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Abstract

High dose-rate (HDR) brachytheraphy (BT) is radiation therapy (RT) which temporarily inserts a highly ra-
dioactive source into the planning target volume (PTV) with the use of an afterloader, applicator, transfer
tubes, needles and planning software. The dose delivered to a point in the tumour depends on the type and ac-
tivity of the source, the distance to the source and the time the source dwells at a predetermined dwell position.
Current therapies have proven to be capable of tumour control. However, in contrast with other RTs there is no
suitable integrated dose verification method available for HDR BT which does not disturb the clinical workflow.
The focus of this research is on the dose verification for the most commonly used form of HDR BT. The one
with the 192 r source. An optical in vivo dosimetry (OIVD) sensor assembly consists of a capsuled scintillator
coupled into an optical fibre, which connects to a photodiode capable of processing the light signal generated
in the scintillator. These systems are currently only available in experimental set-ups and not jet integrated
with the afterloader, making them clinically unusable. Furthermore, the system needs to be coupled with an
optical fibre of 100-300um, give a linear output signal to remodel the delivered dose, be non-hygroscopic, be
suitable at treatment temperatures, and have low production costs.

By adding a OIVD sensor to the current clinical BT workflow, better treatment can be achieved. This sen-
sor assembly needs to be made with a suitable scintillator and shape to have a high coupling efficiency in the
OIVD sensor system to give reliable dose verification. Both a literature study and simulations are executed as
part of my master thesis to provide a context for the project and to find the best-suited shape and scintillator,
This report provides an overview of the current status of knowledge of OIVD from the available experiments
and clinical studies derived from the published data, so knowledge for choosing the scintillator material, fibre
diameter and the coupling geometry can be obtained. Special attention is given to identifying why scintillators
excite light of a specific wavelength and how to achieve an efficient light coupling.

The inorganic scintillator ZnSe : O has favourable scintillation characteristics and is has proven itself to
be helpful in a OIVD sensor for 9217 BT with its high intensity, good energy resolution, slight afterglow and
low production cost. The experimental part of this research is the verification of the OIVD sensor assembly
with simulations executed within the COMSOL Multiphysics®ray-tracing package, which compares multiple
similar OIVD sensor assembly heads. The OIVD model is inspired by the experimental set-up from E.Andersen
and simulates for multiple configurations on a range of parameters (5).

The simulations of the OIVD sensor assembly can conclude the following:

1. The most favourable scintillator is ZnSe: O, this scintillator has the highest light yield and low absorp-
tion.

2. With a fibre diameter of 2001 m, sufficient light yield reaches the detector to verify the dose delivery.

3. Couple the fibres off the centre from the central axis of the scintillator will negatively influence the
coupling efficiency.

The outcome of this research contributes to the design of a OIVD sensor assembly for HDR BT for with
19217, These simulations lead to an optimal design that will fit the current afterloader system. Next to this,
the OIVD sensor assembly head can be made with simple manufacturing steps so that it can be produced at
a minimal cost. The combination of the COMSOL model with the scintillation properties from the literature
shows that a sensor assembly of a ball coupled ZnsSe: O scintillation is has a higher light throughput than the
prototype from E.Andersen (5), this shows that it is favourable to verify the dose delivery of 192 Ir HDR BT (5).
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Introduction

Cancer is one of the leading causes of death worldwide. In 2019, a total of 1,410,000 cancer deaths were esti-
mated in the European Union (EU) alone (54). Cancer treatment primarily consists of three clinical treatment
modalities: Radiation therapy (RT), surgery and chemotherapy. A combination is chosen according to the size,
stage, type of tumour, patient condition, and personal preferences. To maintain a high quality of life during
and after treatment. RT has a long history which started after the discovery of 226Ra by Marie and Pierre Cur-
rie in 1898. RT can be categorized into three main groups: External beam radiation therapy (EBRT), systemic
radioisotope therapy and brachytheraphy (BT).

The first clinical results on BT in cervical cancer surpassed the results obtained through conventional meth-
ods in 1913 (1, 72). Since then, several developments have improved the effectiveness, conformality and homo-
geneity of dose distributions and radiation exposure to personnel. In the following years, >2°Ra was replaced
by artificially created radionuclides such as '37Ce, ®°Co and %?Ir (37). Nowadays, BT can be provided using
high dose-rate (HDR) or low dose-rate (LDR), depending on the source type and length of time the radioactive
source remains at a certain position. This research focuses on HDR BT, where a highly radioactive source is
temporarily inserted with the help of thin transfer tubes and needles, in the planning target volume (PTV).
One of the main challenges of HDR BT is to position the source at the predetermined location. To achieve this,
an applicator, thin transfer tubes, or both can be used. The needles are placed into the predetermined posi-
tion during surgery, and the '%Ir source is loaded at the dwell position during the RT. These dwell positions
are determined during the dosimetric study where 95% of the PTV gets 100% of the prescription dose during
treatment (92). This dose delivery is planned using computed tomography (CT) images, where accurate initial
localisation of the patient anatomy and implanted transfer tubes are visualised. Ideally, the insertion of the
transfer tubes and applicator, the treatment planning, and treatment delivery is performed over a short time
without moving the patient. The loading of the source can be done manually or with a remote-controlled af-
terloader. The advantages of the afterloader are that there is no dose delivery to the personnel. Besides that, it
also improves the conformality and the quality of the dose distribution.

Bheesse Radiation Outlining & Treatment Patient
DEsress Therapy CT Treatment Plan Treatment
9 Scan Planning Verification Delivery

Figure 1.1: The workflow when a patient receives radiation therapy.

According to Public Health England, 1.0% of the registered radiotherapy errors are a result of mistakes made
during BT treatment (26). Treatment errors in BT are divided into two groups: human errors and malfunctions
of the equipment. Where human error is the prime cause of radiation errors, within this group, the most re-
ported error is the misplaced initial position of the applicator (26). Additionally, treatment delivery verification
is less advanced in BT than EBRT due to the local dose delivery and the limited space available.

To improve the current BT treatments, staff needs to get real-time insight in the delivered dose, with a
maximum delay of 5 seconds (27). Real-time in vivo dosimetry (IVD) can provide efficient error treatment
verification and detection. The latest research in RT shows that tumour treatments can be improved when
patients receive a focal boost to the residual Gross tumor volume (GTV) with BT after EBRT (82). To measure
the real-time in vivo delivered dose in the available transfer tubes the dosimeter needs to be restricted by the
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volume constraints of 0.7mm x 3.5 mm. The magnetic resonance (MR)-linear accelerator (LINAC), is setting a
new standard for EBRT. However, the magnetic field used in medical imaging brings extra challenges to the
development of an IVD dosimeter.

Currently, there are three dosimeter types available that meet the dimension requirements: The thermo-
luminescent dosimeter (TLD), the semiconductor dosimetry systems such as the metal oxide semiconductor
field effect transistors (MOSFETs) and silicon diodes and the scintillation dosimeters. Where only the MOSFET
and the scintillation dosimeter have a detection efficiency suitable for IVD. To use the dosimeter in a treatment
where BT is combined with the MR-LINAC it needs to withstand the magnetic field. The scintillation dosimeter
can be made with materials that are not sensitive to magnetism and is therefore most suitable (17).

In this report, a study is presented to find the best suitable scintillator and the most efficient coupling for
the head of an optical dosimeter. This sensing part has four constraints:

1. The sensing part needs to fit in the currently available transfer tubes and is therefore limited by a cylin-
drical shape with a length of 3.5mm and a diameter of 0.7mm, see figure 2.1b.

2. The scintillation crystal needs to detect the emitted y-rays of the '92Ir isotope.

3. The scintillation light need to be coupled into an optical fibre with a diameter of 100-300um.

4. The sensor tip needs to be non-hygroscopic and resistant to the temperature during BT application.

Figure 1.2: Diagrammatic view of the different components involved while using IVD during BT:
1. Needles 2. Template 3. Dwell position 4. stainless steel cable 5. Active Ir'92 source 6. Optical fibre 7. Scintillation Crystal 8. PTV

1.1. Objective and research questions

The objective of this research is to provide an overview of the current state of the art for optical in vivo dosimetry
(OIVD) sensor assembly and advice the company Elekta on the composition of the head of the assembly, given
the needs as mentioned earlier. This is done by a literature study and by verifying the findings in simulation
software carried out within the COMSOL Multiphysics®software package. The head of the IVD sensor assembly
can be split into two parts: The scintillator and the optical coupling. Understanding the scintillation processes
and the factors influencing these processes is critical in choosing the suitable scintillator for the limited volume
available in the head of the IVD sensor assembly. Next to this, the behaviour of light in the sensor assembly is
needed to couple the scintillation light efficiently into an optical fibre with a 100um core, see figure 2.1b.
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To fulfil this objective, the main research question must be answered:

What are the smallest fibre diameter and simplest embodiment of an OIVD sensor assembly cou-
pling to be able to obtain sufficient light yield, given the HDR brachytherapy application, the selected
fibre, the available scintillator volume and scintillation materials?

To achieve this, the following four sub-questions need to be answered:

1.  How to maximise the number of ejected detectable photons in a scintillator irradiated by an '%?Ir source
to achieve sufficient light yield for the application?

2. What is the most suitable non-hygroscopic scintillator that fits in the head of an IVD sensor assembly?

3.  How to maximise the light coupling efficiency by adjusting the shape of the scintillator, given the maxi-
mum dimension of the IVD sensor assembly?

4. What is the minimum thickness of the optical fibre while maintaining sufficient light yield for the appli-
cation?

1.2. Structuring

These research questions are answered throughout this thesis, according to the following structure:

. Chapter 2 will discuss the current state of the art by first giving an introduction to BT and its relevance.
This is followed by a section of the current error made during these therapies. Next, the challenges for
the sensing part of an IVD assembly are covered. Finally, different dosimeters used for BT are discussed,
together with the choices made on which dosimeters to use for this report.

. Chapter 3 covers the physical mechanism of scintillation, as well as the characteristic properties of scin-
tillators. In addition, the currently available scintillators are compared.

. Chapter 4 states the requirements for the fibre coupling in the OIVD sensor assembly. This is followed
by multiple mathematical methods to get insight into the coupling efficiency.

. Chapter 5 states the requirements for the OIVD system to implement it in COMSOL Multiphysics (CM)
and the optical parameters in the fibre coupling subsystem.

. Chapter 6 tests the different parts of the OIVD sensor assembly in CM.
. Chapter 7 shows the performance of the system.

. Chapter 8 marks the end of the study, where the results are discussed.
. Chapter 9 Finalises the report with the conclusion.

. Chapter 10 gives recommendations to improve the simulation model and to give possible directions for
future research.






Background

This chapter will discuss in-vivo dosimetry for brachytheraphy (BT) and how it can improve the current clinical
treatment for high dose-rate (HDR)-BT. The clinical use of BT and the benefits relative to external beam radio-
therapy is discussed in Section 2.1. Secondly, the treatment delivery errors in brachytherapy are mentioned.
Next, the challenges for in vivo dosimetry (IVD) are discussed. Finally, different kinds of IVD are introduced,
which is concluded with the choices made for the dosimeter used for this research.

2.1. Brachytherapy

Brachytherapy is a type of radiation therapy that uses encapsulated radionuclide sources to treat tumours from
a short distance. During the treatment, this radionuclide is placed near and into the planning target volume
(PTV). This treatment allows a high dose to the unhealthy target volume while giving a lower dose to the
surrounding healthy tissue. BT can be categorized in HDR and low dose-rate (LDR) which is based on the
treatment dose rate, duration and implant type. Currently, BT is most used for the treatment of gynaecological,
prostate, breast, head & neck and intraluminal tumours (89). HDR-BT is proven to be effective in the treatment
of the tumours that need to receive a high biologically effective dose (BED) in the most conformal way (78). All
the treatment plans for brachytherapy are performed using the task group No. 43 (TG-43) protocol (69). The
most commonly used source for HDR-BT is 192Ir, this source has a half-life of 73.38 days, and average photon
energy of 380 keV (15).

In some cases BT is combined with external beam radiation therapy (EBRT) which can result in better
tumour control (79). Therefore multiple research groups study the results in combined HDR-BT with EBRT
(19). The current results are promising and stimulate to combine the magnetic resonance (MR)-linear acceler-
ator (LINAC) with BT equipment more often. To improve the results even further millimetre source tracking
is highly desirable (41). Nonetheless, two of the current available source tracking systems, the metal oxide
semiconductor field effect transistors (MOSFETs) and thermoluminescent dosimeters (TLDs)) are not suitable
because of the magnetic field in the MR-LINAC. Therefore it is a requirement to get a luminece dosimetry
system which can operate when the magnetic resonance imaging (MRI) is in use.

