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Abstract

Brachytherapy treatments are becoming more complex and generally high doses per frac-
tions are prescribed. Therefore there is a need for a real-time dosimeter which is able
to accurately verify the dose delivered to a patient during treatment. Beryllium oxide
(BeO) ceramics are a near water-equivalent material capable of radioluminescence (RL)
and optically stimulated luminescence (OSL). A low energy dependence is expected from
BeO ceramics since it has an effective atomic number similar to water. In this thesis the
feasibility of using BeO ceramic as the probe for a fibre-coupled luminescence dosimetry

system is demonstrated.

In order to maximise the sensitivity of the fibre-coupled luminescence dosimetry system,
the light collection from the probe material into the optical fibre was simulated. Since
BeO ceramics are self optically attenuating, a range of probe designs were investigated
including: a reflective wall surrounding the BeO ceramic and the potential use of another
optically transparent layer to provide a less attenuating optical path into the optical
fibre. A model was developed using ray tracing through the BeO ceramic until reaching
the optical fibre. It was found that for a 1 mm diameter BeO ceramic probe coupled
directly to an optical fibre, that there is no increase in light collection beyond 1 mm

length of BeO ceramic.

An RL/OSL reader system was developed which could be connected to an optical fibre
with a 1 mm diameter, 1 mm long BeO ceramic coupled to the fibres tip. The dosimetry
system was capable of real-time dose rate measurements by reading the RL signal, and
post exposure accumulated dose measurements by stimulating and integrating the OSL.
The dosimetry system was characterised with high energy 6 MV and 18 MV x-ray beams,

an 2Ir source, and a range of superficial x-ray beam energies.

The OSL dose response was shown to be supralinear to doses greater than 10 Gy, and
independent to dose rate. The RL is shown to be linear to dose rates from 100 ¢cGy/min
to 600 cGy/min, and that the integral of the RL responded linearly to doses from 30 cGy
to 15 Gy. The RL from BeO ceramics was observed to be insensitive to the accumulated
dose, making dose rate measurements easily obtained. Energy dependency measurements
showed that there is a different energy response for the OSL and RL signals. The RL
shows little energy dependency for x-ray energies above a superficial 50 kVp beam, while
the OSL response differs from the RL response for x-ray energies above a superficial 150
kVp beam.



Finally the system was evaluated for use in high dose rate (HDR) brachytherapy applica-
tions. The reproducibility, energy dependence, angular dependence and probe tempera-
ture dependence were evaluated for an 19?Ir HDR source. An overall uncertainty of 7.9%

and 10.1% for the RL and OSL, respectively, was estimated.

This work has shown that BeO ceramics have the potential to be a very useful material
for dosimetry in radiotherapy. Especially for dosimetry in brachytherapy where its low

energy dependency may be of use.
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Chapter 1

Introduction

In 2010, one in three and one in four Australian men and women respectively, were di-
agnosed with caner by the age of 75 (Australian Institute of Health and Welfare, 2014).
Various methods of treatment are available including surgery, chemotherapy, radiother-
apy, immunotherapy and targeted therapies, many of which are often used in conjunction
with each other. Approximately 50% of all cancer patients will have radiotherapy during

their course of illness (Baskar et al., 2012).

1.1 Radiation therapy

Radiotherapy is the use of radiation in the treatment of a disease. The key of radiotherapy
is to deliver the necessary dose to the target volume, while sparing any healthy tissue from
damage as much as possible. There are many different types of treatment in radiotherapy

which can be classified as external beam radiotherapy and brachytherapy.

1.1.1 External beam radiotherapy

External beam radiotherapy (EBRT) or teletherapy, is where the source of radiation is
located a distance from the surface of the patient. EBRT is generally performed us-

ing either kilovoltage x-ray units, megavoltage linear accelerators, or cobalt-60 machines.

1
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Though kilovoltage x-ray units may still be useful for the treatment of superficial lesions,
they were superseded by Cobalt-60 machines in the 1950s in order to treat deeper tar-
gets. In modern radiotherapy centres today, the majority of treatments now utilise either
megavoltage x-rays or electrons produced by linear electron accelerators (Mayles et al.,

2007).

1.1.2 Brachytherapy

Brachytherapy is where the source of ionising radiation is near or within the treatment
volume, this is commonly achieved with the use of radioisotopes. With this therapy, a
high radiation dose can be delivered locally to the target with rapid dose fall-off in the
surrounding normal tissue. Brachytherapy is separated into three modalities; low dose
rate is where the dose rate is between 0.4-2 Gy/hr, medium dose rate is between 2-12
Gy/hr and high dose rate is where the dose rate is greater than 12 Gy/hr (Podgorsak
and Agency, 2005).

Some of the most common radioactive sources in brachytherapy are '*°I, 193Pd, 192Ir,

98 Ay, 137Cs, °Co and ?°Sr. Usually gamma rays are used for treatment, but beta rays

are sometimes used in situations where the target volume is closer to organs at risk

(OAR).

Sources can be loaded into the patient with the use of needles and applicators. There are
many different types of applicators for different treatments. Remote afterloading systems
are systems which are capable of holding the sources, and then remotely delivering the
sources through the applicators. This helps with the radiation protection of the staff,
since the radiation will be shielded from them when they are preparing the patient for
treatment, and they will be out of the treatment room during loading since there is no

need for manual loading.

A recent review investigated the total uncertainties associated with brachytherapy treat-
ments, through all of the patient procedures (Kirisits et al., 2014). These included un-

certainties due to:
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e Source strength - i.e. uncertainties due to the calibration of the brachytherapy

source.

e Treatment planning system - i.e. uncertainties associated with the use of AAPM

TG-43 dose calculation formalism (Nath et al., 1995, Rivard et al., 2004).

e Dose delivery - i.e. the accuracy of the source position and dwell times. Also the
transit dose of the source which is not accounted for by the treatment planning

system.

e Imaging accuracy - i.e. uncertainties resulting from computational limitations and

assumptions due to the finite slice thickness.

e Target contouring accuracy - i.e. uncertainties due to inter- and intra-observer

variability in target and OAR contouring

e Anatomy changes between dose delivery and post-implant imaging.

By making estimates on uncertainties from literature, and in discussion with experts, they
reported on the overall dosimetry uncertainties associated with various treatment sites.
In the case of 1%2Ir HDR brachytherapy they report a typical total dosimetry uncertainty
of 8%, 12%, 13%, and 5%, for vaginal cylinder applicator, image-guided cervical cancer,

breast balloon applicator and prostate treatments, respectively (Kirisits et al., 2014).

Brachytherapy treatments are becoming more complex and generally high doses per frac-
tions being prescribed. However, brachytherapy still typically involves more manual pro-
cedures during catheter/applicator insertion, treatment planning and treatment delivery
than does EBRT. Also, treatment delivery verification is less advanced in brachyther-
apy than in EBRT. Therefore, brachytherapy may be more prone to errors than EBRT
(Kertzscher et al., 2014). As a result it is desirable to conduct in-vivo dosimetry as a

useful final check to the final treatment dose delivered.
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FIGURE 1.1: The two approaches to in-vivo dosimetry, either a) where dose measure-
ment is performed from within the patient, or b) where dose measurement is perform
on the patient’s surface.

1.2 In-vivo dosimetry in brachytherapy

In-vivo dosimetry is where a dose measurement is performed during the patient’s actual
treatment. Due to the various uncertainties associated with the many steps required
before and during a patient’s treatment, an ultimate check is of use. Especially for

specific patient groups and for unusual treatment conditions.

There are two approaches toward in-vivo dosimetry either internal dosimetry or surface
dosimetry, shown in figure 1.1 (Podgorsak and Agency, 2005). Internal dosimetry is where
the dosimetry system is placed inside of the patient, either in the target volume or in one
of the critical OAR, shown in figure 1.1 (a). Surface dosimetry is where the dosimetry
system in placed on the surface of the patient and records the dose exiting and entering

the patient, shown in figure 1.1 (b).

A recent review of in-vivo dosimetry in brachytherapy highlighted the need for in-vivo

dosimetry due to the number of uncertainties and potential errors during brachytherapy
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treatments (Tanderup et al., 2013). The energy dependence and small size of the dosime-
ters were highlighted as key characteristic requirements for an ideal in-vivo dosimetry

system for brachytherapy compared to dosimeters used in megavoltage EBRT.

The purpose of this section is to provide an overview of the various radiation dosime-
ters commonly used for in-vivo dosimetry in brachytherapy. Here their advantages and

disadvantages are discussed.

1.2.1 Point detectors

One-dimensional or point dosimeters make up the majority of detectors which are rou-
tinely utilised. A key characteristic to the use of point detectors is that they may be small
enough to be inserted within either intraluminal catheters or special applicators inserted

into patients.

1.2.1.1 Ionisation chambers

The most routinely utilised dosimetry system in a radiation oncology department, used as
a reference dosimeter to calibrate other relative dosimeters. In the case of brachytherapy
their use for in-vivo dosimetry is limited due to their current sizes not allowing for patient
implantation (Ismail et al., 2009). Also the voltage required to operate an ionisation

chamber may make implantation difficult.

1.2.1.2 Semiconductor diodes

Semiconductor diodes are commonly used for in-vivo dosimetry in brachytherapy and
EBRT. Diodes have been shown to provide real-time readout systems, have a high sen-
sitivity and a small size. However, they do require corrections for angular dependence,
energy dependence, temperature dependence, dose and dose-rate dependence. One of the
major drawbacks of in the use of diodes is that they exhibit changes in response overtime

due to radiation damage (Piermattei et al., 1995, Waldhéusl et al., 2005).
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Diode detectors have been utilised for in-vivo dose verification of gynaecological HDR
brachytherapy treatments (Waldhéusl et al., 2005, Alecu and Alecu, 1999). A commer-
cially available diode detector, PTW probe type 9112 (PTW, Germany), consisting of five
diodes positioned with 15 mm separation, has routinely be used for rectal dose measure-
ments (Zaman et al., 2014, Seymour et al., 2011, Waldh&usl et al., 2005). An estimate
of the overall uncertainty in these systems ranging from 7% to 10% has been reported

(Waldh&usl et al., 2005, Seymour et al., 2011).

1.2.1.3 Metal oxide semiconductor field effect transistor (MOSFET)

Similar to diodes, MOSFETSs are semiconductors which provide real-time readout sys-
tems, have a high sensitivity and a small size. The major drawbacks exhibited by MOS-
FETs are that they are not energy independent and that they have a limited lifetime due
to radiation damage. Various micro-MOSFETSs have been commonly utilised for in-vivo
dose verification due to its small size (Cygler et al., 2006, Qi et al., 2012, Hardcastle et al.,
2010, Gambarini et al., 2014, Tenconi et al., 2014).

Recently a new system called RADPOS developed by Best Medical Canada (Ottawa,
Canada) couples a micro-MOSFET with a 3D-Guidance medSAFE electromagnetic po-
sitioning tracker (Ascension Technology Corporation, Burlington, VT). The system was
shown to have a positional accuracy of within 0.5 mm, and an estimated dose uncertainty
of 3%. The system was shown to significantly over-respond at depth by approximately
60% at 10 cm depth, hence an energy correction was required. Only integrated dose

measurement were reported, making dwell time error detection difficult (Reniers et al.,

2012).

1.2.1.4 Diamond detectors

Diamond detectors are capable of real-time readout systems, a small detector size and
have a high sensitivity. One of their major advantages are their near water-equivalent
composition, and therefore little energy dependence. However, the use of diamond detec-

tors has been limited, primarily due to high cost (Rustgi, 1998).
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Lambert et al. (2007) performed a phantom study where they compared a diamond detec-
tor, MOSFET, TLD and a scintillation detector. They noted that out of the commercial
detectors, that the diamond detector was the most accurate but had a large physical size.
While there have been some phantom studies with diamond detectors for dose verification
using brachytherapy sources (Rustgi, 1998, Nakano et al., 2003, Lambert et al., 2007), to

our knowledge in-vivo dose verification in brachytherapy has not yet been reported.

1.2.1.5 Thermoluminescent dosimeters (TLD)

TLDs have been routinely used for in-vivo dose verification. This is primarily due to
the versatility of the dosimetry system, with TLDs being available in a variety of forms:
powder, chips and rods. Therefore these detectors can be easily placed on the surface of

patients for skin dose verification, or inserted into special applicators.

TLDs have been available in a variety of different base materials, such as; lithium fluoride
(LiF), lithium borate (Li2B4O7), magnesium borate (MgB4O7), magnesium orthosilicate
(MgySiOy), calcium sulphate (CaSQy), calcium fluoride (CaFsy), beryllium oxide (BeO),
and aluminium oxide (Al,O3) (McKeever, 1988). Lithium fluoride (LiF) has been the most
commonly used, clinically they have been used for dose verification of the skin, urethra
and rectum (Toye et al., 2009, Raffi et al., 2010, Kapp et al., 1992, Anagnostopoulos et al.,
2003, Brezovich et al., 2000, Das et al., 2007, Gambarini et al., 2012). The uncertainty
in the TLDs for skin, urethra and rectum dose measurements has been reported to be

5.6%, 9% and 8%, respectively (Toye et al., 2009, Raffi et al., 2010).

The drawbacks associated with TLDs are they require careful handling, annealing after
use, and if using chips or rods then individual calibrations are required. The primary
drawback is that they are not capable of real-time information and hence the in-vivo

dosimetry results are only available some time after exposure (Tanderup et al., 2013).
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1.2.1.6 Optically stimulated luminescent dosimeters (OSLD) and radiopho-
toluminescent glass dosimeters (RPLGD)

OSLDs are similar to TLDs except that they are not stimulated with heat but instead
optical light. These detectors are available in a range of size chips and base materials,
such as; aluminium oxide (Al;O3) and beryllium oxide (BeO). They do still come with

the drawback of no real-time capability.

Carbon-doped aluminium oxide (AlyO3:C) has certainly been the most commonly utilised
OSLD in medical applications, being the only system commercially available for some time
(Landauer Inc., USA). The use of BeO is increasing due to it’s effective atomic number
(Ze=7.2) being close to that of water (Zeg=7.5). This is an attractive alternative to
Al;O5:C which has a higher effective atomic number (Z.g=11.3) (Yukihara et al., 2014).
Recently, BeO ceramic OSLD dosimetry systems have become available (Dosimetrics,

Germany).

RPLGDs use an ultra-violet light source to read the detectors (Hsu et al., 2008). In a
phantom study the mean difference between RPLGDs measurements and that calculated
for clinical prostate treatment plans was less than 5% (Hsu et al., 2008). These dosime-
ters have been used for in-vivo dosimetry in head and neck and pelvic high dose rate

brachytherapy interstitial treatments (Nose et al., 2005, 2008).

1.2.1.7 Alanine/electron paramagnetic resonance dosimetry system

Alanine detectors are capable of small sizes and are not read in a destructive manner,
hence any one alanine detector can be read more than once. Alanine detectors are also
near water equivalent and have been shown to have little energy dependence (Anton
et al., 2015, Waldeland et al., 2010). In a phantom study the uncertainty for measure-
ments inside the urethra was estimated to be 3.6% for prostate treatments (Anton et al.,
2009). These detectors have been used for in-vivo dose verification in gynaecological LDR

brachytherapy treatments (Schultka et al., 2006).
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1.2.1.8 Fibre-coupled luminescence dosimetry systems

Organic plastic scintillation detectors are capable of real-time dose rate measurements,
have a small size and have been shown to have a linear dose and dose rate response.
Plastic scintillation detectors have also be shown to be near water equivalent. One ma-
jor disadvantage of plastic scintillation detectors is the "stem effect” which produces

unwanted light in the system (Beddar et al., 1992a,b).

Plastic scintillation detectors have been used for in-vivo dose verification of urethral
dose (Suchowerska et al., 2011) and rectal dose (Wootton et al., 2014) in HDR prostate
treatments. Recently, a commercial plastic scintillation system designed for in-vivo
dose verification has been developed called OARtrac (RadiaDyne, LLC., Houston, TX)
(Klawikowski et al., 2014).

Carbon-doped aluminium oxide (AlyO3:C) crystals have also been investigated for similar
fibre-coupled detectors. Though since they are OSL materials, then these detectors have
the added advantage of not only have the real-time dose rate measurements from the
radioluminescence (RL) signal but they also can be stimulated post exposure for an OSL
accumulated dose measurement. The major disadvantages of Al,Os5:C crystals are that
they are not as water equivalent as plastic scintillators and that the RL has been shown
to be sensitive to dose, and hence is not constant for a constant dose rate (Andersen et al.,
2009a, Kertzscher et al., 2011). Al,O3:C dosimetry systems have been used for in-vivo

dose verification of cervix treatments (Andersen et al., 2009b).

1.2.2 Two dimensional dosimeters

Two dimensional dosimetry systems are an important quality assurance tool in radiation
oncology departments. They can provide high resolution dose maps and hence can provide

greater information that point detectors.
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1.2.2.1 Film

Both radiographic and radiochromic film provide high spatial resolution and a large dy-
namic range. Radiographic films have the disadvantage of having a high effective atomic
number, requiring processing of the film post exposure, and must also be keep in a light-
tight package. However, radiochromic film are near water equivalent, are self-processing

and can be exposed to visible light for short periods.

Radiochromic films have been shown to be useful for characterising HDR '92Ir sources
(Poon et al., 2006, Palmer et al., 2013a, Aldelaijan et al., 2011, Palmer et al., 2013b),
and LDR '®°T seeds (Chiu-Tsao et al., 1994, 2008). Radiochromic film has been used
for in-vivo dose verification of vaginal cylinder HDR treatments (Pai et al., 1998). In-
vivo dosimetry was performed for eight patients with 3-4 fraction treatments, and with
the exception of two fractions the film measurements agreed with the calculated dose to

within 10% (Pai et al., 1998).

1.2.2.2 Electronic portal imaging devices

Electronic portal imaging devices (EPIDs) have been extensively utilised for patient po-
sition verification in EBRT. EPIDs are capable of providing high resolution, real-time
2D dose maps. However, EPIDs have been shown to over-respond to low energy pho-
tons and are quite costly (Smith et al., 2013). No use of EPIDs for in-vivo dosimetry in
brachytherapy has yet been reported.

1.2.2.3 Semiconductor arrays

Two dimensional semiconductor arrays may be a useful tool for pre-treatment dose ver-
ification. A 2D 11 x 11 diode array detection system has been developed called "magic
phantom” which is capable of accurately measuring the dwell positions and times and
compare them directly to the treatment plan. This may one day play a role in determin-
ing potential errors in treatment delivery before patient treatment (Espinoza et al., 2015,

2013).
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Recently, a new 256 x 1024 pixel silicon detector system has been developed for prostate
brachytherapy dose verification, named BrachyView. This devise is capable of being
inserted into the rectum and taking images of the sources in real-time (Safavi-Naeini

et al., 2013).

1.2.3 Three dimensional dosimeters

Fricke gel dosimetry systems are capable of providing 3D dose information. Recently,
fricke gel dosimetric catheters (FGDC) have been developed. These have not been used
clinically yet, but show promise to being inserted into a patient and providing 3D dose

verification information (Gambarini et al., 2010).

A cylindrical (4 mm x 20 mm) in-vivo PRESAGE dosimetry system (PRESAGE-IV) has
been investigated and shown to be promising. This system is capable of providing a line

profile for in-vivo dose verification (Vidovic et al., 2014).

1.2.4 Summary

Table 1.1 shows a summary of the characteristics of the small 1D dosimetry systems
which have been utilised for in-vivo dose verification in brachytherapy. While there are
only a couple of commercially available dosimetry systems for the purpose of in-vivo dose
verification of brachytherapy treatments, there are a large range of dosimetry systems

being investigated. Each of these systems have pros and cons to their use.

From the systems which can be placed into an applicator and inserted into a patient,
only the diode, MOSFET and fibre-coupled systems can provide real-time online dose
information. However, diodes and MOSFETSs have been shown to have a high energy and
angular dependence, and exhibit changes in response due to radiation damage. Therefore
fibre-coupled dosimetry systems show great promise in providing a robust dosimetry

system for in-vivo dose verification.
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TABLE 1.1: Summary of the characteristics of the small 1D dosimetry systems which

have been utilised for in-vivo dose verification in brachytherapy. Rated as advantageous

(VV), good (V), and inconvenient (X). Based on (Tanderup et al., 2013) with the
inclusion of OSLD.

TLD OSLD MOSFET Diode Alanine Fibre systems
Size 4 4 4 v 4 4
Cables v X X 4 X
Sensitivity v v v 4 X 4
Radiation damage/reuse | v'v/ v X X 4
Energy dependence v X X v v
Angular dependence v v v X v v
Commercially available | vv v/ v/ 4 v v
Online dosimetry X X 4 4 X v

1.3 Beryllium oxide (BeO) ceramics

BeO ceramics has been known to exhibit both OSL and TL since the 1950’s (Albrecht and
Mandeville, 1956, Tochilin et al., 1969, Rhyner and Miller, 1970, Scarpa, 1970). Because
of its near tissue equivalence, Z.g=7.2, low cost and commercial availability, BeO was
an attractive material for passive dosimetry. It was investigated for use in personal
dosimetry as a TLD (Busuoli et al., 1977, 1983). From the late 1990’s there has been
increased interest in the use of the OSL from BeO ceramic for medical dosimetry (Bulur

and Goksu, 1998).

The OSL emission spectrum was assumed to be the same as the TL emission, though it
has been shown that the OSL emission spectrum of BeO consists of two bands at ~310 nm
and ~370 nm (Yukihara, 2011). The stimulation spectrum of the OSL signal was thought
to be a broad peak ranging from 420 to 550 nm with a maximum near 435 nm, which is
temperature independent (Bulur and Goksu, 1998). However, recently it has been shown
that the OSL stimulation spectrum shows a continuous increase in OSL intensity with

decreasing stimulation wavelength (Yukihara, 2011, Bulur, 2014).
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The OSL signal has a linear response to dose over 6 orders of magnitude, from doses less
than 5 nGy to 5 Gy (Bulur and Goksu, 1998, Sommer and Henniger, 2006, Sommer et al.,
2007, 2008). The OSL from BeO has also been shown to weakly under respond to low
energy radiation doses (Sommer and Henniger, 2006, Sommer et al., 2007, Jahn et al.,
2013, 2014). Measurements of the fading of the OSL signal for BeO show that there is
some short term fading, where 6% of the OSL fades 10 hours after exposure. Whereas the
long term fading is negligible, being less than 1% over 6 months (Sommer et al., 2007),
similar to that of its TL (Scarpa, 1970).

Other than the continuous wave (CW) OSL method which has been discussed BeO ce-
ramics have also been investigated with a linearly modulated (LM) OSL method and
frequency-modulated pulsed OSL. These techniques linearly increase the stimulation light

intensity, which allows for the possibility to distinguish the signal resulting from different

traps (Bulur et al., 2001b,a, Bulur and Yeltik, 2010).

Recently, the OSL from BeO has also been investigated for its use as a 2D dosimeter,
where a sheet of BeO is exposed and read using a point-by-point measurement technique

(Sommer et al., 2008, Jahn et al., 2010, 2011).

The RL emission of BeO has had very limited reporting in literature. It has been shown
to have an emission peak around 370 nm, and that it may be more intense than that

from TLD-500 (Al;O3:C) (Erfurt and R. Krbetschek, 2002, Marcazzé et al., 2007).

A review of the properties of various OSL materials noted that BeO ceramics may be
a potential alternative to the use of Al,O3:C crystals for OSL dosimetry because of it’s

near water equivalence (Pradhan et al., 2008).

1.4 Motivation and thesis structure

1.4.1 Motivation

From the large range of dosimetry systems discussed in the previous section, fibre-coupled

luminescence dosimetry systems have shown great promise to provide a dosimetry system
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suitable of in-vivo dosimetry verification for brachytherapy treatments. Plastic scintilla-
tion detectors have been the first to become commercially available. Their near water

equivalence makes them a clear choice for a brachytherapy dosimeter.

As briefly discussed, the stem effect is one major issue for plastic scintillation detectors.
This is light produced in the optical fibre when exposed to ionising radiation. One
approach around the stem effect issue, has been to use a probe material which is also
capable of an OSL reading after exposure. In this method the OSL reading is unaffected
by the stem effect since the optical fibre is not being exposed to ionising radiation when

the OSL is read.

Al;O3:C crystals have been the most commonly investigated OSL material for this ap-
proach. However, AlyO3:C has a higher effective atomic number compared to water. BeO
ceramics are an OSL material which are near water equivalent, and could hence provide

a near water equivalent RL and OSL fibre-coupled luminescence dosimeter.

1.4.2 Project objectives

The objective of this work was to investigate the feasibility and development of the
first BeO ceramic fibre-coupled luminescence dosimeter. The final goal was to construct
and characterise a near water equivalent, real-time dosimeter suitable for in-vivo dose

verification of HDR brachytherapy treatments.

1.4.3 Thesis outline

This thesis is comprised of the five publications listed on page ii. These publications
form a clear structure, such as the modelling and optimisation of the probe design to the

construction and characterisation of the BeO ceramic dosimeter.

Chapter 2 contains an overview of fibre-coupled luminescence dosimeters. Research con-
ducted into real-time scintillation and OSL based fibre-coupled luminescence dosimetry
systems will be reviewed. The advantages and disadvantages, along with some of the

issues faced in the dosimetry systems will be discussed.
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Chapter 3 contains the modelling of the light collection from a scintillating probe coupled
to an optical fibre. The model allowed for the optimisation of a variety of different probe
designs, in order to determine which would provide the best light collection into the
system [P1]. An example of the Matlab code developed for one of the probe designs is
given in App. A.

Chapter 4 contains details on the development of the first RL fibre-coupled luminescent
dosimeter using a BeO ceramic probe, named RL BeO FOD. In addition the characteri-
sation of the RL BeO FOD using a 6 MV x-ray beam and superficial x-rays is discussed.
An (Al,O3:C) RL probe was also developed for comparison [P2].

