polf et al. (2011), with prostate tumor cells enriched with AuNPs showing a

15− 20% increased killing efficiency. Moreover, an LET-dependent radiosensitizing ef-

fect of AuNPs in proton fields was observed by Li et al. (2016), showing a larger effect

for a higher LET.

5.1.1. Considerations in radiotherapy with metal NPs

Although there are already a lot of important results in radiobiological research with metal

NPs, the underlying physical, chemical and biological effects of enhancement mecha-

nisms are inconclusive [Schuemann et al. (2020)]. Considerations for this are presented

in this section, as well as further physical aspects that are related to this project.

5.1.1.1. A physical explanation on the radiosensitizing e�ect?

Various approaches explaining the radiosensitizing effect of metal NPs are discussed in

the literature.

On the one hand, particle-induced x-ray emission (PIXE), in which protons kick out

innershell electrons from the atoms and the vacancy is filled by an outer electron under

characteristic x-ray emission, is an explanation of the proton therapy enhancement effect

stated by Kim et al. (2010) and Polf et al. (2011). But Dollinger (2011) and Le Sech et al.

(2012) disagree with this PIXE-based interpretations. According to the stopping power
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computations of Dollinger (2011), the transferred proton energy to the NPs is too small

to induce such a PIXE effect.

On the other hand, based on the argumentation of Le Sech et al. (2012), the effect can be

explained by a secondary electron induced Auger effect: The secondary electrons gener-

ated by proton interactions on their primary path induce an inneratomic Auger cascade in

the NPs leading to an Auger electron emission. In other words, the generated hole by the

removal of an innershell electron is occupied by an outershell electron, transferring its

energy to another atomic electron, which is released as an Auger electron. This secondary

electron energy conversion into Auger de-excitation induces an additional radiolysis of

water producing more free radicals. Based on this described conversion of secondary

electron energy, Le Sech et al. (2012) concluded that the enhancement effect cannot be

explained by an increased proton energy deposition. Monte Carlo studies, as presented in

Wälzlein et al. (2014) and Cho et al. (2016), corroborated a microscopic local enhanced

dose effect in the immediate vicinity of the NPs due to Auger electrons [Lacombe et al.

(2017)].

The two different approaches discussed in the literature are competing processes. De-

excitation of high-Z materials can occur via the PIXE or Auger process, whose probability

depends on Z. It is known, that the fluorescence yield, i.e. the probability that an x-ray

photon is emitted, increases strongly with Z after excitation of an innershell electron

[Bambynek et al. (1972)]. Accordingly, an innershell Auger de-excitation would be

rather unlikely for AuNPs and PtNPs, which contradicts the argument of an innershell

electron de-excitation via the Auger effect as described in Le Sech et al. (2012). Wälzlein

et al. (2014) considered that the probability of an Auger effect depends on the origin

of the ionized electron. They argued that, based on ionization cross sections, outershell

electrons are more likely to be removed, which increases the probability of the Auger

effect, due to a lower fluorescence yield of outer shells.

In addition to the previous interpretations, the radiosensitizing effect of metal NPs is

explained from the chemical side. Sicard-Roselli et al. (2014) argued with a much more

efficient radiolysis of water in the vicinity of AuNPs - in this case for photon radiation.

In their work, different pathways of photon-NP interactions were investigated, finding a

too low efficiency of photon and electron emission to generate the observed amount of

radicals. In contrast, they justified the effect by catalytic-like reactions at the interface

between water molecules and the NPs: A structured alignment of the water layer around

the NP weakens the H-OH bonds, which favors radiolysis of the water and thus radical

production [Sicard-Roselli et al. (2014)]. Gerken et al. (2022) supported the hypothesis

of a catalytic effect, stating that the increased ROS formation at the surface is dependent
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on the NP material composition.

Although there is a dispute in the NP community regarding the interpretation of the

radiosensitizing effect and thus the observed dose enhancement, the fundamental role

of the damaging ROS through radiolysis of water is frequently mentioned [Usami et al.

(2005, 2008); Kim et al. (2012); Sicard-Roselli et al. (2014); Li et al. (2016); Schlathölter

et al. (2016); Smith et al. (2017)].

A surface effect for the AuNPs sensitizing effect with proton radiation was observed

in chemistry by Johny et al. (2022a), where a larger ROS generation for a larger total

particle surface area could be observed, meaning that small particles are more effective.

Similar results were observed by Zwiehoff et al. (2021), who showed, based on AuNPs

and PtNPs, that the enhancement of a proton therapy efficacy is a surface-driven and

not a mass-dependent effect. It is concluded that not the NP size is crucial for the ROS

generation, but rather the number and type of surface atoms (for the latter see Sec-

tion 5.1.1.2). These findings pave the way towards a deeper understanding of the metal

NPs radiosensitizing effect from a chemical point of view.

5.1.1.2. Are platinum NPs �better� than gold NPs?

As presented, many important results have been achieved with AuNPs in the radiothera-

peutic research, however platinum is also a promising candidate [Porcel et al. (2010)].

The simulations in Wälzlein et al. (2014) have determined an Auger electron yield for Pt

that is almost twice as high as for Au. Zwiehoff et al. (2021) also investigated the charac-

teristics of the surface atoms choosing Au, Pt and a combination, Au90Pt10 (subscripts:

mixing ratio), as materials for the NPs with a similar diameter (≈ 3nm) and therefore

same surface area. Thereby, PtNPs revealed a significantly higher ROS yield compared

to AuNPs and Au90Pt10 NPs.

A comparison of the Pt and Au properties potentially affecting the proton energy deposi-

tion shows no major differences: Both atoms have a similar atomic number Z (Au = 79

and Pt = 78) and similar relative atomic masses A (Au = 197u and Pt = 195u) giving

the almost same effective ratio of Z
A . Although the first ionization energy of Pt (9.0eV)

is slightly lower than that of Au (9.2eV), the mean excitation energy driving the energy

deposition according to the Bethe-Bloch formula (Equation 2.6) is 790eV for both cases.

The definition of the mass stopping power (Equation 2.1) implies an increase in the stop-

ping power with density. The density of platinum is 21.45 g
cm3 and the density of Au is

19.32 g
cm3 . The values also lead to a comparable electron density of Au and Pt. Therefore,

these considerations of physical energy deposition do not explain the observed enhance-

ment effect, but make an effect at the chemical stage more likely. However, they highlight
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again the need for the experimental studies on this issue and motivate the following exper-

iments. In Zwiehoff et al. (2021), different chemical reactivities of the AuNPs and PtNPs

surfaces were suspected.

Given the material-dependent ROS-based enhancement effect of proton therapy according

to Zwiehoff et al. (2021), the PtNPs are selected for the following studies of this project.

5.2. Experimental methods of the radiosensitizing

e�ect of PtNPs

5.2.1. Manufacturing and characterization of the samples

The production of the tissue-like samples with and without PtNPs is carried out in coope-

ration with the Center for Nanointegration (CENIDE) of the University Duisburg-Essen,

which is why only the most important specifications of the samples are presented here.

All details can be found also in Behrends et al. (2022).

Briefly, the sample production process includes the steps of laser ablation in liquids [Waag

et al. (2021)], centrifugation for PtNP extraction, transmission electron microscopy for the

NPs’ size determination, and gelation, which is illustrated in Figure A.1. The PtNPs used

have a mean particle diameter of dmean = 40(10) nm. To produce tissue-like samples,

that are variable in thickness and manageable in the experiment, gelatin cuboids with and

without PtNPs are used. The PtNP sample has a concentration of 300 µg
ml , which corre-

sponds to a percent weight of 0.03wt% platinum in the gelatin solution. The cuboids

have a base area of 30×30mm2 and a height of about 20mm, which corresponds to the

path length of the proton beam through the sample in the experiment. Therefore, it is

extremely important for accurate results to consider the exact height of the samples. Due

to the softness of the gelatin, it is difficult to determine the physical height of the samples,

which is why in the following the quantifiable ratio of the heights of the samples to each

other and their WET (Section 2.4.1) will be used (Section 5.2.2).