2.2. Current status of brachytherapy

BT delivers a high conform dose of radiation to the PTV with sparing of the healthy surrounding organs at
risk. However, some errors might still occur. The most common mistake in BT is the inadequate placement of
the source, which occur because of bending and defection of the needles. There are multiple reported errors
for HDR-BT without the use of IVD-sensors (38, 84, 62).

Currently, multiple research groups report that through the use of a phantom and/or simulations of error
scenarios, multiple of these errors could be detected with real-time IVD (6, 81, 45, 44).

When IVD gets implemented in the clinical workflow, in addition to image-guided BT, geometric informa-
tion about the treatment progression is provided. With this, errors can be detected, which improves the quality
of the therapy.
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(b) Provisional design of the OIVD sensor tip: 1. reflector for reflectance measurement 2. Protective capsule. 3. Crystal scintillation material of 1.347 mm3. 4.
Coating with a lower refractive index than the scintillation crystal. 5. Lens 6. Cable coupling 7. Optical fibre.

Figure 2.1: Schematic desing and dimensions of Elekta’s 192Ir Flexisource®(86) (a) and provisional design or the OIVD sensor tip (b).
Dimensions are given in mm.

2.3. Dose calculation for brachytherapy

The TG-43 describes the absorbed dose calculations for BT treatments with 192 Ir. This report provides insight
into the absorbed dose calculations by using water as a reference medium for the human tissue. With this, the
absorbed dose rate can be calculated at the point of interest by using equation (2.1) (43).

GL(r,0)

D) =K, Ao ——————.
: G.(ro,00) 8L

(r (2.1)

Where D is the absorbed dose rate, r the distance between the centre of the 192 source and the point of
interest, 0 is the angle between the location of the source and the point of interest. Both ry and 6 refer to the
reference point (ro= 1cm, g = 90°). K is the air-kerma rate of the source in vacuum at the reference distance.
A is the Kerma-rate constant of the source and is related to the K. G1(rg,0) is a geometrical function that
describes the dose fall-off due to the inverse-square law and gz (r) is the radial dose function which describes
the dose fall-off due to photon scatter and attenuation.

2.4. Fibre-coupled dosimeters used in brachytherapy

IVD can provide real-time error detection and treatment verification during BT. Nonetheless, it is also known
that implementations of these IVD sensor systems are hardly used by the clinical personnel. The current optical
in vivo dosimetry (OIVD) sensor assemblies contain a detector that is coupled into an optical fibre. The detector
proportionally emits light to the absorbed dose, as described in chapter 3. Furthermore, this light is coupled
into the optical fibre. The 0.9 mm outer diameter of the dosimeter tip allows the sensory system to be used in
the already available transfer tubes for dose delivery by the source, see figure 2.1b.

2.5. Challenges for in-vivo dosimetry for brachytherapy

A scintillation dosimeter has desirable characteristics for IVD in BT. Nevertheless, there are also difficulties. The
major difficulties are the high dose gradients delivered by the source (2.1a). This requires an optical dosimeter
with a small scintillation volume that ensures the flexibility of the dosimeter and the accuracy in measuring
both high and low photon energies.

In addition, the current optical dosimeters produce a stem effect: Light induced by radiation of the fibre and
the generated Cerenkov light. This undesirable light arises because the photon energy spectrum for the '92Ir
source is between 0.136-1.06 MeV (with an average energy of 380 keV), which is above the threshold energy for
Cerenkov production in polymethyl methacrylate (PMMA), 178 keV. Therefore it is necessary to implement a
removal technique, to improve the accuracy of the measurement (80).
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For further development of OIVD sensor systems, it’s important to have an accurate depth dose measure-
ment. During the treatment, the dosimeter can be used at different distances of the 19211 gource and must
therefore provide an accurate dose reading.

The OIVD detectors can be made without electrical components, which allows dosimetry measurements
while the patient is in a MRI scanner.
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Since the use of the spinthariscope by Crookes in 1903, scintillators became essential for measuring ionising
radiation (52). When scintillators are exposed to ionising radiation, a flash of light is emitted as a response.
Scintillation can be observed in various inorganic and organic solids (56), fluids (30) and gasses (51). The
understanding of the relationship between the energy deposited by the '92Ir source and the signal produced by
the scintillator is essential to measure the delivered dose with a scintillator. This chapter describes the physical
mechanism of scintillation. First, the interactions of a scintillator exposed to y-radiation are described, followed
by the effect of dopants on the properties of the scintillation crystal. Lastly, the characteristic properties of the
fibre-coupled scintillators are presented.

3.1. Physical mechanism of scintillation

When ionising radiation hits a scintillator crystal, a flash of light is emitted. This phenomenon is called radio-
luminescence (RL); before this phenomenon can be observed, a series of events happen in the scintillator. This
can be described as a Five-step process (13, 91, 71): First the absorption of the y-radiation and the electron-hole
pair creation are described in section 3.2 and section 3.3. Followed by relaxation of the primary electrons in
section 3.4. Thirdly the thermalisation of the low-energy secondary electrons occurs, resulting in electron-hole
(e-h) pairs with corresponding bandgap energy. After this, the energy transferres from the e-h pairs to the
luminescence centres. Finally, section 3.5 describes the luminescence centres emit photons in the visible light
spectrum.

3.2. Interactions of ionising radiation with the scintillators

A scintillator absorbs ionising radiation and creates primary electrons and holes. This is the first stage in the
scintillation process. When radiation hits a scintillating material, a part of the absorbed energy is transferred
into a light flash. The wavelength and the number of photons measured in this light flash are dependent on the
energy of the incoming particle (50). This study focuses on the interaction with y-radiation. Therefore, only
photon and electron interactions are elaborated. There are three ways how photons can interact with matter:
Photoelectric effect, Compton scattering, and pair production (71). Since no photon-rays of the '%Ir exceed the
1022 keV, only little pair production will be detected. The interactions occurring in the scintillator produce a
flash of light which can be measured with a photodetector; this phenomenon makes scintillators suitable for
dosimetry.

The total absorption probability of an y-ray by an electron o, can be calculated by solving equation (3.1) (71).
Where 0 pe, 0¢ce and o), denote the probability for the photoelectric effect, Compton scattering and pair, see
figure 3.1. The ratio in which these effects take place in the scintillator depends on the energy on the incident
photon Ey and the atomic number Z (71).

Oe=0pe+0ce+0pp (3.1)



10 3. Literature research: Luminescene dosimitry

100 T T T e mman T
80 a

N L J

o )

@ Photo-Electric Effect . .

-g 60 - dominant Pair Production

ominan )

2 dominant |

L

E 40 Compton Effect 7

< dominant .
20 -

0 I | 1 Lol Lol L Ll
102 10 10° 10" 102

Photon energy (MeV)

Figure 3.1: The curtain graph demonstrates the regions in which each type of photon interaction dominates as a function of photon energy
and atomic number Z of a material. where 7 is the probability of the photoelectric effect, o of Compton scattering and « for pair production.

3.2.1. Photoelectric effect
The photoelectric effect is the emission of an electron when the incoming y-radiation interacts with the scin-
tillating matter. This occurs when an atom in the scintillator absorbs the incoming photon. The energy of
the incoming photon can be determined with the Planck-Einstein relation 3.2 (33) where h denotes the Planck
constant, ¢ the speed of light in vacuum and A the wavelength of the excited photon.

h-c

EY — T (3.2)

The absorbed photon transfers all its energy, which results in the ejection of an electron (which is called a
photoelectron) from the tightly bounded K- or L- shell (50). This electron obtains and energy E, equal to the
difference between the photon energy E, and the electrons binding energy Ej,, described in equation (3.3) (71).

Ec=E,—Ep (3.3)

This means that the photoelectric effect can only take place when Ey is larger than Ej, so a photoelectron
can be exited. The photoelectron leaves a track of holes and free electrons in the shells of the remaining atom.
This leaves a vacancy in the K- or L- shell, which is filled by an electron from an energy shell further away
from the atomic nucleus. The shift from a higher energy shell to a lower energy shell causes the emission of
characteristic x-ray. Which on his turn, transfers its energy to an outer-orbit electron which will be ejected from
the atom and this electron is called and auger electron. This is followed by a rearrangement of the remaining
electrons of the atom (which is now an ion)(33, 68). The probability of the o, decreases with the energy on
the incoming photon Ey and increases proportionally to the atomic number Z as in equation (3.4).

(3.4)

The exponential n varies between 4 and 5 depending on the photon energy (71). When observing figure 3.2,
the photoelectric effect decreases with, and the number of interactions increases with a high atomic number.
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Figure 3.2: Diagram illustrating the photoelectric effect: Complete transfer of photon energy to a bound atomic electron

3.2.2. Compton scattering

Compton scattering is the ejection of an electron from its orbit after the collision between the incoming y-
particle and an electron. This takes place when the incoming photon interacts with a bound atomic electron
and transfer part of the energy to this electron, which results in the excitation of a Compton scattering photon
E;, which has an energy described in equation (3.5) and a Compton electron.

/ E
E, = Y (3.5)
Ey-(1-cos(9))
1+
Me-C

Where m, denotes the free electron mass and 6 the angle between the direction of the incoming photon and
the scattered one, this scattered photon can leave the scintillator or can be absorbed in the crystal by photon
interactions and will emit a light flash. The probability of absorption goes proportional to the scintillator size,
so it will increase with the enlargement of the scintillator (71). When the scattered photon leaves the atom, the
Compton electron will plough through the scintillation crystal and bring more atoms in the excited state. As
observed in figure 3.1 the probability of Compton scattering occurs in most dominant in the region where the
incoming photon has an energy between the 0.4-4 MeV. This can be determined with equation (3.6).

Oc X E£ (3.6)

Y
All scattering angles will take place when using the scintillation dosimeter. Therefore a broad spectrum of
energies can be exited. The highest deposited energy possible will occur when 6 in equation (3.5) is 180° (full
back-scatter). It is impossible to transfer any more energy. Therefore, a sharp cutoff gives rise to the Compton

edge (28).
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Figure 3.3: Diagram illustrating the Compton effect: Transfer of a part of the photon energy to a weakly bound electron

3.2.3. Pair Production

Pair production is the creation of an electron and positron. This occurs when an incident photon E, with an
energy that exceeds 1022 KeV reaches the Coulomb field of the nucleus, see equation (3.7). As a reaction, an
electron and a positron with Ej, are created. The energy of these particle can be calculated with equation (3.7)
(76).

Ey=2-me-c*+2Eg, (3.7)
The emitted positron will eventually annihilate with an electron, resulting in the emission of a photon with

the energy of 511 keV. According to figure 3.4 the probability of the pair production increases proportionally
with the increase of the energy of the incident photon and the atomic number Z.

oppx Z2-1n(2)-Ey (3.8)

When the incidents photon has very high energy (5 GeV), the probability that pair production occurs reaches
its maximum and will not increase further (71).

“““““

Figure 3.4: Diagram illustrating pair production: Conversion of photon into an electron-positron pair in a strong
coulomb field around high Z nucleus
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3.3. Ionization
The electrons generated from the y-interaction due the photoelectric effect 3.2.1 , Compton effect 3.2.2 and
pair production 3.2.3 are the primary electrons (PEs). These PEs undergo collision with other electrons while
travelling through the scintillator. This results in energy loss by the excitation of secondary electrons and
ionisation of the atoms close to the ionisation track of the incoming particle, see figure 3.5.

The number of collisions in the scintillator depends on the ionization density of the PE and y-radiation. This
can be quantified as the restricted linear collision stopping power (La) 3.9 (10). Which describes the average
energy loss (dE) due to the collisions of ionizing radiation traversing a distance (dl).

-(L) 69

All generated electrons will, on their turn, create new excitations where electrons move from the valence
band to the conduction band (CB) see figure 3.6. This reaction will stop when all the energy of all electrons are
too low to eject other electrons from its valence band. The result of this process is the creation of e-h pairs. The
number of e-h-pairs increases proportionally to the energy of the PE (90). The number of e-h pairs N, can be
calculated with equation (3.10), where ¢, is the average energy required to create a single e-h pair depending
on the bandgap energy, and the type of material (71):

EY
N = —L (3.10)
Een

Scintillation crystals suitable for in vivo dosimetry (IVD) need to recombine the excited electrons with the
holes in the valance band (VB) via the emission of photons in the detectable spectrum. The number and energy
of these photons is a measure for the incoming radiation by the %2Ir source. Therefore, the number of e-h pairs
and the possibility that the electrons can reach the luminescence centres are essential for scintillation crystal.

