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Abstract

Particle beam therapy (PBT) is a form of radiation therapy that is used for cancer

treatment. Recently, interest in scintillator-based detectors for the measurement of

depth-dose curves of therapeutic particle beams has been growing. In this work,

a novel range telescope based on plastic scintillator and read out by a large-scale

CMOS image sensor is presented. The detector is made of a stack of 49 plastic scin-

tillator sheets with a thickness of 2–3 mm and a transverse area of 100×100 mm2.

A novel Bragg curve model that incorporates scintillator quenching effects was de-

veloped for the beam range reconstruction from depth-light curves with low depth

resolution.

Measurements to characterise the performance of the detector were carried out

at three different PBT centres across Europe. The maximum difference between

the measured proton range and the reference range was found to be −0.46 mm. An

evaluation of the radiation hardness proved that the range reconstruction algorithm

is robust following the deposition of 6,300 Gy peak dose into the detector. Vari-

ations in the beam spot size, the transverse beam position and the beam intensity

were shown to have a negligible effect on the range reconstruction accuracy. Range

measurements of helium, carbon and oxygen ion beams were also performed.

A novel technique for online range verification based on a mixed he-

lium/carbon ion beam and the range telescope was investigated. The helium beam

range modulation by a narrow air gap of 1 mm thickness in a plastic phantom that

affected less than a quarter of the beam particles was detected, demonstrating the

outstanding sensitivity of the mixed-beam technique. Using two anthropomorphic

pelvis phantoms it was shown that small rotations of the phantom as well as simu-

lated bowel gas movements cause detectable range changes. The future prospects

and limitations of the helium-carbon mixing as well as its technical feasibility are

discussed.





Impact Statement

Particle beam therapy (PBT) is a form of radiotherapy that can treat cancer while

reducing the radiation exposure of healthy tissue compared with conventional X-ray

therapy. Unless X-rays, charged particles stop at a well-defined depth — the beam

range — which decreases the delivered dose to the healthy tissue downstream of

a tumour. Sparing healthy tissue improves the quality of life of cancer survivors

and also allows the treatment of tumours that otherwise would be terminal. PBT

is a rapidly growing field in the UK. A low-energy proton beam therapy centre at

the Clatterbridge Cancer Centre (Bebington, Merseyside) for the treatment of oc-

ular tumours has been operational since 1989. A new high-energy proton beam

therapy centre at the Christie Hospital (Manchester) run by the National Health

Service (NHS) started treating patients in December 2018. A second NHS centre at

University College London Hospital (UCLH, London) is expected to become opera-

tional in 2021. Moreover, three privately funded PBT centres opened between 2018

and 2019 in Reading (Berkshire), Newport (Wales) and Bedlington (Northumber-

land). Two more private centres are currently being built in Liverpool and London.

Increasing effort has therefore been put into the development of new innovative

instrumentation in order to exploit the full potential of PBT. The most important

parameter of the particle beam is its range since it defines the location of maximum

dose deposition. However, current state-of-the-art range detectors have to compro-

mise between measurement accuracy, speed and price.

This thesis describes the development of a novel detector for measurements of

the particle beam range, called a range telescope. It has been demonstrated in ex-

tensive characterisation measurements that the range telescope is competitive with

commercial range detectors. This accuracy was achieved thanks to the development

of a model of a quenched depth-dose curve. The model also improves the sensitivity

of other scintillator-based detectors, and thus represents an important contribution
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to the field of scintillation dosimetry. Furthermore, the range telescope was used in

a novel mixed helium/carbon beam technique which is a candidate for future online

beam range verification in PBT. This mixed-beam project was selected as a top 10

Physics Breakthrough of the year in 2020 by the Physics World magazine of the

Institute of Physics (IoP), highlighting the impact of the work [1].

Thanks to the wide range of potential applications in quality assurance, radio-

graphy and others, the range telescope represents an important contribution to parti-

cle beam dosimetry. The detector will help to optimise and accelerate range quality

assurance measurements, which makes PBT safer and increases patient throughput,

saving costs and ultimately making PBT more affordable. Since online beam range

verification is currently unavailable, the range telescope could also help to achieve

this milestone of particle beam therapy.



List of Publications

The work presented in this thesis was published in three peer-reviewed journal ar-

ticles which are listed below together with the corresponding thesis chapters. A

fourth publication covered a simulation study outside of the scope of this thesis.

Chapter 4 and 5: Laurent Kelleter, Simon Jolly. “A mathematical expression for

depth-light curves of therapeutic proton beams in a quenching scintillator.” Medical

Physics. 47. (2020). 10.1002/mp.14099.

Chapter 3, 7 and 8: Laurent Kelleter, Raffaella Radogna, Lennart Volz, Derek At-

tree, Anastasia Basharina-Freshville, Joao Seco, Ruben Saakyan and Simon Jolly.

“A scintillator-based range telescope for particle therapy.” Physics in Medicine and

Biology. (2020). 10.1088/1361-6560/ab9415.

Chapter 9: Lennart Volz, Laurent Kelleter, Stephan Brons, Lucas Burigo, Christian

Graeff, Nina Niebuhr, Raffaella Radogna, Stefan Scheloske, Christian Schömers,
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Chapter 1
Introduction

Cancer is a disease in which cells grow uncontrollably and spread into the surround-

ing tissue [2]. In the UK, there were over 365,000 new cases of cancer and about

165,000 cancer-related deaths in 2017 [3]. Worldwide, there were an estimated

18 million new cancer cases and 9.6 million cancer deaths in 2018 [4]. These num-

bers are expected to grow since the probability of developing cancer in a lifetime

increases in an ageing population [2].

The standard treatments for cancer include surgery, chemotherapy, im-

munotherapy and radiation therapy, which can be used alone or in combina-

tion [2, 5]. The vast majority of cancer patients who undergo radiation therapy

receive external-beam therapy with X-rays. Particle Beam Therapy (PBT) is a spe-

cialised form of radiation therapy which uses a charged particle beam to irradiate a

tumour. Under certain circumstances (depending on e.g. tumour location and pa-

tient age), particle therapy can reduce side effects and the probability for developing

radiation-induced secondary cancer compared with conventional X-ray radiation

therapy [6]. The first cancer patient was treated with a proton beam in 1954 at the

Lawrence Berkeley National Laboratory (Berkeley, California, USA) [7]. By 2019,

about 250,000 patients had been treated with particle therapy worldwide [8]. For

comparison, each year, approximately 100,000 patients receive conventional X-ray

radiotherapy in the UK alone [5].

Affordability has become a key issue of particle therapy: today, PBT is at least

3–4 times more expensive than the most expensive X-ray treatments [9]. The high

price is partially explained by the facility size — particularly driven by the size of

the accelerator, the beam gantries and the shielding — as well as the complex tech-

nology and instrumentation. Moreover, the current state-of-the-art instrumentation
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does not allow exploitation of the full potential of PBT. For instance, the particle

beam is never made to stop directly in front of radiosensitive organs due to uncer-

tainties on the beam range and the biological effectiveness of the radiation [10].

Regular beam-range measurements are an integral part of the therapy centre

commissioning and quality assurance in order to guarantee patient safety. More-

over, fast beam range measurements need to be performed as part of a future poten-

tial proton/particle Computed Tomography (pCT), which promises to reduce range

uncertainties. The aim of this work was to develop a new detector termed Range

Telescope (RT) based on inexpensive plastic scintillator for the fast (at the speed of

beam delivery) range measurement of particle beams in water-equivalent material.

The outline of this thesis is as follows: chapter 2 discusses the physics of PBT

as well as the basics of quality assurance and radiation detectors. The design and

development of the range telescope is described in chapter 3. Chapter 4 describes

the Monte Carlo (MC) simulation of the detector. In chapter 5, a mathematical

model for quenched depth-dose curves of a proton beam in a plastic scintillator is

derived and characterised. This model is crucial for the minimisation of the range

reconstruction uncertainty of the proposed detector. The range telescope was char-

acterised in beam tests at three European particle therapy centres. Different aspects

of the detector performance were investigated which led to an update of the range

telescope design following every beam test. The beam test at MedAustron (MA)

described in chapter 6 focused on the range measurement of low-energetic proton

beams that were fully absorbed in the detector. Moreover, the dependence of the

beam spot position of the detector output was measured. The aim of the beam test

at Clatterbridge Cancer Centre (CCC) (chapter 7) was to determine the radiation

hardness of the detector and to test its range resolution limit with a finely stepped

range modulator wheel. Two more beam tests were carried out at the Heidelberg

Ion-beam Therapy centre (HIT) with the aim of measuring ion beams and high-

energy proton beams as well as investigating the influence of the beam spot size

and position on the range measurement. The results are described in chapter 8. Fi-

nally, the range telescope was tested as part of a novel mixed-ion online beam range

verification technique, which is presented in chapter 9. Helium and carbon ion

beams traversing PMMA phantoms as well as anthropomorphic pelvis phantoms

were measured in order to show for the first time the applicability of the mixed-ion

beam technique to prostate cancer patients.



Chapter 2
Background

2.1 Physics of Particle Beam Therapy

2.1.1 Interactions of Charged Particles with Matter

Charged particles in an absorber lose energy through four main interaction mecha-

nisms: ionisation, nuclear reactions, Bremsstrahlung and Cherenkov radiation. The

contribution to the energy loss of clinical particle beams from the latter two is neg-

ligible [11].

2.1.1.1 Ionisation

Ionisation describes the removal of shell electrons from an atom. Atoms in an ab-

sorber can by ionised in an interaction with a charged projectile, releasing recoil

electrons with an energy determined by the velocity and incident angle of the pro-

jectile and the mass of the target material. If the energy of the recoil electron is

high enough to ionise further atoms it is called a delta ray. Ionisation is responsible

for the majority of the energy loss of a clinical particle beam [11]. The average

energy loss from ionisation dE along the projectile’s path dx in an absorber is re-

ferred to as Stopping Power (SP), dE/dx or Linear Energy Transfer (LET). For the

sake of consistency with the reference coordinate system used in this work where

the particle beam direction (depth in the absorber) overlaps with the z-axis, dE/dx

is referred to as dE/dz. In the same coordinate system, the horizontal distance from

the beam centre is on the x-axis and the vertical displacement on the y-axis. The

x- and y-directions are referred to as the “transverse” coordinates. The definition

of LET often includes a maximum delta-ray energy that is taken into account in

the calculation: this restriction allows the energy deposition that occurs far away
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(i.e. several millimetres) from the projectile’s trajectory to be neglected. In its un-

restricted form (all delta rays are taken into account) used in this work, LET is

identical to dE/dz. The mass stopping power of a material is defined as dE/dz di-

vided by the material density ρ . The energy loss of a particle is the sum of countless

small ionisation events. The average energy loss from ionisation is described by the

Bethe formula [12]:

− dE
dz

=
4πnz2

mec2β 2

(
e2

4πε0

)2[
ln
(

2mec2β 2

I · (1−β 2)

)
−β

2
]

(2.1)

Where n is the electron number density of the material, z is the particle charge, e

and me are the electron charge and rest mass, c is the speed of light, β the particle’s

speed normalised to c, ε0 is the vacuum permittivity and I is then mean excitation

potential of the material (i.e. the mean energy required to ionise an atom of the

material). The proportionality to z2 explains the much higher LET values of e.g.

carbon ions compared with protons and the dependence on β−2 gives rise to the

Bragg peak (see section 2.1.5).
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Figure 2.1: Total mass stopping power (ionisation and nuclear reactions) of protons in
water, polystyrene and aluminium [13].

The total mass stopping power of protons in water, polystyrene and aluminium

is shown in figure 2.1 which were calculated using the National Institute of Stan-

dards and Technology (NIST) database [13]. The total mass stopping power in-

cludes the stopping power from ionisation and nuclear reactions.
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2.1.1.2 Nuclear Reactions
Nuclear reactions are interactions between the projectile and the target nucleus.

They come in the form of elastic, inelastic and non-elastic interactions [11]. The

contribution of nuclear reactions to the total energy loss of protons in water for

energies from 1–250 MeV is .0.1% [13].

In an elastic nuclear reaction, the projectile is scattered in the electric field

of the target nucleus. Many consecutive elastic scattering events are referred to as

Multiple Coulomb Scattering (MCS) which lead to the broadening of the beam.

The contribution of the strong force (nuclear force) and the collisions with elec-

trons (ionisation events) to the beam broadening are usually ignored. The former

is neglected because such non-elastic nuclear interactions are infrequent — e.g.

only about 20% of protons in a 177 MeV beam undergo a single non-elastic nu-

clear interaction [14] — and the latter due to the large mass difference between the

proton or ion and an electron. The core of the resulting spatial distribution contain-

ing about 98% of the beam particles can be approximated with a Gaussian curve.

The non-Gaussian tails of the distribution are caused by single large-angle scatter-

ing events [15, 16]. The scattering power of a material quantifies the width of the

spatial distribution.

Inelastic nuclear interactions are similar to elastic interactions with the dif-

ference that the nucleus is left in an excited state. De-excitation usually occurs via

the emission of a gamma ray [11].

Non-elastic nuclear interactions occur when the target nucleus is modified

as a result of the collision with the projectile. This is also sometimes referred to

as “target fragmentation”. These interactions have the ability to remove particles

from the primary beam and thus lead to a reduction of the beam flux. Non-elastic

interactions might also create neutrons which can travel long distances in matter

and result in energy deposition far away from the inital particle beam [11]. As a

result of the production of long-range neutral particles (neutrons and gammas), the

absorbed energy in a finite volume is always smaller than the total energy loss of

the projectile.

The typical clinical beam energies in proton beam therapy are too low to re-

solve the inner structure of the proton, which means that the proton remains stable in

a non-elastic interaction. In the case of ion beams however, projectile fragmentation

can occur as a result of a collision with a target nucleus. Most projectile fragments

have approximately the same velocity as the initial projectiles [17]. However, if the
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fragment charge z f is lower than the projectile charge z, the fragment will have a

lower LET and thus a longer range in matter compared with the initial projectile.

2.1.2 Water-Equivalent Thickness
Water is commonly used in PBT as a surrogate for human tissue because of its simi-

lar density, mass stopping power, chemical composition and scattering power [6]. It

is convenient to quantify the influence of some material on the particle beam energy

with the thickness of a water absorber having the same influence. The thickness

of the equivalent water absorber is called Water-Equivalent Thickness (WET). The

ratio of the physical absorber thickness L and the WET is called Relative Stopping

Power (RSP).

WET = L ·RSP (2.2)

WET is sometimes referred to as Water-Equivalent Path Length (WEPL). Zhang et

al. (2009) [18] showed that the RSP of a material m for a beam energy E can be

expressed as a function of the stopping powers of that material and water (H2O):

RSPm(E) = SPRm(E) =
SPm(E)

SPH2O(E)
(2.3)

RSP is also referred to as Stopping Power Ratio (SPR). It is worth noting that

RSP/SPR are a function of the beam energy. The variation of SPR with beam en-

ergy increases with increasing density difference between the material and water.

Great care is usually put into the accurate measurement of energy-dependent SPR

for different materials in order to reduce the uncertainty of WET in particle ther-

apy [6]. The total mass stopping power of protons in water is shown in figure 2.1 and

compared to a water-equivalent material (polystyrene) and a non-water-equivalent

material (aluminium).

2.1.3 Dose and RBE
The absorbed energy in a volume divided by the volume mass is defined as the

absorbed dose. It is given in units of Gray (Joule per kilogram). Over 95% of the

absorbed dose eventually goes into heat [6]. Dose is used for the prescription of

radiotherapy treatments because it has proven to be a good indicator of biological

damage in X-ray radiotherapy [6]. However, the biological effectiveness of dose

depends on the type of radiation, the radiosensitivity of the tissue, the LET, the

treatment fractionation, etc. This is taken into account by multiplying the absorbed

dose with the Radio-Biological Effectiveness (RBE), yielding equivalent dose [19].
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The RBE is defined as the ratio of the doses from different radiation types leading

to the same biological damage. X-rays are usually used as a reference radiation. In

clinical practice, a constant RBE of 1.1 is usually used for protons, although more

complex parametrisations are being discussed [20]. For ion beams, RBE can vary

greatly such that complex models are used to predict the equivalent dose [21].

2.1.4 Radiobiology
Radiation kills tumour cells through DNA damage. A broken DNA double helix

— if not repaired — will eventually lead to cell death [22]. There are two main

channels via which a DNA Double-Strand Break (DSB) may occur: through direct

energy deposition events or through the creation of reactive free radicals (single

oxygen atoms with unpaired electrons). The relative importance of the two mecha-

nisms depends on the LET: low LET-radiation acts mainly through the production

of free radicals while high-LET radiation has a higher probability to cause DSB via

direct energy deposition [6]. The production of free radicals relies on the availabil-

ity of oxygen in the tumour. Hypoxic tumours (depleted of oxygen) are therefore

found to be less sensitive to low-LET radiation. High-LET particles, such as carbon

ions, therefore play an important role in the treatment of hypoxic tumours [23].

2.1.5 The Bragg Curve

2.1.5.1 Curve Shape
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Figure 2.2: Simulated Bragg curve of a 200 MeV proton beam and a 385.5 MeV/u
carbon ion beam in water.
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The Bragg curve describes the total absorbed energy of a particle beam as

a function of the depth in an absorber. This is equivalent to the absorbed dose

integrated over the transverse area of the averaging volume. Therefore, the Bragg

curve is often referred to as Percent Depth-Dose (PDD) curve or Integral Depth-

Dose (IDD) curve. The PDD curve of a proton beam and a carbon ion beam with

approximately the same beam range (260 mm) is shown in figure 2.2. The total

energy loss is the product of LET (increases with increasing depth) and particle

flux (which decreases with increasing depth, see figure 2.4). Together they form the

“Bragg peak”. The two Bragg curves in figure 2.2 were normalised to the maximum

dose. This normalisation makes the proton and the carbon-ion Bragg curve appear

side-by-side, although the LET of the carbon ions is much higher than that of the

protons.

The relatively flat dose ramp-up between zero depth and the Bragg peak is

called the “plateau”. At the entrance to the medium, a small dose build-up effect

from delta rays and secondary protons is observed. The dose build-up is caused

by the forward-peaked emission spectrum and the non-negligible range of those

particles [11, 24]. The different shape in the plateau of protons and carbon ions can

be explained by the secondary-particle spectrum that is generated by the fragmented

carbon ions as well as the increased energy per nucleon that is required to produce

a carbon ion beam of the same range as a proton beam.

Figure 2.2 shows that the Bragg peak of a carbon-ion beam is narrower than

the proton Bragg peak since carbon ions undergo less range straggling (the range

difference of particles with identical initial energy, see section 2.1.5.2) because of

their higher mass. However, ion beams show a (projectile) fragmentation tail down-

stream of the Bragg peak which is not present in proton beams.

The transverse cross section of a proton beam can be split up into three main

regions [11]: the beam core, the halo and the aura, see figure 2.3(a). The beam

core is dominated by beam protons and determines the beam size which is usually

given as the Full Width at Half Maximum (FWHM) of the transverse dose profile.

The broadening of the beam core through MCS is most apparent at the Bragg peak

where protons have slowed down. The beam halo is composed of charged secondary

particles, mostly protons, from non-elastic nuclear reactions and large-angle elastic

scattering events. Finally, the beam aura includes all neutral particles. The aura

dominates the dose deposition far away from the central beam axis and also behind

the Bragg peak. Figure 2.3(b) shows the transverse section through a proton beam
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(a) (b)

Figure 2.3: (a) Schematic transverse section of a proton beam revealing its substruc-
ture of the beam core, the halo and the aura. (b) Measured (dots) and
predicted dose at mid-range of a 177 MeV proton beam as a function of
the distance to the beam axis (radius). The non-elastic and large-angle
elastic contributions make up the beam halo. Figure adapted from [14].

with a beam range of ≈210 mm (177 MeV) at a depth of 120 mm [14]. This figure

reveals the dose contribution of each component as a function of the distance to the

beam centre. A fourth component, the beam spray, was proposed by Gottschalk et

al. (2015) [14] to describe the contamination of the beam with secondary particles

originating from nuclear reactions in the beam nozzle.

The concepts above can also be applied to ion beams. However, their descrip-

tion has to include the dose deposition from projectile fragmentation.

2.1.5.2 Beam Range

Charged particles in matter gradually lose their energy until they come to rest. Since

the energy loss is a statistical process, the exact stopping depth varies from particle

to particle. The mean stopping depth is defined as the beam range R0 and its stan-

dard deviation σ is the range straggling. This definition excludes beam particles that

were removed from the beam by nuclear reactions. Figure 2.4 shows the flux of a

proton beam in water. The gradual flux reduction in the plateau is due to non-elastic

nuclear reaction losses. The end-of-range losses are caused by the protons running

out of energy. The flux is normalised to a depth just before the end-of-range losses

set in. In this normalisation, the beam range can be retrieved at the depth where

the proton flux reaches 50%, under the condition that nuclear reaction losses in the

narrow Bragg peak, which distort the 50%-flux rule, are neglected.
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Figure 2.4: Proton beam flux Φ as a function of the depth in an absorber. The curve
is normalised to the flux before the rapid fall-off due to proton stopping in
the Bragg peak. Figure adapted from [11].

In the Bragg curve, the beam range corresponds to the depth at which the dose

in the distal fall-off of the Bragg peak reaches 80% of the maximum dose value [25].

This relation is exact if the dose contribution from nuclear reactions is neglected.

The beam range can also be approximated as the integral of the inverse of the energy

loss:

R0 ≈
∫ E0

0

(
dE
dz

)−1

dE (2.4)

Where E0 is the beam energy. This is called the Continuous Slowing-Down Ap-

proximation (CSDA) because the integration approximates the energy loss caused

by a large number of individual ionisation events as being continuous. The CSDA

range describes the total (three-dimensional) path length of the particle in the ab-

sorber, as opposed to the beam range which is the (one-dimensional) path length

projected onto the beam axis. The CSDA range is therefore always larger than the

beam range. The ratio of the beam range and the CSDA range is called “return

factor”. Typical values of the return factor for protons are 0.9986 at E0 =60 MeV

and 0.9988 at 200 MeV [13].

Another way to approximate the beam range from the beam energy is the

Bragg-Kleeman (BK) rule [26]:

R0 ≈ αE p
0 (2.5)
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The parameters values were found to be α = 0.022 mm/MeVp and p = 1.77 for

protons [25]. The predicted range values from the BK rule agree with reference

data within 4% for protons, 4% for helium ions and 7% for carbon ions for beam

ranges from 20 to 300 mm (see chapter 8.2.2).

Many therapy centres use different standards for the definition of the beam

range. For example, the 90% or 95% distal dose fall-off are commonly used to

define beam range [27]. All definitions of the beam range can be calculated from

each other assuming a Gaussian Bragg peak with a peak width σ . For a perfectly

mono-energetic beam with range R0, the range straggling σ can be approximated

as [28]:

σ ≈ σmono ≈ mRk
0 (2.6)

For proton beams it was found that m = 0.012 mm and k = 0.935 [25]. Equa-

tion 5.12 gives the peak width σ for the case of an initial beam energy spectrum

with energy spread σE .

The beam range determines the maximum depth of a tumour inside the human

body that can be reached. The typical maximum water-equivalent depth of a tu-

mour in a human body is ∼ 30 cm, which corresponds to a proton beam energy of

∼220 MeV [13]. Therefore, the typical maximum proton beam energy at therapy

centres is 220–250 MeV. The same range argument applies to other ion beams.

2.1.5.3 Spread-Out Bragg Peak

Figure 2.5: Projected proton spread-out Bragg peak (SOBP) in water showing indi-
vidual weighted Bragg curves that make up the SOBP. Figure adapted
from [6].
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Individual mono-energetic particle beams are combined to form a Spread-Out

Bragg Peak (SOBP) with a three-dimensional dose plateau (not to be confused with

the Bragg curve plateau) that covers the entire target volume (tumour plus margins).

The entrance dose of an SOBP is the cumulative entrance dose of all mono-energetic

beams since all beams enter the patient from the same direction. The definition of

the SOBP dose plateau width, also called the SOBP modulation width, depends

on the therapy centre. A common definition is the distance in water between the

proximal and distal 90% dose levels [27]. The gradient of the distal dose fall-off

is defined by the most energetic particle beam that is used to create the SOBP. An

analytical formula to calculate the weights of the individual mono-energetic beams

was derived by Bortfeld and Schlegel (1997) [29]. However, numerical optimisation

methods achieve a better dose conformity [30].

2.1.6 Beam Delivery

Figure 2.6: Comparison of the two-dimensional depth-dose profiles for X-ray radio-
therapy (photons), Passive Scattering Proton Therapy (PSPT) and Pencil-
Beam Scanning (PBS) on a circular target volume (white circle). The
beam direction is from top to bottom. The range compensator used in
PSPT is also shown. Regions with high dose deposition appear darker.
Figure adapted from [6].

There are two main beam delivery techniques to achieve the beam modulation

required to form an SOBP: passive scattering and pencil beam scanning. A treat-

ment field is defined as the set of beams that are delivered to the treatment volume

from a certain angle [6]. A particle beam treatment can be delivered using one

single field or multiple fields at different angles.
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2.1.6.1 Passive Scattering

Figure 2.7: Schematic view of a passive scattering beam delivery with range shifter,
range modulator and collimator in order to deliver an SOBP. Figure
adapted from [31].

Passive Scattering Proton Therapy (PSPT) is a beam delivery technique used

to create a three-dimensional SOBP from an initially narrow and mono-energetic

proton beam. Different scatterers are placed in the beam line in order to broaden,

collimate and range-modulate the beam. There are several different designs of PSPT

systems [6]. One widespread design uses an occluding ring to block out the cen-

tral part of a Gaussian-shaped beam [32]. The resulting doughnut-shaped beam is

scattered in a foil in order to achieve a flat flux plateau at the beam centre. The

SOBP plateau width can be adjusted e.g. with a range modulator wheel [6]. A

range modulator wheel is made of absorber steps of different width and thickness,

corresponding to the individual Bragg peak weight and range, respectively. Range

modulation is achieved when the mono-energetic beam passes through the rotating

wheel. Moreover, a range compensator is often placed in the beam as an absorber in

order to account for the varying depth and shape of the tumour in the patient. Such

range compensators need to be customised for each patient. The described design

— excluding the range compensator — is used e.g. at CCC (see chapter 7).

PSPT has the advantage that the treatment planning and the required technol-

ogy are less complex compared with pencil beam scanning (see section 2.1.6.2).

Moreover, the actual irradiation time of PSPT is shorter. The main disadvantages

are the dose conformity (the SOBP has the same plateau width across the whole tar-

get volume), the inflexibility of hardware components and the beam contamination
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with secondary particles (especially neutrons) which can pose a safety hazard [6]. A

schematic view of the resulting two-dimensional depth-dose distribution is shown

for a PSPT system compared with a single-field X-ray and a PBS depth-dose dis-

tribution in figure 2.6. It can be seen that protons — unlike X-rays — stop in the

patient. Moreover, X-rays deposit the maximum dose at the entrance to the tissue

whereas protons have their maximum dose deposition in the Bragg peak. This com-

parison is somewhat unfair because an X-ray radiotherapy treatment plan is never

composed of a single field: instead, the target volume is irradiated from multiple

angles (fields) in order to achieve a good target coverage and sparing of healthy

tissue. However, it demonstrates the inherent superiority of the depth-dose profile

of charged particles over photons.

2.1.6.2 Pencil-Beam Scanning

Figure 2.8: Schematic view of a pencil beam scanning system with horizontal and
vertical scanning magnets to deliver pristine Bragg curves. Figure adapted
from [31].

Another beam delivery technique is Pencil-Beam Scanning (PBS). Here, in-

dividual narrow particle beams called “pencil beams” are superimposed to “paint”

the subscribed dose deposition in the target volume. Scanning magnets are used to

quickly adjust the transverse position of the beam. The beam range is modulated

either at the accelerator level or just after the beam extraction using a range shifter

made of two wedges [33]. During scanning, the beam can be turned off between

different spots (spot scanning) or be left on (uniform scanning) [27].

PBS allows creation of highly conformal dose distributions and minimizes

beam contamination with secondary particles [6]. Non-uniform dose distributions

(i.e. with a non-flat SOBP plateau) can be delivered which allow multi-field dose
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optimisation, making the concept of an SOBP redundant [27]. PBS systems are

highly flexible and require no hardware adjustment between treatments. However,

the treatment delivery is much slower compared with PSPT. Interplay effects be-

tween patient motion and beam scanning may also decrease dose uniformity [34].

Compared with PSPT, the required technology and quality assurance processes are

much more complex. The large majority of modern particle therapy centres uses

the PBS technique [35].

2.2 Accelerator Physics

2.2.1 Charged Particles in Electromagnetic Fields

The force which is central to the description and understanding of accelerator

physics is the Lorentz force [36]:

~F = q(~E +~v×~B) (2.7)

Where ~F is the force that acts on a particle with charge q which propagates in an

electric field ~E and/or a magnetic field ~B. The former allows the acceleration of a

charged particle in an electric field and the latter the deflection by a magnetic field to

be calculated. The former always points in the direction of the electric field and the

latter is perpendicular to both the direction of travel of the particle and the magnetic

field. The directional sense depends on the sign of the particle charge and on the

polarity of the fields.

2.2.2 Accelerator Types

A variety of different particle accelerators is used in particle therapy centres. The

most common accelerator designs are discussed here.

2.2.2.1 Cyclotron

The cyclotron was the first particle accelerator which could accelerate light ions to

high kinetic energies (∼MeV) without the use of high voltages [38]. Instead, the

particles are injected at the centre of the cyclotron and accelerated in an electric field

oscillating at Radio Frequency (RF) which they pass repeatedly on a spiral trajectory

caused by a magnetic field perpendicular to the revolution plane (see figure 2.9).

The electric field is applied between so-called “dees” [38]. The oscillating electric

field leads to the forming of beam bunches which reflect the time structure of the
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Figure 2.9: Schematic view of a cyclotron particle accelerator. Particles are injected
at the centre between the dees and the red line indicates the particle tra-
jectory. The arrows show the direction of the magnetic field B. Figure
adapted from [37].

RF. When the particles have gained the design energy their orbit becomes too large

to be contained in the cyclotron and they exit at the extraction point.

The maximum ion energy in a cyclotron is limited by relativistic effects. For

non-relativistic particles, the revolution time is independent of the orbit radius. For

relativistic particles however, the revolution time increases with increasing orbit ra-

dius because the speed of the particle approaches the speed of light [39]. This leads

to the particles getting out of sync with the RF, making the energy transfer less ef-

ficient. This limitation can be mitigated by adapting the RF during the acceleration

(synchro-cyclotron) or by creating a radius-dependent magnetic field (isochronous

cyclotron). Another practical limit to the beam energy in a cyclotron is the maxi-

mum magnetic field strength and the resulting size of the dees due to the increasing

orbit radius of the spiralling particle beam.

Cyclotrons are designed to deliver a quasi-continuous particle beam of fixed

energy at high intensity [6]. The beam energy can be adjusted using a double-wedge

range shifter (see figure 2.10) [33, 40]. It is worth pointing out that the peak width,

defined by the range straggling of the initial beam, is therefore constant for all beam

ranges. As of 2020, the cyclotron is the most commonly used type of accelerator in

proton therapy centres [35].
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Figure 2.10: Schematic view of the beam range modulation in a cyclotron using a
double-wedge range shifter. The residual beam range R is reduced when
the wedges are moved together and increased when they are moved apart
with respect to the reference position. Figure adapted from [40].

Figure 2.11: Schematic view of a 250 MeV proton synchrotron accelerator (Hitachi
Ltd, Tokyo, Japan). The figure shows dipole magnets for bending,
quadrupole magnets for focusing and sextupole magnets for chromaticity
and magnetic field error corrections. There is also an RF cavity for accel-
eration as well as an RF electrode, an extraction septum and extraction
magnet for beam extraction. Figure adapted from [37].

2.2.2.2 Synchrotron
The synchrotron was developed in order to accelerate ions to energies beyond those

that can be achieved with a cyclotron. A synchrotron has a modular design: there

are dipole magnets to force the beam on a circular orbit, quadrupole magnets for
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beam focusing and at least one RF cavity to accelerate the beam. An RF cavity

is a resonator for standing or travelling electromagnetic waves. The frequency of

the electromagnetic wave is adjusted such that a traversing charged particle always

“feels” an accelerating potential. Sextupole magnets can also be found in the beam

line to correct for quadrupole magnet imperfections and energy-dependent focusing

(chromaticity) [39]. A schematic view of a commercial synchrotron accelerator

developed by Hitachi Ltd (Tokyo, Japan) is shown in figure 2.11.

A synchrotron operates in cycles called spills: first the synchrotron is filled

with a certain number of pre-accelerated particles. The pre-acceleration is per-

formed in a linear accelerator (see section 2.2.2.3). Second, the particles are ac-

celerated during repeated turns in the ring. As the particles are accelerated, the

magnetic field in the dipoles is ramped up in order to keep the orbit radius at a

constant value. The acceleration of a spill can take up to several seconds. Once

the desired energy is attained, the beam is extracted from the synchrotron [39]. A

synchrotron for particle therapy requires the slow, continuous beam extraction with

a stable intensity. Slow extraction can be achieved by perturbing the orbit of the

particle beam e.g. by acceleration with a betatron core (resonant slow extraction,

see section 6.1.2) or with a fast “kicker” magnet (“RF-knockout”) [41, 42]. A frac-

tion of the perturbed beam is then extracted by using e.g. an electrostatic septum,

which creates different field regions for different orbit radii. The slow extraction

process leads to a systematic range (energy) shift over the course of the spill [43].

This intra-spill range uncertainty can be as large as 0.3 mm in water [44].

A main advantage of the synchrotron is that each spill of particles can be accel-

erated to any desired energy within specifications. Therefore, there is no need for

range shifters which would get activated and decrease the beam quality. Moreover,

the accelerated particle species can easily be switched between different ions. As of

2020, all clinical multi-ion beam therapy centres in the world use synchrotrons [35].

Compared with cyclotrons, the beam intensity in a synchrotron is much lower and

there is a dead time of several seconds between extractions when the beam energy

is ramped up, increasing the irradiation time of patient treatments.

2.2.2.3 Linear Accelerator

As opposed to cyclotrons and synchrotrons, a LINear ACcelerator (LINAC) is a

non-cyclic particle accelerator where the particles pass each accelerating structure

only once. Particles are accelerated in an evacuated tube using an RF electric field
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Figure 2.12: Principle of a linear accelerator according to Wideroe: an RF electric
field between electrodes of increasing length (L1–L5) is used to accelerate
the charged particles from a particle source. The circles show the electric
field lines between the electrodes and the arrows show the field direction.
Figure adapted from [39].

applied to hollow cylindrical electrodes. The length of the electrodes increases with

increasing beam energy in order to account for the increasing speed of the particles

while keeping a constant RF (see figure 2.12) [39].

LINACs can produce a high-intensity beam of short pulses, small size and low

angular spread (low emittance) [45]. The beam energy can be adjusted from pulse

to pulse. In contrast to cyclic accelerators, the accelerating structures are only used

once which determines the minimum length of a linac.

LINACs are widespread in conventional radiotherapy where they produce the

electron beam that is used to generate X-rays. In particle therapy, LINACs are used

as an injector for synchrotrons. Future accelerator designs include the use of a

LINAC as energy booster after a cyclotron [46] and a purely LINAC-based proton

therapy centre [47].

2.2.3 Beam Line and Nozzle

After extraction, the particle beam is guided to the treatment rooms through the

High-Energy Beam Transfer line (HEBT). The beam line usually hosts a number of

beam diagnostic systems (beam position and intensity/dose), a safety beam dump

and focusing magnets [49]. In a therapy centre using the pencil beam scanning

technique, there are also scanning magnets near the end of the beam line.
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Figure 2.13: Schematic view of the HIT beam nozzle (PBS system). The nozzle hosts
the Beam Application and Monitoring System (BAMS) with two MW-
PCs and three ionisation chambers. The beam exits the vacuum pipe at
energy E0 and with a transverse beam size FWHMvac. The beam size
increases to FWHMiso at the isocentre due to scattering in the BAMS and
air. Figure adapted from [48].

A thin (∼0.1 mm Kapton or titanium) vacuum window marks the end of the

evacuated beam line [50]. Before the beam enters the treatment room it passes the

beam nozzle. The beam nozzle can be fixed (horizontal, vertical or at an angle) or

revolving (gantry). Many modern PBT centres have at least one gantry which allows

the treatment of tumours from different angles without moving the patient. Down-

stream of the vacuum window, the nozzle usually includes ionisation chambers (see

section 2.4.1) for dose monitoring and a beam position monitor, e.g. a Multi-Wire

Proportional Chamber (MWPC) (see section 2.4.1) [51]. Other (optional) elements

include a range shifter to treat shallow tumours, a collimator or aperture to narrow

the beam and a ripple filter. A ripple filter is used in carbon beam facilities to spread

the sharp carbon ion Bragg peak with the aim of reducing the number of individual

pencil beams required to generate a flat carbon SOBP plateau [52]. The last ele-

ment is the nozzle exit window, separating the beam monitors from the treatment

room. At a reference point in the beam line in the treatment room at a distance of

∼1 m from the exit window lies the beam isocentre [48]. The beam isocentre is

usually defined at or close to the beam focus point of the last focusing magnet and

the rotational centre of the gantry, if applicable. The large distance between the exit

window and the isocentre ensures that there is enough space to align the patient.

All beam reference values (range, spot size, etc.) are usually defined at the beam
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isocentre. The combined water-equivalent thickness of all materials interfering with

the beam including air is on the order of 3 mm [53].

2.3 Quality Assurance and Centre Commissioning
Before a radiotherapy centre goes into operation strict quality standards have to

be met in an extensive commissioning process. After the start of patient treat-

ment, regular Quality Assurance (QA) is conducted in order to maintain the com-

missioning standards and thus ensure patient safety. As of 2020, there is no cen-

trally enforced standard QA protocol for particle therapy centres. However, many

groups of medical physicists have published guidelines and reports of individ-

ual experiences with centre commissioning [54, 55, 56, 57, 58] and QA proce-

dures [44, 59, 60, 61, 62, 63]. Moreover, a recently published report by the task

group 221 of the Amercian Association of Physics in Medicine (AAPM) gives an

extensive overview of QA procedures in proton therapy [27]. Centre commissioning

and QA require the testing of every single piece of equipment and protocol utilized

to perform a radiotherapy treatment. This includes the treatment beam as well as

e.g. the treatment couch, imaging system and emergency stop systems. The check-

list of devices depends on the therapy centre as well as on the accelerator type and

delivery technique (PSPT or PBS).

This section aims to give an overview about the recommended QA mea-

surements in a therapy centre utilizing the PBS technique based on the report by

AAPM [27]. The focus is put on measurements of the pristine Bragg curve, exclud-

ing measurements of the SOBP and patient-specific QA where an individual treat-

ment plan is verified. Table 2.1 lists the recommended beam parameters including

tolerances and measurement frequency. All beam parameters need to be measured

during centre commissioning and at least on a yearly basis thereafter. The values

of table 2.1 represent a non-binding recommendation and the exact measurement

frequency has to be determined by the medical physics staff at every individual

treatment centre based on a thorough risk assessment and experience [27].

Among those parameters that need to be checked daily is the beam range be-

cause variations in the beam range will have a large impact on the conformity of the

dose distribution due to the sharp distal dose fall-off at the Bragg peak. Although

range uncertainties in PBT are dominated by uncertainties associated with the pa-

tient, this is only true as long as a constant beam range in the treatment room is

guaranteed [10]. The recommended range tolerance is ±1 mm, which corresponds
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Table 2.1: Pencil beam parameters measured during commissioning (comm.) and reg-
ular machine quality assurance [27].

Parameter Tolerance Comm. Daily Weekly Monthly Yearly

Beam range ±1 mm X X X X X
Range uniformity ±0.5 mm X X
Depth-dose curve ±2% X X
Spot pos. (abs./rel.) ±1 / 0.5 mm X X X X X
Spot size ±10% X X X X X
Spot shape ±2% / 2 mm X X

to the range step width at many therapy centres [27]. For the daily range QA, many

centres do not measure all range/energy steps daily but cycle through them in turns

due to time restrictions.

Range uniformity refers to the relative range difference for the same beam

energy at different spot positions. Range uniformity is important for the dose con-

formity of a treatment field. The recommended tolerance is±0.5 mm and is verified

on a yearly basis.

The Treatment Planning System (TPS) requires entire PDD curves as input for

the treatment plan optimisation. These PDD curves are recommended to be checked

on a yearly basis and with a dose accuracy of ±2% along the entire PDD curve.

The accuracy of the beam spot position is crucial for the dose conformity of a

PBS treatment. The misalignment of a single beam spot can lead to severe over- and

under-dosage of the treatment volume [27]. An absolute spot position conformity of

1 mm and a relative maximum displacement of 0.5 mm are recommended, although

the resulting impact on the dose distribution depends also on the beam spot size.

Quality assurance measurements of the spot position should be conducted daily and

are also performed online during treatment by a spot position monitor in the beam

nozzle.

The spot size itself also should be checked on a daily basis with a tolerance of

±10%. The spot size can be measured in air or in water, at a fixed position along

the PDD curve.

Finally, the spot shape should be measured yearly to check for changes in the

spot symmetry that exceed ±2% or 2 mm. All listed measurements and especially

the spot position and shape need to be performed at different gantry angles, if ap-
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plicable. Unless specified otherwise, all beam parameters are measured at the beam

isocentre.

2.4 Detector Physics

2.4.1 Ionisation Chambers
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Figure 2.14: Schematic view of an ionisation chamber. An ionising particle passes
through the gas-filled region between the anode and the cathode. The
gas is ionised and the electron-ion pairs migrate towards the electrodes,
creating an electric current.

The most widespread radiation detector in particle beam dosimetry is the

plane-parallel Ionisation Chamber (IC). An ionisation chamber is a gas-filled radi-

ation detector in which a high voltage (∼ 180 V) is applied between two electrodes

in order to collect the electron-ion pairs produced by the traversing ionising radia-

tion [64]. The concept is shown schematically in figure 2.14. For ionisation cham-

bers used in medical physics, the gas is usually air at atmospheric pressure. The

required energy deposition to produce an electron-ion pair is ∼35 eV for protons

in air [65]. “Plane-parallel” refers to the shape and configuration of the electrodes.

There exist single- and multi-channel ionisation chambers. The latter allows instant

2D measurements of the beam profile to be made, as opposed to the point/area mea-

surement with single-channel ionisation chambers. An example of a multi-channel

system is the MWPC which consists of several (anode) wires with typical spacing

of a few millimetres (yielding sub-millimetre spatial resolution) between two (cath-

ode) plates [31]. Such MWPC are used e.g. in the beam monitoring system of the

nozzle at HIT (see figure 2.13).
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The direct proportionality of the measured current to the deposited dose from

ionisation events, the reproducibility as well as negligible dependence on LET and

energy has made the ionisation chamber the reference detector in radiotherapy [31].

Disadvantages of ionisation chambers are the dose-rate dependence of the output

current due to the rate dependence of ion-electron recombination and the strong

dependence of the current-to-dose calibration on the measurement conditions (e.g.

air pressure and humidity, chamber voltage, etc.) [66, 67]. In addition, the ana-

logue electronics used in the charge collection and measurement can make ionisa-

tion chambers fragile and susceptible to damage if not handled carefully.

2.4.2 Plastic Scintillators

Figure 2.15: Photograph of a proton beam stopping in a container of liquid scintillator
(BC-525, Saint Gobain Crytals [68]). Multiple optical artefacts such as
reflected light from the walls of the container are visible. Courtesy Adam
Gibson, UCL [69].

A scintillator is a material that emits light in response to the deposition of en-

ergy by ionising radiation. There exist organic and inorganic scintillators. While

inorganic scintillators generally have a higher light yield, organic scintillators are

preferred for applications in particle therapy because of their similarity to water in

terms of density, mass stopping power and scattering power [70]. Other character-

istics that make organic scintillators interesting for applications in particle therapy

detectors are the low price, fast signal rise time, scalability and dose-rate indepen-

dence [64, 70]. Organic scintillators come in different forms such as plastic or

liquids [64]. A photograph using a DSLR camera of a 60 MeV proton beam (taken
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at CCC) in a PMMA container filled with liquid scintillator (BC-525, Saint Gobain

Crytals) is shown in figure 2.15 [69]. The Bragg peak is clearly visible near the

centre of the photograph. The transverse beam shape was circular with a diameter

of 34 mm.

2.4.2.1 Composition and Light Production

Scintillation light in organic scintillators is produced on a single-molecular level for

which no lattice structures are required. Weak bonds are formed between carbon

atoms in ring-shaped organic molecules which result in loosely-bound electrons

called π-electrons. Those π-electrons have excitation energies of 3–4 eV. The de-

excitation may result in a scintillation photon in the Ultra-Violet (UV) range. The

degeneracy of the energy levels due to the presence of vibrational states makes the

scintillator transparent to its own light. This is because electrons tend to de-excite to

the least-energetic vibrational state of an orbital before de-exciting to a lower orbital

whereas excitation from the ground state will occur into every available vibrational

state [71]. However, there are alternative de-excitation modes which do not result in

the emission of a UV photon. The probability of radiative de-excitation may be used

to classify a molecule as an efficient or inefficient scintillator. The de-excitation of

an excited state via non-radiative channels is called “quenching”. Moreover, an

excited state can be transferred between molecules before de-excitation occurs. In

plastic scintillators, the synthetic polymer base is usually formed of PolyStyrene

(PS) or PolyVinyl Tuolene (PVT) [64]. The scintillation efficiency of the above-

mentioned bases is too low for practical use. Therefore, the base is often doped

with more efficient scintillation molecules (e.g. the organic molecule p-terphenyl)

in order to increase the light yield S, which gives the number of photons per MeV

of deposited energy. A secondary dopant acting as a wavelength shifter (e.g. the hy-

drocarbon POPOP) may be added in order to more closely match the emission spec-

trum to the spectral sensitivity of a light detector and further reduce self-absorption

of the scintillator [71]. The typical light yield S of a plastic scintillator is on the

order of 10,000 photons/MeV, i.e. an energy deposition of about 100 eV is required

to generate a scintillation photon [64]. For a polystyrene-based scintillator, the light

yield depends on the temperature with a typical change of 1%/K [72, 73]. The light

emission pulse shape (number of photons as a function of time) is characterised by

a rapid rise (∼1 ns) followed by an exponential decay which is described by one or

more scintillator-specific decay constants [64].
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2.4.2.2 Quenching
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Figure 2.16: Differential light output dL/dz as a function of the energy loss dE/dz
according to Birks’ law for S = 9744 photons/MeV [74] and kB =
0.09 mm/MeV [75].

The percentage of dose converted to scintillation light depends on the local en-

ergy deposition density: this results in a non-linear response in the scintillation light

output to absorbed dose. Birks suggested that the variable quenching is caused by

temporarily “damaged” molecules along the track of an ionising particle [76]. The

density of the excited molecules depends on the energy loss of the traversing parti-

cle and is described by, B ·dE/dz, where B is a material constant. The quenching is

described with a quenching parameter, k [71]. The differential light output dL/dz

of an organic scintillator can then be approximated as the product of the light yield

S and the energy loss dE/dz, divided by a Quenching Correction Factor (QCF) [77]

dL
dz

=
S · dE

dz

QCF
(2.8)

QCF = 1+ kB · dE
dz

+C ·
(

dE
dz

)2

+O(3) (2.9)

Equation 2.8 is known as Birks’ law, if QCF only includes terms up to the first order

in dE/dz: kB is usually referred to as Birks’ constant. The first order term in equa-

tion 2.9 can be interpreted as describing unimolecular quenching and the second
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order term as bimolecular quenching from the interaction of neighbouring excited

states [71]. It was found that Birks’ law is only valid for LET values up to about

100 MeV/g cm2 and that the second-order term suggested by Chou (1952) [78]

should be included for higher LET [79]. Although single protons exceed this limit

during slowdown in water, Birks’ model has successfully been applied to correct

for the quenching in proton PDD curves [75, 80, 81]. Moreover, Christensen et

al. (2018) [77] found that corrections to Birks’ model based on proton track struc-

ture theory are smaller than 3% for a proton LET below 45 MeV/g cm2 and smaller

than 10% for larger LETs. The good agreement could potentially be explained by

the proton range straggling which decreases the maximum average proton LET in

a Bragg curve to ∼120 MeV/g cm2 and which occurs only in the last few millime-

tres of the beam range [82, 83]. The simplicity of Birks’ model, which allows the

quenching to be described with only one additional parameter, as well its satisfying

accuracy, justify its use within the energy range utilised in proton therapy.

However, Boivin et al. (2016) [84] showed that only a variable kB value can

describe the quenching for low-energy (i.e. high LET) electrons. Moreover, Birks’

model predicts the same quenching for different ions with the same LET, which

was disproved in measurements [71]. It is clear that, in the future, Birks’ law will

need to be replaced by a more complex quenching model in order to accurately

predict the quenching of high-LET radiation [84]. A potential candidate is a model

based on the Energy Deposition of Secondary Electrons (EDSE) [85]. However,

this theory needs to take into account that the local energy deposition density is

only approximated by LET and is in fact linked to the track structure of the primary

ion and the resultant secondary particles [84, 77].

A list of published kB values for polystyrene-based scintillators measured with

proton beams is given in table 2.2. The energy of the proton beam is also given.

Hirschberg et al. (1991) [86] measured Birks’ constant for quasi-monoenergetic

protons at low (2.1–3.2 MeV) energy, whereas all other sources derived their values

from comparisons of the entire measured PDL curve with a reference PDD curve.