Furthermore, since the increased efficiency of a proton therapy is quantified by the in-

creased number of damaging ROS, it is ensured that the produced PtNPs generate ROS

upon proton irradiation. For that, PtNPs of different concentrations in water phantoms

combined with an ROS dye were irradiated with 100MeV protons. In general, the experi-

ment is performed like the measurements in Zwiehoff et al. (2021). Figure A.2 shows, the

higher the concentration of PtNPs in the colloid, the higher the ROS production. Thus,

the generation of damaging ROS of the used PtNPs under proton irradiation is validated.

To achieve the greatest enhancement effect, the concentration of 300 µg
ml is used for the

PtNP gelatin samples.
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5.2.2. CT imaging with PtNPs

CT images are taken of two sample cuboids with and without PtNPs to investigate the

properties of the PtNP samples in terms of homogeneity or geometric dimensions. Fur-

ther, the imaging contrast due to the PtNPs for a clinical application as contrast agents

and their influence in treatment planning is studied. For this purpose, the clinical scanner

Brilliance Big Bore scanner (Philips, Hamburg, Germany) with a tube voltage of 80kV, a

tube current of 250mA and a high resolution protocol with a reconstructed pixel width of

0.65mm is used. To avoid artifacts, for example during reconstruction at sharp edges, the

samples are placed diagonally to the CT axis. Thus, they do not interfere with each other.

Nevertheless, at this point it would have been better to place the samples in an additional

phantom to account for the beam hardening. However, this is not easily doable due to

the soft properties of gelatin and the dimensions of the sample, so edge artifacts in the

samples are taken into account in the analysis.

The RayStation clinical TPS is used to subsequently create the outer contour of the sam-

ple cuboids by means of gray level, meaning according to a line of equal HU values. To

exclude the marginal parts, regions of interest (ROIs) contracted by 5mm are established

to evaluate the mean HU values of the sample. The mean HU value, CTnum, as well as its

standard deviation, of all voxels included in the contracted ROI are calculated.

Since this is only done for a control sample of HU values, i.e. a limited number of voxels

in the contracted ROIs and a limited number of scanned samples, the standard error of

the determined mean HU value, σCTnum
, is an appropriate measure of the deviation of the

true population mean. In order to estimate the number of independent samples, the initial

CT resolution is experimentally estimated to 1.52mm by determining the FWHM of the

intensity distribution of a scanned thin wire. With that, the standard error of the mean HU

value, σCTnum
, is calculated.

The enhanced CT contrast induced by the PtNPs is defined as the difference of the mean

HU value for the PtNP sample, CTnum(PtNP), and the mean HU value for the nonPtNP

sample, CTnum(nonPtNP):

∆CTnum =CTnum(PtNP)−CTnum(nonPtNP). (5.1)

Sample thickness analysis As already outlined in Section 5.2.1, the physical thick-

ness of the samples is needed to evaluate the experiments, which is difficult to measure.

In order to determine the samples’ thicknesses as accurately as possible, the CT contrast

(Equation 5.1) is used. The extension of the samples is defined at their 50% density level,

i.e. at 50% of their gray level profile. Since ∆CTnum is related to the contracted ROI and

thus to the 100% density level and the HU values are approximately linear to the density,
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Figure 5.1.: Method for the sample thickness estimation in CT images in a coronal view
(left) and a 3D view (right). Well-defined matchstick-shaped volumes (shown
in red) with a cross-sectional area of a2 and their intersection volumes V (yel-
low) with the outer contours of the samples (blue) are used for the determina-
tion of the sample thickness h. Details are described in the text. Figure based
on Behrends et al. (2022).

the 50% density level corresponds to half of the CT contrast. Applying this knowledge,

the outer contours of the samples are re-contoured, for two different clinical HU window-

ings, the lung window and the brain window, for comparison. This method allows the

outer contours of the samples to be created under the same contrast conditions, which are

illustrated in Figure 5.1 in blue.

Matchstick-shaped volumes (red in Figure 5.1) with well-defined lateral dimensions are

finally used to determine the thicknesses of the sample. These are arranged in a way,

that their long side lengths correspond to the sample thickness to be determined, i.e. are

parallel to the beam direction, and the small cross section is perpendicular to the beam.

Using the volume V of the intersection of the matchstick-shaped volumes and the outer

contour (intersections shown in yellow in Figure 5.1), the long edge h corresponding to

the thickness of the sample can be determined by considering the known dimensions a2 of

the small cross-sectional area: h = V
a2 . Calculations are made for five matchstick-shaped

volumes at different lateral positions (Figure 5.1) to identify variations in the sample

thickness. Since the thickness of the samples determined in the CT depends on the se-

lected HU window, i.e. the gray level scale, the ratio H of the thicknesses

H =
hPtNP

hnonPtNP
, (5.2)

which is independent of the CT scale, is extracted. Here, hPtNP and hnonPtNP are the

averaged sample thicknesses at the same gray level windowing. For the final calculation

of H, both clinical HU window presets for lung and brain images are used and eventually

averaged.
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5.2.3. Dose calculation with PtNPs

The influence of PtNP-enriched tumors on the treatment planning, more specifically on

the dose calculation, is investigated using the above determined CT contrast. The idea is

to make use of the HU to density proportionality. The original CT is copied and the mean

density in the planning target volume (PTV) for the simulation with PtNPs is increased by

∆ρ according to the mean CT contrast ∆CTnum (Equation 5.1). Then, the originally highly

conformal dose distribution is subsequently recalculated on the CT with the overwritten

PTV’s density. The dose coverage of 95% and 98% of the PTV’s volume (’original’) is

compared to the PTV with overwritten density (’overwritten’), respectively. For both dose

volume statistics, the difference in dose coverage is calculated as

∆DV =
DV (original)

DV (overwritten)
−1 (5.3)

with V = {95%;98%} giving D95% and D98% the dose in the PTV’s volume with original

or overwritten density, respectively.

For this brief analysis, three pediatric study patients with brain tumors of slightly different

locations are evaluated, two with ependymoma and one with medulloblastoma. These

locations are likely to benefit from an radiotherapy with higher efficacy.

5.2.4. Setups for the measurements of the depth dose curves

In these measurements, the energy downstream of the PtNPs and nonPtNPs will be eval-

uated in comparison to detect differences in proton energy deposition due to the pre-

sence of PtNPs. For these experiments, both a gantry room with the PBS technique (Sec-

tion 2.3.3.2) and the eyeline with the single scattering technique (Section 2.3.3.1) are used

at WPE. In order to measure the energy deposition downstream of the samples as versa-

tile as possible, three different setups are used, all described in Behrends et al. (2022), of

which only two evaluating the depth dose distributions are presented in this section. The

third measurement setup determines the deposited charge in terms of energy deposition

downstream of the samples with a pixelated semiconductor counting-mode detector for

high energy physics tracking experiments. It is applied in the context of a cooperation

with the TU Dortmund University and is therefore not primarily part of this thesis. For

the sake of completeness, it is given in Section A. More details to the application in proton

therapy measurements of this specific detector can be found in Schilling et al. (2022a,b).
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Figure 5.2.: Setup of the depth dose curve measurements for two methods: (a) illustrates
the setup with the vertically aligned Giraffe detector and four stacked cuboid
PtNP samples. The monitoring of the depth dose curves downstream of one
PtNP sample cuboid at the eyeline using the motorized water phantom and
the Advanced Markus chamber is shown in (b). Figure from Behrends et al.
(2022).