1 2 3 4 5

Figure 3.5: Sketch of an ionization track formed by a primary electron (48):
1. The ionisation track of the primary electron 2. The created free holes 3. The created free electrons 4. Diffusion track
of the created electrons and holes 5. Volume of a scintillation crystal
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3.4. Relaxation of electrons and holes
The next step in the scintillation process is the relaxation of the electrons and holes. This process starts when
the energy of the electrons is below the ionisation threshold, which means that the energy of free electrons
is too low to eject electrons from the VB of an electron. After this, the thermalisation stage starts. All the
electrons will move to the bottom of the CB, and the holes move to the top of the VB, the leftover energy is
released due to vibrations of the atoms (ions) in the network (63). Eventually, the energy between the electrons
in the CB and the holes in the VB will be equal to the bandgap energy Eg, which brings the crystal to its thermal
equilibrium. This phenomena makes scintillators temperature dependent.

Now the electrons and holes can move freely over the conduction and VB of the crystal scintillator. When
these charge carriers meet a luminescence centre in the crystal, they get captured. The energy needed for the
migration of the charge carries comes from both the electrostatic forces and the vibrations (58).

3.5. Exitation and Emission of luminescence centres

When a luminescence centre captures an electron, a migrating electron (e™) and hole (h) can recombine, and
the luminescence centre will emit a light photon. A typical inorganic scintillator is an insulator with 4-12 eV
gap between the top of the VB and the bottom of the CB, also known as the forbidden gap (4), see figure 3.6.
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Figure 3.6: Schematic representation of the scintillation mechanism (4):
A. Interactions B. Trapping of electrons C. Recombination D. Excitation.
1. Electrons 2. Holes 3. Energy level of the trapped electron 4.Excited photon

As discussed in section 3.3, these PEs will undergo collision with other electrons while travelling through
the scintillator, creating new electrons and holes. The recombination of these electrons in the CB and holes in
the VB do not always recombine over the forbidden gap. In case of sodium iodide Nal, impurities of thallium
(T1*) are added to form the scintillation crystal Nal : Tl (71). The impurities are the so-called luminescent
centres and have smaller bandgap energy than the forbidden gap. This allows more effective recombination of
the electrons and holes. See figure 3.6.

For the crystal scintillators Nal : Tl it means that the luminecence center TI* is involved in the electronic
recombination process (71):

TI*+h—TI*, TP +e —E,

3.11
Ti*+e" —TI°  TI°+h—E, 1)

The last process in the scintillation crystal is the emission of the luminescence centres where this scintilla-
tion pulse should have a high intensity and a short duration. Which is mainly determined by the luminescence
dopant (22). Due to the different main electronic transitions in the scintillator, these dopants can be subdivided
into different groups. For this research the mercury-like electronic transition from the 3Py (sp) —' So(s?) orbital
and the interconfigurational electronic transition from the 5d — 4f and the 4 f5d — 4 f orbital are of interest

(71).



3.6. General requirements of scintillators 15

Yttrium Aluminum Garnet doped with Cerium (YAG:Ce) is an example of a scintillation crystal that can
recombine the holes and electrons efficiently at the luminescent centre due to the dopant, see figure 3.7. The
recombination of the electrons and holes involves the 5d — 4f electronic transition (35). These luminescent
centre Ce3" in the lattice emit visible photons with a wavelength between 490-550nm. And therefore suitable
as scintillation crystal for the optical in vivo dosimetry (OIVD) sensor assembly.
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Figure 3.7: 7 Co pulse-height spectrum of Yttrium Aluminum Garnet doped with Cerium Y3 Al5012 : Ce [1x1x0.7mm] (67)

3.6. General requirements of scintillators

To find a scintillation crystal suitable for IVD during brachytheraphy (BT), it needs to meet the requirements
desribes in chapter 1. General important requirements for the performance of a scintillation crystal used in an
OIVD sensor system are the following (4, 71):

Conversion efficiency and high scintillation light yield
Duration of the scintillation pulse

Optical properties

Energy resolution

Level of afterglow

Density of the material

Emission spectra

Non-hygroscopic material

A T A o

Mechanical properties of the scintillator (hardness and ruggedness)

—_
e

Possibility to manufacture the scintillation crystal

. Cherenkov effect

—_
—_

12. Cost considerations

To my knowledge, no material meets all of these criteria. So the choice of a scintillator is always a com-
promise among these requirements. However, there are ways to improve the material properties by adding
dopants. Scintillation crystals can be doped with elements that become a luminescence centre in the crystal
because the bandgap energy is lower than the bandgap energy of the host. But there are also reasons to dope
with elements that do not result in better light output but will improve other material properties (71). To use
a scintillation crystal in a OIVD sensor assembly it must be robust. When the crystal cracks the light inside
the crystal will scatter and therefore decrease the light yield and optical transmission of a scintillator. In this
paragraph, the general scintillator mechanisms and properties are elaborated.

3.6.1. Light yield

To make an effective OIVD sensor system, the scintillation crystals must have an effective conversion of ionising
radiation to detectable light. This detectable light is the light yield and can be defined as the number of photons
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exited from the scintillator per unit of absorbed energy. The maximum light yield (L, 4x) of a scintillation crystal
is limited by the electron-hole transfer efficiency to the luminescence centre (S), the luminescence quantum
efficiency (Q), the coefficient for the bandgap compounds(f) and the forbidden gap energy (Eg) (70).

$-Q
Lonax = ﬁ—ngIO6 (3.12)

3.6.2. Duration of the scintillation pulse

The time response of a scintillation crystal mostly depends on the speed of the energy transfer in the lumines-
cent centres (4). In most crystals, the intensity of the emission reaches their maximum at t=0 (71). The 5d —
4f transition mentioned in section 3.4 contain the efficient dopants Ce®*, Pr3*, Nd**, Tb®* and Eu?*. These all
lanthanides which are shown in figure A.1. The decay time of these elements are all in the nanoseconds range
(49).

3.6.3. Optical properties

The transmission and refraction of light are the two main optical characteristics of a scintillation crystal. When
the light is emitted from the crystals luminescence centres, the crystal should transmit this light. The trans-
mitted intensity of the light photons (1) can be calculated with equation (4.1):

3.6.4. Energy resolution

The energy resolution of a scintillation crystals is the full width at half maximum (FWHM) intensity over the
pulse-height spectrum, see figure 3.7 (71). The resolution (R;) of the scintillator is determined by multiple
contributions and can be expressed as the quadratics sum of the transfer (R;), inhomogeneity (R;) and non-
proportional resolution (R;) (71). See equation (3.13):

R:=R?+R?+R? (3.13)

3.6.5. Mechanical properties of the scintillator

Most of the newly developed scintillation crystals are doped with other elements, which will emit the light
photons in the visible spectrum as explained in section 3.5. Furthermore, the light yield of these scintillators
with dopants will improve. However, some dopants decrease the light yield (71). These dopants are added to
materials to make them more robust. This makes some scintillators more helpful to use in the OIVD sensor
system.

3.6.6. Stem Effect

The stem effect that can be observed in the scintillator dosimetry system is caused by Cherenkov radiation and
fluorescence light generated in the optical fibre of the detector when the system is exposed to the radiation
field generated by the '92Ir source. Cherenkov radiation is electromagnetic radiation emitted when a charged
particle (with energy greater than 175 keV) passes through a dielectric medium at a speed greater than the
velocity of light in that medium. The amount of Cherenkov light produced in the cable and scintillator depends
on the distance to the radioactive source. So when the source is close to the OIVD sensor tip and far from
the fibre, the Cherenkov light is small compared to the desired scintillation light generated (31). Nonetheless,
the length of the optical fibre is considerable. When the radiation field generated is constant, the generated
Cherenkov light would be constant and could be accounted for in the calibration. Unfortunately, this would
not happen during BT. The irradiation condition will depend on the distance to the source and the amount of
fibre exposed to the radiation field that can vary from 2-40 cm. So the total amount of Cherenkov light can
fluctuate between 5-50% (47).

For accurate dose delivery verification, a correction technique needs to be applied. This can be done with
simple optical filtration techniques: where the violet-blue region of the visible spectrum is filtered out (80).
Chromatic filtering (29), or background subtraction which makes use of multiple optical identical optical fibres
that are place parallel to each other, but only one optical fibre is attached to the scintillator and will carry the
scintillation signal. However, an adverse effect of background subtraction is that it is more difficult to measure
in case of high dose gradients. This is due to the rapid dose fall off due to the inverse square law. (10, 7).
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3.6.7. Cost considerations
Low-cost materials and production techniques are desirable for manufacturing the OIVD sensor system. The

required purity for the light yield performance, the availability of the crystal and the growth techniques are
essential parameters for the cost of the scintillation crystal.

3.7. Selection of suitable scintillator material for the tip of an optical

in-vivo dosimetry sensor assembly

The scintillator in the OIVD sensor assembly fills the role of the detector. The most important properties for
this are the scintillation efficiency, emission spectrum, decay time, attenuation coeflicient, physical density, and
the elemental composition (10).

3.7.1. Current scintillators used for high dose-rate (HDR) brachytherapy IVD?
Various research groups tested OIVD sensor systems for HDR BT over the last five years (5, 74, 46). Most
of the tested Inorganic scintillator detectors (ISDs) with a high atomic number are promising for real-time
IVD. Currently, Nal: T1 is the detector of choice in multiple clinical measurement devices, and it is relatively
inexpensive while having a high light output. Nevertheless, the energy resolution is poor, which and limits
the performance in application (21). The most promising widely available scintillators for IVD are Al,O3: Cr
(Ruby), Y203 : Eu, ZnSe: O and CSI: T, see figure 3.8. These materials meet the earlier requirements when
experimenting without the OIVD sensor assembly. But their investigation in such an assembly is disired. A
summary of the characteristics of these ISDs are presented in section 3.7.1. Furthermore, more important
properties of these and other scintillators can be found in appendix A.
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Figure 3.8: (a) Emission spectra induced by an 19211 BT source of the 5 inorganic scintillators used in this study. (b)-(f) Inorganic scinillation
detectors used in this study. (47, 10)
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In_orgamc S(fmtllla‘tlon tht‘le stem Afterglow | Peak Emission | Cost Ref.
Scintillator | intensity signal
Nal:TI + ++ + + i+ (36)
AL O3 :Cr +/- + + + | (40)
Y>03:Eu ++ + - ++ + (74)
ZnSe:0 ++ 4+ ++ 4+ ++ | (20, 46)
CsI:Tl + ++ +/- 4+ +/- | (88, 46)

Table 3.1: Summary of the most important characteristics of scintillation detectors. These are rated as beneficial (++), good (+), mediocre
(+/-) and inconvenient (-) for HDR BT

These inorganic scintillators have a high sensitivity per volume of material. In addition, they have longer
luminescence lifetimes that improve the capabilities for stem signal removal, this makes them more suitable
for OIVD sensor assemblies compared to the organic scintillators.
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The geometry, material, and position must all influence the coupling efficiency in the optical in vivo dosime-
try (OIVD) sensor assembly. This chapter will discuss the optical link between the scintillation crystal and
optical fibre to the light measuring device. After the y-radiation interacts with the scintillating material, the
scintillation light emits. The aim is to couple this light efficiently into the optical fibre. Because the diameter
of the optical fibre is smaller than the diameter of the scintillator, it needs to be focused. The focusing of the
light rays can be done by either a mirror or a lens. The light will propagate through transparent parts of the
dosimeter during this process. The light loss during transmission must be as low as achievable, preserving the
limited scintillation light produced. It is crucial to understand how the light gets lost in both the scintillation
crystal and the optical fibre to determine the transmission loss. The optics presented in this chapter will help
to understand the light transmission in the OIVD sensor system.

To measure the delivered dose accurately, the optical transmission must be as efficient as possible. To do
so, it is relevant to understand the propagation of light described in Section 4.2

4.1. Structure of optical fibre

The structure of the optical fibre used for the sensor is shown in figure 4.1. In general, optical fibres consist
of three layers that are merged into a cylindrical shape. The three parts of an optical fibre are: The core, the
cladding and the jacket. The scintillation light is mainly guided inside the core, the cladding around the core
keeps the light in the core due to the relative difference in refractive index, and the jacket is added as a protec-
tive layer around the fibre.