Chapter 5 contains details on the development of the first RL/OSL fibre-coupled lumi-
nescence dosimeter using a BeO ceramic probe, named RL/OSL BeO FOD. In addition
the characterisation of the RL/OSL BeO FOD using a 6 MV x-ray beam is discussed
[P3].

Chapter 6 contains details on the energy dependence of the RL/OSL BeO FOD. Details
on the absorbed dose energy dependence estimated with use of the Burlin cavity theory
is discussed. In addition the experiments involved to evaluate the energy dependence of
the RL/OSL BeO FOD using 6 MV and 18 MV high energy x-ray beams, an %Ir source
and various kV x-ray beams from a superficial x-ray unit are discussed [P4]. The Matlab

code used to calculated the effective atomic number and Burlin cavity theory is given in

App. B.

Chapter 7 contains details on the characterised of the RL/OSL BeO for HDR dose veri-
fication using an '?Ir source. The experiments involved to evaluated the RL/OSL BeO

FOD response are discussed [P5].

Chapter 8 contains a conclusion and summary of the thesis. A discussion of the future

work which would improve the system is also given.



Chapter 2

Fibre-coupled luminescence

dosimetry systems

2.1 Introduction

Since the early 1990s fibre-coupled luminescence dosimetry systems have been investi-
gated for their application to medical radiation dosimetry (Beddar et al., 1992a,b). The
principles of these dosimeters are to have a phosphor optically coupled to an optical fibre.
When exposed to ionising radiation, the phosphor probe emits light via scintillation or
RL with an intensity ideally proportional to the dose rate which the probe is exposed to.
A portion of the emitted light can then be collected by the optical fibre, and guided to a

photosensitive reader commonly located outside of the treatment suite.

Some of these dosimetry systems are based on probe materials which are also capable
of OSL. During the probes exposure to ionising radiation, some charge is trapped in
defects within the crystalline structure of the probes. After the exposure, this charge can
then be stimulated with a light source resulting in light being emitted, known as OSL.
Again a portion of this light can be collected by the optical fibre and guided to a reader
located outside of the treatment suite. Integration of the measured OSL signal ideally is

proportional to the accumulated dose by the probe material.

16
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The purpose of this chapter is to present an overview of fibre-coupled luminescence
dosimetry systems. This review mostly focuses of the physical principles of these de-

tectors, the different approaches and probe materials previously reported.

2.2 Theory of optical fibres

Figure 2.1 shows light incident upon an interface dividing two transparent media of dif-
ferent refractive indices, n. The angle of the transmitted ray through the interface is

related to the angle of incidence by the Law of Refraction (Snell’s Law), shown in Eq 2.1:

FI1GURE 2.1: Light incident on an interface dividing two transparent media of refractive
indices n1 and ng, with an incident angle #; and transmitted angle 65.

Via Snells law:

nysin(0y) = ngsin(6s). (2.1)

Therefore as the incident angle increases, so does the angle of the transmitted light. At a
critical angle, 6., the angle of the transmitted light reaches 90°, where 6. is given by Eq
2.2.
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FIGURE 2.2: Total internal reflection of an optical fibre.

0. = sin~'(-2). (2.2)
ny
Hence for any incident angle greater than the critical angle, the light will experience total

internal reflection within the optical fibre when ny; > ns, shown in Figure 2.2.

2.2.1 Stem effect

The "stem effect” is light produced within the optical fibre when exposed to high energy
ionising radiation. The stem effect has two contributions, the luminescence from the
optical fibre itself and Cerenkov emissions generated in the core of the fibre. Cerenkov
radiation has the main contribution to the stem effect and is emitted when a charged

particle is travelling faster than the speed of light within the medium.

As a charged particle with velocity v, transverses a medium of refractive index n, such that
v is greater than the speed of light in the medium ¢/n, Cerenkov radiation is emitted. This
is due to excited atoms near the particle become polarized, and a part of the excitation
energy is emitted as radiation, with an angle © to the direction of motion of the particle,

given by Eq 2.3:

cos(©) = —, (2.3)
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where = v/c. The Cerenkov radiation is a continuous spectrum, where the intensity is

most intense at lower wavelengths.

The radioluminescence emitted from different optical fibres when exposed to ionising
radiation was investigated by (Nowotny, 2007). This is very important since Cerenkov
emission within an optical fibre is insignificant for photon energies up to 150 keV, except
that the radioluminescence within the fibre may still be of importance. The results of
this study showed that polymethyl methacrylate (PMMA) was the best optic fibre for

dosimetric applications, generating the lowest amount of light within the fibre.

Many techniques have been investigated for correcting the stem effect from the optical
fibres. The first of which was conducted by (Beddar et al., 1992b), where a second
(background) optical fibre without any scintillator coupled to it is placed along side the
scintillator coupled fibre. This background optical fibre hence measures only the stem
effect which is then able to be removed from the scintillator coupled fibre signal. This

method has the major drawback that it increases the size of the dosimeter system.

More recently a similar approach using twisted optical fibres was investigated (Liu et al.,
2013). In this work the two optical fibres were twisted to form a double helix, such that
the two optical fibres are exposed to the same conditions. They reported a maximum
stem effect difference between the two optical fibres of 3.59%. This is an improvement on
the parallel approach which has been reported to have a stem effect difference between

the two optical fibres of up to 25% (Liu et al., 2011).

de Boer et al. (1993) and Clift et al. (2000) investigated the use of a longer-wavelength
scintillator such that there is a spectral difference between the scintillator emissions and
that of the stem effect from the optical fibre. Optical absorption filters were chosen such
that their band pass region was situated directly over the emission of the scintillators
spectrum. They were able to show that with the use of optical filters, that the scintillator
signal was reduced by 56%, while that of the Cerenkov and fluorescence was reduced by
82%. Therefore successfully removing a significant amount of the stem effect but also

removing large portion of the scintillator signal.
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A chromatic removal technique has since been developed (Fontbonne et al., 2002, Ar-
chambault et al., 2006). This approach takes advantage of the fact that the scintillation
and Cerenkov light have different spectra of emission. The dose can then be assessed by
measuring the light in the blue (Mpy,.) and green (Mgreen) wavelength regions, shown in

Eq 2.4:

Dose = A x MGreen + B x MBlue; (24)

where A and B are calibration factors. This approach has been shown to successfully

correct for the stem effect (Archambault et al., 2006).

Clift et al. (2002) investigated the use of a long decay constant plastic scintillator (BC-
444G) such that its signal can be time resolved from the Cerenkov radiation signal, for
a 16 MeV electron beam. This method utilizes the fact that the linear accelerator emits
pulsed radiation, and that the Cerenkov radiation is prompt and short-lived. Hence the
scintillator signal can be resolved by choosing the time interval by which to sample the
signal to be after the termination of the Cerenkov radiation and before the termination
of the longer-living scintillation signal. They were able to show that within this time
interval there was a 44% loss of scintillator signal, while a 99% loss of Cerenkov signal,
hence successfully correcting for the Cerenkov induced within the fibre. This method has
the disadvantage of only being applicable to pulsed radiation and not to brachytherapy

where the radiation is continuous.

The stem effect generated in an air-core fibre was investigated by (Lambert et al., 2008,
2010, Liu et al., 2011). The use of an air-core fibre means that no Cerenkov is generated
within the optical fibre. This study used a plastic scintillator (Bicron BC400) glued inside
of the fibre, and characterised using photon beams of 6 MV and 18 MV and electron beams
of 6 MeV and 20 MeV. The air core fibre was only used within the radiation beam. It
was coupled to a polymethyl methacrylate (PMMA) fibre which then transports the light
outside of the radiotherapy bunker. The dosimeter was successful in measuring the depth

dose of the 6 MV and 18 MV photon beams to within 1.6% of ion chamber measurements
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and to within 3.6% and 4.5% for the 6 MeV and 20 MeV electron beams, respectively.

They were also successful in measuring no stem effect present in the dosimeter.

2.3 Organic plastic scintillators

Plastic scintillators have been extensively investigated for their use in fibre-coupled lumi-
nescence dosimetry because of their small size, near tissue equivalence and high sensitiv-
ity. The near water equivalence and high sensitivity make the use of plastic scintillators
very attractive, but plastic scintillators under respond at low energies (Williamson et al.,
1999), also the stem effect produced by the optical fibre makes their use difficult in some

situations.

2.3.1 Theory of scintillation

There are two types of light emission, fluorescence and phosphorescence. Fluorescence
corresponds to prompt light emission and is temperature independent, whereas phospho-
rescence corresponds to longer-living light emission and is temperature dependent. A
good scintillator should convert as much of the incident radiation energy as possible to

fluorescence and as little as possible to phosphorescence (Leroy and Rancoita, 2009).

Plastic scintillators are organic scintillators which has been dissolved in a solvent and then
polymerized such that a solid solution is produced. Light emission in organic scintillators
is produced by a molecular effect, where excitation of molecular levels in a primary
fluorescent material, emits ultra-violet light upon de-excitation. The light signal can
then be extracted by introducing a second fluorescent material which is a wavelength

shifter and convert the UV light into visible light (Knoll, 2000).

The relation between the emitted light and the energy deposited by the ionising radiation
can be non-linear, and is dependent of the type of particle. A relation first suggested by
Birk’s, assumed that a high ionization density along the track of the particle leads to
quenching from damaged molecules and a lowering of the scintillation efficiency (Birks,

1964).
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2.3.2 Plastic scintillators use in fibre-coupled luminescence dosime-

ters

Beddar et al. (1992b,a) first investigated the properties of a plastic scintillator for its use
as a fibre-coupled optical dosimeter. The system was investigated for photon and electron
beams in the radiotherapy beam energy range. It was found that plastic scintillators are
very tissue equivalent such that the energy dependency is better than most commonly used
dosimeters, e.g. ionisation chamber, LiF TLDs, film and Si diodes. Plastic scintillators
were also shown to not be affected by temperature variations. It was also shown that
for an accumulated dose of 10 kGy, the plastic scintillator exhibited a decrease in its
response of 2.8%, whereas a photon and electron diode showed a decrease in response
of 9% and 25% respectively. Hence the plastic scintillator is much less susceptible to

radiation damage than diodes.

Since then plastic scintillators have been applied to various areas of medical radiation
dosimetry, such as small field dosimetry (Beddar et al., 2001, Archambault et al., 2007,
Klein et al., 2010b, Lambert et al., 2010, Létourneau et al., 1999) and brachytherapy
dosimetry (Cartwright et al., 2010, Lambert et al., 2007, 2006, Suchowerska et al., 2011).
More recently a multi-point plastic scintillator fibre-coupled system has been developed
(Therriault-Proulx et al., 2013, 2012, Archambault et al., 2012). This system is based
on the use of multiple plastic scintillators of different emission spectra coupled at various
distances along the same optical fibre. This way one optical fibre could be used to measure

the dose at various points along its length simultaneously.

Plastic scintillators have however been shown to have a reduced response at low energies.
Williamson et al. (1999) investigated the response of plastic scintillators to x-rays of
energy 20 keV to 57 keV, as well as photons emitted by *™Tc, "2Ir and '*"Cs sources. It
was found that there was a significant decrease in plastic scintillator response for energies
below 133 keV, and that the quenching model of Birks and Brooks does not properly
account for this decrease in response. To correct for this reduction in response, Cl was
loaded into the scintillators and a 4% Cl loading was found to significantly reduce the

loss of sensitivity of the plastic scintillator to low-energy photons.
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Nowotny and Taubeck (2009) attempted to account for the drop in response of plastic
scintillators to low energy photons by incorporating inorganic scintillator powder to the
polystyrene-based plastic scintillator. It was found that the optimum inorganic scintillator
additive was CaF2:Eu giving the flattest energy response and the lowest temperature

dependence.

Lambert et al. (2006) characterised the response of a plastic scintillator fibre-coupled
luminescence dosimeter, named BrachyFOD for HDR brachytherapy dosimetry using
an 92Ir source. An energy dependence measurement using an orthovoltage x-ray beam
showed that the response reduced by 100% over a 50-125 kVp energy range. While
the BrachyFOD was shown to be adequate for dose verification of HDR brachyther-
apy treatments, the energy dependence may be an issue when considering lower energy

brachytherapy sources.

2.4 Inorganic scinillators

Inorganic scintillators such as aliox (Al;O3:C) have been widely used in fibre-coupled lu-
minescence dosimeters. The major advantage of the use of these materials are that they
have a high sensitivity and hence small size sensitive volumes are possible. Inorganic
scintillators may exhibit OSL properties, which is advantageous since the OSL measure-
ments are unaffected by the stem effect from the optical fibres. Hence allowing for the
possibility of two dose measurements to be conducted, one via the RL signal measuring
the dose rate and the other via OSL measuring the accumulated dose within the crystal.

A major drawback has been that inorganic materials tend to not be water-equivalent.

2.4.1 Theory of Radioluminescence

RL is the prompt light emitted by inorganic scintillators when exposed to ionising radi-
ation. The RL process can be explained by considering the available energy levels and
transitions of electrons in crystalline insulator and semiconductor materials. Figure 2.3

depicts the RL process when the inorganic scintillator is exposed to ionising radiation.
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The dose deposited to the material causes ionisations and excitations, promoting electrons
to the conduction band and leaving behind holes in the valence band. The electrons and
holes may become trapped at defects in the crystal lattice, or the prompt recombination
of the electron and hole pairs may occur. If recombination occurs then optical photons,

RL, are emitted (Yukihara and McKeever, 2011).
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FIGURE 2.3: Depiction of the electron/hole pairs created when exposed to ionising radi-
ation, and the radioluminescence resulting from the recombination of the electron/hole
pairs.

2.4.2 Theory of optically stimulated luminescence

To understand how OSL works we need to begin with the energy levels in the crystalline
structure of the dosimeter are delocalized energy bands, where we are interested in the
valence and conduction bands. Between the valence and conduction bands is a band gap,
where only localized energy levels due to defects in the crystalline structure can exist.
When the structure is exposed to ionizing radiation, electrons from the valence band can

be excited to the conduction band, leaving behind holes in the valence band.

Electrons in the conduction band and holes in the valence band are able to move freely
until they recombine (RL) or are trapped in the localized energy levels. This trapped
charge provides information about the total accumulated absorbed dose by the crystal.

This trapped charge can be released or 'read’ via optical light stimulation, which excites
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the trapped charge to the conduction band, allowing for electron-hole recombination and

luminescence is emitted, known as OSL. These processes are shown in Figure 2.4.

The valence and conduction bands can be represented by three electron traps: shallow
traps, dosimetric traps and deep traps. Shallow traps can be exited by room temperatures,
while deep traps can capture charges released during the readout stage. The lumines-
cence from the dosimetric traps is what we are interested in for dosimetry (Yukihara and

McKeever, 2011, Botter-Jensen et al., 2003).
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FIGURE 2.4: Electron transitions between the dosimeters energy levels during optical
stimulation.

2.4.3 Inorganic scintillators use in fibre-coupled luminescence

dosimeters

Various inorganic scintillators have been investigated for use in fibre-coupled luminescence
dosimetry systems. One attractive feature that they bring is that two dose measurements
are possible via the RL and OSL signals. Therefore when exposed to ionising radiation,
a real-time dose rate measurement is possible from the RL signal. After irradiation, a
measurement of the accumulated dose within the crystal is possible via OSL stimulated
by a laser, shown in Figure 2.5. Unlike the RL measurement, the OSL measurement is

unaffected by the stem effect since it is read post exposure.
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FiGure 2.5: RL signal measured during irradiation to ionising radiation, after irradi-
ation a laser is used to stimulate crystal allowing for measurements of the OSL signal.

Al,O3:C has been a common material studied for RL/OSL based fibre-coupled dosimetry
systems. An initial Al;O3:C OSL system was presented by (C. Polf et al., 2002, Polf
et al., 2004), where a Al;O3:C crystals were coupled to the end of a bifurcated fused
silica fibre optic cable. Stimulation was provided via a 40 mW Nd:YAG laser coupled to
one end of the bifurcated fibre, measurement of the 420 nm emission was conducted via
a photomultiplier tube, with two one-half inch thick 420 nm interference filters, at the
other end of the bifurcated fibre. OSL measurements were conducted after irradiation

and a linear dose response was found from approximately 0.05 Gy to above 100 Gy.

Aznar et al. (2004) and Andersen et al. (2003) reported on what is now the most common
RL/OSL reader which uses only one optical fibre. In this set up a green laser (532 nm, 20
mW) is focused through a dichroic color beamsplitter into the optical fibre to stimulate
the Al;O3:C. The OSL emission is then carried back through the same optical fibre, where
it is reflected by the beamsplitter into a PMT. To better remove any of the green laser
signal from the OSL signal, a set of filters are placed in front of the PMT.



Chapter 2. Fibre-coupled luminescence dosimetry systems 27

An analysis of the OSL signal, looking at the effect of pre-dose, background subtraction,
bleaching time and integration times was performed by (Edmund et al., 2006). It was
found that a pre-dose significantly improved the reproducibility of the integrated OSL,
where the necessary pre-dose is different for different crystals. Increasing the integration

time of the OSL signal was observed to improve the linearity and reproducibility.

The temperature dependence was investigated by (Marckmann et al., 2006). This is
important since the OSL measurements taken from within the patient are compared to a
calibration curve taken at room temperature for dose comparison. Various temperatures
were investigated from 0 to 45°C, and it was observed that the temperature dependence
was significant for integrated times <100 s, but that they were negligible for integrated

times >100 s.

A novel approach using multiple probes was investigated by (Magne et al., 2008). A
multichannel dosimetry system was developed, where only one detector is read at any
one time via the use of an optical switch. The optical switch allows the OSL reader to
switch between the optic fibres and read each independently. This approach may be of

use in in-vivo dosimetry such that many probes can be used.

Andersen et al. (2009b,a) investigated the use of an Al,O3:C fibre-coupled dosimeter
for in-vivo dose verification of pulsed dose rate (PDR) brachytherapy, with a 1 s time
resolution. It was reported that there was a good reproducibility of both RL and OSL
of 1.3%, and that measured depth doses agreed well with Monte-Carlo simulations for
depths of 2-50 mm, suggesting that the energy dependency is less than 6%. A total
uncertainty budget of 8% and 5% for the RL and OSL, respectively, was reported.

Ideally the RL signal should be proportional to the dose rate. However, in the case
of Al,O3:C the RL has been shown to be sensitive to the accumulated dose. Hence
for a constant dose rate, the RL signal does not stay constant but increases with the
accumulated dose. This is a major drawback since it makes dose rate measurements
using the RL difficult. Andersen et al. (2006) showed the significance of the RL dose
sensitivity, where for a delivered dose of 1.5 Gy at a constant dose rate of 3 Gy min™ the

RL signal was observed to double.
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Andersen et al. (2006) and Damkjaer et al. (2008) reported on correction algorithms in
order to correct for the RL dose sensitivity. The algorithm was experimentally tested
against an ion chamber for a 6 MV photon beam and found that there was a good
agreement with ion chamber measurements, with a standard deviation of 2%, including

the phantom positioning errors.

In order to overcome the RL dose sensitivity issue, more recently a dose saturation proto-
col has been developed (Andersen et al., 2011). In this approach the AlyO3:C is pre-dosed
by ~20 Gy before use, such that the OSL is saturated. This saturates both the deep and
dosimetry traps prior to the measurements and results in the RL becoming constant for
a constant dose rate. The RL sensitivity was observed to be -0.45%+ 0.03% per 100 Gy.

Unfortunately, this approach does result in the OSL being of no use due to saturation.

The energy dependence of a AlyO3:C fibre-coupled luminescence dosimeter has been in-
vestigated using a mammography unit (Aznar et al., 2005). Due to the effective atomic
number of Al,O3:C, it was found that there was an 18% increase in the dosimeter’s
response when the tube potential was increased form 23 kV to 35 kV. This energy de-
pendence is a drawback in the use of AlyO3:C, especially when considering low energy

brachytherapy sources.

Various other inorganic scintillator materials have been investigated as fibre-coupled lu-
minescence dosimeter probe materials. A Ce3* doped SiO, RL fibre-coupled dosimeter
has shown promising results (Carrara et al., 2013, 2014b,a, Caretto et al., 2010). Be-
cause of the high effective atomic number (Z.g=12.3) an increase in RL response was
observed for low energy x-rays (Caretto et al., 2010). Unlike Al,O3:C, the Ce*" doped
SiO4y detectors do not have the added OSL dose measurement.

There have been some reports on gallium nitride (GaN) probes used for RL fibre-coupled
dosimeters (Pittet et al., 2015, Wang et al., 2014, Ismail et al., 2011). Results have shown
a linear dose rate response and high reproducibility. However similar to the Ce?** doped
SiO, detectors, there is no OSL dose measurement, and the high effective atomic number

of GaN results in an over-response to low energy photons (Pittet et al., 2015).
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KBr:Eu probe materials have also been reported as OSL only fibre-coupled dosimeters
(Klein and McKeever, 2008, Klein et al., 2010a, Gaza and McKeever, 2006). Characteri-
sation of this system is still early but results have shown a linear dose response. Again,
the high effective atomic number of KBR:Eu results in an over-response to low energy
photons (Klein et al., 2010a). Currently one drawback of this system is that the RL is

not used, and hence no real-time dose rate measurements are performed.

Other inorganic materials which have been used in fibre-coupled dosimeters include
SrS:Ce,Sm (Benoit et al., 2008b,a) and Y503:Eu (Molina et al., 2013). However, these

systems are still at early stages of development and require further characterisation.

2.5 Summary

The current status of fibre-coupled luminescence dosimetry systems has been reviewed.
Plastic scintillators being near water equivalent have been extensively investigated and
characterised, and clinically applied to in-vivo dosimetry in brachytherapy. However,
plastic scintillators are not capable of OSL and have been shown to have a reduced

response to low energy x-rays.

Inorganic Al;O3:C crystals have similarly been extensively investigated and characterised.
The advantage of being capable of OSL measurements provides these systems with the
added post exposure accumulated dose measurement which are not affected by the stem
effect. However, the RL is sensitive to accumulated dose making dose rate measurements
difficult. Also, all of the inorganic scintillators used in fibre-coupled dosimetry systems

have a high effective atomic number resulting in an over-response to low energy x-rays.

As discussed in Section 1.3 beryllium oxide (BeO) ceramics are an inorganic material
which exhibit both RL and OSL, and have an effective atomic number comparable to
that of water. Therefore BeO ceramic may be an energy independent alternative to

Aly03:C crystals and will be investigated in this thesis.
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Fibre-coupled luminescence light

collection modelling

The publication [P1] forms the basis of this chapter.

Alexandre M. C. Santos, Mohammad Mohammadi and Shahraam Afshar V., Optimal
light collection from diffuse sources: application to optical fibre-coupled luminescence

dosimetry, OPTICS EXPRESS, 22 (4), 2014.

3.1 Introduction and motivation

The light collection from a plastic scintillator into an optical fibre has been investigated
previously (Beddar et al., 2003, Elsey et al., 2007), involving transparent plastic scintilla-
tor probes. Figure 3.1 shows the different transparencies between BeO ceramic, Al,O5:C
and plastic scintillators. Therefore when considering the light collection from a BeO

ceramic probe, the self optical attenuation must be accounted for.

In this chapter, simulation of the light collection from a diffuse source into an optical
fibre will be discussed. The model which was developed, ray traces skew and meridional
rays through a scintillating probe to an optical fibre for various designs of scintillating

probes. This approach allows the optical attenuation of the material to be accounted for.

30



Chapter 3. Fibre-coupled luminescence light collection modelling 31

FIGURE 3.1: A depicting of the differences in transparency between (a) Plastic scintil-
lator, (b) Al;O3:C and (c) BeO ceramic

3.2 Statement of Contribution

3.2.1 Conception

The idea to develop a model for the light collection from a scintillating probe into an
optical fibre was first conceptualised by Shahraam Afshar V. The method by which to
achieve this, and also the probe designs to investigate were conceptualised by Alexandre

M. Caraca Santos and Shahraam Afshar V.

3.2.2 Realisation

The theory was developed by Alexandre M. Caraga Santos. The model was then checked
by Shahraam Afshar V. Matlab coding of the model was performed by Alexandre M.
Caraga Santos. An example of the Matlab code used for the more complicated cladding

coupled design is given in App. A.
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3.2.3 Documentation

This paper was primarily written by Alexandre M. Caraca Santos. Editing was performed

by all authors.
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Optimal light collection from diffuse sources:
application to optical fibre-coupled
luminescence dosimetry

Alexandre M. C. Santos,**" Mohammad Mohammadi,? and Shahraam Afshar V.

!Institute for Photonics and Advanced Sensing and School of Chemistry and Physics, University of Adelaide,
Australia
2Department of Medical Physics, Royal Adelaide Hospital, Australia
“alexandre.santos@adelaide.edu.au

Abstract: A model is developed to evaluate the light collection of a diffuse
light source located at the tip of an optical fibre. The model is confirmed
experimentally and used to evaluate and compare the light collection
efficiency of different fibre-coupled luminescence dosimeter probe designs.
The model includes contributions from both meridional and skew rays, and
considers the light collection from an optically attenuating scintillator.
Hence the model enables the optimisation of different, but useful and new
probe materials such as BeO ceramic. Four different dosimeter architectures
are considered, including previously investigated probe designs; the butt-
coupled and reflective wall, along with two novel designs. The novel
designs utilise a combination of the scintillating material and transparent
media to increase the light collection. Simulations indicate that the novel
probes are more efficient in light collection for applications in which it is
necessary to minimise the volume of the scintillating material.

© 2014 Optical Society of America

OCIS codes: (040.0040) Detectors; (280.4788) Optical sensing and sensors; (260.3800)
Luminescence.
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1. Introduction

Collection of the emission of point sources at the tip of an optical fibre is conceptually
important since it can be employed in various applications, such as fluorescence-based
sensing [1, 2], fluorometers [3], chemical and biological optical spectroscopy [4], and
radiation detection and dosimetry [5-12]. Thus it is important to identify the parameter
regime for optimum collection of light emitted by point sources.