5.2.4.1. Multi layer ionization chamber - Gira�e detector

Depth dose distributions of mono-energetic pencil beams downstream of the sample with

and without PtNPs are evaluated at a PBS beam line equipped with an IBA PBS dedicated

nozzle (Figure 2.4 (b)). For this purpose, the MLIC Giraffe detector is selected (details

in Section 4.2.1). In order to place, align and stack the gelatin samples optimally to the

beam, the detector is tilted so that the beam is irradiated at a gantry angle of 0◦. A photo

of this setup is given in Figure 5.2 (a). To optimize the stability of the positioned samples,

an additional 2mm thick RW3-plate (with a WET of ∼ 2.06mm) is placed on top of the

detector. In addition, the detector in upright position and the centered sample are aligned

in the isocenter with the help of the clinical positioning laser system. A single co-axial

proton spot is employed, to ensure that, ideally, no protons are scattered laterally out of

the small samples. Further, as mentioned before (Section 4.2.1), such single spots are

well suited for measurements with ICs of large cross sections.

The energy deposition is measured in terms of DDCs downstream of the PtNP and

nonPtNP samples, and without any sample via the charge counts in the stacked ICs of

the Giraffe detector. As described in Section 4.2.1, an additional WET cover serves to

reduce the sampling distance from 2mm to about 1mm. Each sample is made thicker by

stacking several gelatin cuboids to be most sensitive to possible range reduction due to
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increased energy deposition in the PtNP sample. The Bragg peaks downstream of the vari-

ous samples are measured one after the other. In order to additionally investigate the influ-

ence of the proton energy, measurements are performed at 100MeV, 140MeV, 170MeV

and 200MeV, respectively, with initial spot sizes of σs = 5.4mm, 4.1mm, 3.7mm and

3.1mm. In all measurements, two cuboids are stacked per sample type and an additional

stack of four cuboids each is set up for the measurements at 200MeV. The latter can be

seen in Figure 5.2 (a) for the PtNP sample.

The data are recorded using the software OmniPro Incline (IBA Dosimetry, Schwarzen-

bruck, Germany, version 1.1.2.0).

Additional measurements for reproducibility and reproduction of the WET

In order to estimate experimentally the uncertainties of the WET, additional measure-

ments for reproducibility and its resolution are performed with the Giraffe detector. For

the reproducibility estimation, the range is measured with reduced sampling steps through

the WET cover in seven repetitive measurements for 100MeV and six measurements for

200MeV. The dispersion of the R80 for both energies is given by the standard deviation

of all values for the R80 determined by the Bortfeld fit [Bortfeld (1997)].

To estimate the WET resolution experimentally, the R80 is measured at an average energy

of 150MeV with and without a 1mm RW3-plate in the beam path to find its WET. The

difference of the measured and known WET of this RW3-plate (Table 4.1) is calculated.

As a measure for the resolution, the standard deviation from this difference as an interval

is estimated with the coverage factor of 1√
12

.

5.2.4.2. Plane parallel ionization chamber - Advanced Markus chamber

The eyeline with the single scattering technique and the dedicated nozzle (Figure 2.4 (a)

and Section 2.3.3.1) is used for the depth dose measurements for energy modulated fields.

Due to the small residual proton range of at most 35mm, only one sample cuboid is

placed in the beam path for these measurements. A square aperture is mounted to the

nozzle, which limits the field to 20× 20 mm2. This is visible in the light field in Fi-

gure 5.2 (b). Passively scattered fields with a residual range of 35mm and a modulation

width of 35mm (R35M35), and a residual range of 27mm and a modulation width of

28mm (R27M28) are applied. The initial proton energies upstream of the samples vary

between 56 and 64MeV [Berger et al. (2010a)].

To record the relative DDCs with the PtNP and nonPtNP sample in the beam path, and

also without a sample, the combination of an IC and a water phantom is used, varying the

position of the chamber in the water depth (Figure 5.2 (b)). The PTW34045 Advanced
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Markus chamber (PTW, Freiburg, Germany), a plane-parallel IC, is used, which is imple-

mented in the clinical quality assurance at the eyeline and because it has a small volume

and a small entrance window. The latter, more precisely, is composed of an entrance foil

made of 0.03mm polyethylene and a protection cap for the use of the chamber in water of

0.87mm PMMA. To detect and then compensate for the dose rate variations in the beam

while measuring different positions, an additional reference chamber positioned upstream

in the beam path is used, the Semiflex 31010 (PTW). A modified MP3 XS water phantom

(PTW) is motorized enabling the movement of the IC, in this case the Advanced Markus

chamber, along three axes. Using a crossline and inline profile measurement, i.e. the two

axes perpendicular to the beam, the Advanced Markus chamber is positioned in the field

center. The water phantom has an extra thin entrance window in the area used for the

measurements, in which the sample is placed with the help of an additional pad, see Fig-

ure 5.2. During the commissioning of the eyeline, a value of 2.42mm was determined for

the WET of the Advanced Markus chamber together with the wall of the water phantom

[Koska and Wulff (2021)]. With this setup, the Advanced Markus chamber is scanned in

depth for 0.1mm steps and so the DDC is measured.

Charge counts are measured with the TANDEM electrometer as used in Section 4.2.2.

Similarly, the Mephysto software is utilized to record the measurement data for both

chambers and to correct the data of the Advanced Markus chamber with those of the

reference chamber.

5.2.5. Data analysis and interpretation

The charge counts collected from the stacked ICs of the Giraffe detector are analyzed

by Matlab (MathWorks Inc., Natick, MA, USA, R2019a): The measurements with and

without the additional WET cover are combined to achieve the reduced sampling, and

then normalized to their maximum charge value. Since no R80 values are intended to be

determined, only the difference of the range with and without sample is considered here.

Also, the WET of the Giraffe detector and the 2mm RW3-plate are not included in the

WED at this point for the sake of simplicity. The range R80 is determined by a Bortfeld

fit to the data, describing the shape of a Bragg peak [Bortfeld (1997)].

An analysis of the DDC data from the eyeline measurements is also performed in Matlab,

correcting the data for the known WET of the phantom wall and the chamber. Sub-

sequently, a function for the analysis of a SOBP from the quality assurance routine is

applied. Here, the maximum in the SOBP plateau is determined using an iterative process

until convergence to normalize the data, where the plateau is generally defined by 95%

proximal to 90% distal. Afterwards, the R80 is determined for every SOBP.

For further calculations in both analyses, the range values are not corrected for a potential
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difference in thickness of the samples, since samples of equal thickness are initially as-

sumed for this experiment. Only for the visualization in the plot of the DDCs, the WED is

corrected based on the difference in physical thicknesses to be comparable in the graphi-

cal representation. However, for the following calculations, the thickness differences are

accounted for in the uncertainty analysis. Thus, for all depth dose measurements with

PtNP sample, with nonPtNP sample or without any sample, and for both setups, the R80

is determined.

To compare the energy deposition in the PtNP and nonPtNP samples, the WET (Sec-

tion 2.4.1, Equation 2.14) is determined with the range measurements for each initial

proton energy E0. It is worth mentioning that the material in this case corresponds to the

particular sample. Then, the WER is calculated based on Equation 2.15.