The cross-section of the optical fibreis shown in figure 4.2. Here an incident ray enters the core at an angle
01 and is refracted into the core at 82. When the ray propagates through the core (n;) and hits the cladding
(n2) with an incidence angle (63) larger than the critical angle 6., refraction cannot take place. As a result, the
light ray is reflected into the core. This process is called total internal reflection (TIR) and further described in
section 4.2.2.

Cladding

Jacket

Figure 4.2: An incomming light ray at the maximum accep-
Figure 4.1: Structure of an basic optical fibre tance angle enters and propagates through a step index fibre
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4.2. Propagation of light

Propagation of light is the way an electomagnetic wave transfers though a medium or from one medium to
another. Four processes occur when the light propagates are described in this section: Attenuation (4.2.1),
reflection (4.2.2),refraction of light (4.2.3), and transmission (4.2.4).

4.2.1. Attenuation of light

When light propagates through a transparent medium, it may be absorbed, scattered or both; this is called
attenuation (77). The light intensity (I;) must be preserved to transfer as generated scintillation light to the
photodetector. The attenuated light can be calculated with the following equation Equation (4.1) (23):

I, =Ipe ™™ (4.1)

Where Ij is the incident light intensity, u the attenuation coefficient and d the thickness of the material,
for optical transmission, Iy should remain high, so the light throughput remains high. More information about
scintillators with a low attenuation coefficient can be found in appendix A.

4.2.2. Reflection of light

When an incident ray of light hits a reflective surface, it will continue as a reflected ray. There are two laws of
reflection: 1. The incident ray, the normal at the point of incidence and the reflected ray lie in the same plane.
2. The angle of incidence is always equal to the angle of reflection. This principle is visualized in figure 4.3a
where both the angle of incidence as the angle of reflection is denoted with 0.

4.2.3. Refraction of light

Refraction of light is the bending of a light ray when it goes from one medium to another. This phenomenon
does occur because the speed of light in the different mediums are different. The way a light ray bends depends
on the index of refraction. The refractive index (n) is the ratio of the speed of light in a vacuum (c) to the speed
of light in a medium (v,,) and can be calculated according to equation (4.2).

n=— (4.2)

When an incident light ray from the scintillator enters the optical fibre with a different density, the ray will
be tilted. The tilted angle depends on the indices of refraction of the two media and is described quantitatively
by Snell’s Law, see equation (4.3). When the medium n1 is denser than medium n2 the light is tilted away from
the normal plane, this is visualized in figure 4.3a. Where the angle of the incident light ray is denoted with 6,
and the angle of the refracted ray is denoted by 0,.

n sin(01) = nosin(6) (4.3)

When the angle of the incident light ray (6;) increases to the critical angle (6.) the angle of refraction
becomes 90°, the reflected light ray will travel in between media and will get lost. This phenomenon is show in
figure 4.3b.

When the angle of incoming light ray increases to a value largen than 6., the ray is totally reflected and
stay in the same medium 7; as shown in figure 4.3c. This phenomenon is called TIR and is one of the principles
of light transmission through optical fibres, see figure 4.2 (32).

4.2.4. Light transmission

When light hits a transparent or translucent object, a part of the energy is attenuated as described in sec-
tion 4.2.1. The rest of the light passes through the object and is released on the other side, this is called the
transmitted light. The amount of transmitted light can be calculated with the Beer-Lambert equation (4.4). In
which the absorbance (A) has an inverses exponential relationship to the transmittance (T).

I
A= logI—O =—-logT (4.4)
X
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Figure 4.3: (a) Refraction and reflection at the boundary between two media with different refractive indices, (b) critical angle and (c) total
internal reflection (10)

4.3. Fibre coupling efficiency
Fibre coupling efficiency is the percentage of the generated scintillation light coupled into the fibre. This can
be calculated by determining the overlap between the spot focus and fibre core. The fibre core is 100um and is
predetermined by Elekta.

The efficiency of Light coupling in a scintillation detector system depends on the shape and quality of its
components. The light collection efficiency in the fibre £;;¢4, can be defined as (9):

€light = €9max€couple (4.5)

Where g4 is the fraction of light photons produced in the scintillator which would enter the fibre within
the acceptance cone as described in equation (4.6). The coupling efficiency (€oupie) represents the transmitted
photons through to coupling between the scintillator and the optical fibre. So the to achieve an efficient coupling
focus of the generated light needs to lay in the fibre to increase the ¢;,. This can be enhanced by implementing
lenses or optical antennas (75, 73). The different materials influence the coupling efficiency between both
interfaces, a good optical coupling will transmit roughly 50% of the photons (9).

4.4. Acceptance angle of an optical fibre

The acceptance angle is the maximum angle of a ray hitting the fibre axis, allowing the light ray to enter the
fibre. This is mainly determined by the numerical apertures (NA), the NA value is used to describe the light ray
collection ability of an optical fibre.

Light can only enter the fibre when the incoming angle is within the acceptance cone of the fibre. The
acceptance cone is twice the acceptance angle 0y and is related to the NA parameter, shown in figure 4.3c. The
acceptance angle is determined by equation (4.6) which is based on the indices of refraction of the core (n;),
the cladding (n,), and the medium (r)

NA=ngsin(@max) = n% - ng (4.6)

figure 4.4 shows the configuration where an optical fibre with a small diameter is coaxially coupled to the
scintillator. Where the scintillator is divided into slices of a thickness (dz). The light collected by the optical
fibre (dP) can be calculated with equation (4.7)(25).

dAcosp

dP(r, Z) = 2ﬂrdr10dzm

(4.7)

The total light power collected from the scintillator into the fibre can be found by integrating over r, and z
(25).
To Mazimize the light coupled into the optical fibre the dosimeter should:

1. Maximise the NA of the fibre.

2. Add a low refractive index cladding to the sides of the scintillators to ensure the TIR or add a reflective
coating.

3. Add areflective coating to both scintillator ends. This will enlarge the effective length of the scintillator.
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fiber

scintillator

\ L |

Figure 4.4: An optical fibre coupled to a cylindrical scintillator. An annulus with thickness dz used in equation (4.7) is shown at the distance
z from the fibre

Another way to improve the light coupling is by the use of optical concentrating elements between the
scintillator and the fibre. An added lens magnifies the cross-sectional area of the optical fibre, see figure 4.5

(25).

(@) (b)

©

Figure 4.5: a) Acceptance cone of a butt coupled fibre. (b) The lens added results in a chance in the NA and magnification of the fibre. (c)
The equivalent of the lens added to the system, resulting in a wider optical fibre with a reduced NA(25)

4.5. Signal To Noise

To regulate the adequacy and sensitivity of the OIVD sensor, its necessary to determine a definition of the signal
to noise (S/N) ratio which is and suitable for applications in in vivo dosimetry (IVD) for brachytheraphy (BT).
All components of the OIVD sensor assembly contributing to the S/N ratio need to be analyzed to determine
the adequacy of sensitivity. The photodetector measures the light produced and transmitted. The dominant
source of the noise will come from the fibre in the form of Cherenkov radiation. A good subtraction of the noise
can be done with a background fibre as described in section 3.6.6. The measurement of the S/N ratio is the most
relevant physical characteristic to quantify the efficiency of the optical couplings and measure accurate dose
delivery.



Method

With the theoretical knowledge in mind, it is possible to select the most suitable scintillator for the optical in
vivo dosimetry (OIVD) sensor assembly. With this in mind, it is possible to find an answer for the subquestions
3&4 described in section 1.1. Multiple simulations of the head of an OIVD sensor assembly are executed to find
the answers. These simulations in COMSOL Multiphysics (CM) help to find the best shape of the scintillator
and the minimum thickness of the optical fibre. In section 5.1 an outline is determined for this configuration.
section 5.2 describes the physics package needed to make the model function in COMSOL Multiphysics. A
parameter set is established in section 5.3 to define the model. This chapter is Finalised by the modelling
workflow in CM as described in section 5.4.

5.1. Design outline and justifications

In chapter 3 and chapter 4 the theory used for the model was outlined. The chosen configuration is a coated
scintillator in a protective capsule coupled into an optical fibre in which the ray’s will reach the detector. With
this in mind, a 2D outline of the design can be set up, see figure 5.1.
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Figure 5.1: The proposed outline in 2D and 3D of the OIVD sensor system design without background fibres

Based on the findings presented in chapter 3 and chapter 4, we can observe a coupled ZnSE : O scintil-
lator coupled into a relatively small optical fibre. During the design process, the light loss in the cable to the
photodetector had no priority, and therefore assume there is no signal loss over the length of the optical fibre.
This influenced the efficiency of the total OIVD sensor system, but since the main goal is to get insight into the
coupling efficiency between the scintillator and fibre, this model will be sufficient.

5.2. Physics of the model

Within the COMSOL multiphysics®software, two packages have been used to model the light transmission in
the OIVD sensor system. The ray optics and wave optics package. The software cannot model the scintillation
process and the Cherenkov light. However, the program is suited for optimising the light throughput and the
coupling efficiency.
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5.2.1. Ray optics

The geometrical Optics (GOP) interface solves the position and wave vector of individual rays; this allows them
to interact with boundaries that intersect their ray paths. The scintillator, capsule and cable are made using
multiple build-in geometries from COMSOL. This is both done in 2 and 3-dimensional geometry. The ray optics
module is a computational tool that simulates the propagation, reflections, refractions and absorption of light
with a ray-tracing approach. All of these features are available in the GOP interface, so the light intensity and
power can be in the OIVD sensor assembly can be calculated and compared.

Next to this, it is possible to adjust the wavelength parameter of the exited rays and where and in which
direction these are released. With the Fresnel equation, it is possible to assign multiple boundary conditions to
all surfaces in the geometry to solve the ray paths for rays as they cross a boundary between two media with
different refractive indices.

With the COMSOL multiphysics, it is possible to combine the ray heating (RH) with the GOP interface.
This RH interface could solve the heat transfer in a domain caused by radiation absorption. Note that x-ray
and y-ray modelling may require the consideration of diffraction effects because they interact with matter on
an atomic level.

5.2.2. Wave optics

To reduce computational effort, the computational time of the ray-tracing model is compared to the wave optics
model. This model requires a numerical method that can solve problems in the field of electromagnetic waves
at optical frequencies. This is done with a full-wave propagation method that is based on Maxwell’s equations.
Both the section 5.2.1 and section 5.2.2 methods are based on the finite element method (FEM).

5.3. Parameter identifications

To come to a design with a maximum light coupling efficiency, multiple parameters were defined to come
to a full OIVD sensor assembly. The parameters are divided into three categories. First, the parameters of
the scintillation crystal; some of these operational parameters can be changed to some extend. Others are
predetermined during the fabrication process. Next, the connection properties are studied. These are the size
of the protective capsule, the thickness of the optical fibre, and the optical glue’s viscosity. Finally, the shape of
the optical fibre is studied, which contains the fibre ends, diameter, cladding thickness, and material.

5.3.1. Operational parameters

The operational parameters are the source power (P ), cable diameter (d.4p) and coupling shape. These are
all flexible during the simulations. The light power of the scintillatior depends on the selected scintillator, the
distance to the radioactive source and the type and age of the source. However, only limited data is available in
the literature. Therefore, the ratio between the different assemblies is more important than the actual source
power. There are multiple commercially available optical fibres with a sub-millimetre cross-section. However,
not all optical fibres can withstand radiation. Therefore the PMMA fibre used for the experiments by E.Andersen
is unsuitable. The Ge-doped fused Silica-doped fibre by CeramOptec is used for the final model.

To my knowledge, it is not clear what the minimum diameter is to have sufficient light throughput, And
therefore the (d.4p) parameter is one of the most important ones in the presented simulations. As stated in
chapter 4 there is only little data available for optimizing shapes for OIVD, so this desires simulations of the
coupling efficiency for different scintillator shapes.