Optical fibre-coupled luminescence dosimetry has been an increasingly investigated topic
due to its attractive attributes for dosimetry in radiation oncology [5-11] and in the general
detection of ionising radiation [12]. In general, this is where a phosphor probe is attached to
an optical fibre. When exposed to ionising radiation, light is emitted from the probe, known
as radioluminescence (RL) or scintillation. A portion of this light can then be collected by the
optical fibre and guided to a reader [5]. Plastic scintillators have been the most common probe
material. Another branch of fibre-coupled luminescence dosimetry has been the use of a light
source to stimulate charges stored in some probes due to the exposure to ionising radiation.
Upon stimulation of the stored or trapped charges, light is emitted. This process is known as
optically stimulated luminescence (OSL). In fibre-coupled luminescence dosimetry a portion
of the OSL can be collected by the optical fibre [8, 9]. Among available detectors, Al,03:C
crystals have been the most common probes for OSL. Both RL and OSL have been shown to
be able to potentially satisfy the need for a small and sensitive dosimeter in radiation
oncology for such applications as the dosimetry of small field sizes [11] and in-vivo
brachytherapy dose verification [7-10].

Optimisation of the light collection, either RL or OSL, by the optical fibre is of great
importance in fibre-coupled luminescence dosimetry in order to increase the sensitivity of the
dosimeter. A very important phenomenon in fibre-coupled luminescence dosimetry is the
“stem effect”, which is the term given for light produced within the optical fibre when it is
exposed to ionising radiation. This produces unwanted signal in the reader, hence reducing
the signal-to-noise ratio [13]. Therefore, increasing the light collected from the phosphor
probe reduces the effect of the stem effect.

The light collection of optically transparent, plastic scintillator coupled fibre optic
dosimeters has been modelled for a number of designs using ray optics [14, 15]. Modelling of
the light coupled from a cylindrical scintillator into an optical fibre has shown that the
addition of reflections from the scintillator wall improves the light collection from a butt-
coupled geometry. The use of a reflective coating on the end face of the scintillator
effectively doubles the length of the scintillator. The use of optical elements such as lens
between the scintillator and optical fibre can also improve the performance, though in some
cases the improvement is marginal [15].

The purpose of this study is to investigate the light collection of different phosphor probe
designs, for an optically attenuating phosphor, in order to maximise the light collection for a
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given probe design. The light collection is modelled by the use of ray tracing. We include
skew rays in the model since they make up the majority of rays in an optical fibre. Also by
explicitly including the attenuation of phosphor probes in our models, we have investigated
the collection efficiency of different probe designs in the presence of optically attenuating
scintillating materials such as beryllium oxide (BeO) ceramics [16]. Recently BeO ceramics
have been investigated for their use in fibre-coupled luminescence dosimetry because of their
attractive properties; near tissue equivalence, exhibiting RL and OSL [17].

2. Theory

The theory for the light collection modelling was developed by the consideration of
multimode optical fibres with comparatively large cores. Hence a ray optics approach is valid
and used in the modelling of the light collection from the different probes. Rays in a
multimode fibre are either meridional or skew. Meridional rays, depicted in Fig. 1(a) pass
through the optical axis after every reflection from the core-cladding boundary, whereas skew
rays, depicted in Fig. 1(b) spiral down the fibre, never passing through the optical axis.
Meridional rays are defined by a single angle, the longitudinal propagation angle, ¢, , which is
the angle between the ray and the fibre optical axis. Skew rays are defined by two angles;
similarly to meridional rays, the longitudinal propagation angle, ¢, , and the azimuthal

propagation angle, ¢,, [18]. This is the angle that the projection of the ray onto the fibre cross
section, makes with the tangent to the fibre core at the point of incidence. The total angle of
incidence for a skew ray, o, depicted in Fig. 1(c) is given by cosa =sing,sing,, .

The rays in a multimode fibre can be categorized into; bound, refracting and tunnelling.
Bound rays are able to propagate in the core of the fibre and are dependent on the longitudinal
propagation angle, ¢, . These are confined within the critical angle, ¢, , defined by
cos ¢, = ng/ng. The range of longitudinal propagation angles for which the rays are bound is
hence given by; 0< ¢, <4, .

Refracting rays, unlike bound rays, are lost at the core-cladding boundary. They are
defined on their total incidence angle, o , with ranges: 0<a <o, . Where ¢, the critical

incident angle is defined by sina, = ng/ne,.

Tunnelling rays are skew rays which are not bound rays but are still able to propagate
significant distances along a fibre. Their longitudinal propagation and total incident angles are
confined within the ranges given by ¢. < ¢, <n/2 and ¢, < o < n/2. Whereas Tunnelling rays

are due to the curvature of the optical fibre, and thus as an example a slab waveguide would
not have tunnelling rays [19].
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Fig. 1. Ray paths within a step-index fibre of core refractive index, n¢, and cladding refractive
index, nqg, a) a meridional ray and b) a skew ray showing the azimuthal angle, ¢, and
c) a skew ray showing all angles including the total angle of incidence, « .

In the current model, the scintillator is treated as many point sources. Due to the symmetry
of the cylindrical scintillators, any source point of the same distance from the optical fibre and
the optical axis will contain identical light collection properties. Therefore an entire annulus
of points with the same distance from the optical fibre and the optical axis, can simply be
modelled by a single point, as depicted in Fig. 2.

The parameter t, R; and R, shown in Fig. 2(a), determine the resolution of the number of
diffuse source points modelled. The total power of either bound, refracted or tunnelling rays
is given by Eq. (1):

Ny, I N, I Ny I
Pb:Z_IQbV’ Pr:Z_IQrV! PIZZ_IQIV' (1)
N, N, N,
Where |;, is the intensity of the i ray. Ny, N;, and N, are the total number of bound,
refracting and tunnelling rays respectively. V is the volume of the annulus of which the
source point represents, and is given by:

V=rt(R;R]). )
Here, Qy, Q,, and Q, are the solid angles produced by the bound, refracting and tunnelling
rays, respectively. They are determined by the fraction of each class of rays from the total
rays modelled, given by Eqg. (3).
szznﬁ,grzznm,g‘:zn&, @)
NS NS NS
where Ng is the total number of rays modelled.

Therefore the total power of a slice of the scintillator is calculated by the summation of all
annuli of the same distance from the optical fibre.
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Fig. 2. Due to the symmetry of the system, a) the light collection by a point source, represents
an area between the other modelled point sources, where the parameters t, R; and R, are
defined by the number of point sources modelled and hence the pixel size, b) where the light
collection of each point source represents an annulus, c) the summation of all the represents a
slice of the scintillator.

Figure 3 shows the probe arrangements investigated here. The butt-coupled and reflective
wall configurations, shown in Figs. 3(a) and 3(b) respectively, have been previously
investigated for transparent plastic scintillators but without considering skew rays [15]. Two
novel arrangements are modelled here; named double-cladding and cladding-coupled, shown
in Figs. 3(c) and 3(d) respectively. These novel designs utilise a combination of the
scintillating material and a transparent media to increase the light collection.
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Fig. 3. The BeO probe arrangements a) butt-coupled, b) reflective wall, ¢) cladding-coupled
and d) double-cladding. The dark grey shaded region is the scintillating material and the lower
refractive index layer, shaded in a light grey.

2.1 Butt-coupled

The butt-coupled design shown in Fig. 3(a), is where a cylindrical scintillator is simply
coupled directly to the optical fibre. In modelling the light collection from the butt-coupled
architecture, only rays which are directly incident on the optical fibre core can be collected.
All longitudinal propagation angles within the range; 0< ¢, < n/2 are modelled, along with the

cross sectional angle, ¢, , depicted in Fig. 4, with range; 0< ¢, < . This will model all forward

propagating rays towards the optical fibre. All backward ﬁ)pagating rays are not modelled
since they will not be incident on the optical fibre. With these two angles, the Cartesian
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coordinates of the ray path can now be described by Egs. (4)-(6), where r is the ray path

length.
X=rcos ¢, sing,, 4)
y=rsing, sing,, (5)
Z=rcos g,. (6)

Fig. 4. A cross-section of the scintillator depicting the azimuthal angle, ¢.,, the simulated cross
sectional angle utilized in model, ¢.. Where b is the distance of the emitting source at point A
from the optical axis, point B is the project of the ray onto the scintillator of radius rs.
The azimuthal angle, ¢,,, can be calculated from the modelled cross sectional angle, ¢, ,

shown in Fig. 4, where b is the distance of the emitting source at point A from the optical
axis, and ry is the radius of the scintillator, by using the sine rule:

. T
S'”[z'%) _sin(z-4,)
b - r

S

. 7

Hence
L6
¢32:%-5|n {E S|n[7z-¢a]}. (8)

The total incidence angle can hence be calculated. Rays incident on the core of the optical
axis can be determined by using the ray path Egs. (4)-(6), those rays not incident on the core
of the fibre can be rejected since they will not contribute to collected light. The rays can then
be characterised as following:

(1) If ¢,< ¢, then the ray is a bound ray within the optical fibre. ¢, is the maximum

acceptance angle of the fibre, determined from the complement of the critical angle
of the fibre and given by Eq. (9).

S

4, =sin* {ni nio-ni.}- ©)

(2) If a,<a, then the ray is a refracted ray in the optical fibre. «, is the maximum total
incidence angle, determined from the critical angle and given by Eq. (10).

#201721 - $15.00 USD  Received 21 Nov 2013; revised 22 Jan 2014; accepted 22 Jan 2014; published 20 Feb 2014
(C) 2014 OSA 24 February 2014 | Vol. 22, No. 4| DOI:10.1364/0E.22.004559 | OPTICS EXPRESS 4564



Chapter 3. Fibre-coupled luminescence light collection modelling

40

n

S

41
a,=cos” {— nZ,-n; } (10)

(3) Any other ray which is not either bound or refracting is thus a tunnelling ray within
the optical fibre.
Any optical attenuation of the ray can then be applied to the intensity collected as follows:

I=1, e, (11)

where W is the optical attenuation coefficient and r is the path length travelled within the
scintillator.

2.2 Reflective wall

In the case of the reflective wall design shown in Fig. 3(b), a reflective interface surrounds the
scintillator, produced by a lower refractive index medium, n;. For the modelling of the
reflective wall architecture, there are two possibilities for rays to be incident on the core of the
optical fibre.

(1) Rays directly incident on the optical fibre core, which are modelled in the same way
as for the butt-coupled design.

(2) Rays reflected off the wall of the scintillator.

In tracing the rays after reflection after incidence on a reflective interface, as long as
rs < re all rays reflected off the scintillator wall will be incident on the fibre core. For the
purpose of increasing the light collection, this is optimal. Since the propagation properties of
the ray, i.e. the longitudinal propagation angle and azimuthal angle do not change after
multiple reflections, then all rays that satisfy the condition that their propagation angle, ¢, , is

less than the complement of the critical angle, ¢, of the ng, n; interface, given by Eq. (12),
will be incident of the fibre core.

$,<4.. (12)
Here the complement of the critical angle, ¢, , is given by Eq. (13).
n 2
@.= 1-[—1j . (13)
nS

For proper ray tracing through the probe, the ray path equations are used, previously
discussed in Egs. (4)-(6). Once a ray is incident upon the scintillator wall, it will incur a
reflection which will rotate the modelled cross-sectional angle, given in Eq. (14).

0. =9. 429, (14)
2.3 Double-cladding

The double-cladding design shown in Fig. 3(c), consists of a scintillator surrounded by a
lower refractive index, transparent layer, n,, which itself is surrounded by a reflective layer,
n,. Hence n, < n; < ng, where the purpose of this probe design is for when the scintillating
material is optically attenuating, an optically transparent layer surrounding the scintillator
may significantly increase the light collection.

For modelling the double-cladding design, the following are the possibilities for ray
incidence on the fibre core;
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(1) Rays directly incident on the optical fibre core, which are modelled in the same way
as for the butt-coupled design.

(2) Rays reflected off the wall of the scintillator, at the ng, n; interface, modelled in the
same way as for the reflective wall design.

(3) Rays incident on the fibre core after refraction into n;.
Once rays are refracted in n, there are many scenarios which can occur on fibre core
incidence, i.e.

(1) Reflections off n,, n, interface.

(2) Further refractions into the scintillator, n;.

This results in two possibilities for incidence; either via the scintillator, ng, or via the
optically transparent layer, n;. If the scintillator has a higher refractive index then the
transparent layer, refraction will result in a smaller propagation angle in the transparent
layer, ¢,, , then the initial propagation angle, ¢ , in the scintillator. Hence with some

optimisation there could be a significant increase in light collection with an appropriate
choice of ny. This is depicted in 2D in Fig. 5, where via n; a lower propagation angle is
incident on the fibre core, due to the refraction into n;. With a closely matched lower
refractive index, ny, and fibre core refractive index, then effectively a larger acceptance angle
of rays incident from n; is obtained.

Nep <1y < g
1
! ¢‘r1 .
2
- %‘ f‘
1 oS 050
ns ———zL _d)i
I 1,

Fig. 5. The benefit of the use of a lower refractive index surrounding the scintillator, for
identical rays with longitudinal propagation angles, ¢, , there is a smaller longitudinal

propagation angle for rays incident from n; than from ns, hence ¢, <¢_.

In modelling the double-cladding design, rays directly incident on the fibre core, or via
reflections off the ny, n interface have been previously discussed in the butt-coupled and
reflective wall probes. If rays are incident upon the ny, ng interface and the total incidence
angle of the ray is less that the critical angle, ¢, given in Eq. (15), then the ray will be

refracted into n;.
. n
a,=sin* {—1} (15)
nS

The ray invariants, given in Egs. (16)—(18), are solved to calculate the properties of the ray
after each refraction and reflection. These are based on the fact that the longitudinal
propagation angle and azimuthal angle are constant along a particular ray path.

B=ncosg,, (16)
1=nsing, cosd,,, 17
ﬁz ' =n?sin’q. (18)
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Therefore rearranging the ray invariants, the longitudinal propagation angle, azimuthal angle
and total incidence angle after refraction, ¢, 4., , « respectively, can be calculated, given
in Egs. (19)-(21).

¢,'=cos™ {% oS ¢, } : (19)

.= cos’ {m co%}, (20)
n,sing,’

a'=sin? {%sin a}, 1)

The modelled cross sectional angle also changes after refraction into ny, shown in Fig. 6,
which can be easily calculated using Eq. (22).

n /g

Fig. 6. A cross section of the double-cladding probe showing the change in the azimuthal angle
and the modelled cross sectional angle after refraction and a following reflection.

¢a|:¢a + (¢az _¢az ') ' (22)

The calculated longitudinal propagation angle and cross sectional angle can be substituted
into the ray path equations to determine the path of the ray within n;.

If the ray is also incident on the ny, n, interface before reaching the fibre core then a
reflection can also occur, which has been previously discussed in the reflective wall design.
Unlike the reflective wall situation, the azimuthal angle that the ray makes with the n,, n;
interface is different to that it makes with the n,, ng interface. This is due to the difference in
radii and hence curvature of the two interfaces, which has been depicted in Fig. 6. The

azimuthal angle which is made with the n, interface, ¢, , is calculated using the law of
cosines, as:

ViR

2,02 2
4,"=Z-cos™ R+, : (23)
2 2RI,

where R is the distance between the two points A = (X1, y1) and B = (X, Y»), hence
2 2
R=(¢ %) +(v-y)".

#201721 - $15.00 USD  Received 21 Nov 2013; revised 22 Jan 2014; accepted 22 Jan 2014; published 20 Feb 2014
(C) 2014 OSA 24 February 2014 | Vol. 22, No. 4 | DOI:10.1364/0OE.22.004559 | OPTICS EXPRESS 4567



Chapter 3. Fibre-coupled luminescence light collection modelling

43

This method is then continually applied to any refractions and reflections until the ray
reaches the optical fibre core. Depending on whether the ray is incident on the fibre core from
the scintillator or the transparent layer, then the appropriate refractive index must be applied,
Ns Or Ny respectively.

2.4 Cladding coupled

In the case of the cladding coupled design shown in Fig. 3(d), the probe consists of a hollow
cylinder scintillator surrounded by a reflective layer, n,, and filled with a lower refractive
index, transparent material, n;. The purpose of this probe design is similar to that of the
double-cladding, when the scintillating material is optically attenuating, an optically
transparent central region may significantly improve the light collection efficiency.

The modelling of the light collection is similar to that of the double-cladding.

2.5 Probe design comparison

An in-house Matlab code was developed to simulate the models discussed. Figure 7 shows
the two probe scenarios that have been modelled in order to compare the different probe
designs, these are:

(1) Figure 7(a) shows the scenario where the overall size of the probes are kept constant,
corresponding to a radius, r, of 0.4 mm. Therefore all probes are evaluated with the
same physical size, though this may correspond to the probes having different
scintillator volumes. This is important for applications where the size of the detector
needs to be minimised.

(2) Figure 7(b) shows the scenario where the volumes of the scintillating materials are
kept constant, Vs, such that in each case the same volume of scintillating material is
investigated. This is important for applications where the sensitive volume of the
detector needs to be minimised.

The optical fibre parameters, which have been used in the simulations are given in
Table 1. For all probe designs the refractive index of the scintillating material was 1.73,
corresponding to that of BeO ceramic, and a unit value is assumed for the power emitted per
unit volume per steradian of the scintillator, 1. In the case of the novel architectures, PMMA
of the same refractive index as the cladding of the optical fibre, ny, was used as the
transparent medium in the probe, n;. The dimensions used for simulating the different probe
designs are given in Table 2.

Table 1. Simulated Optical Fibre Parameters

Parameter | Value
leo 0.4 mm
Neo 1.47
NA 0.22

Table 2. Simulation Parameters for the Comparison of the Different Probe Designs

Butt-coupled Reflective wall Double-cladding Cladding coupled
Parameter | Value | Parameter | Value | Parameter | Value | Parameter | Value
rs 0.4 Is 0.4 Is 0.2 rs 0.4 mm
Size mm mm mm
constrained ry 0.4 ry 0.2 mm
mm
rs 0.1 rs 0.1 rs 0.1 rs 0.4 mm
Volume mm mm mm
constrained r 0.4 ry 0.387 mm
mm
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Fig. 7. The two scenarios modelled: a) where the overall size of the different probe designs are
kept constant, and b) where the volume of the scintillating material in the different probe
designs are kept constant.

3. Experimental validation

In order to validate the model discussed above, it was compared to experimentally measured
data from commercially available scintillators. These included:

(1) The butt-coupled design using a ~1.2 mm x 2 mm x 200 mm BC-400 plastic
scintillator (Bicron), cut from a thick sheet of BC-400.

(2) The reflective wall design using a 1.5 mm diameter BCF-10 plastic scintillating
fibre (Bicron).

(3) An optically attenuating butt-coupled design using eight 1 mm diameter x 1 length
BeO ceramic cylinders (Thermalox 995, Materion).

These scintillators were placed at the tip of a 20 m long polymethyl methacrylate
(PMMA) optical fibre, ESKA Ck-20 with ~0.5 mm core diameter and ~1.0 mm outer jacket
diameter (Mitsubishi Rayon Co., LTD, Tokyo, Japan) and the scintillation intensity measured
using a photomultiplier tube, Burle 8575 (Burle Technologies, Inc., USA). A light tight heat
shrink was used to encapsulate the scintillator and the optical fibre. This jacket was not
modelled in the simulations as it was assumed that all light which reaches the jacket is lost.

A superficial x-ray unit (SXR), Gulmay D3150 (Gulmay Medical LTD., UK), was used to
expose the scintillators to ionising radiation. A 3 mm thick lead plate was used to shield the
scintillators such that length of the scintillator exposed to x-rays could be controlled, as
shown in Fig. 8. In the case of the BeO ceramic cylinders, they were simply placed against
each other one by one to control the length of scintillator exposed.
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Fig. 8. The experimental setup used to validate the model. An SXR unit was used to expose
various lengths of the scintillators, controlled by a 3 mm lead shielding block.

The simulated probe parameters are given in Table 3, and optical fibre parameters
in Table 1. An power emitted per unit volume per steradian, 1o, of 1.25 was modelled for the
butt-coupled design to account for the higher light output of BC-400 compared to BCF-10.

Table 3. Probe Parameters Simulated for the Experimental Validation

Transparent Scintillator Optically Attenuating
Scintillator
Butt-coupled Reflective wall BeO Butt-coupled
Parameter | Value Parameter Value Parameter Value
rs 0.6 mm rs 0.75 mm rs 0.5 mm
Ns 1.58 Ns 16 Ns 1.73
lo 1.25 n, 1.49 u 2.69x10°m™
lo 1 lo 1

4. Results and discussion
4.1 Transparent scintillators

In order to verify the model, we compare the results found for the bound ray light collection
of the butt coupled and reflective wall designs with those experimentally measured. The
results shown in Fig. 9 are comparing both the modelled and measured normalised to the
highest power. The uncertainties graphed for the measured data is for two standard deviations
from the mean readings, and a 0.25 mm uncertainty on the placement of the lead plate.

These results agree with that previously reported [15], where the bound light collection
from the butt-coupled increases linearly with scintillator length, until a point, beyond which it
increases to an asymptotic limit. The bound light collection from the reflective wall on the
other hand continually increases linearly with scintillator length, due to the reflections
occurring from the wall.
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Fig. 9. Comparison between the modelled butt-coupled and reflective wall and corresponding
measurements.

Both the reflective wall and butt-coupled measured and modelled results have an average
relative agreement to each other of within 5% and 12.5%, respectively. With this partial
validation, the model is now used to compare the performance of the various investigated
probes.

Figures 10(a) and 10(b) depict the modelling results for a cladding-coupled and double-
cladding architecture, respectively. Both bound and tunnelling rays’ power within the fibre is
shown. Results show that not only is there a significant bound power collected via the
transparent medium, n;, but that there is also a significant amount of tunnelling power
collected via n;.

a) Cladding-coupled b) Double-cladding
3.5e-10 - . 4e-10
3.0e-10 - —
= v
A 3e-10
= 25610 vy Z e Py
- v - ,
g v g v
9 2.0e-10 - //// g v
= 74 S 2e-10 ’
k=l / 8 b
T 1.5e-10 - e 5] s
o /// 2 e ~
8 1.0e-10 7 g / .
£ 10e-10 1 4 = L
5 4 5, 1e-10 1 // ,/’:,.-—
T 50e-11 i - / -7
De- - 24 Pt e ——
ﬂﬂﬂﬂﬂ /.;5—5- -
0.0 == . —— 0 iy R
0 5 10 15 20 25 0 5 10 15 20 25
Length of Scintillator (mm) Length of Scintillator (mm)

Total Bound Power

—— —— —  Bound - Directly on Core

______ Bound - From scintillator wall refl
Bound - From light capture though n
TotalTunnelled Power

—_——— Tunnelled - Directly on Core

—————— Tunnelled - From scintillator wall reflections
Tunnelled - From light capture though n1

Fig. 10. Modelling results of the novel probes, a) cladding-coupled and b) double-cladding.
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Figure 11(a) shows the comparison of the total light collection of the four probes designs
when constraining the overall size of the probe. It is clear that the reflective wall achieves the
most light collection over the novel probes. This is due to the fact that when simply
constraining the overall size of the probe, that there is more emitting scintillator possible for
the reflective wall over the novel. In fact, as the volume of scintillator in the novel probes is
increased, the light collection increases until reaching the reflective wall situation.

a) Size constrained b) Volume Constrained
Ge-9 4e-10
= = 3e-10
= =
@ L]
H] =
[=] (=]
(=N (=%
_5 _5 2e-10 1
k5] k3]
2 Lo
o Ie]
Q L& ]
= E 1e-10 -
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Reflective wall
—— Butt-Coupled

Cladding-Coupled
—— Double-Cladding

Fig. 11. The total light collection of all four probe designs when constraining: a) the overall
size of the probes and b) the volume of the scintillating material.

Figure 11(b) shows the total light collection of the four investigated probes, when
constraining the volume of the scintillator. Results show that the novel probe designs have an
increase in light collection over the butt-coupled design. Though when compared to the
reflective wall design there is no significant increase in light collection.

4.2 Optically attenuating scintillators

The attenuating properties of BeO ceramics are now applied, with an optical attenuation
coefficient, u = 2.69x10° m™ [16]. To validate the model for the addition of the optically
attenuating scintillator properties, the modelled results for a butt-coupled BeO ceramic design
were compared to that experimentally measured, shown in Fig. 12. The results are in good
agreement of each other, with an average relative difference of within 1%. The results show
that beyond 1 mm of BeO ceramic, that there is virtually no increase in the light collection by
the optical fibre, therefore light collection optimisation is crucial.
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Fig. 12. The comparison between the modelled and experimentally measured light collection
for a BeO ceramic butt-coupled design.

Figure 13(a) shows the results for when constraining the overall size of the probe. Results
now show that in both the reflective wall and butt-coupled cases, that the total light collection
increases linearly with BeO length, until a point, beyond which it increases to an asymptotic
limit. Hence the significant increase in the light collection when using a reflective wall over
the butt-coupled is lost. This is due to the greater the path length of the ray within the BeO,
then the greater the optical attenuation encountered.
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Fig. 13. Modelled total light collection from the four investigated probes when including the
optical attenuation of BeO and constraining either: a) the overall size of the probe is
constrained and b) the volume of the scintillating material.

Results also indicate that both the butt-coupled and reflective wall collect more light over
the novel geometries. As before, this is due to the increase in BeO volume capable with the
previous geometries over that of the novel, since the novel geometries size needs to include
that of the transparent layer. Even though the rays are more attenuated in the butt-coupled and
reflective wall, the overall increase in light emission gives these geometries the most light
collection. It can also be seen that the cladding-coupled architecture achieves a higher light
collection than the double-cladding. This can be explained by the increase in the thickness of
the transparent layer n, for the cladding-coupled design.