In the original publications, Birks’ constant is often given in units of g MeV−1 cm−2

while the unit for kB used in this work is mm/MeV. In order to convert kB to units of

mm/MeV, the reported values were divided by the density of polystyrene. The den-

sity was given as ρPS = 1.05 g/cm3 for all scintillators, except KSTI-390, for which

no product sheet was found. Therefore, the density of KSTI-390 was approximated

as 1.05 g/cm3.
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Table 2.2: Published values of Birks’ constant kB for plastic scintillators with a
polystyrene polymer base measured with a proton beam of energy E0.

Scintillator kB (mm/MeV) E0 (MeV) Source

SCSN-38 [87] 0.0768±0.0011 2.1–2.8 [86]
SCSN-28 [87] 0.0835±0.0029 2.1–2.9 [86]
KSTI-390* 0.104±0.0014 2.4–3.2 [86]
BCF-12 [68] 0.005 0–180 [88]
BCF-12 [68] 0.090 0–230 [75]
BCF-12 [68] 0.110±0.007 0–100 [89]
BCF-12 [68] 0.107±0.003 0–100 [90]
BCF-60 [68] 0.0637±0.0005 0–74 [91]
BCF-60 [68] 0.103±0.004 0–100 [90]
*no product sheet available

There are large uncertainties associated with measurements of Birks’ constant

in plastic scintillators, which is reflected by the large variation in the literature val-

ues. These discrepancies are caused by the experimental difficulty of measuring

the light quenching and the fact that kB depends on the LET range in which it was

measured [84]. Moreover, the light quenching of a scintillator is not uniquely deter-

mined by the polymer-base composition but is also affected by the properties of the

added scintillating molecules (i.e. light yield and decay time) [77]. The comparison

of commercial scintillators is difficult since the exact chemical composition is gen-

erally not divulged by manufacturers. The range straggling in the Bragg peak and

the resulting LET mixing also complicates the measurement of kB from the peak

reduction in a Percent Depth-Light (PDL) curve compared with a PDD curve.

2.4.3 CMOS Sensors
A Complementary Metal-Oxide Semiconductor (CMOS) is a type of active pixel

sensor array that is used for radiation detection [64]. The pixels are said to be active

because the electric signal of each pixel is amplified by one or multiple transistors.

Each pixel consists of a photodiode which is a junction of two differently doped

semiconductors (p- and n-type), creating a surplus of electrons as charge carriers on

one side and a deficiency on the other side (called “holes”) (see figure 2.17). At this

junction electrons and holes recombine to create the “depletion zone”. The deple-

tion zone is the sensitive region of the photodiode in which the passage of ionising

radiation creates electron-hole pairs which generates an electric signal. A reverse
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Figure 2.17: Schematic view of a p-n junction made of a combination of differently-
doped semiconductor in reverse bias that make up a pixel of a CMOS
image sensor. Electrons (-) migrate to the p-doped region, leaving behind
holes (+) in the n-doped region. The charged region at the p-n junction is
called the depletion zone which is the sensitive region of the photodiode.

bias voltage can be applied to the p-n junction in order to increase the depletion

zone and facilitate the migration of the charge carriers. Compared with scintillators

and ionisation chambers, the creation of a charge carrier in a doped semiconductor

takes only a small amount of energy (∼ 3.6 eV in silicon), resulting in a high en-

ergy resolution. A CMOS sensor can be used for the direct detection of ionising

radiation or the detection of optical photons. Today, CMOS sensors are commonly

used as an image sensor in digital cameras [92]. If exposed to ionising radiation,

the lattice structure of the semiconductor may be damaged, resulting in decreased

charge-carrier transport efficiency [64].

2.5 Beam Range Measurement
The beam range has to be measured with great accuracy because of its central im-

portance for the dose conformity of particle beam therapy. Since the beam range has

to be verified in daily QA, fast measurements are required in order to maximise the

time available to patient treatment. A variety of particle detectors employing differ-

ent measurement techniques are currently being used for range QA measurements.

A list of detector technologies is given in section 2.5.3.

2.5.1 Bragg Peak Model and Spatial Resolution
Most range measurement techniques require the reconstruction of the beam range

from the Bragg peak position (80% distal dose fall-off, see section 2.1.5.2) of a
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measured PDD curve, which is obtained by measuring the deposited dose at differ-

ent depths in an absorber (usually water). An exception is the multi-layer Faraday

cup (see section 2.5.3.4). The range uncertainty therefore depends on the utilised

Bragg peak model and the spatial resolution (also called “depth resolution”) in the

Bragg peak. The absolute spatial resolution is the inverse of the point spacing (bin

size) ∆b in the Bragg curve. A high spatial resolution therefore corresponds to a

small point spacing, and vice-versa. The relative spatial resolution rs is defined as

the Bragg peak width σ divided by ∆b.

rs =
σ

∆b
(2.10)

If the relative spatial resolution is high (rs � 1), the beam range can be directly

approximated as the 80% distal fall-off of the Bragg peak. However, if rs is small

(rs . 1), more elaborate Bragg peak models need to be used to accurately recon-

struct the beam range from the low-resolution Bragg curve. One possibility is to

use a Gaussian curve to fit the Bragg peak and approximate the range as the 80%

fall-off of the probability distribution. However, the Gaussian approximation is only

valid in a narrow range around the Bragg peak. The beam range reconstruction can

be improved significantly by using a mathematical model of the entire Bragg curve.

Such models have been derived by Bortfeld [25] and Krämer [93]. The Bortfeld

model allows the proton beam range to be measured with an accuracy of ±0.5 mm

for beam ranges up to 300 mm and a point spacing of 2 mm WET [94]. More details

on the Bortfeld model can be found in chapter 5. The Krämer model is more com-

plex to implement since it also models the energy deposition from nuclear reactions.

Therefore, the Krämer model — unlike the Bortfeld model — is also applicable to

ions heavier than protons.

2.5.2 Interplay of Beam Size and Detector Size
In a realistic measurement, the depth-dependent beam size (beam broadening from

MCS) leads to an interference with the finite transverse size of a detector which

can distort the Bragg peak. Two scenarios for an accurate measurement of a Bragg

curve have been described [31]. The first scenario involves a radiation detector

with a small transverse size and a large field size (see figure 2.18(b)). This allows

the dose along the central beam axis to be masured and thus record an accurate

PDD curve. The second scenario requires a detector with a large transverse size

and a particle beam with a small spot size (see figure 2.18(a)). In this case, the
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(a)	

(b)	

Pencil	beam	 Detector	

Figure 2.18: Schematic explanation of two different PDD measurement techniques.
The beam direction is from the left to the right. The red area shows the
core of a particle beam. (a) Measurement with a small field (single pencil
beam) and a detector with large transverse size. (b) Large field (several
pencil beams) and detector with a small transverse size.

integral dose deposition of the particle beam is measured. Different beam/field and

transverse detector size are a common source of disagreement between PDD curves

measured with different devices at different institutions. In order to minimise the

effect of scattering on the PDD curve shape, it is beneficial to use a detector material

with similar scattering properties to water.

2.5.3 Range Measurement Detectors

2.5.3.1 Water Phantom

The single-most important dosimetry detector system at a PBT centre is a water

phantom which can be used to measure dose distributions directly in water. A water

phantom consists of a thin (� σ ) radiation detector that is submerged in a water

tank. A stepping motor allows a detector to be moved (“scanning”) in the water

tank along one (e.g. PTW Peakfinder) or three (e.g. PTW MP3-P) axes with a typ-

ical step size and depth accuracy of .0.1 mm [95]. The radiation detector makes

point/area measurements of the particle beam at a programmed number of depths

(and transverse positions, if available) which form the PDD curve. Any type of
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(a) PTW MP3-P (b) PTW Peakfinder

Figure 2.19: Commercial water phantoms for (a) 3D (MP3-P) and (b) 1D (Peakfinder)
dose measurements by PTW (Freiburg, Germany). Figures adapted
from [95].

radiation detector can in principle be used to scan a water phantom. The most com-

monly used detector type is the ionisation chamber but other detectors, e.g. pixel

detectors [96] or scintillating screens [97, 91] have been employed n water phan-

toms.

For the measurement of the absolute beam range, an accurate calibration of

the stepping motor and measurement of the tank wall WET (typically 3–10 mm)

are required. As the density of water depends on its temperature, the measurement

conditions need to be monitored carefully and the result corrected, if necessary.

For example, a temperature change from 20 to 25◦C results in a change in density

of ∼0.1%, directly translating into a range difference of the same size. The main

drawback of regular measurements of the beam range with a water phantom is the

measurement time. Depending on the number of scanned depths, the measurement

of a PDD curve will take up to several minutes in which the pencil beam needs to

be delivered multiple times.

2.5.3.2 Multi-Layer Ionisation Chamber
The beam range measurement can be accelerated with a Multi-Layer Ionisation

Chamber (MLIC): a MLIC allows the PDD curve of a given proton energy to be

measured in a single beam delivery. A MLIC is made of a stack of ionisation cham-

bers which are sandwiched with beam degrader plates (usually made of aluminium).

Two examples of commercial MLICs are the IBA Giraffe and the IBA Zebra (IBA
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Figure 2.20: Commercial Multi-Layer Ionisation Chambers “Giraffe” (left) and “Ze-
bra” (right) by IBA Dosimetry for the fast measurement of PDD curves.
Figure adapted from [94].

Dosimetry, Schwarzenbruck, Germany) (see figure 2.20). Both are made of 180 ion-

isation chambers and degrader plates with an individual WET of 2 mm (spatial res-

olution). While the Giraffe has an electrode diameter of 12 cm for the measurement

of PDD curves of pencil beams with a small spot size (corresponding to measure-

ment technique (a) in figure 2.18), the Zebra has a small electrode diameter (2.5 cm)

for the acquisition of large fields (measurement technique (b) in figure 2.18) [94].

Some therapy centres such as the Paul Scherrer Institute (PSI, Villingen, Switzer-

land) have developed customised MLICs for fast QA measurements similar to com-

mercially available solutions [61]. The beam range can be reconstructed from the

PDD curve using an analytical approximation of the Bragg curve by Bortfeld [25].

This technique allows the range measurement accuracy to be reduced below the

spatial resolution of 2 mm to about 0.5 mm. The measurement accuracy can be fur-

ther improved by repeating the measurement with a degrader plate of 1 mm WET

in front of the MLIC. This allows the acquisition of a second PDD curve shifted by

1 mm relative to the first acquisition, which effectively halves the spatial resolution

to 1 mm and doubles the measurement time (neglecting the time that is required for

inserting the degrader plate) [94].

While the greatest advantage of a MLIC is its measurement speed, it has the

same disadvantages of any ionisation-chamber based range detector as discussed

in section 2.4.1. Moreover, the use of aluminium degrader complicates the mea-

surement of range in water and the thickness of the individual elements need to be

determined accurately. Due to variations in the stopping power ratio of water and

aluminium or air, the WET of the MLIC is expected to change as a function of the
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beam energy and ion species. The scattering properties of the aluminium-gas lay-

ers with alternating density are different from water and are expected to lead to a

different beam spot size evolution along the Bragg curve. However, no systematic

studies of this effect have been published as of 2020.

2.5.3.3 Scintillation Detectors

A scintillation detector is composed of a scintillator which intercepts the particle

beam and a light detector for the detection of the scintillation light. Historically,

scintillators have been avoided for dosimetry in particle therapy because they suffer

from radiation damage and exhibit light quenching effects. However, scintillating

screens read out with a Charge-Coupled Device (CCD) camera are commonly used

for beam spot position [98] and field homogeneity measurements [31]. Recently,

there has been increasing interest in organic scintillator-based detectors for PDL

curve measurements. Scintillators have successfully been employed for PDL curve

measurements in water phantoms [91]. However, similar to conventional water

phantoms, the measurement of a full proton PDL curve with the scintillator takes

several minutes, depending on the required depth resolution.

A technique for fast measurements of a PDL curve with a scintillating screen

was described by Boon et al. (1998) [97]. A wedge degrader is placed in front of

the scintillating screen such that the amount of degrader seen by a beam particle

depends on the transverse position inside the field. However, this technique either

requires the pencil beam to be delivered multiple times at different spot positions

or the wedge degrader to be moved perpendicular to the beam axis, which increases

the measurement time.

Fukushima et al. (2006) [100] suggested using a large block of plastic scintilla-

tor and a commercial digital camera for the fast acquisition of PDL curves in a single

pencil beam delivery. This idea was further developed by other groups [81, 101].

A similar yet more sophisticated detector based on liquid scintillator in a trans-

parent tank was developed at M.D. Anderson Cancer Center (Houston, Texas,

USA) [102, 99, 103]. The light produced in the tank was read out with three CMOS

cameras and two mirrors placed on top and behind the tank in order to perform fast

quasi-3D pencil beam measurements (see figure 2.21).

However, all these devices have in common that they have to correct for op-

tical artefacts that come with the use of a digital camera to record the light out-

put. The largest uncertainty sources were found to be light refraction at the scin-
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Figure 2.21: Photograph of the liquid-scintillator detector for fast quasi-3D proton
pencil beam measurement developed at M.D. Anderson Cancer Center.
Figure adapted from [99]. The beam direction is indicated by the red
arrow. The x, y and z-projections show the recorded scintillation light
images using the top mirror, the direct image and the back mirror, re-
spectively.

tillator boundary and image blurring from the point spread function of the camera

lens [104]. In addition, high-resolution simulations of the LET distribution in the

scintillator are necessary in order to correct for the LET-dependent quenching ef-

fect [75, 80, 105]. The quenching correction relies on the accurate matching of the

simulated and the measured PDL curve and is therefore prone to small shifts. Range

information has also been extracted from the scintillation light output without ap-

plying any quenching correction, which lead to a range measurement uncertainty

of ∼1 mm [99, 100, 106, 107]. Quenching and optical artefacts affect the shape of

the Bragg peak which increases the uncertainty on the reconstructed beam range.

Further improvements focusing on the reduction of optical artefacts and a robust

correction of the light quenching are therefore required to exploit the full beam-

range measurement potential of scintillation detectors.

2.5.3.4 Alternative Detector Systems

A variety of different detector technologies could allow fast and accurate beam

range measurements to be performed in the future. An extensive list of detec-

tor technologies can be found in Karger et al. (2010) [31] and Giordanengo et

al. (2018) [51]. Two promising candidates for fast beam range QA are briefly dis-

cussed below.
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Multi-Layer Faraday Cup: A Multi-Layer Faraday Cup (MLFC) is an array

of Faraday cups sandwiched with beam degrader slabs similar to a MLIC [108]. A

Faraday cup is a metal plate that can discharge through an electrometer. When a

charged particle stops in the plate, it is detected through a current increase in the

electrometer. A MLFC directly measures the particle stopping depth of a single

particle, and the peak of the resulting Gaussian distribution (with a width corre-

sponding to the range straggling) corresponds to the beam range. Clinical tests with

a commercial MLFC showed good range reproducibility (within ±0.5 mm) [109].

However, the agreement with the beam range in comparison with a MLIC was poor

(within ±2 mm). The beam degrader slabs of the MLFC used in the referenced

study were made of copper. The poor range agreement shows the difficulty of

measuring water-equivalent range in a non-water-equivalent detector. MLFC with

water-equivalent plastic degrader slabs have also been developed [108], without

published results concerning the range measurement accuracy.

Water Luminescence: The luminescence of water was first reported by Ya-

mamoto et al. (2015) [110] to be sufficiently large for the detection with a sensitive

CCD camera. The direct measurement of beam range in water without any addi-

tional material in the beam path (excluding the water tank wall in case of a hori-

zontal beam direction) makes water luminescence a promising technique for beam

range QA. The exact mechanism of water luminescence remains unclear to this date,

although the Cherenkov effect could be excluded due to the low energy of the pro-

duced electrons. Qualitatively, the obtained PDL curves resemble those of plastic

scintillators and also show quenching at the Bragg peak. The measured beam range

agreed with the beam range measured with an ionisation chamber within 2 mm.

However, the low light output required long acquisition times (&2 s), which may

limit the usefulness of the technique for fast range measurements.
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The Range Telescope

3.1 Concept and Aim
The goal of this work was to develop a prototype of a plastic-scintillator-based range

telescope for PBT. The principal aim of this detector was to perform fast (at the

speed of delivery) range measurements of proton pencil beams. For this purpose,

the water-equivalent properties of the plastic scintillator were exploited. Inspired

by the layered design of a MLIC, the detector was composed of a stack of thin

scintillating sheets that intercept the particle beam. The scintillation light was read

out by a flat-panel CMOS sensor. Therefore, the range telescope directly measures

the PDL curve of a proton beam with the sheet thickness being the depth resolution.

A schematic sketch of the detector is shown in figure 3.1. In this chapter, the

detector components are characterised and the assembly of the full range telescope

is presented. Moreover, the influence of cross talk between sheets on the light output

is presented and the range telescope is compared to other scintillator-based range

detectors.

3.2 Plastic Scintillator Sheets

3.2.1 Physical Properties

The scintillator sheets were fabricated from a polystyrene-based scintillator (Nuvi-

aTech Instruments, Třebı́č, Czech Republic) with a density of 1.03±0.01 g cm−3,

a decay constant of 2.5 ns and a light output of 56% of that of anthracene [74], cor-

responding to ∼9744 photons/MeV. The emission spectrum is shown in figure 3.3.

The maximum light emission is at a wavelength of 425 nm (blue-violet colour) [74].



70 Chapter 3. The Range Telescope

Figure 3.1: Sketch of the proposed scintillator-based range telescope. The particle
beam enters from the left and is fully absorbed in the stack of thin scin-
tillating sheets. The scintillation light is read out by a flat-panel CMOS
sensor, sitting on top of the stack.

(a) (b)

Figure 3.2: Scintillator sheets (a) in plastic wrapping after delivery and (b) spray-
painted. The two unpainted side faces of the sheet are visible in (b).

There were 50 thin scintillator sheets with a transverse area of 100×100 mm2

and a thickness between 2 and 3 mm (see figure 3.2(a)). The transverse sheet size

was chosen such that the majority of the dose from a conventional therapeutic proton

pencil beam was absorbed in the scintillator. The exact percentage depends on the

beam position, the transverse beam size as well as the beam energy and can be

calculated in a Monte Carlo (MC) simulation as the ratio of absorbed energy and



3.2. Plastic Scintillator Sheets 71

Figure 3.3: Emission spectrum of the used plastic scintillator [111].

initial beam energy. For instance, for a simulated proton beam of 120 MeV with

a beam size of 0 mm in a scintillator stack of 126 mm length and 10 cm transverse

sheet size, the ratio of absorbed energy over initial beam energy is 96.65% (for a

description of the simulation settings see chapter 4). The remaining 3.35% escape

the scintillator in the form of neutral particles such as protons and gamma rays. The

sheet thickness is a compromise between the required depth resolution of a PDL

curve, the mechanical stability of the sheets and the minimum width of commercial

photodiodes. The latter is important for a potential future detector upgrade (see

section 8.7.6). An in-depth discussion of the relation between sheet thickness and

beam range measurement uncertainty is shown in section 5.7.

All sheets had a ∼5 mm deep hole located in one of the painted side faces to

enable the insertion of an optical fibre for light injection from an Light-Emitting

Diode (LED). This technique was used e.g. for cross-talk measurements (see sec-

tion 3.5).

3.2.2 Optical Decoupling
In order to attribute the light output to a specific sheet, optical decoupling between

the sheets needed to be achieved. For this purpose, each sheet was sprayed with a

thin layer — between 0.01–0.07 mm per sheet — of Matt Black Spray Paint (Hal-

fords, Redditch, UK). The thickness of the spray paint layer was determined by

measuring the sheet thickness before and after spray-painting (see section 3.2.3).

The total paint thickness of the stack was 2.3 mm which accounts for 1.8% of the

total stack thickness. The density of the dried paint film was 1.23 g/cm3 according

to the manufacturer. Black paint was chosen because the expected amount of scin-
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tillation light from a proton beam at a typical clinical rate of∼ 1010 p/s (particles per

second) was forecast to saturate the sensor. Increasing light absorption by painting

the scintillator sheets black provided a quick solution to reduce the light output by

approximately an order of magnitude.

The suppression of light reflection inside the scintillator sheet made the light

detection more reliant on light that is directly pointed at the image sensor. This led

to an increased beam-position dependence of the light output since the distance be-

tween beam spot and the image sensor determined the solid angle that was covered

by the image sensor. The position-dependence of the light output was investigated in

section 6.5.1. Moreover, the dose that was deposited in the paint was not converted

into scintillation light and is therefore invisible to the image sensor. The fraction of

invisible dose amounts to approximately 1.8% of the total deposited dose (ratio of

paint and scintillator thickness).

Two of the side faces of each sheet were left unpainted to allow the scintil-

lation light to emerge and be measured. One side was for the readout with the

CMOS sensor and the other was for simultaneous readout with a Digital Single-

Lens Reflex (DSLR) camera. A photograph of a painted scintillator sheet is shown

in figure 3.2(b).

3.2.3 Sheet Thickness

The individual physical sheet thicknesses were measured with a micrometre screw

at eight measuring points (in each corner and in the middle of each edge) around

the sheet, before and after the spray-painting of the sheets. The average value of the

eight measuring points is given as the respective sheet thickness and the standard

deviation of the eight values is given as measure of uncertainty/non-uniformity. The

fifty sheets can be split up in three groups: 15 sheets with a thickness around 2 mm,

15 sheets with a thickness of 2.6 mm and 20 sheets with a thickness of approxi-

mately 3 mm.

Table 3.1 shows the average and the total sheet thickness of the three individual

groups, the whole stack as well as the stack configurations that were used during

different beam tests at HIT, CCC and MedAustron. The uncertainty of the average

sheet thickness is the average of the sample standard deviations. The uncertainty of

the total stack thickness is the Root Mean Square (RMS) of all standard deviations.

A full list of all individual sheet thicknesses with their sample standard deviations

is given in table A.1 in the appendix. The average painted sheet thickness was
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Table 3.1: Averaged and total measured sheet thicknesses for different groups of scin-
tillator sheets.

Group name Number Average sheet thickness(mm) Total thickness (mm)

of sheets unpainted painted unpainted painted

2 mm 15 1.95±0.02 2.00±0.02 29.28±0.07 30.02±0.08
2.6 mm 15 2.59±0.03 2.62±0.03 38.80±0.12 39.35±0.14
3 mm 20 2.79±0.02 2.84±0.02 55.83±0.11 56.84±0.12

All sheets 50 2.48±0.02 2.52±0.02 123.91±0.18 126.20±0.20
Stack (HIT) 49 2.49±0.02 2.53±0.02 121.97±0.14 124.18±0.20
Stack (CCC) 18 2.06±0.02 2.11±0.02 37.03±0.08 37.92±0.09
Stack (MA) 31 2.29±0.02 2.33±0.03 70.88±0.14 72.20±0.16

2.52±0.02 mm, which resulted in a physical thickness of all fifty painted scintillator

sheets of 126.20±0.20 mm.

All measurements with the scintillator (sheet thickness measurements as well

as beam tests) were performed at room temperature (∼ 20◦C). Thanks to the tem-

perature regulation in the treatment rooms at MedAustron, CCC and HIT, the

temperature-dependence of the scintillator during a measurement — estimated

to be .1%/K [72] — was neglected. A maximum temperature difference of

±5 K was estimated between any two measurements at University College London

(UCL) (where the sheet thickness measurements were performed) and the treatment

rooms of MedAustron, CCC and HIT. The linear thermal expansion coefficient of

polystyrene was estimated to be αL ≈ 7 · 10−5 K−1 [112]. The uncertainty on the

total scintillator stack thickness due to thermal expansion ∆L was calculated to be

smaller than ±0.043 mm:

∆L = αL ·∆T ·L≈ 0.043mm (3.1)

Where L is the painted scintillator stack thickness (124.18 mm in HIT configuration)

and ∆T is the maximum temperature difference (5 K).

The WET of the painted scintillator stack (HIT configuration with 49 sheets)

was determined by measuring the peak position difference (range pull-back) of

a carbon ion beam (270 MeV/u) with a PeaKFinder (PKF) water column (PTW,

Freiburg, Germany) and found to be 127.27±0.04 mm. This measurement was per-

formed by Lennart Volz (Deutsches Krebsforschungszentrum, DKFZ, Heidelberg,

Germany) at HIT. The range pull-back was defined as the difference of the Bragg
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peak positions with and without the scintillator stack in the beam path. The Bragg

peak position was returned by the Peakfinder analysis software and verified with

a manual Gaussian curve fit. A carbon beam was selected because of the superior

Bragg peak sharpness of carbon ions compared with protons. The measurement was

repeated with a helium ion beam (145.2 MeV/u) and a proton beam (145.5 MeV/u)

to check for a potential variation of the WET with the ion species. The range pull-

back with helium ions and protons was found to be within the uncertainty on the

measurement with carbon ions (±0.04 mm). The displaced air by the scintillator

stack was taken into account in the calculation of the WET by adding an offset of

0.124 mm (RSP of air times the physical thickness of the scintillator stack) to the

measured range pull-back. The relative stopping power of the polystyrene scintil-

lator RSPPS was approximated as the ratio of the measured WETPKF,HIT divided by

the physical painted stack thickness LHIT :

RSPPS =
WETPKF,HIT

LHIT
=

127.27±0.04
124.18±0.20

= 1.0249±0.0020 (3.2)

The RSP of polystyrene was used to calculate the WET of the stack configurations

used at MedAustron and CCC.

3.2.4 Energy-Dependence of the Stopping Power Ratio

The energy-dependence of the SPR of polystyrene and water plays an important

role in the calculation of the water-equivalent thickness of the scintillator stack.

The WET of a polystyrene absorber can be calculated as follows [18]:

WETPS(E0,E1) = LPS ·
ρPS

ρH2O
· 1

E0−E1

∫ E0

E1

MSPPS(E)
MSPH2O(E)

dE (3.3)

Here LPS is the physical length of the absorber, ρ is the material density and

MSP(E) is the energy-dependent mass stopping power. E0 is the initial energy

of the beam with which the absorber is probed and E1 is the beam energy after the

passage through the absorber (exit energy). The integrand in equation 3.3 is defined

as the mass stopping power ratio SPR(E) of polystyrene and water. The integral of

the mass stopping power ratio, normalised to the energy difference, is the averaged

mass stopping power ratio MSPR(E0,E1) in the respective energy interval.

MSPR(E0,E1) =
1

E0−E1

∫ E0

E1

MSPPS(E)
MSPH2O(E)

dE (3.4)
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Figure 3.4: Mass stopping power ratio of polystyrene and water as a function of proton
energy [13].

The MSPR as a function of proton energy is shown in figure 3.4. The data

was retrieved from the NIST database [13]. It can be seen that the MSPR varies

from 0.96 to 1 for proton energies above 0.3 MeV. However, below 0.3 MeV proton

energy, the MSPR increases by up to 40% and reaches a maximum at 0.01 MeV.
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Figure 3.5: (a) Absolute and (b) relative variation of the scintillator stack WET (HIT
configuration) for proton beam ranges between 1 and 150 mm. The
reference WET was measured with a proton beam of 150 mm range
(146.5 MeV).

The MSPR variation is relevant for this work because the observed WET of

the scintillator stack depends on the beam energy that is being measured. Hence,

the MSPR data is used to estimate an uncertainty on the WET of the scintillator

stack. This is done by calculating the difference of the WET for different proton
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beam energies using equation 3.3. The calculated difference is used as a WET

uncertainty.

The WET of the scintillator stack (HIT configuration) was measured with

a proton beam energy of 146.5 MeV (R0 ≈ 150 mm). At the exit of the stack,

the remaining beam energy was ≈50.6 MeV. This yields an average SPR of

MSPR(146.5MeV,50.6MeV) = 0.9797. The difference of the observed water-

equivalent thicknesses dWET between the measurement with a 146.5 MeV beam

and a beam with an exit energy of E1 and an initial beam energy of E0 will be:

dWET (E0,E1) = R0,PS ·
ρPS

ρH2O
·
[
MSPR(E0,E1)−MSPR(146.5MeV,50.6MeV)

]
(3.5)

Here R0,PS is the beam range in polystyrene which replaced the length of the ab-

sorber because the beam stops at the beam range and does not see the full length

of the absorber. For example, if a proton beam with a range of R0 = 120 mm (the

maximum observable range in the range telescope) is absorbed in the scintillator,

its entrance energy will be ≈125 MeV and its exit energy 0 MeV. However, pro-

tons below 1 MeV have a residual range of .0.025 mm [13] and do not impact

the range measurement. The large MSPR variations at low energies would distort

the calculation of the average MSPR which is why the lower integration limit was

set to a proton energy of 1 MeV. The average MSPR in the proton energy range

from 1–125 MeV is MSPR(125,1) = 0.9812. This yields a WET difference of

dWET (125,1) = 0.18 mm. Since 120 mm is the maximum observable beam range

in the range telescope, this value represents an upper boundary for the MSPR un-

certainty on the range measurement. The WET is generally overestimated when

measuring a proton beam with a lower energy than was used for the initial WET

measurement of the scintillator stack. This is because the average MSPR increases

with decreasing proton energy (see figure 3.4). This means that the measured range

is underestimated because protons will stop earlier as they lose their energy faster.

The stack WET difference as a function of the measured proton beam range

(1–150 mm) is shown in figure 3.5. It can be seen that the absolute WET difference

increases with increasing beam range until the end of the stack is reached. If the

proton range is larger than the stack WET, the WET difference decreases rapidly

and reaches zero at the reference measurement (150 mm).
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3.3 CMOS Image Sensor

Figure 3.6: CMOS image sensor with fibre-optic plate and plastic support structure.

3.3.1 Physical Properties
A large-scale CMOS image sensor (TS4M-M2 Slingshot, ISDI Limited, London,

UK) was used for the detection of the scintillation light output. This sensor was ini-

tially developed for direct interception of the beam during proton radiography [113].

The CMOS sensor has a die size (active area) of 158.31× 103.1mm2, a pixel size

of 0.1×0.1mm2 and a resolution of 1536×1030 pixels: there are 1536 rows with

a length of 1030 pixels and 1030 columns with a length of 1536 pixels [114]. Each

pixel has a 14 bit Analog-to-Digital Converter (ADC) resolution (0–16,383 ADC

counts) and a dark noise floor of ∼ 2,514 ADC counts. The dynamic range was

given as 74 dB [114]. An in-depth description of the background is given in sec-

tion 3.3.4. The full-well capacity of a sensor gives the amount of charge that can be

stored in a pixel. The sensitivity of the sensor can be adjusted by changing between

Low Full-Well (LFW) and High Full-Well (HFW) mode, providing an adjustment

in dynamic range and sensitivity by a factor of 5.7. The maximum number of stored

electrons (e−) per pixel is 0.44·106 in LFW mode and 2.5·106 in HFW mode. The

average noise calculated as the RMS of a pixel value is given as <4.6 ADC counts

in LFW (124 e−) and <3.3 ADC counts (508 e−) in HFW. The supply voltage is
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1.8 V or 3.5 V [114]. The quantum efficiency of the sensor was measured by others

for green light (wavelength of 523 nm) and was found to be 45% (64% including

a fill factor of 70%) [115]. The quantum efficiency at the peak wavelength of the

scintillation spectrum is not known.

3.3.2 Readout and Software
The sensor is operated in rolling-shutter mode, i.e. the sensor is not read out at

a single time but row after row (in pairs). The readout of a pixel row pair takes

0.02 ms during which no charge is accumulated in the respective pair of rows (dead

time). The readout of the full-resolution sensor image therefore takes 15 ms, which

translates into a maximum frame rate of 66 frames per second (fps). The frame rate

can be further increased by defining a Region Of Interest (ROI), thus decreasing the

number of pixels to be read out. However, in this work, the frame rate was fixed at

the default value of 25 fps and always the entire sensor was read out. This made the

total acquisition time per frame 40 ms.

Image frames were transferred via a Camera Link cable to a PIXCI E8 PCI

Express (PCIe) x8 Frame Grabber (EPIX Inc., Buffalo Grove, Illinois, USA) in

order to interface the image sensor and the computer. The Camera Link connector

and the power supply connector (24 V) were on an extension board that was linked

to the CMOS sensor with a flat ribbon cable. The PCIe card was inserted in a

PCIe x16 Expansion Chassis (StarTech.com, Lockbourne, Ohio, USA) that was

connected to a computer with a Thunderbolt 3 cable. The images were saved using

the software XCAP-Lite v3.8 for Windows (EPIX Inc.), which came with the PCIe

card. A maximum of 21 full resolution images could be taken with the XCAP-Lite

software which results in a total acquisition time of 840 ms. However, the number of

frames and therefore the maximum acquisition time could be increased by defining

a region of interest. This would allow the recording of fields that take longer to be

delivered than 840 ms, e.g. SOBPs, which was not done in this work. The recorded

image could be saved in various different formats. In this work, images frames were

always saved in the raster graphic format Tag Image File format (TIF) in order to

save full-resolution images.

3.3.3 Linearity
All image frames were corrected pixel-by-pixel for non-linearity using the linear-

ity data tables provided by the sensor manufacturer ISDI. The gain deviation from

non-linearity δ l is shown in figure 3.7 for the two full-well modes. The linearity-
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Figure 3.7: Sensor gain deviation from linearity for LFW and HFW mode. Data pro-
vided by ISDI with permission.

corrected pixel value p′ was calculated from the original pixel value p as follows:

p′ = p · (1−δ l) (3.6)

This correction was performed before the averaging of the 21 image frames. For

the majority of the measurements, the sensor was operated in HFW mode because

of its superior linearity: the maximum deviation from a linear response to incoming

light is ±0.3% in HFW mode versus ±2% in LFW mode. However, if the beam

current and the resulting light output of the scintillator was low, the LFW mode was

used in order to increase the sensitivity of the sensor.

3.3.4 Dark Noise

A background image was defined as the image recorded by the CMOS sensor in the

absence of a light source. The background image therefore contains only dark noise.

Due to the relatively large dark noise floor of the sensor (about 2,514 ADC counts on

average compared to a maximum of 16,383 ADC counts), it is essential to perform

an accurate background subtraction in data analysis. A detailed analysis of the

background image and its dependence on sensor settings is presented here. The aim

was to understand the background and establish rules for an accurate background

subtraction.
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Figure 3.8: Raw image of the dark noise in LFW mode. The two sub-figures reveal
two faulty pixel columns and a faulty pixel cluster.

Figure 3.8 shows a detailed image of the dark noise floor in LFW mode. The

21 background image frames of one acquisition were corrected for linearity and

averaged to obtain the shown background image. The colour axis ranges from

2,350 to 2,650 ADC counts in order to highlight the fluctuations around the av-

erage noise value. It can be seen that there is a local variation of the dark noise

between individual pixels. The dark noise is lower near three of the four corners

of the sensor. Furthermore, the individual stitch blocks that make up the sensor

can be identified because of small differences in the gain resulting from the man-

ufacturing process [116]. Those stitch blocks represent the maximum sub-unit of

a composed CMOS sensor. The resulting noise pattern is also called Fixed-Pattern

Noise (FPN) [115]. The top sub-figure within figure 3.8 reveals a cluster of about

twenty faulty pixels which is intercepted by a faulty pixel column near column

number 400. There was a second faulty pixel column at the bottom of the image

near column number 900. In this column, every second pixel had a value above

14,000 ADC counts while the pixels in between behaved normally.
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Figure 3.9: (a) Histogram of the dark noise values in LFW mode for a cold sensor,
including a Gaussian fit to the main peak. (b) Zoom to the main peak at
2,514 ADC counts.

A histogram of the dark noise pixel values is shown in figure 3.9. It shows

that the vast majority of pixels (99.8%) had a dark noise value below 2,750 ADC

counts. Only 2,621 out of more than 1.5 million pixels had a dark noise value

above 2,750 ADC counts. If outliers were neglected, the average pixel dark noise

was 2,514 ADC counts, with a standard deviation of 50 ADC counts. There were

accumulations of pixels with dark noise counts around 3,200 and 3,600 ADC counts

as well as above 12,000 ADC counts. Those pixels primarily occurred in individual

faulty pixel columns such as the one shown in the bottom of figure 3.8.

In further analysis, all sensor images were projected on the beam axis, i.e.

the 1030 pixels in each row were summed up. Therefore, the background image

was subsequently also analysed in its projected form. The projection enabled the

comparison of different sensor settings and the resulting changes in the background

image more easily than in a 2D plot.

The projected background images for different full-well mode settings and sen-

sor temperatures are shown in figure 3.10. The average number of ADC counts per

pixel is shown on the y-axis.

Several effects can be observed in the projected background image. First, the

dark noise in HFW mode is observed to be larger than in LFW mode. The offset

between LFW and HFW is expected to be constant along the sensor depth (row

number). However, figure 3.10 shows that the difference between the two modes

decreased with increasing row number. This was potentially caused by a tempera-
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Figure 3.10: Projected background image of the image sensor for different full-well
mode settings and sensor temperatures: a cold sensor refers to the sensor
immediately after connection to a power source whereas a warmed-up
sensor was given time (> 15 minutes) to stabilise its temperature.

ture gradient along the sensor: the connected end of the chip with the ADCs, which

were located at the proximal end of the sensor, dissipated most of the power [117].

This created a temperature gradient along the sensor to which LFW and HFW re-

acted differently because of their different gain.

On top of that, there was a small difference in the dark noise between neigh-

bouring pixel rows which resulted in a ripple pattern. This ripple pattern was caused

by the faulty pixel column that can be seen near column 900 in figure 3.8, where

every second pixel had a value above 14,000 ADC counts. The pattern was more

pronounced in HFW than in LFW but did not depend on the sensor temperature.

The faulty pixel cluster that was observed in figure 3.8 appears in figure 3.10

as a spike near row number 400.

It was observed that the average projected background decreased over time

after connecting the sensor to a power source (see figure 3.10). Due to be the tem-

perature dependence of the pixels and the expected heat dissipation by the ADCs,

this effect was attributed to a warming-up of the sensor. The CMOS sensor was not

temperature-controlled and was always operated at room temperature. Therefore,

the sensor temperature was given time (∼15 minutes) to stabilise before data ac-

quisition. The dark current was expected to increase exponentially with the pixel

temperature. A counter-intuitive decrease of the dark noise with pixel temperature
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can occur for short exposure times, which is what was observed in the measure-

ments [117].

The observed offset for different sensor temperatures was constant along the

depth axis (∼25 ADC counts). Therefore, small background differences can be

corrected for by matching the background levels of two images in a region with no

signal. This procedure is described in section 6.4.2.

In conclusion, the CMOS sensor showed a relatively large dark noise with a

large local variation. Simple background subtraction will correct for the observed

fixed-pattern noise and allows for the isolation of the signal in the further data anal-

ysis. Masking of pixels is therefore not necessary. The order in which background

subtraction and image projection are carried out does not make a difference be-

cause of the linearity of the two operations. However, it is important to select a

background image taken in the same full-well mode as the signal image. Remain-

ing differences between the background image and the signal image which were

attributed to different sensor temperatures can be corrected for in data processing.

3.4 Detector Assembly
This section describes how the different components were assembled to build a

scintillator-based range telescope.

3.4.1 Flight Case and Breadboard

(a) Flight case. (b) Interior of flight case with breadboard.

Figure 3.11: Photographs of the flight case and the breadboard.
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A flight case (ZARGES UK Ltd., Milton Keynes, UK) served as a light-tight en-

closure for the range telescope and also as a travel case for the detector setup. The

external dimensions of the case were 600×400×385 mm3. A picture of the flight

case is shown in figure 3.11(a). The interior of the flight case was sprayed with

the same black paint as the scintillator sheets in order to reduce internal light re-

flections. An optical breadboard inside the case allowed the precise mounting of

equipment. The breadboard had a size of 550×300 mm2 and weighed 6 kg. It was

12.7 mm thick and the through-tapped 1/4” (M6) mounting holes were spaced at a

distance of 25 mm. Four M6 bolts were inserted through the base of the chassis and

screwed into the underside of the four corners of the optical breadboard using the

tapped M6 holes. The breadboard was centred in the chassis (see figure 3.11(b)).

3.4.2 Bottom Vice

(a) Drilling vice. (b) Custom-built vice.

Figure 3.12: (a) Drilling- and (b) custom-built vices for the fixation of the scintillator
stack. Figure (a) was adpated from [118].

A vice was used to fix the scintillator sheets in a stack. The vice was screwed

to the breadboard using M6 bolts and is also referenced as the “bottom vice” be-

cause it sat at the bottom of the flight case. Two different bottom vices were used

for different beam tests: a drilling vice with a maximum opening of 80 mm and a

custom-built vice of adjustable size. The drilling vice was used in the beam tests at

MedAustron and CCC and the custom-built vice was used during the beam tests at

HIT. The drilling vice is shown in figure 3.12(a) and the custom-built vice is shown

in figure 3.12(b). The runners of the drilling vice had a height of 22 mm above

the breadboard. This is also the height of the scintillator stack above the bread-

board. The height of jaws above the runners, i.e. the part of the vice that covered
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the scintillator, was 30 mm. The maximum jaw opening width of the drilling vice

was 80 mm. Rubber discs of ∼3.5 mm thickness were glued to the jaws in order to

protect the scintillator sheets from scratches, limiting the maximum stack thickness

to ∼73 mm. The runners of the custom-built vice had a height of 25.4 mm (1 inch)

and the jaw height above the runners was 25.4 mm.

3.4.3 Beam Entrance Windows

(a) From inside without cover. (b) From outside with cover.

Figure 3.13: Beam entrance front window with (a) and without cover (b) made of four
layers of aluminised Mylar.

The vice was mounted between two beam entrance windows, located on either

side of the flight case. The size of the front window was 111×117 mm2 and of the

back window 111×116 mm2 (height×width). The height of the bottom edge of the

windows over the breadboard was 13 mm. Their position in the flight case walls was

such that the scintillator sheets in the vice were fully accessible by the beam. Both

windows were covered by four layers of aluminium-coated Mylar foil with a WET

of∼ 0.03 mm to ensure the light-tightness of the flight case (see figure 3.13(b)). The

holes for the beam entrance windows in the flight case are shown in figure 3.13(a).

The edge of the holes was framed with one or two (top edge) layers of foam to

ensure light-tightness. The scintillator stack was fixed in the vice such that the sheet

face was centred relative to both beam entrance windows. The position of the visible

centre of the sheets (the part of the sheets not covered by the vice jaws) for the setup

using the drilling vice was marked with permanent maker on the outside of the

two beam entrance windows. This marker (circle with a diameter of ∼2 mm) was

used for alignment of the range telescope with the in-room laser system in different

particle treatment centres. The reproducibility of the alignment therefore depended
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also on the positioning of the vice in the flight case as well as the scintillator stack

in the vice and was estimated to be ±2 mm. Even though the height of the bottom

vice above the breadboard was different for the drilling vice and the custom-built

vice, the same marker was used for alignment during all beam tests.

3.4.4 Sensor Protector Case

(a) Without integrated vice. (b) With integrated vice.

Figure 3.14: Photographs of the 3D-printed sensor protector case with (b) and without
(a) an integrated vice.

One of the two unpainted faces of the sheets pointed to the centre of the flight

case for the read out with a DSLR camera. The second unpainted face of the scin-

tillator sheets pointed upwards to allow light readout with the CMOS sensor which

was protected by a 3D-printed case. The protector case was designed in the design

software AutoCAD (AutoDesk Inc., San Rafael, California, USA) and printed at

UCL. The case was screwed to the plastic support structure of the CMOS sensor.

Two different versions of the protector case were made: one with and one without

an integrated vice. The first version without the vice is shown in figure 3.14(a).

This version of the protector case was used in the beam tests at MedAustron, CCC

and the first beam test at HIT in November 2018 (Nov18). The old protector case

without vice was supported by three legs that were screwed through the holes in the

sensor plastic support structure. The CMOS sensor and the scintillator stack were

aligned relative to each other by aligning the front left corner of the protector case

with the same corner of the scintillator stack and by carefully adjusting the height

of the supporter legs.
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The updated version of the protector case featured an integrated vice which

allowed the CMOS sensor to be screwed to the scintillator stack. The integrated

vice facilitated the alignment of the CMOS sensor with the scintillator stack and

also made the support legs redundant. The integrated vice was also referenced as

the “top vice”, as opposed to the bottom vice that was screwed to the breadboard.

This version of the protector case was used in the second beam test at HIT in April

2019 (Apr19). A photograph of the second version of the protector case is shown

in figure 3.14(b).

3.4.5 Fibre-Optic Plate
A fibre-optic plate was supplied with the sensor that was used to protect the sensor

and to couple it to the scintillator. It can be seen in figure 3.6 as a transparent

thin plate covering the majority of the active area of the CMOS sensor. The plate

was made of optical fibres that channel the light towards the sensor pixels and thus

helps to attribute the light to a specific sheet. The fibre-optic plate had a size of

118× 143 mm2, which did not cover the entire length of the CMOS sensor. This

resulted an offset between the start of the sensor and the edge of the first scintillator

sheet of ∼ 7 mm (∼70 pixel rows).

3.4.6 Optical Gel

(a) With optical gel.

(b) Without optical gel.

Figure 3.15: Comparison of the light output with (a) and without (b) optical gel be-
tween the scintillator sheets and the fibre optic plate. A different set of
scintillator sheets was used for each measurement. Air cavities in the
optical gel are clearly visible in (a).
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Test images of the light output generated by a proton beam of 36 MeV were taken

with and without optical gel in order to investigate whether the gel would improve

the coupling between the scintillator and the image sensor. This measurement was

performed with a cyclotron at the University of Birmingham (Birmingham, UK).

It was found that the image quality decreased with optical gel because of air cavi-

ties enclosed between the fibre-optic plate and the sheets. These air bubbles were

difficult to avoid because of variations in the transverse sheet size of up to 0.5 mm.

Moreover, the optical gel was found to penetrate the spaces between the sheets, thus

spreading the scintillator stack and eventually glueing the sheets together. There-

fore, no optical gel was used for all presented measurements in this work.

3.4.7 Patch Panel

(a) Old patch panel. (b) New exchangeable patch panel.

Figure 3.16: Patch panels with different connectors and feed-through holes.

A patch panel allowed the light-tight connection of the sensor and DSLR cam-

era to the computer and power supply. Photographs of the two versions of the patch

panel are shown in figure 3.16. The first version of the patch panel was used in

the beam tests at MedAustron, CCC and HIT (Nov18) whereas the second version

was used in the HIT Apr19 beam test. The patch panel had a male-to-female Cam-

era Link cable screwed to it. A male-to-male Camera Link cable was attached to

the outside of the panel and connected to the frame grabber. There were two feed-

through holes with rubber grommets to avoid light contamination from outside of

the flight case for the power cables of the CMOS sensor and the DSLR camera.

Two type-A Universal Serial Bus 3 (USB3) sockets were for the data transfer and

digital control of the DSLR camera. The patch panel also had SubMiniature version
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A (SMA) and Bayonet Neill-Concelman (BNC) connectors for analogue signals as

well as a high voltage connector that was not used in this work. During the beam

tests at MedAustron, CCC and HIT (Nov18), the patch panel was located at the

long side of the flight case (first version). For the Apr19 beam test at HIT, the patch

panel was moved to the short side of the flight case opposite of the scintillator stack

in order to allow more space for equipment (second version).

3.4.8 Summary

Figure 3.17: Photograph of the prototype scintillator-based range telescope with thin
scintillator sheets and a CMOS sensor readout in the HIT Apr19 config-
uration.

Figure 3.17 shows a close-up photograph of the scintillator stack with the

CMOS sensor in the configuration of the Apr19 HIT beam test. One of the two

unpainted sides of the scintillator stack is visible — the other is underneath the

CMOS sensor at the top of the stack. A photograph of the interior of the flight

case with the fully assembled range telescope is shown in figure 3.18. After the full

detector assembly, the transverse centre of the scintillator sheets was marked with

permanent marker on the outside face of the Mylar windows. These markers were

used to align the centre of the sheets with the beam axis at the beam test facilities.

The difference between the position of the markers and the transverse centre of the

scintillator stack was estimated to be below 5 mm.
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Figure 3.18: Top view of the interior of the flight case with range telescope and DSLR
camera in the HIT Apr19 configuration.

3.5 Cross Talk Measurement
A major source of uncertainty on the light output of an individual scintillator sheet

was light leakage between neighbouring sheets, which is called cross talk.

3.5.1 Experimental Setup
Cross talk was investigated experimentally by injecting the light from an LED into

individual scintillator sheets. The used LED was a UV5TZ-395-30 purple LED

(Bivar, Irvine, California, United States) with a wavelength of 395 nm and a FWHM

of 15 nm. It was operated at a bias voltage between 3.6–4.5 V with a pulse length

of 300 ns and a pulse period of 1000 ns. The LED light was transferred with an

optical fibre that was inserted in a small hole in the scintillator sheet. Optical gel

was used for the coupling between the fibre and the sheet. A photograph of the

setup is shown in figure 3.19(a). A set of sheets with a thickness of ∼2 mm and

∼2.7 mm was selected for the measurement in order to study the cross talk between

thicker and thinner sheets. The sheet ordering (in sheet numbers, see table A.1) of

the investigated sheets from the front to the back of the stack was: 34–26–22–8–9–

1. Their respective thicknesses in mm was: 2.66–2.02–1.95–2.75–2.74–2.84. There

were more sheets in the stack to guarantee the stability of the setup. The optical fibre

was first inserted into sheet n◦22 and then n◦8. This setup allowed investigation of
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(a) Photograph of the setup. (b) Raw sensor image.