5.3.2. Scintillator parameters

The scintillator dimension parameters are the width (w;;) and height (h;) of the scintillator, the refractive in-
dex (n), the imaginary part of the refractive index, which handles the attenuation (k) and the exited wavelength
(1). Together they account for the total amount of light photons reaching the photodetector. And therefore
have great influence on the feasibility of the OIVD sensor assembly. As mentioned inchapter 3, the volume of
the scintillator relate to the total amount of light excited due to scintillation. Despite this, it is not possible to
exceed the dimension as mentioned in the sketch shown in figure 2.1b. The best-suited scintillation materials
for OIVD are available in the COMSOL material libraries as host materials. However, these materials are un-
doped and vary from the tested properties in the literature. That is a common problem for simulations because
material properties differ depending on grades, heat treatment and composition. Therefore some materials
need to be adjusted to match the literature.
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The exited wavelength depends on the energy of the exited y-ray of the '92Ir source and the type of scin-
tillator. According to the publications presented in chapter 3 the exited wavelength varies from 400-700 nm.
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5.3.3. Coupling parameters

Finally, all geometries have multiple parameters to determine how the scintillator is coupled. Two examples
are given in figure 5.2. The coupling parameters and their dimensions are key factors for the light throughput
to the detector outside the patient. The way the cable has recessed, the diameter and the type of optical glue
play a key role in the light coupling efficiency. Since they need to have a wide numerical apertures (NA) and
low attenuation (k).

The cable diameter (d4p) is likely to remain <200um because of the need for a background fibre. However,
there are other filter methods to remove the stem effect in the fibre. In addition, an optical adhesive with a low
viscosity is needed to attach the scintillator to the optical fibre. The Preloaded Nordland from Edmund optics
suits best for this task and is applied in all models due to their high refractive index and low attenuation (61).

o

(a) The scintillator head is shaped like a ball lens to focus the exited (b) The optical fibre is partly recessed in the scintillator, which in-
light in the optical fibre creases the NA of the optical fibre

Figure 5.2: Coupling geometries of two selected simulations, the pink colour represents the scintillator, the orange the optical adhesive and
the cyan the fibre core

5.4. Modelling work flow

With presented physics and parameters the model can be defined in the COMSOL 2D model builder. During
this research, both 2D and 3D models were designed to verify the mechanism and coupling efficiency of the
OIVD sensor assembly. Because of the computational burden and the axisymmetrical geometry, only the 2D
model is been included in this thesis. The modelling workflow of the OIVD sensor assembly is as follows:

1. Inthe global definitions node, all geometrical dimensions are defined, including some dependent variables
such as the wavelength and light intensity exited from the scintillator.

2. The geometry is based on literature findings as described in chapter 4 and section 5.1 It can be divided
into four domains: The scintillator, the protective capsule, the coupling and the optical fibre to bring the
signal to the photodiode.

3. The parts of the four domains contain six materials: the AISI 316L Stainless steel capsule, the aluminium
oxide (Aly : O3 : Cr inorganic scintillator, the preloaded Nordland optical adhesive, the PMMA fibre with
silicon cladding and a polymer jacket. The optical coatings in the model are replaced with material
discontinuities because the results are similar and they reduce the computational time.

4. This is followed by the geometric optics where the optical rays are released in a grid, the medium and ray
properties are assigned, the material discontinuity is adjusted and multiple image planes are assigned to
read out the data.

5. The physics used in the model and the type of study are assigned next. This is done with a parametric
sweep and ray tracing.



5.5. literature background for the design

6.  Finally an extremely fine physics controlled mesh is applied to the model. Since it is of the greatest

importance to trace the rays precisely over the material edges.

5.5. literature background for the design

The OIVD sensor assembly is defined by looking more closely at examples from experimental setups described

in the literature. In section 5.5 the technical details are summarised.

Table 5.1: Design specification of eight OIVD sensor assemblies

The design for the COMSOL simulation in this thesis will be using a mixture of techniques shown in the
articles presented in section 5.5. The table shows examples of OIVD sensor assemblies with scintillation crystals
or scintillating fibres. These articles teach us the following things:

1. Most of the current experimental setup for OIVD sensors uses inorganic scintillators.

2. The exited photon wavelengths from the scintillation materials are distinguishable from Cerenkov radi-
ation.

3. The scintillation volume that fits in the head of the %2 Ir capsule is larger than the scintillation volume

used in literature.

4. The optical cables used in the literature is larger than the desired 300 um, so an additional fibre for the
reflection measurements and a background fibre won’t fit in the transfer tubes.

5. Non of the articles presents an exact number of photons for accurate dose measurement.

6.  Non of the articles uses an optimised shape to have a high photon transmission in the coupling, desired
for accurate dosimetry.

Scintillation Scintillator Cable core Exited wave- Other remarks Ref
material volume (mm?3) | diameter (mm) | length peak (1) .
Organic scintillator
BCF-12 0.8 1 435 by Saint Gobain (47)
(~ 8000 Photons per MeV
Organic scintillator
BCF-60 0.8 1 530 by Saint Gobain (81)
(~ 7100 Photons per Mev)

) Grown by Landauer Inc. (USA)
AL0s:C 0-5 <1 S11 & 694 using the Czochralski technique ©)
Al O3 :Cr 0.26 1 694 Produced by Edmund Optics (47)

. Grown by SICCAS )
CsI: Tl 1.00 ! 530 Refractive index n=1.78 (47)
Si0,:Ce3t 0.38 0.22 611 & 694 Produced by Starlite Srl (16)
Compound in powder form
. Ey 3t
YVO,: Eu 0.5 <1 611 & 694 produced by Phosphor Technology (53)
Grown by ZnSe:0 ISMA
Znse:0 1.00 1 5% Refractive index n=2.66 (47)







Simulations

In this chapter, multiple simulations of the coupling mechanism are executed in COMSOL Multiphysics (CM)
®. To validate the ray-tracing package, a comparison with the wave- and ray-optics are performed so the
behaviour of light at the transition between materials can be checked; this is described in section 6.1. After
that, the results need to be extracted, so the model needs to be evaluated in section 6.1.1. This is followed by a
parameter study which set the expectation for the creation of the final optical in vivo dosimetry (OIVD) sensor
system presented in section 6.2.

6.1. Model verification

The boundary condition of the OIVD model are defined in chapter 5. The cable thickness and shape parameters
need to be validated to finalise the model. The CM can determine the light transmission with the Maxwell
equation in the wave-optics module or snells laws with the ray-optics module to determine which model works
best; both models are compared, and the results are shown in figure 6.1. The results are similar when observed
in a model according to figure 6.1a, where a parameter sweep over the incoming angle (0-90°) are evaluated
without attenuation.
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(a) The 2D model to find the reflectance and transmittance of the an- Angle of incidence (deg)
gle of incidence, by realeasing rays in 360°at the boundarys between
the scintllator and fibre. The blue halves represent the Al O3 scintil-
lator, and the grey halves the PMMA fibre

80
(b) Reflectance and transmittance as functions of the angle of inci-

dence

Figure 6.1: The behaviour of an incoming light ray at the material transition from scintillator to fibre without attenuation, both executed
in the ray- and wave-optics module in COMSOL Multiphysics

In order to verify the behaviour of the rays over the whole OIVD sensor, the refractive index is evaluated.
After that the behaviour of the rays is studied in section 6.1.1 and section 6.1.2. This is followed by the intensity

29
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calculations, which are based on the formulas described in chapter 4 and the Finite Element Method (FEM)
described in section 6.1.3.

6.1.1. Refractive index and attenuation coefficient of the suitable scintillators

As described in chapter 3 there are multiple scintillators suitable as a light-generating device for an !9 I source.
Nonetheless, most literature do not go into the behaviour of light in the crystal and at the boundaries. This is
evaluated in a CM model where both wave- and ray optics are compared with the available literature. This is
required because the crystals used in the CM model are undoped materials. The optical properties of materials
will change under the influence of dopants as described in section 3.6.5, so some material parameters need to
be adjusted before they can be implemented. A summary of the literature and an overview from the CM data
are shown in table 6.1. In figure B.3 and figure B.4 the results are obtained for the reflection, transmission and
absorption of the CM models as described in section 6.1.

Material Refractive index absorption Ref
at peak wavelength (n) | coefficient (k) '

Al,05:C 1.77 0.1-0.3 (46) (34)
Al, O3 - (CM) 1.75 0.02 (53)
CsI: Tl 1.79 0-0.1 (65)
CsI - (CM) 1.71 N/A (0) (83)
Nal: Tl 1.85 N/A (0) (64)
Nal - (CM) 1.94 N/A (0) (40)
Y>03:Eu 1.7 N/A (0) (57)
Y203 - (CM) 1.93 N/A (0) (60)
ZnSe: 0 2.66 N/A (0) (39)
ZnSe - (CM) 2.58 0.06 (2)

Table 6.1: Refractive indices and absorption coefficients of multiple materials, CM stands for the build-in material in COMSOL Multiphysics

6.1.2. Reflective coating
A reflective coating is a thin layer applied to the surface of an optical device such as a scintillator to increase
reflection. The increase of reflected light leads to a higher light throughput in the optical fibre and increases the
efficiency of the optical system. The reflectance of the think layer depends heavily on the angle of incidence of
the light, because total internal reflection (TIR) is desired.

When the light with a wavelenght (1=620nm) goes from the ruby (n;=1.75) to the Stainless steel capsule
(n2=2.76) a thin layer (1) made with a high refractive index should be used to get a high reflective coating
(n¢), see section 6.1.2.

nl-n;

Ne = (6.1)

np

The reflective coatings showed in section 6.1.2 are tested in CM, and the reflectance of the zirconium Oxide
(ZrOy) film on a ruby is shown in figure 6.2.

] Material | Refractive index (n) ‘

MgF, 1.38
SiO, 1.46
CeF3 1.63
ZI‘OZ 2.2

Table 6.2: Refractive indices of coating materials
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Figure 6.2: Reflectance of zirconium Oxide layer between a ruby and the stainless steel capsule when a light ray hits the stainless steel
capsule perpendicular

6.1.3. Finite Element method

The FEM modifies the solver and the computational burden. First, the domain of interest is divided in a finite
element mesh with geometrically simple finite shaped element, see figure 6.3a. The size of the triangle in the
mesh is calculated by the use of lagrangian interpolations (18). One of the major advantages of FEM is that
multiple sized meshes will help to reduce the computation time while preserving accurate results, e.g. a more
refined mesh at specific parts of the CM model, such as the transition between material. Increasing the number
of elements by refining the mesh improves the solution accuracy but increases the computational burden. For
the models presented in chapter 7 an extremely fine is used because the CM model is evaluated in 2D, and the
transmission efficiency is below the 5%.
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(b) Triagular mesh in the coupling of the OIVD sensor

Figure 6.3: A dedicated mesh size for the individual domains

6.1.4. Coupling efficiency of the fibre

An essential part of this study is the coupling efficiency. This is a parameter that is essential for the fabrication
of the OIVD sensor system. In section 6.2 the coupling efficiency is shown as a function of the diameter. 17640
rays are released from a 7x35 grid to determine the coupling efficiency, and a part of them will reach the
detector. However, most rays will be partly reflected and transmitted and lose energy with their interactions,
but the number of rays increases. Only the rays with more than 10% of the initial power (W) will be processed
to limit the computation time. This means that more than 100% of the rays can reach the detector in theory. To
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get insight in the coupling efficiency of the CM model a section 6.1.4 with the coupling efficiency is presented
with the coupling efficiency of the CM model with a capsuled Al,Os is shown. This helps to get insight in
finding the geometry of the OIVD model.

Diameter | Raysreaching | Light intensity
&3 fibre (mm) detector at detector (%)
° 0.10 1073 6.08
_ 00 0.15 1565 8.87
S s 0.20 2105 11.93
s 45 0.25 2681 15.20
€ 4 0.30 3179 18.02
2 35 0.35 3643 20.65
s 0.40 4068 23.06
© - 0.45 4500 25.51
, 0.50 4958 28.10
1.5
o1 92 Cable diamter (mm) 04
Table 6.3: The number of rays and the light intensity entering the
Figure 6.4: The coupling efficiency of the model presented by optical fibre compared with the cable diameter. The initial number
E.Andersen (5) as a function of the diameter of the optical fibre of rays released in the scintillator is 17640.

6.2. Configuration of the OIVD sensor assembly

The literature shows that there are multiple ways to design an OIVD sensor system; the most basic model
is inspired by the model by E. Andersen (5). The same stainless steel capsule encapsulates this model as the
1921 source presented in chapter 2. To connect the inorganic scintillator with the PMMA fibre, the adhesive
Norland Optical Adhesive (NOA61) is used with a viscosity of 300 cps. The PMMA fibre modelled in CM is the
commercially available (ESKA GH2001-P) produced by Mitsubishi Rayon Co. Modelled with a variable core
diameter (0.1-0.5 mm).