Quantification of differences in the energy deposition in the PtNP and nonPtNP sample is

determined by the ratio of the characteristic WER of the samples:

WERratio(E0) =
WERnonPtNP(E0)

WERPtNP(E0)
= H ·WETnonPtNP(E0)

WETPtNP(E0)
(5.4)

with the subscripts ’nonPtNP’ and ’PtNP’ for the used samples. This definition eliminates

the not exactly known physical thicknesses of the samples, and requires only the well-

defined ratio H (Equation 5.2). Hence, a WERratio less than 1 indicates an increased

stopping power of the PtNP sample, so in the presence of PtNPs.

An additional analysis of the absolute count values of the measurements with the Giraffe

detector is performed to determine some potential effects of nuclear interaction between

protons and the PtNPs. By normalizing to the maximum of each measurement, absolute

differences in terms of charge reading as a measure of the local dose variations would be

eliminated. For this, each absolute count value of the measurement downstream of the

nonPtNP sample, cntnonPtNP, is compared with each count value downstream of the PtNP

sample, cntPtNP, by calculating the deviation of the absolute DDCs as follows:

DDCdev =
cntnonPtNP

cntPtNP
−1. (5.5)

In this definition, negative DDCdev values suggest a local physical dose increase and posi-

tive values a local dose decrease by the PtNP sample. Here, small range differences due

to measurement uncertainties or differences in the physical thickness of the samples in the

Bragg peak region and also a steep dose decay would result in extremely large absolute

values of DDCdev. To avoid these effects and resulting misinterpretations, the analysis

is performed only in the plateau region up to the proximal R50, i.e. the WED at which
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the count values proximal to the Bragg peak reach 50% of their maximum value. Fur-

thermore, this analysis of absolute DDCs could not be implemented for the eyeline mea-

surements because absolute values are not available, due to normalization to the reference

chamber. Basically, the analysis of the Giraffe measurements is sufficient to quantify the

influence of possible nuclear interactions.

5.2.6. Uncertainty estimation

The experimental uncertainties for WERratio (Equation 5.4) are determined with respect

to the individual contributions of the thickness ratio H and the WET of the samples. As

in Section 4.2.4, they are divided into type A and type B uncertainties.

Sample thickness determination In the CT analysis, the sample thicknesses are de-

termined by five help volumes of varying lateral position, using two PtNP samples and two

nonPtNP samples and two contrast windows each. Accordingly, a statistical uncertainty

is obtained per contrast window for each sample type based on ten values of its physical

thickness and correspondingly for the final thickness ratio from both windowings. For

this purpose, the relative deviations are calculated for all thickness values, resulting in an

overall relative standard error of σH = 0.021, so 2.1%, for the determination of H.

WET reproducibility and resolution with the Gira�e detector The additional

measurements with the Giraffe detector for the WET reproducibility result in a precision

of 0.004mm given by their standard deviation averaged over both energies, 100MeV and

200MeV. Experimentally obtained uncertainties on reproducibility are appropriate for

reporting uncertainties on the WET, since they also account for fluctuations in the beam

energy from the cyclotron. Furthermore, a type B uncertainty of 0.02mm on the WET

resolution was determined.

The quadratic addition of both uncertainties yields 0.02mm as the uncertainty of the WET

measured with the Giraffe detector.

Range reproducibility with the setup at the eyeline For the measurements at the

eyeline, no additional measurements are performed to estimate the uncertainties, since

measurements of the range are available over a period of several months as part of the

commissioning of the eyeline. The reproducibility of the range and thus the uncertainty

of the water phantom (e.g. the step sizes due to the motor) as well as of the beam is

straightforward. Although these values actually refer to the R90 (the range of protons at

which the dose dropped to distal 90%), it is assumed that the uncertainty of R90 and R80

is comparable. A deviation of 0.11mm is determined by 32 measurements performed
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∆CTnum  = 6.11(48) HU
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Figure 5.3.: Transversal CT slices of the samples: (a) presents the imaging of the PtNP
samples and (b) the imaging of the nonPtNP samples. Outer contours are
marked in light and dark blue and the contours contracted by 5mm taken for
the CTnum calculation of the samples are drawn in light and dark green. The
HU values of the voxels are expressed in gray scale. The mean CT contrast
∆CTnum of PtNP to nonPtNP samples is provided in concise notation with the
standard deviation of the mean. Figure from Behrends et al. (2022).

over several weeks. Like for the WET uncertainties, an experimental determination of the

uncertainties regarding the reproducibility of the R80 is a reasonable measure, since beam

fluctuations are included.

Total WER ratio uncertainty Equation 2.15 and Equation 5.4 yield a total WERratio

standard uncertainty of σWERratio = 0.022 for the Giraffe setup as well as for the eyeline.

5.3. Results of the PtNP studies

5.3.1. Impact on the treatment planning

Figure 5.3 shows a transversal CT slice of the two PtNP samples and two nonPtNP sam-

ples. It is apparent that the PtNP samples appear slightly brighter than the nonPtNP

samples. Based on the contracted ROIs, in the mean of both analyzed sample cuboids

of each sample type, a mean value CTnum(PtNP) = 7.46HU and its standard uncer-

tainty σCTnum
(PtNP) = 0.35HU is obtained for the PtNP sample and CTnum(nonPtNP) =

1.35HU and σCTnum
(nonPtNP) = 0.33HU for the nonPtNP sample. On average, an in-

creased contrast ∆CTnum = 6.11HU with its total standard uncertainty of 0.48HU is found

for PtNPs. Based on Equation 5.1, this indicates a larger CTnum for the PtNP sample than

for the nonPtNP sample, leading to higher HU values with PtNPs. Artifacts are clearly

visible at the edges of the samples as very bright voxels outside the contracted ROIs.

The contrast of approximately 6HU, according to the thickness analysis presented in Sec-

tion 5.2.2 with the definition of the sample thicknesses at the 50% density level, results
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Table 5.1.: Values of the difference in dose coverage ∆DV of the planning target volume
according to Equation 5.3.

patient ∆ρ (g/cm3) ∆D95% (%) ∆D98%(%)

1 0.005 0.02 0.04

2 0.005 −0.10 0.16

3 0.006 0.0 −0.13

in a difference in CT contrast for the new contouring of approximately 3HU. So for the

new contouring, the sample’s outer contour with PtNPs is defined with additional 3HU in

both windowings to ensure the same physical thickness conditions in comparison to the

nonPtNP samples. The values of physical thicknesses of both samples and for both CT

windowings are provided in Table A.4. On average, the analysis results in a mean value

of H = 0.997(21) for the physical thickness ratio.

Any impacts on the dose calculation during treatment planning are assessed using a sim-

ple study with three pediatric patients considering the CT contrast. For the simulation of a

tumor enriched with PtNPs, the density in the target volume is overwritten corresponding

to ∆CTnum. The resulting increases in density, as well as the differences in the dose co-

verage ∆D95% and ∆D98% (Equation 5.3) of the PTV with overwritten density compared

to the original are summarized in Table 5.1. The contrast enhancement leads on average

to a density increase assumed by the TPS of ∆ρmean = 0.005 g
cm3 . The values for ∆D95%

and ∆D98% take negative and positive values, indicating no clear change for the calculated

dose in the presence of the PtNPs in the tumor.