Figure 3.19: Setup (a) and raw image (b) of the cross talk measurement. The black
cable coming from the top of image (a) is the optical fibre used for light
injection. The white dots and stripes on the side of the sheets encode the
sheet number and thickness. The illuminated sheet is clearly visible in
(b).

the cross talk from a 2 mm sheet (n◦22) into a 2 mm (n◦26) and a 2.7 mm (n◦8) sheet

as well as the cross talk from a 2.7 mm sheet (n◦8) into a 2 mm (n◦22) and a 2.7 mm

(n◦9) thick sheet. The 2.7 mm thick sheets were selected as a trade-off between

2.6 mm and 3 mm sheets. The sensor was operated in HFW mode. No differences

in the results were observed when the experiment was repeated in LFW mode.

3.5.2 Results

The resulting projected and background-subtracted light output of the injection into

sheet 22 (figure 3.20(a)) and 8 (figure 3.20(b)) is shown for different LED bias

voltages. Because the CMOS sensor was 3 mm larger than the transverse size of the

sheets, 30 pixels were not taken into account in the image projection. The edges

of the investigated sheets are indicated by red vertical lines and the sheet numbers

are given at the bottom of the figures. The sheet numbers are indicated in red at

the bottom of the figure. It can be seen that the light from the illuminated sheet

leaked into regions occupied by neighbouring sheets (shoulders of the illuminated

sheet). This light leakage occurred at the readout face of the sheets because of

the slightly rounded sheet edges and variations in transverse sheet size. The light

output decreased to background fluctuation level (∼ ±0.05 averaged ADC counts)

at a distance of ∼200 pixel rows from the centre of the illuminated sheet. The cross

talk was observed to scale with the brightness of the illuminated sheet, as expected.
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(a) Injection into 2 mm sheet (n◦22).
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(b) Injection into 2.74 mm sheet (n◦8).

Figure 3.20: Projected and background-subtracted image of the light output generated
by an LED injected into sheet n◦22 (a) and n◦8 (b). The light output is
shown for different LED bias voltages. Red vertical lines indicate the
edges of the sheets of interest. Their sheet numbers are also given in red
at the bottom of the figure.

The light output ln in a sheet n was calculated by averaging the ADC counts

between the edges of a sheet. In order to reduce the influence of cross talk on

the final value, the five pixel rows near each sheet edge were discarded and only

the remaining central pixels were used for the averaging. Depending on the sheet

thickness, this resulted in 10–20 pixel rows that are used for the calculation of the

light output. The same cross-talk reduction-technique was used in the subsequent

analysis of of all images in this work. For a light output of ∼1,000 averaged ADC

counts in the illuminated sheet, the light output in the neighbouring sheets reached

values up to 4 averaged ADC counts and up to 0.5 averaged ADC counts in the

next-to-neighbouring sheets.

The cross talk rct(n,m) from an illuminated sheet m to a dark sheet n is defined

as the ratio of the light outputs:

rct(n,m) =
ln
lm

(3.7)

It describes the relative light output that can be expected in sheet n due to the light

output found in sheet m. The resulting cross-talk values are shown in table 3.2.

Only the cross talk in the neighbouring and the next-to-neighbouring sheets are

listed. The maximum values are highlighted in bold letters. The maximum cross

talk is 0.4% for neighbouring sheets and 0.063% for next-to-neighbouring sheets.
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For the thin 2 mm sheets, their centre was closer to the edge of the illuminated sheet

which is why the cross talk into those sheets was larger. The cross talk was found to

be nearly independent of the LED voltage and thus the absolute light output. Apart

from the sheet thickness, the cross talk was also influenced by the differences in the

transverse sheet sizes, although this effect was not quantitatively analysed.

Table 3.2: Measured cross talk as a function of the LED voltage and the sheet number.
Only the neighbouring and next-to-neighbouring sheets are considered. The
maximum values are highlighted in bold text.

Illuminated LED voltage Crosstalk rct(n,m) in sheet n (%)

sheet (m) (V) 34 26 22 8 9 1

22
4.5 0.058 0.325 100 0.100 0.028
4.0 0.058 0.315 100 0.108 0.027
3.6 0.059 0.298 100 0.102 0.027

8
4.5 0.063 0.401 100 0.151 0.031
3.6 0.056 0.378 100 0.149 0.030

Measuring the cross talk for each of the fifty individual sheets was not possi-

ble since the detector was reassembled for each beam test and sometimes different

sheet orders were used. Therefore, the maximum values in table 3.2 were used as

a conservative estimate for the uncertainty on the light output ln due to cross talk.

This uncertainty σct(n) was calculated by multiplying the cross talk rct(n, i) with the

light output li for the two neighbouring and the two next-to-neighbouring sheets:

σct(n) =
i=n+2

∑
i=n−2,i6=n

rct(n, i)× li (3.8)

Here rct(n,n±2) = 0.00063 and rct(n,n±1) = 0.00401. This uncertainty was taken

into account in the calculation of the total light output uncertainty for a measured

PDL curve which is described in chapter 6.

3.6 Comparison With Other Scintillation Detectors
The presented range telescope uses a hybrid design between a MLIC and a conven-

tional scintillation detector with a single monolithic block of scintillator. The major

difference between the range telescope and conventional scintillator-based range

detectors is the segmentation of the plastic scintillator into sheets. This allows the
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correlation of the produced scintillation light with a specific depth without the need

for a lens. The scintillation light can therefore be read out by a large flat-panel

CMOS sensor. A disadvantage of this setup is the low spatial resolution due to the

large sheet thickness: the spatial resolution of scintillation detectors using a digital

camera is limited by the number of pixels for a given field of view, which is usually

on the order of tens of micrometres. The spatial resolution of the range telescope,

however, is limited by the sheet thickness which is 2–3 mm. However, there are

several advantages that come with the segmented design.

First, a larger proportion of the produced light is collected because the image

sensor is closer to the scintillator and covers a larger solid angle. This improves the

sensitivity and reduces the statistical uncertainty on the light output.

Second, conventional scintillation detectors use a lens to attribute the measured

light output to a specific depth. The lens introduces optical distortions such as

parallax effects in the recorded image. Conventional scintillation detectors therefore

need to apply complex corrections to the measured range depending on the Bragg

peak position in the imaged scintillator block [80]. These distortions are avoided in

the range telescope because it does not use a lens. As a result, the pixel-to-depth

conversion in the range telescope is unaffected by the Bragg peak depth (the beam

energy).

Third, the range telescope is much more compact than detectors utilising a sin-

gle monolithic block of scintillator, which normally require a digital camera placed

up to a metre away from the scintillator to image the entire block. This compact de-

sign allows new measurement settings, such as mounting the detector to the beam

nozzle for range measurements at multiple gantry angles. If an increase in spa-

tial resolution is desired with this setup in the future, the sheet thickness could be

reduced with a limit being the pixel size of the CMOS sensor.



Chapter 4
Monte Carlo Simulation

4.1 Geant4
GEometry ANd Tracking (Geant4) is a MC toolkit for the simulation of the pas-

sage of particles through matter and the occurring interactions [119, 120, 121]. It

offers a wide range of functionalities including particle tracking, detector geometry

and different physics models [119]. Geant4 is implemented in the object-oriented

programming language C++ [122] and is widely used in high-energy physics, space

engineering and medical physics [120]. In this work, Geant4-10-02 was used for

the simulation of dose deposition and the scintillation light output of a proton beam

in a plastic scintillator. These curves were not used to model the results of the beam

tests but to investigate the accuracy of a mathematical expression of a PDL curve

that is presented in chapter 5. The simulation settings used throughout this work are

presented in this chapter, with the exception of the MC simulations performed by

Lennart Volz for the mixed helium/carbon beam which are described in chapter 9.

4.2 PhysicsList Settings
Geant4 allows the user to combine different physics modules that describe differ-

ent processes in a so-called PhysicsList. In this work, the implemented Physic-

sList follows the recommendation of Hall et al. (2015) [123], who benchmarked a

PhysicsList against experimental data of a 177 MeV proton beam (see section 4.6).

The modules that Hall et al. implemented in their simulation are listed here.

G4EmStandardPhysics option4 was used for the most precise modelling

of electromagnetic interactions [124]. Nuclear interactions were modelled using

G4HadronElasticPhysics and G4HadronPhysicsQGSP BIC HP. The
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latter is the recommended pre-packaged PhysicsList for medical applications [124].

Within the PhysicsList QGSP BIC HP, QGS stands for Quark-Gluon String model,

which covers nuclear processes in the energy range above 12 GeV [124]. The let-

ter P stands for the G4PreCompound model used for nuclear de-excitation. BIC

references a binary-cascade model for protons and neutrons which models intra-

nuclear interactions and the secondary particle distribution from nuclear interac-

tions [125]. And finally, HP stands for a High-Precision model for neutrons with an

energy below 20 MeV. Furthermore, G4EmExtraPhysics (electro-nuclear reac-

tions, synchrotron radiation and rare electromagnetic processes), G4Stopping-

Physics (nuclear capture at rest), G4IonBinaryCascadePhysics (binary

cascade model for light ions) and G4NeutronTrackingCut (kills neutrons via

time of flight) were included.

In addition to the Geant4 standard particles, optical photons were simulated by

activating G4Scintillation. An instance of the module G4EmSaturation

was created to enable the creation of the number of photons according to Birks’ law

(see section 2.4.2).

For secondary particle production, a production cut (range cut) of 0.2 mm was

implemented. This production cut only applies to electrons, positrons and gammas.

Those particles will not be tracked if their predicted range in the current medium

is smaller than the range cut. Instead, the energy of the particle is deposited at the

current location. The default value for the range cut is 1 mm. The use of a smaller

value enhances the precision of the dose deposition but increases the simulation

time.

In Geant4, particle tracking is performed in steps in which the particle parame-

ters, such as energy and momentum vector, are updated. The step length is dynam-

ically calculated based on the invoked physics processes. The step maximum was

set to 0.1 mm in order to guarantee high-resolution particle tracking.

4.3 Materials and Geometry
The range telescope was modelled as a stack of 200 polystyrene (C8H8)n sheets

with a transverse size of 100×100 mm2 and a thickness of 2 mm. Polystyrene has

a density of 1.03 g/cm3 [74], a mean excitation energy of I = 68.7 eV [13] and a

Birks’ constant of 0.090 mm/MeV [75, 126].

The material properties of polystyrene such as scintillation emission spec-

trum, absorption length and wavelength shifting were modelled following a simu-
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lation [127] developed for the NEMO-3 [128] and SuperNEMO [129] experiments.

The scintillator was characterised by two time constants: a fast constant of 0.9 ns

and a slow scintillation constant of 2.1 ns, with an relative yield ratio of 0.8. The

difference between these time constants and the one of the scintillator used for the

range telescope (single time constant of 2.5 ns [74]) had no impact since the timing

of the scintillation light was not evaluated in this work. Since the generation of

optical photons is based on the deposited dose, the accuracy of the PDL curve de-

pends first and foremost on the precision of the PDD curve. The scintillation light

constant S of Birks’ law was set to 10 photons/MeV in the simulation in order to

save computation time. The parameter S had no impact on the shape of the PDL

curve and only changed its absolute normalisation.

4.4 Proton Beam Parameters
The proton beam entered the scintillator perpendicular to the stack at the centre

of the sheets. The beam starting position was set at the start of the scintillator

stack. A million primary particles were simulated in a proton beam as a compromise

between statistical precision and computation time. This produced suitably smooth

PDD curves (statistical uncertainty of the light output of∼0.5%) whilst keeping full

detector simulation times below ∼24 hours. The initial beam direction was along

the z-axis and the initial angular divergence of the beam was neglected. The beam

spot size along the x and y-axes was chosen to reproduce a realistic proton pencil

beam: it was between 10–30 mm FWHM, depending on the beam energy [130].

The initial beam energy spectrum was modeled as a Gaussian curve with a FWHM

of 0.3% at 50 MeV, down to 0.05% at 220 MeV, reflecting realistic proton beam

spectra at HIT [130].

4.5 Scoring
There are three main quantities of interest in the simulation: the PDD curve, the

PDL curve and the histogram of Proton Stopping Depth (PSD). The recording of

either of these quantities in Geant4 is also called “scoring”.

A proton PDD curve was obtained by recording the deposited dose of a pro-

ton beam in the scintillator into a histogram with a bin width of 0.1 mm. Unless

otherwise stated, the dose was scored in the entire scintillator volume. The shape

of the PDD curve generally depends on the size of the scoring volume because of

beam broadening in the absorber.
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Figure 4.1: Exmaple of a PDD, PDL and PSD curve for a proton beam of 240 MeV in
polystyrene scintillator.

A PDL curve was defined as the number of photons produced at a certain

depth and was obtained by saving the production depth z of an optical photon in

a histogram with a bin width of 0.1 mm. After counting the photon, its track was

discarded (”killed”) and the photon was not tracked along its path through the scin-

tillator. Thus, the resulting PDL curve was independent of the optical parameters of

the simulated materials and purely depended on the deposited dose, the scintillation

light yield S and Birks’ constant kB. The simulated PDL curves therefore do not

allow conclusions to be drawn on the influence of the setup geometry on the shape

of the measured PDL curve.

The PSD histogram was obtained by recording the z-axis intercept of the

last step of each beam proton before coming to rest in a histogram. Beam protons

were defined using the Geant4 parentID which equals 1 for primary particles

and is larger for all other particles that are created as the primary beam reacts with

the medium. The PSD histogram was used to obtain the reference range of the

simulated proton beam in order to evaluate the accuracy of the range reconstruction

from the PDD and PDL curves. This definition of the reference range is described

in section 5.3.

An example for each scored quantity for a proton beam of 240 MeV is shown

in figure 4.1. The effect of light quenching can be seen in the Bragg peak, where

the PDL curve is consistently lower than the PDD curve. The PSD histogram shows

a distinct peak near the Bragg peak where the majority of the beam protons come
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to rest. A small fraction of protons stop before reaching the Bragg peak because

they undergo a nuclear reaction. The probability of a beam proton to undergo a

nuclear reaction before coming to rest increases approximately linearly from 5%

at 60 MeV to 25% at 220 MeV [6]. Nuclear reactions are characterised by a large

energy loss and/or change of direction which leads to a shorter projected range of

the proton [64].

It should be noted that the peak of the PSD histogram does not coincide with

the Bragg peak. This is because the maximum of the PSD histogram gives the depth

with the highest probability for protons to stop and the Bragg peak is a product of

the LET distribution and the proton fluence. In the absence of nuclear reactions, the

maximum of the PSD histogram overlaps with the 80% distal fall-off of the Bragg

curve [25] (where the dose has fallen to 80% of its maximum value). This relation

does not hold for the maximum of the PDL curve because of the LET-dependent

quenching. The maximum of the PSD histogram was defined as the reference proton

range since it represents the depth with the highest probability for protons to stop.

4.6 Validation

The Geant4 simulation code of this work uses the recommended PhysicsList for

medical applications that was also validated against experimental data by Hall et

al. (2016) [123]. Hall et al. compared the integral Bragg curve of a proton pencil

beam of 177 MeV as well as the low-dose envelope with experiment. They showed

that “striking agreement is observed over five orders of magnitude, with both the

shape and normalisation well modelled” [123]. The root mean square of the ob-

served deviation between simulation and data was 3% [123]. Therefore, the imple-

mented PhysicsList is expected to deliver an accurate simulation of PDD curves of

clinical proton pencil beams in water.

In order to further validate the implementation of the PhysicsList, the

Geant4-simulated PDD curve of a proton beam in water was compared with a

Fluka2008 [131, 132] simulation. This Fluka simulation was performed and bench-

marked against experimental data at HIT by Parodi et al. (2012) [130] with the aim

of generating an accelerator library for the treatment planning system. Deviations

between Geant4 and Fluka have been evaluated in the past in great detail [133].

Therefore, perfect agreement between the two simulations was not expected. The

aim of this comparison was to identify potential errors in the implementation of the
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Geant4 code and give an estimate of the systematic uncertainty of the simulated

PDD curves.

The settings of the Fluka simulation have been reproduced in the Geant4 sim-

ulation in order to allow a direct comparison between the two PDD curves. These

settings are explained in detail in Parodi et al. (2012) [130] and are summarised

here. The absorber was made of a 1×1×1 m3 block of pure water with a density

of 1.0 g/cm3 and a mean excitation energy of 79.0 eV which was found to best re-

produce the measured proton beam ranges [130]. The scoring of the PDD curve

was performed in a cylinder of 14 cm radius around the central beam line. The

step maximum was set to 0.1 mm with a range cut of 0.2 mm. The beam energy

was 222.66 MeV with an initial energy spread of 0.11 MeV FWHM. This energy is

the greatest available proton beam energy at HIT. It was chosen because the large

range allows potential differences between the simulations to be identified more

easily. The beam spot size was 8 mm FWHM and the initial beam divergence was

neglected.
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Figure 4.2: Comparison of the PDD curve of a 222.66 MeV proton beam in a water
phantom simulated with Geant4 and Fluka [130].

The comparison of a simulated proton PDD curve is shown in figure 4.2. The

curves were normalised to the maximum dose. The percentage residuals show that



4.6. Validation 101

the difference between the two MC simulations is below 3% upstream of the Bragg

peak. Larger relative differences of up to 10% are seen downstream of the Bragg

peak which originate from a small range shift between the two PDD curves and

the large uncertainty on the low-dose tail downstream of the Bragg peak. Since

the Bragg peak region is very sensitive to small differences due to the large dose

gradient, the observed agreement is deemed to be good. The beam ranges — deter-

mined as the 80% distal fall-off of the PDD curves — were 312.962 mm (Geant4)

and 313.023 mm (Fluka).

It is concluded that the differences between the Geant4 simulation and the

benchmarked Fluka simulation are small enough to justify the use of the Geant4

code for the generation of proton PDD curves. The PDL curves, that are a result of

the PDD curves and Birks’ law, were not validated separately. These PDL curves

are used in chapter 5 to evaluate a mathematical model of a PDL curve.





Chapter 5
A Mathematical Expression of
Proton Percent Depth-Light Curves

5.1 Motivation
The typical range spacing between clinically available proton pencil beams is 1 mm

WET, which is also the recommended tolerance for range quality assurance mea-

surements [27]. Commercially available MLIC for fast proton PDD curve mea-

surements have a typical spatial resolution of 2 mm water-equivalent thickness. An

example of such a detector is the IBA Giraffe. In order to achieve the required range

measurement accuracy, the Giraffe uses an analytical approximation of the Bragg

curve developed by Bortfeld [25, 134]. The fitting of the PDD curve with Bortfeld’s

formula allows the range to be measured with a much higher accuracy and precision

than the spatial resolution of the detector. According to IBA, the Giraffe can mea-

sure the absolute proton beam range with an accuracy of 0.5 mm, having a spatial

resolution of 2 mm WET [94].

The range telescope presented in chapter 3 utilises plastic scintillator sheets

with a thickness of 2–3 mm in order to measure a PDL curve. The PDL curve

differs from a PDD curve measured by a MLIC because of the light quenching

(see section 2.4.2). Bortfeld’s formula does not include quenching effects and is

therefore not directly applicable to the PDL curve measured by the range telescope.

A potential solution is to correct the PDL curve for quenching effects and use

Bortfeld’s formula to fit the corrected curve. Some research groups that developed

scintillation detectors for proton beam range measurements use Monte Carlo sim-

ulations to correct for light quenching. For example, Robertson et al. (2013) [80]
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used simulated three-dimensional LET distributions and Birks’ law [76] to convert

light to dose. A disadvantage of this procedure is that an LET value needs to be

associated iteratively with each depth in the PDL curve. This matching process of

the measured PDL curve and the simulated LET curve is sensitive to systematic

shifts. The uncertainty on the LET matching is largest in the Bragg peak, where

the LET rises sharply. Therefore, the quenching correction uncertainty is also the

largest in the Bragg peak. However, the range measurement can only be as accurate

as the Bragg peak position and shape. Other approaches using different quenching

models that do not parametrise the LET such as EDSE (see section 2.4.2) models

suffer from the same alignment problem of measurement and simulation [135].

The aim of this chapter was to make Bortfeld’s model applicable to scintillation

detectors in order to achieve similar range reconstruction accuracy with segmented

scintillation detectors as with MLICs. A mathematical expression of a PDL curve

in quenching scintillators was derived by combining Bortfeld’s analytical approxi-

mation of a PDD curve with Birks’ formula for light quenching. The combination

of the two models was relatively straightforward because both models parametrise

the LET distribution. Including other quenching models based on track-structure

theory in Bortfeld’s model would be more complex and require the introduction of

additional parameters.

The resulting Quenched Bragg (QB) model enables the PDL curve to be mod-

elled without prior knowledge of the LET distribution. In fact, the simultaneous

fitting of the LET distribution and the quenching correction prevents the occurrence

of alignment errors between the two, which is the main advantage of this approach.

By fitting the QB model to the PDL curve one can reconstruct beam/material pa-

rameters such as proton range, beam current, initial energy distribution and Birks’

constant.

5.2 Derivation of the Quenched Bragg Model

In this section the formula of the quenched Bragg model is derived by combining

Birks’ model for light quenching with Bortfeld’s analytical approximation of a pro-

ton Bragg curve. The extension of Bortfeld’s model with a quenching correction

is an original work of this thesis. A detailed description of Bortfeld’s derivation

can be found in Bortfeld (1997) [25]. The key definitions and steps of Bortfeld’s

derivation are also reported in this chapter.
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In order to derive an analytical approximation of a Bragg curve without

quenching, Bortfeld began with the energy fluence Ψ at depth z, being the product

of the local particle fluence Φ(z) and the remaining mean proton energy E(z) [25].

Ψ(z) = Φ(z)E(z) (5.1)

In an analogous way, the light fluence Θ(z) is considered, being the product of the

local particle fluence Φ(z) and the remaining mean light output L(z) of the beam.

It is the light output L(z) that takes into account the quenching relation between

energy loss and scintillation light production.

Θ(z) = Φ(z)L(z) (5.2)

Bortfeld then modelled the total energy released per unit mass T (z) as the derivative

of the energy fluence Ψ(z) normalised to the density ρ of the absorbing material:

T (z) =− 1
ρ

dΨ(z)
dz

=− 1
ρ

(
Φ(z)

dE(z)
dz

+
dΦ(z)

dz
E(z)

)
(5.3)

In an analogous way, the local scintillation light output per unit mass U(z) can be

obtained through differentiation of Θ(z) and normalisation to the material density:

U(z) =− 1
ρ

dΘ(z)
dz

=− 1
ρ

(
Φ(z)

dL(z)
dz

+
dΦ(z)

dz
L(z)

)
(5.4)

The proton fluence reduction represented by the factor dΦ/dz can be interpreted

as being caused by non-elastic nuclear reactions that eliminate protons from the

original beam. However, only a fraction of the energy going into these reactions

is deposited locally and can therefore contribute to the production of scintillation

light. As such, Bortfeld introduced a factor γ which represents the fraction of lo-

cally absorbed energy from non-elastic nuclear interactions and defines the relative

weight of the two summands in equation 5.5 [25]. This results in an expression for

the PDD curve D̂(z):

D̂(z) =− 1
ρ

(
Φ(z)

dD(z)
dz

+ γ
dΦ(z)

dz
D(z)

)
(5.5)
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In the same way, the model for a PDL curve Q̂(z) can be written as:

Q̂(z) =− 1
ρ

(
Φ(z)

dL(z)
dz

+ γ
dΦ(z)

dz
L(z)

)
(5.6)

In their current form D̂(z) and Q̂(z) do not account for beam range straggling. Bort-

feld found that a good approximation of the effect of range straggling is to fold the

PDD curve with a Gaussian with a constant standard deviation σ . The initial depth

dependence of σ(z) can be neglected due to the relative flatness of the Bragg curve’s

plateau upstream of the Bragg peak [25]. The same approach is used to account for

range straggling in the QB model. The minimum value of σ is determined by the

range straggling of a mono-energetic beam σmono. In addition to that, σ will further

increase if the proton beam has an initial proton energy distribution with a non-zero

width (see equation 5.12). Folding a Gaussian with standard deviation σ into D̂(z)

and Q̂(z) yields a mathematical expression of a Bragg curve D(z) (Bortfeld model)

and a quenched Bragg curve Q(z) (QB model).

D(z) = 〈D̂〉(z) =
∫ R0

0
D̂(z′)

1√
2πσ

exp
(
−(z− z′)2/2σ

2)dz′ (5.7)

Q(z) = 〈Q̂〉(z) =
∫ R0

0
Q̂(z′)

1√
2πσ

exp
(
−(z− z′)2/2σ

2)dz′ (5.8)

Here, z′ is an auxiliary variable to perform an integration over depth. In order to

calculate equations 5.7 and 5.8, expressions need to be found for the energy, the

light output and the particle fluence. At the heart of Bortfeld’s model of a Bragg

curve is the relation between the proton range R0 and the initial beam energy E0,

approximated by a power law (BK rule [26]). The proton range R0 coincides with

the 80% fall-off of the PDD curve if nuclear reactions and the initial beam energy

spread are neglected [25]. The range-energy relationship is given by:

R0 = αE p
0 (5.9)

The parameters α and p are material-specific constants that need to be determined

from a fit of the power law to experimental or simulated range-energy data. The

residual proton energy E at depth z can be written as:

E(z) = α
−1/p(R0− z)1/p (5.10)
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Differentiation yields the differential energy loss:

dE(z)
dz

=− 1
pα1/p

(R0− z)1/p−1 (5.11)

The range-energy relation also allows σ to be decomposed into a component that

takes into account the initial beam energy spread σE and a mono-energetic compo-

nent σmono for the energy/range straggling. Bortfeld found the relation:

σ
2 = σ

2
mono +σ

2
Eα

2 p2E2p−2
0 (5.12)

where σE is the Gaussian width of the initial proton beam energy spectrum and α

and p are parameters of the BK rule [25]. For water, Bortfeld found that σmono can

be approximated by σmono = 0.012R0.935
0 .

The last undefined quantity in formula 5.7 is the proton fluence. Bortfeld ap-

proximated the normalised proton fluence Φ(z) as:

Φ(z) = Φ0
1+β (R0− z)

1+βR0
(5.13)

with β being a slope parameter for the linear approximation of the fluence reduction

due to non-elastic nuclear reactions and Φ0 being the initial proton fluence at depth

z = 0. This linear fluence reduction is a coarse approximation of reality. It does

not take into account the energy-dependence of nuclear cross sections nor does it

account for the depth-dose profile of secondary particles [24]. Hence, the approx-

imation of nuclear reactions is the most important source of model uncertainties.

This applies to both Bortfeld’s model and the QB model. Differentiation of Φ(z)

gives the change in proton fluence:

dΦ(z)
dz

=−Φ0
β

1+βR0
(5.14)

While Bortfeld found analytical expressions for the beam energy and fluence, the

quenched light output of a scintillator needs to be considered for the QB model. In

the QB model, light quenching is modelled using Birks’ law. According to Birks’

law, the light yield dL in a path segment dz is a function of the differential energy

loss dE/dz [76]. Just like dE/dz, dL/dz is a negative function as it describes the

release of light or a decrease of the potential to emit light. Since Birks’ constant is

usually defined as being positive, the absolute value of the differential energy loss
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must be used, introducing a negative into the definition of dL/dz. Alternatively, one

could define Birks’ constant as being negative. The standard format of Birks’ law

is given in equation 2.8 and 2.9. Taking into account the sign of the energy loss,

Birks’ law can be written as:

dL
dz

=− S∣∣dE
dz

∣∣−1
+kB

(5.15)

Here, S is the scintillation light constant of the material and kB is Birks’ constant.

Integration of dL/dz from z to the proton range R0, which is defined as the mean

stopping depth of the beam protons, gives the remaining light output L at depth z.

The remaining light output L(z) is positive, just like the remaining energy E(z) of a

proton.

L(z) =−
∫ R0

z

dL
dz′

dz′ (5.16)

By inserting relations 5.6, 5.15, 5.16, 5.11,5.13 and 5.14 into equation 5.8 a mathe-

matical expression of a PDL curve Q(z) is obtained:

Q(z) =
∫ R0

0

1
ρ

Φ0
1+β (R0− z′)

1+βR0

S(
1

pα1/p (R0− z′)1/p−1
)−1

+ kB
+ γΦ0

β

1+βR0
×

∫ R0

z′

S(
1

pα1/p (R0− z′′)1/p−1
)−1

+ kB
dz′′

 1√
2πσ

exp
(
−(z− z′)2/2σ

2)dz′

(5.17)

It is worth noting that the beam energy E0 is not found in equation 5.17. Instead, the

QB model is a function of the beam range R0. For kB = 0 and S = 1 — which also

allows the integral over z′′ to be solved analytically — equation 5.17 transforms into

Bortfeld’s model. Bortfeld’s model of a PDD curve can be written as:

D(z) =
∫ R0

0

1
ρ

[
Φ0

1+β (R0− z′)
1+βR0

1
pα1/p

(R0− z′)1/p−1 + γΦ0
β

1+βR0
×

1
α1/p

(R0− z′′)1/p
]

1√
2πσ

exp
(
−(z− z′)2/2σ

2)dz′
(5.18)

Bortfeld identified the remaining integral over z′ as “parabolic cylinder functions”

such that equation 5.18 can be solved analytically [25]. However, no analytical

description of the remaining integrals in the QB model (equation 5.17) could be

found and which therefore need to be solved numerically (see section 5.4).
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Bortfeld introduced an additional parameter ε with the aim of describing the

deviation of the initial beam energy spectrum from a Gaussian shape. The parameter

ε represents the size of a linear tail in the energy spectrum relative to Φ0. However,

Bortfeld acknowledged that this is a coarse approximation which, while allowing

Bortfeld’s equation to be solved analytically, fails to describe realistic beam energy

spectra [25, 48]. As such, Bortfeld’s energy-tail correction is not implemented in

the QB model and is also not included in equation 5.18. Further work is needed to

develop the description of a realistic energy spectrum.

The conformity of the QB model is expected to be good in those regions of

the PDL curve where ionisation is the dominant form of proton energy loss. Down-

stream of the Bragg peak, however, the light output prediction is expected to be

poor because the dose deposition there is dominated by secondary neutrons which

are not taken into account in Bortfeld’s model [24]. Therefore, the upper limit of

the fit range was always set to z = 1.03×R0. The optimal fit range was investigated

in section 5.7.4.

5.3 Model Parameters

Table 5.1: Summary of variables and constants used in equation 5.17 for a
polystyrene-based scintillator, adapted from table 1 in [25].

Variable Description Value Unit

p Exponent of R0-E0 relation 1.761±0.010 1
α Proportionality factor 0.0228±0.001 mm/MeVp

β Slope of fluence reduction 0.0012 [25] mm−1

γ Fraction of locally abs. energy 0.6 [25] 1
S Scintillation light yield 9,744 [74] photons/MeV
ρ Absorber density 1.03 [74] g/cm3

kB Birks’ constant fit parameter mm/MeV
R0 Proton beam range fit parameter mm
σ Gaussian range straggling fit parameter mm
Φ0 Fluence factor fit parameter particles/mm2

An overview of the parameters of equation 5.17 and their respective values

for a polystyrene absorber is given in table 5.1. Birks’ constant kB, the proton

beam range R0, the width of the Gaussian range straggling σ and the fluence Φ0

are used as fit parameters and therefore have no fixed value. Typical values are
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kB = 0.09 mm/MeV (see section 2.4.2), R0 = 20–400 mm and σ ≈ 0.01×R0. The

value of the parameter γ quantifies the fraction of locally absorbed dose from non-

elastic nuclear reactions. The same γ value that was used by Bortfeld (γ = 0.6) is

used throughout this work. This value was based on the work of Berger et al. (1993)

who found that γ =0.55–0.7 for proton beam energies between 40–240 MeV [136].
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Figure 5.1: Power-law fit to the simulated proton ranges in polystyrene.

The central parameters for the QB model are α and p of the power-law approx-

imation of the range-energy relation (equation 5.9). The energy-range relation was

obtained from a power-law fit to a Geant4 simulation of the proton stopping depths

in a polystyrene block. The details of the simulation are described in chapter 4 and

the calculation of the proton stopping depth (the reference range) is explained in

the next paragraph. In this simulation, the initial beam energy spread and the beam

spot size size were set to zero in order not to bias the proton beam range at low

beam energy. The resulting power-law fit is shown in figure 5.1. The uncertainty on

the reference ranges is smaller than the point markers. Although the power-law fit

describes the energy-range relation to within ±1%, systematic deviations between

model and data can be observed. The χ2/NDF of the power-law fit was � 1 be-

cause of the simplicity of the power-law model, which predicts the beam range from

the beam energy only within 1%. A second-order polynomial was found not to im-

prove the accuracy of the prediction, despite the introduction of a third fit parameter.

The fit values found for polystyrene are α = 0.0228 and p = 1.761 whereas Bort-
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feld found α = 0.022 and p = 1.77 for water [25]. The uncertainties on α and p in

table 5.1 were determined by varying the fit range of the power law. However, the

impact of the α and p parameter uncertainties on the beam range measurement with

the QB model was found to be small (see section 5.6.2). Therefore, the power-law

model was judged to be accurate enough to model the energy-range relation for this

purpose.
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Figure 5.2: Fit of a Gaussian curve to a simulated PSD histogram. The fit range is
R0± 1% around the expected proton range. The obtained range value is
considered to be the best approximation of the true proton range and is
henceforth used as a reference value.

The reference beam range was defined as the mean of the Gaussian fit to the

PSD histogram (see section 4.5). It represents the depth in the absorber with the
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highest probability for protons to stop. The PSD histograms are shown for three

beam energies in figure 5.2. The peak of the PSD histogram was not perfectly

Gaussian because of two main reasons. First, there were nuclear reactions removing

protons from the beam and producing secondary particles. Those are visible as a

small tail in the PSD histogram extending from zero depth to the peak. Second,

the proton range is the projected path length of the protons which is always shorter

than the actual path length in a three-dimensional absorber due to scattering (see

discussion in section 2.1.5.2). Nevertheless, a Gaussian curve was fitted to the

peak of the PSD histogram using a least-square fit in ROOT in order to obtain the

most accurate estimate for the proton range. In order to minimise the systematic

uncertainty on the position of the peak maximum, the fit region was restricted to a

narrow region of ±1% around the expected proton range (the PSD maximum). The

relative statistical uncertainty on the Gaussian fit was found to be ±0.003%. Due

to the skewness of the peak, the true proton range cannot be easily determined and

depends on its definition. The relative systematic difference between the true proton

range and the reference proton range was estimated to be smaller than 0.05% from

the difference between the reference range and the maximum of the PSD histogram.

5.4 Computation
In this work, Bortfeld’s model and the QB model were implemented using the

software toolkit ROOT [137] as a TF1 object. The integration over z′ and z′′ in

equation 5.17 was carried out numerically. Integration is performed by invoking

TF1::Integral(double a, double b, double esprel) where a and

b are the lower and upper limits of the integration, respectively. The relative pre-

cision epsrel was set to epsrel = 10−7, as a compromise between computational

speed and accuracy. The standard ROOT fit algorithm (Pearson χ2 test) [138] was

used by filling the data of a PDD/PDL curve in a ROOT histogram (TH1) and sub-

sequently invoking TH1::FIT().

5.5 Comparison with Bortfeld’s Model
In this section, the effect caused by the introduction of the quenching into Bort-

feld’s formula was analysed. Figure 5.3 shows a comparison of Bortfeld’s model

of a Bragg curve (equation 5.18) with the QB model (equation 5.17) for three typ-

ical clinical proton beam ranges. This comparison demonstrates the influence of

introducing quenching effects. Within each plot, both displayed curves utilise the
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(c) R0 = 350 mm

Figure 5.3: Comparison of Bortfeld’s model of a Bragg curve with the QB model of
the same range for three typical clinical proton beam ranges. The effect of
the introduced quenching is clearly visible around the Bragg peak.

same parameters except for kB = 0.090 mm/MeV [75] and S = 9744 [74] which

are specific to the QB model. Their values can be found in table 5.1. The width

of the range straggling σ was set to be equal to 0.012R0.935
0 [25] as suggested by

Bortfeld which represents a mono-energetic proton beam with zero initial energy

spread in water. This relation holds in polystyrene because it solely depends on

the beam range which scales with the medium’s stopping power. The relative nor-

malisation (Φ0) was chosen such that the values of the models at depth z = 0 were

identical and the absolute normalisation was such that the maximum of Bortfeld’s

model was equal to one. This relative normalisation does not show the quenching at
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the entrance, which is on the order of a few percent, depending on the proton beam

energy.

It can be seen that the introduction of quenching decreases the peak-to-plateau

ratio of the Bragg curve. Birks’ constant can therefore be interpreted as a measure

for the peak-to-plateau ratio of the PDL curve. For a beam range of 30 mm and a

Birks’ constant of 0.09 mm/MeV, the suppression of the peak is about 40%. At low

depths (entrance region) where the change in LET is slow, the two models are seen

to give the same results due to the normalisation to the entrance value. The peak

suppression decreases with increasing beam range: this is due to increased range

straggling σ at higher beam energies which in turn increases the average proton

energy at the Bragg peak. A higher average proton energy translates into a lower

LET which means weaker quenching.

5.6 Comparison with Simulation
In order to make a first assessment of the QB model, a least-square fit of equa-

tion 5.17 to simulated PDL curves was performed. This comparison, however, has

a limited meaningfulness in terms of the general validity of the QB model because

both the Geant4 simulation and the QB model utilise Birks’ model to describe the

quenching. This comparison therefore did not account for limitations of Birks’

model (see section 2.4.2.2). Nevertheless, the comparison with simulation allows

preliminary conclusions to be made on the effectiveness of the QB model and es-

timate the systematic uncertainty on the reconstructed parameters R0 and kB. An

application to experimental data can be found in chapters 6, 7 and 8.

In this section, the comparison between simulation and QB model was per-

formed for PDL curves with a high spatial resolution of 0.1 mm (bin size) in order

to investigate the accuracy of the QB model itself. An evaluation of the QB model

performance as a function of the spatial resolution is presented in section 5.7. The

simulation settings were described in chapter 4. The initial beam energy spread

and transverse beam size were zero in this simulation, representing a perfect proton

pencil beam.

5.6.1 Curve Shape
Figure 5.4 shows the QB model fit to simulated PDL curves of three typical clinical

proton beam energies. The fit range is set from z = 0 to z = 1.03×R0. The bottom

sub-figures show the corresponding percentage residuals. The energy E0,sim in the
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(c) E0 = 240 MeV

Figure 5.4: Full-range fit of the QB model to a Geant4 simulation of a PDL curve in a
plastic scintillator for three typical proton beam energies.

plots is the simulated proton energy. Good agreement of the QB model with the

simulation is observed at 60 MeV: discrepancies between the model and the simu-

lation are below 2.5% at the Bragg peak. The differences are larger in the entrance

region (up to 4%) and behind the Bragg peak (40%). At higher beam energies, the

differences in the Bragg peak decrease to below 2% while the difference increases

in the entrance region to a maximum of 15%. Behind the Bragg peak, the relative

difference remains constant with beam energy at about 40%.

The observed differences are of the same kind as reported by Bortfeld [25]

and can be explained by the coarse model of nuclear interactions in Bortfeld’s
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analytical approximation (see also Bortfeld model fit in figure 5.5) which is also

present in the QB model. Dose build-up of secondary protons is responsible for

the disagreement between the QB model and the simulation at the entrance to

the medium [11, 24], which is particularly prominent for high beam energies (fig-

ure 5.4(c) for z < 100 mm). The differences at and downstream of the Bragg peak

are potentially caused by an overestimation of the fitted Bragg peak width σ and

the lack of a description of long-range neutral particles. The latter are the domi-

nant source of dose/light behind the Bragg peak when most protons have come to

rest [24]. Since the neutral-particle dose is not described in both Bortfeld’s- and

the QB model, it is recommended to limit the fit range to a maximum of ∼ 3×σ

downstream of R0. The standard maximum fit range used in this work is therefore

1.03×R0.

Another explanation for the disagreement of the QB model and the simulated

PDL curve in the plateau just upstream of the Bragg peak is the transverse size of

the simulated scintillator block. Particles which underwent a nuclear reaction are

scattered at larger angles compared with the beam broadening due to multiple scat-

tering. Thus, the dose from secondary particles accumulates in the beam halo [83].

The transverse size of the absorber therefore determines the fraction of the absorbed

dose that comes from nuclear reactions. This effect was also desribed in Parodi et

al. (2012) [130]. It was found in a Geant4 simulation that the size of 10×10 cm2

leads to a reduction of up to ∼3% of the dose in the Bragg curve plateau, compared

with an absorber size of 100×100 cm2. The QB model, however, integrates the total

dose in the transverse plane and does not describe the transverse dose distribution.

For a fair comparison, the QB model should therefore be compared to a simulated

PDL curve with infinite transverse absorber size. However, since the range tele-

scope developed in this work uses a transverse sheet size of 10×10 cm2, the same

absorber size was used in simulation in order to make results more comparable.

In the light of the coarse description of nuclear reactions in Bortfeld’s model,

complex parametrisations of Bortfeld’s Bragg curve have been proposed in the past

in order to improve the agreement of data and model. These were not included in

the QB model for the sake of simplicity but could be introduced in an analogous

way as proposed by Zhang et al. (2011) [139].

Since Bortfeld’s analytical formula utilises the same parameters as the QB

model, Bortfeld’s formula can be used to reconstruct the initial PDD curve from

the measured PDL curve. This is done by calculating Bortfeld’s PDD curve with
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the parameter values that are obtained from the fit of the QB model to the PDL

curve. However, it was observed that the accuracy of the reconstructed PDD curve,

and especially the peak dose, depended strongly on the accuracy of the fitted beam

width σ and is also subject to the model uncertainties discussed by Bortfeld [25].

This technique is therefore not suited to reconstruct the PDD distribution with a

dose accuracy of 2% required for PDD curve quality assurance (see table 2.1).

5.6.2 Proton Range Reconstruction

The most important aspect of the QB model is its range reconstruction performance.

In order to quantify the good agreement seen in figure 5.4 in terms of range mea-

surement accuracy, the proton beam ranges determined by three different methods

were compared: the range from the QB fit to the PDL (figure 5.4), the range from

Bortfeld’s Bragg curve fit to the PDD curve (figure 5.5) as well as the range from a

Gaussian fit to the PSD histogram (figure 5.2). The latter was defined as the mean

of the Gaussian fit and is considered as the reference range R0,re f .

Figure 5.6 shows the difference ∆R0 between each calculation method and the

Gaussian fit, calculated for proton beam energies from 60 to 240 MeV (correspond-

ing to 30–350 mm range) in 20 MeV steps. Since agreement between the QB model

and the PDL curve varies with depth, the beam range reconstruction accuracy is

expected to depend on the fit range. Therefore, the range reconstruction results are

shown for three fit ranges: a fit to the full PDD/PDL curve (0–1.03×R0), the peak

region (0.8×R0–1.03×R0) and distal fall-off (0.98×R0–1.02×R0). Moreover,

the influence of fixing Birks’ constant at the ground truth value (the input value in

the simulation) on the range reconstruction is investigated. Since Birks’ constant

describes the peak-to-plateau ratio of a PDL curve, its value can only be fitted reli-

ably if the full fit range is used. If the PDL curve is to be fitted in the peak region

or the distal fall-off, the value of Birks’ constant needs to be known and fixed. In

this simulation, the ground truth value for Birks’ constant was kB = 0.09 mm/MeV.

The maximum observed range difference for the Bortfeld fit to the simulated PDD

curve was −0.07 mm (full range fit), −0.03 mm (peak region) and +0.1 mm (distal

fall-off). The most accurate range reconstruction was obtained if the fit range was

restricted to the Bragg peak region.

For the QB model fit, the maximum values of ∆R0 were−0.14 mm (full range,

kB free), −0.14 mm (full range, kB fixed), −0.14 mm (peak region, kB fixed) and

±0.02 mm (distal fall-off, kB fixed). It was found that there was only a marginal
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Figure 5.5: Full-range fit of Bortfeld’s Bragg curve to a Geant4 simulation of a PDD
curve in a scintillator for three typical proton beam energies.

difference in the range reconstruction accuracy of <0.05 mm if Birks’ constant was

fixed or let free, or if the fit range was restricted to the peak region (see figure 5.6).

However, the accuracy was improved significantly if the fit range was restricted

to the distal fall-off. In this case, Birks’ constant had to be fixed at its ground-

truth value of kB = 0.09 mm/MeV because the narrow fit range did not contain any

information about the peak-to-plateau ratio of the PDL curve.

For all investigated fit settings, if the parameters α and p were varied within

their uncertainties, the reconstructed range changed by 0–0.04 mm, depending on

the beam range. It was concluded that the range reconstruction is relatively insensi-
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Figure 5.6: Reconstruction of the beam range from the simulated PDL curve using
the QB model for the typical range of clinical proton beam ranges. The
performance of the Bortfeld model fitted to PDD curves is shown in com-
parison. The QB model is shown for different fit ranges and with Birks’
constant kB being free or fixed parameter of the fit to the ground truth
value (0.09 mm/MeV). The error bars represent the fit uncertainty of the
QB model returned by the fit process.

tive to uncertainties on the two central model parameters. This is important because

the range-energy relation can be slightly different at different treatment centres.

This is due to a variable water-equivalent path length from the exit of the vacuum

chamber to the beam isocentre, measurement uncertainties on the reference ranges

and differences in the applied fit range of the power law to the range-energy curve.

For all presented cases, the observed deviation from the reference range is

small compared with the general range measurement tolerance (0.5 mm for the IBA
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Giraffe [94]). The QB model is therefore concluded to be a reliable tool for the

measurement of the proton beam range from a PDL curve. The observed range

difference can be interpreted as an estimate for the systematic uncertainty of the QB

model on the range measurement. For instance, for the full range fit with kB as a fit

parameter, the systematic uncertainty on the beam range is 0.15 mm. However, this

applies only for a PDL curve with a bin size of 0.1 mm. The range reconstruction

performance for PDL curves with a lower spatial resolution, such as those measured

with the range telescope, is discussed in section 5.7.

5.6.3 Measurement of Birks’ Constant
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Figure 5.7: Reconstruction of Birks’ constant from the simulated PDL curve using the
QB model for the typical range of clinical proton beam ranges. The small
error bars represent the fit uncertainty.

The QB model can be used to measure Birks’ constant of a scintillator from

a PDL curve. Figure 5.7 shows the fitted value of Birks’ constant compared with

the ground truth of the simulation for beam ranges from 30 to 350 mm. The fit

range was 0–1.03×R0 and the bin size in the PDL curve was 0.1 mm. Birks’ con-

stant was reconstructed within ±7% for all simulated proton beam energies. The

maximum deviation was found at a beam range of 175 mm with a maximum abso-

lute difference of 0.06 mm/MeV. The fitting was repeated for PDL curves simulated

with kB = 0.126 mm/MeV. A similar maximum difference of 6% (at R0 =350 mm)

between the reconstructed Birks’ constant and the ground truth was found. These

two investigated values for kB are within the range of measured values in the lit-
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erature for polystyrene-based plastic scintillator (see table 2.2). For a more robust

quantification of the systematic uncertainty on the quenching reconstruction, it is

recommended to simulate a wider range of quenching values, e.g. from kB = 0 to

kB = 0.2 mm/MeV in steps of 0.01 mm/MeV. Compared with the large systematic

uncertainties associated with the measurement of Birks’ constant of up to∼40% for

the same scintillator (see table 2.2), the observed reconstruction uncertainty of 7%

is small.

Previously, the measurement of Birks’ constant from PDL curves required the

iterative tuning of the simulation until agreement between the simulated and mea-

sured PDL curve was found for a specific value of Birks’ constant [75, 80, 81]. The

QB model significantly facilitates this procedure by directly modelling the PDL

curve and returning a value for kB. No MC simulations were necessary for the

measurement of Birks’ constant from PDL curves while the obtained precision of

the reconstruction is comparable (e.g. Almurayshid et al. (2017) [81] reported a

95% confidence interval of ≈ ±0.02 mm/MeV). Therefore, the QB model adds a

valuable new tool to the field of scintillation dosimetry.

5.6.4 Quenched Bragg Model Extension to Ion Beams

The QB model was developed to describe the PDL curve of protons. In order to

expand the QB model to ion beams — e.g. carbon ions — it is in principle suf-

ficient to adapt the energy-range relation, i.e. the values of α and p. However,

as opposed to proton beams, light ion beams have a significant dose contribution

from projectile fragmentation that must be considered. For instance, in a carbon

ion beam of 270 MeV/u, projectile fragmentation was found in Geant4 simulations

to contribute to up to 40% of the total dose at depths upstream the Bragg peak and

almost 100% behind the Bragg peak [140]. Bortfeld’s Bragg curve model does not

take into account projectile fragmentation because protons do not undergo fragmen-

tation at clinical beam energies (up to∼250 MeV): the binding energy of the quarks

inside a proton make up almost its entire mass of 938 MeV/c2 [16].

The dose contribution from projectile fragmentation could be accounted for

by including an additional term in the particle fluence Φ(z) in Bortfeld’s model.

This additional term would need to reflect the reduction of the primary particle

fluence and the increasing fluence of secondary particles. This approach can only be

rudimentary because it does not take into account the different LET of the different

secondary particle species.
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Instead of adapting Bortfeld’s model to ion beams, a more promising approach

would be to extend the PDD model for ion beams developed by Krämer et al. [93]

with a quenching correction. Krämer’s Bragg curve uses extensive nuclear cross-

section libraries to describe the dose from nuclear reactions between the projectile

and the material. It therefore allows the accurate modelling of light-ion PDD curves

with a non-negligible dose contribution from projectile fragments. Thus, an exten-

sion of Krämer’s model with a quenching correction — either to first (Birks) or

second (Chou) order in LET (see equation 2.8 and 2.9) — would allow modelling

of PDL curves of ion beams. A QB model based on Krämer’s model would also

benefit the modelling of proton PDL curves because of the more accurate descrip-

tion of the proton energy loss via nuclear reactions with the absorber. Krämer’s

model was not implemented as it was beyond the scope of this work.