Literature shows that the commercially available Ge-Doped fused Silica-doped fibre by CeramOptec has
better performance, and therefore a better choice for the OIVD sensor system. However, comparing the system
with the model presented by E. Andersen, the same PMMA fibre is used.

The model was consistent with the refractive index and absorption findings in simulations presented in
the literature. However, there is a parameter unclear from all literature. Which is the minimum required light
yield throughput to OIVD sensor system to make it suitable for clinical use. Multiple papers conclude with:
" This phantom-based study showed that the tested Al,Os : C OIVD system performed well in a brachytherapy
environment with '921Ir as the radiation source." (5). Which makes it hard to validate the CM models. All data is
given in % of the initial light intensity to compare in the same way, without knowing the minimum required
light yield. The in model presented in figure 6.5 is used for the graph in figure 6.6 which show the first result
of the CM model.

The fabrication and actual testing of these models is beyond the scope of this project, but recommendations
for future research are presented in chapter 10.
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Results

The final design option is presented and justified in this chapter. All designs are shown, and multiple simulations
confirm the model properties. First, the designs are compared in section 7.1. This is followed by the light
transmission in COMSOL Multiphysics (CM) and Concluded with a comparison of the CM models.

7.1. Design overview

The designs presented in section 7.1 are based on literature presented in chapter 4. The optical fibre in all
models are connected with the adhesive Norland Optical Adhesive (NOA61).

Table 7.1: Design overview of the COMSOL models
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(a) Scintillator without capsule (b) Scintillator with capsule (c) Cone coupled scintillator
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(f) The scintillator without capsules with an off-
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o

(d) Ball coupled scintillator (e) Scintillator with a recessed optical fibre

Figure 7.1: Design overview of the COMSOL models to investigate the coupling efficiency

7.2. Light transmission in the COMSOL Multiphysics models

In the COMSOL ray optics module, it is possible to solve the position of the wave vector for all the individual
rays released from the initial position. From that moment on, the rays move through the mesh element and
interact with all boudaries that intersect their parth until the rays have >10% of their initial value.

While propagating through a homogeneous scintillator, the rays go straight with a speed of (¢/n). The
time-dependent study steps determine where the ray is in the volume. For this research, only the last time
step is used. At this moment, the solver accurately interpolates the rays’ intermediate time steps. When the
rays go through a ray-boundary interaction (e.g. when the ray leaves the scintillator and enters the glue), the
ray is stored and available for post-processing. In the simulation, reflection, refraction, and absorption occur.
Figure 7.2 show these effects on two modelled scintillators in CM. The absorbance of the Al, O3 matches the
literature (71).
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Figure 7.2: The behaviour of an incoming light ray at the material transition from scintillator to fibre without attenuation, executed in the
ray-optics module in COMSOL Multiphysics

7.2.1. Luminescence in COMSOL Multiphysics

As described in chapter 3 the amount of light generated in the scintillator is depended on the type of scintil-
lator, source type and age, and distance to the scintillator. COMSOL multiphysics cannot simulate this effect.
Therefore another method is chosen.

The luminesce centres in the scintillators earlier described as dots are the places in the cristal where most
of the light is exited. A grid is made from where the light rays emitted in the COMSOL model, see figure 7.3a.
However, due to the limited computational time, the grid is simplified and turned into a 7*35 grid that emits
72 rays per grid point. Along each ray emitting from the grid, it is possible to evaluate expressions, such as



7.2. Light transmission in the COMSOL Multiphysics models 37

intensity, the wavelength of the ray and optical path length.

7.2.2. Positioning of the optical fibre

The optical fibre is used as light-conducting components in the OIVD sensor assembly to bring the scintillation
light to the measuring device outside the patient. When the scintillating light enters the optical fibre at a
different angle, the coupling efficiency changes, and therefore the fibre must be precisely positioned so the
coupling efficiency can be maximised.

Next to this, it is desired to have three fibres connected to the OIVD sensor system. One for the collection of
the scintillation light, one for the reflection measurement and the last one as background fibre for the Cherenkov
radiation. Due to the limited space available, it is impossible to couple them all in at the centre of the scintillator,
so they have to be coupled off-centre. In figure 7.3 we see the scintillation light arising in the form of 72 rays
per grid point. The rays are released in an evenly distributed 7x35 grid to limit the computational burden and
coupled into a PMMA fibre. In figure 7.3a the fibre is coupled at the centre of the fibre and in figure 7.3a at the
sides. The light coupling efficiency (%) can be observed in figure 7.4. This shows that the coupling efficiency
is lowest when coupled in the centre of the cylindrical scintillator. However, due to the limited amount of
grid points, it can be observed that only 1 row of points lies in line with the coupled fibre when the fibre is
shifted downwards, the light reaching the scintillator first increases and later decreases as expected from the
knowledge from chapter 4.
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(a) Centre coupled PMMA fibre (b) Edge coupled PMMA fibre

Figure 7.3: OIVD model inspired by E. Andersen

7.2.3. Coupling between the scintillator and the optical fibre

The optimal coupling parameters ensure that the required light yield will reach the detector. figure 7.4b show
the coupling efficiency where the attenuation of all parts of the OIVD sensor assembly are manual set to 0. This
increases the coupling efficiency and shows that increasing the scintillation volume with a scintillation crystal
with a low attenuation coefficient will increase the light throughput in the sensor.

The centre coupled optical fibre has the worst coupling efficiency, which is not obvious. This phenomenon is
caused by the odd distributed grid points that negatively influence the coupling efficiency of the centre coupled
fibre. Therefore an adjusted grid is used for the fibre position simulation only to see if this result is an outlier.
figure 7.5 show the results for the the same model as figure 7.4, but with 28 instead of 7 vertical grid positions.



38 7. Results

2.3808 2 4.736 o
2.368 4.7104

2.3552 =S 4.6848
23424 R °
£ 2.3296 < 4.6592
T 2.3168t * 4.6336
S 2.304f = 2 4608
‘0 2.2912¢ = b o
52.2784¢ 54.5824
g‘g.gggg— 24.5568
Z 2. L
§ 2.24 Y § 4.5312 ‘©
s 2.2272¢ + 4.5056
< <
S 2.2144} S 448
—12.2016¢ -

2.176 4.4288
2.1632
2150418 4.4032(?
0.1 0 , 01
Shift of the optical fibre (mm) Shift of the optical fibre (mm)

(a) The attenuation of A =610nm light in a AI203: C scintillator (b) without attenuation

Figure 7.4: Light coupling efficiency at the entrance of the PMMA fibre

. ‘ ‘
47" ]
.Q.'
! o, 1
5
2 |
&=
(0] °
<
=
()] .
C .
= 46 |
: 2
3 =
b
e
)
- -
4.55 .
| | | k3

0.08 0.16
Shift of the optical fibre (mm)

Figure 7.5: The attenuation of A = 610nm light in a AI203: C scintillator. With an adjusted 28 vertical grid points in the y-direction
instead of 7.



7.3. Comparison of the COMSOL OIVD models 39

7.3. Comparison of the COMSOL OIVD models

The CM models give insight into the possible improvements for the OIVD sensor assembly, such as which
coating should be used with which geometry does the Al, O3 : Cr scintillator has a maximum light throughput.
As observed in table 7.2 the light yield of the ZnSe: O scintillator is 12x higher than the Al, O3 : Cr scintillator
where all CM models are based on. With this in mind, the ball coupled geometry is tested with new mate-
rials, the scintillator is material is replaced with Al;O3: Cr — ZnSe: O and the optical fibre is replaced with
PMM A — Optran®Ultra WFGE. The results look promising. According to table 7.2 model of the presented ball
coupled ZnSe: O scintillator has a 165.5% better performance than the Al; O3 : Cr model based on the results
from E.Andersen (5).

H Al, O3 : Cr model ‘ ZnSe: O model

Light power realeased in the scintillator (W) 4.94 59.88
Light power reaching the detector (mW) 21.02 628.07
Percentage of the released power reaching the detector (%) 0.40 1.05

Table 7.2: Light coupling efficiency

When observing section 7.3, its clear that the use of a fibre with a diameter 250um will give better results
that the model presented by E. Andersen 7.1a. Next to that the COMSOL model with the have ball coupling has
the best coupling efficiency and is recommended to use for further research.

Rays reaching

Table 7.3: light coupling in the COMSOL models

OIVD Scintillator .Cable the detector Light intensity | Light iptensity
volume diameter . . at detectorm relative to
model 2 with =10% of their
(mm*®) (mm) L (mW) E. Andersen (%)
initial power
COMSOL model inspired
by E. Andersen 7.1a 1 0.5 3983 2.782 100
COMSOL model 9 45 0.2 5844 1.909 68.6
with capsule 7.1b ' 0.25 7584 3.225 115.9
COMSOL model 243 0.2 6166 0.872 31.3
with cone coupling 7.1¢c 2.42 0.25 7774 17.88 642.7
COMSOL model with 2.43 0.2 6044 0.962 34.6
a halve ball coupling 7.1d 2.43 0.25 7660 21.02 755.6
COMSOL model with 2.24 0.2 7560 1.561 56.11
a recessed cable coupling 7.1e 2.32 0.25 7560 2.704 97.20
COMSOL model
with ZnSe:O 0.2 2.45 9600 628.1¢ 22577.3
and Optran®Ultra WFGE fibre

%The energy of the released rays in this model is 12 times higher than the rays emitted from the Al, O3 : Cr scintillator, see section 3.7.1







Discussion

This chapter will examine the proposed design in terms of the requirements mentioned in chapter 1. As ex-
plained, the design met scintillation properties and light coupling efficiency requirements. A summary of the
main requirements is presented in table 8.1, onto which a discussion will follow.

8.0.1. Optical validation of the COMSOL model

The optical validation is based on the requirements presented in chapter 1 and budget. All values of the COM-
SOL Multiphysics (CM) are compared with the literature. What can be noticed in table 8.1 is that not all data
parameters presented in the literature can be tested in the models. However, some differences need to be ex-
plained. The optical transparency of the COMSOL models is different from the literature due to the missing Cr
dopant in the ruby.

Three conclusions can be drawn from observing the results. First of all, the coupling efficiency of the optical
in vivo dosimetry (OIVD) is sufficient compared to the model from E. Andersen. However, the way grid points
are set to influence the results may cause significant errors in the model.

Secondly, the fibre diameter needs to be reduced. The simulations show similar results can be obtained by
increasing the scintillation volume and using an optical fibre between 0.2-0.25 mm. This is mainly influenced
by the amount of light generated at the coupled half of the scintillator. Most of the rays have multiple boundary
interactions before they reach the optical fibre, and because all rays with <10% of the initial energy are discarded,
the experimental results can differ from the simulations.

Thirdly, the current implementation of the OIVD sensor assembly in CM is not suited because the excitations
and the amount of light produced in the scintillator can not be implemented. This causes significant differences
from experiments because the amount of generated light depends on the activity of the source, source type and
distance to the source.

Overall the table 8.1 shows that the use of ZnSe:O gives the best results within the given requirements.
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Requirement

Experimental
results by
E.Andersen (5)

Final
COMSOL
Model

Proposed

Excited wavelength

550-1000(nm)

610

663

+600,

The exited wavelength
must be distinguishable
from Cherenkov radiation.
The maximum wavelength
is not fixed but is
limited by the detector
outside the patient. (11)

Decay Time

<1000ns

33

N/A

+100ns,
The dose needs
to be measured multiple
times to have an
accurate dose
measurement.(10)

Position accuracy

<2mm

<4mm

N/A

<2, The accuracy
would improve with
added dwell positions and
multiple scintillators.

Optical Transparancy

0.7

0.78

0.72

Multiple scintillators
have an optical
transparency =0.8,
however, no
publications state
a minimum requirement.

Fibre diameter

<0.3mm

0.5mm

0.2mm

0.2mm

Radiation hardness
of the fibre

6 Months

N/A

N/A

The Optran®Ultra
WFGE fibre.