Again a comparison of the total light collected while the volume of BeO has been kept
constant, such that the efficiency of the probes can be investigated is shown in Fig. 13(b). It
can be seen that the novel geometries are more efficient in collecting light from the BeO,
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which is to be expected since some rays have a less attenuating route to the fibre unlike the
butt-coupled and reflective wall. The important factor of the use of n, is that light continues
to be collected by the fibre beyond the thickness of BeO where the previous probes platoe in
their light collections. This is simply due to the fact that the transparent layer, ng, is
shortening the path length of some rays in the BeO, hence lowering the amount by which they
are attenuated.

The importance of these two results comes about with the application of the fibre—coupled
luminescence dosimeter. For example, where the overall size of the probe is important such as
for the application of in-vivo dosimetry, then the simple butt-coupled or reflective wall
designs are the best option. When the overall size is perhaps not of concern but the sensitive
volume of the dosimeter, such as in the dosimetry of small fields and high dose gradient
regions, then the novel designs can be employed to significantly increase light collection.

5. Conclusion

A simple model for simulating the light collection from sources located at the tip of a
multimode optical fibre has been developed, with the application primarily being fibre-
coupled luminescence dosimetry. The model is based on ray optics and includes both
meridional and skew rays. It also includes the optical attenuation of the medium, hence
enabling the modelling of new scintillator materials, such as beryllium oxide (BeO) ceramics.
Using the model, we proposed and evaluated the light collection of four different designs: the
butt-coupled, reflective wall, double-cladding and cladding-coupled, for which we considered
the combination of transparent and attenuating scintillator (BeO ceramics) materials.

The model was partially verified by the comparison of measured results for the butt-
coupled and reflective wall geometries using a transparent plastic scintillator, and also an
optically attenuating design using BeO ceramics. The modelled light collection was in good
agreement with the measured results. The results for the transparent butt-coupled and
reflective wall design also agrees with those previously reported [15]: the reflective wall
geometry has a linear increase in light collection with scintillator length, and the coupling
power in the butt-coupled geometry increases linearly to a point and then to an asymptotic
limit as the scintillator length increases.

It is important to note that this is only a partial validation of the model, as the light
collection of the novel investigated designs has not been verified. Similar designs to the novel
probe designs are commercially available, such as double cladding scintillating optical fibres.
While these have not been developed for light collection from the inner cladding interface,
construction on the novel designs discussed here is certainly possible. Construction and
experimental light collection measurements would be of interest for a complete verification of
the model discussed here.

It was found that the new designs (double-cladding and cladding-coupled) can
significantly increase light collection when constraining the volume of the optically
attenuating probe. These results are of significance in possible BeO fibre optic dosimetry
[17], especially the fact that the increase in light collection from reflective wall architectures
over butt-coupled is minimised due to the optical attenuation of BeO. We therefore conclude
that when using non-transparent phosphors in fibre-coupled luminescence dosimetry, the
most practical approach for probe architecture is the use of the simple butt-coupled design
when the goal is minimising the overall size of the probe, such as that for in-vivo
brachytherapy dosimetry. However, in some situations minimising the size of the sensitive
volume is the major concern, as required in the dosimetry of small field sizes where dose
averaging needs to be minimised. The use of more transparent material, as in the double-
cladding and cladding-coupled designs, can substantially increase the light collection.
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3.3 Ray Tracing Validation

In addition to the experimental validation of the model presented in the publication [P1],
to ensure that the ray tracing was being performed correctly, figures were produced of
the individual rays being traced through the probes. Figure 3.2 shows an example of a
ray being traced through the probe to the optical fibre for the most complex designs; a
double cladding and cladding coupled design. A blue line represents the initial emission
from the inner scintillator material. Subsequent refractions and reflections are show with
red lines. The reflection and refraction angles were checked on a random set of figures to

ensure that the model was working correctly.

a)

Transparent Layer

/ BeO
,’/ .

b)

HLayer

FI1GURE 3.2: A example ray being traced through the probe to the optical fibre for an

(a) double cladding and (b) cladding coupled probe designs. The blue ray tracing line

depicts the rays initial emission, and red ray tracing lines are after any refraction or
reflections.
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Figure 3.3 depicts an example of all of the rays traced through double cladding design,
shown by the red lines. The inner yellow cylinder represents the scintillating material, the
middle green cylinder the first cladding, and the outer blue cylinder the second cladding.
It can be seen that in figure 3.3 (a) that only very ordered planes of rays were traced

through the optical axis. That is because figure 3.3 represents only the meridional rays

which were simulated. On the other hand, figure 3.3 (b) shows random rays. This is

)

because 3.3 (b) represents the skew rays which were simulated.

|

W i

FIGURE 3.3: An example of all the rays traced through a double cladding probe design.

Where (a) are only meridional rays and (b) are only skew rays. The inner yellow cylinder

represents the scintillating material, the middle green cylinder the first cladding, and
the outer blue cylinder the second cladding.
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3.4 Discussion and conclusion

A model for the light collected by an optical fibre from a diffuse source at the tip of the
fibre was demonstrated. Ray tracing is performed to model both meridional and skew
rays, and to account for optical attenuation within the source at the tip of the optical
fibre. Validation of the model was performed experimentally with the use of a plastic

scintillator, a scintillating fibre and BeO ceramics.

The model was applied to various probe tip designs for a fibre-coupled luminescence
dosimetry system. These designs consisted of a bare butt-coupled scintillator, a reflective
wall (fibre scintillator), and two designs which utilise a lower refractive index layer named
the double-cladding and cladding-coupled designs. The primary objective of the use
of a transparent lower refractive index layer was to be applied to highly attenuating
scintillators. The added transparent layer may increase the light collection by the optical

fibre by providing a less optically attenuating path for the light emitted by the scintillator.

In the case of a transparent scintillator, results indicate that the optimal design was the
use of a reflective wall surrounding the scintillator. While for the case of an optically
attenuating scintillator, the novel designs utilising a transparent lower refractive index

layer could increase the light collection for the same volume of scintillator.

In the case of a BeO ceramic scintillator, the model showed that there is little increase
in light collection by adding a reflective wall around the BeO ceramic. Results also
indicated that in the case of a 1 mm diameter scintillator, no gain in light collection
is observed for lengths of BeO ceramic beyond 1 mm. Hence for the development of a
BeO ceramic coupled fibre-coupled dosimetry system a 1 mm diameter, 1 mm long BeO

ceramic cylinder was used.
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The publication [P2] forms the basis of this chapter.

Alexandre M. Caraca Santos, Mohammad Mohammadi, Johan Asp, Tanya M. Monro
and Shahraam Afshar V., Characterisation of a real-time fibre-coupled beryllium oxide

(BeO) luminescence dosimeter in X-ray beams, Radiation Measurements 53-54, 2013.

4.1 Development overview and motivation

As previously discussed BeO ceramic has some clear advantages as a radiation detector
material, mainly its near water equivalence. Therefore it could be an alternative to
Al;O3:C and a potential to produce an energy independent RL and OSL fibre-coupled
luminescence dosimetry system. However, little has been reported about the RL from
BeO ceramics. Marcazzé et al. (2007) reported that the RL yield from BeO ceramics was
slightly higher than that from AlyO3:C. Erfurt and R. Krbetschek (2002) showed that
the RL spectrum is similar to the TL spectrum. In this chapter the development and
characterisation of an RL BeO ceramic fibre-coupled dosimeter, named RL BeO FOD, is

discussed.
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4.2 Beryllium safety and handling

One of the major concerns associated with the use of BeO ceramics has been its toxicity.
The inhalation of beryllium has been known to cause a serious, chronic lung disease called
Chronic Beryllium Disease (CBD). CBD is a hypersensitivity or allergic condition in which
tissues of the lungs become inflamed, which when accompanied with fibrosis (scarring),
may restrict the exchange of oxygen between the lungs and bloodstream (Committee on

Beryllium Alloy Exposures, 2008).

BeO in solid form does not present a health risk, since the inhaled particles must be small
enough to reach the air sacs deep in the lungs (Walsh and Vidal, 2009). In the case of

powder, where inhalation is possible, proper handling needs to be considered.

4.3 Statement of Contribution

4.3.1 Conception

The idea to investigate the use of BeO ceramics, and to develop the first fibre-coupled radi-
oluminescence dosimeter with a BeO ceramic probe tip was conceptualised by Alexandre

M. Caraga Santos.

4.3.2 Realisation

The development of the probe, system reader and the LabView code was performed by
Alexandre M. Caraca Santos. The experiments performed to characterise the dosimetry

system were performed by Alexandre M. Caraga Santos and Johan Asp.

4.3.3 Documentation

This paper was primarily written by Alexandre M. Caraca Santos. Editing was performed

by all authors.
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HIGHLIGHTS

e We construct a fibre-coupled beryllium oxide ceramic radioluminescence (RL) dosimeter.

o RL found to be linear with dose-rate from 100 to 600 cGy/min.
o Integrated RL found to be linear with dose from 1 to 500 cGy.

e 6 MV PDD found to be within 2% agreement with lon chamber measurements.

¢ 150 kVp and 120 kVp PDDs found to be within 2.5% and 4%, respectively
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and 4%, respectively.

For the first time the feasibility of using beryllium oxide (BeO) ceramics as a fibre-coupled radio-
luminescent dosimeter is investigated. BeO ceramic exhibits both radioluminescence (RL) and optically
stimulated luminescence (OSL), and has the potential to be a near tissue equivalent alternative to
Al,05:C. A BeO fibre-coupled radioluminescence dosimeter is demonstrated and characterised for 6 MV
X-rays and superficial X-ray energies, 150 kVp and 120 kVp. Based on the results, we demonstrate the
capability of the RL BeO FOD for accurate and reproducible dose measurements with a linear dose rate
and dose response. It has also been found that the percentage depth dose curves for 6 MV agreed with
ion chamber measurements to within 2%, except in the build up region. For the 150 kVp and 120 kVp
photon beams, the depth dose measurements agreed with ion chamber measurements to within 2.5%

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Optical fibre-coupled scintillation dosimetry has been shown to
have the potential to meet the needs of current radiotherapy, with
characteristics including real-time, small volume, highly sensitive
and reproducible dosimetry. Hence allowing fibre-coupled scintil-
lation dosimetry to be applied to such fields as small field dosim-
etry (Archambault et al., 2007; Beddar et al., 2001; Klein et al., 2010;
Lambert et al., 2010; Letourneau et al., 1999), in-vivo brachytherapy
(Andersen et al., 2009a, 2009b; Lambert et al, 2006) and
mammography (Aznar et al., 2005). This approach uses a scintil-
lating material placed at a point of interest. Upon exposure to

* Corresponding author. Department of Medical Physics, Royal Adelaide Hospital,
Adelaide, South Australia 5000, Australia. Tel.: +61 8 8222 2701.
E-mail address: alexandre.santos@adelaide.edu.au (A.M.C. Santos).

1350-4487/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.radmeas.2013.03.003

ionising radiation, part of the energy absorbed by the scintillating
material is emitted as light, known as radioluminescence (RL) or
scintillation. An optical fibre is coupled to the scintillator such that a
portion of the emission is collected and guided to a detector system,
allowing the measurement of the RL signal which is generally
proportional to the dose-rate (Beddar et al., 1992a).

Plastic scintillators have certainly been the most commonly
investigated scintillating material and had a large influence on the
success of this approach. This is due to the attractive attributes of
plastic scintillators compared with other investigated scintillators;
easy commercial accessibility, small volume, and near water
equivalence. Plastic scintillators have been shown to be energy
independent in the megavoltage X-ray energy range, and have a
response linear with dose rate and dose (Beddar et al., 1992a,b).
One disadvantage of the use of plastic scintillators, however, is that
they exhibit a significant decrease in response to low energy x-rays
relative to megavoltage X-rays (Williamson et al., 1999).
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A major drawback of fibre-coupled scintillation dosimetry has
been the existence of the stem effect, which is light produced by the
optical fibre itself when exposed to ionising radiation. In the
megavoltage case, the main contribution is from Cerenkov radia-
tion (Beddar et al., 1992b). Several techniques have been investi-
gated to either remove or correct for the stem effect; including the
use of a second background fibre (Beddar et al., 1992a), a spectral
discrimination method (Fontbonne et al., 2002) and a temporal
method for pulsed radiation (Clift et al., 2002). Possibly the most
promising method is the air-core fibre method (Lambert et al.,
2008, 2010; Liu et al., 2011). Unlike most of the other techniques
which work based on correcting for the stem effect, the use of an
air-core fibre will not produce Cerenkov and hence eliminates the
stem effect.

Another approach uses phosphors which exhibit optically
stimulated luminescence (OSL) (Polf et al., 2002, 2004). When
exposed to ionising radiation some phosphors are able to store
some charge in defects within their structure. The stored or trapped
charge can be stimulated by light to emit luminescence, known as
optically stimulated luminescence (OSL). Using a different stimu-
lation wavelength to that emitted, the OSL signal can be measured
after irradiation. The OSL signal is proportional to the accumulated
dose of the phosphor and is unaffected by the stem effect since the
optical fibre is no longer being exposed to ionising radiation. With
phosphors that exhibit both RL and OSL, it is possible to have two
independent dose measurements for one source of irradiation.
Carbon-doped aluminium oxide (Al,03:C) crystals have been the
most investigated material for this RL/OSL technique. However,
Al;0s:C crystals are not tissue equivalent (Zefr~ 11.3) and have been
shown to over respond to lower energy x-rays by a factor up to ~3
(Bos, 2001). Perhaps the most significant drawback of Al,05:C is
that its RL signal increases with the accumulated dose and hence
necessary corrections are required to be applied (Andersen et al.,
2006).

Beryllium oxide (BeO) ceramic is a commercially available ma-
terial known to be capable of both OSL and thermoluminescence.
BeO ceramic was initially investigated as a potential thermolumi-
nescent dosimeter material (Albrecht and Mandeville, 1956;
Rhyner and Miller, 1970; Scarpa, 1970; Tochilin et al., 1969). Only
recently have in depth investigations into the luminescence prop-
erties of BeO been undertaken (Bulur and Goksu, 1998; Sommer
et al., 2007, 2008). It has been found that the OSL emission spec-
trum shows two emission bands at ~310 nm and ~370 nm, the
OSL intensity increases with decreasing stimulation wavelengths,
and an RL emission band exists at ~280 nm (Yukihara, 2011).

Unlike Al;03:C crystals, BeO ceramics are near water equivalent
(Zest ~7.2), and hence have the potential to be a near water
equivalent alternative to Al,0s3:C, although its potential use as a
BeO-coupled fibre optic dosimeter (FOD) has not yet been investi-
gated. BeO may prove to be a more versatile FOD, which can bridge
the gap between the near tissue equivalent plastic scintillators and
OSL based Al;03:C crystals.

A common concern with the use of BeO ceramics has been the
toxicity. Inhalation of Beryllium has been known to cause a chronic
disease called Chronic Beryllium Disease (CBD) (Exposures et al.,
2008). BeO in solid form has not been shown to present any
health risk, only in its powder form where inhalation is possible
does proper handling need to be considered (Walsh and Vidal,
2009).

In this work the first investigation into the use of BeO ceramics
as the scintillating probe for a fibre-coupled luminescence dosim-
eter is presented, and its feasibility for potential use in radiotherapy
dosimetry is demonstrated. A radioluminescence BeO fibre-
coupled dosimeter (RL BeO FOD) is constructed and its response
is evaluated for 6 MV and superficial x-rays of 150 kVp and 120 kVp.

2. Materials and methods
2.1. Dosimeter design

The BeO ceramic samples used in this study are 1.0 mm diam-
eter cylinders of 1.0 mm length (Thermalox 995, Materion), butt-
coupled to a polymethyl methacrylate (PMMA) optical fibre, ESKA
Ck-20 with ~0.5 mm core diameter and ~1.0 mm outer jacket
diameter (Mitsubishi Rayon Co., LTD, Tokyo, Japan). APMMA optical
fibre was chosen because of its availability and low cost, and to
minimise the influence of the stem effect, since PMMA optical fi-
bres have been shown to produce the least stem effect in the
megavoltage range (Nowotny, 2007).

In our setup, the BeO ceramic is in solid form, and hence does
not present any health risks. To minimise any possible contami-
nation, a light tight heat shrink was used to encapsulate the BeO
ceramic and the optical fibre. This encapsulation also prevents any
external light entry. While the use of heat shrink will not be capable
for clinical use, it is sufficient for the evaluation of the BeO ceramic.

The optical fibre was 20 m in length sufficient to guide the
collected light to a reader located outside of the treatment bunker,
to ensure that the reader was not affected by any scattered radia-
tion. The reader consists of a bialkali photomultiplier tube (PMT),
Burle 8575 (Burle Technologies, Inc., USA), a photon counter unit
which outputs transistor—transistor logic (TTL) signals, Hamamatsu
C9744 (Hamamatsu, Japan), and a data acquisition card (DAQ),
National Instruments USB-6341 (National Instruments Inc., USA),
which has four 32 bit counters with a time base of up to 100 MHz. A
customised LabVIEW™ (National Instruments Inc., USA) program
reads the counters of the USB-DAQ, displaying the count rate
directly, as shown in Fig. 1. Unless stated, a sampling rate of 1 Hz
was used when reading the counters, corresponding to 1 s in-
tegrations. The counts per sample were then converted to counts
per second.

The stem effect produced in the optical fibre was accounted for
by using a second optical fibre that does not have a BeO ceramic tip,
placed alongside the RL BeO FOD such that it measures the back-
ground light. The background fibre was first connected to the
reader to measure the stem effect, and then replaced by the RL BeO
FOD. The light measured by the background fibre was then sub-
tracted from that measured by the RL BeO FOD. The stem effect
measured without the BeO ceramic was compared to that from the
background fibre to determine if any corrections were needed.
Since the stem effect is not being investigated in the current study,
at all times the RL BeO FOD was oriented perpendicular to the beam
and in the central axis of the beam, such that any angular depen-
dence from the stem effect can be controlled. While this method
may not be adequate in a clinical situation, it was considered

— BeO ceramic
Heat shrink

Eska optical fibre NI LabVIEW

1 Ay e R
Bulur PMT 8575 g mamatsu C9744 NI USB 6341

Fig. 1. The detector setup for RL measurements of the RL BeO FOD.
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sufficient for the purpose of evaluating the BeO ceramic. All mea-
surements were performed in a solid water phantom (Gammex
RMI, Middleton, U.S.A).

2.2. 6 MV X-ray beam

A 6 MV X-ray beam from a linear accelerator (linac), clinac 600C/
D (Varian Medical Systems, Inc., Palo Alto, CA, USA) was utilized to
investigate the response of the RL BeO FOD. The setup within the
solid water phantom was in reference conditions at all times, cor-
responding to a field size of 10 x 10 cm? and a Source to Surface
Distance (SSD) of 100 cm, allowing for the properties of the RL BeO
FOD to be evaluated for representative therapeutic beam proper-
ties. This setup is depicted in Fig. 2.

The temporal resolution of the RL was investigated at a higher
sampling rate of 3 kHz. An Al,03:C probe was constructed similar to
the RL BeO FOD, using 1 mm x 1 mm x 1 mm cubes cut from 5 mm
diameter x 1 mm thick chips (Landauer, Stillwater, Oklahoma,
U.SA), and used as a comparison. The mean stem effect signal was
measured at 3 kHz and subtracted from the measured signals. The
linac pulse repetition rate for varying dose-rates was investigated
using the 3 kHz sampling rate.

2.2.1. Reproducibility

The reproducibility of the RL BeO FOD after repeated use was
investigated, its RL intensity was recorded for seven consecutive
1 Gy irradiations, with a dose rate of 300 cGy/min at a depth of
1.3 cm within the solid water phantom corresponding to dmax (depth
of maximum dose) of the 6 MV X-ray beam. For each irradiation the
mean value of the RL intensity was computed, these values were
then normalised to the mean of the seven measurements.

For all other measurements, three readings were taken and their
mean values given. The uncertainties given correspond to two
standard deviations of the readings from the mean values.

Varian 600C/D 6MV

SSD =100cm

10x10 cm?

Solid Water

dma.\:

RLBeO FOD

-
Background Fibre

Fig. 2. Setup of the solid water phantom with the background fibre and RL BeO FOD
placed perpendicular to the beam and in the central axis of the 10 x 10 cm? field for
6 MV X-ray measurements.

2.2.2. Dose and dose rate response

Since the RL intensity of the RL BeO FOD should be proportional
to the dose-rate, it is important to observe a linear RL response with
varying dose-rate. The RL BeO FOD was therefore exposed to dose-
rates from 100 cGy/min to 600 cGy/min. This was performed at a
depth of 1.3 cm within the solid water phantom. The dose response
was also investigated for doses from 1 cGy to 500 cGy, by inte-
grating the RL signal over the total exposure time.

2.2.3. Percentage depth dose

The response of the RL BeO FOD to dose-rate and dose is
important when investigating its feasibility for routine radio-
therapy dosimetry. However, a percentage depth dose (PDD) curve
is perhaps the most relevant measurement since it indicates
whether the detector shows a water-equivalent response. A PDD
was measured in the solid water for depths from 0.7 cm to 30 cm,
and compared to that collected by an IC15 ion chamber (Wellhofer
Dosimetrie, Germany), during the beam data acquisition.

2.3. Superficial X-rays

The response to low energy X-rays of 150 kVp and 120 kVp, was
also investigated using a superficial X-ray (SXR) unit, Gulmay
D3150 (Gulmay Medical LTD., UK). The temporal resolution of the
RL was again investigated and compared to that acquired using an
Al>03:C probe.

2.3.1. Percentage depth dose

The RL BeO FOD was placed within the solid water phantom and
measurements conducted with a 5 cm diameter cone and an focus-
skin distance (FSD) of 15 cm depicted in Fig. 3. PDD curves were
measured for depths of 0 mm—40 mm, and compared to a thin
window ion chamber (23342 PTW-Freiburg, Germany) routinely
used for data collection.

3. Results

The stem effect signal from the optical fibre was found to be of
the order of 42% of the RL signal from the RL BeO FOD. Any differ-
ence between the stem effect from the background fibre and the RL
BeO FOD was found to be negligible, and did not affect results.

Gulmay D3150 _

Solid Water

RL BeO FOD

Background Fibre

Fig. 3. Setup of the solid water phantom with the background fibre and RL BeO FOD
placed perpendicular to the beam and in the central axis of the 5 cm diameter cone for
superficial measurements.
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3.1. 6 MV X-ray beam

The RL at the sampling rate of 3 kHz when using the RL BeO FOD
is shown in Fig. 4a & b), and with the Al,03:C FOD shown in Fig. 4c &
d). The measurement with 1 Hz sampling rate is also plotted to
show the signal stability. Unlike the Al,0s3:C, RL from the BeO
ceramic has little phosphorescence, allow for the individual radi-
ation pulses produced by the linac to be easily resolved.

The pulse repetition rate for varying dose-rates results are
shown in Fig. 5. As expected a linear response was found between
the pulse repetition rate and the dose-rate, with an R* of 1.000.

3.1.1. Reproducibility

The normalised RL response over seven measurements is shown
in Fig. 6. The reproducibility of the RL was found to vary by only
0.5%, corresponding to two standard deviations of the seven mean
RL intensities.

3.1.2. Dose and dose rate response

The response of the RL BeO FOD to varying dose rates is shown
in Fig. 7a). This demonstrates that the response of the BeO FOD is
linear to therapeutic dose-rates, with an R? of 0.9998. Hence it can
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Fig. 5. The pulse repetition rate to dose-rate measured in a solid water phantom with a
field-size of 10 x 10 cm?, an SDD of 100 cm and at a depth of 1.3 cm.
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Fig. 4. The radioluminescence signal when sampling at 3 kHz for BeO; a) the total RL during irradiation and b) with a narrower temporal window, and for Al,03:C; c) the total RL
during irradiation and d) with a narrower temporal window. A sampling rate of 1 Hz is also shown in red. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 6. Repeatability of the radioluminescence measurements normalised by the mean
value of the seven measurements, performed at dpa.x of 6 MV X-ray beam with dose
rate 300 cGy/min.

be said the RL BeO FOD is dose-rate independent and could be
utilised in cases where the dose-rate is varying.

Fig. 7b) demonstrates the linear response of the RL BeO FOD to
therapeutic doses from 1 cGy to 500 cGy, with an R? of 1.000. The
resulting linear response is similarly important since it is necessary
that dose measurements be accurate within a therapeutically
relevant range of doses.

3.1.3. Percentage depth dose

Fig. 8 shows the PDD measured in the solid water for depths
from 0.7 cm to 30 cm. The difference between the RL BeO FOD and
IC15 ion chamber PDD shows that for depths below dpax the largest
discrepancy of up to 3% at the surface. This difference is most likely
due to the positioning uncertainty of the RL BeO FOD, since this is a
high dose gradient region a small change in the depth of the RL BeO
FOD has a large impact of the dose. Discarding the build up region,
the discrepancies are no greater than 2%, with the two becoming
closely matched at depths beyond dmax. The importance of the
achieved results is to show that for the 6 MV x-ray beam that the RL
BeO FOD has a response similar to that of water.

120 6

—e— RLBeOFOD
T R ——— Ic15 T s
A (RL BeO FOD - IC15)

-

Dose (%)
Difference (%)

Depth (mm)

Fig. 8. The PDD curve obtained with the RL BeO FOD and an IC15 ion chamber in a
solid water phantom with an SSD of 100 cm and a field size 10 x 10 cm? The
discrepancy between the RL BeO FOD and the IC15 ion chamber is also shown in
secondary axis.