5.7 Binned Quenched Bragg Model
The QB model has been characterised for PDL curves with high spatial resolution,

i.e. a bin size of 0.1 mm. However, the range telescope described in chapter 3

utilises scintillator sheets with thicknesses from 2 to 3 mm. The lower spatial res-

olution is expected to increase the uncertainty on all QB model fit parameters. In

order to minimise the systematic uncertainty on the range reconstruction, the QB

model needed to be adapted such that it takes into account the spatial resolution of

the PDL curve during fitting. This adaptation was performed by transforming the

“smooth” QB model into a “binned” QB model, which is described below.

5.7.1 Low Spatial Resolution

The standard fit process in ROOT minimises the χ2, which is defined as the sum of

the squared difference between the value of the PDL curve PDL(z) and the value of

the QB model Q(z) at depth z, normalised to the light output uncertainty σi. The

total number of data points (bins) in the PDL curve is N:

χ
2 =

N

∑
i=1

(
PDL(zi)−Q(zi)

σi

)2

(5.19)

This fit procedure works reliably when the bin size ∆b is small compared to the

width of the Bragg peak. In this situation the PDL curve is said to have a high

spatial resolution. However, if the bin size is of a similar size as the Bragg peak

width (∆b ≈ σ , i.e. rs ≈ 1) the fit might fail. In that case, the PDL curve is said
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to have a low relative spatial resolution. The fit is considered to have failed if the

difference of the fitted range and the reference range is greater than the tolerance

threshold of 0.5 mm or if any of the fit parameters has a non-physical value (e.g. a

beam width of σ = 0). The reason for the fit failing is that the integral of the QB

model in a bin can be very different from the value at the bin centre if the QB model

has a large gradient within the bin edges. An example of a failing fit is shown in the

top row of figure 5.8. The dashed blue curve is the QB model that does not take into

account the binning of the PDL curve. Here, the difference between the fitted range

and the reference range is 0.23 mm for a bin size of 2 mm (top row in figure 5.8(a))

and−0.01 mm for a bin size of 3 mm (top row in figure 5.8(b)), which is still within

the target limit for range QA measurements of ±0.5 mm. However, the smooth QB

model fit is not robust and the fitted range value varies depending on the spatial

resolution of the PDL curve (see figure 5.8).

5.7.2 Binning of the Quenched Bragg Model

One way of adapting the QB model to better describe PDL curves with low spatial

resolution is the fitting option “I” in ROOT. If this fit option is selected, the χ2 is cal-

culated using the integral of the QB model in the bin defined by the PDL curve, in-

stead of quoting the model at the bin centre zi which is the standard fit option [138].

However, such fit options may not be available in other, more widespread, software

toolkits. For example, in MATLAB R2019b (The MathWorks, Inc., Natick, Mas-

sachusetts, USA) and SciPy [141], the user needs to manually redefine the χ2 to be

minimised in order to reproduce the effect of ROOT’s fit option “I”. The redefinition

of the χ2 as χ ′2 yields:

χ
′2 =

N

∑
i=1

(
PDL(zi)−

∫ zr,i
zl,i

Q(z′)dz′

σi

)2

(5.20)

where zl,i and zr,i are the left and right edge of bin number i with bin centre zi. Note

the difference between equation 5.19 and 5.20: equation 5.20 does take into account

the binning of the data points, while equation 5.19 does not.

Instead of changing the calculation of χ2, it might be more convenient to adapt

the QB model itself. This can be done by integrating the smooth curve Q(z) within

the bin edges zl and zr. This approach is equivalent to the redefinition of the χ2 but
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allows the use of built-in fit algorithms.

Qbinned(zi) =
∫ zr,i

zl,i

Q(z′)dz′ (5.21)

The resulting “binned” QB model Qbinned(z) follows the binning of the PDL curve

and promises to deliver more robust fit results in the presence of steep dose/light

gradients within a bin. A comparison of the performance of the smooth and the

binned model for different spatial resolutions of the PDL curves is shown in the

next section.

5.7.3 Comparison of Binned and Smooth Quenched Bragg
Model

In this section, the range reconstruction accuracy of the smooth and the binned QB

model is investigated as a function of the spatial resolution (i.e. the sheet thick-

ness/bin size) of the PDL curve. The range reconstruction accuracy was defined as

the difference ∆R0 between the fitted range and the reference range. The aim of this

analysis was to find the critical bin size for which the smooth QB model fit failed,

i.e. |∆R0| > 0.5 mm. The obtained results are also useful for the design of a future

range telescope since it gives information about the range reconstruction accuracy

as a function of the sheet thickness.

Proton beam PDL curves with beam energies of 60–240 MeV were simulated

in polystyrene with an initial scoring bin size of 0.1 mm. The curves were then re-

binned in order to reproduce different detector resolutions. Bin sizes from 0.1 mm

up to 10 mm were investigated. All PDL curves were normalised to the light output

at the Bragg peak for a bin size of 0.1 mm. This normalisation allowed to show the

suppression of the Bragg peak height due to re-binning. The simulated PDL curves

were fitted with both the smooth and the binned QB model in order to compare

their respective range reconstruction accuracy. The fit range is from z = 0 to z =

1.03×R0.

Figure 5.8 shows the QB model fits for three beam energies: 60 (row (1)),

120 (2) and 240 MeV (3). The fits are shown for bin sizes of 2 (column (a)) and

3 mm (b), corresponding to the minimum and maximum sheet thickness used in the

range telescope. It can be seen that both the binned and the smooth QB model de-

scribe the PDL curve equally well for beam energies of 120 and 240 MeV, which

is reflected by the nearly identical values of ∆R0,smooth and ∆R0,binned and the over-
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Figure 5.8: Fits of the smooth and the binned QB model to PDL curves for beam
energies of 60 (1), 120 (2) and 240 MeV (3) and bin sizes of 2 (a) and
3 mm (b). The PDL curves were normalised to the maximum light output
before re-binning.
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lapping curves in the ratio plots at those energies. Differences between the two

models can be observed for a simulated beam energy of 60 MeV. For a bin size

of 2 mm (figure 5.8(a)(1)), small differences of 0.5% between the smooth- and the

binned QB model are visible in the ratio plot. The difference between the recon-

structed values for R0 is ∼0.4 mm. For a bin size of 3 mm (figure 5.8(b)(1)), the

fitted value of the peak width σ was zero, indicating a failure of the fit. The bin

at a depth of 30–33 mm was ignored by the fit algorithm in order to improve the

conformity between the smooth model and the PDL curve upstream of the Bragg

peak. However, the range reconstruction accuracy was found to be better for the

smooth model compared with the binned QB model fit (∆R0,smooth = −0.01 mm

and ∆R0,binned = −0.23 mm). This observation was found to be a coincidence in

the analysis described below due to the fluctuation of the reconstructed beam range

(see also figure 5.9).

The aim of this analysis was to find the critical bin size at which the smooth

QB model fit fails. For this, the difference ∆R0 between the fitted range and the

reference range was plotted as a function of the bin size. This is shown in figure 5.9

for three beam energies 60, 120 and 240 MeV. The solid red line marks the position

of the reference range and the dashed red lines represent the ±0.5 mm tolerance

threshold. The bin size at which the tolerance threshold is crossed was defined

as the “critical bin size”. For a beam energy of 60 MeV, it can be seen that the

reconstructed range of the smooth QB model fluctuates for bin sizes above 1 mm

and crosses the tolerance threshold at a bin size of 1.8 mm. These fluctuations

were caused by the inadequate fit process, trying to fit the smooth QB model to the

coarsely binned PDL curve (see section 5.7.1). At 120 and 240 MeV, the critical

bin size was 2.9 and 8.5 mm, respectively. The critical bin size is seen to scale with

the beam range: it occurs at a bin size of approximately 3% of the beam range,

independent of the beam energy. This is because the critical bin size depends on

the relative resolution rs (see equation 2.10) of the Bragg peak, i.e. the number of

points that describe the Bragg peak. Since the Bragg peak width σ scales with the

beam range (σ ≈ 0.012R0.935
0 [25]), so does the critical bin size.

The binned QB model is seen to generally give more robust (less fluctuation)

and accurate (closer to the reference range) range reconstruction results, compared

with the smooth QB model. With increasing bin size, the range reconstruction accu-

racy of both the smooth- and the binned QB model decreases. For bin sizes smaller

than 3 mm, the reconstructed range is always within 0.2 mm of the reference range.
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Figure 5.9: Difference ∆R0 between the reference range and the reconstructed range
using the original smooth Bortfeld fit and the modified binned model. The
top row shows a beam energy of 60 MeV, the middle row shows 120 MeV
and the bottom row 240 MeV. The solid red line marks the reference range
and the dashed red lines mark the ±0.5 mm tolerance threshold.

This applies to all investigated beam energies. The non-zero value of ∆R0 at 0.1 mm

bin size is caused by QB model uncertainties, namely the neglect of nuclear inter-

actions. The critical bin size for the binned QB model is 9.8 mm for a beam energy

of 60 MeV, 7.5 mm for 120 MeV and > 10 mm for 240 MeV. The large critical bin
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size at 60 MeV shows the great conformity of the QB model with the PDL curve,

which is explained by the small contribution of nuclear interactions at this low beam

energy. At intermediate beam energies (120 MeV), the dose of nuclear interactions

becomes more important, which reduces the critical beam energy in spite of a much

larger beam range. For very high beam energies (240 MeV), the beam range is so

large that the critical bin size increases to values larger than the investigated bin size

maximum, even though the dose fraction of nuclear interactions also increased.

It is concluded that, if the spatial resolution of a PDL curve is greater than the

critical bin size (& 0.03×R0 for protons), the binned version of the QB model has

to be used. This corresponds to a relative spatial resolution of rs &1/3 for proton

PDL curves where σ ≈ 0.01×R0. In the case of a fixed detector spatial resolution

of ∼3 mm — such as for the range telescope presented in this work — this thresh-

old is crossed for beam energies .120 MeV. This means that the binned QB model

has to be used for the range reconstruction from PDL curves measured by the range

telescope for beam energies .120 MeV. For beam energies &120 MeV, the smooth

and the binned QB model yield the same range reconstruction result and may both

be used interchangeably. However, the binned QB model is more computationally

expensive because it repeatedly invokes the smooth QB model to calculate its inte-

gral. It is therefore beneficial to use the smooth QB model whenever possible, i.e.

the bin size is below 3% of the beam range.

5.7.4 Influence of the Fit Range

The range reconstruction accuracy is determined by the position and shape of the

Bragg peak and does not primarily depend on the Bragg curve plateau. It may

therefore be beneficial not to fit the full length of the PDL curve but to restrict the

fit range to a narrow region around the Bragg peak. Reducing the number of fitted

data points also decreases the required computation time.

Three different fit ranges were investigated: the full fit range (0–1.03×R0), the

peak (0.8–1.03×R0) and the distal fall-off (0.98–1.02×R0). However, a minimum

fit interval of R0− 3×∆b to R0 +∆b (∆b being the bin size) was enforced. This

condition ensures that the fit range includes at least four data points (bins), which is

the minimum requirement for the four-parameter QB model fit.

Since Birks’ constant is a measure for the peak-to-plateau ratio of the PDL

curve, its value is expected to only be accurately reconstructed if the full range of

the PDL curve is fitted. Therefore, for the fits to the peak and the fall-off, kB should
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be fixed at the true value. However, in practice, Birks’ constant is often unknown.

Moreover, certain measurement conditions — e.g. the use of passive degrader ma-

terial — might make a fit to the full range impossible. The range reconstruction

accuracy of the QB model is therefore also investigated for the case when kB is

used as a free fit parameter.

5.7.4.1 Impact on the Beam Range Reconstruction

Figure 5.10 shows the range reconstruction accuracy ∆R0 plotted as a function of

the bin size for three different beam energies and six different fit modalities: the fit

to the full range, to the peak and to the distal fall-off, each of them for kB being a

fit parameter and for kB being fixed. It can be seen that the range reconstruction

accuracy was within the tolerance threshold for bin sizes between 2 and 3 mm for

all but one fit setting (kB free, distal fall-off, beam energy of 240 MeV). The reason

for the failing fit to the distal fall-off is that the fitted values of both the peak width

σ and Birks’ constant kB diverge from the expectation values by up to 300%. This

could be caused by a peak shape that deviates from the QB model prediction due

to the dose contribution from secondary particles. The dose/ light output contribu-

tion from secondary particles increases with increasing beam energy which could

explain why the failing of the fit is only observed for 240 MeV.

The range reconstruction accuracy was generally better when Birks’ constant

was fixed (filled markers) compared with when it was treated as a free fit parameter

(empty markers). The smallest ∆R0 was observed for the fit to the distal fall-off

with kB fixed. Thus, the most accurate range measurement results from experimen-

tal data would be obtained when Birks’ constant would be independently measured

in a different experiment and subsequently fixed during the QB model fitting to the

measured PDL curve. If kB is unknown and cannot be fixed, the best range recon-

struction accuracy is obtained for the fit to the Bragg peak. However, restricting the

fit to the peak will decrease the accuracy of Birks’ constant reconstruction. This

is investigated in section 5.7.4.2. A non-zero offset of ∆R0 for small bin sizes as

observed for the full fit range and the fit to the Bragg peak. This can be explained by

QB model uncertainties due to the neglect of nuclear interactions in the QB model:

the nuclear interactions have small effects on the dose/light output in the Bragg

curve plateau which are not accounted for by the QB model.
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Figure 5.10: Range reconstruction from simulated proton beams of 60, 120 and
240 MeV using the binned QB model and different fit ranges. The solid
red line marks the reference range and the dashed red lines mark the
±0.5 mm tolerance threshold.

5.7.4.2 Impact on Birks’ Constant Reconstruction

Figure 5.11 shows the reconstructed Birks’ constant plotted as a function of the bin

size for a beam energy of 60, 120 and 240 MeV. The reference value for kB is the
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Figure 5.11: Reconstruction of Birks’ constant from simulated proton beams of 60,
120 and 240 MeV using the binned QB model in different fit ranges.
The red line indicates the ground truth value of Birks’ constant (kB =
0.09 mm/MeV) in the simulation.

ground truth value of the simulation which is 0.09 mm/MeV. The reference value is

marked with a red line in figure 5.11.

As expected, the most accurate kB reconstruction was achieved for the full

range fit at high spatial resolution. In this case, kB was reconstructed within 7% of
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the ground truth value, see also figure 5.13. For bin sizes between 2 and 3 mm, kB

was underestimated by up to 20%, except for the largest beam energy at 240 MeV.

When the bin size becomes too large to accurately resolve the Bragg peak (i.e.

∆b� σ ), the fitting of kB interferes with the fitting of the peak width σ , leading

to large uncertainties on both parameters. This explains the large differences be-

tween the reconstructed kB value and its ground truth value for beam energies of

60 and 120 MeV. It could therefore be beneficial to fix the value of σ during fitting

of PDL curves with low spatial resolution. A good estimate of σ is given by equa-

tion 2.6. The reconstructed kB value from the fit to the distal fall-off approaches the

ground truth value with increasing bin size due to the enforcement of the minimum

fit interval of four times the bin size, which effectively increased the fit range.

Large differences between the ground truth value and the reconstructed kB

value were observed for the fit to the peak and distal fall-off. This was expected

because the fit lacks crucial information about the peak-to-plateau ratio when the

fit range was restricted. This led to a constant positive offset of up to 30% between

the reference and the fit value of kB being observed for the fit to the peak and for

bin sizes below 2% of the beam range. For the fit to the distal fall-off, differences

of up to 300% were observed (not shown in the figures). The large disagreement

between the ground truth and the fit value of kB could also explain the poor range

reconstruction accuracy seen in figure 5.10 for the same fit setting at small bin sizes.

It is concluded that an accurate (±7%, see section 5.6.3) reconstruction of

Birks’ constant can only be achieved for a full-range fit to a PDL curve of high

spatial resolution (∆b . 0.02×R0). The special case of the range telescope with

sheet thicknesses up to 3 mm is investigated in greater detail in section 5.7.5.

5.7.5 Simulated Range- and Birks’ Constant Reconstruction
Accuracy of the Range Telescope

The reconstruction accuracy of the binned QB model (beam range and Birks’ con-

stant) was evaluated for simulated PDL curves with a bin size of 3 mm — the max-

imum sheet size used in the range telescope — and for beam energies between

60 and 240 MeV in 20 MeV steps. Figure 5.12 shows the range reconstruction ac-

curacy ∆R0 as a function of the reference beam range for different fit settings. It was

found that the best range reconstruction accuracy was achieved for the fit to the dis-

tal fall-off when kB was fixed at the simulation ground truth value (0.09 mm/MeV).

However, if the value of kB is unknown, the best range reconstruction accuracy
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Figure 5.12: ∆R0 as a function of the beam range for different fit settings and a bin
size of 3 mm.
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Figure 5.13: Birks’ constant as a function of the beam range for different fit settings
and a bin size of 3 mm.

was achieved for a fit to the Bragg peak region. The improved range reconstruc-

tion accuracy comes at the price of a worse kB reconstruction, which can be seen

in figure 5.13. Moreover, for the fit to the peak region, R0 and kB are correlated:



134 Chapter 5. A Mathematical Expression of Proton PDL Curves

an increase in ∆R0 comes with an increase in Birks’ constant. Therefore, if both

the beam range R0 and Birks’ constant kB need to be accurately measured, it is

recommended to fit the QB model in the full range of the PDL curve.

In this work, the measurement of both the beam range and Birks’ constant

were of interest because kB of the used plastic scintillator is unknown. When-

ever possible, measured PDL curves were fitted in the full available range, i.e. be-

tween 0–1.03×R0. Birks’ constant was used as a free fit parameter since its value

for the employed plastic scintillator was unknown. For this fit setting, the simu-

lated range reconstruction accuracy was between −0.1 mm and −0.2 mm (see fig-

ure 5.12). Birks’ constant was reconstructed within +0.004 mm/MeV (+5%) and

−0.02 mm/MeV (−22%) (see figure 5.13). These values were taken into account as

the systematic QB model uncertainty in the measurements with the range telescope.



Chapter 6
MedAustron Beam Test

6.1 MedAustron Therapy Centre
MedAustron is a synchrotron-based ion-beam therapy centre located in Wiener

Neustadt, Austria [142]. The layout of the facility is shown in figure 6.1. MedAus-

tron has four irradiation rooms (IR): two with a horizontal beam line (IR1 and 3),

one with a horizontal and a vertical beam line (IR2) as well as one room with a pro-

ton gantry (IR4). IR1 is reserved for non-clinical research and not used for patient

treatment. Treatment with protons started in late 2016 while the treatment with

carbon ions launched in July 2019. The maximum proton beam energy in IR1 is

800 MeV. Commissioning of IR4 is expected to be completed in 2021 [142].

Figure 6.1: Layout of the MedAustron facility [143]. The experiments were carried
out in irradiation room 1 (IR1).
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6.1.1 Beam Parameters

A comprehensive report of the beam parameters and their stability over a period of

two years can be found in Grevillot et al. (2020) [58]. The main facility specifi-

cations that are relevant for this work are listed here. The synchrotron ring can be

filled with up to 2×1010 protons which are said to form a “spill”. Alternatively, the

ring can be filled with 10%, 20% or 50% of the maximum number of protons. The

extraction of a spill can be stretched over a time between 1 to 10 s.

Figure 6.2: Beam spot sizes in air at the isocentre at MedAustron (MA-ISD0) com-
pared with spot sizes at other institutions: CNAO [144] (Synchrotron),
HIT [145] (Synchrotron), Skandion [146] (Cyclotron, IBA PBS dedicated
nozzle), and MPTC TR333 [147] (Cyclotron, Varian Probeam). MA-
ISD50 shows the beam spot size at MedAustron at a distance of 12 cm
from the beam nozzle (50 cm upstream from the beam isocentre). Figure
adapted from [58].

MedAustron has 255 commissioned beam energy steps between 62.4 and

252.7 MeV (R0 =30.0–380.0 mm). The beam range spacing is 1.0±0.3 mm from

30–188 mm and 2.0±0.3 mm from 188–380 mm. The spill-to-spill uncertainty on

the absolute beam range is ±0.3 mm. There is also an intra-spill range variation

of up to 0.3 mm due to the beam extraction process (see section 6.1.2). Beam spot

sizes in air range from 22 mm FWHM at 62.4 MeV over 15 mm at 90 MeV to 7 mm

at 252.7 MeV, see figure 6.2 (solid line). The relative spot size uncertainty is 10%

and the transverse position uncertainty is ±0.5 mm [58].
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We define MaxPeak2Mean as the peak to mean value for 
which cumulative probability of realization is 99.999. This 
can be roughly translated into: a voxel which requires to be 
irradiated for, or less than, 500 μs has an expectation of 1 
in 100.000 to experience an intensity higher than 
MaxPeak2Mean. 

Discussion of Results 
The beam loss is negligible for ∆f ≥ 15 kHz. 

MaxPeak2Mean is significantly reduced for 10 kHz ≤ ∆f ≤ 
35 kHz. For ∆f  > 35 kHz, the empty bucket is too far from 
the beam/resonance and its impact on the extraction 
process is negligible. For ∆f = 5 kHz the spill is very 
smooth, but the overall spill structure is so distorted that 
the average intensity at the beginning of the spill (0 - 0.5 s) 
is roughly 3 times the one at the end (4.5 - 5 s). This slow 
distortion is very reproducible and could potentially be 
compensated by a non-constant contribution of the betatron 
induced acceleration. 10 kHz ≤ ∆f ≤ 20 kHz shows the best 
performance in terms of compromise between beam losses 
and smoothening of spill ripples. Fig. 2 shows the time 
structure of the extracted beam while using RF-channeling 
(∆f =15 kHz) compared to the reference operation. 

Figure 1: Impact of empty bucket ∆f on proton beam 
(210.5 MeV) extraction efficiency (top) and 
MaxPeak2Mean (bottom). See text for definitions. ∆f 
=‘0’ refers to extraction without RF-channeling. 

Figure 2: Time structure of extracted proton beam (210.5 
MeV) sampled at 50 kSample/s. Reference (top) and using 
RF-channeling with ∆f=15 kHz (bottom). Same integrated 
intensity, or comparable with shot-to-shot variations. 

Figure 3: Peak to mean distribution of extracted proton 
beam (210.5 MeV). Reference (top) and using RF-
channeling with ∆f=15 kHz (bottom). 
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Figure 6.3: Proton intensity fluctuations at MedAustron in a 5 s long spill. Figure
adapted from [41]. The rolling-shutter readout of the CMOS sensor inter-
feres with the intensity fluctuations.

6.1.2 Beam Intensity Fluctuations

The beam extraction from the synchrotron is performed using a technique called

“resonant slow extraction”. During resonant slow extraction, the beam is slowly ac-

celerated by a betatron core in order to be pushed into a third-order resonance that is

created by a sextupole magnet [41]. A betatron core is a type of particle accelerator

that resembles a transformer with a vacuum tube in place of a second coil [148].

The fraction of the beam that is in resonance is then separated from the circulating

beam in the synchrotron with an electrostatic deflector (septum) and subsequently

extracted from the synchrotron. A detailed description of the extraction process can

be found in [43] and [149]. The resonant slow extraction process is sensitive to elec-

tric current fluctuations in the dipole magnets of the synchrotron, which can push

more beam protons into resonance. The electric current in the dipoles is regulated

at a frequency of 2 kHz [41]. This leads to a ripple pattern in the beam intensity

with a period of 0.5 ms, see figure 6.3. The nature of the extraction process also

leads to a small (up to 0.3 mm) shift of the beam range over the course of the spill:

when pushing the beam into resonance, high-energetic particles are extracted first

since they move on an orbit with a larger radius compared with the reference orbit

in the synchrotron. Lower-energetic protons are extracted last. The observed en-

ergy difference between highest and lowest extracted particle energy is defined by

the acceptance of the beam line.
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6.2 Purpose
The beam test at MedAustron was carried out in March 2018. The aims of the beam

test were the following:

• Initial assessment of the proton range reconstruction accuracy of the range

telescope. This includes the first measurement of PDL curves with the range

telescope and the subsequent range reconstruction using the QB model de-

scribed in chapter 5. The results were compared with reference range data.

• Characterisation of the influence of the transverse beam position on the light

output. These measurements were performed using proton beams with a beam

range much larger than the scintillator stack thickness (shoot-through mea-

surements) in order to illuminate every sheet in the stack.

• Measurement of Birks’ constant using the QB model.

• Investigation of the detector linearity and the stability of the range measure-

ment with different beam intensities.

6.3 Setup
The detector specifications are described in chapter 3. The setup of the range tele-

scope during the MedAustron beam test is described in this section.

The scintillator stack used in the MedAustron beam test was composed of

31 sheets. The sheet ordering along the beam axis (from front to back) was: 31,

25, 24, 23, 20, 16, 12, 11, 9, 8, 6, 5, 4, 3, 2, 1, 30, 29, 28, 27, 26, 22, 19, 18, 17, 15,

14, 13, 10, 7 and 21. The total physical stack thickness was 72.20±0.16 mm and

the WET was 73.98±0.16 mm (both including the black spray paint). The WET of

the stack was determined by multiplying the physical thickness of the stack with

the RSP of the scintillator (see section 3.2.3). The uncertainty on the WET was

therefore dominated by the uncertainty on the physical sheet thickness.

The sensor protector case without the integrated vice (see figure 3.14(a)) was

used in this beam test. This led to a fan-out effect of the scintillator sheets due to the

compression of the stack by the bottom vice. The impact of the fan-out effect on the

depth measurement in the stack is described in section 6.4.4. The small drilling vice

(see figure 3.12(a)) was used in this beam test, which limited the stack thickness to

a maximum of 73 mm. A DSLR camera was also mounted in the flight case to
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measure the scintillation light output. The images of the DSLR camera were used

to corroborate the output from the CMOS sensor but were not used for the range

analysis.

The flight case was fixed to a robotic couch with a custom-made rail that fitted

in the circular holes on the side of the couch. The transverse centre of the scintillator

(i.e. the marker on the outside of the Mylar window) was aligned with the in-room

laser positioning system by moving the couch. The horizontal alignment of the

scintillator stack (x-z plane) was guaranteed using the in-built positioning system of

the robotic couch as well as the in-room laser positioning system and verified with

a spirit level which was put on top of the flight case. Multiple elements (robotic

couch, flight case and breadboard) needed to be aligned relative to the beam axis in

order to achieve an accurate vertical alignment (y-z plane) of the scintillator stack,

each of which contribute to the alignment uncertainty. On top of that comes the

intrinsic uncertainty of the in-room laser positioning system at MedAustron plus

the laser line thickness of ∼1 mm. Therefore, the total uncertainty on a potential

rotation of the scintillator stack relative to the beam axis was estimated to be below

2◦. This value is a conservative estimate based on experience with the handling

of the detector setup and is regarded as the worst-case scenario. For a scintillator

stack of 72.2 mm length, an angle of 2◦ corresponds to a maximum difference in the

distance between the beam axis and the CMOS sensor of 2.5 mm between the first

and the last sheet in the stack. This alignment uncertainty was taken into account as

a beam range measurement uncertainty (see section 6.5.2).

The range telescope was not put in the beam isocentre but approximately 50 cm

further downstream: the exact detector position was not recorded. This resulted in

an uncertainty on the range measurement which is discussed in section 6.5.2. A

photograph of the flight case on the couch is shown in figure 6.4(a). The interior of

the flight case with the scintillator stack is shown in figure 6.4(b).

A sketch of the Data AcQuisition (DAQ) can be seen in figure 6.5. The CMOS

sensor was connected to the DAQ computer running Windows 10 in the irradia-

tion room with a Camera Link cable. The DAQ computer runs the data acquisition

software XCAP and all data was saved to its local disk. The DAQ computer was

connected to a network switch via an Ethernet cable. Another Ethernet cable con-

nected the switch to the internal network at MedAustron using a dedicated plug in

the irradiation room. In the local control room, a network hub was connected to

the internal network with an Ethernet cable. Two laptops were connected to the
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(a) Outside of the flight case. (b) Inside of the flight case.

Figure 6.4: (a) Flight case on the robotic couch in IR1 after alignment with the laser
positioning system. (b) Detector setup inside of the flight case.

network hub via Ethernet cables: one laptop controlled the CMOS sensor while the

other controlled the DSLR camera. The remote control of the DAQ computer was

set up using Microsoft Remote Desktop.

6.4 Image Analysis
The raw output of the CMOS sensor were 21 image frames in the raster graphic

format TIF. This section describes the processing of the image frames in order to

obtain a PDL curve with one light output value per scintillator sheet versus the

water-equivalent depth at the centre of each sheet.

6.4.1 Pre-Processing
A beam extraction time of 5 s was selected in order to leave enough time to man-

ually trigger the readout of the image sensor. A single raw image frame is shown

in figure 6.6(a). The image frame was rotated by 90◦ relative to the internal sensor

definition, i.e. pixel rows are from top to bottom and columns are from left to right.

The image was taken during the irradiation with a proton beam (E0 = 92.8 MeV)

that entered the scintillator stack from the left. Images containing the signal of a

proton beam are subsequently referred to as “signal images”, as opposed to “back-

ground images” that were recorded with the beam switched off. There is an offset

of ∼7 mm (∼70 pixels) between the start of the CMOS sensor and the start of the
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Figure 6.5: Schematic view of the detector setup during the MedAustron beam test.
Courtesy Raffaella Radogna, UCL.

scintillator stack (left side of figure 6.6(a)) because the fibre optic plate was too

short to cover the whole sensor. The Bragg peak is visible near the centre of the

raw image frame as the brightest region of the image. Beyond the Bragg peak, the

image is dark, as expected. Individual scintillator sheets are visible as the light out-

put drops near the edges of the sheets. The CMOS sensor is on average 3 mm (30

pixels) wider than the scintillator sheets which led to a small overhang (bottom side

of figure 6.6(a)). On the same side, the scintillator was left unpainted for the light

to escape for imaging with a DSLR camera. This can be seen in figure 6.6(a) as

a narrow region of bright pixels at the bottom edge of the image. The projected

image along the the pixel rows of the same image frame is shown in figure 6.6(b).

Here, the Bragg peak is also visible, as well as the dark noise floor of the sensor.

Figure 6.6(c) shows the projection of the image frame along the pixel columns. This

projection is called the “beam profile”. The end of the scintillator sheet is visible at

column number 1000, indicating a 10 cm transverse sheet size and an overhanging

sensor. Beyond, there is an increased light output because this side of the scintillator
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(a) Raw image frame.
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Figure 6.6: (a) Single raw CMOS sensor image frame of a 92.8 MeV proton beam
in the range telescope. (b) Linearity-corrected, averaged and projected
(along pixel rows) image. The proton beam direction is from the left to the
right indicatd by the arrow. (c) Projection along the pixel columns (beam
profile).

stack was left unpainted. The faulty pixel column shows up as a spike in the beam

profile.

For comparison, the same proton beam as imaged in the DSLR camera is

shown in figure 6.7. The DSLR image shows the true colour of the scintillation

light. The top-down size of the field of view was 10 cm, showing the entire scintil-

lator stack. The proton beam appears narrower in the DSLR image compared with

the CMOS sensor image: this is due to the lens which allowed imaging of the true

transverse spread of the beam in the DSLR image. Both the Bragg peak as well as

the beam broadening at the Bragg peak are visible.
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Figure 6.7: Raw true-colour DSLR camera image of a proton beam with an energy
of 92.8 MeV. The Bragg peak and the beam broadening at the peak are
visible.

The first steps towards the creation of a PDL curve from the raw image

frames are the linearity correction, frame averaging and image projection. They

are grouped under the term “pre-processing”.

First, a sensor linearity correction was performed as described in section 3.3.3.

This correction was applied to each image frame individually. The linearity correc-

tions amounts to up to 2% of the initial pixel value in low full-well mode and 0.3%

in high full-well mode.
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Figure 6.8: Linearity-corrected and projected image frames of a 92.8 MeV proton
beam in the range telescope. The impact of intensity fluctuations on the
curve shape and amplitude is clearly visible.
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Second, the 21 image frames were averaged to a single TIF image. The av-

eraging of the image frames was necessary because of the large beam intensity

fluctuations at MedAustron. The readout of the full CMOS sensor in rolling-shutter

mode took 15 ms, i.e. the readout of a pixel row pair took 0.02 ms. The similarity

in the time constants resulted in interference between the readout and the intensity

fluctuations within a single image frame. This meant in practise that the beam inten-

sity could be different for different pixel rows of the same image frame. As a result,

the measured Bragg curve in a single image frame looked distorted. To mitigate

this interference effect, all 21 image frames of the CMOS sensor were averaged,

thus integrating the current over an acquisition time of 840 ms. During averaging

of the image frames, the standard deviation of the light output in a pixel row was

calculated. The observed standard deviation of the light output in a sheet was up to

0.7%. The standard error on the mean light output was taken into account as light

output uncertainty (see section 6.4.6).

The influence of intensity fluctuations on the shape of a single projected image

frame is shown in figure 6.8 where two image frames of the same image acquisition

are shown. These two image frames were selected because the difference in the light

output is particularly high: variations of up to 40% (after background subtraction)

are observed.

Third, the averaged TIF image was projected on the beam axis, i.e. all pixel

values in an image row were summed up in order to have a single summed pixel

value for each depth z. The bottom thirty pixels which do not cover any scintillator

were discarded such that only 1000 out of 1030 pixels were summed up in each row.

6.4.2 Background Subtraction

The next step in the image processing is the background subtraction. It was shown

in section 3.3.4 that the background and the signal image need to be taken in the

same full-well setting. The background image was corrected for linearity, averaged

and projected onto the beam axis in the same way as the signal image. Then, the

projected background image was subtracted from the signal image in order to re-

move the dark noise in the signal image. However, a small (up to 25 averaged ADC

counts or 25,000 total ADC counts) offset was observed between the background

levels in the background image and the signal image (see background region in

figure 6.9). This offset was potentially caused by a temperature difference in the

sensor between the measurements. It was found that light which escapes from the
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Figure 6.9: Background offset correction between background and signal curve. The
offset between the two curves is calculated in the highlighted background
region (black square).

scintillator stack via its unpainted side cannot be the source of the offset, because

the light output in the background region of the signal image is lower than that of

the background image: escaping light would lead to an increase in the light output

in the signal image. A constant offset was calculated as the difference between the

background image and the signal image in the background region. This offset was

added to the background image before background subtraction. This correction was

termed “background offset correction”. The background region in which the offset

was determined was defined from pixel row 900 to 1536 for the MedAustron beam

test. The remaining uncertainty on the background level of the light output was

estimated to be 2 averaged ADC counts.

6.4.3 Light Calibration

The same amount of deposited energy led to a different amount of produced light

in different sheets. There are three main effects which influence the light output in

a scintillator sheet. First, the sheets have different thicknesses and therefore absorb

different amounts of dose and produce different amounts of light. Second, due to

small differences in the transverse sheet size, the distance between a sheet and the

CMOS sensor varies by up to 0.5 mm, resulting in a different coupling to the image

sensor from sheet to sheet. And third, there were impurities such as scratches and

left-over paint on the readout face of the sheets. All these effects were grouped
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Degrader	
(77	mm	PMMA)	

Detector	 Absorber	

Figure 6.10: Principle of a shoot-through measurement with a high-energy proton
beam. The majority of the dose build-up is in the PMMA degrader. The
dose of the Bragg peak is absorbed in a beam dump (water tanks).

under the term “coupling”. The individual light outputs of the sheets are therefore

not directly comparable and need to be calibrated.

One way to account for the different coupling is to generate a reference signal

in the scintillator stack with the same dose deposition per unit length in each sheet.

The resulting PDL curve includes all the effects that cause an inhomogeneous light

output and can be used as a light calibration curve. However, generating a flat dose

distribution along the whole stack is not trivial. The approach chosen in this work

was to use a beam with a range much larger than the thickness of the scintillator

stack for a Shoot Through (ST) measurement. To achieve this, the relatively flat

Bragg plateau was imaged in the range telescope. In order to avoid the curvature of

the dose build-up at the start of the Bragg curve, a PMMA degrader with a physical

thickness of 77 mm (≈89 mm WET) was placed in front of the scintillator stack.

The principle of the ST measurement is shown in figure 6.10. From left to right

it shows the PMMA degrader, the range telescope and an absorber to absorb the

dose of the Bragg peak. The resulting PDL curve in the range telescope is called

“ST curve”. The minimum range of the ST beam is about twice as large as the

scintillator stack thickness in order to achieve a reasonably flat Bragg curve plateau

(see figure 6.11(b)). The remaining slope of the Bragg curve plateau needed to be

corrected using simulations (see below).

A measurement of the light output curve from a 252.7 MeV (the maximum

proton energy at MedAustron) proton beam is shown in figure 6.11(a). The ST
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(a) Measured ST curve.
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(b) Simulated ST curve.

Figure 6.11: (a) Measured ST curve which encodes the light coupling and the slope of
the Bragg curve plateau. (b) Simulated ST curve of a 252.7 MeV proton
beam in the detector with a straight line fit. The slope of the Bragg curve
plateau in the scintillator stack was below 3%.

curve was normalised to the light output in the first sheet. Differences in the light

output from sheet-to-sheet of up to 55% were observed, showing the importance of

the light calibration. The ST curve contains information about the light coupling as

well as the slope of the underlying Bragg curve plateau.

A simulated ST curve with a beam energy of 252.7 MeV is shown in fig-

ure 6.11(b). The simulation settings are described in chapter 4. The simulated sheet

thickness and the data binning were 2 mm. The simulated ST curve was normalised

to the light output in the first sheet. A clear difference between the simulated and

the measured ST curve is visible since the simulation did not model the optical cou-

pling of the scintillator sheets. The sole aim of the simulation was to determine the

slope of the Bragg curve plateau such that it can be corrected for in measurement. It

can be seen that the increase in the light output of the simulated Bragg plateau was

< 3% over the length of the scintillator stack. A straight line was fitted to the sim-

ulated ST curve. The remaining slope of the Bragg curve plateau in the measured

ST curve was corrected by dividing the measured ST curve with a straight line that

was fitted to the simulated ST curve. The parametrisation of the straight line was

f (pixel) = 0.999+ 0.000038 · pixel (see figure 6.11(b)). However, it is possible

that the propagation of photons within the scintillator sheets had an influence on the

light output and therefore also on the slope of the simulated ST curve. An accurate

simulation of the optical properties of the range telescope was beyond the scope of

this work.
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Figure 6.12: Comparison of a calibrated with an uncalibrated PDL curve of 92.8 MeV.
The light calibration reduces the light coupling effects.

The light calibration of a PDL curve was performed by dividing the PDL curve

by the slope-corrected measured ST curve. The PDL curve of a proton beam of

92.8 MeV before and after light calibration (including the slope correction of the

simulated Bragg curve plateau) is shown in figure 6.12. The PDL curves were

normalised to the integral light output. It can be seen that the light calibration

smoothed the measured light output and the dips between sheets disappeared.

6.4.4 Depth Calibration
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Figure 6.13: PDL curve of 92.8 MeV after step one of the depth calibration (conver-
sion of pixel number to depth in scintillator). The sheet edges (vertical
red lines) match the steps in the PDL curve.



6.4. Image Analysis 149

The aim of the calibration of the depth axis was to convert the depth in units of

pixel row number to water-equivalent thickness. This was done in three steps: first,

the pixel row number was converted to depth in the plastic scintillator. In a second

step, the depth in plastic scintillator was converted to water-equivalent depth. In

the last step, the light output in a single sheet was averaged and attributed to the

water-equivalent depth at the centre of the sheet.

Figure 6.14: Schematic view of the fan-out effect due to the compression of the sheets
by the force applied through the bottom vice.

The scintillator stack started at pixel row number pixelstart = 72 and ended

at pixelend = 806 in the CMOS image. The difference between end and start was

pixelstack = 734 which is larger than the measured physical thickness of the stack

(Lstack = 72.20 mm), assuming a pixel size of 0.1 mm. This can be explained by a

“fan-out” effect of the sheets, caused by the drilling vice that compressed the stack

only at the bottom (see figure 6.14). The fan-out effect was corrected by assigning

a depth of zero mm to pixelstart and a depth equal to the measured physical stack

thickness of 72.2 mm to pixelend , effectively decreasing the pixel size by 1.7%. This

procedure allowed the edges of the scintillator sheets to be matched to the gaps in

the light output (see figure 6.13). Without the fan-out correction, the measured sheet

edges and the dips in the light output would not match.

The depth in the scintillator was subsequently converted to water-equivalent

depth using the relative stopping power RSP of the plastic scintillator (see sec-

tion 3.2). The full equation to convert pixel row number pixel to water-equivalent

depth dWET is:
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Figure 6.15: Final PDL curve for a proton beam energy of 92.4 MeV.

dWET (pixel) =
pixel− pixelstart

pixelend− pixelstart
·Lstack ·RSP

=
pixel−72
806−72

·72.20mm ·1.0249
(6.1)

Finally, the light output in each sheet was averaged and assigned to the water-

equivalent depth at the centre of sheet. Five pixels at the edges of each sheet

(≈0.5 mm from the edge on either side) were discarded in order to reduce cross talk.

The resulting PDL curve is shown in figure 6.15 for a beam energy of 92.8 MeV.

6.4.5 Proton Beam Halo Hitting the CMOS Sensor

A result of the short distance between the beam axis and the CMOS sensor (≈5 cm)

was that a small fraction of the proton beam (the beam halo) hit the CMOS directly.

These protons were scattered in the beam nozzle or on the path through the air.

Those “direct hits” showed up in the CMOS image as brighter-than-average pix-

els. The amount of direct hits depends on the beam spot size, which determines the

overlap of the transverse beam size with the image sensor. As the beam spot size

increases with decreasing beam energy, the number of particles in the beam halo at

the position of the CMOS sensor also increases. This effect was not taken into ac-

count by the light calibration because the high-energy ST measurement had a much

smaller beam spot size (7 mm FWHM at 252.7 MeV) than the low beam energies

(22 mm FWHM at 62.4 MeV) [44] and therefore did not feature any direct hits.
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Figure 6.16: Zoom to the start of the scintillator stack in an image frame of a 62.4 MeV
proton beam. The beam direction is from the left to the right. Direct hits
by beam protons are visible as brighter-than-average pixels in the left half
of the figure. The clear cut-off beyond which no brighter-than-average
pixels are observed is near the middle of the figure.

Figure 6.16 shows a zoom to the entrance region of the scintillator stack for a

proton beam of 62.4 MeV. The contrast and brightness of the image were increased

in order to highlight the direct hits. The direct hits are visible in the dark region

where no scintillator covers the CMOS sensor as well as in the first two sheets. They

display a characteristic track structure in the direction of the proton beam. There is

a sharp cut-off depth between the second and the third sheet beyond which no direct

hits were observed. The reason for this cut-off was theorised to be that the beam

protons had a shorter range in silicon than in polystyrene (RSPSi ≈ 1.85 [13]). As

a result, the direct hits were only observed in the first few sheets of the scintillator

stack. A counterargument against this “silicon theory” is that it was unclear why

beam protons at larger depths would not be scattered into the CMOS sensor. The

cut-off depth RDH of direct hits (proton range in silicon) was calculated as follows:

RDH(R0) =
R0

RSPSi
−7mm (6.2)

Where R0 is the proton range in water, RSPSi is the relative stopping power of sil-

icon and the offset of 7 mm takes into account the pixels that were not covered by

scintillator. For example, RDH is 10 mm at 62.4 MeV and 32 mm at 97.4 MeV. Al-



152 Chapter 6. MedAustron Beam Test

though it was unclear whether the silicon theory was correct, the parameter RDH did

predict the cut-off depth of the direct hits within 10%.
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Figure 6.17: Light ratio lDH as a function of beam energy. The beam energy of
85.6 MeV was measured for different beam intensities I0 (10, 20, 50 and
100% of synchrotron filling).

The light output in the sensor overlap region in front of the scintillator stack

was used to estimate the additional light output lDH in the scintillator sheets from

direct hits. The additional light output was calculated as the ratio of the average

light output in the overlap region (from pixel = 0 to pixel = pixelstart − 10) and

the average light output in the first sheet: For the MedAustron beam test, lDH took

values from 0.5% at 97.4 MeV to 1.7% at 62.4 MeV. The light ratio is shown in

figure 6.17 as a function of the the beam energy. It can be seen that the curve

follows the same trajectory as the beam spot size versus the beam range in figure 6.2.

The beam energy of 85.6 MeV was measured at all four available beam intensity

steps. All remaining energies were measured with a beam intensity of 20% (I0 =

2.4× 109 p/5s). The spike in figure 6.17 at a beam energy of 85.6 MeV could be

a hint for a intensity-dependent beam spot size or position at MedAustron. The

additional light output lDH was taken into account as a light output uncertainty for

depths below RDH (see section 6.4.6).

6.4.6 Light Output Uncertainty
Multiple uncertainty sources were considered in order to estimate the uncertainty

on the light output l in the i-th sheet. A comprehensive list is discussed below. This

list is specific to the beam test at MedAustron. All identified uncertainty sources are

listed and quantified in table 6.1. The uncertainties were expected to be uncorrelated
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and therefore the RMS was calculated as an estimate of the total uncertainty on the

light output.

Number of scintillation photons: Since the CMOS sensor counts scintillation pho-

tons, Poisson statistics applies to the number of detected photons. The Poisson

uncertainty on the light output is the square root of the number of detected pho-

tons. However, because of the large number of protons in a measured pencil beam

(∼ 109 protons), the large number of produced scintillation photons per deposited

energy (∼10,000 MeV−1), and the amount of averaged pixels in a scintillator sheet

(10–20×1000 pixels), this uncertainty was neglected.

Averaging of image frames: As discussed in section 6.1.2, the intensity fluctua-

tions at MedAustron required all 21 image frames to be averaged. The standard

error on the mean of the light output in a pixel row, defined as the standard devia-

tion divided by the square root of the number of averaged curves, was found to be

±0.06–0.16%. This uncertainty gives the statistical uncertainty of the light output

measurement in a pixel row (repetition uncertainty).

Light output averaging in a sheet: The light output of a sheet was obtained by

averaging the light output of the pixel rows in the sheet whereby the five pixels

near the sheet edges were neglected to reduce cross talk. The error on the mean

(sample standard deviation divided by the square root of the number of pixel rows)

of the averaged values was taken into account as an uncertainty. This uncertainty

quantifies the homogeneity (flatness) of the light output in a sheet. The uncertainty

varied from sheet to sheet and reached values between ±0.002% and ±0.06% of

the light output.

Spot size: The fraction of scintillation light that reaches the CMOS sensor depends

on the position in the sheet at which it was produced. The beam spot size has

therefore an impact on the light output. In fact, there are two different spot size

effects. First, the ST curve and the PDL curve were inevitably measured at different

spot sizes because the beam spot size depends on the beam energy and MedAustron

only offers a single beam spot size setting (see figure 6.2). This meant that the

light coupling in a specific sheet was different for the ST curve and the PDL curve.

Second, the beam spot size increases with increasing depth because of multiple

scattering [150]. The spot size is therefore not constant along the Bragg curve.

ST curve measurements at HIT with different beam spot sizes (8–20 mm FWHM)

showed average variations in the light output of±1% (see section 8.6.1). This value

was used as an estimate for the light output uncertainty due to spot size effects and
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also included the uncertainty on the initial beam spot size (±10% [58]). The beam

broadening effect potentially led to an underestimation of the spot size uncertainty

at the Bragg peak.

Spot position: The beam spot position had an impact on the measured light output

because of the position-dependent light coupling of the scintillator sheet. Variations

in the light output of up to ±5% were observed for horizontal and vertical shifts of

10 mm in the beam position (see section 6.5.1). Since the spot position was stable

(±0.5 mm) and both the PDL curve and the calibration curve were measured at the

same spot position, the average light output uncertainty was estimated to be±0.1%.

Non-linearity of the Bragg curve plateau: A Geant4 simulation of the ST curve

was used to correct the PDL curve for the slope in the Bragg curve plateau. The

simulated ST curve was approximated with a straight line in order to perform a

slope correction of the measured ST curve. The deviations of the simulation from a

straight line were estimated to be ±0.2% (see figure 6.11(b)).

Background subtraction and sensor temperature: The projected background im-

age was corrected for a temperature-induced offset between the background image

and the signal image by matching the background regions of the background im-

age and the signal image. This correction amounted to up to 25 averaged ADC

counts. The uncertainty of the offset correction was estimated to be ±2 averaged

ADC counts.

Cross talk: The light output uncertainty due to cross talk was measured using an

LED (see section 3.5). It was found to be +0.401% of the light output of the two

neighbouring sheets and ±0.063% of the light output of the next to neighbouring

sheets.

Protons hitting CMOS sensor: Due to the proximity of the CMOS sensor to the

beam axis, some beam protons hit pixels of the CMOS sensor directly instead of

being absorbed in the scintillator. Those direct hits increased the light output by

±0.5–1.7%, depending on the beam spot size. This effect was restricted to a cut-off

depth of ∼ RDH in the recorded image (see section 6.4.5).

The most important uncertainty sources were found to be the different beam

spot sizes of the measurement beam (up to 1% relative uncertainty) and the cali-

bration ST beam as well as the cross talk between sheets (up to 0.4% of the light

output in the neighbouring sheet). Furthermore, the protons hitting the CMOS sen-

sor directly contribute a substantial uncertainty to the light output in the sheets at
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Table 6.1: Light output uncertainty sources for the MedAustron beam test. li is the
light output in the respective sheet.