5.3.2. Depth dose analysis and WER comparison

The results of the mono-energetic depth dose measurements with the Giraffe detector at

the PBS beam line are presented in the upper part of Figure 5.4. Bragg peaks for different

initial proton energies and downstream of the PtNP and nonPtNP samples are shown. The

DDCs downstream of two sample cuboids show no noticeable differences between the

PtNP and nonPtNP samples with the correction of the sample thickness ratio H. Only

the Bragg peaks downstream of four stacked sample cuboids yield a small range shift:

Compared to the DDC of the nonPtNP sample, the DDC of the PtNP sample is shifted

in proximal direction by about 0.9mm (see magnification in Figure 5.4). The analysis

of the count differences DDCdev (Equation 5.5) for each sampling point is illustrated in

the lower part of Figure 5.4. Positive values for DDCdev result for all measurements with

two stacked sample cuboids, which may indicate a local dose decrease under the presence

of PtNPs. Only the measurements with four stacked cuboids DDCdev result in negative
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Table 5.2.: Values of the determined WERratio given for the measurements at the Giraffe
detector for the various mono-energetic energies and the number of stacked
samples [Behrends et al. (2022)].

energy (MeV) 100 140 170 200

number of cuboids 2 2 2 2 4

WERratio 1.008(22) 1.008(22) 1.008(22) 1.008(22) 0.986(22)

Table 5.3.: Values of the determined WERratio presented for the measurements at the eye-
line for the energy modulated fields [Behrends et al. (2022)].

field configuration R27M28 R35M35

number of cuboids 1 1

WERratio 0.999(22) 0.998(22)

values, indicating a local PtNP-induced dose enhancement. However, the deviations of

each sampling step up to the proximal R50 are in total still within 2%.

The DDCs measured at the eyeline for one PtNP and nonPtNP cuboid are shown in Fi-

gure 5.5. Just like almost all Bragg peaks, the energy modulated SOBP distributions show

no difference downstream of the PtNP sample compared to the nonPtNP sample.

The resulting WERratio values (Equation 5.4) for the various field configurations are sum-

marized in Table 5.2 and Table 5.3. In addition, the number of sample cuboids used

for the measurements is given, referring to one sample type, i.e. PtNP or nonPtNP, re-

spectively. Regardless of the field configuration with different energies or the number of

sample cuboids, all values for WERratio are consistent to 1 within the uncertainties. Also,

the measurements with four stacked cuboids at 200MeV, which have a shift of 0.9mm in

the range in the DDCs, show a WERratio consistent to 1 for PtNP and nonPtNP.

5.4. Discussions and conclusion of

PtNP-application in proton therapy

In this project, the underlying mechanisms of the radiosensitizing effect of PtNPs under

proton irradiation are investigated in the energy domain. For this, tissue-like samples

with and without ROS-producing PtNPs with a mean diameter of 40(10)nm and a con-

centration of 300 µg
ml are used. The proton energy deposition is studied and compared

downstream of the PtNP and nonPtNP samples.
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Figure 5.4.: Relative depth dose curves (DDCs) in water for protons with various ini-
tial energies downstream of the samples with platinum nanoparticles (PtNP,
dashed red) and without PtNP (nonPtNP, light blue) are presented in the top
graph. The data is measured with the Giraffe detector for single mono-
energetic proton spots. A stack of two cuboid samples is used, except for
the gray marked 200MeV measurement. For that, four cuboids are stacked
for each measurement with PtNP samples or nonPtNP samples, respectively.
The latter setup is exemplary given in Figure 5.2 (a). These DDCs show a
small shift of 0.9mm downstream of the PtNP samples in comparison to the
nonPtNP samples, indicated by the dark green double arrow in the magnified
illustration. The deviation of the detector counts DDCdev (Equation 5.5) for
each sampling point and each proton energy is given in the bottom graph.
Figure adapted from Behrends et al. (2022).
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Figure 5.5.: Relative depth dose curves at the eyeline measured in the water phantom
with the Advanced Markus chamber for collimated passively scattered proton
beams. Curves downstream a PtNP cuboid sample are illustrated in dashed
red lines and curves downstream the nonPtNP sample in light blue lines. Fig-
ure from Behrends et al. (2022).

Impact on the treatment planning

The investigation of the sample parameters by CT imaging is performed based on two

randomly selected PtNP and two nonPtNP sample cuboids. Thus, both the determined

CT contrast and the thickness ratio refer to random samples, but are assumed to be valid

for all sample cuboids. For the CT contrast determination and the resulting influence on

the treatment planning, this means that deviations can occur if the sample cuboids differ

from each other. Since the standard errors determined in Section 5.3.1 are relatively small

and thus the samples are quite homogeneous, the influence is thus assumed to be unlikely.

Clinical imaging with x-rays can be affected by high absorption coefficients, such as those

of gold or platinum. Here, CT analysis demonstrates an increased CT contrast ∆CTnum

of 6.11(48)HU on average in the presence of PtNPs, which therefore makes these PtNPs

interesting for clinical imaging. In the previous studies of Hainfeld et al. (2013), Silvestri

et al. (2016) and Han et al. (2019) presenting AuNPs as non-toxic contrast agents in CT

imaging, higher concentrations than the one used here were chosen. At the same concen-

tration, a CT attenuation of 8HU, which is comparable to the CT contrast of the PtNPs

found here, was observed with gadolinium [Kim et al. (2018)].

The fact that an enhanced CT contrast is obtained with these PtNPs may indicate a relevant

clinical effect on the treatment planning. A recalculation of the previously highly confor-

mal dose coverage in the target volume of three pediatric brain tumor patients based on
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the CT contrast of 6HU, which corresponds to just a mean density increase of 0.005 g
cm3 ,

does not show any influence on the calculated dose. The fact that the dose statistics for

D95% and D98% deviate in positive and negative directions can be explained by variations

due to the voxel grid.

However, the conversion from HU to density is made using the clinical CT calibration

curve. This correlation is based on clinically relevant materials, such as tissue, water, fat,

calcium, and will therefore not be valid for metals like platinum. It is reasonable to as-

sume that a calibration curve for platinum would result in a stronger increasing HU value

with increasing density due to the higher photoelectric effect and thus higher attenuation

coefficients. This would lead to a smaller increase in density ∆ρ for the same CT contrast

∆CTnum. Therefore, the effect of PtNPs tends to be overestimated in this study, which

further indicates a negligible clinical effect in the treatment planning. Moreover, it points

out that PtNPs do not necessarily need to be delivered already for a planning CT. It would

be sufficient to inject them for the proton irradiation.

In this study, a CT tube voltage of 80kV is used. Although smaller photon energies gene-

rally have a higher absorption coefficient, Galper et al. (2012) have shown that an optimal

contrast of AuNP in water is achieved with 120kV, due to a higher number of photons

near the K-edge at 80.7keV. However, this is also related to beam hardening, i.e. the

increase in x-ray energy when the photons penetrate several centimeters of water until

reaching the contrast agents, which favors attenuation with AuNPs in water from 80kV to

120kV. Platinum has similar absorption coefficients and a K-edge at 78.4keV compared

to gold [Berger et al. (2010b)], which is why the contrast’s behavior of Pt used here is

assumed to be similar to Au. The samples with PtNPs embedded in gelatin are scanned

in air instead of a water phantom. In addition, Galper et al. (2012) have presented that a

tube voltage of 80kV reveals the best contrast for AuNP samples in air.

All these observations demonstrate that the choice of the CT voltage for metal nanoparti-

cle scans is not straightforward. The extent to which the CT voltage of 80kV used here

is optimal for the PtNP and nonPtNP samples in air remains unclear. Nevertheless, a

CT scan of the PtNP and nonPtNP samples in a water phantom at 120kV would have

been preferable in terms of comparable physiological conditions for the investigations in

clinical patients.

Depth dose distributions and energy deposition

The results of the WERratio values (Table 5.2 and 5.3) show no difference in the WER

of the individual samples (Equation 2.15), indicating no difference in the stopping power

of the samples. This reveals no increased energy deposition, and thus absorbed dose, at
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the macroscopic scale, when PtNPs are present. Even with the small difference in the de-

tected DDCs at 200MeV (Figure 5.4) and four stacked samples, the measurements yield

an unchanged WER of the samples within the uncertainties. This does not indicate a dif-

ferent energy deposition, although one might suspect this when considering Figure 5.4.