3.2. Supertficial X-rays

Fig. 9a) shows the RL signal intensity of the RL BeO FOD during
exposure to the superficial x-rays (SXR), with that from the Al,03:C
shown in Fig. 9b). Again the BeO ceramic is shown to have much
less phosphorescence than the Al;03:C probe. Analysis of the RL of
the BeO ceramic using the SXR shows the initial ramp up of the SXR,
which is of approximately 5 s duration for the SXR used, and is due
to the increasing dose-rate while the current and voltage of the SXR
are increasing. Once stabilised a steady state dose-rate is estab-
lished, and hence the constant RL intensity. Finally, the rapid drop
in dose-rate is shown with the RL BeO FOD, again a sign of the little
phosphorescence.

3.2.1. Percentage depth dose

Fig. 10a) shows the PDD measured with the RL BeO FOD for su-
perficial X-rays of 150 kVp with a 0.5 mm Cu half value layer (HVL),
and also that measured using a thin window ion chamber. The RL
BeO FOD measurements were found to be within 2.5% of those
measured from the thin window chamber. Fig. 10b) shows the PDD
measured for superficial x-rays of 120 kVp with 5 mm Al HVL. A close
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Fig. 7. The response of the RL BeO FOD to therapeutic a) dose-rates and b) doses, with the lower dose values magnified.
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Fig. 9. The RL signal during the exposure of superficial X-rays for a) the RL BeO FOD and b) Al,05:C.

agreement was found between the RL BeO FOD measurements and
the thin window chamber, with no differences greater than 4%.
These are acceptable discrepancies considering the difficulty of ac-
curate measurements of superficial X-rays.
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Fig. 10. The PDD curve for the RL BeO FOD and thin window ion chamber obtained
using superficial X-rays of a) 150 kVp with HVL 0.5 mm Cu and b) 120 kVp with HVL
5 mm Al. The discrepancy between the RL BeO FOD and the thin window ion chamber
is also shown in secondary axis.

4. Discussion

Using the high temporal resolution of the RL BeO FOD shown in
Fig. 4, it is able to give a further understanding of the radiation
produced by the linac, allowing for measurements such as dose per
pulse and pulse repetition rate measurements recently investigated
using plastic scintillators (Beierholm et al., 2011). Fig. 5 shows that
the linac utilises the pulse repetition rate to control the delivered
dose-rate. This property of BeO ceramic could be used for further
investigation into the understanding of the radiation from linac
systems.

It is important to note that the higher RL intensity shown in the
3 kHz measurements compared to the 1 Hz measurements is due to
the duty-cycle of the linac radiation beam. In the case of the 1 Hz
measurements the majority of each sample is between the radia-
tion pulses, and hence a lower count rate. The use of the 3 kHz
measurements for dosimetric purposes would require a more ac-
curate stem effect removal technique. In the current study, the
mean stem effect was subtracted from the entire RL measurement.
However, a more appropriate method is required to measure the
stem effect concurrently with the RL measurements and then
subtract it from the signal. Considering the limitations of our setup,
this will be considered in future studies.

The short radioluminescence lifetime, i.e. little phosphores-
cence measured from the BeO ceramic indicates that a temporal
Cerenkov removal technique would not be plausible, but the linac
radiation pulse information attainable is useful for a greater un-
derstanding of the radiation produced by linacs. With the RL
emission band from BeO ceramic being ~280 nm, this would also
make a Cerenkov spectral removal technique not feasible, due to
the Cerenkov intensity being inversely proportional to wave-
length. The best technique for optical fibre stem effect removal for
the use of a BeO ceramic may be the use of an air-core optical
fibre.

One disadvantage of the use of BeO ceramic is the lower RL in-
tensity, which is shown in the comparison against Al;03:C in Fig. 9.
This is most likely due to a combination of lower RL efficiency for
BeO ceramic, and the optical attenuation within the BeO ceramic
(Lembo et al., 1990). PMMA optical fibres are also highly attenu-
ating at the BeO ceramic emission wavelengths, other fibres such as
silica fibres are less attenuating and could increase the sensitivity.
The decrease in signal strength ultimately has an effect on the
sensitivity of the dosimeter, which has not been found to be a
problem in this study.
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5. Conclusion

A BeO ceramic fibre optic dosimeter of small sensitive volume
has been constructed. It has been found that the RL from a BeO
ceramic has the potential for use as a reliable dosimeter in radio-
therapy. The RL response from the BeO FOD has been shown to be
linear for a range of therapeutic dose rates and doses. The per-
centage depth dose curves measured have shown that the BeO FOD
shows no energy dependency in the megavoltage and superficial
energy range, and hence shows promise for radiotherapy dosim-
etry. Further studies are necessary to investigate true energy in-
dependence of BeO ceramics response.

Summarizing, these results provide confidence of the applica-
tion of BeO RL for dosimetry and to advance with investigations and
construction of an RL/OSL BeO dosimeter, such that the OSL signal
from a BeO detector can be characterised for accumulated dose
measurements. BeO ceramics show promise to be a near tissue
equivalent alternative to Al,05:C crystals for fibre optic dosimetry,
making it a more versatile dosimeter. Future applications of the BeO
FOD will be use in in-vivo brachytherapy dosimetry and the
dosimetry of superficial kV X-rays, where its near tissue equiva-
lence will play a useful role.
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4.4 RL BeO FOD labview

The developed LabView software had a number of different versions through this project.
Initially, the method of controlling the sampling rate was by utilising an "Elapsed Time’
wait block. Unfortunately this was not an accurate method of doing this since the required
wait time was very short. Figure 4.1 shows the final LabView block diagram used. A
second counter is used as a clock for the sampling rate control. This is faster and hence

more accurate than using the internal clock with the "Elapsed Time’ block.

In the case of the radiation pulse measurements discussed in the publication [P2], in
order to speed up the recording system to achieve the high sampling rates necessary, the
graphing function was removed from the LabView software. Therefore the data was not

displayed in real-time and could only be analysed post exposure.

4.5 Discussion and conclusion

A small fibre-coupled BeO ceramic dosimetry system was developed capable of real-
time RL measurements, named RL BeO FOD. Figure 4.2 shows the small BeO ceramic
sensitive volume and optical fibre, side by side with a CC01 ionisation chamber (Wellhofer
Dosimetrie, Germany). A portable RL reader system was developed that could be easily
moved to a treatment suite for measurements, shown in figure 4.2. The RL BeO FOD
was characterised with the use of a high energy 6 MV x-ray beam, and a 150 kVp and
120 kVp superficial x-ray beams.

Results showed that the response from the RL BeO FOD was reproducible and linear for
a range of dose rates and doses. The percentage depth doses were within 3% agreement
for the 6 MV beam and within 4% agreement for the superficial x-ray beams, indicating
little energy dependence. These promising results provide confidence to proceed with

developing and investigating an RL and OSL BeO ceramic dosimetry system.
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Chapter 5

Beryllium oxide (BeO) ceramic RL
& OSL dosimetry system

The publication [P3] forms the basis of this chapter.

Alexandre M. Caraca Santos, Mohammad Mohammadi and Shahraam Afshar V., Investi-
gation of a fibre-coupled beryllium oxide (BeO) ceramic luminescence dosimetry system,

Radiation Measurements 52-58, 2014.

5.1 Development overview and motivation

Continuing from the promise shown by the RL BeO FOD measurements, developing a
dosimetry system which was capable of both RL and OSL was the following objective.
As previously discussed, the OSL from BeO ceramics has been extensively investigated,
however its potential use as an RL and OSL fibre-coupled dosimeter had not. In this
chapter, the design, development and characterisation of the first RL and OSL BeO
ceramic fibre-coupled dosimetry system, named RL/OSL BeO FOD, will be discussed.

67
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5.2 Statement of Contribution

5.2.1 Conception

The idea to continue with the BeO ceramic probe and develop a radioluminescence and
optically stimulated luminescence reader was conceptualised by Alexandre M. Caraga

Santos.

5.2.2 Realisation

The development of the probe, system reader and the LabView code was performed by
Alexandre M. Caraca Santos. The experiments performed to characterise the dosimetry

system were also performed by Alexandre M. Caraga Santos.

5.2.3 Documentation

This paper was primarily written by Alexandre M. Caraga Santos. Editing was performed

by all authors.
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HIGHLIGHTS

e A fibre-coupled Beryllium oxide (BeO) ceramic dosimeter was developed, named RL/OSL BeO FOD.

e The RL/OSL BeO FOD is capable of real-time RL measurements and post exposure OSL measurements.
e 6 MV PDD found to be within 5% agreement with lon chamber measurements.

e The RL is shown to be insensitive to the accumulated dose.
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The purpose of this study is to investigate the potential use of a beryllium oxide (BeO) ceramic as a
radioluminescence (RL) and optically stimulated luminescence (OSL) probe material for fibre-coupled
luminescence dosimetry. A portable dosimetry system, named RL/OSL BeO FOD was developed, con-
sisting of a 1 mm diameter, 1 mm long BeO ceramic cylinder coupled to a silica/silica optical fibre. The
reader measures the RL signal and also uses a 450 nm laser diode to stimulate the BeO ceramic. A second
background optical fibre is used to remove the stem effect. The RL/OSL BeO FOD was characterised in a
solid water phantom, using a 6 MV x-ray beam. The RL was found to be reproducible and have a linear
response to doses ranging from 30 cGy—15 Gy and dose rates from 100 cGy/min — 600 cGy/min. The OSL
response was linear to doses of 10 Gy, becoming supralinear at higher doses. Measured percentage depth
curves using the RL/OSL BeO FOD agreed with those measured using an IC15 ion chamber to within 5%,
beyond the build up region. It was also found that the RL from BeO ceramic is unaffected by the delivered
dose to the probe and hence, it remains constant for a given dose-rate. The insensitivity of the RL to
accumulated dose makes BeO ceramic potentially capable of accurate dose-rate measurements without
any corrections for the accumulated dose. This study demonstrates the feasibility of BeO ceramic as a
versatile fibre-coupled luminescence dosimeter probe.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Plastic scintillators are near water equivalent materials which
emit light when exposed to ionising radiation, known as radio-

Fibre-coupled luminescence dosimeters have been extensively
investigated due to their desirable characteristics such as: small
detector size, high sensitivity, low cost and all optical setup. These
dosimeters are based on the use of a light emitting phosphor probe
attached to an optical fibre. Various probes have been investigated,
with the most interest being on the use of plastic scintillators
(Beddar et al., 1992a,b) and Al03:C crystals (Polf et al., 2002).

* Corresponding author. Department of Medical Physics, Royal Adelaide Hospital,
Adelaide, South Australia 5000, Australia. Tel.: +61 8 8222 5658.
E-mail address: alexandre.santos@adelaide.edu.au (A.M.C. Santos).

http://dx.doi.org/10.1016/j.radmeas.2014.09.007
1350-4487/© 2014 Elsevier Ltd. All rights reserved.

luminescence (RL) or scintillation. Their RL response has been re-
ported to be proportional to the radiation dose-rate and
independent of energy (Beddar et al., 1992a,b). When attached to
an optical fibre and guided to an optical reader, plastic scintillators
make for an ideal real-time dosimeter. These scintillation dosime-
ters have been applied to such areas as; small field dosimetry
(Archambault et al., 2007; Beddar et al., 2001; Klein et al., 2010;
Lambert et al., 2010; Letourneau et al., 1999) and brachytherapy
dosimetry (Cartwright et al, 2010; Lambert et al, 2006a;
Suchowerska et al., 2011).
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The major issue with scintillation fibre coupled dosimeters has
been their susceptibility to the “stem effect”, which is light pro-
duced in the optical fibre during its exposure to ionising radiation,
either due to Cerenkov radiation or luminescence of the optical
fibre (Beddar et al., 1992b; Nowotny, 2007; Therriault-Proulx et al.,
2013). This is unwanted light collected by the system and needs to
be removed or corrected for. The most recent techniques used to
remove this stem effect have been the use of hyperspectral signal
processing (Archambault et al., 2012), and the addition of an air-
core optical fibre, which itself will not produce Cerenkov radia-
tion (Lambert et al., 2009, 2010; Liu et al., 2011).

Plastic scintillators are expected to have a reduced response to
low energy x-rays, where interaction processes are dominated by
the photoelectric effect, due to a lower effective atomic number
(Zegt~5.7 and p~1.032—1.060 gcm 3, for both polystyrene (PS) and
polyvinyltoluene (PVT)), than water (Zeg~7.4 and p~1.000 gcm3).
Previous investigations have loaded plastic scintillators with higher
atomic number elements to match the effective atomic number of
water (Williamson et al,, 1999). Along with the lower effective
atomic number, plastic scintillators also have a non-linear response
to low energy x-rays, known as ionisation quenching. Ionisation
quenching has been reported to occur for electron energies below
~125 keV, making them not ideal for low energy x-rays (Williamson
et al., 1999).

Al,03:C crystals are inorganic materials which also exhibit RL,
but unlike plastic scintillators, also store some charge when
exposed to ionising radiation. These “trapped charges” can later be
stimulated either by light or heat, such that they release their en-
ergy in the form of luminescence, known as optically stimulated
luminescence (OSL) and thermoluminescence (TL), respectively.
Al,05:C crystal dosimeters are not only capable of the RL real-time
dose-rate measurements, similar to plastic scintillators, but they
are also able to have an OSL accumulated dose measurement after
exposure (Polf et al., 2002, 2004). Hence the OSL brings another
dimension to the dosimeter, making it capable of two readings from
one exposure. This is a major advantage not only to improve the
confidence in the dose measurement, but also to avoid the un-
wanted Cerenkov radiation, which plays no part in the OSL signal.

The major disadvantages of the use of Al,05:C crystals are the
high effective atomic number (Zef~11.1 and p~3.97 gcm’3), and
over response to low energy x-rays by a factor up to 3 relative to
1.25 MeV photons (Bos, 2001). The RL from Al,05:C crystals has
been reported to increase with increasing accumulated dose to the
crystal. This is an issue since the RL is not constant for a constant
dose-rate exposure, making it difficult to measure the dose-rate in a
varying dose-rate field if the RL is not proportional to dose-rate
(Andersen et al., 2006; Damkjaer et al., 2008). Though if oper-
ating in a saturated protocol, the RL is insensitive to dose but the
Al,03:C crystals can no longer be used for OSL readings (Andersen
et al., 2011).

Beryllium oxide (BeO) ceramics also exhibit both RL and OSL, but
in contrast to Aly03:C crystals, have an effective atomic number
comparable to water (Ze~7.1 and p~3.01 gem—>). BeO ceramic was
initially investigated as a potential thermoluminescent dosimeter
(TLD) material (Albrecht and Mandeville, 1956; Rhyner and Miller,
1970; Scarpa, 1970; Tochilin et al., 1969). Inhalation of beryllium
has been known to cause a disease called Chronic Beryllium Disease
(CBD) (Exposures et al., 2008). Therefore the use of BeO ceramic as a
powder TLD is impractical and hence research activities stopped.
However, BeO ceramic in solid form has not been shown to present
any health risk, since if handled properly inhalation is unlikely
(Walsh and Vidal, 2009).

Recent investigations into the luminescence properties of BeO
have been undertaken (Bulur and Goksu, 1998; Sommer et al., 2007,
2008). Findings show that the OSL emission spectrum has two

emission bands at ~310 nm and ~370 nm, and that the OSL intensity
increases with decreasing stimulation wavelengths. The RL emis-
sion does not correspond to that of the OSL and has a peak at
~280 nm (Yukihara, 2011). The OSL dose response has been re-
ported to be reproducible and linear up to a dose of 10 Gy and
supralinear at higher doses. No energy dependency has been
investigated for the RL, though the OSL has been shown to under-
respond to low energy x-rays (Jahn et al, 2013). Due to the
closely matched effective atomic number of BeO ceramics to water,
they may prove to be a versatile probe.

In this study, we develop a fibre-coupled luminescence dosim-
eter that utilises a BeO probe for RL and OSL measurements. This is
an extension of our previous investigation (Santos et al., 2013), in
which we only considered the use of the RL from BeO ceramic,
independent from OSL. Here, a portable RL and OSL BeO ceramic
fibre optic dosimeter (FOD) is built, named RL/OSL BeO FOD, which
uses the RL from a BeO ceramic probe for real-time dose-rate
measurements and also stimulates the BeO ceramic to perform OSL
readings for accumulated dose measurements. We report on the
characterisation of the RL/OSL BeO FOD for 6 MV x-rays. In partic-
ular, we show that the RL/OSL BeO FOD does not have the issue of
the RL response increasing with accumulated dose for a constant
dose-rate, which has been the case for Al,03:C crystals.

2. Materials and methods
2.1. Dosimeter design

Fig. 1 depicts the dosimetry system. A single probe was con-
structed, consisting of a 1.0 mm diameter cylinder of 1.0 mm length
BeO ceramic probe (Thermalox 995, Materion, USA). The BeO
ceramic probe is butt-coupled to a 15 m long silica/silica optical
fibre, with a core diameter of 0.4 mm (PolymicroTechnologies™,
Molex, U.S.A.). The BeO ceramic is in solid form, and hence does not
present any health risks. BeO ceramics are self optically attenuating,
hence attenuating its own light (Lembo et al., 1990). Our previous
investigation into this property showed that for a butt-coupled
design there is no increase in light collection beyond a 1 mm
length probe (Santos et al., 2014). The silica/silica optical fibre was
chosen because of its low attenuation for the BeO ceramic emission
spectrum, with a typical attenuation of 0.1 dB/m at a wavelength of
350 nm. A light tight heat shrink was used to encapsulate the BeO
ceramic and the optical fibre, and to prevent any external light
entry. The optical fibre is then connected to an in-house built
portable reader located outside of the treatment bunker.

The reader consists of a Z-laser ZM18, 40 mW blue (450 nm)
laser diode (Z-laser, Germany), to stimulate the BeO ceramic, which
is coupled to the optical fibre using a fibre collimator. The OSL is
read in continuous-wave mode, where the BeO ceramic is contin-
uously illuminated by the laser. A blue light stimulation source was
chosen because it has the best probability of OSL stimulation
(Yukihara, 2011). The stimulated OSL signal is guided back to the
reader by the same optical fibre, and reflected towards a Hama-
matsu H7360-01 photon counting head (Hamamatsu, Japan) using
a UV-blue dichroic beamsplitter. To separate any stimulation light
still reflected by the beamsplitter from the BeO ceramic emission
six 2.5 mm thick Hoya U-340 optical filters (UQG Ltd., England)
were placed in front of the photon counter head. All components
are enclosed within a light tight, metallic enclosure.

A data acquisition card (DAQ), USB-6341 (National Instruments
Inc., USA), which has four 32 bit counters with a time base of up to
100 MHz, was used to control the laser and read the photon counter
head. A customised LabVIEW™ (National Instruments Inc., USA)
program was developed to interface with the USB-DAQ. Unless
stated, a sampling rate of 10 Hz was used when reading the counters.
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Fig. 1. The portable RL/OSL BeO FOD setup, capable of real time RL measurements and CW-OSL measurements. A second background optical fibre is used to remove the stem effect.

During exposure to ionising radiation, the RL is guided by the
optical fibre to the reader. At the reader, the RL is reflected by the
beamsplitter toward the photon counting head. After exposure, the
OSL can be stimulated and measured as discussed above. The
measurement procedure is depicted in Fig. 2. During the OSL
measurement the BeO ceramic is optically bleached. This is where
the laser is turned on for a time period long enough to release any
trapped charge in the BeO ceramic, preparing it for its next irra-
diation. For all measurements the optical stimulation following
exposure was for 180s. A background subtraction was made using
the mean value from the last 20 s of the OSL decay curve. This

After Treatment Laser On

OSLaDose

Signal (counts's)

Time

Fig. 2. The measurement procedure used to determine the dose-rate in real-time from
the RL signal and the accumulated dose from the integrated OSL signal.

background estimate accounts for residual laser light due to
imperfect filtration.

During the RL measurements, the stem effect produced in the
optical fibre was accounted for by using a second optical fibre that
does not have a BeO ceramic tip. This background fibre was placed
alongside the RL/OSL BeO FOD such that it measures the back-
ground light. For each measurement of the RL/OSL BeO FOD, a
repeat was performed and a reading from the background fibre
taken. The light measured by the background fibre was then sub-
tracted from that measured by the RL/OSL BeO FOD. At all times the
RL/OSL BeO FOD was oriented perpendicular to the beam and in the
central axis of the beam, such that any angular dependence from
the stem effect can be controlled. Clinically this method would not
be adequate, but it was considered sufficient for the purpose of
evaluating the BeO ceramic probe.

A 6 MV x-ray beam from a linear accelerator (linac), Clinac 600C/
D (Varian Medical Systems, Inc., Palo Alto, CA, USA) was utilized to
investigate the response of the RL/OSL BeO FOD. All measurements
were performed in a solid water phantom (Gammex RMI, Mid-
dleton, U.S.A). The setup within the solid water phantom was in
reference conditions at all times, corresponding to a field size of
10 x 10 cm?, and a source to surface distance (SSD) of 100 cm,
allowing for the properties of the RL/OSL BeO FOD to be evaluated
for representative therapeutic beam properties. The RL/OSL BeO
FOD was placed at a depth of 1.5 cm, sandwiched between 2 mm
thick slabs of solid water, which did not allow for large air gaps.

Unless stated all presented data corresponds to the mean of five
measurements, and all uncertainties presented correspond to two
standard deviations on the mean measurements.

2.2. Radioluminescence response with accumulated dose

The RL response of BeO ceramic as the accumulated dose in-
creases was investigated. This was performed by initially bleaching
the BeO ceramic with the laser light, followed by delivering a dose
of 20 Gy to the RL/OSL BeO FOD. We then observed the RL as the
accumulated dose to the BeO ceramic increased.
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2.3. Fading

Fading of the OSL signal may occur as the time between expo-
sure and reading of the OSL is increased. Ideally, in a clinical situ-
ation the OSL would be read directly after the exposure has taken
place. Therefore a 30 s to 10 min delay period was chosen to
investigate the short-term fading. This was done by delivering a
clinically appropriate dose of 1 Gy, and comparing the measured
OSL for different delay periods between the exposure and the laser
being turned on. For all other experiments a delay time of 1 min
was applied.

2.4. Reproducibility

The reproducibility of the RL/OSL BeO FOD after repeated use
was investigated by exposing the RL/OSL BeO FOD to a dose of 1 Gy.
This was performed ten times to investigate how both the RL and
OSL vary with repeated measurements. During this measurement
all of the experimental parameters were kept constant.

2.5. Dose and dose-rate response

The linearity of both the RL and OSL was investigated for both
dose rate and dose. The dose-rate response was investigated by
varying the repetition rate of the linac for dose rates from 100 cGy/
min to 600 cGy/min, with 1 Gy delivered. The dose response was
investigated for a range from 30 cGy—15 Gy. This dose range was
chosen because of its clinical use.

2.6. Percentage depth dose

Percentage depth dose (PDD) curves were measured in solid
water for depths from 0.7 cm to 30 cm, for both the RL and OSL. The
measured PDDs were then compared to PDDs collected by a
Wellhofer 1C15 ion chamber (0.13 cm® volume, 0.6 cm internal
diameter), oriented perpendicularly to the beam during the beam
data acquisition in a water tank.

3. Results and discussion

For the RL measurements the stem effect signal from the optical
fibre for our setup was found to be of the order of 50% of the RL
signal, and hence very significant. For the OSL measurements, the
decay lifetime was very fast, with a decay constant for a 1 Gy
delivered dose of approximately 0.5 s. Therefore for all measure-
ments the OSL was defined as the integration of the first 10 s of the
OSL decay. There was a residual OSL stimulation laser light of ~7500
counts/s, which is corrected from each OSL measurement. The
background estimate used in the OSL readings was not observed to
systematically increase from one OSL reading to the next. Therefore
it was assumed that there was no residual OSL signal in the back-
ground estimate, and that each OSL reading was assumed to be fully
bleaching the BeO ceramic. Also, no OSL was measured from the
background optical fibre with no BeO ceramic attached.

3.1. Radioluminescence response to accumulated dose

Fig. 3 shows the RL response with accumulated dose after
bleaching, for a 20 Gy dose at 300 cGy/min. The mean value for the
RL response of 2.42 x 10° counts/s is also plotted, with the RL
response having a standard deviation of 1.8% over the exposure.
Therefore it can be seen that there is little variation on the
measured RL with accumulated dose, and hence can be treated as
constant for a constant dose-rate. This is an important result as it
implies that the RL/OSL BeO FOD is capable of measuring dose-rate
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Fig. 3. The radioluminescence response for a 20 Gy irradiation, with the mean RL
plotted in red. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

and the change in dose-rate without any corrections for the accu-
mulated dose to the sensitive material, which is not the case in
Al,03:C crystals unless operating in a saturated protocol (Andersen
et al.,, 2011).

The accumulated dose insensitivity observed, may be due to the
BeO ceramic being in a stable state. This may be caused by the
optical bleaching not entirely emptying the traps in BeO ceramic.

3.2. Fading

Fig. 4 shows the short term fading of the OSL response, nor-
malised to the mean of all delay periods. As can be seen, no change
in the response is observed. Hence the fading of the OSL for the BeO
ceramic within the first 10 min after exposure is negligible. The
shortest delay measurement at 30 s is also less reproducible than
the others. This may be due to the presence of unstable shallow
traps.

While we have not observed any noticeable fading of OSL signal
at 1 Gy in our study, there is a report of a few percent fading in the
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Fig. 4. The normalised OSL response for different delay periods between the exposure
and the laser stimulation.
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Fig. 5. The normalised RL and OSL response for 10 consecutive 1 Gy exposures.

OSL of BeO ceramic at low doses of 1 mGy (Jahn et al., 2013). This
discrepancy may be because of the different dose ranges for which
the fading was investigated. It should be noted that the aim of this
study is to develop a fibre-based dosimeter for clinical applications
in which the radiation dose are typically > 1Gy. Hence, it is ex-
pected that fading does not introduce any noticeable effect in
clinical applications.