Uncertainty source Value

Image frame averaging ±0.06–0.16%×li
Sheet averaging ±0.002–0.06%×li
Beam spot size ±1%×li
Beam spot position ±0.1%×li
Non-linearity of Bragg curve plateau ±0.2%×li
Background subtraction ±2 averaged ADC counts
Cross talk +0.401%× li±1 +0.063%× li±2
Protons hitting CMOS sensor ±0.5–1.7%×li (for z < RDH)

the beginning of the scintillator stack. The list of uncertainties does not include a

potential systematic uncertainty on the slope of the simulated ST curve. The accu-

racy of the simulation was investigated using ST measurements from both sides of

the scintillator stack with different ion beams during the beam test at HIT (see chap-

ter 8.4.2). When fitted with the QB model, the RMS of all light output uncertainties

is used in the PDL curve. The fit uncertainty of the beam range and Birks’ constant

that is returned by the QB model fit therefore include the systematic uncertainties

of the light output.

6.5 Results

6.5.1 Spot Position

The spot-position dependence of the light output was investigated with proton beam

ST measurements (E0 = 252.7 MeV, 7 mm FWHM) at fifteen different spot posi-

tions, shown in figure 6.18. Each spot was identified with a spot number: the first

digit of the spot number is the spot row number (y-axis) and the second digit is the

column number (x-axis). Spot number 23 at the centre of the visible part of the scin-

tillator sheet was at the position of the reference beam axis (y= 0 cm, x= 0 cm). The

horizontal and vertical distance between neighbouring spots was 1 cm. The beam

spots were distributed over the centre of the visible part of the sheet, excluding the

part that was covered by the vice. The distance between the top spot row and the

CMOS censor was 3 cm.
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Figure 6.18: Schematic beam’s eye view of the scintillator stack with numbered beam
spot positions. The first digit of the spot number is the row number (y-
axis) and the second digit is the column number (x-axis). The circle
diameter shows the FWHM spot size of the beams.

The ST curves are shown in figure 6.19. The ST curves were background-

subtracted and normalised to their integral light output. This presentation allowed

small relative variations between individual sheets to be identified. Column (a) in

figure 6.19 shows the light variation along a horizontal line of spots. It can be seen

that there is a relative light output variation of up to 25% percent in some sheets for

horizontal changes in the beam spot position of up to 5 cm. However, the majority

of the sheets show changes in the light output within 5%. For neighbouring spots

with a horizontal distance of 1 cm, the observed maximum difference was 8% and

an average difference of∼2%. The stronger response of certain sheets to changes in

the beam spot position could not be correlated with any sheet characteristic, such as

overlapping paint or scratches on the readout face. The light output variation along

the vertical axis is shown in column (b) of figure 6.19. A maximum light output

variation of 10% and an average variation of 3% were observed. It can be observed

that the spikes in the light output ratio were larger when comparing horizontal off-

sets (figure 6.19(a)) and smaller when comparing vertical offsets (figure 6.19(b)).

These results were used to estimate the uncertainty on the light output due

to the spot position uncertainty at MedAustron (see section 6.4.6). The variations

in the light output with beam spot position represent a principal weakness of the

current range telescope prototype. A primary aim of the range telescope was to
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(a) Comparison of horizontal offsets.
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Figure 6.19: Comparison of ST measurements at different spot positions along the
horizontal sheet axis (a) and along the vertical sheet axis (b). The curves
are normalised to the integral light output.
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perform accurate range measurements of scanned proton beams, independent of the

beam spot position. In order to achieve this, the light output variation with the beam

spot position would need to be reduced to a level at which it does not affect the range

measurement. An analysis of the influence of the spot position on the beam range

measurement is presented in section 8.5.2. An efficient way to reduce the light

output variations is to only use ST curves for calibration that were taken at the same

beam spot position as the PDL curve. This reduces the light output uncertainty to

the level defined by the spot position reproducibility (∼0.1%, see section 6.4.6).
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Figure 6.20: Comparison of the integral light output for different beam spot positions.
The light output was normalised to the maximum and is given in percent.

Figure 6.20 shows the integral light output in percent as a function of the beam

spot position, normalised to the maximum light output. The integral light output

between the spots differs by up to a factor of three. The maximum light output

is found at position 13, as expected, which is in the middle and at the top of the

scintillator sheet, close to the CMOS sensor. The minimum light output is at the

bottom right corner (spot position 35). An asymmetry in the light outputs between

the left (spot column number 1) and the right side (column number 5) of the stack

is observed. The unpainted side of the scintillator stack is to the left of spot column

number 1, which could play a role in the observed asymmetry: the reflection at

the unpainted side could be increased due to the larger density difference between

polystyrene and air compared with polystyrene and paint at the painted side of the

stack. However, this explanation is speculative and could only be confirmed in an

accurate simulation of the photon propagation or in further experiments.
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The beam profile was obtained by projecting the image frames along the pixel

columns, instead of projecting along the pixel rows for the creation of a PDL curve

(see figure 6.6(c)). The spot position (along the x-axis) was measured by fitting

a Gaussian curve to the background-subtracted beam profile. The fit range was

±10 mm around the reference spot position. A pixel size of 0.1 mm was assumed

for the translation from pixel column number to millimetre.
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Figure 6.21: Difference between the measured spot position and the reference spot
position on the x-axis as a function of the reference spot position for
different spot positions along the y-axis. The red line marks the reference
spot position.

Figure 6.21 shows the difference between the measured spot position and the

reference spot position as a function of the reference spot position. The uncer-

tainty on the difference is the RMS of the uncertainty on the reference spot position

(±0.5 mm) and on the fitted Gaussian mean (. ±0.01 mm). It can be seen that

the spot position measurement agreed within ±1.5 mm with the reference over a

scanned distance of ±2 cm from the central beam axis (beam spot number 23). A

systematic effect was observed: the measured beam spot position for spots closer to

the unpainted side face of the stack were consistently below the reference whereas

beam spots on the other side of the stack were consistently above the reference. The

different reflectivity of the two side faces could have had a small distorting effect on

the beam profile. The spot position difference for different spot rows was <1 mm,

which is within the uncertainty on the reference spot position.

The potential to measure the spot position along the x-axis with the range tele-

scope adds an interesting feature to the detector, which was designed to focus on
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beam range measurements. Measuring the spot position along the y-axis was in

principle also possible: this would require relating the integral light output to the

distance between the beam and the CMOS sensor. However, it was shown that the

integral light output varies significantly along the x-axis for the same y-axis spot

position (see figure 6.20). The development of a robust algorithm for the recon-

struction of the y-axis spot position was beyond the scope of this work.

6.5.2 Range Measurement
The principal aim of the range telescope was to measure the beam range. This was

done by fitting the QB model derived in chapter 5 to the measured PDL curves. The

range R0, the peak width σ , the fluence factor Φ0 and Birks’ constant kB were used

as fit parameters. The binned QB model described in section 5.7 was used in order

to account for the finite scintillator sheet thickness. The fit range was 0–1.03×R0.

The QB model parameters were set to the values found by Bortfeld [25] for water:

α =0.022 mm/MeVp, p = 1.77, β = 0.0012 mm−1, γ =0.6 and ρ =1.0 g/cm3. The

scintillation light constant was set to S =9744 photons/MeV.
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Figure 6.22: Reference range versus proton beam energy at MedAustron. Courtesy
Andrea de Franco and Loı̈c Grevillot, MedAustron. The reference range
was defined as the 80% distal fall-off of a PDD curve measured with
a PTW Peakfinder at beam isocentre. The red line shows a third-order
spline used for interpolation.

The measured beam range with the QB model was compared to a reference

range. The reference range database at MedAustron was formed of 25 beam ranges

from proton beams with beam energies between 62.4–252.7 MeV [151]. These ref-

erence ranges were defined as the 80%-fall-off of the PDD curve measured with
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a PTW Peakfinder. Those measurements were performed by staff at MedAustron.

For measured proton beams that were not part of the reference database, the energy-

range relation was interpolated with a third-order spline in order to obtain an esti-

mate of the reference range. The reference range is shown as a function of the

proton beam energy in the synchrotron in figure 6.22. The red line is the fitted

third-order spline used for interpolation between the measured reference ranges.

The measured values for the beam range R0 and the peak width σ were fed

back into Bortfeld’s Bragg curve model in order to reconstruct the underlying PDD

curve. This curve is defined as the reconstructed Bragg curve. Moreover, a PDD

curve measured with a PTW Peakfinder is shown for comparison [152, 44]. These

PDD curves were defined as the reference Bragg curve. The minimum measurement

depth of the PTW Peakfinder was 12 mm WET, hence the missing data at the beam

entrance.
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Figure 6.23: Binned QB model fit to a proton PDL curve of 62.4 MeV (a) and
97.4 MeV (b). Also shown are the smooth QB model (using the param-
eter values of the binned QB model fit), the reconstructed PDD curve
(Bortfeld model) and the reference PDD curve (Peakfinder measure-
ment). The error bars represent the full light output uncertainty (RMS
of individual contributions).

Figure 6.23 shows the QB model fit to a PDL curve with a beam energy of

(a) E0 = 62.4 MeV and (b) E0 = 97.4 MeV. The PDL curve was normalised such

that the maximum light output was equal to one. The reconstructed Bragg curve

was normalised such that its value at zero depth was the same as for the QB model
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(i.e. the quenching at zero depth was assumed to be zero). The reference Bragg

curve was normalised such that its peak dose was equal to the maximum of the

reconstructed Bragg curve. It can be seen that the QB model described the data

well: the maximum relative difference between the model and the data was 2.5%.

However, the comparison of the reconstructed Bragg curve with the reference Bragg

curve revealed a range offset of approximately −1 mm. The dose difference in the

Bragg plateau in figure 6.23(a) was caused by an overestimation of the fitted beam

width σ and the subsequent normalisation of the peak of the reconstructed Bragg

curve to the peak of the reference Bragg curve.
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Figure 6.24: Range difference ∆R0 between the measured and the reference range.
The dashed lines represent the reference range uncertainty (±0.3 mm).
The error bars show only the fit uncertainty.

Figure 6.24 shows the difference ∆R0 between the reference range and the mea-

sured range for proton beams with energies between 62.4–97.4 MeV. It can be seen

that the range offset varies between a maximum difference of ∆R0,max = −1.1 mm

and the minimum difference of ∆R0,min =−0.6 mm. The reason for this range offset

could not be answered conclusively. However, its most likely source is the undoc-

umented positioning offset of the range telescope relative to the beam isocentre.

The detector was placed approximately 0.5 m away from the beam isocentre. This

offset in air translated into a water-equivalent offset of 0.5 mm (RSPair ≈ 0.001).

Unfortunately, the exact position of the detector was not recorded which is why the

measured ranges could not be corrected for the isocentre offset. The detector offset,
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however, does not explain the variation of ∆R0 with the beam range. The error bars

in figure 6.24 represent only the fit uncertainty returned by the QB model fit.

A number of different range uncertainty sources have been identified and listed

in table 6.2.

Table 6.2: Beam range uncertainty sources for the MedAustron beam test. The range
uncertainty is given for the lowest and the largest measured range sepa-
rately.

Source Beam range uncertainty (mm)

R0 = 30 mm R0 = 70 mm

Detector offset to isocentre −0.5 −0.5
QB model −0.2 −0.2
SPR variation −0.10 −0.15
Stack WET ±0.06 ±0.16
Fit uncertainty ±0.07 ±0.03
Detector positioning (2◦ rotation) ±0.02 ±0.05
Thermal expansion (∆T = 5 K) ±0.01 ±0.02

RMS +0.09 −0.56 +0.13 −0.58
Reference range [58] ±0.3 ±0.3

Beam intensity: The effect of the beam intensity on the range measurement was

evaluated in section 6.5.4. The range variation was found to be ±0.02 mm, which

was within the fit uncertainty and was therefore not included in table 6.2.

Fit uncertainty: The uncertainty on the fitted range parameter that was returned by

the minimisation process was ±0.07 mm for 30 mm beam range and ±0.03 mm for

70 mm beam range. Its value depended on the light output uncertainty in each scin-

tillator sheet (see section 6.4.6) and the relative spatial resolution, i.e. the number

of data points in the PDL curve.

QB model: The systematic difference between the reference range and the recon-

structed range with the QB model was shown in simulation to be −0.2 mm for a

proton beam range of 30 mm and a spatial resolution of 3 mm (see section 5.7.5).

Stack WET: The water-equivalent thickness (WET) of the scintillator stack was

determined by multiplying the physical stack thickness with the RSP of the scintil-

lator. The resulting uncertainty on the WET of the stack ±0.16 mm.

SPR variation: The water-equivalent thickness of a material depends on the beam

energy with which it is probed due to the variation in SPR. A discussion of this
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effect can be found in section 3.2.4. The change in the observed range was found to

be −0.14 mm for a range of 70 mm and −0.1 mm for a range of 30 mm.

Detector positioning (2◦ rotation): A rotation of up to 2◦ of the scintillator stack

relative to the beam direction was estimated to be a realistic potential misalignment

with the used range telescope prototype. This was because the manually drawn

markers on top of the enclosure and not the scintillator stack itself were aligned

relative to the in-room laser positioning system. The laser lines had a width of

∼3 mm. The 2◦ rotation translated into a 2.5 mm misalignment of the stack with the

beam axis. The potential stack rotation resulted in an uncertainty on the stack WET

of ±0.05 mm. When measuring a proton beam with the minimum beam range of

30 mm, the range uncertainty was ±0.02 mm. For a proton beam with a range of

73.9 mm (stack WET), the range uncertainty was ±0.05 mm.

Detector positioning (offset relative to beam isocentre): The range telescope was

placed approximately 0.5 m behind the beam isocentre. This offset in air trans-

lates into a systematic offset of about −0.5 mm WET on the range measurement.

Unfortunately, the exact position of the detector was not recorded. Therefore, the

measured range was not corrected for the positioning offset.

Thermal expansion: The maximum temperature difference between the sheet

thickness measurement and the beam test was estimated to be equal to 5 K. The

resulting thermal expansion of the scintillator was calculated using equation 3.1

and amounted to 0.02 mm for a beam range of 70 mm.

The RMS of all individual uncertainty sources was calculated in order to obtain

an estimate for the total range uncertainty. This was done for the negative and

the positive uncertainty separately. Since the range uncertainty itself depended on

the range, the uncertainties were evaluated for the smallest (R0 = 30 mm) and the

largest (R0 = 70 mm) range that was measured with the range telescope. The range

uncertainties are listed in table 6.2.

It is worth noting that the dominant range uncertainties mentioned above were

caused not by the range telescope detection technique itself but by “external” un-

certainties such as poor detector alignment and the measurement of the stack WET.

Range uncertainties inherent to the range telescope are the QB model uncertainty,

the fit uncertainty and the SPR variation. The range uncertainties not related to de-

tector positioning amount to to +0.07, −0.25 mm. Although the full elimination of

detector positioning uncertainties is unrealistic, a significant reduction is expected

to be feasible with an improved mechanical detector support and alignment proce-
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dure. In case of a redution of positioning uncertainties, the dominant range uncer-

tainty would then be the SPR variation which could be corrected for using the SPR

tables in the NIST database [13].

6.5.3 Birks’ Constant Measurement
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Figure 6.25: Measured Birks’ constant kB as a function of the reference range.

The fitted values of Birks’ constant are plotted against the reference range in

figure 6.25. The error bars represent only the fit uncertainty. The uncertainty on

kB decreased with increasing range because the relative spatial resolution in the

Bragg peak increased and because the 2 mm sheets were concentrated at the end

of the scintillator stack (relative to the beam direction). The weighted mean was

kB = 0.096±0.001 mm/MeV. This measurement was in agreement with previously

published values for polystyrene-based scintillators (see table 2.2). However, the

uncertainty on the weighted mean underestimated the total measurement uncer-

tainty. The systematic uncertainty of the QB model was up to 0.02 mm/MeV (see

section 5.7.5).

6.5.4 Beam Intensity
A proton beam with an energy of E0 = 85.6 MeV was measured at four differ-

ent beam intensities in order to investigate the influence of beam intensity on the

beam range measurement. The CMOS sensor was operated in HFW mode. The

projected, background-subtracted and calibrated light output images are shown in

figure 6.26(a). For the highest beam intensity (I0 = 2.4×109 p/s), the CMOS sensor
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Figure 6.26: (a) Comparison of PDL curves measured at different beam intensities. (b)
Range measured with the QB model versus the reference beam intensity.

saturated at the Bragg peak. This caused the appearance of spikes in the calibrated

light output near the edges of the sheets in the Bragg peak.

Figure 6.26(b) shows the measured range R0, f it plotted versus the reference

beam intensity I0. The vertical error bars show only the fit uncertainty. The un-

certainty on the reference intensity was estimated to be 10% due to the large beam

intensity fluctuations during the acquisition time of the sensor (see section 6.5.4).

The maximum difference between the measured ranges was 0.06 mm. However, the

range measurement of the highest beam intensity was impacted by the sensor satu-

ration at the Bragg peak. If the highest beam intensity measurement was neglected,

the observed range variation decreased to 0.02 mm, which is within the fit uncer-

tainty on the range measurement. It was concluded that the range measurement is

robust against changes in the beam intensity. Moreover, a saturation of a single

scintillator sheet at the Bragg peak had only a small impact on the reconstructed

range (0.06 mm).
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Clatterbridge Beam Test

7.1 Clatterbridge Cancer Centre
The Clatterbridge Cancer Centre (CCC, Bebington, UK) hosts a cyclotron-based

proton therapy centre specialised on the treatment of ocular tumours. The first

patient was treated in June 1989 [153], making it the first hospital-based proton

therapy facility in the world. CCC has a single treatment room for both patient

treatment and research. A photograph of the treatment room with the treatment

chair and the beam exit nozzle of the proton beam is shown in figure 7.1. During

treatment, patients are seated in a treatment chair and immobilised with a custom-

made face mask and bite-blocker. The treated eye is monitored with a camera which

allows automatic interruption of the beam in case of patient movement.

7.1.1 Beam Parameters
The cyclotron at CCC runs at an RF frequency of 25.7 MHz and produces a proton

bunch length of 1.37 ns [154]. This is much faster than the readout frequency of

the CMOS sensor which is why interference between the sensor readout and cur-

rent fluctuations due to bunch structure can be neglected. The proton beam current

during treatment is 1–30 nA (6.25 · 109–1.88 · 1011p/s) [154]. At CCC, the deliv-

ered dose is measured in Monitor Unit (MU). The beam current can be adjusted

from 1 to 30 MU/min. The entrance dose rate is approximately 0.88 Gy/MU and

the peak-to-plateau dose ratio is 4.7 [155]. This results in a maximum entrance

dose rate of 2.07 Gy/s at the Bragg peak. The typical clinical entrance dose rate at

CCC is 0.25 Gy/s [154].

The protons are accelerated to an energy of approximately 62 MeV in the cy-

clotron [156] with an energy spread of 0.1 MeV [154]. After passive scattering in
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Figure 7.1: Photograph of the treatment room at Clatterbridge Cancer Centre.

the beam line, the beam energy is reduced to ∼ 60 MeV at the exit of the nozzle.

The beam range in water is 31.2±0.2 mm [156]. The transverse beam size at the

nozzle is approximately 27 mm FWHM after the final collimator [157]. Geant4

simulations of the CCC beam line showed that the energy spread of the beam at the

nozzle is approximately 0.2 MeV [158].

A range modulator wheel made of PMMA with 180 steps allowed the beam

range to be modified in steps of 0.1506 mm PMMA. The minimum step thickness

was 0.7641 mm PMMA. The RSP of the used PMMA is 1.16, yielding a step incre-

ment of 0.1747 mm WET and a minimum step thickness of 0.8864 mm WET. No

uncertainty on the step thickness of the modulator wheel was given but was esti-

mated to be ±0.02 mm WET. The modulator wheel is shown in figure 7.3: it was

placed between the collimator and the range telescope. The wheel could be rotated

by a remotely controlled stepping motor for beam range modulation.

The opening diameter of the beam nozzle (i.e. the maximum size of the proton

beam) is 33.5 mm. Because of the small transverse size of the modulator wheel

steps, a brass collimator with an opening diameter of 5 mm was used for measure-

ments with the range modulator wheel. A collimator with an opening of 25 mm

diameter was used for the measurements without modulator wheel in order to re-

produce a realistic proton pencil beam width and protect the CMOS sensor from

radiation. Both collimators had a thickness of 8 mm — enough to fully absorb a
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proton beam of 60 MeV (a 60 MeV proton beam has a range of ∼ 5.4 mm in cop-

per, which is the main constituent of brass [13]). The collimator was inserted in the

beam nozzle and held in place with a retaining ring.

7.2 Purpose
The beam test at CCC was performed in April 2018. The experimental aims are

listed below.

• Investigation of the radiation hardness of the plastic scintillator and the influ-

ence of a large dose on the range measurement.

• Exploration of the minimum range difference that can be resolved with the

range telescope using the modulator wheel.

• Confirmation of the applicability of the range telescope to passively scattered

proton beams.

7.3 Setup

(a) (b)

Figure 7.2: (a) Photograph of the setup without range modulator wheel and (b) patient
treatment at CCC. Courtesy of Andrzej Kacperek, CCC.

The detector setup for the beam test at CCC was the same as for the beam

test at MedAustron presented in section 6.3. However, because of the low proton
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beam range, the scintillator sheet configuration was adapted such that only 18 high-

resolution 2 mm sheets were used. The sheet ordering for the CCC beam test from

front to back was: 3, 2, 1, 30, 29, 28, 27, 26, 22, 19, 18, 17, 15, 14, 13, 10, 7 and

21. This configuration resulted in a physical stack thickness of 37.92±0.08 mm and

a water-equivalent thickness of 38.86±0.09 mm. A wooden table was put on top

of the treatment chair to support the range telescope. The height of the chair was

then adjusted to align the beam nozzle and the centre of the scintillator stack. The

range telescope was positioned as close as possible to the nozzle, replicating the

setup during patient treatment at CCC (see figure 7.2(b)). The horizontal alignment

of the range telescope was checked with a spirit level.

Figure 7.3: Photograph of the setup with range modulator wheel. The stepping motor
is for the remote control of the range modulator wheel.

A photograph of the setup with the range modulator wheel is shown in fig-

ure 7.3. The distance in air between the downstream face of the collimator and the

beam entrance window was 1 cm for the setup without range modulator wheel and

14 cm for the setup with range modulator wheel. The distance between the start of

the scintillator stack and the beam entrance window was 5±1 cm. Therefore, the

WET of the air was 0.19 mm with and 0.06 mm WET without the range modulator

wheel in place. A photograph of the detector setup without the range modulator

wheel is shown in figure 7.2(a). The detector setup was identical to that used in the

MedAustron beam test (see section 6.3). The treatment room lights were switched

off during irradiation.
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7.4 Image Analysis

7.4.1 Pre-Processing

Figure 7.4: Cropped raw single image frame of the 60 MeV proton beam at CCC. The
beam direction is from bottom to top.

A raw image frame of the 60 MeV proton beam at CCC is shown in figure 7.4.

The pre-processing (linearity correction, averaging and projection) of the raw image

frames was identical to the procedure described in section 6.4.1.

7.4.2 Background Subtraction
The background subtraction procedure was identical to that performed for the

MedAustron data analysis described in section 6.4.2.

7.4.3 Light Calibration
The light calibration with a high-energy proton beam ST measurement was not

possible because of the maximum beam energy of 60 MeV at CCC. Therefore, cal-

ibration data from the beam test at MedAustron had to be used. This was possible

because the sheet ordering during the two test beams was the same. However, the

first 13 sheets were removed for the CCC test beam, which is why the MedAustron

ST curve had to be manually shifted to match the CCC PDL curves. The simulated

Bragg-curve plateau slope correction was also the same as for the MedAustron beam

test: f (pixel) = 0.999+0.000038 · pixel (see section 6.4.3).

A plot of an averaged, projected, background-subtracted and light-calibrated

image is shown in figure 7.5 (without range modulator wheel). It can be seen that

there were spikes in the light output at the sheet edges. Those spikes reached heights

of up to 25% of the light output in the sheet. Moreover, the light output within a

sheet was not as flat as in the MedAustron data. These calibration artefacts were
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Figure 7.5: Averaged, projected, background-subtracted and light-calibrated image of
the 60 MeV proton beam at CCC.

caused by a small difference in the alignment of the CMOS sensor and the scintil-

lator stack, caused by the re-assembling of the range telescope between the beam

tests.

7.4.4 Depth Calibration

The conversion from pixel rows to water-equivalent thickness was performed in the

same way as for the MedAustron test beam described in section 6.4.4. Five pixels

near each side of a scintillator sheet were not taken into account for the averaging

of the light output in a sheet in order to reduce the influence of cross talk. This

procedure also efficiently reduced the influence of the spikes in the light output at

the sheet edges.

7.4.5 Light Output Uncertainty

The uncertainties on the light output of an individual sheet were similar to those

discussed in section 6.4.6 for the MedAustron beam test. However, due to the use of

a collimator, the beam halo was significantly reduced. As a result, no protons hitting

the CMOS sensor directly were observed, which can also be seen in figure 7.4

(no bright pixels in dark bottom area). Moreover, the collimator eliminated the

uncertainty on the beam spot position between measurements. Compared with the

beam test at MedAustron, the light output uncertainty from averaging of the light

output in a sheet was up to twice as large. This was due to the calibration artefacts

that come with the use of the MedAustron ST curve (see figure 7.5).
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Table 7.1: Light output uncertainty sources for the CCC beam test. li is the light output
of the respective sheet.

Uncertainty source Value

Image frame averaging 0.06–0.16%×li
Sheet averaging 0.02–0.25%×li
Beam spot size 1%×li
Non-linearity of Bragg curve plateau 0.2%×li
Background subtraction 2 averaged ADC counts
Cross talk 0.401%× li±1 +0.063%× li±2

A list of uncertainty sources can be found in table 7.1. The uncertainty is

dominated by the spot size difference between the ST measurement and the PDL

curve measurement. When fitted with the QB model, the RMS of all light output

uncertainties was used in the PDL curve. The fit uncertainty of the beam range and

Birks’ constant that is returned by the QB model fit therefore include the systematic

uncertainties of the light output.

7.5 Beam Range Measurements

7.5.1 Impact of the Collimator Opening Diameter
The influence of the collimator diameter on the reconstruction of the beam range

and Birks’ constant was measured with two different brass collimators with open-

ing diameters of 5 mm and 25 mm. The PDL curves with the fitted QB model are

shown in figure 7.6. An elevated light output was observed in the first half of the

PDL curve. For a collimator diameter of 5 mm, the light output in the first sheet

was about 50% higher than expected (compared with the QB model evaluated at

that depth). For a collimator diameter of 25 mm, the light output at the entrance

was approximately 10% above expectation. A potential source of the elevated light

output were protons interacting with the inner collimator walls. Those scattered

protons had a shorter range in the scintillator and thus increased the light output at

the start of the stack. The ratio of scattered over unscattered protons is proportional

to the ratio of inner surface area of the collimator over its opening area. This ra-

tio decreases linearly with the opening diameter. This could explain the observed

dependence of the collimator effect on the opening diameter. Moreover, the colli-

mator effect is increased by a potential rotation of the collimator around the beam
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axis. The same potential rotation would impact a larger fraction of protons going

through a narrow collimator compared with a wide collimator.
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(b) Collimator diameter of 25 mm

Figure 7.6: Binned QB model fit to a measured PDL curve for a collimator opening
diameter of (a) 5 mm and (b) 25 mm.

In order to mitigate the influence of the elevated light output on the QB model

fit, the fit range was restricted to 0.5×R0–1.03×R0. This fit range was a compro-

mise between the minimum number of data points required for the four-parameter

fit and the mitigation of the collimator effect, which could potentially have had ef-

fects beyond a depth of 0.5×R0. The measured ranges were 31.06±0.06 mm for a

5 mm collimator and 31.12±0.05 mm for the 25 mm collimator. These range values

included the WET of the air and the Mylar window. The observed range difference

of 0.06 mm was of the same order of magnitude as the fit uncertainty. Nevertheless,

the collimator effect was considered as an additional beam range uncertainty source

because of the visible impact on the light output.

The collimator diameter also had an influence on the measurement of Birks’

constant kB. Birks’ constant was 0.111±0.014 mm/MeV (5 mm collimator) and

0.082±0.011 mm/MeV (25 mm collimator). The different kB was could be ex-

plained by the elevated light output at the start of the scintillator stack, which re-

duces the peak-to-plateau ratio, and impacted the light output beyond a depth of

0.5×R0. This showed that the restriction of the fit start to 0.5×R0 was not sufficient

to completely remove this effect. This led to an additional systematic uncertainty

on the measured value of kB of about 0.03 mm/MeV. If the value of Birks’ constant



7.5. Beam Range Measurements 175

was known, fixing kB during the fitting could reduce the range uncertainty from the

collimator effect.

7.5.2 Range Modulator Wheel
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Figure 7.7: Measured beam range as a function of the reference range with a collima-
tor opening diameter of 5 mm. The error bars show only the fit uncertainty.
The red line indicates the identity line y = x.

The range modulator wheel presented in section 7.3 was used to manipulate

the proton beam range between 0–31.2 mm water-equivalent thickness. However,

only PDL curves with ranges down to 9 mm WET were fitted with the QB model.

For beam ranges below 9 mm, there were not enough data points in the PDL curve

(< 4) for the QB model fit. The CMOS sensor was operated in low full-well mode

during the measurements with the range modulator wheel.

Figure 7.7 shows the fitted beam range R0, f it plotted versus the reference beam

range R0,re f . The red line indicates the identity line y = x, and not a linear fit.

The error bars only include the QB model fit uncertainty (≈ 0.05 mm) and do not

take into account the range uncertainties discussed in section 7.5.4. This small fit

uncertainty allows to resolve range steps of 0.1747 mm WET with the range tele-

scope. The maximum absolute difference between the reference and the measured
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range is 0.3 mm, which is within the uncertainties on the range measurement and

the reference range (see table 7.2).

10 15 20 25 30
 (mm)0,refR

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

0.16

kB
 (

m
m

/M
eV

)

Figure 7.8: Evolution of Birks’ constant with the reference range. The collimator
opening diameter was 5 mm. The error bars show the fit uncertainty.

The measured values for Birks’ constant are plotted in figure 7.8 against

the reference range. The reconstructed values for kB are between 0.09 and

0.125 mm/MeV with a weighted mean of kB = 0.100± 0.002. This value is com-

patible with previously published values for polystyrene-based scintillator (see ta-

ble 2.2). The error bars in figure 7.8 are large since the PDL curve to which the

QB model was fitted include all systematic light output uncertainties discussed in

section 7.4.5. A discussion of different uncertainty sources for Birks’ constant mea-

surement can be found in section 7.5.5.

7.5.3 Radiation Hardness
A major disadvantage of plastic scintillator is that it suffers from a reduction in

scintillation light output as a result of radiation damage. It is therefore important

to investigate the impact of large amounts of absorbed dose on the detector perfor-

mance. A total peak dose of 6,300 Gy was delivered to the range telescope with

measurements of the light output taken at regular intervals during the irradiation.

The measurement was performed using a collimator with an opening diameter of

25 mm. The CMOS sensor was operated in high full-well mode during the radia-

tion hardness measurements. Figure 7.9 shows two measured PDL curves before

(h1) and after (h2) the irradiation. The two curves were normalised to the light
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Figure 7.9: PDL curve before and after delivering 6,300 Gy peak dose to the scintilla-
tor.

output in the first sheet because of the fluctuating beam current during the radiation

hardness measurements (I0 =1.58–2.3 nA). This means that only a relative light re-

duction along the PDL could be observed, and not an absolute light reduction. Only

a relative light change can cause the shape of the measured PDL curve to change

and is therefore of higher importance than the absolute change.

It can be seen that there was a reduction of the light output at the Bragg peak

of ∼3% following the irradiation. The light reduction in the plateau was below 1%,

which was determined by normalising the PDL curve to the beam current measured

in the nozzle. This observation follows the expectation because the dose deposition

is concentrated at the Bragg peak where it is 4.5 times larger than at the beam en-

trance. The peak-to-plateau ratio of the PDL curve in figure 7.9 is only 2.7, because

of light quenching and the coarse spatial resolution due to the sheet thickness of

2 mm.

Figure 7.10(a) shows the evolution of the measured range over the course of

the radiation hardness assessment and figure 7.10(b) shows the evolution of Birks’

constant. The red horizontal line indicates the value of the reference range. The ef-

fect of the peak reduction due to radiation damage can be observed as a small steady

increase in the measured beam range. The observed range increase during irradia-

tion was 0.05 mm. The fit uncertainty on the range was also 0.05 mm. However, the

error bars were not shown in figure 7.10 in order not to overload the plot.
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Figure 7.10: (a) Beam range and (b) Birks’ constant evolution with the peak dose.
The error bars, which are on the order of ±0.05mm for the beam range
and ±0.01 mm/MeV for Birks’ constant, are not shown in order not to
overload the plot. The red line marks the reference range in (a).

The measured value of Birks’ constant is seen to steadily increase from kB =

0.082 mm/MeV to kB = 0.099 mm/MeV. The fit uncertainty on Birks’ constant are

on the order of 0.01 mm/MeV. It is observed that the measured range and Birks’

constant are correlated, since they follow a similar trajectory in figure 7.10. Fixing

Birks’ constant at the initial value of 0.082 mm/MeV did reduce but not remove the

drift of the measured beam range: in this case, the range is seen to steadily decrease

from an initial value of 31.12 mm to 31.10 mm over the course of the irradiation.

At an assumed entrance dose rate of 0.25 Gy/s, a beam spot measurement with

a duration of 10 ms [159] would deliver an entrance dose of 0.0025 Gy to the de-

tector. In order to see a scintillator damage comparable to that in figure 7.9 after

delivering 6,300 Gy peak dose, about 500,000 beam measurements would need to

be performed. Furthermore, the light output of the detector can easily be recal-

ibrated with an updated ST measurement, which would correct for any radiation

damage. In order to avoid the parameter drift seen in figure 7.10, it is recommended

to repeat the light calibration with a new ST measurement after the irradiation with

∼1000 Gy peak dose. Variations in the beam spot position, spot size and beam range

will result in a non-uniform radiation damage in the sheets. The radiation damage

would increase the dependence of the light output on the position of the dose de-

position. The expected increase, however, is small (∼3% per 6300 Gy peak dose)

compared to the observed position dependence of the light output in figure 6.20 (up
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to 30% per cm). The detector is therefore believed to be able to deliver long-term

reliable range measurements at clinical proton dose rates.

7.5.4 Range Uncertainty

Table 7.2: Beam range uncertainty sources for the CCC beam test.

Uncertainty source Value (mm)

QB model −0.15
SPR variation −0.10
Stack WET ±0.09
Collimator ±0.06
Fit uncertainty ±0.05
Range modulator wheel ±0.02
Detector positioning (2◦ rotation) ±0.02
Detector positioning (offset to isocentre) ±0.01
Thermal expansion (∆T = 5 K) ±0.01

RMS +0.12, −0.22
Reference range [156] ±0.2

Several range uncertainty sources were identified and quantified. A full list is

given in table 7.2. The RMS is regarded as the total uncertainty on the range mea-

surement. Its value is +0.12,−0.22 mm. This value is comparable with other range

measurement detectors, which is also shown by the uncertainty on the reference

range of ±0.2 mm. The results in section 7.5.2 show that the range telescope mea-

sures the reference range within the stated uncertainties. This proves that the range

telescope is also applicable to passively scattered proton beams. A short discussion

of the individual range uncertainty sources is given below. The range uncertainty in

the table is given for a beam range of 31.2 mm.

QB model: The systematic difference between the reference range and the recon-

structed range with the QB model was shown in simulation to be ±0.15 mm for a

proton beam range of 30 mm and a spatial resolution of 3 mm (see section 5.7.5).

Stack WET: The uncertainty on the measurement of the WET of the scintillator

stack was dominated by the uncertainty on measurement of the physical stack thick-

ness with the micrometre screw, which was ±0.09 mm.

SPR variation: The WET of a material depends on the beam energy with which it is

probed due to the energy-dependence of the SPR. This effect was quantified using
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the SPR data for water and polystyrene availaible from the NIST database [13].

The impact on the stack WET for the configuration used at CCC was found to be

−0.10 mm.

Collimator: The influence of collimators with different opening diameters on the

beam range measurement was found to be ±0.06 mm in section 7.5.1.

Fit uncertainty: The uncertainty on the fitted range parameter, R0, that was re-

turned by the minimisation process was approximately ±0.05 mm, independent of

the beam range.

Range modulator wheel: The uncertainty on the step thickness of the range mod-

ulator wheel was estimated to be ±0.02 mm.

Stack WET (2◦ rotation): A rotation of∼ 2◦ of the scintillator stack relative to the

beam direction during positioning is realistic. The potential stack rotation resulted

in an uncertainty on the measured range of +0.02 mm.

Detector positioning: The range telescope positioning uncertainty was ±1 cm

which translated into a water-equivalent uncertainty of±0.01 mm (RSPair = 0.001).

Thermal expansion: The maximum temperature difference between the sheet

thickness measurement and the beam test was estimated to be 5 K. The result-

ing thermal expansion of the scintillator was calculated using equation 3.1 and

amounted to 0.01 mm for a beam range of 30 mm.

7.5.5 Birks’ Constant Uncertainty
The uncertainty on the reconstructed value for Birks’ constant returned by

the QB model fit is on the order of ±0.01 mm/MeV. An additional uncer-

tainty of ±0.03 mm/MeV comes from the narrow-collimator effect described

in section 7.5.1. The systematic QB model uncertainty on Birks’ constant is

±0.02 mm/MeV, (see figure 5.13).

Table 7.3: Birks’ constant uncertainty sources for the CCC beam test.

Uncertainty source Value (mm/MeV)

QB model −0.02
Collimator ±0.03
Fit uncertainty ±0.01

RMS −0.037, +0.032
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The combined uncertainty (RMS) is therefore σkB = 0.037 mm/MeV, which is

a relative uncertainty of∼40%. This large relative uncertainty reflects the difficulty

of accurately measuring the quenching effect from PDL curves with low spatial res-

olution. A list of the individual uncertainty sources is given in table 7.3. In order to

decrease this uncertainty, several steps could be performed. First, the measurement

could be performed using no collimator or a collimator with a large opening diame-

ter (>25 mm) in order to reduce the influence of beam particles interacting with the

collimator walls. Second, the resolution of the range telescope could be improved

by using thinner scintillator sheets. And third, the uncertainty on the light output

should be reduced. This could be achieved by improving the light collection in the

sheets, for example, with a new sheet design described in section 8.7.6.





Chapter 8
Heidelberg Beam Tests

8.1 Heidelberg Ion-Beam Therapy Centre
HIT (“Heidelberger Ionenstrahl-Therapiezentrum” or “Heidelberg Ion-Beam Ther-

apy Centre”) is a synchrotron-based particle therapy centre in Heidelberg, Ger-

many [160]. The first patient was treated in 2009 [161]. HIT currently offers ra-

diotherapy treatment with protons and carbon ions. Moreover, the commissioning

of a clinical helium ion beam is under way and the clinical usage of oxygen ions

is under consideration [162]. However, as of April 2019, helium, and oxygen ions

were already available for research. A schematic layout of the centre is shown in

figure 8.1. HIT has three irradiation rooms for patients — two with fixed beam lines

H1 and H2 and one with an ion gantry — as well as a dedicated room for research.

The ion gantry was the first of its kind in the world. The gantry has a length of 25 m,

a diameter of 13 m and weighs 600 tons [163]. The beam tests were carried out in

the research room which is marked as Q-A (Quality Assurance) in the bottom of

figure 8.1.

8.1.1 Beam Parameters
The basic beam parameters for protons, helium carbon and oxygen ions are listed

below. All energies are given in MeV/u, except for protons. The available beam

ranges in water for all particles are approximately 20–300 mm [54]. These were

commissioned in steps of 1–1.5 mm WET. For each particle species there are six

different beam spot sizes (also called “focus size”) available which is given as the

FWHM of the pencil beam spot in air at the beam isocentre. The beam intensity can

be adjusted over two orders of magnitude. The synchrotron creates a particle beam

that is split up into spills with a variable duration (beam extraction time). The beam
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Figure 8.1: Layout of the Heidelberg ion therapy centre [54]. HEBT is the High-
Energy Beam Transfer line for the beam transport from the synchrotron
to the treatment rooms. The research room is marked as Q-A (Quality
Assurance).

extraction time was fixed at 5 s for all measurements. The time between extractions

that is used to fill the synchrotron and accelerate the beam is on the order of 2–3 s.

Protons: There are 255 energy steps (48.47 MeV–222.67 MeV) with 1 mm range

steps from 48.47–179.48 MeV and 1.5 mm beyond. Each energy step has 6 different

spot sizes (F1–F6) which depend on the beam energy since the scattering in air

depends on the particle energy. F1 is the smallest spot size and F6 is the largest.

Figure 8.2 shows the spot size evolution with energy at HIT for all available particle

species. At low energy, particles undergo more scattering in air which is why the

beam spot size is larger. The scattering also increases with decreasing atomic mass

which explains why e.g. carbon ions have smaller minimum spot sizes than protons.

Unless otherwise stated, all measurements were taken with the smallest available

spot size F1 in order to minimise the direct hits of the CMOS sensor with the beam

halo. There are 10 beam intensity steps ranging from 8×107 to 2×1010 p/s.

Helium ions: There are 255 energy steps (50.57–220.51 MeV/u) with 1 mm range

steps from 50.57–178.13 MeV/u and 1.5 mm beyond. There are 6 focus sizes and

15 intensity steps from 2×107 to 5×109 p/s.
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Figure 8.2: Nominal beam spot sizes F1 (smallest) to F6 (largest) for protons, helium,
carbon and oxygen ions [164].

Carbon ions: There are 255 energy steps (91.14–430.10 MeV/u) with 1 mm range

steps from 91.14–341.73 MeV/u and 1.5 mm steps beyond. There are 6 focus sizes

and 15 intensity steps from 2×106 to 5×108 p/s.

Oxygen ions: There are 255 energy steps (103.8–514.82 MeV/u) with 1 mm range

steps from 103.8–406.83 MeV/u and 1.5 mm steps beyond. There are 6 focus sizes

and 15 intensity steps from 1×106 to 2.5×108 p/s.

8.2 Purpose
Two beam tests at HIT were carried out: the first in November 2018 (Nov18) and

the second in April 2019 (Apr19). The aims of the beam tests were the following:

• Assessment of the proton range reconstruction performance by measuring

PDL curves using the range telescope. On top of measuring beam ranges that

fit within the length of the scintillator stack, PMMA degraders were used to

cover the full range of clinical proton beams (20–300 mm).
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• Measurements with ion beams (helium, carbon and oxygen ions). In the ab-

sence of a dedicated QB model for ions, these measurements could only be

preliminary.

• Measurement of the WET of PMMA degraders. Those degraders were pre-

viously characterised with a PTW Peakfinder [165]. The comparison of the

measured WET allows conclusions to be drawn on the relative range recon-

struction performance of the range telescope.

• Characterisation of the range telescope performance for different beam spot

sizes. The impact of the beam spot size on the on the light output and the

range reconstruction was measured.

• Measurement of the PDL curves for off-axis beams (different spot position).

It is important for a robust beam range measurement to show only minimal

variation in the light output when the beam deviates from the central axis.

This is also crucial if scanned beams are to be measured without moving the

range telescope.

8.2.1 Reference Proton Depth-Dose Curves
The measured PDL curves and the reconstructed PDD curves were compared to ref-

erence proton PDD curves in order to assess the goodness of the range reconstruc-

tion. These reference PDD curves had been simulated in Fluka [132] and bench-

marked against ionisation chamber measurements by Parodi et al. (2012) [130].

They are currently being used as base data in the HIT treatment planning system. A

description of the Fluka simulation settings can be found in chapter 4.6. In the PDD

curves, the exit of the vacuum chamber in the beam nozzle is defined as having a

depth of zero mm. An offset of −3.05±0.10 mm was therefore applied to the ref-

erence curves to account for the WEPL from the exit of the vacuum chamber to the

beam isocentre [53]. The reference range was defined as the 80% distal dose fall-

off of a reference PDD curve. The maximum difference between the measured- and

the reference beam ranges is 0.3 mm [166], which includes the uncertainty on the

WEPL to the beam isocentre and the reproducibility of the proton beam. Reference

PDD curves were only available for protons.

8.2.2 Reference Ion-Beam Ranges
Reference PDD curves for helium, carbon and oxygen ion beams at HIT were pre-

viously published in [130], [166] and [167]. However, the reference curves could
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not be obtained in time for a comparison to the PDL curves in this work. Therefore,

the reconstructed ranges for ion beams were compared to reference values obtained

from the libdEdx stopping power library [168]. This library uses the stopping power

data provided by ICRU49 [169] and ICRU73 [170] to calculate the CSDA range of

light ions in matter. The reference range in water was obtained using the reference

beam energy at HIT of each measurement. An offset of −3.05 mm [53] was sub-

tracted from the libdEdx range values to account for the WEPL from the exit of the

vacuum chamber to the isocentre. Variations in this offset due to changes in the

SPR for different ions were neglected. It was found that the difference between the

proton beam ranges from libdEdx and the 80% fall-off of the reference PDD curves

(the reference proton range) was−0.2 mm at R0 =20 mm,−0.4 mm at R0 =100 mm

and −1.0 mm at R0 =300 mm. This difference was used as an estimate for the un-

certainty on the ion beam range from libdEdx.

The range-energy relations of helium, carbon and oxygen ions were fitted with

a power law (Bragg-Kleeman rule [26], see equation 2.5) to extract the parameters

α and p for the QB model. The range values for the power law fit did not include

the WEPL offset to the isocentre at HIT in order not to distort the curve. The range-

energy curves are shown in figure 8.3. The x-axis shows the full kinetic energy of

the ions, as opposed to energy per nucleon, because the full energy loss dE/dz is

used in the QB model. It can be seen that the power law describes the range energy-

relation within 10% for all ions. The agreement can be improved by narrowing the

fit range. It was observed that the value of the parameter p changes by less than

10% with the ion species while α scales with the increasing particle energy. The

values for the QB model parameters α and p for different ion species are listed in

table 8.1. Their uncertainties were estimated by varying the fit range of the power

law by ±10%.

Table 8.1: QB model parameter values for α and p for different ions species from a
power-law fit to libdEdx data.

Ion α (mm/MeVp) p
1H 0.0254 ± 0.0009 1.742 ± 0.007
4He 0.00228 ± 0.00010 1.742 ±0.008
12C 0.000222 ± 0.000020 1.656 ± 0.012
16O 0.000134 ± 0.000014 1.625 ± 0.013
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Figure 8.3: Range-energy data (libdEdx) of all available energy steps at HIT for pro-
tons, helium, carbon and oxygen ions with power-law fit (BK rule).

For protons, the power-law fit results (BK-rule fit to range-energy data) do not

agree with those found by Bortfeld (α = 0.022, p = 1.77) [25]. This could be be

explained by a different fit range of the power-law rule to the range-energy data and

a different set of data points. For the sake of consistency with the beam tests at

MedAustron and CCC, the parameter values found by Bortfeld were used in the QB

model for protons. The impact of this choice on the proton beam range is on the

order of tenths of micrometres.
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8.3 Setup

8.3.1 Setup November 2018

(a) (b)

Figure 8.4: Photographs of (a) the detector setup in Nov18 inside the flight case and
(b) the positioning of the range telescope in front of the beam nozzle.

The detector setup used in Nov18 at HIT was identical to the detector setup

at MedAustron described in section 6.3, except for the custom-built bottom vice

that was used at HIT in order to fit more scintillator sheets. The front of the stack

is defined as the side of the stack that was closer to the beam nozzle during the

measurement of PDL curves. The order of the scintillator sheets from the front to

the back of the stack was: 30, 29, 28, 27, 26, 22, 19, 18, 17, 15, 14, 13, 10, 7, 25, 24,

23, 20, 16, 12, 11, 9, 8, 6, 5, 4, 3, 2, 1, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42,

43, 44, 45, 46, 47, 48, 49, 50. The thinnest (2 and 2.6 mm) sheets were at the front

of the stack in order to increase the spatial resolution for low-energetic beams. The

total physical stack thickness was 124.18±0.20 mm (including paint). The water-

equivalent thickness of the stack was 127.27±0.04 mm (see section 3.2.3). The

readout setup was identical to the setup at MedAustron (see figure 6.5). The remote

control of the DAQ PC was set up using the internal Ethernet network at HIT.

The range telescope was positioned on a height-adjustable table and aligned to

the beam axis using the in-built laser system and a spirit level. The first sheet of

the scintillator stack was placed in the beam isocentre. Horizontally, the scintillator

stack was centred on the beam axis. The height of the table was adjusted such that
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the beam was vertically centred in the visible part of the transverse face of the sheet

(full sheet face minus the part that was covered by the bottom vice).

8.3.2 Setup April 2019

Power Strip
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Figure 8.5: Schematic view of the setup during the beam test in Apr19. The setup
used during the Nov18 beam test was identical to that used at MedAustron
shown in figure 6.5. Courtesy Raffaella Radogna, UCL.

The following changes were made to the setup relative to the Nov18 beam test:

• A second beam entrance window was cut into the back of the flight case, op-

posite of the front beam entrance window. This allowed measurements from

both sides of the detector to be performed. Both windows were covered with

four layers of aluminised Mylar foil which had a water-equivalent thickness

of 0.03 mm.

• The sensor protector case was updated with a second integrated vice (see

section 3.4.4). This allowed to screw the sensor to the scintillator stack and

prevented the scintillator sheets from fanning out (see figure 6.14).