Only the measurements with 200MeV and four stacked samples show negative values for

the deviation of their absolute detector counts DDCdev, which by definition could indicate

a local dose increase (lower part of Figure 5.4). However, this deviation is still within

a 2% interval until a depth of the proximal 50% of the Bragg peak. The peak region is

not evaluated because the absolute count deviations would be unrealistically large due

to small range differences (see upper part of Figure 5.4) and may lead to a misleading

interpretation. To investigate an effect of local energy deposition based on point-wise de-

viations in the depth dose curve, matching could have been performed on the R80 of the

DDC of the nonPtNP and PtNP sample. This method is not applied here because it would

falsify the original purpose of the study. Since all other measurements result in positive

deviations of the absolute count values DDCdev and there are no deviations larger than

2% in the region proximal 50% of the Bragg peak, these results show a comparable total

energy deposition of the protons downstream of the PtNP and nonPtNP samples. This

means that the nuclear interactions do not contribute relevantly to the energy deposition

in the presence of PtNPs, which otherwise could have been a possible explanation for the

radiosensitizing effect.

Gold nanofilms with higher concentrations such as 5.5 mg
ml and 6.1 mg

ml were studied in Ah-

mad et al. (2016) and revealed macroscopic effects in the shape and longitudinal shifts of

the Bragg peak in the simulations and experiments. These results remain unconfirmed in

this work. Such differences may indicate that nanofilms cause different effects than NPs

and thus are not comparable.

Dose enhancement due to the radiosensitizing effect of metal NPs has been demonstrated

in other works very localized in the immediate vicinity of the NPs [Sicard-Roselli et al.

(2014); Wälzlein et al. (2014); Cho et al. (2016)]. In the present work, the energy deposi-

tion is measured and investigated macroscopically downstream of the samples, which is

why a potential local microscopic dose increase cannot be detected here.

While the measurements of the DDCs with the Giraffe detector are performed with the

samples placed in the beam’s entrance plateau, during the measurements at the eyeline

the samples are positioned in the spread-out Bragg peak. Thus, the samples are located

in different Bragg peak regions for the two setups. The fact that the depth dose distri-

butions and the results on the WERratio in both setups show no difference between PtNP

and nonPtNP samples excludes effects on the macroscopic scale. Effects on the micro-

scopic scale due to the variable proton LET with increasing proton penetration depth, as
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observed in Li et al. (2016) for AuNPs, should be investigated in further studies.

The fact that the thickness ratio is determined on the basis of random sampling and as-

sumed to be valid for all sample cuboids on average could also lead to discrepancies in the

samples’ WER, especially when more than two samples are used for the measurements.

Furthermore, the similar ranges and energy depositions between the PtNP and nonPtNP

samples, as observed in the WER, confirm a negligible dosimetric impact by PtNPs in the

treatment planning study.

Further considerations on the radiosensitizing e�ect of PtNPs

This work demonstrates studies of the radiosensitizing effect from a physical perspective,

which is why a large amount of material leading to a high electron density (Equation 2.6)

is of interest. For this purpose, colloidal NPs with a mass concentration of 300 µg
ml and

an average PtNP diameter of 40(10)nm are chosen and placed in the beam path. Com-

pared to Zwiehoff et al. (2021), these PtNPs have a relatively high concentration and large

diameter. In this way, an increase by the factor 2 in the amount of damaging radicals is

obtained when interacting with protons compared to samples without PtNPs (Figure A.2).

This study does not consider biological issues such as cellular uptake, toxicity or steriliza-

tion, as investigated in Johny et al. (2022b), of the metal NPs. At this point, it is important

to achieve a potentially high enhancement effect in proton therapy and not to initially im-

plement a clinical application of the PtNPs.

The chemotherapy uses the anti-cancer drug cisplatin to inhibit cell growth, which con-

tains a large amount of platinum. The work of Zeng et al. (2020) suggests an in vivo PtNP

generation by cisplatin, as PtNPs were found in the blood of treated patients. Based on

the results of the present project, the question arises, whether a potential radiosensitizing

effect of in vivo generated PtNPs may be exploited indirectly. Determined in vivo gener-

ated PtNP concentrations in the blood of maximally about 0.09 µg
ml contradict this, since

the concentrations are about a factor 100 smaller than the one used in Zwiehoff et al.

(2021) and even a factor 3000 smaller than the one used here. Therefore, it is assumed

that the amount of in vivo generated PtNPs is too small for a potential radiosensitizing

effect. Furthermore, a biologically induced protein corona forms around the in vivo gen-

erated PtNPs, which could additionally mitigate the ROS generation [Zeng et al. (2020)].

These experiments demonstrate that the radiosensitizing effect of PtNPs in proton therapy

is not due to an increased macroscopic energy deposition of the protons. Behrends et al.

(2022) present further measurements with a pixelated semiconductor detector that also

reveal equivalent energy deposition in the silicon sensor downstream of the nonPtNP and

PtNP sample by measuring the absolute deposited charge. Furthermore, the spot sizes

in the two-dimensional pixel sensor match within their uncertainties downstream of the
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5.4. Discussions and conclusion of PtNP-application in proton therapy

nonPtNP and PtNP samples, indicating no effect due to potential increased MCS of pro-

tons by the PtNPs present.

The fact that an increased energy deposition of protons is not responsible for the en-

hanced proton therapy efficiency confirms the arguments of Dollinger (2011). Therein, it

was discussed that only a small fraction of the proton energy can be transferred to the Pt-

NPs themselves. Overall, the basic mechanisms of the radiosensitizing effect of PtNPs in

proton therapy cannot be explained in this work and remain an unsolved issue. However,

this topic does not confirm a mass-dependent effect, as this would presumably induce an

increased energy deposition due to the increased electron density of the PtNP sample.

These results rather suggest a confirmation of the reported surface effect and thus also

indicate a catalytic effect of the PtNPs as previously observed in Zwiehoff et al. (2021).

Conclusions

This project serves as experimental proof that an enhanced stopping power or energy

deposition in the presence of ROS-producing PtNPs is not the determining factor for the

radiosensitizing effect of the PtNPs in proton irradiation at the macroscopic scale. Studies

of the proton stopping power in the presence of 40(10)nm sized PtNPs with a concentra-

tion of 300 µg
ml are conducted. Comparable WERs of the samples with and without PtNPs

are detected within the experimental uncertainties of 2% on a macroscopic scale. Ana-

lyses of the impact on clinical treatment planning in imaging and dose calculation reveal

the potential use of the PtNPs as contrast agents, but no effect on the dose calculation.

The latter confirms the result of the unchanged energy deposition with PtNPs. The results

further indicate that the PtNPs are not required for the planning CT and it is sufficient to

inject the NPs for treatment. Moreover, radiation planning would be straightforward with

no additional dose correction for a tumor enriched with these ROS-generating PtNPs.

In summary, the experiments in this project confirm theories of the underlying mecha-

nisms of the radiosensitizing effect of PtNPs in proton therapy previously suspected in the

literature. The results serve as further evidence for chemical aspects, such as the catalytic

effect of PtNPs. Nevertheless, no microscopic studies are performed and the experiments

cannot provide a complete clarification of the underlying aspects of the enhancement ef-

fect. However, this project provides a contribution to an exciting, highly interesting but

not yet fully understood research field of radiation chemistry and biology.
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6. Summary and conclusion

In this work, various physical aspects for optimizing radiobiological research in proton

therapy are extensively investigated. Three independent approaches to extend the thera-

peutic window by either increased sparing of normal tissue or a more effective application

of proton radiation are presented. Owing to the extremely small scales involved in these

research projects, high accuracy is required, making them particularly challenging.