3.3. Reproducibility

Fig. 5 shows the mean RL and the corresponding OSL for 10
consecutive measurements. They are displayed as a percentage of
the calculated mean of all 10 measurements. It can be seen that the
mean RL and OSL are reproducible to within 2.5%, with a two
standard deviation uncertainty of 2.6% for the OSL and 1.03% for the
RL.

3.4. Dose and dose-rate response

Fig. 6 shows the dose response for the integrated OSL and RL
signals for a dose range of 30 cGy—15 Gy. The RL dose response
shown in Fig. 6a) is linear in the investigated dose range. The per-
centage deviation from a linear curve is also shown in Fig. 6a), with
a 2.5% maximum deviation from a linear fit.
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The OSL dose response is linear up ~10 Gy, becoming supralinear
at higher doses. A supralinearity factor of 9.4% at 15 Gy was
measured for the OSL response. Therefore a quadratic polynomial
curve was fit to the OSL response and the percentage deviation
from this curve is given in Fig. 6b). It can be seen that the curve is
best fit at higher doses. Using the dose response curves from Fig. 6,
the reproducibility of the RL/OSL BeO FOD from Fig. 5 can now be
presented in terms of dose. We have measured 1.00 + 0.03 Gy and
1.00 + 0.01 Gy, for the OSL and RL respectively.

Fig. 7 shows the dose-rate response of the RL and OSL mea-
surements by varying the repetition rate on the linac for a range
from 100 cGy/min — 600 cGy/min. It can be seen that the RL has a
linear response with dose-rate. The percentage deviation from a
linear curve is given in Fig. 7a), with a 1% maximum deviation. The
OSL response can be seen to be independent to dose-rate.

3.5. Percentage depth dose

Fig. 8 shows the measured 6 MV PDDs for both the OSL and RL
signals, normalised to the depth of maximum dose measured by the
IC15 ion chamber. It can be seen that beyond the build-up region
the mean value for both the RL and the corresponding OSL mea-
surements agree with the IC15 ion chamber measurements within
5%, and within statistical uncertainty. This indicates that the RL/OSL
BeO FOD response is similar to water in the megavoltage x-ray
energy range.

Within the build-up region there is a discrepancy between the
RL/OSL BeO FOD and IC15 ion chamber measurements of above 5%.
Further investigation is needed to identify the reason for this
discrepancy. It can also be seen that at depth, the RL measured PDD
is in better agreement with the IC15 ion chamber than the OSL
measured PDD. This is due to the greater dynamic range and
reproducibility of the RL signal from the RL/OSL BeO FOD.

4. Conclusion

In summary, a RL/OSL BeO FOD has been developed and tested.
This dosimeter utilises the RL signal from a BeO ceramic probe for
real-time dose rate measurements, and the OSL signal for an
accumulated dose measurement. A second background optical fibre
is used to remove the stem effect. We have shown both the RL and
OSL signals to be reproducible. No OSL fading within the first
10 min after exposure is seen, and the OSL response is shown to be
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Fig. 6. The dose response for a) the integrated RL measurements and b) the OSL measurements, with the percentage deviation from their curves of best fit graphed above each.
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supralinear to doses greater than 10 Gy, and independent to dose-
rate. The RL is shown to be linear to dose-rates from 100 cGy/min —
600 cGy/min, and that the integral of the RL responded linearly to
doses from 30 cGy—15 Gy. PDD curves measured are within 5%
agreement to ion chamber measurements, further confirming the
feasibility of BeO ceramic as an MV dosimeter.

The use of both plastic scintillators and Al,053:C crystals has
disadvantages. While plastic scintillators are near water equivalent,
they have a decreased response at lower energy x-rays due to
ionisation quenching (Williamson et al., 1999). This general prob-
lem still remains to be investigated for BeO ceramic. Al,03:C crys-
tals exhibit OSL, but have a high effective atomic number and have
an RL response which increases with increasing dose to the probe
(Damkjaer et al., 2008). We find that the RL from BeO ceramic does
not increase with increasing dose to the probe, which has been
possibly the biggest disadvantage of Al,03:C crystals.

Optimisation of the optics in the reader, such as the optical fil-
ters, would be of interest to increase the dynamic range of the
detector. In measuring the RL, stem effect from the optical fibre has
been shown to be of significance, ~50% of the RL signal measured.
While we use a background fibre to correct for the stem effect,
future investigations into novel stem effect removal techniques, as
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discussed in the introduction, will be helpful to increase the signal-
to-noise of the RL. Previous work has shown that a time-resolved
removal of the stem effect for pulsed radiation is unlikely to be
possible for BeO ceramic due to a short lifetime for the RL (Santos
et al., 2013).

The OSL and RL from BeO ceramics are less sensitive than
those from Al,03:C crystals (Santos et al., 2013; Yukihara, 2011).
Future work comparing plastic scintillators, BeO ceramics and
Al>03:C crystals would be of interest. Both plastic scintillators and
Al,03:C crystals have been applied to high dose rate (HDR)
brachytherapy (Andersen et al.,, 2009a,b; Cartwright et al., 2010;
Kertzscher et al., 2011; Lambert et al.,, 2006b; Suchowerska
et al, 2011). The closely matched effective atomic number of
BeO ceramics and water may be of interest for clinical treatments
where lower energy photons are used, such as HDR brachyther-
apy. Further investigations into energy and angular dependency
are required to evaluate the applicability of the system to HDR
brachytherapy.

In this study only a single probe was developed and charac-
terised. In future investigations it would be of interest to compare a
number of RL/OSL BeO FODs in order to characterise inter detector
variability.
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Fig. 8. The measured 6 MV PDDs using a) the RL measurements and b) the OSL measurements, with the percentage difference between the RL/OSL BeO FOD and IC15 ion chamber

graphed above each.
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5.3 RL/OSL BeO FOD LaBview

Figure 5.1 shows the user interface for the final LabView version. Here the user inputs the
RL threshold, laser wait time and laser on time. The system will then control the laser
automatically once the RL has fallen below a specified threshold. As shown in figure 5.2
the final block diagram has significantly increased in complexity from the initially used

LabView. A Matlab function was included in the final version to automate the RL and

STOP And Analyse
RESULTS
RL_Accum_Dose

Time_Before_Laser_Turn_On

OSL analysis for the user.

Count Rate

oo AV

>400 - Commonly 1000

120000

180000

o]
P
m
30

BackGround calculated from last 20sec
1000.0 3 2000.0 J34000.0 N 36000.0 J38000.0) <

Time|

FIGURE 5.1: The final LabView user interface developed to automate the RL and OSL
measurements and analysis for the RL/OSL BeO FOD.
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5.4 Discussion and Conclusion

A portable RL and OSL optical fibre reader system has been developed, named RL/OSL
BeO FOD. The RL/OSL BeO FOD utilises the RL signal from a BeO ceramic probe for
real-time dose rate measurements, and the OSL signal for an accumulated dose measure-
ment. Figure 5.3 (a) shows the light tight metal case for the reader system and figure 5.3
(b) shows all the RL/OSL reader components. The RL/OSL BeO FOD was characterised
using a high energy 6 MV x-ray beam.

Combination of
optical filters

Photomultiplier tube
450nm (blue) laser

Fibre collimator UV-Blue beamsplitter

FIGURE 5.3: The portable OSL reader, (a) all enclosed in a light tight metal case, (b)
containing the stimulation laser, optics and photomultiplier tube.

Results showed both the RL and OSL signals to be reproducible. For the OSL, no
significant fading was observed within the first 10 min after exposure. A supralinear dose

response was observed for the OSL signal to doses greater the 10 Gy, and the OSL was
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shown to be dose rate independent. The RL response was shown to be linear for dose
rates from 100 cGy/min to 600 c¢Gy/min, and that the integral of the RL responded
linearly to doses from 30 c¢Gy to 15 Gy. Measured percentage depth dose curves were

within 5% agreement to ion chamber measurements, indicating little energy dependence

of the RL/OSL BeO FOD in the megavoltage range.



Chapter 6

Energy Dependence

The publication [P4] forms the basis of this chapter.

Alexandre M. Caraga Santos, Mohammad Mohammadi and Shahraam Afshar V., Energy
dependency of a water-equivalent fibre-coupled beryllium oxide (BeO) dosimetry system,

Radiation Measurements 1-6, 2015.

6.1 Development overview and motivation

The major advantage of the use of BeO ceramic as a dosimeter material is the potential
little energy dependence. This is due to the effective atomic number of BeO ceramic
(Zeg27.1) is comparable to that of water (Z.g=7.4). OSL energy dependence has been
shown to be weakly under-responding at lower x-rays energies (Sommer et al., 2007,
Sommer and Henniger, 2006, Jahn et al., 2013, 2014). However, there have been no

studies investigating the RL energy dependence of BeO ceramic.

In this chapter the energy dependence of the RL/OSL BeO FOD will be discussed. Firstly
the theoretical expected absorbed dose energy dependence was estimated with the use
of the Burlin Cavity theory. Finally the overall energy dependence of the RL/OSL BeO

FOD was experimentally measured with the use of an superficial x-ray unit (Gulmay),

82
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and '?Ir source (Nucletron, Netherlands), and a high energy linear accelerator (Varian

Medical Systems, Inc., Palo Alto, USA).

6.2 Statement of Contribution

6.2.1 Conception

The idea to investigate the theoretical and experimental energy dependence of the BeO

ceramic dosimetry system was conceptualised by Alexandre M. Caraca Santos.

6.2.2 Realisation

Matlab coding of the theoretical energy dependence of the BeO ceramic dosimetry system
and the experiment undertaken were performed by Alexandre M. Caraca Santos. The

Matlab code used can be found in App. B.

6.2.3 Documentation

This paper was primarily written by Alexandre M. Caraga Santos. Editing was performed

by all authors.
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HIGHLIGHTS

e The photon energy response of a fibre-coupled beryllium oxide (BeO) ceramic dosimeter, named RL/OSL BeO FOD was investigated.
e Under response of both the RL and OSL signals observed for lower x-ray energies.

o The RL signal shows a constant response for x-ray energies above a 50 kVp SXR beam.

e The OSL signal differs from the RL at higher photon energies, and shows an over response.

o Different intrinsic energy response is observed for the RL and OSL.
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Here we investigate the energy dependency of the radioluminescence (RL) and optically stimulated
luminescence (OSL) of near water equivalent beryllium oxide (BeO) ceramics. The BeO ceramic is coupled
to an optical fibre. We investigate the water equivalence of BeO ceramics by comparing the mass
attenuation coefficients and mass stopping powers of BeO ceramic to those of water. We also compare
the results to other common dosimeter materials; polyvinyl toluene (PVT) based plastic scintillators,
lithium fluoride (LiF) and aluminium oxide (Al;0s3:C). Results show that while PVT based plastic scin-
tillators are the most water equivalent material investigated, the mass attenuation coefficients and mass
stopping power ratios of BeO and water vary the least with energy. We also investigate the x-ray energy
dependence of BeO ceramic for a range of energies produced by a superficial x-ray unit (SXR), an Iridium-
192 source and a high energy linear accelerator. Results indicate a significant under response of the BeO
ceramic RL and OSL signals for lower x-ray energies, up to 55% for the lower SXR beams. The RL signal

from BeO ceramics shows a constant response for x-ray energies above a 50 kVp SXR beam.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Since the 1950s there has been an interest in beryllium oxide
(BeO) ceramics for dosimetry because of their near water equiva-
lent effective atomic number, Zef;, of ~7.1, compared to water, ~7.4
(Albrecht and Mandeville, 1956). BeO ceramics were initially
investigated as a more water equivalent alternative to lithium
fluoride (LiF, Zesr ~ 8.2) as a thermoluminescent dosimeter (TLD)
(Busuoli et al., 1977; Lembo et al., 1990; Scarpa, 1970; Tochilin et al.,

* Corresponding author. Department of Medical Physics, Royal Adelaide Hospital,
Adelaide, South Australia, Australia.
E-mail address: alexandre.santos@adelaide.edu.au (A.M.C. Santos).

http://dx.doi.org/10.1016/j.radmeas.2014.12.006
1350-4487/© 2014 Elsevier Ltd. All rights reserved.

1969). More recently being investigated as an alternative to
aluminium oxide crystals (Aly03:C, Zegr ~ 11.1) as an optically
stimulated luminescence (OSL) dosimeter chip (Bulur and Yeltik,
2010; Jahn et al, 2013; Sommer et al., 2007, 2008; Yukihara,
2011) and an OSL and radioluminescence (RL) optical fibre-
coupled dosimeter (Santos et al., 2014, 2013).

While many studies have discussed BeO ceramics as tissue
equivalent for dosimetric practice (Sommer et al., 2007, 2008), little
has been studied in its energy dependency. Early studies has shown
that the OSL signal from BeO ceramics weakly under responds to x-
rays under 100 keV (Sommer et al., 2007; Sommer and Henniger,
2006). Recently it has been shown that the OSL from BeO ce-
ramics has a continual reduction in response to low energy x-rays,
with no significant constant region (Jahn et al., 2014, 2013). No
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studies have investigated the energy dependency of the RL signal
from BeO ceramics.

In this paper, we investigate the energy dependence of the OSL
and RL from BeO ceramics in a fibre-coupled luminescence
dosimeter (Santos et al., 2014). The overall energy dependence of a
dosimeter response can be separated into two components: The
intrinsic energy dependency and the absorbed-dose energy de-
pendency (Rogers, 2009). The intrinsic energy dependency, kpq(Q),
relates the detector's reading, Mge:(Q), to the average dose to the
sensitive detecting material, Dge(Q), for a specified beam quality, Q,
ie.,

Dyt (Q) = kg(Q)Mger (Q)- (1)

While the absorbed-dose energy dependency, f{Q), relates the
dose to the detector material, Dge(Q), to the dose to the medium,
Dmed(Q), for a specified beam quality, Q, i.e.,

Dmed(Q) :f(Q)Ddet(Q)- (2)

It is this second component which the water equivalency of the
material comes to play. For a photon detector, i.e. a detector which
responds only to photons, f{Q) is equal to the ratio of mass energy
absorption coefficients of the medium to the detector (Nahum,
2009), ie.,

flQ

D, med Ten
P

ey
1 Ddet _ (p )det . (3)

med

For an electron detector, i.e. a detector which responds only to
electrons, f{Q) can be approximated by the ratio of the mass colli-
sion stopping power of the medium to the detector (Nahum, 2009),
ie.,

1 Dger  \” det

(4)

f ( Q) D, med (3@ )
’ med

Both conditions must be evaluated as depending on the beam
quality a detector can be either a photon detector, an electron de-
tector, or a combination of the two. We investigate how f{Q) varies
with the beam quality, Q, in a water medium for BeO ceramics and
other common discussed detector materials; LiF, Al;03:C and
polyvinyl toluene (PVT) based plastic scintillators.

We finally measure the overall energy dependency of a BeO
ceramic fibre-coupled luminescence dosimeter by measuring the
response for various x-ray beam qualities. Thus some conclusions
can be made on the intrinsic energy dependency.

2. Materials and methods
2.1. Absorbed-dose energy dependency

Mass energy absorption coefficients for BeO ceramics, PVT based
plastic scintillators, LiF, and Al,0s3, were calculated by multiplying
the mass fraction of each element by the corresponding mass en-
ergy absorption coefficient. Each elements mass energy absorption
coefficient was collated from The National Institute of Standards
and Technology (NIST) database (Hubbell and Seltzer, 2004). Mass
stopping powers for the investigated detector materials were
collated from the common materials on the ESTAR database (Berger
et al.,, 2005). The composition, density and effective atomic number

of each material can be found in Table 1. The effective atomic
numbers were calculated utilizing a Z>** dependency (McCullough
and Holmes, 1985).

Since detectors are generally calibrated against a reference
beam, a relative absorbed-dose factor, R, is investigated (Selvam
and Keshavkumar, 2010). R is defined as:

_ Dgee/Pea)y (@) -
(Ddet/Dmed)Qref f(Q) ’
For the evaluation of R, a reference beam energy of 1.25 MeV was
used as it is the effective energy of cobalt-60.

2.1.1. Burlin cavity theorem
The burlin cavity theory allows for an approximation of the dose
to detector. In its simplest form it is defined as (Attix, 1986):

Su Z
e () 0)
det _ g Jdet 4 |1 —d |t (6)

D med (gﬂ) (&)
p ) med
med

Where d is a weighting factor that varies between unity for small
(or Bragg—Gray) cavities and zero for large cavities (or photon de-
tectors). Burlin expressed d as:

1—efL

d 5L

(7

where £ is the effective absorption coefficient of the electrons in the
cavity and L is the mean chord length across the volume. L is taken
as 4V/S, where V is the volume of the cavity and S is the surface area
(Ogunleye, 1982).

Burlin suggested an expression for the evaluation of (:

e~fln = 0.01, (8)

where tpax is the maximum depth of electron penetration, which
are obtained from the continuous-slowing down approximation
(CSDA). The maximum depth of electron penetration was calcu-
lated for the maximum electron energy, which was assumed to be
the monoenergetic photon energy. A value of 0.04 instead of 0.01
was used since it has been shown to improve the agreement with
experimental results (Janssens et al., 1974). The d parameter was
therefore calculated for a cylinder of size 1 mm diameter and 1 mm
length. This was chosen because it is the dimensions of the BeO
ceramic used in the experimental measurements.

2.2. BeO ceramic energy dependency
The energy dependency for the RL/OSL BeO FOD was evaluated

for a range of x-ray energies using a superficial x-ray unit (SXR), an
Iridium-192 source and a high energy linear accelerator. 1 Gy was

Table 1
The composition, density and effective atomic number of each of the materials.

Detector Composition (Weight %) Zeir  <Z|A> Density (g/cm?)
Be O H Al C Li F

BeO 36 64 — - - - — 7.1 0.4798 2.85

LiF - - - - — 268 732 8.2 04626 2.64

AlL03 — 471 - 529 — - - 11.1 0.4904 3.97

PVT (CoHyg) — — 85— 915 — — 5.7 0.5463 1.03

Water - 888112 - - — - 7.4 0.5551 1.00
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Table 2
The effective energies used for the various beam qualities investigated.

Therapy unit Beam quality Effective energy (MeV)

Superficial X-ray unit 30 kVp — 0.2 mm Al HVL 0.014

40 kVp — 0.5 mm Al HVL 0.019

50 kVp — 1 mm Al HVL 0.024
80 kVp — 2 mm Al HVL 0.029
100 kVp — 3 mm Al HVL 0.035

120 kVp — 5 mm Al HVL 0.043
140 kVp — 8 mm Al HVL 0.055
150 kVp — 0.5 mm Cu HVL ~ 0.061
192

Afterloader Ir 039
Linear accelerator 6 MV 2
18 MV 6

delivered with the various x-ray sources. This was important since
the OSL from BeO ceramic has been shown to not be linear over all
doses (Santos et al., 2014). The measured x-ray energy responses
are normalised to the response measured the highest superficial x-
ray energy, and plotted against the effective energy of the x-ray
beams shown in Table 2. The effective energy of the SXR energies
was calculated based on their half value layers (HVL). The 1/3 rule of
thumb was used for the high energy linac energies, and 0.39 MeV
for the Iridium-192 source.

2.2.1. Dosimeter design

The RL/OSL BeO FOD consists of a 1.0 mm diameter cylinder of
1.0 mm in length BeO ceramic probe (Thermalox 995, Materion,
USA). The BeO ceramic probe is butt-coupled to a silica/silica optical
fibre using BC-600 optical cement (Bicron). The dosimetry system
has been discussed in greater detail previously (Santos et al., 2014).

2.2.2. Superficial x-ray unit (SXR)

The response of the RL/OSL BeO FOD to low energy x-rays was
evaluated using an SXR unit with tube voltages from 50 kVp to
150 kVp. The SXR unit was calibrated to dose to water based on the
IPEMB code of practice (Klevenhagen et al., 1996). The RL/OSL BeO
FOD was placed on the surface of a slab of solid water, oriented
perpendicular to the beam. Calibrated doses of 1 Gy were delivered
with the reference 5 cm cone.

2.2.3. Iridium — 192

An Iridium — 192 source from a microSelectron (Nucletron,
Netherlands) high dose rate brachytherapy afterloader unit was
used with a source strength of ~10 Ci to evaluate the response to

HQ) = (ey/Pger / Mer/Pyyater S

0.01 0.1 1 10

X-ray energy (MeV)

intermediate energy x-rays. Both the source and the RL/OSL BeO
FOD were inserted in 6F applicators and placed 1 cm away for each
other. A custom perspex phantom submerged in water was used to
secure the two needles. Calibrated doses of 1 Gy to water were
delivered, and calculated based on AAPM TG-43 (Rivard et al., 2004)
using Ocentra Brachy planning system (Nucletron, Netherlands).

2.2.4. Linear accelerator

The response to high energy x-rays was evaluated using 6 MV
and 18 MV x-ray beams, delivered using a Varian Clinac iX linear
accelerator (Varian Medical Systems, Inc., Palo Alto, USA). Dose to
water was calibrated based on the IAEA code of practice (IAEA,
2000). To follow the absolute dosimetry protocol, the RL/OSL BeO
FOD was placed at 10 cm depth in a solid water phantom and ori-
ented perpendicular to the beam. The monitor units were corrected
for the depth dose at 10 cm to deliver 1 Gy.

3. Results and discussion
3.1. Absorbed-dose energy dependence

3.1.1. Mass energy absorption coefficients

Fig. 1 a) shows the ratio of mass energy attenuation coefficients
for material to water for; BeO, PVT, Al;03 and LiF. It can be seen that
PVT based plastic scintillators are the most water equivalent from
an x-ray energy range of 100 keV to 10 MeV, as they are closest to
unity for this range of x-ray energies. Over the entire investigated
range, of 10 keV—20 MeV, BeO shows the least variation in its ratio.
Al,03 by far varies the most with energy and hence the least water
equivalent of the investigated materials.

Fig. 1 b) shows the ratio of mass energy attenuation coefficients
for material to water, normalised at the 1.25 MeV x-ray energy. It
can be seen that BeO has the least varying ratio mass energy
attenuation coefficients with water over the energy range. With the
minimum and maximum relative absorbed-dose factor for BeO
over the range of 10 keV—20 MeV being 87.0% and 101.2%, respec-
tively. While PVT has a minimum and maximum of 37.8% and
100.4%, respectively.

3.1.2. Mass stopping power ratios

Fig. 2 a) shows the mass stopping power ratios for material to
water for; BeO, PVT, Al,O3 and LiF. It can be seen that PVT based
plastic scintillators are the most water equivalent as they are closest
to unity for the range of electron energies. Again, Al,03 has the

b)

-/.(Q].ZS Mc\’) //(Q)

R 1.25 MeV

0.01 0.1 1 10

X-ray energy (MeV)

Fig. 1. a) the ratio of mass energy attenuation coefficients to water for BeO, (PVT), Al,O3 and LiF and b) the ratios normalised to 1.25 MeV for BeO, (PVT), Al,05 and LiF.



Chapter 6.

Energy Dependence 88

AM.C. Santos et al. / Radiation Measurements 73 (2015) 1-6

1.06
a) b)
10 W 1.04 o
g =
2 S
s = 1.02 A
lon —_
< 3
3 09 Z 1.0 -
S g
2% < 098+
] Z
o 08 Z 0.96
g 8
= o
= 0.94 - —— AlO3
0.7 ; : ; 0.92 ; ! :
0.01 0.1 1 10 100 0.01 0.1 1 10 100

Electron energy (MeV) Electron energy (MeV)

Fig. 2. a) the mass stopping power ratios to water for BeO, PVT based plastic scintillators, Al,03 and LiF and b) the ratios normalised to 1.25 MeV for BeO, PVT based plastic
scintillators, Al,03 and LiF.
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Fig. 3. a) the calculated d-parameter, b) the calculated Burlin cavity theory Dgey/Dyater and ¢) the R parameter normalised to 1.25 MeV normalised for BeO, PVT based plastic
scintillators, Al;05 and LiF.
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Fig. 4. The x-ray energy response of the OSL and RL signals for the RL/OSL BeO FOD,
normalised to the highest SXR energy of effective energy 0.061 MeV. The burlin cavity
theory calculated Dge/Dpeq for BeO normalised to 0.06 MeV has also been plotted.

greatest variation in its mass stopping power ratios.

Fig. 2 b) shows the mass stopping power ratios for material to
water, normalised to 1.25 MeV. It can be seen that BeO and LiF have
the least varying mass stopping power ratios with water over the
energy range. Overall the mass stopping power ratios for the
various materials do not vary with energy as much as the mass
energy absorption coefficients.

3.1.3. Burlin cavity theory

Fig. 3 a) shows the calculated d parameter for the range of x-ray
energies, for the 1 mm diameter, 1 mm long cylinder of detector
material. It can be seen that the d parameter is quite similar for all
the materials, each having a greater contribution on the mass en-
ergy absorption coefficients at low energies, and mass stopping
powers at higher energies.

Fig. 3 b) shows the Burlin cavity theory Dgey/Dywqter for BeO, PVT,
Al>03 and LiF. As expected Al,03 show the greatest absorbed-dose
energy dependency for the range of x-ray energies. In the x-ray
energy range of 100 keV to 20 MeV, PVT is the least energy
dependent, with the calculated Dgei/Dyqter being almost unity. BeO
does show the least variation of the entire range of x-ray energies
investigated, from 10 keV to 20 MeV.

As discussed before, since a dosimeter is normally calibrated
under some reference beam quality, the previously defined
parameter R is of interest. Fig. 3 ¢) shows R for the range of x-ray
energies, with reference beam energy of 1.25 MeV. As discussed
BeO is the least varying of the entire energy range. For example at a
low energy of 50 keV, the Dgei/Dyacer for BeO is 95% of that at the
reference beam energy, while it is 132% for LiF, 60% for PVT and
331% for Al,Os.