• The DAQ PC was replaced with a DAQ laptop and an extension graphic card

enclosure for the PIXCI frame grabber in order to reduce the weight of the
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setup. The enclosure was connected to the DAQ laptop using a Thunderbolt

3 cable.

• A Wifi connection was set up in the control room to facilitate the remote

control of the DAQ laptop with multiple laptops: one laptop was used for

the remote control of the CMOS sensor and another was used for the DSLR

camera. The data of the latter are not shown in this work.

(a) (b)

Figure 8.6: Photographs of (a) the detector setup in Apr19 inside the flight case and
(b) the positioning of the range telescope in front of the beam nozzle.

A schematic view of the readout setup is shown in figure 8.5. Figure 8.6(a)

shows the interior of the flight case with the scintillator stack, the CMOS sensor

and the DSLR camera. A side view of the scintillator stack is shown in figure 3.17.

Figure 8.6(b) shows the positioning of the range telescope on a tripod lifting plat-

form. The lifting platform was used because a conveyor belt was installed in front of

the range telescope for the measurement with moving beam degraders (not shown in

this work). The transverse centre of the visible scintillator stack was again aligned

with beam axis using the laser positioning system and a spirit level. The first sheet

was positioned in the beam isocentre.

At first, the range telescope was positioned with its back window pointing at

the beam nozzle for the measurement of the back ST curve (see section 8.4.2).

Afterwards, the range telescope was turned by 180◦ to the position shown in fig-

ure 8.6(b).
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8.3.3 PMMA Degrader
PMMA degraders of thicknesses between 1–50 mm were used to either degrade the

beam such that its peak could be imaged in the range telescope or to measure the

range pull-back of the degrader. A list of the range pull-back values and WET’s

of the PMMA degraders measured with a PTW Peakfinder is given in table 8.2.

These measurement were performed by Lennart Volz and Giulia Arico [165] with

a carbon ion beam of 200.28 MeV/u. The range pull-back was calculated by taking

the difference between the Bragg peak positions with and without degrader in the

beam path. The range pull-back in water ∆Rpb does not include the correction for

the displaced air by the degrader which is the length of the PMMA degrader L times

the relative stopping power of air: L×RSPair. The WET, however, does include the

correction of the displaced air.

WET = ∆Rpb−L×RSPair (8.1)

For measurements where the PMMA degraders were placed in the beam with the

aim to shift the Bragg peak, the range pull-back and not the WET was of interest,

because the air in the beam line was replaced by the PMMA degrader. The un-

certainty on the physical length L, which was meaured with a Vernier caliper, was

estimated to be ±0.1 mm [165]. The uncertainty on the range pull-back was a com-

bination of the measurement uncertainty of the PTW Peakfinder (±0.01 mm) and

a positioning uncertainty (rotation) of the PMMA degrader. A rotation of the de-

grader during measurement of up to θ = 2◦ was estimated to be realistic due to the

manual alignment of the degraders with the ∼1 mm thick laser lines of the in-room

positioning system. The rotation uncertainty on the WET σrot was calculated as:

σrot =WET ×
(

1
cos(θ)

−1
)

(8.2)

The RMS of the Peakfinder uncertainty and the rotation uncertainty is given as an

estimate for the total uncertainty on the range pull-back and WET in table 8.2.

8.4 Image Analysis

8.4.1 Background Subtraction
The background subtraction was performed in the same way as described in sec-

tion 6.4.2. The background region for the determination of the background offset
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Table 8.2: Physical length (L), range pull-back in water (∆Rpb) and water-equivalent
thickness (WET) of different PMMA degraders measured with a PTW
Peakfinder (PKF).

L (mm) ∆Rpb,PKF (mm) WETPKF (mm)

51.1 ±0.1 59.01±0.04 59.06±0.04
50.7 ±0.1 59.00±0.04 59.05±0.04
50.0 ±0.1 57.97±0.04 58.02±0.04
49.6 ±0.1 57.64±0.04 57.69±0.04
19.55±0.1 22.71±0.02 22.73±0.02
19.25±0.1 22.74±0.02 22.76±0.02
10.7 ±0.1 11.77±0.01 11.78±0.01
10.3 ±0.1 11.95±0.01 11.96±0.01
10.0 ±0.1 11.25±0.01 11.26±0.01
9.8 ±0.1 11.26±0.01 11.27±0.01
9.7 ±0.1 11.24±0.01 11.25±0.01
9.4 ±0.1 10.95±0.01 10.96±0.01
9.4 ±0.1 10.93±0.01 10.93±0.01
9.4 ±0.1 11.00±0.01 11.01±0.01
9.3 ±0.1 10.77±0.01 10.78±0.01
9.3 ±0.1 10.81±0.01 10.82±0.01
5.2 ±0.1 5.83 ±0.01 5.83 ±0.01
4.9 ±0.1 5.62 ±0.01 5.62 ±0.01
2.20 ±0.1 2.50 ±0.01 2.50 ±0.01
2.15 ±0.1 2.46 ±0.01 2.46 ±0.01
1.05 ±0.1 1.14 ±0.01 1.14 ±0.01
1.0 ±0.1 1.12 ±0.01 1.12 ±0.01

correction was defined from pixel row 1350–1536. This region was not covered

by any scintillator and therefore expected to be dominated by dark noise during

measurements with the particle beam.

8.4.2 Light Calibration

The light calibration differed between the two beam tests because of the introduction

of a second beam entrance window at the back of the flight case for the Apr19 beam

test. All ST measurements were conducted with a PMMA degrader in front of the

beam entrance window in order to avoid the dose build-up at the start of the Bragg

curve [11]. This degrader had a range pull-back of 59.05 mm.
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8.4.2.1 Single-Sided Shoot-Through (Nov18)
During the Nov18 beam test, ST measurements were only performed from the front

side of the range telescope. The procedure was the same as for the MedAustron

beam test described in section 6.4.3. However, because of the different maximum

proton beam energy at HIT (222.7 MeV at HIT versus 252.7 MeV at MedAustron)

the Bragg curve plateau had a different slope. ST measurements were also per-

formed with helium (220.51 MeV/u) and carbon (430.1 MeV/u) ions. Each ion

species also had a different Bragg curve plateau slope.
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Figure 8.7: Simulation of a ST curve in the detector for (a) protons, (b) helium ions
and (c) carbon ions. The simulated shoot-through curves were fitted with
a straight line which was used for the slope-correction of the measured
shoot-through curves.

Simulated ST curves for protons, helium and carbon ions are shown in fig-

ure 8.7. The simulated spot size was the same as the nominal beam spot size. The

light output was normalised to the first sheet in order to allow to identify the percent-

age change along the Bragg curve plateau. It can be seen that the simulated Bragg
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curve plateau could be approximated with a straight line for all particle species. A

better description of the proton ST curve could possibly be achieved with a second

or third order polynomial, however, this was not done due to the large systematic

uncertainty of the simulation (see discussion in section 8.4.2.3). A straight line was

fitted to the ST curve f (pixel) = p0+ p1 · pixel. The fit parameters p0 and p1 are

given in figure 8.7. The change in the simulated light output along the length of the

stack was +12% for protons, +5% for helium ions and −9% for carbon ions.

200 400 600 800 1000 1200depth (row number)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

lig
ht

 o
ut

pu
t (

a.
u.

)

No slope correction

Protons
Helium ions
Carbon ions

200 400 600 800 1000 1200
depth (row number)

1

1.2

1.4

ra
tio

(a)

200 400 600 800 1000 1200depth (row number)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

lig
ht

 o
ut

pu
t (

a.
u.

)
With slope correction

Protons
Helium ions
Carbon ions

200 400 600 800 1000 1200
depth (row number)

1

1.1ra
tio

(b)

Figure 8.8: Measured ST curves for protons, helium ions and carbon ions. (a) is with-
out slope correction and (b) is with simulated slope correction.

Figure 8.8(a) shows the measured ST curves for protons, helium and car-

bon ions. No measurement with oxygen ions was performed in the Nov18 beam

test. The smallest available spot size (F1) was used, which corresponds to 8.1 mm

FWHM for protons, 4.9 mm for helium and 3.4 mm for carbon ions. The beam in-

tensity was 3.2×109p/s for protons, 8×108p/s for helium and 3×107p/s for carbon

ions. Measurements with protons and helium ions were conducted in HFW mode,

and measurements with carbon ions in LFW mode, because of the low light yield.

The ST curves were normalised to the light output in the first sheet. As expected

from simulation, the slope of the three curves was different.

The fitted straight line to the simulated ST curves was used to correct for the

slope of the Bragg curve plateau. This was done by dividing the measured ST curve

with the straight line. The slope-corrected ST curves for different ions are compared

in figure 8.8(b). It was expected that the slope-corrected ST curves for different ions
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would coincide. However, it can be seen that a slope difference — defined as the

percentage increase in the ratio between the first and the last scintillator sheet in the

stack — between the curves of up to 10% remained after the correction with simu-

lation. This slope difference cannot be explained by a misalignment of the detector

because the detector was not moved between measurements. A potential rotation

would therefore be the same in all measurements. This was also the biggest advan-

tage of the single-ST calibration: a single-ST calibration corrects for any potential

detector misalignment because the misalignment would be the same in the ST curve

and in the following PDL curve measurements.

The most likely explanation for the observed disagreement is that the simu-

lation did not accurately predict the slope of the ST-curve plateau. This could be

a hint that the optical properties of the scintillator sheets — which were neglected

in the simulation — do have an impact on the shape of the PDL curve. The op-

tical properties of the scintillator and the black spray paint such as the reflection,

absorption and transmission coefficients were unknown which is why an accurate

simulation of the optics of the detector system was impossible. Moreover, this sim-

ulation is expected to be very sensitive to the size and shape of air gaps between

the scintillator and the fibre-optic plate as well as surface scratches and overlapping

paint on the scintillator sheets. Careful benchmarking of a future simulation against

measurements is therefore recommended.

Another potential explanation could be the uncertainty on Birks’ constant

which is not known for the used plastic scintillator. However, the effect of the sim-

ulated value of Birks’ constant on the slope of the simulated Bragg curve plateau

was found to be small: the slope of the PDD curve (kB = 0) was found to be nearly

identical to the slope of the PDL curve with kB = 0.09 mm/MeV: the difference in

the increase of the light output over the length of the scintillator stack was ≈ 0.6%

(for protons). This showed that the uncertainty on Birks’ constant could not be the

only source of the slope mismatch between simulation and measurement. There-

fore, a slope uncertainty of up to 10% had to be assumed (see figure 8.8(b)). The

influence of the slope uncertainty on the range reconstruction and the measurement

of Birks’ constant was investigated in section 8.5.

8.4.2.2 Double-Sided Shoot-Through (Apr19)

A new beam entrance window at the back of the flight case allowed ST measure-

ments from both sides of the scintillator stack to be made. First, ST curves were
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measured from the back of the stack, then the range telescope was turned around

by 180◦ and the front ST curves were measured. The detector remained in this

position for all following PDL curve measurements. The beam spot size of the

measurements was 8.1 mm FWHM for protons, 4.9 mm for helium and 3.4 mm for

carbon ions. The beam intensity was 3.2×109 for protons, 8×108 for helium and

3× 107 for carbon ions. All double-ST measurements were performed in HFW

mode, regardless of the low light yield for carbon ions.
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Figure 8.9: Comparison of front and back ST curves for (a) protons, (b) helium ions
and (c) carbon ions. The double-ST curve is the average of front and back
ST. (d) Comparison of the double ST for different particles.
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Figure 8.9 shows the projected front and back ST curves as well as the averaged

ST for (a) protons, (b) helium and (c) carbon ions. The ST curves were normalised

to the integral light output. It can be seen that the front and back ST curves showed

the opposite trends over the length of the scintillator stack. The average of front

and back ST was termed “double ST”. Since the Bragg curve plateau could be

approximated with a straight line, the average of the front and back ST could be

interpreted as an approximation of a slope-free calibration curve. The percentage

residuals relative to the double ST curve are shown in the bottom of each figure.

No back ST curve was measured for oxygen ions because of time restrictions. All

oxygen ion measurements were therefore calibrated using the carbon-ion ST curve,

which was expected to be the closest match because of the similar ion charge and

mass.

Figure 8.9(d) shows a comparison of the double ST for the different particles.

It can be seen that the maximum difference between the double ST curves was 3%.

Those differences could be explained by a non-linearity in the Bragg curve plateau

(see figure 8.7) and the different beam spot sizes for different ions. The influence

of the spot size on the light output is discussed in section 8.6.1.

The good agreement of the double ST curves also justified the use of the

carbon-ion ST for the light calibration of the oxygen-ion PDL curves. In fact, the

beam spot size might play a bigger role for an accurate light calibration than the ion

species (see section 8.6.1). An advantage of the double-ST calibration technique is

that it did not rely on potentially incorrect simulations for the slope correction of

the Bragg curve plateau. Instead, it was purely based on measurements. However,

this also made it susceptible to a potential misalignment of the range telescope. The

range telescope was turned around by 180◦ between the back and front ST mea-

surements, which could have impacted the light calibration. The calibration with

the single ST, however, was not impacted by detector misalignment. This is be-

cause any potential misalignment would be the same for the ST curve and the PDL

curves and therefore be cancelled out. The performance of a double ST therefore

requires the ST curve to be unaffected by rotating the detector by 180◦. This can be

achieved either by accurate detector positioning or by making the light output of a

scintillator sheet independent of the beam spot position. The required positioning

accuracy depends on the sensitivity of the light output on the beam spot position.

In measurements at MedAustron, a variation of the integral light output of up to

20% was observed for a spot position difference of 1 cm (see figure 6.20). If this
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relation is approximated to be linear and the maximum tolerable light uncertainty

is 2% (approximate uncertainty on the light output, see section 8.4.6), the resulting

required positioning accuracy would be 1 mm. For a range telescope with a length

of 120 mm, this corresponds to a rotation uncertainty of θ = arctan(1/120)≈ 0.5◦,

which is four times smaller than the estimated rotation uncertainty on the detector

alignment. It was concluded that the rotation uncertainty of the detector positioning

probably led to a systematic slope uncertainty in the double ST curve and subse-

quently the PDL curves.

8.4.2.3 Comparison of Single and Double ST
The results in the previous sections suggested that there were differences between

the single slope-corrected ST curves and the double ST curves. Figure 8.10 shows a

direct comparison of the single slope-corrected ST and the double ST. Both curves

were produced using ST curves from the Apr19 beam test. A comparison of ST

curves of the two different beam tests is shown in section 8.4.4. It was found that

the slope difference between single and double ST was 15% (protons), 15% (helium

ions) and 5% (carbon ions).

Both calibration ST curves had potential sources of uncertainty and therefore

none can be favoured over the other. The single ST curve relied on the simulated

Bragg curve plateau which neglected the influence of optical material properties on

the PDL curve. The comparison of single slope-corrected ST curves for different

beam particles showed that the simulation did not properly predict the measure-

ment (see figure 8.8(b)). The double ST, however, was affected by potential mis-

alignment because the detector was moved between the two (front and back ST)

measurements.

The observed disagreement in the percentage residuals of figure 8.10 could be

interpreted as a slope uncertainty on the light calibration. In order to investigate the

effect of this slope uncertainty on the range reconstruction, the PDL curves of the

Apr19 beam test were calibrated with both ST curves (single and double ST).

8.4.3 Depth Calibration
The conversion from pixel number to water-equivalent depth (depth calibration)

was performed in the same way as described in section 6.4.4. For the Nov18 beam

test, the start pixel value was pixelstart = 72 and the end pixel value was pixelend =

1325, while the stack physical thickness was 124.18 mm. This corresponded to

an observed stack thickness of 125.3 mm (1253 pixel rows) or an effective pixel
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Figure 8.10: Comparison of single and double ST curves for (a) protons, (b) helium
ions and (c) carbon ions measured in the Apr19 test beam.

size of 0.0991 mm, caused by the fan-out effect (see figure 6.14). The additional

WET resulting from a total of 1.12 mm air gaps between sheets (difference between

observed and measured stack thickness) was ≈ 0.001 mm and therefore neglected.

The top vice in the protector case introduced in the Apr19 beam test allowed

the fan-out effect of the scintillator stack to be avoided. The effective pixel size

was therefore identical to the nominal pixel size of 0.1 mm. In Apr19, the start

pixel was at pixelstart = 68 and the end was pixelend = 1310, yielding an observed

stack thickness of 124.2 mm which was nearly identical to the measured physical

stack thickness of 124.18 mm using a micrometre screw. This shows the additional
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compression by the top vice in the sensor protector case. The compression did not

affect the water-equivalent thickness of the scintillator stack (ignoring the air gaps),

which was WET = 127.27 mm for both the Nov18 and the Apr19 beam test.

8.4.4 Comparison of Nov18 and Apr19 Data
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Figure 8.11: Comparison of the projected and background-subtracted proton curves
for a beam energy of (a) 120.97 MeV and (b) 222.7 MeV taken during
the two beam tests in Nov18 and Apr19. The x-axis was calibrated to
show water-equivalent thickness.

Figure 8.11 shows the comparison of linearity-corrected, projected and

background-subtracted proton images measured during the beam tests in Nov18 and

Apr19 for two beam energies. In figure 8.11(a), the beam energy was 120.97 MeV,

the beam intensity 1.2× 109 p/s and the spot size 13.4 mm. In figure 8.11(b), the

beam energy was 222.7 MeV, the beam intensity 3.2× 109 p/s and the spot size

8.1 mm. The curves were normalised to the integral light output. Since the fan-out

effect was only present in the Nov18 dataset, the x-axis was calibrated to show

water-equivalent thickness in order to make the two curves comparable. It can be

seen in the percentage residuals that the two curves agree within ±8% at the sheet

centres. The spikes at the sheets edges originated from small shifts between the

sensor and the scintillator sheets, due to the disassembling and rebuilding of the

detector between the beam tests. The dark gaps between the sheets in the Nov18

data were wider and deeper because of the fan-out effect, which also contributed

to the spikes in the percentage residuals. The thin scintillator sheets at the start of
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the stack were systematically darker in the Apr19 measurement compared with the

Nov18 data. This observation could not be explained conclusively. The maximum

difference of 8% in the light output showed the reproducibility of the light coupling

of individual sheets when reassembling the detector. However, the light uncertainty

in the calibrated PDL curve is <8% because changes in the light coupling are

accounted for by the light calibration using the ST curve.

8.4.5 Beam Halo Hitting CMOS Sensor

Figure 8.12: Cropped raw image frame of a proton beam of 48.47 MeV in the scintil-
lator stack taken during the Nov18 beam test. The beam direction is from
bottom to top.

A raw image frame of a proton beam of 48.47 MeV in the range telescope

is shown in figure 8.12. The beam direction was from bottom to top. Direct hits

from the beam halo in the sensor could be observed as white spots up to the second

sheet from the bottom along the whole width of the stack. The direct hits of the

CMOS sensor were more pronounced at HIT compared with MedAustron because

of the larger proton beam spot size at HIT. The spot size is larger because of the

longer distance in air between the beam nozzle and the isocentre (MA: 0.65 m,

HIT: 1.12 m) as well as between the isocentre and the last focusing magnet in the

beam line (MA: 7 m, HIT: 6.5 m) [48, 171]. Moreover, HIT could deliver lower

proton beam energies than MedAustron (MA: 62.4 MeV, HIT: 48.47 MeV) with

even greater spot sizes.

The light ratio lDH of direct hits in the first sheet (definition see 6.4.5) was

plotted against the beam energy for the Nov18 and Apr19 datasets in figure 8.13.

Direct hits were seen to contribute up to 11% to the light output in the first sheet

at a beam energy of 48.47 MeV. The elevated light output could also be observed

in the first sheets in figure 8.15(a). An exponential decrease of the light ratio was
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Figure 8.13: Light ratio lDH as a function of proton beam energy for (a) Nov18 and (b)
Apr19 data (focus F1). The steps in (b) mark the use of different amounts
of PMMA degrader.

observed in the Nov18 data. The pattern was more complex in the Apr19 dataset.

This was due to the different amounts of PMMA absorber that were used to shift

the Bragg peak into the scintillator stack. The measurement of the light ratio can

be interpreted as a spot size measurement at the entrance of the scintillator stack.

The broadening of the proton beam in the PMMA degrader increased the spot size

at the entrance to the scintillator and therefore led to the observed saw-tooth pattern

in figure 8.13(b). For the measurements without PMMA degrader, a difference

between the two beam tests was observed: the light ratio was about 4.4% smaller in

Apr19 compared with Nov18 at the same beam energy and the same beam spot size

(focus F1). A potential explanation could be a difference in the vertical position of

the range telescope relative to the beam. Differences in the detector positioning of

up to ∼2 mm were plausible, due to the thickness of the laser positioning lines of

∼1 mm and the marker size of ∼3 mm on the flight case. A lower position of the

detector relative to the beam would have resulted in a larger overlap of the beam

spot with the CMOS sensor and vice versa.

Figure 8.14 shows the light ratio as a function of beam spot size for a proton

beam of 120.97 MeV. It can be seen that the light ratio increases exponentially with

increasing spot size. This observation follows the expectation because the amount

of particles in the beam halo decreased approximately exponentially with increasing

distance from the beam axis [14].
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Figure 8.14: Light ratio lDH as a function of proton beam spot size for a beam energy
of 120.97 MeV (Apr19 data).

The light ratio lDH was used as an estimate of the light output uncertainty due

to direct hits for depths up to the maximum range in silicon RDH . Moreover, the fit

range was adapted to start at z = RDH when the light ratio exceeded 2% in order to

mitigate the impact of direct hits on the measurement of the beam range and Birks’

constant. A limit of 2% was chosen because this was the approximate size of the

combined light output uncertainty without direct hits (see section 8.4.6). For ion

beams, the threshold of 2% was never exceeded, which could be explained by the

smaller spot size and the reduced scattering of ions in air compared with protons.

8.4.6 Light Output Uncertainty

Table 8.3: Light output uncertainty sources for the HIT beam tests. The term li is the
light output in the respective sheet.

Uncertainty source Value

Image frame averaging 0.012%×li
Sheet averaging 0.001–0.015%×li
Beam spot size 1%×li
Beam spot position 0.1%×li
Non-linearity of ST curve 0.5%×li
Background subtraction 2 averaged ADC counts
Cross talk 0.401%× li±1 +0.063%× li±2
Protons hitting CMOS sensor 0.5–11%×li (for z < RDH)
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The uncertainty sources on the light output during the HIT beam test were the

same as in the beam test at MedAustron discussed in chapter 6.4.6. A list of the

uncertainty values for the HIT beam tests can be found in table 8.3. The uncertainty

on the image frame averaging was approximately one order of magnitude lower

than at MedAustron because the beam intensity fluctuations were much smaller.

The maximum deviation of the beam spot position from the reference at HIT is on

the order of ±1.0 mm according to the HIT QA catalogue [172]. Therefore, a beam

spot position uncertainty of ±0.5 mm was estimated (same as for MedAustron).

8.5 Results November 2018

8.5.1 Range Measurement and Birks’ Constant

8.5.1.1 Protons

Proton PDL curves for beam energies from 48.47 MeV to 129.04 MeV were mea-

sured, which corresponded to the maximum beam range that fitted in the scintillator

stack. The binned QB model fit is shown for four beam energies in figure 8.15. The

PDL curves were calibrated using the slope-corrected single ST for protons. The

PDL curves are shown along with the reconstructed Bragg curve (Bortfeld model)

and the reference PDD curve. The y-axis shows the mass stopping power according

to the reference curve. The normalisation was such that the maximum dose of the

reference and the reconstructed PDD curves were the same. The light output in the

first sheet was normalised to the first dose value of the reference curve. PDL curves

where the direct hits contributed more than 2% of the light output in the first sheets

were only fitted from RDH–1.03×R0. The energy E0 stated in the plots is the nom-

inal beam energy provided by HIT while R0, f it and kb f it are the fitted beam range

and Birks’ constant, respectively.

Good agreement between the QB model and the PDL curves was observed

with deviations below 2% at all depths and for all beam energies. Compared with

the simulated PDL curves in figure 5.4(b), the agreement of the QB model with the

measurements was even better than with simulations. This could be interpreted as

a warning that the light calibration using the simulated ST curves was potentially

incorrect. For the highest beam energy (129.04 MeV), the drop at the entrance to

the scintillator was caused by the dose build-up effect [24].

Figure 8.16 shows the range difference ∆R0 between the reconstructed proton

range and the reference range for the light calibration with the proton ST. For a light
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Figure 8.15: Binned QB model fit to proton PDL curves and corresponding Bragg
curve reconstruction with comparison to reference PDD curves for four
beam energies. The light calibration is performed with a slope-corrected
single proton ST. PDL curves where the direct hits contribute more than
2% of the light output in the first sheets were only fitted from RDH–1.03×
R0. The drop in the light output of the first sheets at a beam energy of
129.04 MeV was caused by the dose build-up effect [24].

calibration with the proton ST, the measured ranges and reference ranges showed

an excellent agreement with a maximum range difference of −0.17 mm. The range

reconstruction accuracy ∆R0 is also shown for a light calibration with the carbon-

ion ST curve. This was done in order to quantify the impact of the slope uncertainty

on the range reconstruction. Here, it can be seen that the range difference was
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Figure 8.16: Range difference ∆R0 between the reconstructed proton range and the
reference range for PDL curves calibrated with the proton ST and the
carbon ST. The error bars show only the fit uncertainty.

larger compared with the proton ST: the maximum ∆R0 was −0.33 mm. The range

uncertainty resulting from the slope uncertainty in the light calibration was therefore

estimated to be ±0.1 mm.
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Figure 8.17: Birks’ constant kB as a function of the reference range for a calibration
with the proton and the carbon ST curve. The error bars show only the fit
uncertainty.
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The fitted values for Birks’ constant kB are shown in figure 8.17 for the PDL

curves calibrated with a protons ST and with a carbon-ion ST. For the proton-

calibrated curves, the minimum value was kBmin = 0.092 mm/MeV and the max-

imum value was kBmax = 0.118 mm/MeV. In the case of the carbon-calibrated

curves, the minimum value was kBmin = 0.07 mm/MeV and the maximum value

was kBmax = 0.118 mm/MeV. The lower kB values for the carbon-calibrated curves

can be explained by the slope difference of the proton and the carbon-ion ST curve,

which changed the peak-to-plateau ratio of the PDL curve. The uncertainty on kB

from the slope uncertainty was estimated to be ±0.02 mm/MeV.

8.5.1.2 Helium Ions

PDL curves of helium ions with energies from 50.57–122.30 MeV/u were measured

during the beam test in Nov18. Measurements were taken in HFW mode at a beam

intensity of 5×108 p/s. The parameters α and p of the proton QB model which were

determined for helium ions in water were used (see table 8.1). The other material

constants were the same as for protons and no other modifications were made to the

QB model. Since the QB model did not take into account the fragmentation of the

beam particles, perfect agreement between the model and the PDL curves was not

expected. Nevertheless, since the Bragg curves of protons and helium ions were

relatively similar, the helium PDL curves were fitted in the full range.

The helium PDL curves were calibrated using the slope-corrected helium ST

curve (see figure 8.8(b)). Four QB model fits to different energies are shown in

figure 8.18. The light uncertainty from direct hits was always below 2%. The fit

range was from z = 0 to z = 1.03×R0. Excellent agreement within 5% is seen for

all fits at all depths. This level of agreement was remarkable given the complete

disregard of the helium fragmentation. However, since the dose contribution of the

fragmentation increases with increasing beam energy, the QB model is expected to

perform worse at higher beam energies. This was also observed in figure 8.18.

Figure 8.19 shows the difference between the measured range and the reference

range for helium ions. Both were found to agree within 0.5 mm. In contrast to the

fit to proton PDL curves, the helium ion beam range was overestimated by the QB

model. The range difference also increased with increasing beam range. This could

be explained by the additional dose from the fragmentation tail, which pulls the QB

model towards larger beam ranges.
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(d) E0 =122.30 MeV/u

Figure 8.18: Binned QB model fit to helium ion PDL curves for four beam energies.
A small fragmentation tail is also visible downstream of the Bragg peak.

Figure 8.20 shows Birks’ constant as a function of the helium ion beam

range. The minimum value was kBmin = 0.092 mm/MeV and the maximum was

kBmax = 0.121 mm/MeV, similar to the results with proton beams. A steady in-

crease of kB with the beam range was observed. This correlation could be caused

by the fragmentation tail which was completely neglected in the QB model and

grew increasingly important with increasing beam energy.

8.5.1.3 Carbon Ions
PDL curves of carbon ions with energies from 88.83–217.25 MeV/u were measured

during the beam test in Nov18. Measurements were taken in LFW mode at a beam
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Figure 8.19: Range difference ∆R0 between the reconstructed helium ion beam range
and the reference range. The error bars show only the fit uncertainty.
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Figure 8.20: Birks’ constant kB as a function of the helium ion beam range. The error
bars show only the fit uncertainty.

intensity of 3× 107 p/s. The parameters α and p of the proton QB model deter-

mined for a carbon ion beam in water were used (see table 8.1). The other material

constants were the same as for protons. Carbon ion Bragg curves have a very sharp

peak due to the high carbon ion charge (+8 elementary charges). The peak is there-

fore too sharp to be accurately resolved with the range telescope. Hence, the beam

width σ could not be treated as a fit parameter in the QB model fit. For the fitting of
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(d) E0 =217.25 MeV/u

Figure 8.21: Binned QB model fit to carbon ion PDL curves for four beam energies.
The fragmentation tail downstream of the Bragg peak is clearly visible
for all beam energies.

the QB model to the carbon PDL curves, σ was fixed at a value of σ = 0.0027×R0.

This value was determined from a Gaussian fit to a simulated histogram of carbon

ion stopping depths with a beam energy of 430.10 MeV/u. An approximately lin-

ear relation between σ and R0 was assumed based on equation 2.6 [28]. The exact

value at which the beam width was fixed was found not to affect the quality of the

fit: variations of ±50% only led to a change in the fitted beam range of .0.04 mm

and .0.001 mm/MeV in Birks’ constant. This justified the coarse approximation of
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the value of σ . A more accurate determination of the expected beam width could

be performed in the future in order to optimise the fit quality.

The fragmentation of carbon ions had a strong influence on the Bragg curve

shape. The QB model in its current form was therefore not suitable to describe the

entire carbon PDL curve. In order to explore the range reconstruction accuracy of

the QB model for carbon ion beams, the model was only fitted to the peak region.

The peak region was defined as z = 0.7×R0 to z = R0+1.5 mm. This end of the fit

range was found empirically to always include the full Bragg peak and exclude the

fragmentation tail for the investigated dataset. The minimum fit starting depth was

set to z = R0−10 mm in order to ensure that at least four data points were included

in the fit. The carbon PDL curves were calibrated using the slope-corrected carbon

ST curve (see figure 8.8(b)).

Four QB model fits to different energies are shown in figure 8.21. The light

uncertainty from direct hits was always below 2%. Excellent agreement within 2%

was seen for all fits at all depths, which was a result of the narrow fit range.
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Figure 8.22: Range difference ∆R0 between the reconstructed carbon ion beam range
and the reference range. The error bars show only the fit uncertainty.

Figure 8.22 shows the difference between the measured range and the reference

range for carbon ions. Both were found to agree within 0.5 mm. The carbon ion

beam range was consistently overestimated by the QB model. The ripples in ∆R0

that were observed for neighbouring range steps could be explained by the sheet

thickness of the range telescope: the difference between neighbouring beam range
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steps was 1 mm while the sheet thickness was 2–3 mm. At the same time, the Bragg

peak width σ was always�1 mm. Therefore, the last fitted sheet was either one of

the brightest sheets in the stack (see figure 8.21(a) and 8.21(d)) or had a light output

of approximately half of that of the brightest sheet (figure 8.21(b) and 8.21(c)). The

alternation between these two PDL curve shapes led to the observed ripple pattern

because the relative contribution of the fragmentation tail to the light output in the

last fitted sheet light output oscillated. The same phenomenon is responsible for the

point-to-point variation of the fit uncertainty.
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Figure 8.23: Birks’ constant kB as a function of the carbon ion beam range. The error
bars show only the fit uncertainty.

Figure 8.23 shows Birks’ constant as a function of the carbon ion beam range.

The minimum value was kBmin = 0.01 mm/MeV and the maximum was kBmax =

0.024 mm/MeV, which was an order of magnitude smaller than for protons and

helium ions. This showed that Birks’ model is not applicable to carbon ions because

of their high specific energy loss dE/dz. The real average energy loss at the carbon

Bragg peak was in fact much smaller than the one predicted by the BK rule due to

the contribution from low-LET beam fragments. The QB model, which neglects the

fragment contribution, could therefore not make an accurate prediction of the light

quenching. Therefore, the kB value for carbon ions was not comparable with the

one for protons and helium ions.
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(a) Central beam position
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(b) 20 mm to the left
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(c) 20 mm to the right

Figure 8.24: Impact of the beam spot position on the proton range measurement. (a)
central beam spot, (b) beam spot shifted 20 mm to the left (beam’s eye
view) and (c) beam spot shifted 20 mm to the right. R0, f it and kB f it are
given with fit uncertainty only.

8.5.2 Beam Spot Position

A proton beam with an energy of 116.39 MeV was delivered 20 mm to the left and

right of the central axis of the scintillator, at the same vertical distance to the CMOS

sensor: the measured PDL curves are shown in figure 8.24. The same single slope-

corrected proton ST curve was used for the light calibration of the three curves (i.e.

the ST measurement was not repeated at the new beam spot position). The different

spot position between the calibration ST and measurement introduced noise which
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can be seen by comparing the ratio plots (bottom in the figures) of figure 8.24(a)

with 8.24(b) and 8.24(c). Variations in the light output in a sheet of up to 7% were

observed. These variations could be avoided by repeating the calibration ST mea-

surement at the respective spot position. Another possibility would be to use more

reflective material such as Mylar foil for the wrapping of the sheets in order to re-

duce the transverse position-dependence of the light output. However, the observed

variation in the beam range was ±0.03 mm which was within the fit uncertainty

on the range measurement. It can be concluded that the beam range measurement

was robust against small horizontal offsets from the central beam axis. Range mea-

surements with vertical offsets were not performed. However, the results of chap-

ter 6.5.1 suggested that vertical offsets would have the same influence on the range

measurement as horizontal offsets because the size and nature of the introduced

noise in the light output was the same (see figure 6.19).

8.6 Results April 2019

8.6.1 Beam Spot Size

8.6.1.1 Impact on the Light Output

The influence of the beam spot size on the light output was investigated by mea-

suring ST curves with different beam spot sizes. The sensor was operated in HFW

mode and the beam intensity was 3.2 · 109 p/s for protons, 8 · 108 p/s for helium

ions and 8 · 107 p/s for carbon ions. Figure 8.25 shows the front ST curves for (a)

protons (b) helium ions and (c) carbon ions. The curves were normalised to the

integral light output. Three beam spot sizes were measured for protons and carbon

ions (small, medium and large) and two spot sizes were measured for helium ions

(small and medium). The percentage residuals in each figure show the ratio of each

curve relative to the ST curve of 8 mm FWHM.

It can be seen that variations in the light output were proportional to the beam

spot size. A similar behaviour was observed for all particle species, indicating that

this was indeed a spot-size effect independent of the particle species. Some sheets

were more affected by a variation in the spot size than others: comparing spot sizes

of 8 and 20 mm, the maximum light output difference for protons is 3%, while

on average, the variation was ≈1%. The difference in the light output was more

pronounced in two central sheets in the scintillator stack. A close inspection of

these two sheets revealed that there were finger prints under the spray paint close
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Figure 8.25: Impact of the beam spot size on the light output for (a) protons, (b) helium
ions and (c) carbon ions. The ratio in the residuals is relative to the spot
size of ≈8 mm FWHM for all particles.

to the centre of the large face of both sheets. It is suspected that the finger prints

influence the way the light was reflected within the scintillator sheet which made

the light output change with the beam spot size.

The findings showed that the choice of the beam spot size of the calibration

ST had an impact on the light output of the calibrated PDL curve. However, every

particle beam broadens as it slows down in an absorber and reaches its maximum

spot size in the Bragg peak, i.e. the spot size of a beam depends on the depth in

the absorber. Hence, ST curves of different beam spot sizes would need to be used
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for the light calibration at different depths of a PDL curve in order to fully take

into account the spot-size dependence of the light output. However, this procedure

would be impractical which is why the broadening of the beam along the PDL curve

was neglected. For the Apr19 beam test data, all PDL curves were calibrated using

the ST curve with the closest matching beam spot size available. The influence of

the beam spot size on the range measurement was investigated in section 8.6.1.2.

8.6.1.2 Impact on the Range Measurement
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(a) Spot size: 13.4 mm

0 20 40 60 80 100water-equivalent depth (mm)

0

5

10

15

20

25

30

35

40

/g
) 

or
 li

gh
t o

ut
pu

t (
a.

u.
)

2
dE

/d
x 

(M
eV

cm

Measured PDL Curve

Fitted QB Curve

Reconstructed PDD Curve

Reference PDD Curve

 = 120.97 MeV0E

 0.03 mm± = 105.25 0,fitR

 0.004 mm/MeV± = 0.072 fitkB

0 20 40 60 80 100
water-equivalent depth (mm)

0.95

1

1.05

P
D

L 
/ Q

B
 

(b) Spot size: 15.4 mm
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(c) Spot size: 19.2 mm
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(d) Spot size: 20.9 mm

Figure 8.26: Impact of the beam spot size on the range measurement. (a) Beam spot
size of 13.4 mm FWHM, (b) 15.4 mm, (c) 19.2 mm and (d) 20.9 mm.
R0, f it is given with fit uncertainty only.
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A proton beam with an energy of 120.97 MeV was delivered to the range tele-

scope with six different spot sizes ranging from 13.4 to 20.9 mm FWHM. The PDL

curves for spot sizes of 13.4, 15.4, 19.2 and 20.9 mm are shown in figure 8.26.

The PDL curves of 13.4, 14.4 and 15.4 mm spot size were calibrated with a proton

double ST curve with a spot size of 11.1 mm. The PDL curves of 16.5, 19.2 and

20.9 mm spot size were calibrated with a proton double ST curve with a spot size

of 20.9 mm. The range reconstruction produced nearly identical results for all dif-

ferent spot sizes with a maximum range difference of 0.04 mm. The analysis was

repeated with the PDL curves that were calibrated using the same 20.9 mm FWHM

proton double ST: the same variation of the range was observed. It was therefore

concluded that it was possible to measure the range of a proton pencil beam with

the range telescope independent of the beam spot size of the PDL curve and the cal-

ibration ST curve. However, the variations in the light output led to a variation of

the fitted Birks’ constant of up to 15%. This was taken into account as a systematic

uncertainty on the measurement of kB.

All ratio plots in figure 8.26 show a 5% difference between the QB model and

the PDL curve at the entrance to the detector. This difference is due to the dose

build-up effect of a proton beam in an absorber (see figure 5.4(b)) [24].

8.6.2 Beam Range and Birks’ Constant

8.6.2.1 Protons

The QB model was fitted to 32 PDL curves with proton energies ranging from

48.45 MeV to 222.71 MeV. A maximum of ∆Rpb = (59.00 + 22.74 + 11.77 +

22.71 + 59.01 + 57.64)mm= 232.87 mm PMMA degrader was placed upstream

of the range telescope in order to shift the Bragg peak into the scintillator stack.

The beam energy of 120.97 MeV (R0 ≈ 105 mm) was measured with and without a

beam degrader of ∆Rpb = 57.64 mm. The start of the scintillator stack was defined

at a depth of z = 0 with any potential beam degrader material extending to negative

depth values. The fit range was from z = 0 to z = 1.03×R0−∆Rpb, except for when

the light contribution from direct hits exceeded 2% of the light output. In this case,

the fit start was defined at z = RDH .

Figure 8.27 shows examples of QB model fits for four proton PDL curves with

different energies. The PDL curves were calibrated using a double proton ST curve.

The sub-figures show the percentage residuals of the QB model fit. Alongside the

measured PDL curve and the QB model fit, the reconstructed PDD curve (Bortfeld
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(a) E0 =48.47 MeV
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(b) E0 =120.97 MeV
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(c) E0 =120.97 MeV (with degrader)
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(d) E0 =222.71 MeV

Figure 8.27: Binned QB model fit to proton PDL curves and corresponding Bragg
curve reconstruction with comparison to reference PDD curves for four
beam energies. The 120.97 MeV and 222.71 MeV data includes a PMMA
degrader of 57.64 mm and 232.87 mm range pull-back upstream of the
range telescope, respectively, hence the missing data.

model) as well as a reference PDD curve (Fluka simulation [130]) were also plot-

ted. The reconstructed PDD curve was normalised such that its peak had the same

magnitude as the reference PDD curve. The measured PDL curve was normalised

such that its value at zero depth equals the first value of the reference PDD curve.

The QB model described the measured PDL well at all beam energies: the dif-

ference was always smaller than 5%, which can be seen in the percentage residuals
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of figure 8.27. This quality of fit was also seen for the other measured ranges (not

shown).

Furthermore, the reconstructed PDD curve and the reference PDD curve show

good overall agreement (within ±15%). Discrepancies can be seen in the plateau

upstream of the Bragg peak and the dose build-up region. These discrepancies

increase with increasing beam energy. These stem from the coarse model of nuclear

reactions applied in Bortfeld’s analytical description of a Bragg curve [25].
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Figure 8.28: Range difference ∆R0 between the reconstructed proton range and the
reference range. The grey sections highlight where different amounts
of PMMA degrader have been used. An exception is the empty marker
which was measured without any PMMA absorber in the beam path. The
error bars show only the fit uncertainty. The range difference is shown
for PDL curves calibrated with a single and a double proton ST curve.

In order to assess the accuracy of the range reconstruction, the reconstructed

proton range was compared with the reference proton range: this was defined as the

80% fall-off of the distal edge of the reference proton curve. The uncertainty on

the reference ranges was 0.3 mm [166]. Figure 8.28 shows the range difference ∆R0

between the measured range and the reference range, plotted versus the reference

range, for PDL curves that were calibrated with the double proton ST and the slope-

corrected single proton ST curve. Different shades of grey highlight the use of

different thicknesses of PMMA degrader which are given at the top of the plot.

The red horizontal line marks the reference range. The error bars represent the

uncertainty only on the QB model fit.
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It can be seen that the range difference was between 0.0 mm and −0.46 mm.

Steps in the range difference were observed when new PMMA degraders were intro-

duced in the beam path: these could be explained with the uncertainty on the range

pull-back of the PMMA degraders. The outlier at a beam range of 105 mm (empty

marker) is the energy step that was measured with and without beam degrader of

57.64 mm range pull-back in front of the range telescope.

The range reconstruction results of the different calibration modes (single and

double ST) were very similar, with a maximum range difference of 0.2 mm. The

decrease of ∆R0 in the double ST data was observed to correlate with a decrease

of Birks’ constant (see figure 8.17). This depth-dependent kB value could be ex-

plained by the slope uncertainty on the calibration ST: a non-flat ST curve led to a

depth-dependent peak-to-plateau ratio in the calibrated PDL curve. Hence, a slope

uncertainty led to a Birks’ constant that depends on the beam range. This effect was

more pronounced for measurements without PMMA degraders because the entire

length of the curve was fitted (except for when the fit started at z=RDH due to direct

hits of the CMOS sensor by the beam halo).
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Figure 8.29: Birks’ constant kB as a function of the reference range. The grey sec-
tions highlight where different amounts of PMMA degrader have been
used. An exception is the empty marker which was measured without
any PMMA absorber in the beam path. The error bars show only the fit
uncertainty.
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Figure 8.29 shows the fitted kB value plotted against the reference range. The

reconstruction is shown from PDL curves calibrated with a double ST and for PDL

curves calibrated with a slope-corrected single ST.

For the double ST, Birks’ constant took values between 0.068 and

0.14 mm/MeV. A step in the reconstructed kB can be seen at a beam range of

82 mm, where the fit start changed from z = 0 to z = RDH . A relative fit range

can be defined as the fit range divided by the beam range. The relative fit range

decreased with increasing beam range because parts of the PDL curve were covered

by the PMMA degrader and because of the fit range being adapted to direct hits of

the sensor. This also explained the outlier at a range of 105 mm (empty marker):

the two PDL curves were fitted in different fit ranges. This fit-range dependence of

Birks’ constant was also shown in chapter 5.7.4.2.

For the PDL curves calibrated with a single ST, the range of kB values was

smaller (0.1 to 0.14 mm/MeV). The absence of a step at a beam range of 82 mm

shows that the kB reconstruction was less affected by the fit range, compared with

the double ST. The absolute kB values were larger compared with the double ST

because the slope of the single ST was steeper compared with the double ST (see

figure 8.10(a)). A steeper slope in the calibration ST led to a flatter slope in the

calibrated PDL curve, hence a reduced peak-to-plateau ratio which was described

by a larger Birks’ constant.

8.6.2.2 Oxygen Ions

PDL curves of oxygen ions with energies from 103.80–261.10 MeV/u were mea-

sured during the beam test in Apr19. Measurements were taken in LFW mode at a

beam intensity of 1.5× 107 p/s. The parameters α and p of the proton QB model

determined for an oxygen ion beam in water were used (see table 8.1). The other

QB model parameters were the same as for protons. For the fitting of the QB model

to the PDL curves, the beam width σ was fixed at a value of σ = 0.0024×R0 be-

cause the Bragg peak was too sharp to be resolved in the range telescope, similar

to the carbon beam measurements. This value was determined from a Gaussian

fit to a simulated histogram of oxygen ion stopping depths with a beam energy of

514.82 MeV/u. Variations of ±50% in the value of σ led to changes in the fitted

beam range of .0.004 mm and .0.0001 mm/MeV in Birks’ constant. This showed

that a more accurate determination of the oxygen beam width would only have a

small impact on the QB model fit.
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(b) E0 =150.20 MeV/u
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(c) E0 =200.90 MeV/u
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(d) E0 =261.10 MeV/u

Figure 8.30: Binned QB model fit to oxygen ion PDL curves for four beam energies.
The fragmentation tail is clearly visible.

The fragmentation of oxygen ions has a strong influence on the Bragg curve

shape. Therefore, the fit range was the same as for carbon ions with the aim of

avoiding the fragmentation tail: z = 0.7×R0 to z = R0 +1.5 mm, with a minimum

starting depth of z = R0− 10 mm. The oxygen PDL curves were calibrated using

the double carbon ST curve since no oxygen ST measurements were taken during

the beam test.

Four QB model fits to oxygen PDL curves with different beam energies are

shown in figure 8.30. The light uncertainty contribution from direct hits was always
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below 2%. Excellent agreement between QB model and the PDL curves within 2%

was seen for all fits which was a result of the narrow fit range.
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Figure 8.31: Range difference ∆R0 between the reconstructed oxygen ion beam range
and the reference range. The error bars show only the fit uncertainty.

Figure 8.31 shows the difference between the measured range and the reference

range of oxygen ions. The range difference was was observed to have an upward

trend from 0.2 mm at 18 mm beam range to 0.5 mm at a beam range of 100 mm.

A similar increase was observed for carbon ions. A potential explanation for this

increase is the increasing contribution of the fragmentation tail to the light output

with increasing beam energy. The point-to-point variation of the fit uncertainty is

of the same origin as for the carbon-ion data (see section 8.5.1.3).

Figure 8.32 shows Birks’ constant as a function of the oxygen ion beam range.

The minimum value was kBmin = 0.006 mm/MeV and the maximum was kBmax =

0.015 mm/MeV, which was an order of magnitude smaller than for protons and

helium ions. Again, this showed that Birks’ model is not applicable to oxygen ions

for the same reasons as discussed for carbon ions in section 8.5.1.3. Nevertheless,

Birks’ constant still allowed the ion quenching in the QB model to be parametrised.

8.6.3 Comparison of Ion Beams
The range telescope was tested with multiple different ion species available at the

HIT facility including helium, carbon and oxygen ions. Figure 8.33 shows four

PDL curves of these ions at approximately the same beam range. The ion energies

and the corresponding ranges in water according to libdEdx (minus the WET from
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Figure 8.32: Birks’ constant kB as a function of the oxygen ion beam range. The error
bars show only the fit uncertainty.
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Figure 8.33: Comparison of PDL curves from different ion beams with approximately
the same beam range.

the beam line to the isocentre of 3.05 mm [53]) are given in table 8.4. The PDL

curves were measured in the Nov18 beam test, except for the oxygen PDL curve,

which was measured during the Apr19 beam test. For the light calibration, single

slope-corrected ST curves of the same ion were used, except for the oxygen beam

for which a carbon-ion ST curve was used. This resulted in a slope uncertainty

of approximately 10% (see figure 8.8). The curves were normalised to the light



226 Chapter 8. Heidelberg Beam Tests

Table 8.4: Ion beam energies and ranges according to libdEdx [168] shown in fig-
ure 8.33.

Ion Energy (MeV/u) Range (mm)
1H 109.28 87.35
4He 108.88 87.23
12C 204.27 87.38
16O 242.58 87.70

output in the first scintillator sheet in order to allow the comparison of the the Bragg

peak shape. While the Bragg peak became sharper with increasing ion charge, the

observed peak-to-plateau ratio in the PDL curve decreased. This was likely the

result of the strong quenching that the ions underwent due to their high specific

energy loss as well as the low spatial resolution of the detector which suppressed

the tighter peak. As expected, the light production in the fragmentation tail was

seen to increase with increasing atomic number of the projectile.

8.6.4 Degrader WET

A potential application of the range telescope is the measurement of the water-

equivalent thickness of any material that might come into contact with a therapeutic

particle beam. Such materials include beam degrader, immobilisation devices or

samples of implants that can be found in the beam path. The measurement of the

material WET is composed of two range measurements of the same particle beam:

one with and one without the material in the beam path.