The PMMA fibre is
not sufficient to withstand
the radiation
for 6 months. (10)

Temperature dependancy

10-50°C

22-24°C (42)

20°C

ZnSe: 0(39)

Table 8.1: Validation of the optical performance
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8.0.2. Validation of the current literature

This report aimed to give Elekta advice on the coupling and fibre diameter of a new OIVD sensor assembly to
evaluate the dose delivery for brachytheraphy (BT). As source placement errors can affect the effectiveness of
the treatment, dose verification is desired. With real-time feedback of the dose delivered to the planning target
volume (PTV) and the organ at risks (OARs), the oncologist can ensure the accuracy and conformality of the
dose delivery. This will improve patient outcomes after treatment.

1. Most suitable scintillator

The literature study shows that multiple scintillators will sufficiently excite characteristic light as a response
to the 19Ir isotope. Ruby (Al O3 : C) is widely available and therefore mentioned in a lot of experimental papers.
However, when we look into the ideal characteristics ZnSe: O looks most promising and is widely available.
On top of that, more scintillators are likely available soon at an affordable cost.

2. Most efficient coupling

To my knowledge, it is still unknown what the minimum amount of light signal needs to reach the photode-
tector to accurate dose measurement. More recently, different coupling methods have been introduced to the
development of OIVD sensor systems to increase the light throughput. Mathematical models assume that op-
tical antennas (tapered optical fibres) and lenses will increase the coupling efficiency. However, there are very
limited prototypes tested to verify the mathematical models. The reduced volume of the scintillator will lower
the total amount of generated photons, and it is unknown if the coupling efficiency will compensate for the loss.

3. Uncertainties during dose measurement
Analyzing the uncertainties used in clinical dosimetry is critical to getting accurate results. Multiple papers

state that concern in BT is a lack of knowledge about the frequency and nature of errors and the amount of
Cherenkov radiation produced in the scintillator.






Conclusion

This study aimed to overview the requirements for the sensing part of an optical IVD sensor assembly to
couple light efficiently into an optical fibre. This is done by coupling the smallest fibre diameter and most basic
coupling design for an optical optical in vivo dosimetry (OIVD) sensor assembly to be able to obtain sufficient
light yield, given the HDR brachytherapy application, the selected fibre and the available scintillator dimensions
and materials.

Experimental data for finding the most suitable scintillators that fit in the head of an OIVD sensor system
and the different coupling approaches to couple the produced light into an optical fibre of 100-300um, was
available from earlier research. This helped to answer the main research question, using seven COMSOL Mul-
tiphysics (CM) models. During this project, simulation data from CM and literature became available. This
was used to find the most suitable scintillators that fit in the head of an OIVD sensor system and the different
coupling approaches couple the produced light into the optical fibre. The OIVD sensor assemblies have proven
successful in detecting the 1%2Ir isotope (6).

From all these models, the inorganic scintillator ZnSe: O has favourable scintillation characteristics and is
helpful in a device for radiation therapy application with its high intensity and slight afterglow. Next to this, the
sensor also demonstrates good repeatability, with a maximum error of 4.13% compared to the expected result
from the treatment planning system calculation algorithm, TG43 (87). For good and efficient light transmission,
the cross-sectional area and the numerical apertures (NA) need to be maximized (25).

OIVD sensor systems have the potential for dose verification for 19Ir brachytheraphy (BT), this is demon-
strated with the simulations. These show that the ZnSe: O has the best optical performance. An optical fibre
between 200-250 um will be large enough the have a sufficient light yield at the detector. The potential benefit
will justify the use of in vivo dosimetry (IVD) once OIVD sensor assemblies are commercially available. Also,
when IVD becomes mandatory in all countries to record the dose delivered to patients, the price of scintillators
will likely decrease, and these sensor systems will become affordable.

A model of the head of an OIVD sensor assembly is simulated in COMSOL Multiphysics to characterise
the model dimensions and their impact on the coupling efficiency. This then led to seven designs. All models
were consistent with the theoretical expectations, with the sidenote that the material properties can be slightly
different from the theory. Based on this respot, it can be concluded that the head on an OIVD can couple the
exited light into a fibre while minimising the light loss and maximising the coupling efficiency. This is done by
encapsulating the ball coupled scintillator in the same stainless steel capsule as the 19Ir source.

The main conclusion drawn in this thesis is that with the current implementation of models, the fibre
diameter can be reduced to 200um, which is feasible to fit the OIVD sensor assembly in the transfer tubes and
needles.
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Recommendations

Due to the limited amount of time and the complexity of the optical in vivo dosimetry (OIVD) sensor system,
it is not possible to incorporate every aspect in this graduation thesis. This also applies to all imperfections
of the COMSOL model, that couldn’t be erased and corrected to come to the final design. To compensate, a
recommendation for future projects is to implement the OIVD sensor system in the clinic. In the chapter, the
proposal for improvements of this project is handled in section 10.1. For continuation or improving this project,
suggestions are given for manufacturing in section 10.2 and concluded with recommendations for testing in
section 10.3.

10.1. Improvements of the COMSOL model
The discussion points for modelling the COMSOL Multiphysics (CM) model are listed below:

1. The OIVD model is rather simple in this design. to improve the reliability of the model, some extra things
could be implemented:

(a) The actual materials can be implemented with real-life dopants and impurities. However, this comes
with additional losses and a higher computational power.

(b) The scintillator won’t release the rays in a perfectly rectangular grid and with constant power output
but is based on the distance to the source, the age of the source and the quality of the scintillator.
But before this can be implemented, more research is needed to get a better understanding of the
scintillation behaviour in the head of a OIVD sensor system.

These effects likely need to be verified through testing, but they can be better predicted if these
aspects are implemented first. On top of that, it can give a more complete answer to the sub-
question:

(i) Which scintillation requirements are needed for a scintillator to detect the presence of an %Ir
source at a 2.5-150 mm distance?

2. The design can be improved by implementing the coating around the scintillator. By replacing the bound-
ary with extra material come with a computational cost but will improve the quality of the solution. Also,
adjusting the roughness of the boundaries might increase the coupling efficiency. Changing the smooth-
ness of the scintillator or implementing a pattern will increase the efficiency of the OIVD sensor system.
When the CM model has recreated overusing this model, changing these parts should be taken into ac-
count.

3. During this project, it became clear that the ray optics module users guide is not complete (18). This
makes working in this model extra hard for a new user, one of the major drawbacks was not being able
to use the ray detector node to analyse the rays in the model. This would give insights into the influence
of the individual ray scattering, reflection, and absorption. Although the final results could be acquired
in CM with a rather long computation time, exporting the data to MATLAB gave no additional value to a
meshing error. Next to this, not being able to export the data makes it impossible to generate comparative
plots, and therefore only a limited amount of results could be obtained.
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4. To limit the computational time, the model is created in a 2D workspace. This could be done because the
model is axisymmetrical. However, analysing the model in 3D would give more insight into how rays
would enter the fibre and the distribution of the rays. Having a good understanding of the ray distribution
provides the user with more insight in improving the geometral shape of the OIVD sensor assembly.

5. To improve the performance, a multiphysics interaction can be made in CM, so the strength of the en-
hancement can be taken into account as well as the influence of heat coming from the human body. These
interactions will improve the model and let analyses will be more truthful.

6. The data processing in CM is not always clear, and some actions need to be taken to improve the post-
process of the acquired data. It is possible to extract a MATLAB scripts from COMSOL. Nonetheless,
these scripts are very unclear and need to be improved to increase the useability and reduce the manual
effort:

(a) The exported data from COMSOL is in a hard to read format: Some options for output are not
available, e.g. parameters for columns. Next to this, some of the physics equations and how they
are used can’t be opened, so the user cannot verify the data. For a faster post-processing routine,
improving the format of the different data files is key.

(b) Currently, the data in COMSOL are stored as global or ray parameters. These parameters can work
together while influencing each other. Easy interaction between these data types will help the user
to acquire more reliable data from the software.

(c) Generating plots and legends in CM all needs to be done manually. To generate the plot files, plot
files and axis automatically, the post-processing time will be reduced.

Although the current simulation of the OIVD model works when appropriately used, to make it more
reliable and user-friendly, improving these steps will improve new users to extract meaningful data with less
effort.

10.2. Fabrication of the OIVD sensor system

When the project started, the fabrication of a scale model for the OIVD was intended. But as the project contin-
ued, it was rejected from the research scope. In this section, multiple suggestions are given for a continuation
of the development of a OIVD sensor system. During the project, numerous models and sketches are made and
implemented in CM. Below a global process is given based on the findings from the literature as described in
chapter 3 and chapter 4 as well as the final COMSOL results given in chapter 7

1. To obtain a high light yield with an exiting wavelength distinguished from the wavelength of the Cerenkov
radiation, the OIVD sensor assembly should be built around the inorganic scintillator ZnSe: OI.

2. The use of a ball antenna inside the OIVD will improve the coupling efficiency at a relatively low cost.

3. The CM models show that the adding a reflective coating around the scintillator, the light coupling effi-
ciency will increase significantly.

4. The PMMA fibre used in the CM model had a low coupling efficiency, so using the Ge-doped fused Silica-
doped fibre by CeramOptec will probably lead to better performance.

5. There are multiple ways to connect the scintillator to the optical fibre, but no research is done to increase
the coupling efficiency that way. With the literature in mind, a tapered fibre will probably suit best.

6. The absorption in the protective capsule of the scintillator is not taken into account. Research is needed
to acquire a better material and structure to increase the light yield of the scintillation crystal.

Note that there is an option to vary the total volume of the space in the capsule a bit more than in chap-
ter 6. And implementing additional background fibre and reflective measurements will influence the coupling
efficiency, but it is outside of the score of this research.
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10.3. in-vitro and in-vivo testing of the OIVD model

Although the device configuration isn’t finalised and the testing results highly depend on this, a testing method
for the OIVD sensor assembly is suggested in this chapter. With in-vitro test, it’s possible to verify the simu-
lations executed in CM and determine the reliability of the software. With these tests, the following questions
can be answered:

1.

2.

How to maximise the number of ejected detectable photons in a scintillator?

How to realise the most efficient light coupling, give the maximum dimension of the |glsivd sensor as-
sembly?

Is the light transport in an experimental setup similar to the model?
What is the minimum required signal to verify the dose delivered?

Are there more issues that arise in an experimental setup that is not mentioned in other literate and not
taken into account in the current CM model?

These five questions can be answered in an experimental setup using the following items:

(i) Use an active source that can move along the OIVD sensor assembly. Multiple sources can be used to

meet the ALARA principles, but an 192 is desired.

(ii) Use a photodiode to measure the amount of light reaching the end of the optical fibre, so it is known how

much light is needed to accurately measure the delivered dose and determine if a photomultiplier tube is
required.

(iii) Use a background fibre to determine if the stem effect is dominant in the signal and to define it needs to

be filtered out.

Using the knowledge presented in this report will provide guidelines for a potential device testing setup.
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Halveringstijd en vervalconstante

Tip=73,83d=638x100s A =1,09x107 51

Vervalschema (vereenvoudigd)

1921
ke b 921
785
690 5 |4 3
7 612
2
206
6 316
1
1920

192p¢

Belangrijkste uitgezonden straling

Straling  y (Bg-s)’! E (keV) Straling  y (Bgss)’! E (keV)

B 0,415 161|536 Va 0,478 468
B 0,481 209 | 672 Vs 0,082 604
Y1 0,828 316 V6 0,033 206
V2 0,290 296 V7 0,032 485
Y3 0,297 308
Bronconstanten
Kermatempo in lucht k = 0,11 uGy/h per MBg/m?
Omgevingsdosisequivalenttempo h = 0,14 uSv/h per MBg/m?2
Diversen
Specifieke activiteit Agp = 3,41x10' Bg/g
Vrijstellingsgrenzen C, = 10'Bg/g en A,=10%Bq
Huidbesmetting Higig = 5x10710 Sy/s per Bg/cm?
Wondbesmetting; Injectie e(50) = 7,0x10 Sv/Bq
Vervoer A1 =1 TBq
Ay = 0,6TBq
214

Figure B.1: Handboek Radionucliden, A.S. Keverling Buisman Ir-192 (page 214)
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Productie en toepassingen

Het radionuclide 192Ir is een activeringsproduct. Het wordt toegepast voor
niet-destructief materiaalonderzoek. Bovendien vindt het toepassing als
draad voor lokale bestralingen van tumoren.