The pencil beam scanning technique offers many optimization aspects for the treatment

planning in proton therapy. A combination with static or dynamic apertures provides

new field shaping options. The Project milli in Chapter 3 examines the fundamental

relationship between a spot and the aperture edge in terms of a lateral field penumbra

reduction. Detailed analytical evidence based on one-dimensional considerations for

shaping the intensity profile of a single spot that is cut at an aperture edge is presented.

These analytical approaches demonstrate that the placement of the spot beyond the aper-

ture edge is advantageous in terms of a sharper dose gradient. This presented method

of overscanning exploits the stronger influence of the relative gradient of the aperture.

Profile measurements and simulations of the spot in air on a clinical brass aperture for

multiple spot positions relative to the edge on a pencil beam scanning beam line confirm

this effect. A reduction of up to 20% in the LP at a spot overscanning of 5mm can

be achieved. In absolute terms, a lateral penumbra of the order of one millimeter is

reached. Investigations under more clinical conditions with a range shifter or in extended

fields in water demonstrate that the effect is also pronounced at lower depths and higher

energies. The combination of a spot optimization and fluence modulation is proved to be

an effective option for field shaping in collimated scanned proton fields. Furthermore, the

very interesting results provoke further investigations in terms of clinical relevance. With

regard to clinically realistic field configurations, the influence of spot spacing or variable

spot weighting is of particular interest. Dynamic collimator systems open up attractive

opportunities especially for depth modulated fields due to their continuous optimization

possibilities.

Overall, this project presents new possibilities for a spot position optimization in colli-

mated scanned proton fields, achieving a reduced lateral penumbra. With this method,
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normal tissue and organs at risk lateral to the beam direction can be better protected.

In order to further investigate the effects of ionizing radiation on radiobiology, ade-

quate experimental conditions for cell experiments are needed. Since the LET of protons

increases sharply at the distal end of the Bragg peak and thus may induce adverse side

effects, it is of particular interest for the research in proton therapy. A comparison be-

tween protons and carbon ions or laser accelerated protons, which are interesting due to

their high dose rate and a potential FLASH effect, could also provide further insight into

the radiation effects. Radiobiological research at this level requires low-energy protons,

with high LET. For this reason, an experimental setup for providing radiobiologically

relevant energies, especially down to the few-MeV level, is developed and optimized in

the Project micro. In this context, the delivery of low-energetic protons is particularly

challenging due to their short range, which means according to the studies with laser

accelerated protons in the micrometer range. To reduce the energy of clinical protons for

this purpose, absorbing materials are used. It is shown that the limiting physical factors

such as increasing range straggling and reduction of the fluence with increasing material

thickness lead to an optimal setup for a maximal efficiency. With such an optimized setup,

especially for the provision of proton energies in the few-MeV range, radiobiological

experiments can be performed with a maximal efficiency for all relevant energies as well

as under uniform environmental conditions. However, this project does not investigate

all aspects related to this method. Secondary effects affecting the dose like the higher

neutron production by the absorbing material in the beam path should be considered.

In general, there are various potential applications for radiobiological research in a clini-

cal facility where this optimized setup can be useful. Research under these extreme

conditions could provide further insights into radiation effects.

In addition to the reduction of the normal tissue complications, the therapeutic window

can also be extended via an optimized tumor control. Due to their radiosensitizing effect,

metal nanoparticles can locally enhance radiation efficacy. Such a therapy enhancement

effect in a nanoparticle-enriched tumor can thus increase the tumor control. While there

are many promising results regarding the potential application of metal nanoparticles in

proton therapy, the underlying mechanism of enhanced therapy efficacy is not conclusive

[Schuemann et al. (2020)]. The Project nano in Chapter 5 studies in detail the potential

for an increased proton energy deposition in the presence of platinum nanoparticles. For

this purpose, the water equivalent ratio downstream of a tissue-like sample with and with-

out PtNPs is experimentally determined and compared. Here, the PtNPs have a diameter

of 40(10)nm and a concentration of 300 µg
ml . On the macroscopic scale, the WER is found
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to be the same within the uncertainties of 2%, suggesting unchanged energy deposition

and stopping power in the presence of PtNPs. This indicates that the radiosensitizing

effect of PtNPs is not due to an increased energy deposition, but rather to a catalytic

effect due to radical reactions. Since the underlying effect remains unexplained, further

studies should investigate in detail potential mechanisms of the radiosensitizing effect on

a chemical basis, in addition to previous promising ROS studies.

Furthermore, the project addresses the treatment planning process with PtNPs. Investi-

gations in a CT reveal that a contrast of about 6HU can be achieved. This supports the

potential use of metal nanoparticles as contrast agents in imaging. However, the contrast

enhancement and associated density change does not affect treatment planning, as the

dose calculation is straightforward. More studies with a varying CT voltage and PtNP

concentrations could provide further insight into the contrast potential of PtNPs.

Overall, this project provides a contribution to previously unsolved and highly debated

radiobiological research topics. Furthermore, a clinical treatment planning with these

PtNPs is found to remain unaffected.

All together, this work presents three independent research approaches, each with its

own contribution to improving the therapeutic effect of proton therapy.
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List of abbreviations

AuNP Gold nanoparticle

CT Computer tomography

DDC Depth dose curve

DNA Deoxyribonucleic acid

FBTR Fixed beam treatment room

FWHM Full width at half maximum

HU Hounsfield unit

IC Ionization chamber

IMPT Intensity modulated proton therapy

LAP Laser accelerated proton

LET Linear energy transfer

LETd Dose-averaged linear energy transfer

LP Lateral penumbra

MCS Multiple Coulomb scattering

MLIC Multi-layer ionization chamber

NIST National Institute of Standards and Technology

NP Nanoparticle

NTCP Normal tissue complication probability

OS Overscanning

PBS Pencil beam scanning
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PET Positron emission tomography

PIXE Particle-induced x-ray emission

PMMA Polymethyl methacrylate

PtNP Platinum nanoparticle

PTV Planning target volume

RBE Relative biological effectiveness

rf Radio frequency

ROI Region of interest

ROS Reactive oxygen species

RS Range shifter

SFUD Single field uniform dose

SOBP Spread-out Bragg peak

TCP Tumor controll probability

TOPAS Tool for particle simulation

TPS Treatment planning system

WED Water-equivalent depth

WER Water-equivalent ratio

WET Water-equivalent thickness

WPE West German Proton Therapy Centre Essen
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Project micro

This section provides additional material to the measurements of the DDCs and the sim-

ulations of the energy spectra.

Details of DDC measurements

Table A.1.: Thickness details and measurements of the uniformity of the used RW3-
plates.

label of plate nominal thickness (mm) meas. thickness (mm) max. deviation (mm)

101 10 10.052 0.016

102 10 10.011 0.038

51 5 5.059 0.054

21 2 2.051 0.132

22 2 1.995 0.011

11 1 1.007 0.015
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Details of the energy spectra simulations

Table A.3.: Total water equivalent depth due to the absorber made of an aluminum range
shifter, a Kapton layer and the listed RW3-plates.

simulation
RW3-plates in absorber combination total

WED (mm)nominal
thickness

(mm)

labels of used plates

1 20 101 + 102 102.232

2 21 101 + 102 + 11 103.268

3 22 101 + 102 + 21 + 22 104.341

4 23 101 + 102 + 21 + 11 105.377

5 24 101 + 102 + 21 + 22 106.393

6 25 101 + 102 + 51 107.435

7 26 101 + 102 + 51 + 11 108.470

8 27 101 + 102 + 51 + 21 109.543

Project nano

For the project, further methods and results are applied or achieved in cooperation with

other groups, which are given here for the sake of completeness. For further details refer

to Behrends et al. (2022).