The range pull-back of different PMMA degraders was measured with the

range telescope using a proton beam of 120.97 MeV. The spot size was 13.4 mm

FWHM and the beam intensity 1.2×109 p/s. The sensor was operated in HFW

mode.

In a first step, the range of the PDL curve was measured without PMMA de-

grader in order to determine the non-degraded beam range (see figure 8.34(a)). For

the QB model fit to the PDL curves with PMMA degrader, the range parameter

was fixed to the non-degraded beam range. An example of this fit is shown in

figure 8.34(b) for a PMMA degrader with a range pull-back of 59.00 mm. The

depth of the fit start was defined by the available data and the maximum range RDH

reached by direct hits, if their contribution exceeded 2% of the light output in the
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(b) 59.00 mm PMMA.

Figure 8.34: Binned QB model fit to a proton beam PDL curve of 120.97 MeV beam
energy. (a) Determination of the beam range R0 with the offset being
fixed at 0 mm. (b) QB model fit with a PMMA degrader of 59.00 mm
range pull-back in front of the range telescope. The beam range in (b)
was fixed at the value determined in (a) and the offset was used as a free
fit parameter. The fit range used in (a) was the same as the fit range in
(b).

first sheet. In order to determine the degrader WET, the QB model was adapted

by introducing an additional fit parameter offset. This parameter defined the start-

ing depth of the QB model. The offset parameter was subtracted from all z values

during fitting. Therefore, the offset represented the range pull-back in water by the

PMMA degrader ∆Rpb,RT . The QB model was fitted in the same fit range for the

PDL curves with and without PMMA degrader, thus avoiding fit-range effects on

the beam range measurement. Afterwards, the range pull-back was translated into

WET using equation 8.1.

The WET measurement was performed for PDL curves calibrated with the

double and the single ST. Six PMMA degraders with nominal WETs of 1.12, 2.46,

5.62, 11.78, 22.73 and 59.05 mm were investigated. The results were compared

to the WET measured by a PTW Peakfinder WETPKF (reference WET) which are

shown in figure 8.35. The error bars show the RMS of the fit uncertainty on the off-

set parameter and a degrader alignment uncertainty of 2◦ on the effective degrader

length (see equation 8.2).
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Figure 8.35: Difference between the PMMA degrader WET measured by the PTW
Peakfinder (PKF) and the range telescope (RT).

It was found that both calibration modes yield the same results within the un-

certainties: the maximum difference between measured WET and reference WET

was 0.07 mm. This result shows the excellent relative range uncertainty of the range

telescope. The range telescope is therefore believed to be suited for fast measure-

ments of the WET of beam degrader material. In contrast to the PTW Peakfinder

measurement with takes several minutes to complete, the range telescope only needs

two one-shot measurements (with and without the beam degrader in the beam path)

to determine the WET of a beam degrader.

8.6.5 CMOS Sensor Region of Interest
In a future detector upgrade, it is planned to replace the CMOS sensor with a collec-

tion of photodiodes. One photodiode will be used for the light readout of one single

scintillator sheet. The photodiodes will not cover the entire 100 mm long readout

face of the scintillator sheet, as is currently being done by the CMOS sensor. There-

fore, it is important that the shape of the PDL curve does not change with the size

and shape of the readout face in order for the range reconstruction to be robust. The

readout face of a square photodiode with an active area of 1×1 mm2 was simulated.

This size was chosen since it represents a typical commercially available photodi-

ode size, although different sizes — smaller or larger and even non-square-shaped

— are available. This resulted in a substantial decrease of the transverse length of

the light readout area from currently 100 mm to 1 mm.
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Figure 8.36: Impact of the ROI position on the PDL curve shape. The width of the
ROI was 1 mm (10 pixels). The legend gives the region of interest (pixel
range) along the x-axis that was in selected the raw CMOS image to
generate the PDL curve. Pixel ranges of 101–110, 496-505 and 891–900
were investigated and compared to the light output from the full sensor
(1–1000).

The light readout with a photodiode was simulated by cropping the CMOS

sensor image of a 120.97 MeV (R0≈105 mm) proton beam along the x-axis. Instead

of averaging all pixel columns (number 1–1000), the averaging was restricted to

10 pixels at three different transverse sheet face positions: at the centre (496–505),

at the top left corner relative to the beam’s eye view (891–900) and at the top right

corner of the scintillator stack (101–110). The pixel range was also called ROI. Ten

pixels corresponded to a diode width of 1 mm along the x-axis. Along the sheet

depth, no restriction to the ROI was applied.

A comparison of the resulting PDL curves is shown in figure 8.36. The PDL

curves were calibrated using a double ST with the same ROI. The light output was

not averaged inside the sheets and the PDL curves were normalised to the integral

light output. It was observed that the PDL curve taken at the centre of the sheet

(green line) — although being more noisy compared to the full sensor readout due

to reduced statistics — gave nearly identical results (within ±1%) compared with

the full-sensor PDL curve. However, differences of up to 7% were observed for the

ROI’s near the corners of the sheet: the ratio of the PDL curves (blue and orange
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line in the bottom subfigure of figure 8.36) was seen to have an upward trend from

the start until the end of the scintillator stack. This effect was more pronounced on

the left side of the CMOS sensor (orange curve: ROI of 891–900) compared with

the right side (blue curve: ROI of 101–110).

The QB model was fitted to all PDL curves in different ROIs. The observed

change in the curve shape led to a difference in the reconstructed beam range of

up to 0.25 mm for the ROIs at the sensor corners compared to the full-sensor PDL

curve. For the central ROI (496-505), the reconstructed range was identical (∆R0 =

0.03 mm) to that measured from the full-sensor PDL curve. It was concluded that

the optimal photodiode positioning should be investigated further in the future. The

impact of the ROI size and position on the PDL curve shape is expected to decrease

if the uniformity of the light output is improved. The light readout with narrow

photodiodes is also expected to increase the sensitivity to alignment uncertainties,

which an improved light output uniformity could help to reduce. Techniques to

improve the light output uniformity are discussed in section 8.7.6.

8.7 Discussion

8.7.1 Proton Range Uncertainty
A number of different range uncertainty sources have been identified and listed in

table 8.5. The uncertainty sources were ordered from most important at the top to

least important at the bottom. The table applies to both HIT beam tests: the range

uncertainty for the Nov18 beam test is shown in the first column (zero additional

PMMA degrader). Some table cells show two values of which the first applies

to the smallest beam range that was measured with this degrader setting and the

second value applies to the largest beam range measured in this setting. Although

some of the uncertainties are signed (e.g. the SPR uncertainty) this was neglected

in the table and in the calculation of the overall RMS. A quick discussion of the

uncertainty sources can be found below.

QB model: The systematic difference between the reference range and the recon-

structed range with the QB model was shown in chapter 5.7.5 to be ±0.2 mm. This

includes the influence of the fit range on the range measurement.

Stopping power ratio: The WET of the scintillator stack did depend on the beam

energy with which it was probed due to the SPR variation of polystyrene and water

(see section 3.2.4). The uncertainty on the measured range was taken from fig-
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Table 8.5: Proton beam range uncertainty sources for the HIT beam tests. The range
uncertainty is given for the minimum and maximum range measured in each
beam degrader region.

Range uncertainty (mm)
Degrader WET (mm) 0 57.64 139.36 232.87
Beam range (mm) 18–120 83–170 170–260 260–310

QB model 0.2 0.2 0.2 0.2
Stopping power ratio 0.06–0.18 0.07–0.18 0.07–0.18 0.07–0.15
Calibration ST 0.01–0.2 0.0–0.06 0.0–0.08 0.0–0.15
Degrader WET (2◦ rotation) 0 0.04 0.08 0.14
Fit uncertainty 0.03–0.07 0.03–0.07 0.03–0.07 0.03–0.07
Stack WET (2◦ rotation) 0.01–0.07 0.02–0.07 0.02–0.07 0.02–0.05
Stack WET (PKF) 0.01–0.04 0.01–0.03 0.01–0.04 0.01–0.02
Beam spot size 0.04 0.04 0.04 0.04
Thermal expansion (∆T = 5 K) 0.01–0.04 0.01–0.03 0.01–0.04 0.01–0.02
Beam spot position 0.03 0.03 0.03 0.03
Detector positioning 0.01 0.01 0.01 0.01

RMS 0.22–0.36 0.25–0.30 0.24–0.31 0.26–0.34
Reference range [166] 0.3 0.3 0.3 0.3

ure 3.5(a). The SPR correction was between −0.06 mm and −0.18 mm, depending

on the depth of the Bragg peak in the scintillator stack.

Calibration ST: It was shown in section 8.4.2 that the slopes of the single and the

double calibration ST curves were different. The PDL curves measured in Nov18

were calibrated with both a single proton ST and a single carbon ST. The maximum

range difference between the two calibration modes was found to be 0.15 mm. The

Apr19 data was calibrated using a single and a double ST curve. Here, the impact

on the measured range was up to 0.2 mm, depending on the amount of used degrader

material.

Degrader WET (2◦ rotation): The uncertainty of the degrader WET was estimated

by calculating the WET change for a rotation of the degrader of 2◦ relative to the

beam axis. The maximum uncertainty was found for a PMMA degrader with a

WET of 232.87 mm and amounts to ±0.14 mm.

Fit uncertainty: The uncertainty on the range parameter that was returned by the

minimisation process was between ±0.03 and ±0.07 mm.

Stack WET (2◦ rotation): A rotation of up to 2◦ of the scintillator stack relative to

the beam direction was estimated to be realistic. The impact on the measured range
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did depend on the depth of the Bragg peak in the scintillator stack. For the maximum

observable depth in the stack of ≈120 mm, this resulted in a range uncertainty of

−0.07 mm.

Stack WET (PTW Peakfinder): The WET of the scintillator stack was measured

with a PTW Peakfinder water column. The measurement was repeated four times

with protons and also measured with helium and carbon ions. The uncertainty on

the WET of the stack was found to be ±0.04 mm.

Beam spot size: A variation of the beam range with the beam spot size of±0.04 mm

was observed in section 8.6.1. This uncertainty was assumed to be constant with

beam range.

Thermal expansion: The maximum temperature difference between the sheet

thickness measurement and the beam test was estimated to be 5 K. The result-

ing thermal expansion of the scintillator was calculated using equation 3.1 and

amounted to 0.04 mm for a beam range of 120 mm.

Beam spot position: The variation of the beam range with the beam spot position

of ±0.03 mm was observed in section 8.5.2. This uncertainty was assumed to be

constant with beam range.

Detector positioning: The first scintillator sheet was aligned with the beam isocen-

tre using the laser positioning system at HIT. The alignment uncertainty is estimated

to be ±1 cm in air, which results in a range uncertainty of ±0.01 mm in water.

Root mean square: All range uncertainties were added in quadrature (RMS) in

order to obtain an estimate for the total range uncertainty. The RMS was found

to be 0.22–0.34 mm, depending on the beam range. For comparison, the range

uncertainty given for the commercial MLIC Giraffe (IBA Dosimetry) is ±0.5 mm

and the required range QA uncertainty is ±1 mm [27].

Reference range: The uncertainty on the proton reference range was given as

±0.3 mm [166]. This included the reproducibility of the beam range and the un-

certainty on the water-equivalent path length to the isocentre. For ion beams, the

uncertainty on the reference range was estimated to be ±0.4 mm for beam ranges

up to 100 mm.

The maximum observed difference between the measured range and the reference

range was 0.46 mm (see figure 8.28). Therefore, it was concluded that the range

measurement results of the range telescope agree with the reference data within the



8.7. Discussion 233

stated uncertainties. Even better agreement is expected for a larger range telescope

(WET&30 cm) where the use of PMMA degraders can be avoided.

8.7.2 Birks’ Constant Uncertainty
The uncertainty on the reconstructed value for Birks’ constant returned by the QB

model fit to proton PDL curves was on the order of 0.01 mm/MeV. The system-

atic QB model uncertainty on Birks’ constant was 0.02 mm/MeV, (see figure 5.13).

This included the effect of different fit ranges on the reconstructed kB value. Birks’

constant was seen to change by up to 0.03 mm/MeV depending on which calibra-

tion ST curve was used (single or double ST). This was because the Bragg-curve

plateau of the single and the double ST curves had different slopes which directly

affected the peak-to-plateau ratio of the calibrated PDL curve: the slope uncertainty

was up to 15% (±7.5% light output uncertainty) for protons. The combined uncer-

tainty (RMS) on Birks’ constant was therefore σkB = 0.037 mm/MeV. A list of the

individual uncertainty sources is given in table 7.3.

Table 8.6: Birks’ constant uncertainty sources for the HIT beam tests.

Uncertainty source Value (mm/MeV)

QB model ±0.02
Fit uncertainty ±0.01
Calibration ST slope ±0.03

RMS ±0.037

The reconstructed values of Birks’ constant (proton beam, Apr19) range from

kBmin = 0.068 mm/MeV to kBmax = 0.140 mm/MeV. In Nov18, Birks’ constant var-

ied between kBmin = 0.07 mm/MeV and kBmax = 0.118 mm/MeV. Taking into ac-

count an uncertainty of±0.037 mm/MeV, these measurement are in agreement with

previously published values for polystyrene-based scintillators (see table 2.2). How-

ever, the relative measurement uncertainty was .40%, which was dominated by the

slope uncertainty from the calibration ST. In order to decrease the calibration ST

uncertainty, the beam-position dependence of the light output needs to be reduced.

This could be achieved by improving the light collection uniformity in the scin-

tillator sheets, e.g. by implementing a new sheet setup such as that described in

section 8.7.6.
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8.7.3 Ion Beams
The range reconstruction uncertainty for ion beams was the same as for proton

beams, except for the QB model uncertainty and the SPR uncertainty. Both uncer-

tainties were larger for ion beams compared with proton beams. The increased QB

model uncertainty was because the QB model was designed for proton PDL curves

and neglected the dose contribution from beam fragments. The SPR uncertainty

increased for ions because the SPR variation of polystyrene and water was expected

to be a function of the particle species [173]. Both uncertainties were not quanti-

fied for ion beams in this work. The SPR uncertainty could be quantified by using

libdEdx data of the stopping power of ions in matter. The ion range reconstruc-

tion uncertainty of the QB model could be characterised in simulations of ion PDL

curves. This simulation should not be performed in Geant4 because Geant4 uses

Birks’ law to describe quenching effects which is known to break down for the high

LET found in the carbon and oxygen-ion Bragg peak [84].

The reconstructed ion beam ranges agreed with the reference within 0.5 mm.

This result showed the potential of the range telescope together with the QB model

for fast range measurements of ion beams. The beam range was accurately recon-

structed even though the sheet size was too large to properly resolve the sharp ion

Bragg peak. This also highlighted the robustness of the binned QB model. How-

ever, in order to achieve this accuracy, the beam width σ needed to be fixed in the

QB model fit for carbon and oxygen ion beams since their beam width was much

smaller than the sheet size.

In terms of the SPR correction, the range telescope had a clear advantage

over MLICs because it was composed of a single, nearly water-equivalent mate-

rial. SPR variations are expected to increase with increasing differences between

the employed materials in a detector and water [174]. The beam degrader slabs in

MLICs are often made of more dense materials than water, such as aluminium [61].

The SPR variation is therefore expected to have a larger impact on the WET of the

MLIC compared with the scintillator stack (compare figure 2.1).

Due to the high energy loss dE/dz at the ion-beam Bragg peak, Birks’ law was

not applicable to carbon and oxygen ion beams. However, kB still acted as a quench-

ing parameter in the QB model, although its absolute value was not comparable to

the value obtained for protons and helium ions. The same phenomenon of a varying

kB value with the ion species was also observed in Leverington et al. (2018) [175].

Better agreement between the QB model and the ion PDL curves could potentially
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be achieved by extending Birks’ model with a higher-order quenching parameter as

proposed by Chou (1952) [78] (see section 2.4.2.2). However, the dominant source

of disagreement between the QB model and ion PDL curves was the complete dis-

regard of dose from projectile fragmentation. This could be resolved in the future

by developing a new QB model based on a PDD curve model which includes the

fragment dose, such as that developed by Krämer et al. (2000) [93].

8.7.4 Comparison With Other Range Detectors

Water equivalence: A major advantage of the scintillator is that it has a density

similar to that of water which facilitates the direct measurement of water-equivalent

depth compared with MLICs. The homogeneous material also reduces the SPR

correction which is expected to be especially important for ion beams.

Power supply: The range telescope does not require high voltage for operation,

unlike ionisation chambers. The PDD curve measured with ionisation chambers

need to be corrected for the voltage-dependent charge collection efficiency, which

is not present in the range telescope.

Dose rate independence: The light output of plastic scintillator normlised to dose

is independent of the dose rate [70]. This is important for high dose-per-pulse beams

(FLASH proton therapy) for which ionisation chambers have been shown to have a

dramatically reduced ion collection efficiency [66]. Dose-rate dependent quenching

has no been observed.

Radiation damage: Radiation damage and the consecutive light reduction is a ma-

jor disadvantage of plastic scintillator. For the range telescope, the radiation damage

was found to be manageable by occasional re-calibration with a ST measurement.

However, non-uniform radiation damage in the sheets due to variations in the beam

spot position, spot size and beam range would result in a systematic uncertainty

on the light calibration. No radiation damage in the CMOS sensor including the

readout electronics were observed over the course of the three beams tests.

Optical artefacts: In the range telescope, no depth-dependent correction factors

needed to be applied to the measured light output as is the case for monolithic

scintillation detectors which use DSLR cameras for the light readout [104, 81]. In

such detectors, image distortions and optical artefacts are caused by the lens and

the propagation of the scintillation light through materials with different refractive

index at an angle. None of these were observed in the range telescope.
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Sensitivity to misalignment: The current prototype of the range telescope is sen-

sitive to misalignment relative to the beam axis because of the position-dependent

light output in a scintillator sheet. An updated prototype detector will require a po-

sitioning system that reduces the detector alignment uncertainty to below 2◦. Com-

mercial detectors for range QA are more rigid and can be aligned relative to the

beam axis with greater accuracy. Moreover, steps towards a reduced beam-position

dependence of light output should be undertaken in the future, which is discussed

in section 8.7.6.

Weight and size: The compact and lightweight design would enable the detector

to be mounted to the beam nozzle such that one could easily perform range mea-

surements at different gantry angles. Such measurements are currently complex to

realise since the alignment of the QA detector always needs to be synchronised with

the gantry angle.

QB model: The QB model was developed in order to compensate for the low spa-

tial resolution of the range telescope. It was found in simulation that the QB model

allows the beam range to be reconstructed from a PDL curve with an uncertainty

of ±0.2 mm. It is of note that the QB model utilised for fitting does not require

simulations of the LET distribution in the scintillator in order to correct for the light

quenching. This is so far a unique feature among scintillator-based detectors for

beam range QA measurements. Instead, both the LET distribution and the quench-

ing correction are fitted simultaneously, thus avoiding a potential mismatch between

the two.

Accuracy of the range measurement: The proton range reconstruction uncertainty

without PMMA degraders and with improved detector alignment of a full-size range

telescope (WET≈30 cm) is expected to be on the order of ±0.3 mm. Comparable

commercial detectors such as the IBA Giraffe have a nominal range reconstruction

uncertainty of ±0.5 mm [176]. Furthermore, the range telescope was shown to

be able to cope with proton beams of different spot sizes as well as off-axis beams

which is important if scanned beams shall be measured without moving the detector.

No reports about the sensitivity of commercial MLIC to these beam parameters

could be found in the literature.

8.7.5 Applications in Particle Therapy
Initially, the detector was designed to perform range QA measurements of proton

pencil beams. However, the detector is also suitable for measuring the WET of any
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beam degrader material, immobilisation devices or samples of implants that can

be found in the beam path. Furthermore, the range telescope could be used as the

range measurement stage in a patient-specific QA detector, where the prescribed

dose distribution is measured and compared to the treatment plan. For this, the

light readout would need to be faster in order to allow the measurement of single

beam spots (typically ∼10 ms). Routes towards faster light readout are discussed in

section 8.7.6.1.

There is also the potential of using the range telescope for range QA mea-

surements of ion beams. Preliminary tests with an unchanged QB model showed

range reconstruction accuracy within ±0.5 mm for ion beam ranges up to ≈10 cm.

However, more work would need to go into the development of a QB model for

ion beams that also takes into account dose deposition from beam fragmentation in

order to achieve a clinically relevant range reconstruction accuracy for beam ranges

up to 30 cm in water.

In addition, the range telescope could be used for the measurement of the resid-

ual range of a beam that passes through a patient, either using patient range prob-

ing [177] or in a potential mixed helium/carbon beam [101, 178]. The latter would

enable the detection of inter- or intra-fractional movements of the tumour: this pos-

sibility is discussed in chapter 9.

8.7.6 Future Detector Upgrades

8.7.6.1 Readout

A large range uncertainty currently comes with the use of PMMA degraders, which

were necessary with the existing setup to measure the full range of clinical parti-

cle beam energies due to the limited WET of the scintillator stack. Furthermore,

the large-scale CMOS sensor offers a two-dimensional resolution that is not nec-

essary for range measurements whilst being fragile and delicate to handle. Future

work will therefore focus on developing a full-scale range telescope (WET≈ 30 cm)

with a custom light-detection system based on photodiodes. In this new setup, each

scintillator sheet will be coupled to a single photodiode. The results of section 8.6.5

show that a narrowed readout face at the sheet centre would not affect the range

measurement accuracy. Custom-built readout electronics will allow the range tele-

scope readout to be synchronised with the beam delivery for an automated data

acquisition. This new system will also be faster than the current light readout and
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therefore allow the measurement of individual beam spots that take on the order of

milliseconds to be delivered.

In order to increase the light sensitivity and speed of the range telescope, Sil-

icon PhotoMultiplier (SiPM) [179] could be used instead of photodiodes. This

would allow single-particle measurements with the range telescope, thus making

it a candidate for a future pCT system.

8.7.6.2 Light Collection

Plastic	
scintillator	
sheet	

Integrated	
optical	fibre	

Photodiode	
for	light	
detection	

Figure 8.37: Proposed scintillator sheet design with integrated optical fibre and pho-
todiode for improved light collection uniformity.

A major uncertainty source for the light output in a scintillator sheet is the

variable light collection efficiency along the transverse side of a sheet. This makes

the light output sensitive to rotational detector misalignment due to the variable

distance between the CMOS sensor and the beam axis. Moreover, the light output

in the current range telescope prototype depends on the beam spot size and position,

which introduces noise. This complicates the quality assurance measurements of

range uniformity across different spot positions.

A potential detector upgrade could include an optical fibre integrated in the

scintillator sheet. The fibre would need to be integrated during the sheet production

process, when the scintillator is heated, pressed into the required form and then

cut. A sketch of the proposed scintillator sheet design is shown in figure 8.37. This

setup is expected to reduce the position dependence of the light output by improving

the light collection uniformity. Moreover, the light collection uniformity could be

further enhanced by using a more reflective material than black spray paint for the
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optical decoupling of the sheets. With a more reflective material, each photon would

undergo more reflections inside the sheet before being absorbed which increases

the detection probability. The initial motivation for the usage of black paint was the

light output reduction and the mechanical stability. Potential alternatives to black

paint are Mylar wrapping or white paint. Mylar foil is one of the most widespread

wrapping materials for scintillation detectors and is appreciated for its reflectivity.

However, Mylar foil easily tears under mechanical stress which makes it difficult

to handle in a stack of 100–200 scintillator sheets. A good compromise could be

reflective white paint with less light absorption and more reflectivity than black

paint. The problem of the high light yield in a clinical particle beam could be

overcome by the choice of an appropriate photodiode with low sensitivity and a

large dynamic range or by using a neutral density filter between the scintillator and

the light detector.

A simulation (e.g. using Geant4) of the proposed setup including an accurate

description of the optical properties of the materials could test the claims made

above. Another parameter that could potentially influence the light collection is

the cross section of the scintillator sheet. Throughout this work, square scintillator

sheets were used. A simulation of different sheet forms such as round sheets could

help to find the optimal sheet form for the range telescope.

8.7.6.3 Sheet Size and Coupling

The short distance of ∼5 cm between the beam axis and the CMOS sensor led to

direct hits of particles of the beam halo in the CMOS sensor. Those were found to

increase the light output uncertainty in the first sheets. This effect increases with the

beam spot size. In the long run, the direct hits could lead to radiation damage in the

image sensor, although no radiation damage was observed in the course of the beam

tests carried out for this work. There are two possibilities to decrease the influence

of direct hits: shielding the light sensor from the beam halo or increasing the dis-

tance between the light sensor and the beam axis. The former could be achieved

by using a collimator or by putting lead shielding in front of the light sensor. The

opening diameter of the collimator should be larger than 5 mm in order to reduce the

impact of beam particles that scatter off the inner walls. Increasing the distance be-

tween the light sensor and the beam axis could be achieved by either increasing the

transverse sheet size or by using a light guide to couple the light sensor to the scin-

tillator stack, e.g. an optical fibre (see figure 8.37). Increasing the transverse sheet
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size would also increase the weight of the range telescope and could make it harder

to perform nozzle-mounted QA measurements. However, an increased transverse

sheet size would also leave more space for beam scanning measurements.

8.7.6.4 Combination with Tracker
A potential upgrade of the range telescope with a tracker system for making 2D

beam spot and position measurements upstream of the scintillator stack is also being

considered. The combination of the beam spot position information and the beam

range would allow quasi-3D beam measurements to be performed. Here, the term

“quasi” refers to the fact that the range telescope measures the projection of the light

output. Such a detector could be used for patient-specific QA (high beam current) or

particle imaging (low beam current), depending on the tracking detector technology

selected. For example, a large (10×10 cm2) silicon-strip tracker has been investi-

gated for the use in a future pCT detector by the PRaVDA consortium [180]. A ma-

jor concern with silicon tracker detectors is their radiation hardness and long-term

stability at therapeutic particle beam currents [181]. A conceptually similar detec-

tor to an upgraded range telescope was developed by the TERA foundation [182].

The TERA detector featured a scintillator-based range telescope read out by SiPMs

and paired with a triple Gas Electron Multiplier (GEM) particle tracker. However,

this detector could only perform (single-particle) measurements at low beam current

and was therefore not suited for full-intensity beam range QA. The key requirement

for a potential tracker upgrade would therefore be radiation hardness and ability to

process a high particle current.



Chapter 9
Mixed Helium/Carbon Ion Beam

9.1 Introduction

9.1.1 Online Treatment Monitoring
The advantage of carbon-ion beam therapy over conventional photon radiotherapy

lies in the highly localised depth-dose deposition of an ion, with a low entrance dose

increasing to a maximum — the Bragg peak — beyond which there is a sharp reduc-

tion in dose deposition. However, the steep dose gradient at the end of the particle

range in matter makes ion beam therapy sensitive to range uncertainties arising, for

example, from inter- (between two treatment fractions) and intra-fractional (during

a treatment fraction) anatomical changes, uncertainties at the treatment planning

stage as well as the patient setup.

In current clinical practice, range uncertainties are accounted for by adding

safety margins around the tumour volume and by avoiding beam directions corre-

sponding to the ions stopping directly in front of an Organ At Risk (OAR) [10].

However, even with safety margins, intra-fractional motion can lead to severe target

dose deterioration and/or overdosage of healthy tissue [34, 184, 185]. A schematic

view of a proton treatment plan for a lung tumour is shown in figure 9.1. Due to the

large density difference between the lung tissue and the tumour, the tumour motion

leads to an underdosage of the target area [183].

In order to exploit the full potential of ion beam radiotherapy, improved meth-

ods for inter- and intra-fractional treatment verification are needed. Several meth-

ods for treatment verification have been proposed of which prompt-gamma imag-

ing [186] and in-beam Positron Emission Tomography (PET) imaging [187] are

promising candidates. Both methods exploit the emission of secondary gamma ra-
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Figure 9.1: Schematic view of a two-dimensional depth-dose distribution of a proton
SOBP irradiating a lung tumour. The left image shows a treatment plan
without a static tumour. The right image shows the same treatment plan
with a shifted tumour due to organ motion. The tumour motion leads to
an underdosage of the tumour due to the replacement of low-density lung
tissue with denser tumour tissue. Figure adapted from [183].

diation following nuclear reactions of the primary ion beam with the target material.

However, the detection of the gamma radiation requires large and complex detec-

tors. Moreover, the precision of these methods is strongly limited by the small

amount of emitted gammas and the difficulty of detecting them [188, 189]. A de-

tailed overview of the current state-of-the-art of online treatment monitoring can be

found in Parodi et al. (2018) [190].

9.1.2 Ion Beam Mixing

Figure 9.2: Concept of ion beam mixing for simultaneous treatment and patient mon-
itoring. Figure adapted from [101] with permission. The carbon ions stop
in the patient and are used for tumour treatment. The helium ions cross the
patient and are measured by a detector for patient monitoring.
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This work investigates the potential of a new online treatment monitoring method

called “ion beam mixing”. In this method, a small percentage of helium ions is

added to a carbon ion treatment beam for simultaneous treatment and imaging (ther-

anostics) [191, 101]. The approximately equal mass/charge ratio of fully stripped

helium and carbon ions (relative difference ≈0.065%), could enable their simulta-

neous acceleration in a synchrotron accelerator to the same velocity (same energy

per nucleon). Due to the helium ions’ ∼3 times larger range compared to that of

carbon ions at the same velocity, treatment with a carbon ion beam and simultane-

ous treatment monitoring with helium ions could be possible. The concept of si-

multaneous treatment and imaging with a mixed helium/carbon ion beam is shown

in figure 9.2. In fact, the similarity in accelerator settings for the delivery of a

mixed helium/carbon beam (12C4+ with 3He+) was already reported by Kanai et

al. (1997) [192] in a cyclotron facility for the purpose of treatment with beams of

mixed RBE but without the consideration of online treatment monitoring.

Figure 9.3: PDD curve of a helium and a carbon-ion SOBP created with the
TRiP98 treatment planning software [93, 191]. Courtesy Christian Gra-
eff (Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany).
The beam intensity ratio of carbon to helium ions is 10:1. The figure
shows the PDD curves with and without taking into account the RBE. The
carbon dose at the depth of the detector is underestimated because the car-
bon dose data used for this plot ended at a depth of ≈120 mm behind the
carbon Bragg peak.

Graeff et al. (2018) [191] showed the potential of using a mixed helium/carbon

beam as a range probe in carbon-ion therapy by investigating lung patient cases
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based on 4D treatment planning. They created PDD curves of a helium and a car-

bon ion SOBP using the ion beam treatment planning software TRiP98 [93], which

is shown in figure 9.3. The patient starts at a depth of z = 175 mm and the car-

bon beam plateau extends from z =250–300 mm. The maximum beam energy was

255 MeV/u. Assuming a fixed helium contamination in the primary carbon ion

beam during the plan optimisation, they showed that the additional RBE dose stem-

ming from a 10% helium contamination in the primary beam would make up less

than 0.5% of the target RBE dose. This is explained by the physical dose differ-

ence between the plateau region of the helium ion PDD curve and the carbon Bragg

peak, as well as the difference in RBE between the ions at the depth of the carbon

ions Bragg peak. Moreover, the deposited dose in the patient distal to the tumour

stemming from the additional helium contamination was smaller than the dose from

the carbon beam fragments.

The idea of a mixed beam for treatment monitoring was first explored experi-

mentally in the study by Mazzucconi et al. (2018) [101]. In their proof-of-concept

work, they demonstrated that for a 10% addition of helium ions to the carbon beam,

the residual helium beam range could be measured in a scintillation detector despite

the signal contamination with carbon fragments. However, all presented experimen-

tal tests were conducted using protons in place of helium ions and no anthropomor-

phic cases were investigated.

9.1.3 Purpose

The aim of this work was to experimentally corroborate the results of Graeff et

al. (2018) [191] and Mazzucconi et al. (2018) [101] by using sequentially irradi-

ated beams of helium and carbon ions at HIT. Therefore, this work shows for the

first time the potential for online treatment monitoring of the mixed ion-beam tech-

nique. The range telescope was used for the monitoring of the residual helium beam

range in the experiments. First, the technique’s sensitivity was assessed with simple

PMMA degraders with differently sized air gaps (PMMA phantom). For assessing

more clinically relevant scenarios, prostate cancer treatments were investigated us-

ing anthropomorphic pelvis phantoms. With a first pelvis phantom, the feasibility

of using a mixed helium/carbon beam to detect rectal gassing/bowel gas movements

was investigated. The prostate case was selected for this study since prostate move-

ment has been shown to significantly affect the conformity of a treatment plan [193].

A second pelvis phantom was used to simulate small patient rotations. The acquired
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data allowed conclusions to be drawn on the clinical application and the limitations

of the helium/carbon beam mixing method.

9.2 Setup
The beam test was performed in April 2019 in the experimental room at HIT [160]

in the two days following the beam test described in chapter 8.

9.2.1 Range Telescope
The residual range of the primary helium ions and the fragments produced by the

carbon ion beam was monitored using the range telescope. The state of operation

of the detector as well as the detector alignment and positioning were outlined in

chapter 8.3.2. However, the target volume in the phantom was positioned in the

beam isocentre, as opposed to the measurements of chapters 6–8, where the beam

isocentre was in the first scintillator sheet of the range telescope. The detector

position relative to the beam was not changed between measurements, except for

the acquisition of a back-ST curve at the beginning of the beam test. The sensor was

operated in LFW mode for all measurements due to the low helium beam intensity.

9.2.2 PMMA Phantom
First, several PMMA degrader slabs were arranged upstream of the range telescope

to quantify the sensitivity of the method in a controlled setting. The aim of the mea-

surement was to create a range shift in the mixed helium/carbon beam and to draw

conclusions on the shift of the carbon Bragg peak by measuring shifts in the he-

lium Bragg peak. The PMMA degraders were passive material and did not produce

any scintillation light. The total thickness of the PMMA degraders was 190.12 mm

(219.72 mm WET, range pull-back in water of 219.53 mm) and the PMMA slabs

had a width and height of 150 mm. In order to create a range shift in the beam,

two thin PMMA slabs of similar WET were placed at a depth of 49.6 mm PMMA

(57.64 mm WET) such that they formed a vertical slit of adjustable opening width

(2–10 mm). The air gap width was adjusted with a ruler with an uncertainty of

±0.2 mm. The air gap was centred in the beam isocentre using the laser align-

ment system. PMMA slabs of variable thickness were used to adjust the gap thick-

ness (1–10 mm). The individual WETs of the used PMMA slabs were: 59.06 mm,

59.05 mm, 57.69 mm, 22.73 mm, 11.78 mm, 5.83 mm, 2.46 mm and 1.12 mm. The

WETs of the second set of PMMA slabs that were used to create the air gaps were:

11.25 mm, 5.62 mm, 2.50 mm and 1.14 mm. The distance in air between the last
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Range	telescope	PMMA	phantom	

Helium	

Carbon	

Air	gap	(slit)	of		
variable	width	

100	/	0.1	 124.18	/	127.27	

Physical	/	water-equivalent	thickness	(mm)	

49.6	/	57.69	 140.52	/	162.03	

(a)

(b)

Figure 9.4: (a) Schematic view and (b) photograph of the PMMA phantom used to
investigate the sensitivity of the helium/carbon beam mixing method. The
total thickness of the PMMA setup was 190.12 mm (219.72 mm WET), the
PMMA blocks had a width and height of 150 mm. Two PMMA slabs of
approximately equal WET were used to create a vertical air slit of variable
width/thickness at a depth of 49.6 mm in the setup. The carbon peak was
located at a water equivalent depth of ≈99 mm, and the helium peak was
located at ≈305 mm water equivalent depth.
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PMMA degrader and the scintillator stack was ≈10 cm (5 cm on either side of the

Mylar window). The beam air gap was placed in the beam isocentre and the beam

spot was centred in the visible part of the scintillator stack (the part that was not

covered by the vices). A schematic view of the setup is shown in figure 9.4. A

photograph of the degrader setup with an air gap of 10 mm thickness and 10 mm

width is shown in figure 9.4(b).

9.2.3 ADAM Phantom

(a)

(b)

Figure 9.5: (a) Isocentrical axial slice through CT image (courtesy Lennart Volz) and
(b) photograph of the ADAM phantom. The area outlined in red on the CT
scan marks the target (prostate) and the yellow arrow indicates the beam
direction.
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The Anthropomorphic Deformable And Multi-modal (ADAM) pelvis phantom

[194] was used to demonstrate the effect of rectal gassing/bowel gas movements

on the helium range. The phantom consists of various tissue equivalent materials

enclosed in an elliptical PMMA container (370 mm major, 220 mm minor axis) and

closely models the anatomical structure of a male pelvis. The phantom features a

fully deformable and movable prostate, an inflatable rectum and a deformable blad-

der, as well as the pelvic bone structures. Soft tissue is emulated with an agarose

mixture, fatty tissue with peanut oil. The hip bones were made from a 3D-printed

hollow structure, that is coated with strong gypsum and filled with a mix of Vase-

line and K2HPO4 to simulate bone marrow. Organs are made from a silicone hull

that is filled with an agarose mixture (prostate), water (bladder) or air (rectum). An

axial slice through the CT containing the prostate isocentre is shown in figure 9.5(a)

where the prostate is marked with a red circle and the beam direction is indicated

with a yellow arrow. Treatment planning X-ray CT scans of the anthropomorphic

phantoms were acquired by Lennart Volz using the Siemens Somatom Definition

Flash scanner at DKFZ.

Figure 9.6: Pro-Tekt endorectal balloon used for the simulation of bowel movements
and rectal gassing in the ADAM phantom. Figure adapted from [195].

In order to simulate rectal gassing/bowel gas movements, a rectal balloon (Pro-

Tekt Endorectal Balloon RT-4415PT, MEDRAD Inc, Warrendale, Pennsylvania,

USA) was inserted into the phantom’s rectum such that the balloon was located

next to the prostate (see figure 9.6). Such balloons are usually used in radiotherapy

to reduce prostate movement during the treatment [196, 197]. The balloon was in-

flated to air volumes of 30 ml, 45 ml and 60 ml. The uncertainty on the air volume
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was estimated to be ≈5 ml from the retained air volume after irradiation. Liquid

fillings of the rectum were not possible to realise with the current ADAM phantom.

The rectum was not collapsed when the rectal balloon was not inflated, but retained

a residual volume. During the measurement, the ADAM phantom was in a hori-

zontal “lying” position, as can be seen in figure 9.5(b). The phantom was aligned

with the in-room laser system such that the prostate was positioned in the beam

isocentre using markers at the outside of the phantoms. Two PMMA degrader slabs

with a combined WET of 59.06+59.05 = 118.11 mm were positioned between the

ADAM phantom and the range telescope in order to shift the helium ion peak into

the centre of the scintillator stack.

9.2.4 ADAM-PETer Phantom

In order to investigate the effect of patient rotations, the recently developed second

generation of the ADAM phantom, named ADAM-PETer [198], was used. Com-

pared to the ADAM phantom, the ADAM-PETer phantom has a smaller container

(310 mm major, 195 mm minor axis), denser and more realistic bone structures as

well as a 3D-printed prostate. The reason for using both available ADAM phan-

toms in this study resides in their respective advantages/disadvantages. The ADAM

phantom hull was made from two separate PMMA pieces that are glued together on

both lateral sides (see figure 9.5(a)). Moreover, the thickness gradient of the ADAM

phantom hull was larger compared to that of the newer ADAM-PETer phantom.

Hence, for investigation of patient rotation and motion, observed changes in the he-

lium range with the ADAM phantom could stem from the glue or the phantom shape

rather than anatomical features. The ADAM-PETer phantom did overcome these is-

sues. However, the available version of the ADAM-PETer phantom did not feature

a fully deformable/movable prostate and rectum, which would not have allowed a

realistic investigation of rectal gassing.

During measurements, the phantom was aligned such that the prostate was

placed in the beam isocentre. The phantom was positioned in a “seating” position

during measurements since this position allowed the angle of the phantom to be eas-

ily adjusted (see figure 9.7(b)). This positioning choice did not have an impact on

the treatment validity. A PMMA degrader with a WET of 22.76 mm was placed be-

tween the beam nozzle and the ADAM-PETer phantom in order to shift the carbon

ion Bragg peak into the prostate. This was necessary because only one non-clinical

helium-ion energy was available for measurements with both phantoms (see sec-
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(a)

(b)

Figure 9.7: (a) Isocentrical axial slice through the CT image (courtesy Lennart Volz)
and (b) photograph of the ADAM-PETer phantom. The area outlined in
red on the CT scan marks the target (prostate) and the yellow arrow indi-
cates the beam direction. The bright dots in the CT image on the surface
of the phantom are the bead markers used for alignment.

tion 9.2.6). A total of 57.65 + 59.06 + 59.05 = 177.76 mm WET PMMA degrader

was placed between the ADAM-PETer phantom and the range telescope in order to

move the helium ion Bragg peak into the middle of the scintillator stack.

9.2.5 Treatment Planning
For the anthropomorphic pelvis phantoms, treatment plans were generated by

Lennart Volz using the MatRad open source TPS [199]. A dose of 2 Gy RBE

per fraction was planned for the target (entire prostate). The spot spacing was set
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Table 9.1: Minimum and maximum beam energies of the applied treatment plans. A
beam angle of ±90◦ refers to a horizontal beam direction in the TPS.

Phantom Beam angle Emin (MeV/u) Emax (MeV/u)

ADAM ±90◦ 300 355
ADAM-PETer ±90◦ 260 316

to 3 mm. No OARs were considered and no margins were set around the target

volume. The additional dose from the helium beam was not considered in the treat-

ment optimisation. The treatment was planned for the fully rotatable (360◦) ion

beam gantry at HIT. A beam angle of 0◦ refers to a top-down beam direction. The

minimum and maximum beam energy in the plan as well as planned beam angles

are listed in table 9.1. Two horizontal beam directions were used for the treatment

plan (±90◦) with the patient lying down on his back, which is common for prostate

cancer treatment. However, only one beam direction of the treatment plan was de-

livered to the phantoms since the experiment was carried out in the Q-A room at

HIT which does not feature an ion-beam gantry.

9.2.6 Beam Settings

Table 9.2: Beam settings for the different experimental setups. The beam size is given
as the FWHM in air at the isocentre.

Phantom Energy (MeV/u) Beam size (mm) Intensity (part./s)
12C 4He 12C 4He 12C 4He

PMMA 219.8 220.5 8.5 & 4.7 8.1 & 4.9 8×107 8×107

ADAM (-PETer) 324.26 324.26 8.0 7.0 8×107 7×108

Since a real mixed beam could not yet be delivered, the experiments were

conducted with sequentially irradiated helium and carbon ion beams of similar en-

ergy/nucleon and spot size (focus). The measurements from the sequentially irradi-

ated beams were mixed offline, as detailed in section 9.2.8. The generation of a real

mixed beam in a synchrotron is discussed in section 9.4.3. For all measurements,

a ripple filter was used following the common practice with carbon ion treatments

at HIT [52]. The beam extraction time of the synchrotron was set to 5 s. For the
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PMMA phantom, two spot sizes of approximately 8 and 4 mm FWHM were inves-

tigated. The detailed beam settings for the respective phantom setups are listed in

table 9.2.

Beam energies of up to≈220 MeV/u were available for both carbon and helium

ions from the standard libraries of beam characteristics used at HIT [54]. As no

perfect match between helium and carbon ion beam settings existed in these tables,

the closest representation was chosen for the PMMA measurements. The highest

clinically available beam intensity of 8×107 particles/second for carbon ions would

— assuming a constant ratio of 10:1 between primary carbon and helium ions —

corresponded to an intensity of 8×106 particles/second for helium ions in the mixed

beam. This intensity was lower than the lowest helium beam intensity available

from the standard settings. Since the runs were mixed offline in data processing, the

same intensity was chosen for both ion types during measurements and the helium

PDL curves were scaled by a factor 10 in offline data processing. The impact of this

procedure on the results is discussed in section 9.4.

The helium/carbon beam mixing requires both particles to have the same en-

ergy per nucleon. In the standard HIT beam settings library, a beam energy of

326.24 MeV/u, which was the carbon beam energy required for the treatment of the

prostate targets within the pelvis phantoms, was not available for helium ions. How-

ever, since the HIT synchrotron was designed for the acceleration of carbon ions up

to 430 MeV/u, it has the potential to accelerate helium ions (and protons) to higher

energies than those used clinically. Helium ion beams, with higher energies than

needed for therapy, were recently established at HIT in a preliminary version, for a

few energies only and without scanning capability or position and intensity control.

In this work, a helium beam at 324.26 MeV/u was used for the measurements with

the anthropomorphic phantoms. The helium beam had an intensity of 7×108 p/s

and a beam spot size of 7 mm FWHM.

For the ADAM-PETer phantom, a PMMA slab with a WET of 22.76 mm was

placed between the beam nozzle and the phantom, since the available high helium

energy was greater than the energies determined in the treatment plan. With the

PMMA slab, the beam energy was reduced to ≈303 MeV/u for carbon ions (value

obtained from the simulation described in section 9.2.7), corresponding to the high-

energy beams of the corresponding treatment plan (see table 9.1). The helium beam

energy was reduced to∼316.5 MeV/u at the entrance to the ADAM-PETer phantom

by the PMMA slab [13].
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9.2.7 Monte Carlo Simulation

In order to validate the acquired measurements, Monte Carlo simulations using

Geant4 version 10.05.0 [119, 120, 121] were conducted. The simulations were

designed and carried out by Lennart Volz and are described in detail in [200].

The following physics lists were activated: G4DecayPhysics, G4-

StoppingPhysics for nuclear capture at rest, G4EmExtraPhysics and

G4EmStandardPhysics option4 for accurate modelling of low energy elec-

tromagnetic interactions, G4HadronElasticPhysics for modelling of elastic

nuclear interactions. To model inelastic nuclear interactions the G4QMDReaction

model was chosen for carbon ions as recommended by [201] and [202]. For helium

ions, G4BinaryLightIonReaction was activated together with the Tripathi

cross section data [203] recently tuned by [204] to accurately model the helium

Bragg peak. The default production cuts (affecting electrons, positrons and pho-

tons) were set to 1 mm in the phantoms. Within the range telescope a finer step

limit and finer production cuts (both 0.05 mm) were set.

The helium and carbon energy spectra after passing the ripple filter were mod-

elled from the generic beam line presented in [199]. The beam monitoring chambers

were modelled in the generic beam line using a water slab of 2.03 mm thickness.

The distance between beam nozzle and isocentre was 1.02 m in air (RSP=0.001).

Therefore, the total water-equivalent path length to the isocentre was 3.05 mm [53].

The lateral beam profiles were modelled with a 2D Gaussian spatial distribution

with the same FWHM as in the experiments. The initial beam divergence was ne-

glected in the simulation.

The detector was modelled as a single 100 × 100 × 120mm3 block of

polystyrene using the polystyrene material composition from the NIST database

[13] and modifying the density to match the known RSP of ≈1.025. Within the

simulation, the energy deposition in the detector was filled into a histogram with

a bin width of 3 mm along the beam axis (z axis). In order to accurately model

the light output of the experimental measurement, the scintillation light quenching

was approximated using Birks’ law [76]. The scintillation light output L(z) was

calculated as:

L(z) =
∫ z2

z1

S

(dE/dz′)−1 + kB
dz′ (9.1)

where Birks’ constant was set to kB = 0.075mm/MeV and S = 1. The value of

Birks’ constant was determined from a comparison of the simulation to measured
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data, see section 9.2.8. The integration limits z1 and z2 are the pre- and post-step

points of the Geant4 particle track, respectively. As opposed to the simulation de-

scribed in chapter 4, no optical photons were simulated and L(z) was directly cal-

culated from dE/dz using Birks’ law. The PDL curves were normalised in data

processing which makes the exact value of S irrelevant.

The PMMA degrader slabs were simulated using the NIST PMMA material

composition, setting the density such that the WET of the simulated slabs matched

the WET of the experimental slabs. For the anthropomorphic phantoms, voxelised

(3D pixels) digital geometries were created from the X-ray CT scans. The acquired

CT scan was in Hounsfield Unit (HU) which needed to be assigned to a material in

Geant4. The phantom materials were implemented from their chemical composition

using the material description in [194] and [205]. A detailed list is given in table 9.3.

First, for each Hounsfield unit in the CT scan, a material was assigned based on

the HU (lower-bound) thresholds listed in table 9.3. In a next step, the relative

electron density corresponding to the HU that was calculated from the HU lookup

table of the CT scanner used to produce the treatment planning CTs. The relative

electron density ρe,rel of the material was converted to mass density ρ following

equation 9.2 [206].

ρ =
ρe,rel ·ρH2O ·Ng,H2O

Ng
, Ng = NA ·∑

wiZi

Ai
. (9.2)

Here, ρH2O is the density of water, NA Avogadro’s constant, and wi the fractional

mass of every element i with atomic charge/mass ratio Zi/Ai in the compound. The

calculated density was used to assign a material to each voxel in the CT scan.

For all voxels with a HU below −160, the assigned material was air at density

1.155 mg/cm3.

In the simulation of the anthropomorphic phantoms, the deposited dose in each

voxel was also recorded. The dose in all voxels of a transverse plane was summed

up to display the integral dose to the patient as a function of the distance to the

isocentre (PDD curve). The number of simulated beam particles was 106 carbon

ions and 105 helium ions.
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Table 9.3: Chemical composition and HU range of the different materials used in the
anthropomorphic phantoms as implemented in the simulation. The corre-
sponding modelled patient tissue is given for each material.