Metabool model

Voor stralingshygiénische doeleinden wordt aangenomen dat iridium zich vanuit het
bloed als volgt verdeelt: 20% naar lever, 4% naar nieren,

2% naar milt, 54% naar de overige organen/weefsels en de rest wordt rechtstreeks
uitgescheiden. De biologische halveringstijd voor alle organen/weefsels wordt
gesteld op: 20% Tip=8d 80% Typ=200d

Ingestie- en longzuiveringsklassen

Ingestie
Alle verbindingen f1=0,01

Inhalatie
Hydroxide, oxide f1=0,01 Klasse S
Halogenide, nitraat, metaal f1=0,01 Klasse M
Overige verbindingen f1=0,01 Klasse F

Dosisconversiecoéfficiént en radiotoxiciteitsequivalent
voor werknemers (w) en voor leden van de bevolking (b)

Ingestie Inhalatie Inhalatie Inhalatie

f1=0,01 F M S
e(50)(w) 1,4x10°  22x10°7  4,1x10°  49x10°  Sv/Bq
ARe(W) 7,1x108 4,5x108 2,4x108 2,0x108 Bq
e(50)(b) 1,4x10°  1,8x10°%  49x10°  6,2x10°  Sv/Bq
ARe(b) 71108 5,6x108 2,0x108 1,6x108 Bq

Gegevens voor totale-lichaamstelling

Tijd (d) Lichaamsactiviteit na eenmalige inname (Bq per Bq inname)
0,25 9,9x107! 7,3x107! 7,4x1071 7,4x1071

7,1x1071 5,1x1071 4,9x1071 4,9x1071

3,3x1071 3,4x1071 2,5x1071 2,4x1071

1,3x1071 2,6x1071 1,5x1071 1,3x1071

2,5%x1072 2,1x1071 8,5x1072 7,2x1072

9,1x103 1,9x1071 7,4x1072 6,1x102

~N W=

215

Figure B.2: Handboek Radionucliden, A.S. Keverling Buisman Ir-192 (page 215)
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Figure B.3: The behaviour of an incoming light ray at the material transition from scintillator to fibre without attenuation, executed in
theray-optics module in COMSOL Multiphysics
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Figure B.4: The behaviour of an incoming light ray at the material transition from scintillator to fibre withattenuation, executed in theray-

optics module in COMSOL Multiphysics






COMSOL simulations

The modelling workflow in COMSOL Multiphysicsv5.5 is described here. This workflow consists of the follow-
ing steps: 1. Setting up the model environment 2. Build the geometry for the optical in-vivo dosimetry sensor
assembly 3. Import and specify the material properties 4. Defining the boundary conditions in the model. 5.
Create the desired mesh. 6. Run the simulation 7. Postproces the results in COMSOL or other software.

Srameters

Label: Parameters 1 E
¥ Parameters
"
Marme Expression Value Description
Sci_w 3.53[mm] 0,0035 m Scintillator Length
Sci_h 0.7[rmm] TE-dm Scintillator Height
Lens_r 0.35[rmm)] 3.5E-4 m Radius Lens
Cab_w 1.5[rmm] 0.0015 m Cable Length
Cab_h 0.25[rmm)] 2.5E-4m Cable Height
Cap_r 0.45[rmm)] 4.5E-4m Radius Capsule
Cap_w 3.7[mm] 0.0037 m Capsule Length
Cap_h 0.9[rmm] 9E-4m Capsule Height
Cabec_w 1.5[mm] 0.0015 m Cable Length
Cabe_h 0.12[mm)] 1.2E-4m Cable + Cladding
Cabj_w 1.5[mm)] 0,0015 m Cable Length
Cabj_h 014 mm] 1.4E-4 m Cable + Cladding + Jacket
Sci_coat_w | 3.32[mm] 000332 m Coating Scintillater
Sci_coat_h | 0.72[mm] T2E-dm Coating Scintillater
P_=src 12*4,989795%18[W/m] 39.878 W/m Total source power
(a) 1: the parameter definitions
Laloba g
¥ Material Overview
" Material Selection
Stainless Steel AlS| 316L (mat26) Global
Al203 (Aluminium sesquicxide, Sapphire, Alumina) (Querry 1985: [£-AI203 (Sapphire); n k(o) 0.21-... | Global
Edmund optics - Preloaded Nordland - n=1.52 - abs 320-360 (mat30) Global
PMMA resists (Microchem 950 PMMA resist) (mat31) Global
Si (Silicon) (Li 1980: n 1.2-14 pm; 283 K) (mat32) Global
CR-39 (Polymer; n 0.58929 prm) (mat33) Global

(b) 2: Material overview
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C. COMSOL simulations

Label:  Boundary System
Names 55

= Settings

Frame:

Geometry configuration

Coordinate names

First Second
i n

[] Reverse nommal direction

Create first tangent direction from:

Global Cartesian (spatial)

Ais;

(c) 3: Boundary system

Graphics  Convergence Plot 1

Lo ERe-

(d) 4: Geometry of the assembly

Fi

=]

T T T T T T T W W W W

Geometrical Optics 2 (gop)

& Medium Properties 1

B2 Material Discontinuity 1
[:I Ray Properties 1

EE— Ray Termination 1

Eﬁ Release from Grid 1

EEE Release from Grid 2

Eﬁ Release from Grid 3

) Ray Detector 1

£ Material Discontinuity 3
3 Material Discontinuity 4
= Mirror 1

= Wall1

S Equation View

(e) 5: Study:Geometrical Optics

Graphics  Convergence Plot 1

(f) 6: Mesh of the assembly

Third

S-@

(5]
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Settings ~ Properties

Ray Tracing
= Compute C' Update Solution

Label: Ray Tracing

¥ Study Settings

Time-step specification: Specify maximum path length
Length unit: mm
Lengths: range(0,0.1,20)

Characteristic group velocity:  ¢_const
Tolerance: Physics controlled

Stop condition: MNone

Results While Sclving
¥ Physics and Variables Selection
[] Modify model configuration for study step

W
Physics interface

Geometrical Optics 2 (gop)

Values of Dependent Variables
Mesh Selection

Adaptation

Study Extensions

(g) 7: simulated Ray tracing

= Compute C* Update Solution
Label: Parametric Sweep
Study Settings

Sweep type: | Specified combinations

" Parameter name Parameter value list
Cab_h (Cable Height) = ||range(0.2,0,05,0.4)
+ Sy d
¥ Output While Solving
Plot

Plot group: | Ray Trajectories (gop)

Probes: All

Accumulated probe table

Output table: | Table1

Use all probes

Default solver sequence generation: | Using each parameter tuple
Memory settings for jobs

Keep salutions in memory: All
¥ Study Extensions

Use parametric solver: | Automatic

(h) 8: simulated Parametric sweep

Figure C.1: The COMSOL steps taken for the encapsulated optical in vivo dosimetry (OIVD) sensor assembly with the ZnSe

and the silica-doped fibre by CeramOptec.

: O scintillator






MATLAB Scripts

The relevant MATLAB scripts are printed in this appendix to give more insight into the data processing. These
scripts are not copied directly: some administrative lines were removed to improve the readability of this report.

D.1. Parameter sweep analysis

1 function out = model

3 import com.comsol.model.*
4+ 1import com.comsol.model.util.x

¢ model = ModelUtil.create('Model');

7 model.component.create('compl', true);

8

9 model.component ('compl').geom.create('geoml', 2);

10 model.component ('compl').geom('geoml') .axisymmetric (true);

11

12 model.component ('compl') .mesh.create('meshl'");

13

14 model.component ('compl') .physics.create('gop', 'GeometricalOptics', 'geoml');

16 model.study.create('stdl");

17 model.study('stdl').create('rtrac', 'RayTracing');

18 model.study('stdl').feature('rtrac').activate('gop', true);

19

20 model.component ('compl').geom('geoml') .create('rl', 'Rectangle');

21 model.component ('compl') .geom('geoml') .feature('rl').set('size', {'Sci_1' 'Sci_h'});
22

23 model.param.set ("Sci_1', '0.7[mm]"');

24 model.param.set ('Sci_h', '3.5[mm]");

25 model.param.descr ('Sci_1', 'Scintillator Lenghth'");

26 model.param.descr('Sci_h', 'Scintillator Hight'");

27

26 model.component ('compl').geom('geoml').run('rl");

29 model.component ('compl').geom('geoml').feature('rl').set('size', {'Sci_w' 'Sci_h'});

31 model.param.rename ('Sci_1', 'Sci_w');

32 model.param.set ('"Sci_w', '3.5[mm]");

33 model.param.set ('Sci_h', '0.7[mm]");

34

35 model.component ('comp') .geom('geom') .run('fin');
36

37

33 model.param.set ('Lens_r', '0.35[mm]");

39 model.param.descr ('Lens_r', 'Radius Lens'");

40

41 model.component ('compl') .geom('geoml') .feature('cl').set('r', 'Lens_r'");
42 model.component ('compl').geom('geoml').run('cl");
43 model.component ('compl').geom('geoml') .feature('r2').set('size', {'Cab_w' 'Cab_1"});
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D. MATLAB Scripts

44
45
46
47
48
49
50
51
52
53
54
55

56

70
71

model.param.
model.param.
model.param.
model.param.
model.param.

descr (

set ('Cab_w',

descr ('Sci_w',
set ('Cab_h"',
descr ('Cab_h',

'3.5[mm]");

'Cab_w', 'Cable Length');
'Scintillator Length');
'0O.1[mm]");

'Cable Hight'");

model.component ('compl') .geom('geoml') .run('cl');
model.component ('compl') .geom('geoml') .feature('r2"') .set ('size’',
model.component ('compl') .geom('geoml') .run;

model.sol('soll").

model.sol ('soll"'
model.sol ("'soll"'

study ('stdl");

create('tl', 'Time');

feature('tl').set('tlist', 'range(0,0.01,1)");

{'Cab_w' 'Cab_h'});

57 model.study ('stdl'").feature('rtrac').set('notlistsolnum', 1);
ss model.study('stdl'").feature('rtrac').set('notsolnum', '1");
s9o. model.study('stdl'").feature('rtrac').set('listsolnum', 1);
60 model.study ('stdl').feature('rtrac').set('solnum', '1");
61
62 model.sol('soll'").feature.remove('tl');
63 model.sol('soll').feature.remove('vl');
6¢ model.sol('soll'").feature.remove('stl');
s model.sol('soll'").create('stl', 'StudyStep'");
66 model.sol('soll').feature('stl').set('study', 'stdl'");
7 model.sol('soll'").feature('stl').set ('studystep', 'rtrac');
68 model.sol('soll').create('vl', 'Variables');
¢ model.sol('soll'").feature('vl').set('control', 'rtrac');
) .
) -
72 model.sol('soll'").feature('tl').feature.remove (' fchef');

73 model.sol('soll'").attach('stdl");

74 model.sol('soll'").runAll;

75

76

77 model.component ('comp2') .physics ('gop2') .feature('opl') .set ('RayPropertySpecification’',

— 'SpecifyVacuumWavelength');
78
79 model.label ("MATLAB_OIVD.mph'");
so model.component ('comp2') .physics('gop') .feature('mirl') .active (true);
81 model.component ('comp2').geom('geom2') .run;
82

s3 out = model;

D.2. Seed points for the scintillator

Smm

3.5;
Sci_w_mm/1000; %m

1 Sci_w_mm =
2 Sci_w =

4 Sci_h_mm=0.7; %mm
5 Sci_h =Sci_h mm/1000; %m
6 % Scintillation Crystal 3D

s pl=[0.0, 0.0,
s p2=[0.0, 0.0,
10 R=Sci_h/2;
n N = 100; %

0];
Sci_w];

# seeding points
13 axialvec =

14 axialvec =
15 axialpoints =

p2 - pl;
axialvec/norm(axialvec);
pl + (p2 - pl).xrand(N,1);

17 circr = sqgrt(rand(N,1))*R;
18 circtheta = rand(N,1)*2xpi;
19 circpoints = [cos(circtheta) .xcircr,sin(circtheta) .*circr];
21 $Rotate the points into the plane perpendicular to the axis.

23 axnull = null (axialvec);
24 points3D = axialpoints + circpointsxaxnull.';




D.2. Seed points for the scintillator

71

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

points2D = points3D(:, [3,1]);

%And plot.

plot3 (points3D(:,1),points3D(:,2),points3D(:,3),"'.

grid on
box on
axis equal

figure

plot (points2D(:,1),points2D(:,2),"'.")
grid on

box on

axis equal

% Write data to text file
dlmwrite ('SeedPoints_100_3D.txt',points3D)
dlmwrite ('SeedPoints_100_2D.txt',points2D)

")
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