3.2. BeO ceramic overall energy dependency

Fig. 4 shows the measured energy response for the OSL and RL
signals over the SXR, Ir-192 and linac energies, normalised to the
highest superficial x-ray energy, with effective energy 0.061 MeV.
The previously calculated burlin cavity Dget/Dwater for BeO normal-
ised to 0.06 MeV has also been plotted in Fig. 4. Each measurement
shown was the mean from five readings, with the uncertainties
corresponding to two standard deviations.

At the lowest superficial x-ray energy, both the RL and OSL
under-respond by 55%. This under-response may be partly due to
the self-absorption of the BeO ceramic. At the lower energies, there
is no longer a uniform dose distribution within the detector vol-
ume. Therefore the self-absorption of the BeO ceramic will reduce
the signal measured. Also the sources used are not mono-energetic
but emit a broad energy spectrum, therefore the lower energy x-
rays will lead to a reduced overall response.

It can then be seen that the OSL signal has a large energy
response over the energy range, over-responding to the linac en-
ergies by a maximum of 160%. While the RL signal has little energy
response beyond the 80 kVp superficial energy beam.

Fig. 5 shows the measured energy dependence from the RL/OSL
BeO FOD and previously measured energy response of various
other detector materials (Nunn et al., 2008; Reft, 2009; Williamson
et al.,, 1999). All of the energy responses normalised to the highest

0.8

Normalised Response

0.6 -

0.4

—e— RL BeO FOD
—e— OSL BeO FOD
Al203:C (Reft 2009)
—@— BC-400 (Williamson et. al. 1999)
—@— TLD100 (Nunn et. al. 2008)

0.2 T T
0.01 0.1 1

Effective Energy (MeV)

Fig. 5. The measured energy dependency of the RL and OSL from the RL/OSL BeO FOD compared to Al,05:C OSLD, BC-400 plastic scintillator and LiF TLD100. All the measured

energy responses have been normalised to a common effective energy of ~0.06 MeV.



Chapter 6. Energy Dependence

90

6 AM.C. Santos et al. / Radiation Measurements 73 (2015) 1-6

effective energy which all measurements had in common,
approximately 0.06 MeV. Of the detectors investigated, the RL/OSL
BeO FOD and LiF (TLD-100), exhibit the least energy dependency.

4. Conclusion

Based on the mass energy attenuation coefficient and mass
stopping power ratios to water, PVT based plastic scintillators are
the most water equivalent materials, from those investigated. This
has been previous shown (Beddar et al, 1992). Though when
investigating the variation in the ratios with x-ray and electron
energies, it can be seen that BeO shows the least variation. This
indicates that based on the material composition that BeO is
theoretically the most energy independent material of those
investigated; therefore it has the least absorbed-dose energy
response. This does not take into account any energy dependency
in the mechanisms which these materials are measuring radiation
dose, for this reason energy response investigations are of
importance.

The OSL and RL x-ray energy response curves shown in Fig. 4,
shows that the OSL is much more energy dependent than the RL.
The OSL energy response matches that previously found in the
BeOmax system (Jahn et al., 2013). No previous works have inves-
tigated the energy response of the RL in BeO ceramics. This in-
dicates that the RL and OSL from BeO ceramic has two different
intrinsic energy dependencies.

This finding indicates that the two radiation measurement
mechanisms, the OSL and RL, may be independent of each other.
This observation is supported by various previous studies. For
instance, (Yukihara, 2011) found that the OSL and RL have different
emission spectrums. Santos et al. (2014) found that the RL is
insensitive to the accumulated dose in the BeO ceramic, which
indicates that the RL and OSL are not competing. This is unlike other
OSL materials such as Al,03:C, where the RL response increases
with accumulated dose due to the competition between RL and OSL
(Edmund et al., 2006).

The energy dependency measurements show that there is a
different energy response for the OSL and RL signals. The RL shows
little energy dependency for x-ray energies above a superficial
50 kVp beam, while the OSL response differs from the RL response
for x-ray energies above a superficial 150 kVp beam. The under-
response observed for energies below the superficial 50 kVp
beam may be due to the self-absorption of the BeO ceramics.

Future investigation of the difference between the RL and OSL
response at higher x-ray energies is of interest.
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6.3 Discussion and Conclusion

The absorbed dose energy dependence was estimated using Burlin Cavity theory for BeO
ceramic, polyvinyl toluene (PVT), LiF and AlyO3. It was found that while BeO ceramic
is not the most water equivalent of the materials investigated, it had the least absorbed
dose energy dependence. It was calculated that at a low energy of 50 keV, the Dget/Dyater
for BeO is 95% of that at the reference beam energy of 1.25 MeV, while it is 132% for
LiF, 60% for PVT and 331% for Al1203.

The overall energy dependence of the RL/OSL BeO FOD was experimentally measured
with the use of a superficial x-ray unit, an **?Ir source, and a high energy linear accelerator.
A significantly different energy dependence was observed for the OSL and RL signals,
indicating a different intrinsic energy dependence. At the lowest superficial x-ray energy,
both the RL and OSL under-respond by 55%. The RL signal from BeO ceramics shows
a constant response for x-ray energies above a 50 kVp SXR beam. Compared to the
reported energy dependence of the other dosimetry systems, the RL was shown to be the

least energy dependent.



Chapter 7

High dose rate brachytherapy

dosimetry

The publication [P5] forms the basis of this chapter.

Alexandre M. C. Santos, Mohammad Mohammadi and Shahraam Afshar V., Evaluation
of a real-time beryllium oxide (BeO) ceramic fibre-coupled luminescence dosimetry system

for dose verification of high dose rate brachytherapy, Medical Physics 42 (11), 2015.

7.1 Development overview and motivation

The little energy dependence of the RL/OSL BeO FOD potentially makes this dosimetry
system ideal for lower energy applications, such as brachytherapy dosimetry. Hence, in
this chapter the RL/OSL BeO FOD is characterised for use in high dose rate brachyther-
apy. Due to its small size, the RL/OSL BeO FOD can be inserted into a 6F needle
(Nucletron, Netherlands), as shown in figure 7.1. This allows the RL/OSL BeO FOD
to be placed along side another 6F needle, which is connected to an '%?Ir afterloader

(Nucletron, Netherlands).
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FIGURE 7.1: The RL/OSL BeO FOD inserted in a 6F needle, commonly used in HDR
brachytherapy treatments.

7.2 Statement of Contribution

7.2.1 Conception

The idea to apply the BeO ceramic dosimetry system for the dose verification of high

dose rate brachytherapy was conceptualised by Alexandre M. Caraga Santos.

7.2.2 Realisation

The experiments required for characterisation of the BeO ceramic dosimetry system for

high dose rate brachytherapy was performed by Alexandre M. Caraga Santos.

7.2.3 Documentation

This paper was primarily written by Alexandre M. Caraga Santos. Editing was performed

by all authors.
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7.3 Discussion and Conclusion

The favourable energy dependence observed for the RL/OSL BeO FOD, potentially make
the dosimetry system ideal for brachytherapy applications. The RL/OSL BeO FOD was
evaluated for dose verification of high dose rate (HDR) brachytherapy. The reproducibil-
ity, dose linearity, energy dependence, angular dependence and temperature dependence
were evaluated for an '"2Ir HDR source. Based on the results shown in the publication
[P5], the combined uncertainty was estimated to be 7.9% and 10.1% for the RL and OSL,

respectively.

The RL/OSL BeO FOD was then applied to the commissioning of a 10 mm horizontal
Leipzig applicator. Measured percentage depth doses were in agreement with reference
Monte Carlo data to within 5%. The output for 1 Gy delivered at the prescription depth
of 3 mm, was measured to be 0.99 + 0.08 Gy and 1.01 £+ 0.10 Gy for the RL and OSL,

respectively.



Chapter 8

Conclusions and future work

8.1 Conclusion

The goal of this project was to develop a real-time dosimetry system for in-vivo dosimetry
of high dose rate brachytherapy treatments. Primarily, this dosimeter needed to be of
small size, such that it could be inserted into a brachytherapy needle or lumen catheter.
It was also required that the dosimeter was sensitive enough for accurate and precise
dose measurements. In order to be able to act promptly on an error occurring during
the treatment the dosimeter also needed to capable of real-time dose rate measurement.
Ideally, this dosimetry system would also have little energy dependence, such that it

would be capable of dosimetry of low energy brachytherapy sources with few corrections.

In order to meet these requirements, a fibre-coupled luminescence dosimetry system was
developed with a beryllium oxide (BeO) ceramic probe. This dosimetry system is capable
of real-time dose rate measurements using the RL signal, and post exposure accumulated
dose measurements using the OSL signal, from BeO ceramics. With the idea that the
closely matched effective atomic number of BeO ceramic (Z.ga27.1) to that of water

(ZegA27.4) may result in little energy dependence.

In Chapter 3 a ray tracing model was developed in order to optimise the probe tip design.

For BeO ceramic probe of 1 mm diameter, the model estimated that there would be no

104



Chapter 8. Conclusions and future work 105

increase in light collection beyond 1 mm length of BeO ceramic. This is because of the

self optically attenuating properties of BeO ceramic.

In Chapter 4 a RL BeO ceramic fibre-coupled dosimeter was developed and characterised
using a high energy 6 MV x-ray beam, and a superficial x-ray unit. The results obtained
using the RL BeO FOD were promising, and provided confidence in continuing with the
investigation of BeO ceramics as a probe material. The RL measurements led to an RL
and OSL reader being developed in Chapter 5, named RL/OSL BeO FOD. The RL/OSL
BeO FOD was characterised using a high energy 6 MV x-ray beam. The results obtained

showed promise for the use of BeO ceramics.

In chapter 6 the energy dependence of the RL/OSL BeO ceramic is investigated. Little
energy dependence was observed when compared to other similar dosimeters. Especially
for the RL which was found to be fairly energy independence above 50 kVp x-rays. The
little energy dependence observed led to the use of the RL/OSL BeO FOD for brachyther-
apy dosimetry, discussed in Chapter 7. The combined uncertainty was estimated to be
7.9% and 10.1% for the RL and OSL, respectively. These results are comparable to that
previously reported for Al;O3:C crystal fibre-coupled luminescence dosimetry systems
of 8% and 5% for the RL and OSL, respectively (Andersen et al., 2009a). While the
estimated uncertainty of the RL/OSL BeO FOD for in-vivo dose verification can be con-
sidered high, it is still of interest for real-time detection of gross errors which can occur

in brachytherapy treatments.

Therefore this thesis demonstrated the feasibility of using beryllium oxide ceramics as
a near water-equivalent alternative to Al;O5:C crystals in fibre-coupled luminescence
dosimetry systems. This work has shown that BeO ceramics have the potential to be a
very useful material for dosimetry in radiotherapy. Especially for dosimetry in brachyther-
apy where its little energy dependency may be taken advantage of. However, with the
current system using a background optical fibre for the stem effect correction, it is not

able to be inserted into most needles for in-vivo dose verification.



Chapter 8. Conclusions and future work 106

8.2 Future work

Future work which could be done for this dosimetry system to be more effective, is further
optimization of the probe tip and that of the reader system. Improved technique on the
coupling of the BeO ceramic to the optical fibre and the use of other epoxies could improve
the coupling efficiency, and therefore increase the light collection. Optimisation of the
components in the reader, such as the use of different optical filters and beam splitter,
could increase the sensitivity of the system. Also the mechanical removal of the optical

filters during the measurement of the RL would significantly increase the RL sensitivity.

Further investigation is of interest into the underlying physics associated with the dif-
ference in energy dependence observed between the RL and OSL signals. Finally, an
investigation into the use of alternative stem effect correction techniques is of interest
such that the system could be practically applicable to in-vivo dose verification. Also,
since only a single dosimeter was constructed, inter detector variability needs to be in-
vestigated. Therefore it would be of interest for a number a detectors to be constructed

and compared to each other.

In order for the dosimetry system to be utilised for clinical in-vivo dose verification,

further development is required such as:

Fast and easy calibration procedures.

How the detector will be used and localised, such as the development of rectal

probes.

e The clinical impact of the dosimetry system, such as increase in total treatment

time.

Potential adaptation of reader to measure multiple fibre probes.

Future applications of this system may include the development of 2D and 3D arrays,

where an optical switch could be utilised for readout.



Appendix A

Light collection modelling for a

cladding coupled architecture

A.1 Maincode

Tttt bl ettt lolohhothtetototoloTo o htetototoloTo oo th et totoloTo oottt toloToToloh o %o toto To To To oo %o %o %o to To To To o o o

% Main Geometric Optics Coupling Code!!! %
) %
% this code works off 2D geometric optics, this should be a fair %
% assumption since the geometry is symetrical. %
) )
% only for "Cladding-Coupled" geometries!! %

Tt T bl ottt Tolohh sttt loToTo sttt toloTo ottt Tt To To oo % %o %o

BTt ToTohh ettt Tolo %ttt o T

clear all %clear all variables
clc %clears screen

tic %For the Purpose of the time

matlabpool open 6 %#0pens the threads
% matlabpool open %0pens the threads

format long %increases the precision of each value
%Defining some important variables

lambda=0.400; Jwavelength chosen

n_0=1.72753; %refractive index of BeO at 400nm

1_s=100%10."-3; %length of OSL in meters

1_in=0.1%10."-3; %increaments along the length of the OSL in meters
r_co=0.4%x10."-3; %radius of core in meters

r_cl=0.44%10."-3; %radius of cladding in meters, same as that of the OSL

"butt -coupled"

r_sS=r_co; % Outer radius of 0OSL in e-5 meters
r_in=10%10."-6; %increaments along the diameter of the OSL in meters

107
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% n_co=sellPoly(lambda); Y%refractive index of core

% n_cl=sellPMMA (lambda); YJrefractive index of cladding
n_co=1.47;

NA=0.22;

n_cl=((n_co)."2 - (NA)."2).70.5;

n_2=1; %defining outer cladding [AIR ONLY TO BEGIN WITH !!tititii]

n_1=n_cl; %hrefractive index of inner cladding

% r_11=[sqrt((r_co."2) -((10%10.7-5).72))1; %radius of n_1 and Inner radius of OSL in e
-5 meters *xCHANGE THIS VARIABLE

r_11=2e-4;

I_0=1; %the intensity of units [W m~-3 srad”-1] emitted by each source

% at_co=2.69e3; %the optical attenuation coefficent of Be0 ceramics [2.69+- 0.15
mm”~-1]

at_co=0;

=TT T T oo oo %

yA %

% Here we calculate the maxiumum acceptance angle in the core %

% Used in determining Bound rays

A=((n_co)."2 - (n_cl)."2); %

B=A."0.5; %

Max_Theta=asin((1/n_0)*B); %Maximum acceptance angle into the core %

pA

yA %

A e i %

=TT T T T T oo %

yA %

% Here we calculate the Minimum total incident angle

% Used in determining Refracted rays

Min_tot_inc=acos ((1/n_0)*B); %Minimum total incident angle

pA

yA %

=TT T T T T oo %

=TT oo %

% To Identify Possible errors in refractive indices %

if (n_1>n_2) & (n_1<n_0)

disp (’we have right reflective indexs’)
elseif (n_1<n_2)

disp (’n_1<n_2 SHIT!?)
elseif (n_1>n_0)

disp (’n_1>n_0 SHIT!’)

end
% %
o = o %

%Calculating the light collection efficiency for the different radii

matlabpool size
no_pools=ans;

parfor i=1:(no_pools)
File_no=i;

1_ssf=1_s*(i/no_pools)-1_in;
1_ssi=1_s*((i-1)/no_pools);

I_r_11=r_11;
r_1=r_11; %currently investigated n_1 radius

%%When the source is beyond the radius of the core



Appendix A. Light collection modelling for a cladding coupled architecture 109

Scint_Coll=Scint_CE(File_no,l_ssf,l_ssi,l_in,r_s,r_in,Max_Theta,Min_tot_inc,r_co,I_O
,at_co,n_O,n_1,n_2,r_1,n_co,n_cl,I_r_11); %Outer_Coll_Eff (1) is sum of CE &
Outer_Coll_Eff(2) is no. of sources

end

toc %For the Purpose of the time

matlabpool close %Closes the threads
disp (’FINISHED !!!’)

%% Plays some music to let you know that it is over
load handel

sound (y,Fs)

}

A.2 Ray path modelling

Tt el kT ToToTo ToTo To To To To To To To 1o 1o 1o To To o o e o o o e o T T To To To To To T T T T T 1o 9o 9o 9o 9o 9o o o o o s o o o o o o o e

% this code determines the capture efficiency from sources within the 7
yA radius of the core !!! pA
h %
pA FOR GRAPHING ONLY %
h %
yA FOR Cladding Coupled %

% %

T Tl T To To ol Tl To to 0ol T To To 0o 0o T T To T o o o To 0o o o T T T 0o o o o T 0o o o o T T o o o o T 0o o o o o T o o o o T o o e o o o o

function F=Scint_CE(File_no,l_ssf,l_ssi,l_in,r_s,r_in,Max_Theta,Min_tot_inc,r_co,I_O,
at_co,n_O,n_1,n_2,r_1,n_co,n_cl,I_r_11)

format long

r_Ss=r_s;

%%FOR THE POINT OF GRAPHING AT ONE POINT
1=[1_ssi:1_in:1_ssfl; YJisource points along the length of the O0SL
r=[r_1:r_in:r_ss]; Jsource points radius!!

Tl T bbbttt lo skl tototoloto el tototoloTo oo h ettt lotolo oottt tololoh % Tt ToToToh % % % %o %o To ho o

Tt el b kbbb oo o ToToToToToToToTo Toto to to 1o 1o 1o 1o %o to o e o e o o o o To To To To To To To To To To T 1o 7o 1o 1o 1o 1o 1o 1o o o o o o o o o o o o
)

% Defining both the propagation and azimuthal angles investigated
angle_p=[0:0.01:(pi/2)1]; %Propagation Angle, which we are varying
angle_a=[0:0.01:pil; %Azimuthal angle, which we are varying

Tl h ettt lo ol htetototoloTo et tototoloTo oo th et totolotololoh s %o tototolo o h %% totoTo To To % % %o %o To To To o %o

== e - y
% Defining Angles %

A=((n_co."2) - (n_cl."2)).70.5;

theta_mi=sin((1/(n_1))*A4); %maximum acceptance angle via n_1

Min_tot_incl=acos ((1/n_1)*A); %Minimum total incident angle via n_1

theta_c_0O=asin((1-((n_1.72)/(n_0.72))).70.5); %compliment of the critical angle
between the n_1 and n_0

theta_c_2=asin((1-((n_2.72)/(n_0.72))).70.5); %compliment of the critical angle

between the n_1 and n_2
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theta_m2=acos ((n_1/n_0)*cos(asin((1/(n_1))*A))); %maximum acceptance angle from n_0
via n_1

CE=0;
theta=0;
theta_1=0;
theta_2=0;
V_disc1=0;
path=0;
path_rad=0;

no_Sources=0;
no_core=0;
no_bound=0;
no_ref=0;

no_tun=0;
I_bound=0;

I_ref=0;

I_tun=0;
CE_bound=0;
CE_ref=0;

CE_tun=0;
total_No_Sources=0;
inc_core_no=0;
bound_No_Sources=0;
ref _No_Sources=0;
tun_No_Sources=0;

CE_bound1=0;
CE_ref1=0;
CE_tun1=0;

%Those via reflections from the scintillator wall
no=0;

no_core_s=0;
no_bound_s=0;
no_ref_s=0;
no_tun_s=0;
I_bound_s=0;
I_ref_s=0;

I_tun_s=0;
CE_bound_s=0;
CE_ref_s=0;
CE_tun_s=0;
total_No_Sources_s=0;
inc_core_no_s=0;
bound_No_Sources_s=0;
ref_No_Sources_s=0;
tun_No_Sources_s=0;

CE_boundl_s=0;
CE_refl_s=0;
CE_tunl_s=0;

%Those via refractions from the scintillator into n_1

no_core_s1=0;
no_bound_s1=0;
no_ref_s1=0;
no_tun_s1=0;
I_bound_s1=0;
I_ref_s1=0;
I_tun_s1=0;
CE_bound_s1=0;
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CE_ref_s1=0;
CE_tun_s1=0;
total_No_Sources_s1=0;
inc_core_no_s1=0;
bound_No_Sources_s1=0;
ref_No_Sources_s1=0;
tun_No_Sources_s1=0;

CE_boundl_s1=0;
CE_refl1_s1=0;
CE_tunl_s1=0;

a=0;
b=0;
theta_azi=0;

% Checking Correct Angles %

if (theta_m2>Max_Theta)

disp (’all theta_m is accepted since theta_m2>Max_Theta’)
else

disp (’theta_m2<Max_Theta SHIT!?)
end

if (theta_c_2>theta_ml)
disp (’ maximum light collection since theta_c_2>theta_m1’)

else
disp (’theta_c_2<theta_ml SHIT!’)
end
Y %
= m T T T T T T oo %

for i=1:1length(1l),
a=1(1i); %current length along the OSL
for j=1:length(r),
b=abs(r(j)); ’current radius along the OSL
for w=1:length(angle_a),
theta_a=angle_a(w); %Currently investigated prop azimuthal
angle_azi=(pi/2)-asin((b*sin(pi-theta_a))/r_ss); %Current azimuthal angle
for u=1:length(angle_p),

no_Sources=no_Sources+1;

angle_prop=angle_p (u); %Current propagation angle
angle_tot=acos(sin(abs(angle_prop))*sin(angle_azi)); %#Total incident
angle

if (a”=0) %“Removing the dividing by zero!!!
path=a/cos(angle_prop); %the pathlength the ray has travelled
path_x=pathx*cos(theta_a)*sin(angle_prop); %pathlength in x

direction

path_y=path*sin(theta_a)*sin(angle_prop); %pathlength in y

direction
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path_rad=(((b+path_x) . 2)+((path_y)."2)).~(1/2); %the radius of
the ray from the optical axis when incident upon core

if (path_rad<r_ss)&(path_rad>r_1) %%Directly incident on the
fiber core

no_core=no_core+1;

if (abs(angle_prop)<Max_Theta)
no_bound=no_bound+1;
path_x=b+path_x;
I_bound=I_bound+I_O*exp(-at_cox*path);

elseif (abs(angle_tot)<Min_tot_inc)
no_ref=no_ref+1;
path_x=b+path_x;
I_ref=I_ref+I_O*exp(-at_cox*path);

else
no_tun=no_tun+1;
path_x=b+path_x;
I_tun=I_tun+I_O*exp(-at_co*path);

end
yA
% Determining Reflected rays off n_1 interface
yA wall
yA
elseif (abs(angle_prop)<theta_c_0) %%hBeing reflected from the

scintillator wall
no_core_s=no_core_s+1;

if (abs(angle_prop)<Max_Theta)
no_bound_s=no_bound_s+1;
I_bound_s=I_bound_s+I_O*exp(-at_co*path);
theta_a=angle_a(w);

elseif (abs(angle_tot)<Min_tot_inc)&(abs(angle_prop)<theta_c_0)
no_ref_s=no_ref_s+1;
I_ref_s=I_ref_s+I_O*exp(-at_cox*path);
theta_a=angle_a(w);

else
no_tun_s=no_tun_s+1;
I_tun_s=I_tun_s+I_Ox*exp(-at_co*path);
theta_a=angle_a(w);

end

pA Determining the refracted rays
h

elseif (abs(angle_tot)<(pi/2-theta_c_0))
length_source=a;

%%Determine refracted Angles

angle_propl=acos((n_0/n_1)*cos (angle_prop)); %Propagation
angle in n_1

angle_azil=acos (((n_O*sin(abs (angle_prop)))/(n_1*sin(abs(
angle_propl))))*cos(angle_azi)); %Azimuthal angle in n_1

angle_totl=asin((n_0/n_1)*sin(angle_tot));
angle_totll=acos(sin(angle_propl)*sin(angle_azil));
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if (abs(angle_totl-angle_totl1l)>1e-10)
angle_totl-angle_totll
angle_azil

end

%Solve for pathlenth and ray tracing in n_1
rad_source=b;

no=no+1;
Ref_nl=Refracted(angle_prop,angle_azi,angle_propl,angle_azil,r_1
,r_ss,rad_source,length_source,theta_c_2,no,theta_a,theta_c_0,n_1,n_0,r_co); %

Where Ref_n1(1) is path and Ref_ni1(2) is q

path=Ref_n1(1);
gq=Ref_n1(2);

if (gq==0) %Then ray reached core via n_0
no_core_sl=no_core_sil+1;

if (abs(angle_prop)<Max_Theta)
no_bound_sl1=no_bound_s1+1;
I_bound_s1=I_bound_s1+I_O*exp(-at_coxpath);
disp (’bound rays entering via n_0 BUT were refracted
through n_1’)

elseif (abs(angle_tot)<Min_tot_inc)
no_ref_sl=no_ref_sl1+1;
I_ref_sl1=I_ref_s1+I_Ox*exp(-at_cox*path);

else
no_tun_sl=no_tun_sl+1;
I_tun_s1=I_tun_s1+I_O*exp(-at_cox*path);
disp (’tunneled rays entering via n_0 BUT were refracted
through n_1’)
end

elseif (qg==1) %Then ray reached core via n_1
no_core_sl=no_core_si1+1;

if (abs(angle_propl)<theta_m1)
no_bound_sl=no_bound_si1+1;
I_bound_s1=I_bound_s1+I_O*exp(-at_coxpath);

elseif (abs(angle_totl)<Min_tot_incl)
no_ref_sl=no_ref_sl1+1;
I_ref_s1=I_ref_si1+I_O*exp(-at_cox*path);

else
no_tun_sl=no_tun_sl1l+1;
I_tun_s1=I_tun_s1+I_Ox*exp(-at_cox*path);
end

end

end

end
end

1l_in;
1=b-(0.5*r_in);
2=b+(0.5%r_in);
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V_disc1=V_discl + (pi*t*x(((R_2).72)-((R_1).72)));
V_disc=(pi*t*x(((R_2).72)-((R_1).72)));