Material HU range Element[wi(%)] Tissue

Air <−160 - Air
Peanut oil [−160,−30) H(7.36); C(58.94); N(20.62); O(13.08) Adipose
Agarose1 [−30,35) H(10.57); C(0.94); O(84.49); Na(2.19); F(1.81) Muscle
Agarose3 [35,80) H(10.82); C(1.65); O(86.53); Na(0.55); F(0.45) Prostate
Vaseline/
K2HPO4

[80,285) H(5.52); C(64.6); N(5.02); O(9.19); P(4.45); K(11.22) Inner bone

Gypsum ≥ 285 O(47.01); Ca(29.44); S(23.55) Cortical bone

9.2.8 Offline Beam Mixing
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Figure 9.8: Example of helium (red) and carbon (blue) PDL curves used for offline
helium-carbon beam mixing (black) at 220 MeV/u in the PMMA phan-
tom with a closed gap: measurement (solid with markers) and simulation
(dashed). The helium PDL curve was scaled to match a 1:10 ratio relative
to the carbon primaries.

In this experiment, helium and carbon beams were irradiated sequentially. The

PDL curves were created in the same way as described in chapter 6.4. The PDL

curves were calibrated using a double ST curve of the respective ion species (see

chapter 8.4.2.2). The measured PDL curves were scaled according to a 10:1 car-

bon:helium ratio and summed up in order to produce the signal of a mixed beam.

The simulated PDL curves were simply summed up because they were generated
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with the correct primary particle ratio. Figure 9.8 shows the measured (solid lines

with markers) and simulated (dashed lines) PDL curves of helium and carbon ions

as well as the mixed helium/carbon beam. The curves were normalised to the com-

bined helium/carbon light output in the first scintillator sheet. The observed ripples

in the carbon PDL curve were a spot size effect: the diffuse carbon fragmentation

tail had a much larger spot size than the carbon beam ST curve which was used for

the light calibration. These fluctuations were different from statistical noise since

they were reproducible, as can also be seen in all figures of section 9.3.1. They

originated from the dependence of the light output on the transverse beam position

and the beam spot size.

9.3 Results
Both measured and simulated PDL curves are presented side by side for compari-

son. The relative difference between a curve of interest f (x) and a reference curve

g(x) was chosen as a metric to quantify the change in the measured signal. It was

defined as [ f (x)− g(x)]/g(x). This metric enabled to resolve small differences

between the curve of interest and the reference curve, emphasising the sensitiv-

ity of the helium/carbon beam mixing. In all figures showing PDL curves in the

range telescope (measured and simulated), the horizontal axis represents the resid-

ual water-equivalent depth of the beam measured in the scintillator stack. The mixed

PDL curves were normalised to the light output in the first scintillator sheet of the

reference measurement in order to enable easier comparison between experiment

and simulation.

9.3.1 PMMA Phantom

Air slits with a thickness of 1–10 mm and an opening width of 2–10 mm were gen-

erated in the PMMA phantom. The helium/carbon beams were delivered with a

beam size of ∼4 mm (4.7 mm for 12C and 4.9 mm for 4He) and ∼8 mm FWHM

(8.5 mm for 12C and 8.1 mm for 4He) in order to investigate the impact of narrow

beams on the sensitivity of the technique. All measurements were made with both

beam size settings, except for the 1 mm thick air slit, which was only measured with

a beam spot size of 8 mm. The measurements and corresponding simulations are

presented with one parameter (either the slit opening width or slit thickness) being

constant. The comparative plots are shown for 4 and 8 mm FWHM in order to see

the improvement in sensitivity coming from narrow beams.
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Figure 9.9: Impact of an air-filled slit of 1–10 mm thickness and 2 mm width in the
beam path with a beam size of 8 mm FWHM: measurement (a) and simu-
lation (b).

0 20 40 60 80 100 120residual water-equivalent depth (mm)

0.2

0.4

0.6

0.8

1

lig
ht

 o
ut

pu
t (

a.
u.

)

Experiment: 4mm FWHM

closed slit (ref.)

2mm thick, 2mm wide

5mm thick, 2mm wide

10mm thick, 2mm wide

0 20 40 60 80 100 120
residual water-equivalent depth (mm)

0

0.5

1

re
l. 

di
ff.

(a) Measurement

0 20 40 60 80 100 120residual water-equivalent depth (mm)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

lig
ht

 o
ut

pu
t (

a.
u.

)

Simulation: 4mm FWHM

closed slit (ref.)

2mm thick, 2mm wide

5mm thick, 2mm wide

10mm thick, 2mm wide

0 20 40 60 80 100 120
residual water-equivalent depth (mm)

0

0.5

1

re
l. 

di
ff.

(b) Simulation

Figure 9.10: Impact of an air-filled slit of 2–10 mm thickness and 2 mm width in the
beam path with a beam size of 4 mm FWHM: measurement (a) and sim-
ulation (b).

Figure 9.9 and 9.10 show the impact of an air slit of 1–10 mm thickness and

2 mm width on the helium/carbon PDL curve for 8 and 4 mm FWHM respectively.

The width of the air slit and the beam size determined the fraction of particles that

pass through the air slit. For a beam size of 8.3 mm FWHM (the mean of the helium
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and carbon beam sizes) and a slit width of 2 mm, the fraction of beam particles that

see the slit is approximately 22%. This fraction was calculated by integrating a

Gaussian curve with the corresponding width between the edges defined by the air

slit. For a beam size of 4.8 mm FWHM and a slit width of 2 mm, the fraction of

beam particles that undergo a range shift is≈38%. However, this shift only became

visible in the high-gradient region of the distal fall-off of the helium Bragg peak.

The maximum measured relative difference for a beam size of 8 mm FWHM was

≈ 0.65, whereas for a beam size of 4 mm FWHM this value increased to≈ 1, in line

with the expectation from the fraction of beam particles interacting with the air slit.

It is shown that an air-filled slit with a thickness of 1 mm and a width of 2 mm

(the narrowest and thinnest air slit generated in this work) is detectable: the bump

in the relative difference with the reference measurement is ∼ 20 times larger than

the noise. As the slit thickness increased, the width of the bump in the relative

difference also increased because the bump width is directly proportional to the slit

thickness, if the slope of the distal fall-off of the helium Bragg peak is neglected

(i.e. assumed to be infinite). For slit thicknesses smaller than or comparable to the

helium Bragg-peak width, this slope interfered with the observed bump width. The

finite slope of the distal fall-off of the helium Bragg peak also explains why the

bump height increased with increasing slit thickness (even though the slit opening

width remained constant). This effect would not be expected for a helium Bragg

peak with an infinitely sharp distal fall-off and a range telescope with negligibly

small sheet size. It can be seen that simulation and measurement qualitatively agree

well, the difference between the two being below 0.05 (5%) in units of relative

difference.

Comparative plots of PDL curves from mixed beams going through a slit of

5 and 10 mm width are shown in the appendix B. These figures show the expected

increase of the relative difference metric with an increase of the slit width and a

decrease of the beam size. For a beam size of 8.3 mm FWHM and a slit width of

5 mm, the fraction of beam particles that see the slit is approximately ≈ 52%. For a

beam size of 4.7 mm, the fraction is ≈ 79%. In a beam with a spot size of 8.3 mm

FWHM, 84% of the beam particles will pass an air slit of 10 mm width. For a slit

width of 10 mm and a beam size of 4 mm FWHM, the entire beam (≈ 99%) passes

the air slit, resulting in a complete shift of the helium Bragg peak (see figure B.4).

For such broad slits, the improvement in sensitivity by using narrower beam is the

lowest: the maximum relative difference is 2.2 for a beam size of 8 mm FWHM and
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2.5 for 4 mm FWHM. The simple conclusion is that small anatomic changes can be

resolved better with narrow beams.
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Figure 9.11: Impact of an air-filled slit of 2 mm thickness and 2–10 mm width in the
beam path with a beam size of 8 mm FWHM: measurement (a) and sim-
ulation (b).
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Figure 9.12: Impact of an air-filled slit of 2 mm thickness and 2–10 mm width in the
beam path with a beam size of 4 mm FWHM: measurement (a) and sim-
ulation (b).
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Figure 9.11 and 9.12 show the impact of an air slit of 2 mm thickness and 2–

10 mm width on the helium/carbon PDL curve for 8 and 4 mm FWHM respectively.

It can be seen that the width of the bump in the relative difference remains constant,

while the bump height increases with increasing slit width, as expected. The im-

provement in sensitivity for a small beam width of 4 mm FWHM is the largest for

the narrowest slit widths. Comparative plots for slit thicknesses of 1, 5 and 10 mm

can be found in the appendix B. Again, it is observed that the bump height in the

relative difference increased with the slit width and decreased with the beam size

while the bump width remained constant.

9.3.2 ADAM Phantom

Three different beam spots with the same beam energy were selected from the

ADAM treatment plan: the prostate isocentre, a spot close to the rectum (verti-

cal position: isocentre−18 mm; horizontal position: isocentre+6 mm) and a spot in

between the two (vertical position: isocentre−12 mm; horizontal position: isocen-

tre). The ADAM phantom was moved by hand into the new position by aligning it

with markers on the outside of the phantom. The spot positions are highlighted in

the CT images shown in figure 9.13 for four different inflation stages of the rectal

balloon (0, 30, 45 and 60 ml air). The size of the circles shows the 2σ spot size in

air: the beam spot size was larger at the depth of the prostate due to scattering. The

PDL curve which was acquired with no inflation of the rectal balloon was defined

as the reference curve in the calculation of the relative difference.

Figure 9.14(a) shows the mixed helium/carbon PDL curve measured in the

range telescope for the beam spot close to the rectum. Four different inflation stages

of the rectal balloon are shown: 0, 30, 45 and 60 ml air. A change in the helium

range was observable even for the smallest air volume filled in the rectal balloon.

Since the rectum did not collapse when the rectal balloon was not inflated, the low-

est filling of the rectal balloon resulted only in a small change of the diameter of

the rectum compared to the reference state with no inflation. For larger inflations,

a drastic overshoot was observed in the helium range as the beam crossed into the

rectum and the rectal gas: the peak in the relative difference shows an increase in

the light output of up to 80% which extends over 25 mm depth. The simulation

in figure 9.14(b) showed nearly identical results. In addition, the simulated inte-

gral helium/carbon dose to the patient (mainly the carbon Bragg peak) is shown

in figure 9.14(c). This allowed the comparison of changes in the measured helium
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(a) No inflation (b) 30 ml

(c) 45 ml (d) 60 ml

Figure 9.13: Sagittal plane of the ADAM phantom CT scans for different stages of
inflation of the rectal balloon (0, 30, 45 and 60 ml air). The growth of
the rectum with increasing inflation volume is clearly visible. The circles
indicate the 2σ region of the irradiated carbon ion beam spots (8 mm
FWHM) at the isocentre (white solid), close to the rectum (yellow dotted)
and in between (magenta dashed). The bar that is visible in the rectum is
part of the rectal balloon. Courtesy Lennart Volz.

Bragg peak in the detector with changes in the simulated carbon Bragg peak in the

patient. However, a precise prediction of the carbon range shift based on the mea-

sured helium range shift is challenging and was beyond the scope of this work (see

section 9.4). The prostate isocentre was defined to be at depth z = 0. Here, the full

inflation of the rectum led to a relative overdosage of up to 400% behind the carbon

Bragg peak and a relative underdosage of up to −30% in the carbon Bragg peak.

The relative difference in the carbon peak was larger compared with the helium peak

because the dose fall-off is steeper for carbon. The width of the shift, however, was
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(c) Patient PDD simulation.

Figure 9.14: Detector response to different inflation stages of a rectal balloon placed
in the rectum near the prostate for the beam spot position near the rec-
tum wall: measured (a) and simulated (b) helium/carbon beam signal in
the detector. For comparison, the integrated dose to the phantom as a
function of the distance to the isocentre (c) is shown.

of a similar size (≈30 mm). The dose in the air before the patient (< −150 mm)

was non-zero because dose is defined as deposited energy per mass.

Similarly, for the spot located between prostate isocentre and the rectal wall

(figure 9.15), the two larger rectal balloon fillings resulted in observable changes in

the helium signal. For the spot in the isocentre (figure 9.16), no significant change
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(c) Patient PDD simulation.

Figure 9.15: Detector response to different inflation stages of a rectal balloon placed
in the rectum near the prostate for the in-between beam spot position:
measured (a) and simulated (b) helium/carbon beam signal in the detec-
tor. For comparison, the integrated dose to the phantom as a function of
the distance to the isocentre (c) is shown.

was observed for either air filling in the measurement. However, in simulation,

small changes were observed for the two larger air fillings. This disagreement could

be explained by changes in the relative distance of the spot centre to the urethra due

to positioning uncertainties and/or motion of the prostate between the treatment

planning CT and the irradiation. In the ADAM phantom, the urethra was modelled
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(c) Patient PDD simulation.

Figure 9.16: Detector response to different inflation stages of a rectal balloon placed in
the rectum near the prostate for the prostate isocentre beam spot position:
measured (a) and simulated (b) helium/carbon beam signal in the detec-
tor. For comparison, the integrated dose to the phantom as a function of
the distance to the isocentre (c) is shown.

with a silicone pipe. As such, the rectal balloon filling pushing the pipe wall out of

the beam might have caused the observed range change in the simulation (compare

prostate isocentre beam spot position in figure 9.13).
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(c) Patient PDD simulation.

Figure 9.17: Result for different beam angles entering the phantom: measured (a) and
simulated (b) helium/carbon signal in the detector. (c) shows the inte-
grated dose (helium and carbon ions) to the patient as function of the
distance to the prostate isocentre.

9.3.3 ADAM-PETer Phantom

In order to demonstrate the effect of small patient rotations on the helium/carbon

PDL curve, the ADAM-PETer phantom was manually rotated by 2◦ and 4◦

around its vertical axis (y-axis). The resulting PDL curve measurement, the PDL

curve simulation as well as the simulated integral patient dose are shown in fig-
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ure 9.17(a), 9.17(b) and 9.17(c), respectively. Both investigated angles led to a

noticeable change in the measured helium Bragg peak relative to the reference po-

sition (no rotation). The negative sign of the relative difference represents a beam

undershoot for the non-zero angles. A similar effect was observed in the simu-

lation, although the amplitude in the relative difference was about twice as large

compared with the measurement. In the simulated phantom PDD curve shown in

figure 9.17(c), in addition to the range shift in the carbon peak, dose differences at

the position of the hip bone (at a depth of ≈ −140 mm) could be observed. This

led to the conclusion that the observed shift in the carbon range could have been

caused by a rotation of the hip bone. However, the CT bead markers were left on

the ADAM-PETer phantom during irradiation as well as in the simulation (visible

as white dots on the surface of the phantom in figure 9.7(a)). Despite being made

from metal with a high stopping power, their small size only affected a small frac-

tion of the beam: having a diameter of 1.27 mm, only ≈2% of the beam particles

interacted with the bead markers for a spot size of 7 mm FWHM. This effect was

too small to explain the observed range pull-back of≈10 mm of∼20% of the beam

particles in figure 9.17. Independent of the origin of the observed range change it

can be concluded that patient rotations of a few degrees can be observed with the

helium/carbon beam mixing method.

9.4 Discussion

9.4.1 Uncertainty Sources

Range telescope: The uncertainty on the light output of ion beams was discussed

in chapter 8.4.6. However, the low beam intensities used for the irradiation of the

helium beam and the low light output in the carbon beam fragmentation tail led

to an increased noise which is taken into account during the light averaging in a

scintillator sheet. A source of systematic fluctuations in the carbon beam PDL curve

was the large mismatch between the narrow beam spot size of the carbon ST curve

and the diffuse carbon fragmentation tail. These fluctuations can be observed in the

carbon PDL curve in figure 9.8 and amount to up to ±5%. Those fluctuations are

systematic because they were reproducible since the beam spot size of the carbon

fragmentation tail did not change with small changes in the setup (such as inflation

of the rectal balloon). Hence, they did not affect the calculation of the relative

difference between PDL curves.
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Particle rate: The offline mixing of the sequentially irradiated helium and carbon

beam required a stable particle rate to create a 10:1 ratio between the carbon and he-

lium PDL curves. This was the case for the standard beam settings used. However,

for the (high-energy) experimental helium beam settings, fluctuations up to 15% in

the measured light output (integral of a PDL curve) were observed between spills.

For these settings, no spill regulation was active during irradiation, which is likely

to have caused these fluctuations. Hence, the helium PDL curves measured with the

pelvis phantoms were scaled such that the light output in the first scintillator sheet

matched the reference measurement. This results in an uncertainty of ±15% in the

helium-to-carbon ratio. However, the resulting influence on the ’relative difference’

metric was .1%.

Beam parameters: There were small differences in the helium and carbon beam

parameters. The small mismatch between the beam energies of helium and carbon

in the measurements with the PMMA phantoms led to a sub-millimetre shift of the

helium and carbon curves relative to each other compared to a real mixed beam.

This did not affect the obtained results because the carbon beam fragmentation tail

had a flat slope which does not exhibit any prominent features. In terms of the beam

spot size, a smaller helium spot was used compared to the carbon spot. This resulted

in less range mixing (caused by lateral tissue inhomogeneities) in the helium beam

as would have been observed for a real mixed beam.

Positioning uncertainty: For the PMMA phantom, the air slit was centred on the

beam axis marked by the in-room laser positioning system. In general a good agree-

ment of simulation and measurement was observed here, suggesting an accurate

phantom positioning for the measurement compared with simulation.

Since the HIT research irradiation room (Q-A room) did not feature an in-

room imaging system, the reproduction of the alignment of the pelvis phantoms

relative to the beam, compared with the alignment in the CT scanner, was a source

of uncertainty. For the ADAM phantom, the location of the target isocentre was

marked on the phantom surface based on the treatment plan CT scan. This process

already introduced some positioning uncertainty due to inaccuracies in the marking

by hand. Moreover, differences in the positioning of the rectal balloon can result in

differences in the anatomy shifts between the CT scan and the irradiation. It was

made sure that the rectal balloon was inserted in the rectum to the same depth by

measuring the residual bar length that was used for the insertion.
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For the ADAM-PETer phantom, the target isocentre was already marked on

the outside of the phantom with CT bead markers from an earlier experiment which

can be seen as bright spots on the phantom contour in figure 9.7(a). The in-room

positioning was then performed using the available laser positioning system with an

accuracy of ±1 mm. Nevertheless, for both pelvis phantoms, all investigated beam

spots were more than 2 mm away from the treatment field edge. Therefore, despite

positioning uncertainties, the obtained results still represent a realistic scenario.

An additional source of uncertainty in the ADAM-PETer measurements was

the manual rotation of the phantom. The angle relative to the isocentre position

was manually drawn on the phantom, which resulted in an estimated angular un-

certainty of ±0.5◦. Nevertheless, the measurements serve to qualitatively demon-

strate the feasibility of observing small patient rotations/movements with a mixed

helium/carbon beam.

Monte Carlo simulation: A major uncertainty in the Monte Carlo simulation was

the modelling of the phantom materials. For the anthropomorphic phantoms, this

introduced differences between the measured and the simulated helium range. Due

to noise and beam hardening artefacts in the CT image as well as tissue substitute

materials with overlapping Hounsfield unit range [194], it was not possible to match

the simulated and real composition perfectly with the method used in this work. For

example, for the ADAM phantoms, the silicone organ shells were simulated as inner

bone, due to the overlap in Hounsfield unit ranges for the two materials. Still, the re-

sults of simulation and experiment qualitatively agreed well. However, when using

Monte Carlo simulations as a reference for comparison to generate online treatment

feedback (see section 9.4.2), more accurate methods to find the correct material

composition (e.g. Dual-Energy CT [207, 208]) would be required. Implementing

such methods was beyond the scope of this work.

Another uncertainty was the value of Birks’ constant in the Monte Carlo simu-

lation. A relative uncertainty on kB of at least±20% from measurement with proton

beams had to be assumed (see section 8.6.2). Moreover, it was found by Boivin et

al. (2016) [84] and also in this work (see section 8.5.1 and 8.6.2) that a single value

of Birks’ constant can not simultaneously describe the light quenching in regions

with very different LET, in this case in both the helium Bragg peak and the carbon

beam fragmentation tail. However, the good agreement between measurement and

simulation justified the use of a single value for Birks’ constant and also the specific

value of kB = 0.075 mm/MeV. A different value by ±10% would lead to a change
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in the peak-to-plateau ratio of the helium PDL curve of ≈ 10%. In the same way

as the uncertainty on the particle rate, this only had a small effect on the calculated

relative difference between the PDL curve and the reference curve of ≈ 1%.

The noise in the CT images was likely to result in a larger variation of the mate-

rial densities in the simulations compared with the measurements. This potentially

led to more range straggling which would decrease the peak-to-entrance ratio in the

simulated helium PDL curve.

9.4.2 Beam Mixing for Online Treatment Monitoring

This work showed the potential of mixing a small amount of helium ions with a

therapeutic carbon-ion beam for observing changes in the treated anatomy. Since

the helium energies are fixed by the carbon energies from the treatment plan, the

helium/carbon beam mixing technique is limited to treatment directions where the

proximal target edge is located deeper than ≈1/3 of the total patient WET in that

direction. If this is not the case, the helium ions would not have sufficient energy

to exit the patient on the distal end, leading to the helium Bragg peak being located

in healthy tissue. However, this limitation can potentially be overcome by selecting

the treatment direction accordingly, if the gained additional information from the

helium ions out-weights the drawback of a non-ideal beam direction. A thorough

evaluation of patient data is needed to assess the applicability of the helium/carbon

mixing method for different treatment sites.

A general drawback of beam mixing is that the helium ions are not only sensi-

tive to range changes that affect the carbon ions, but also to every anatomical change

that occurs distal to the tumour, i.e. behind the carbon Bragg peak. However, inte-

grating the tissue properties over the whole thickness of the patient rather than just

up to the tumour volume is true for any radiography-based system. For patient sites

where there is known anatomical motion distal to the tumour, such as lung cases,

a pre-treatment 4D CT including the distal anatomy could be used to predict the

impact on the helium range for each motion phase. For prostate cases, this limi-

tation is less critical since the expected motion scenarios involve, for example, hip

motion/rotation, bladder and rectum filling, as well as muscle contractions around

the prostate [196], which are expected to have an effect on both the helium- and

carbon beam range. Moreover, since the prostate lies in the centre of the patient for

lateral beam directions, all beam energies in the treatment plan will be sufficiently

high for the helium ions to exit the patient on the distal side. Prostate cancer pa-
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tients could benefit greatly from the helium/carbon mixing method: the irregularity

and randomness of the expected motion patterns makes prostate motion hard to pre-

dict or mitigate in scanned ion-beam therapy [193], which is why online treatment

feedback would be highly advantageous. Dose delivery accuracy is even more im-

portant when considering hypo-fractionated carbon-beam therapy, where a change

in the anatomy is less likely to be averaged out over the course of multiple fractions.

An outstanding feature of the helium/carbon beam mixing method is its high

sensitivity due to the large dose gradient in the distal fall-off of the helium Bragg

peak. With the system used in this work, range changes as small as 1 mm of less

than a quarter of the particles in a pencil beam were observable. In this work, a

relatively large number of particles was integrated (≈ 6.7× 107 particles for the

PMMA phantom measurements) compared to the expected number of helium par-

ticles (number of carbon ions divided by 10, i.e. . 106 helium ions). The reason

the measurements were not conducted with a lower, more realistic beam intensity is

that the range telescope was designed for the range quality assurance measurement

of full-intensity proton pencil beams. The statistical uncertainty is therefore defined

by the sensitivity of the light sensor and not by the amount of produced scintillation

photons. A more sensitive light sensor could overcome this limitation. The range

telescope would also be required to be faster compared with the current prototype

in order to resolve single carbon-ion pencil beams with delivery times of ∼1 ms. A

fast-enough detector (.1 ms image acquisition time) might even enable the acqui-

sition of multiple range measurements per pencil beam — provided that the pencil

beam contains enough particles — in order to observe motion trends. Similar results

to those obtained in this work could probably be obtained with alternative detector

systems such as MLICs.

This work indicates that the previously suggested 10:1 ratio between primary

carbon ions and helium ions is indeed useful for detecting changes in the treated

anatomy because the measured helium Bragg peak had just the right amplitude to

be easily distinguished from the carbon fragmentation tail. However, the optimal

mixing ratio will depend on the used detector system as well as on the technical as-

pects of the acceleration of the beam in the synchrotron. Furthermore, it was shown

that the sensitivity of the technique also depends on the beam spot size, since it de-

termines the fraction of beam particles that are being affected by an inhomogeneity.

It is not trivial to quantify the observed range changes in the helium beam due

to the strong range mixing in heterogeneous materials. A possibility would be to
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perform a multi Bragg-peak fit similar to the methodology developed in [209] based

on the QB model presented in chapter 5. In this work, the relative difference to a

reference measurement was used to quantify range changes. This enabled quanti-

fying small changes compared to the expected signal without relying on a single

point of reference and without the need to perform a model fit to the PDL curves.

The latter feature could be of importance when using a mixed helium/carbon beam

for generating online feedback during the treatment where computational speed is a

necessity. On the other hand, using the relative difference compared to the expected

signal as a metric requires generating a reference curve for every beam spot. Those

reference curves could potentially be generated with Monte Carlo simulations at

the treatment planning stage which include an accurate description of the detec-

tor output, including spatial variations in the detector response, scintillation light

quenching, and patient geometry, as has been suggested in [101]. This technique

would require sophisticated tissue decomposition methods, as well as accurate nu-

clear physics models in the simulation. Since an accurate representation of the

patient is crucial for treatment planning, a deviation between the simulated and the

measured reference signal would point towards a potential error in the treatment

plan.

In a first step of using the mixed ion beam in a clinical setting, the treatment

could be stopped if and when large deviations from the reference are observed in the

helium peak. Alternatively, the additional information could be used to adapt the

treatment plan of the next fraction. In the far future, online treatment plan adaptation

might become a possibility.

Finally, a mixed beam would allow 2D images of the treated anatomy for

each iso-energy layer to be generated, using the helium range information of

each pencil beam and the algorithms developed for particle radiography imag-

ing [209, 210, 211]. This information could be used in post-treatment patient-

specific quality assurance and dose accumulation.

The results presented in this work indicate the potential of a mixed beam

for online treatment monitoring. However, only a conceptual assessment of the

technique was feasible since the helium/carbon beams were irradiated sequentially.

Definitive statements of the usefulness of the technique can only be made based on

a real mixed beam of which the feasibility is currently being investigated at HIT and

GSI.
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9.4.3 Acceleration of a Mixed Beam
As reported in Mazzucconi et al. (2018) [101], the most straightforward way to gen-

erate a mixed ion beam would be to mix the two ions at the ion sources. However,

at HIT, a reasonable current of fully stripped 12C6+ cannot be extracted from the

sources. Alternatively, partially stripped ions 12C3+ and 4He+ could be extracted.

In the case of CO2 gas, which is used at HIT for the generation of carbon ion

beams [212], the 12C3+ peak in the source spectrum would overlap with the 16O4+

peak. Therefore, the source would be required to use a different gas composition,

such as a mix of methane (CH4) and helium. Having a similar mass/charge ratio

(A/q≈4), the partially stripped helium/carbon ions could pass the injection beam

line together. However, the HIT LINAC pre-accelerator was optimised to acceler-

ate ions with A/q≤3 and cannot accelerate ions with A/q=4. A potential solution

could be to fully strip the ions before the LINAC instead of the current stripping

after the LINAC. However, this is usually avoided since the stripping efficiency

decreases with decreasing beam energy [149].

Another possibility would be to achieve the beam mixing in the synchrotron

by sequentially injecting the different ions in the ring. This technique would help

to reduce the beam contamination with unwanted ions because the optimum source

and accelerator settings could be used for both individual beams. A great effort is

usually made to avoid the contamination of the accelerated ion beams with ions of

similar mass/charge ratio [213]. Therefore, there is a strong reasoning that such a

contamination (i.e. helium/carbon ion beam mixing) could also be generated delib-

erately. If a mixed beam is generated in the synchrotron, stable extraction, beam

focusing and pencil beam scanning will pose further complex challenges.

9.4.4 Comparison of Beam Mixing and Sequential Irradiation
Given the complexity of the acceleration of a mixed beam, the question arises if

intra-fractional treatment monitoring could also be achievable with sequentially ir-

radiated beams: one being the treatment beam with the Bragg peak in the target

volume and one being the monitoring beam with the Bragg peak in the detector.

Sequential beams come at the advantage of being easier to generate compared to a

mixed beam. Moreover, the monitoring beam would not be limited by the param-

eters of the treatment plan. In this scenario, depending on the used technique, the

two beams would not have to have the same energy per nucleon nor would they be

required to be of the same particle species.
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Per definition, there is a time difference between treatment beam and mon-

itoring beam in case of sequential irradiation. Sequential irradiation would only

be useful if the change in the anatomy of the patient in the time between the two

beams is negligible. The minimum time required for a change of the ion species or

the particle energy in a synchrotron is on the order of a few seconds, although faster

switching times are being investigated at HIT [214]. This limits the applicability of

sequentially irradiated beams to slow motion patterns. Irregular but rare motion pat-

terns that cause large range changes such as stool and rectal gas movements during

prostate tumour treatments also have the potential to be monitored with sequential

beams. However, sequential irradiation is expected to severely increase the treat-

ment time, depending on the ratio of monitoring to treatment spills and the their

time difference. A mixed ion beam would not increase the treatment time, which

is highly desired in a clinical ion-beam therapy facility. It is therefore concluded

that online treatment monitoring for all tumour sites could only be achieved with a

mixed ion beam.





Chapter 10
Summary and Conclusion

10.1 Quenched Bragg Model
A mathematical expression of quenched depth-dose curves for therapeutic proton

beams — termed Quenched Bragg (QB) model — has been derived by combining

Birks’ law [76] and Bortfeld’s model of a Bragg curve [25]. The aim of the QB

model was to improve the beam range reconstruction accuracy from Percent Depth-

Light (PDL) curves measured in plastic scintillator. The strength of the approach is

the simultaneous fitting of the quenching correction and the LET distribution which

avoids misalignment uncertainties. A fit of the QB model to simulated PDL curves

in a polystyrene-based scintillator showed that simulation and model agree within

2.5% in the Bragg peak. The accuracy of the range reconstruction was analysed

in simulation: a maximum range difference of 0.14 mm between the reconstructed

range the reference proton range was found for proton ranges from 30 to 350 mm.

Birks’ constant was reconstructed within ±7%.

The QB model was adapted to take into account the bin size of the PDL curve

in order to improve the range measurement accuracy from data with low depth reso-

lution. For a bin size of 3 mm, the binned QB model reconstructed the proton beam

range with an accuracy better than 0.2 mm for beam ranges between 30–350 mm.

The presented range measurement accuracy is smaller than the recommended range

uncertainty on quality assurance measurements (±1 mm [27]). The QB model is

therefore believed to be a valuable and accurate tool for measuring the proton beam

range from PDL curves, especially in the case of low depth resolution. Since the

QB model and Bortfeld’s Bragg curve utilise the same set of parameters, it is possi-

ble to use Bortfeld’s formula to reconstruct the original Percent Depth-Dose (PDD)
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curve in a quenching medium from the fit parameters of the QB model. In the fu-

ture, the extension of Krämer’s Bragg curve model [93] with a quenching model

(e.g. Birks [76] + Chou [78]) could enable the modelling of ion PDL curves.

10.2 Range Telescope
A novel range telescope based on 2–3 mm thick plastic scintillator sheets and a

CMOS image sensor readout has been developed and tested with clinical particle

beams at three particle beam therapy facilities. The proposed design avoids opti-

cal artefacts that are common in scintillation detectors which use digital cameras

with optical lenses for the light detection. However, the light output in a scintillator

sheet showed a strong dependence on the transverse beam spot position. This led

to a slope uncertainty on the calibration procedure using high-energy shoot-through

measurements of up to 15% of the light output. There was also a discrepancy be-

tween the measurement and the simulated light output for which a simplistic model

was used that neglected the optical properties of the scintillator. Therefore, proton

PDL curves measured with the range telescope had a systematic light output uncer-

tainty of up to ±7.5%, which manifests in the broad range of measured quenching

values (Birks’ constant kB).

The maximum range difference between reference and measurement was

−0.46 mm at a beam range of 310 mm. The range uncertainty was dominated by

the use of PMMA beam degrader blocks, variations in the stopping power ratio of

plastic and water, the light calibration procedure and the QB model uncertainty.

The water-equivalent thickness of different PMMA degraders (1–50 mm thickness)

was reconstructed within ±0.1 mm in range pull-back measurements. A radiation

hardness evaluation demonstrated that the scintillator has the capability to fulfil

the longevity requirements in a clinical proton therapy centre by showing only 3%

light output reduction following a dose deposition worth about 500,000 beam spot

measurements, with a change in measured range well within the uncertainty of the

detector range measurement. The range reconstruction accuracy was also insensi-

tive to changes in the beam spot size, the lateral beam position within the detector,

the beam intensity and the initial particle energy. Range measurements of helium,

carbon and oxygen ion beams also achieved an accuracy within ±0.5 mm of the

reference range.

Although it was designed for the purpose of range QA measurements of ther-

apeutic proton beams, the range telescope has a variety of potential applications
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in particle therapy, including WET measurements of implants, patient range prob-

ing and online range verification. Future work will focus on improvements of the

readout speed and light output uniformity, as well as on an upgrade with a tracking

detector.

10.3 Mixed Helium/Carbon Beam
As part of this work, the use of a mixed helium/carbon beam for monitoring intra-

fractional anatomical changes (online beam monitoring) was investigated using

the range telescope. This work represents the first investigation of the mixed he-

lium/carbon ion beam technique for online treatment verification using a helium

ion beam and anthropomorphic phantoms. It was demonstrated that, with an arti-

ficially mixed beam, range changes as small as 1 mm of only a fraction (≈22%)

of the beam particles can be observed with the range telescope. This result high-

lights the outstanding sensitivity of the beam mixing technique to range changes in

the patient and the suitability of the range telescope to measure the residual helium

beam. Moreover, it was shown that the sensitivity is a function of the beam spot size

and can be improved if narrower beams are used for treatment. Two anthropomor-

phic pelvis phantoms were used to demonstrate the use of a mixed beam in realistic

clinical cases. It was shown that a mixed helium/carbon beam could be useful for

observing bowel gas movements and small patient rotations during a prostate cancer

treatment. The results were supported by good qualitative agreement of measure-

ment and simulation.

A limitation of the mixed-beam technique is that the helium energies are fixed

by the carbon treatment plan and thus might not have sufficient energy to cross the

patient for all treatment fields and patient sites. Furthermore, the helium beam range

is also affected by anatomical changes located downstream of the carbon peak. It

is not yet clear whether the generation of a mixed helium/carbon beam at a syn-

chrotron accelerator is technically feasible and is subject of further investigations.

In order to be applicable for online range verification with a mixed beam, the range

telescope would need to be updated with a faster and more sensitive light detector.
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Burešova.

[112] H. N. Subrahmanyam and S. V. Subramanyam. Thermal expansion

of irradiated polystyrene. Journal of Materials Science, 22, 1987.

doi:10.1007/BF01132942.

http://dx.doi.org/10.1088/0031-9155/59/1/23
http://dx.doi.org/10.1088/1361-6560/ab7876
http://dx.doi.org/10.1088/2057-1976/1/2/025204
http://dx.doi.org/10.14338/IJPT-17-00001.1
http://dx.doi.org/10.1118/1.1586454
http://dx.doi.org/10.1002/mp.13348
http://dx.doi.org/10.1118/1.4932630
http://dx.doi.org/10.1007/BF01132942


BIBLIOGRAPHY 293

[113] M. Esposito, T. Price, S. Manger, C. Waltham, T. Anaxagoras, D. J. Parker,

J. Nieto-Camero, and N. Allinson. A large area CMOS Active Pixel Sensor

for imaging in proton therapy. Journal of Instrumentation, 13(11):P11017–

P11017, November 2018. doi:10.1088/1748-0221/13/11/p11017.

[114] IS-1510-100 Product Note. Image Sensor Design and Innovation (ISDI Ltd),

2018.

[115] M. Esposito, T. Anaxagoras, A. Fant, K. Wells, A. Konstantinidis, J. P. F. Os-

mond, P. M. Evans, R. D. Speller, and N. M. Allinson. DynAMITe: a wafer

scale sensor for biomedical applications. Journal of Instrumentation, 6(12):

C12064–C12064, December 2011. doi:10.1088/1748-0221/6/12/c12064.

[116] M. Esposito, T. Anaxagoras, A. C. Konstantinidis, Y. Zheng, R. D. Speller,

P. M. Evans, N. M. Allinson, and K. Wells. Performance of a novel

wafer scale CMOS active pixel sensor for bio-medical imaging. Physics

in Medicine and Biology, 59(13):3533–3554, June 2014. doi:10.1088/0031-

9155/59/13/3533.

[117] J. Brodrick (CTO ISDI Ltd). Private communication, 2019-10-16.

[118] Warco Warren Machine Tools Ltd. Drill Machine Vices, July 2020.

URL https://www.warco.co.uk/machine-vices-vice-jaws/

302950-drilling-machine-vice.html.

[119] S. Agostinelli et al. Geant4: A Simulation toolkit. Nuclear Instruments and

Methods in Physics Research, A506:250–303, 2003. doi:10.1016/S0168-

9002(03)01368-8.

[120] J. Allison et al. Geant4 developments and applications. IEEE Transac-

tions on Nuclear Science, 53(1):270–278, February 2006. ISSN 0018-9499.

doi:10.1109/TNS.2006.869826.

[121] J. Allison et al. Recent developments in Geant4. Nuclear Instruments and

Methods in Physics Research Section A: Accelerators, Spectrometers, De-

tectors and Associated Equipment, 835:186 – 225, 2016. ISSN 0168-9002.

doi:https://doi.org/10.1016/j.nima.2016.06.125.

http://dx.doi.org/10.1088/1748-0221/13/11/p11017
http://dx.doi.org/10.1088/1748-0221/6/12/c12064
http://dx.doi.org/10.1088/0031-9155/59/13/3533
http://dx.doi.org/10.1088/0031-9155/59/13/3533
https://www.warco.co.uk/machine-vices-vice-jaws/302950-drilling-machine-vice.html
https://www.warco.co.uk/machine-vices-vice-jaws/302950-drilling-machine-vice.html
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/https://doi.org/10.1016/j.nima.2016.06.125


294 BIBLIOGRAPHY

[122] B. Stroustrup. The C++ Programming Language. Addison-Wesley Longman

Publishing Co., Inc., USA, 1986. ISBN 020112078X. URL https://

www.stroustrup.com/4th.html.

[123] D. C. Hall, A. Makarova, H. Paganetti, and B. Gottschalk. Validation of

nuclear models in Geant4 using the dose distribution of a 177 MeV proton

pencil beam. Physics in Medicine and Biology, 61(1):N1–N10, November

2015. doi:10.1088/0031-9155/61/1/n1.

[124] M. Novak. Physics I.: Physics Lists. February 2019. URL

https://indico.cern.ch/event/776050/contributions/

3237925/attachments/1789252/2914238/PhysLists.pdf.

[125] G. Folger, V. N. Ivanchenko, and J. Wellisch. The Binary Cascade: Nucleon

nuclear reactions. The European Physical Journal A - Hadrons and Nuclei,

21:407–417, 09 2004. doi:10.1140/epja/i2003-10219-7.

[126] V. I. Tretyak. Semi-empirical calculation of quenching factors for ions in

scintillators. Astroparticle Physics, 33(1):40 – 53, 2010. ISSN 0927-6505.

doi:10.1016/j.astropartphys.2009.11.002.

[127] J. Argyriades, R. Arnold, C. Augier, J. Baker, A. Barabash, M. Bongrand,

G. Broudin-Bay, V. Brudanin, A. Caffrey, S. Cebrian, and et al. Spectral

modeling of scintillator for the NEMO-3 and SuperNEMO detectors. Nu-

clear Instruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment, 625(1):2028, January

2011. ISSN 0168-9002. doi:10.1016/j.nima.2010.09.027.

[128] R. Arnold et al. Technical design and performance of the NEMO 3 detector.

Nuclear Instruments and Methods in Physics Research Section A: Accelera-

tors, Spectrometers, Detectors and Associated Equipment, 536(1):79 – 122,

2005. ISSN 0168-9002. doi:10.1016/j.nima.2004.07.194.

[129] F. Piquemal. The SuperNEMO project. Physics of Atomic Nu-

clei, 69(12):2096–2100, December 2006. ISSN 1562-692X.

doi:10.1134/S1063778806120131.

[130] K. Parodi, A. Mairani, S. Brons, B. G. Hasch, F. Sommerer, J. Naumann,
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Chin, A. Ferrari, P. Gueth, C. Kurz, L. Lestand, A. Mairani, G. Montarou,

R. Nicolini, P. G. Ortega, K. Parodi, Y. Prezado, P. R. Sala, D. Sarrut,

and E. Testa. Distributions of secondary particles in proton and carbon-ion

therapy: a comparison between GATE/Geant4 and FLUKA Monte Carlo

codes. Physics in Medicine and Biology, 58(9):2879–2899, April 2013.

doi:10.1088/0031-9155/58/9/2879.

[134] S. Dhanesar, N. Sahoo, M. Kerr, M. B. Taylor, P. Summers, X. R. Zhu,

F. Poenisch, and M. Gillin. Quality assurance of proton beams using

a multilayer ionization chamber system. Medical Physics, 40, 2013.

doi:10.1118/1.4817481.

[135] F. Alsanea and S. Beddar. Evaluating analytical ionization quenching

correction models for 3D liquid organic scintillator detector. Journal of

Physics: Conference Series, 847:012022, May 2017. doi:10.1088/1742-

6596/847/1/012022.

[136] M. J. Berger. Penetration of Proton Beams Through Water 1. Depth-dose

Distribution, Spectra and LET Distribution. U.S. Department of Commerce,

National Institute of Standards and Technology, 1993. URL https://

nvlpubs.nist.gov/nistpubs/Legacy/IR/nistir5226.pdf.

[137] R. Brun and F. Rademakers. ROOT: An object oriented data analysis frame-

work. Nuclear Instruments and Methods in Physics Research, A389:81–86,

1997. doi:10.1016/S0168-9002(97)00048-X.

http://dx.doi.org/10.1088/0031-9155/57/12/3759
http://dx.doi.org/10.2172/877507
http://dx.doi.org/10.1063/1.2720455
http://dx.doi.org/10.1088/0031-9155/58/9/2879
http://dx.doi.org/10.1118/1.4817481
http://dx.doi.org/10.1088/1742-6596/847/1/012022
http://dx.doi.org/10.1088/1742-6596/847/1/012022
https://nvlpubs.nist.gov/nistpubs/Legacy/IR/nistir5226.pdf
https://nvlpubs.nist.gov/nistpubs/Legacy/IR/nistir5226.pdf
http://dx.doi.org/10.1016/S0168-9002(97)00048-X


296 BIBLIOGRAPHY

[138] R. Brun and F. Rademakers. ROOT User’s Guide 6, May 2018. URL

https://root.cern.ch/root/htmldoc/guides/users-

guide/ROOTUsersGuide.html. Accessed on 2019-11-21.

[139] X. Zhang, W. Liu, Y. Li, X. Li, M. Quan, R. Mohan, A. Anand, N.

Sahoo, M. Gillin, and X. R. Zhu. Parameterization of multiple Bragg

curves for scanning proton beams using simultaneous fitting of multiple

curves. Physics in Medicine and Biology, 56(24):7725–7735, November

2011. doi:10.1088/0031-9155/56/24/003.

[140] C. K. Ying, D. Bolst, L. T. Tran, S. Guatelli, A. B. Rosenfeld, and W. A.

Kamil. Contributions of secondary fragmentation by carbon ion beams in

water phantom: Monte Carlo simulation. Journal of Physics: Conference

Series, 851:012033, May 2017. doi:10.1088/1742-6596/851/1/012033.

[141] K. J. Millman and M. Aivazis. Python for Scientists and Engineers. Com-

puting in Science & Engineering, 13, 2011. doi:10.1109/MCSE.2011.36.

[142] T. Schreiner, M. Stock, P. Georg, and D. Georg. MedAustron:

First Years of Operation. Nuclear Physics News, 29(2):22–24, 2019.

doi:10.1080/10619127.2019.1603558.

[143] M. Stock, P. Georg, R. Mayer, T. Böhlen, and S. Vatnitsky. Development
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[205] N. I. Niebuhr, W. Johnen, T. Güldaglar, A. Runz, G. Echner, P. Mann, C.
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Chapter A
Thicknesses of Scintillator Sheets

Table A.1: Measurement of the plastic scintillator sheet thicknesses.

Number Group Sheet thickness (mm) Sample std. dev. (mm)

unpainted painted unpainted painted

1 2.6 mm 2.61 2.66 0.02 0.04

2 2.6 mm 2.57 2.64 0.02 0.02

3 2.6 mm 2.57 2.6 0.02 0.02

4 2.6 mm 2.62 2.61 0.04 0.02

5 2.6 mm 2.57 2.62 0.02 0.02

6 2.6 mm 2.53 2.58 0.02 0.03

7 2 mm 1.9 1.93 0.01 0.01

8 2.6 mm 2.72 2.75 0.04 0.05

9 2.6 mm 2.72 2.74 0.04 0.04

10 2 mm 1.93 1.97 0.02 0.02

11 2.6 mm 2.60 2.63 0.04 0.04

12 2.6 mm 2.52 2.55 0.03 0.04

13 2 mm 1.93 1.98 0.02 0.02

14 2 mm 1.99 2.03 0.02 0.03

15 2 mm 1.90 1.94 0.01 0.01

16 2.6 mm 2.54 2.57 0.02 0.03

17 2 mm 1.97 2.03 0.01 0.01

18 2 mm 1.93 2.00 0.01 0.01

19 2 mm 1.98 2.05 0.02 0.01
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Number Group Sheet thickness (mm) Sample std. dev. (mm)

unpainted painted unpainted painted

20 2.6 mm 2.51 2.56 0.04 0.04

21 2 mm 1.95 2.02 0.02 0.03

22 2 mm 1.91 1.95 0.01 0.01

23 2.6 mm 2.60 2.63 0.02 0.02

24 2.6 mm 2.59 2.64 0.01 0.02

25 2.6 mm 2.52 2.57 0.03 0.02

26 2 mm 1.97 2.01 0.02 0.02

27 2 mm 1.99 2.03 0.02 0.02

28 2 mm 1.94 2.00 0.02 0.02

29 2 mm 1.91 1.95 0.03 0.01

30 2 mm 2.08 2.13 0.02 0.03

31 3 mm 2.79 2.83 0.02 0.03

32 3 mm 2.80 2.83 0.02 0.02

33 3 mm 2.75 2.80 0.01 0.01

34 3 mm 2.78 2.84 0.01 0.02

35 3 mm 2.80 2.87 0.04 0.05

36 3 mm 2.84 2.90 0.02 0.02

37 3 mm 2.77 2.82 0.02 0.02

38 3 mm 2.77 2.81 0.01 0.01

39 3 mm 2.81 2.88 0.02 0.02

40 3 mm 2.80 2.86 0.01 0.01

41 3 mm 2.74 2.77 0.01 0.01

42 3 mm 2.78 2.82 0.01 0.02

43 3 mm 2.76 2.83 0.01 0.01

44 3 mm 2.71 2.77 0.01 0.01

45 3 mm 2.79 2.84 0.02 0.03

46 3 mm 2.78 2.83 0.01 0.01

47 3 mm 2.77 2.83 0.01 0.01

48 3 mm 3.03 3.09 0.07 0.07

49 3 mm 2.80 2.85 0.01 0.01

50 3 mm 2.74 2.78 0.02 0.02
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Number Group Sheet thickness (mm) Sample std. dev. (mm)

unpainted painted unpainted painted

Average 2 mm 1.95 2.00 0.02 0.02

Average 2.6 mm 2.59 2.62 0.03 0.03

Average 3 mm 2.79 2.84 0.02 0.02

Average All 2.48 2.52 0.02 0.02





Chapter B
Mixed Helium/Carbon Ion Beam in a
PMMA Phantom
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Figure B.1: Impact of an air-filled slit of 1–10 mm thickness and 5 mm width in the
beam path with a beam size of 8 mm FWHM: measurement (a) and simu-
lation (b).
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Figure B.2: Impact of an air-filled slit of 2–10 mm thickness and 5 mm width in the
beam path with a beam size of 4 mm FWHM: measurement (a) and simu-
lation (b).
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Figure B.3: Impact of an air-filled slit of 1–10 mm thickness and 10 mm width in the
beam path with a beam size of 8 mm FWHM: measurement (a) and simu-
lation (b).
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Figure B.4: Impact of an air-filled slit of 2–10 mm thickness and 10 mm width in the
beam path with a beam size of 4 mm FWHM: measurement (a) and simu-
lation (b).
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Figure B.5: Impact of an air-filled slit of 1 mm thickness and 2–10 mm width in the
beam path with a beam size of 8 mm FWHM: measurement (a) and simu-
lation (b).
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Figure B.6: Impact of an air-filled slit of 5 mm thickness and 2–10 mm width in the
beam path with a beam size of 8 mm FWHM: measurement (a) and simu-
lation (b).
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Figure B.7: Impact of an air-filled slit of 5 mm thickness and 2–10 mm width in the
beam path with a beam size of 4 mm FWHM: measurement (a) and simu-
lation (b).
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Figure B.8: Impact of an air-filled slit of 10 mm thickness and 2–10 mm width in the
beam path with a beam size of 8 mm FWHM: measurement (a) and simu-
lation (b).
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Figure B.9: Impact of an air-filled slit of 10 mm thickness and 2–10 mm width in the
beam path with a beam size of 4 mm FWHM: measurement (a) and simu-
lation (b).
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