First, the manufacturing process of the PtNPs is shown. In addition, details are given on

the determination of the ratio of the physical thicknesses of the samples in the CT. The

methods and results of the additional measurements of energy deposition and spot size

with the pixel detector are also provided.

Manufacturing process and ROS veri�cation of PtNPs

The fabrication of the tissue-like samples with and without surfactant-free PtNPs requires

a few steps, which are schematically illustrated in Figure A.1. This includes the process

of laser ablation in liquids, centrifugation of the PtNPs with size determination, and a

gelation process. The manufacturing process was carried out by the Center for Nanointe-

gration (CENIDE) from the University of Duisburg-Essen.

To ensure that the manufactured PtNPs generate ROS upon proton irradiation, the man-

ufactured PtNPs (after step centrifugation, Figure A.1 (b)) are placed in water phantoms
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Figure A.1.: Scheme of the sample production workflow: (a) presents the process of
pulsed laser ablation in liquids for NP synthesis. In (b), the nanoparticles size
distribution after centrifugation with the mean particle diameter of 1000 an-
alyzed platinum nanoparticles (PtNPs) yielding dmean = 40(10) nm is given.
In addition, a transmission electron micrograph of four PtNPs is provided. A
scheme of the gelation process and a picture of the final samples is shown in
(c). Figure based on Behrends et al. (2022).

with different concentrations. In addition, samples without PtNPs are used as refer-

ence. A mono-energetic homogeneous proton field (100MeV) with external dimensions

of 10×15cm2 covering the well plate with lateral uncertainties and an absorbed dose of

5Gy in the entrance plateau is used to irradiate the samples. As an ROS dye, terephthalic

acid (TA) was added to the samples in the well plate before irradiation to subsequently

determine the number of ROS via a fluorescence signal. In general, the experiment was

performed like the measurements in Zwiehoff et al. (2021). The effect of increasing PtNP

concentration on generated 2-OH-TA is given in Figure A.2. Compared to the 2-OH-TA

level, each concentration of PtNPs used shows an increased number of 2-OH-TA. Fur-

thermore, the higher the concentration of PtNPs in the colloid, the higher is the 2-OH-TA

production. The presence of PtNPs with the highest concentration of 300 µg
ml achieves an

ROS(2-OH-TA) production increase by about a factor of 2 compared to the PtNP-free

reference.
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Figure A.2.: Produced 2-OH-TA concentration in the presence of the ROS dye tereph-
thalic acid (TA) during proton irradiations of PtNPs with an absorbed dose
of 5Gy. 2-OH-TA is a measure of ROS, because during proton irradiation
the hydroxyl radicals react with TA forming 2-OH-TA. The number of gener-
ated radicals increases with the PtNP concentration, with the horizontal line
showing the 2-OH-TA level for irradiation without PtNPs. The error bars
indicate the standard uncertainty on the nine independent samples for each
concentration. Figure from Behrends et al. (2022).

Results of the CT analysis of the PtNP samples

Table A.4 gives the results of the thickness analysis of the samples in the CT images.

From both CT windows, it follows a mean ratio of physical thicknesses H = 0.997(21).

Table A.4.: Values of the physical thicknesses of the sample from the CT analysis to cal-
culate H.

CT
window

sample single measurements (cm) mean h (cm) H

brain

PtNP1 1.84 1.76 1.76 1.76 1.80
1.828

0.996PtNP2 1.88 1.88 1.88 1.88 1.84

nonPtNP1 1.80 1.84 1.76 1.84 1.84
1.836

nonPtNP2 1.88 1.88 1.84 1.84 1.84

lung

PtNP1 2.08 2.04 2.04 2.04 2.04
2.088

0.998PtNP2 2.16 2.12 2.16 2.12 2.08

nonPtNP1 2.08 2.08 2.00 2.08 2.08
2.092

nonPtNP2 2.16 2.16 2.08 2.08 2.12
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Measurements of the energy deposition downstream of the

PtNPs with a pixelated semiconductor detector

A pixelated semiconductor detector as described in Schilling et al. (2022a,b) is used for

the additional measurements of energy deposition and spot size downstream of the PtNP

and nonPtNP samples.

protons
3 nonPtNP
samples 3 PtNP samples

pixel 
detector

Figure A.3.: Setup including the semiconductor pixel detector for measurements of the
deposited charge downstream of PtNP and nonPtNP samples. More details
on the measurements as well as the adopted figure can be found in Behrends
et al. (2022).

Data interpretation

The energy dependent ratio Edep,ratio(E0) with the initial proton energy E0 is calculated to

compare the energy deposition downstream of the PtNP and nonPtNP samples:

Edep,ratio(E0) =
Edep,nonPtNP(E0)

Edep,PtNP(E0)
. (A.1)

This would result in a value less than 1, when the protons deposit more energy in the PtNP

sample, assuming that they have the same thickness.

The ratio of the mean spot sizes σspot,ratio(E0) is calculated to investigate potential scat-

tering effects of the protons at the PtNPs:

σspot,ratio(E0) =
σspot,nonPtNP(E0)

σspot,PtNP(E0)
. (A.2)

Here, an increased proton scattering with PtNPs would result in a value less than 1.
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Results of the energy deposition and spot size

In the following, the results of the pixel detector measurements are presented. Figure A.4

shows the distributions of the energy depositions in the sensor downstream of the PtNP

and nonPtNP sample. The mean deposited energy, indicated by the dashed lines, is com-

parable considering the experimental uncertainty of 1.09% [Behrends et al. (2022)].
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Figure A.4.: Distribution of the deposited energy in the pixel detector downstream of one
PtNP (in (a)) and one nonPtNP sample (in (b)). The protons have an initial
energy of 120MeV and traversed an additional 56.2mm water equivalent
buildup. Figure based on Behrends et al. (2022).

Table A.5 provides the mean deposited energies downstream the various samples for all

evaluated measurements. The ratio of the deposited energy downstream the nonPtNP

sample and PtNP sample is given with its standard deviation derived from the experimen-

tal uncertainty of 1.09%. In addition, a second uncertainty analysis including the different

sample thicknesses is written as the upper and lower limit of the±1σ confidence interval.

Further, the spot sizes downstream of the samples evaluated on the two-dimensional array

of the sensor are provided with their uncertainties.

Considering the uncertainties, it can be seen that the deposited energy and the spot size

downstream of the PtNP and nonPtNP sample are comparable with one exception in each
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case. This means that on a macroscopic scale, the protons do not deposit more energy

in the presence of the PtNPs and there is also no increased lateral proton scattering by

PtNPs. All details are in Behrends et al. (2022).

Table A.5.: Values of the ratio of the mean deposited energy and spot sizes during the
pixel detector measurements. From Behrends et al. (2022).

energy (MeV) setup
Edep,sample (keV)

Edep,ratio σspot,ratio
PtNP nonPtNP

100 3 samples stacked
510(6) 521(6) 1.022(16)+0.036

−0.028 1.14(14)

508(6) 520(6) 1.024(16)+0.036
−0.028 1.02(10)

110 1 sample + absorber
556(6) 552(6) 0.993(16)+0.013

−0.011 0.95(11)

558(6) 555(6) 0.995(16)+0.013
−0.011 1.13(11)

120
1 sample + absorber

377(5) 367(4) 0.973(15)+0.007
−0.005 1.03(8)

375(4) 368(4) 0.981(16)+0.007
−0.005 0.96(5)

4 samples stacked 382(5) 392(5) 1.026(16)+0.029
−0.023 1.00(8)
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