Bttt h bl tototoloto oo th et totoloto oot totoloTolo ottt toloTo oo h %ttt toTo oo h %% % %ot To T
h

% Determining Solid Angle and power of each class

if (no_bound>0)
I_boundl=I_bound/no_bound;
Sol_bound=(no_bound/no_Sources) *2*pi;
CE_bound=CE_bound+I_boundl1*((Sol_bound)*V_disc);
end

if (no_ref>0)
I_refl=I_ref/no_ref;
Sol_ref=(no_ref/no_Sources) *2*pi;
CE_ref=CE_ref+I_ref1*((Sol_ref)*V_disc);
end

if (no_tun>0)
I_tunl=I_tun/no_tun;
Sol_tun=(no_tun/no_Sources) *2*pi;
CE_tun=CE_tun+I_tunl*((Sol_tun)*V_disc);
end

total_No_Sources=total_No_Sources+no_Sources;
inc_core_no=inc_core_no+no_core;
bound_No_Sources=bound_No_Sources+no_bound;
ref_No_Sources=ref_No_Sources+no_ref;
tun_No_Sources=tun_No_Sources+no_tun;

CE_bound1=CE_bound1+CE_bound;
CE_refl1=CE_refl1+CE_ref;
CE_tunl1=CE_tunl1+CE_tun;

%

% Resetting the no.sources

no_core=0;
no_bound=0;
no_ref=0;
no_tun=0;

I_bound=0;

I_ref=0;

I_tun=0;

CE_bound=0;

CE_ref=0;

CE_tun=0;

%

%%For those from scintillator wall reflections
%

if (no_bound_s >0)
I_boundl_s=I_bound_s/no_bound_s;
Sol_bound_s=(no_bound_s/no_Sources) *2*pi;
CE_bound_s=CE_bound_s+I_boundl_s*((Sol_bound_s)*V_disc);
end

if (no_ref_s>0)
I_refl_s=I_ref_s/no_ref_s;
Sol_ref_s=(no_ref_s/no_Sources)*2xpi;
CE_ref_s=CE_ref_s+I_refl_s*((Sol_ref_s)*V_disc);
end

if (no_tun_s>0)
I_tunl_s=I_tun_s/no_tun_s;
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Sol_tun_s=(no_tun_s/no_Sources) *2*pi;
CE_tun_s=CE_tun_s+I_tunl_s*((Sol_tun_s)*V_disc);
end

total_No_Sources_s=total_No_Sources_s+no_Sources;
inc_core_no_s=inc_core_no_s+no_core_s;
bound_No_Sources_s=bound_No_Sources_s+no_bound_s;
ref_No_Sources_s=ref_No_Sources_s+no_ref_s;
tun_No_Sources_s=tun_No_Sources_s+no_tun_s;

CE_boundl_s=CE_boundl_s+CE_bound_s;
CE_refl_s=CE_refl_s+CE_ref_s;
CE_tunl_s=CE_tunl_s+CE_tun_s;

% Resetting the no.sources

no_core_s=0;
no_bound_s=0;
no_ref_s=0;
no_tun_s=0;
I_bound_s=0;
I_ref_s=0;
I_tun_s=0;
CE_bound_s=0;
CE_ref_s=0;
CE_tun_s=0;

%

%%For those from scintillator wall refractions

%

if (no_bound_s1>0)
I_boundl_s1=I_bound_si1/no_bound_si;
Sol_bound_sl=(no_bound_sl/no_Sources) *2*pi;
CE_bound_s1=CE_bound_s1+I_boundl_s1*((Sol_bound_s1)*V_disc);

end

if (no_ref_s1>0)
I_refl_s1=I_ref_sl1/no_ref_si;
Sol_ref_sl=(no_ref_sl1/no_Sources) *2*pi;
CE_ref_s1=CE_ref_s1+I_refl_s1*((Sol_ref_s1)x*V_disc);
end

if (no_tun_s1>0)
I_tunl_s1=I_tun_s1/no_tun_s1;
Sol_tun_sl=(no_tun_sl1l/no_Sources) *2*pi;
CE_tun_s1=CE_tun_s1+I_tuni_s1*((Sol_tun_s1)*V_disc);
end

total_No_Sources_sl=total_No_Sources_sl+no_Sources;
inc_core_no_sl=inc_core_no_sl+no_core_s1i;
bound_No_Sources_sl=bound_No_Sources_sl+no_bound_s1;
ref_No_Sources_sl=ref_No_Sources_sl+no_ref_s1i;
tun_No_Sources_sl=tun_No_Sources_sl+no_tun_s1i;

CE_boundl_s1=CE_boundl_s1+CE_bound_s1;

CE_refl_s1=CE_refl_s1+CE_ref_s1;
CE_tunl_s1=CE_tunl_s1+CE_tun_s1;

h

% Resetting the no.sources

no_Sources=0;



Appendix A. Light collection modelling for a cladding coupled architecture

116

no_core_s1=0;
no_bound_s1=0;
no_ref_s1=0;
no_tun_s1=0;
I_bound_s1=0;
I_ref_s1=0;
I_tun_s1=0;
CE_bound_s1=0;
CE_ref_s1=0;
CE_tun_s1=0;

A
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end
i/length (1)

Inner_Vdisc(i)=V_disc1;
bound_CE(i)=CE_boundl;

ref _CE(i)=CE_refl;

tun_CE(i)=CE_tuni;
x_total_No_Sources(i)=total_No_Sources;
Xx_inc_core_no(i)=inc_core_no;
x_bound_No_Sources (i)=bound_No_Sources;
x_ref_No_Sources(i)=ref_No_Sources;
x_tun_No_Sources (i)=tun_No_Sources;

%%From those refected from scintillator wall reflections
bound_CE_s (i)=CE_boundl_s;

ref _CE_s(i)=CE_refl_s;

tun_CE_s (i)=CE_tunl_s;

Xx_inc_core_no_s(i)=inc_core_no_s;

x_bound_No_Sources_s (i)=bound_No_Sources_s;
x_ref_No_Sources_s(i)=ref_No_Sources_s;
x_tun_No_Sources_s(i)=tun_No_Sources_s;

%%From those refected from scintillator wall refractions
bound_CE_s1(i)=CE_boundi_s1;

ref _CE_s1(i)=CE_refl_s1;

tun_CE_s1(i)=CE_tunl_s1;
x_inc_core_no_s1(i)=inc_core_no_s1;
x_bound_No_Sources_s1(i)=bound_No_Sources_sl1;
x_ref_No_Sources_s1(i)=ref_No_Sources_sl;
x_tun_No_Sources_s1(i)=tun_No_Sources_s1;

end
x_Inner=1;

y_Inner=r;

if (at_co==0)
rootnamel=’_without_opt_att’;
else
rootnamel=’_with_opt_att’;
end

rootname=’0SL_Inner_r_~’;
extension=’.mat’;

filename=[rootname ,int2str(I_r_11) ,rootnamel,int2str(File_no),extension];

delete (filename)
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save (filename, ’x_Inner’, ’bound_CE’,’ref_CE’,’tun_CE’, ’x_total_No_Sources’,’
x_bound_No_Sources’,’x_ref_No_Sources’,’x_tun_No_Sources’,’y_Inner’,’Inner_Vdisc’,’
x_bound_No_Sources_s’,’x_ref_No_Sources_s’,’x_tun_No_Sources_s’,’bound_CE_s’,”’

ref _CE_s’,’tun_CE_s’,’x_inc_core_no’,’x_inc_core_no_s’,’x_bound_No_Sources_s1’,’
x_ref_No_Sources_s1’,’x_tun_No_Sources_sl1’,’bound_CE_s1’,’ref_CE_s1’,’tun_CE_s1’,”’
x_inc_core_no_s1’) %Saves the variables y, x, x_CE and x_No_Sources

CEE=CE_bound;
Sources=no_Sources;
F=[CEE, Sources];

A.3 Refraction modelling

Tt e b bbbk h o ToToToToToToToTo toto to to 1o 1o to to to o e e o e o o o o To To To To To To T To To To T 1o 7o 7o 9o 1o 1o 1o o o o o o o o o o o o o
)

% This code solves the ray paths when refracted into n_1

% For the "Cladding Coupled" Geometry

pA

Tl totolo Tt toToTo s toToTo e toloTo o toToTo o to to To T to To To To o To To To o To T To o 0o 1o To o 0o T T T 0o o T o 0o 0o T T o o T T o o T o e o s o

function F=Refrated(angle_prop,angle_azi,angle_propl,angle_azil,r_1,r_ss,rad_source,
length_source ,theta_c_2 ,no,theta_a,theta_c_0O,n_1,n_0,r_co)

format long

%

yA Making sure that we only look at positive propagation angles,
% This is since we are varying the azimuthal angle
)
q9=0;
if (angle_prop<0)
a9=5;
end

theta_al=theta_a+(angle_azi-angle_azil);

a=rad_source; %Initial position of source in x

b=0; %Initial position of source in y

g=0;

m=sqrt ((a. 2)+(b."2)); %Will be the current distance from optical axis
path=0;

%

b1

%%Initial path in n_0

yA
%%hDetermining Theta_al

c=cos(theta_a)*sin(angle_prop) ; %Variables in x
d=sin(theta_a)*sin(angle_prop); %Variables in y
e=cos (angle_prop); %Variables in z

%If ray reflected towards n_0
r_01=(-((2*xa*c)+(2*xb*d) ) +sqrt ((((2xa*xc)+(2*b*d)) .~ 2) -(4*x((c."2)+(d."2))*((a."2)+(b."2)

-((r_1).72))))) /(2% ((c."2)+(d.~2))); %plus
r_02=(-((2%a*c)+(2*b*xd))-sqrt ((((2*a*c)+(2*b*d)) ."2) -(4*((c."2)+(d."2))*((a."2)+(b."2)
=((r_1).72))))) /(2% ((c.~2)+(d."~2))); %minus

%If ray reflected kept in n_1
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r_11=(-((2xa*c)+(2xb*d) ) +sqrt ((((2*a*c)+(2*b*d)) ."2) -(4*((c."2)+(d."2))*((a."2)+(b."2)

-((r_ss)

.72))))) /(2% ((c."2)+(d."2))); %plus

if (isreal(r_01)==1)&(isreal(r_02==1))

if (r_02>0)
if (r_01>r_02)
r_0=r_02;
elseif (r_01<=0)
r_0=r_02;
else
r_O0=r_1;
end
else
r_O0=r_01;
end
elseif (isreal(r_01)==1)&(isreal(r_02)==0)
r_O0=r_01;
elseif (isreal(r_01)==0)&(isreal(r_02)==1)
r_0=r_02;
else
r_O0=r_01;
end
q=0;
if (isreal(r_0)==1)&(isreal(r_11)==1) %If both are real
if (r_11<=0)&(r_0>0)
x=r_0%*c;
y=r_0x*d;
z=r_0O%*e;
a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b.~2));
q=0;
if (g<length_source) %Still hasnt reached the optical fiber and is now

refracted into n_1

%%Need to re-calculate azimuthal in n_1
path=path + r_0; %pathlenth travelled in n_0

)

%%Ensuring the corrent azimuthal angle

x_1=a;

x_0=a-x;

y-1=b;

y-0=b-y;

length=sqrt (((x_1-x_0).72)+((y_1-y_0).72));

azil=acos (((length." 2)+(sqrt (((x_0).72)+((y_0).72))."2)-(r_1.72))/(2*1length*

sqrt (((x_0) .72)+((y_0).72))))-(pi/2);

(azil));

azil=abs (azil);
if (rad_source==0)
azil=pi/2;
end
% Determining new azimuthal angles

angle_azil=acos (((n_O*sin(abs (angle_prop)))/(n_1*sin(abs(angle_propl))))*cos

angle_azi=acos (((n_1*sin(abs(angle_propl)))/(n_O*sin(abs(angle_prop))))*cos(

angle_azil));
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"2)+(b.

."2)+(b.

else

end

elseif (r_O0<r_11)&(r_0>0)
X=T_
y=r_

Z=T_

theta_al=theta_a+(azil-angle_azil);
theta_a=theta_al+(angle_azi-angle_azil);

if (angle_azi>pi/2)
disp (Pwtf with azi0’)

end

q=1; %letting know that now in n_1
c=cos(theta_al)*sin(angle_propl); %Variables in x
d=sin(theta_al)*sin(angle_propl); %Variables

e=cos (angle_propl);

pA
%%hDetermining path of ray

%Variables in z for n_1

r_ri=(-((2xa*c)+(2*b*d))+sqrt ((((2*xa*c)+(2*b*d)) . 2) -(4*x((c."2)+(d."2))*x((a

"2) -((r_1).72))))) /(2% ((c."2)+(d."2)));

%plus

r_r2=(-((2%a*xc)+(2*xbxd)) -sqrt ((((2*a*c)+(2xb*d)) ."2) -(4*x((c."2)+(d."2))*((a

"2) -((r_1).72))))) /(2% ((c."2)+(d."2)));

if (isreal(r_r1)==1)&(isreal(r_r2==1))
if (r_r2>0)
if (r_ri>r_r2)
r=r_rl;
else
r=r_r2;
end
else
r=r_rl;
end

Y%minus

elseif (isreal(r_r1)==1)&(isreal(r_r2)==0)

r=r_ril;

elseif (isreal(r_r1)==0)&(isreal(r_r2)==1

r=r_r2;
else

r=r_rl;
end

X=Tr*cC;
y=r*d;
Z=Tr*e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a.~2)+(b."2));

)

disp(’something wrong with initial calcs’)

1

O*c;
0*d;
O*e;

a=a+x;
b=b+y;
g=g+z;

%then ray travelling to n_1
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m=sqrt ((a."2)+(b."2));

q=0;

if (g<length_source) %Still hasnt reached the optical fiber and is now
refracted into n_0

%%Need to re-calculate azimuthal in n_1
path=path + r_0; %pathlenth travelled in n_O

yA

%%Ensuring the corrent azimuthal angle

x_1=a;

x_0=a-x;

y-1=b;

y-0=b-y;

length=sqrt (((x_1-x_0).72)+((y_1-y_0)."2));

azil=acos (((length."2)+(sqrt (((x_0)."2)+((y_0).72)).72)-(r_1.72))/(2*1length*

sqrt (((x_0) .72)+((y_0).72))))-(pi/2);

(azil));

azil=abs (azil);

if (rad_source==0)
azil=pi/2;

end

yA Determining new azimuthal angles
angle_azil=acos (((n_O*sin(abs (angle_prop)))/(n_1*sin(abs(angle_propl))))*cos

angle_azi=acos (((n_1*sin(abs(angle_propl)))/(n_O*sin(abs(angle_prop))))*cos(

angle_azil));

."2)+(b.

."2)+(b.

theta_al=theta_a+(azil-angle_azil);
theta_a=theta_al+(angle_azi-angle_azil);

if (angle_azi>pi/2)
disp (’wtf with aziO’)
end

q=1; %letting know that now in n_1

c=cos(theta_al)*sin(angle_propl); %Variables in x
d=sin(theta_al)*sin(angle_propl); %Variables in y
e=cos (angle_propl); %Variables in z for n_1

%

%%Determining path of ray
r_ri=(-((2xa*c)+(2*b*d) ) +sqrt ((((2*xa*c)+(2*b*d)) ."2) -(4*x((c."2)+(d."2))*((a
"2)-((r_1).72)))))/(2%((c."2)+(d."2))); ‘’plus
r_r2=(-((2*xa*c)+(2*b*d) ) -sqrt ((((2*xa*xc)+(2*b*d)) .~ 2) -(4*((c."2)+(d."2))*((a
"2)-((r_1).72)))))/(2x((c."2)+(d."2))); ‘minus

if (isreal(r_r1)==1)&(isreal(r_r2==1))
if (r_r2>0)
if (r_ri>r_r2)
r=r_rl;
else
r=r_r2;
end
else
r=r_rl;
end

elseif (isreal(r_r1)==1)&(isreal(r_r2)==0)
r=r_ril;

elseif (isreal(r_r1)==0)&(isreal(r_r2)==1)
r=r_r2;
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else
r=r_rl;
end

X=Tr*cC;
y=r*d;
Z=Tr*e;

a=a+x;
b=b+y;
g=g+*z;

m=sqrt ((a."2)+(b."2));

else

disp(’something wrong with

2

end

elseif (r_0<=0)&(r_11>0)

x=r_11%*c;
y=r_11xd;
z=r_11%e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b."2));

q=0;

if (g<length_source)
path=path + r_11;
q=0;

else

disp(’something wrong

3

end

elseif (r_11<r_0)&(r_11>0)
through n_1

x=r_11%*c;
y=r_11xd;
z=r_11%e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a." 2)+(b."2));

q=0;

if (g<length_source)
path=path + r_11;
q=0;

else

disp(’something wrong

4

%pathlenth travelled in n_O

with initial calcs’)

%then ray was reflected to n_1 again travelling

%pathlenth travelled in n_O

with initial calcs’)

initial calcs’)
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end

else
q=2;
end

elseif (isreal(r_0)==1)&(isreal(r_11)==0) YJthen ray was reflected to n_0 since only
real option
x=r_0%*c;
y=r_0%d;
z=r_0O%*e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b.~2));

q=0;

if (g<length_source) %Still hasnt reached the optical fiber and is now
refracted into n_0

%%Need to re-calculate azimuthal in n_1
path=path + r_0; %pathlenth travelled in n_O

%

%%Ensuring the corrent azimuthal angle

x_1=a;

x_0O=a-x;

y-1=b;

y-0=b-y;

length=sqrt (((x_1-x_0).72)+((y_1-y_0).72));

azil=acos (((length." 2)+(sqrt (((x_0).72)+((y_0).72)).72)-(r_1.72))/(2*length*sqrt
(((x_0).72)+((y_0).72))))-(pi/2);

azil=abs(azil);

if (rad_source==0)

azil=pi/2;
end

% Determining new azimuthal angles

angle_azil=acos (((n_O*sin(abs(angle_prop)))/(n_1*sin(abs(angle_propl))))*cos(
azil));

angle_azi=acos (((n_1*sin(abs(angle_propl)))/(n_O*sin(abs(angle_prop))))*cos(
angle_azil));

theta_al=theta_a+(azil-angle_azil);
theta_a=theta_al+(angle_azi-angle_azil);

if (angle_azi>pi/2)
disp (’wtf with aziO’)

end

q=1; %letting know that now in n_1
c=cos(theta_al)*sin(angle_propl); %Variables in x
d=sin(theta_al)*sin(angle_propl); %Variables in y
e=cos (angle_propl); %Variables in z

%

%hdetermines path of ray

r_ri=(-((2%a*c)+(2*b*d) ) +sqrt ((((2*a*c)+(2*bxd)) . 2) -(4*x((c."2)+(d."2))*((a."2)
+(b."2)-((r_1).72)))))/(2x((c."2)+(d.~2))); ‘’plus

r_r2=(-((2*a*c)+(2*b*d) ) -sqrt ((((2*a*c)+(2*bxd)) ."2) -(4*x((c."2)+(d."2))*x((a."2)
+(b."2)-((r_1).72)))))/(2x((c."2)+(d."2))); Y’minus

if (isreal(r_r1)==1)&(isreal(r_r2==1))
if (r_r2>0)
if (r_ri>r_r2)
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r=r_rl;
else
r=r_r2;
end
else
r=r_rl;
end

elseif (isreal(r_ri1)==1)&(isreal(r_r2)==0)
r=r_rl;

elseif (isreal(r_r1)==0)&(isreal(r_r2)==1)
r=r_r2;

else
r=r_rl;

end

X=r*cC;
y=r*xd;
zZ=Tr*e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b."2));

else
disp(’something wrong with initial calcs’)
6
end
elseif (isreal(r_11)==1)&(isreal(r_0)==0) %then ray travels to n_1 since it is only

real option
x=r_11%*c;
y=r_11%d;
z=r_11%*e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b."2));

q=0;

if (g<length_source)

path=path + r_11; %pathlenth travelled in n_O
q=0;
else
disp(’something wrong with initial calcs’)
7
end
elseif (isreal(r_11)==0) & (isreal(r_0)==0) %if neither are possible, there must be

something wrong in angles
disp(’angles not right since both r_11 and r_0 are complex’)

end
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while (g<length_source) %If still hasnt reached the optical fiber, then now
refracted in n_1

yA
%% Removes any negative progagation angle
if (qq==5)

q=5;

break
end

%

%2

%

%% If ray is exiting n_1 and entering n_0

if (g==1) %hence ray in n_1 and entering n_0

c=cos(theta_a)*sin(angle_prop); %Variables in x for n_1
d=sin(theta_a)*sin(angle_prop); %Variables in y for n_1
e=cos (angle_prop); %Variables in z for n_1

%
%%Determining ray path
r_ri=(-((2*a*c)+(2*b*d))+sqrt ((((2*a*c)+(2*bxd)) . 2) -(4*x((c."2)+(d."2))*((a."2)

+(b."2)-((r_ss) ."2)))))/(2*%((c."2)+(d."2))); %plus
r_r2=(-((2xa*c)+(2*bxd) ) -sqrt ((((2*axc)+(2*xb*d)) .~ 2) -(4*((c."2)+(d."2))*((a."2)
+(b."2)-((r_ss)."2)))))/(2%x((c.”2)+(d."2))); %minus

if (isreal(r_r1)==1)&(isreal(r_r2==1))
if (r_r2>0)
if (r_ri>r_r2)

r=r_r2;
else
r=r_rl;
end
else
r=r_rl;
end
elseif (isreal(r_r1)==1)&(isreal(r_r2)==0)
r=r_rl;
elseif (isreal(r_r1)==0)&(isreal(r_r2)==1)
r=r_r2;
else
r=r_rl;
end
X=r*c;
y=r*xd;
Z=r*xe;
a=a+x;
b=b+y;
g=g+z;
q=0; %letting know that now in n_O

m=sqrt ((a."2)+(b."2));

%Checking if ray going beyond core
%If so need to correct to get position at core
if (g>length_source)

a=a-x;
b=b-y;
g=g-2;
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z=length_source-g;
r_O0=z/e;

x=r_0%cC;
y=r_O0xd;

a=a+x;
b=b+y;
g=g+z;
q=0;

path=path + r_0; %pathlenth travelled in n_0

break

end

path=path + r; %pathlenth travelled in n_0

end

yA
% 3
pA

%% If ray reflects from the n_0 and n_2 interface

if (abs(angle_propl)<theta_c_2)&(q==0) %Will reflect from n_1 and n_2 interface

%Determining the reflected azimuthal angle

theta_a=theta_a+(2*angle_azi);

c=cos(theta_a)*sin(angle_prop); %Variables in x for n_1
d=sin(theta_a)*sin(angle_prop); %Variables in y for n_1
e=cos (angle_prop); %Variables in z for n_1

%%0nce reflected ray may travel to n_0 or n_1 interface

%1f ray reflected towards n_0

r_01=(-((2*xa*xc)+(2*xbxd))+sqrt ((((2*a*xc)+(2*bxd)) .~ 2) -(4*((c."2)+(d."2))*((a."2)

+(b.72) -((r_1).72)))))/(2%((c."2)+(d."2))); %plus

r_02=(-((2*a*c)+(2*b*d)) -sqrt ((((2*a*xc)+(2*b*d)) ."2) -(4*x((c."2)+(d."2))*((a."2)

+(b.72)-((r_1).72)))))/(2x((c.2)+(d."2))); J%minus
%If ray reflected kept in n_1

r_11=(-((2%a*c)+(2*b*d) ) +sqrt ((((2*a*xc)+(2*%b*d)) ."2) -(4*x((c."2)+(d."2))*((a."~2)

+(b."2)-((r_ss)."2)))))/(2x((c."2)+(d."2))); %plus

if (isreal(r_01)==1)&(isreal(r_02==1))

if (r_02>0)

if (r_01>r_02)
r_0=r_02;

elseif (r_01<=0)
r_0=r_02;

else
r_O0=r_1;

end
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else
r_0=r_01;
end
elseif (isreal(r_01)==1)&(isreal(r_02)==0)
r_O0=r_01;
elseif (isreal(r_01)==0)&(isreal(r_02)==1)
r_0=r_02;
else
r_0=r_01;
end
if (isreal(r_0)==1)&(isreal(r_11)==1) %If both are real and possible
if (r_11<=0)&(r_0>0)
x=r_O*c;
y=r_0%d;
z=r_0O%*e;
a=a+x;
b=b+y;
g=gtz;

m=sqrt ((a."2)+(b."2));

fpri
%1.12f \t %1.12

ntf (file_7, ’%1.12f \t %1.12f \t %1.12f \t %i \t %1.12f \t %1.12f \t
£ \t %1.12f \t %1.12f \t %1.12f \n’, a,b,g,q,m,theta_a,theta_al,

angle_azi,angle_azil ,angle_prop,angle_propl); %Putting in positions x,y,z

if (
is now refracted

))))*cos(azil));

)))*cos (angle_az

g<length_source) %Still hasnt reached the optical fiber and
into n_0

%%Need to re-calculate azimuthal in n_1
path=path + r_0; %pathlenth travelled in n_0

%
h%Ensuring the corrent azimuthal angle
x_1=a;
x_0=a-x;
y-1=b;
y-0=b-y;
length=sqrt (((x_1-x_0).72)+((y_1-y_0).72));
azil=acos (((length. 2)+(r_ss."2)-(r_1.72))/(2xlength*r_ss))-(pi/2);
azil=abs(azil);
if (rad_source==0)
azil=pi/2;
end

YA Determining new azimuthal angles
angle_azil=acos (((n_Ox*sin(abs (angle_prop)))/(n_1*sin(abs(angle_propl

angle_azi=acos (((n_1*sin(abs(angle_propl)))/(n_O*sin(abs(angle_prop)
i1));

theta_al=theta_a+(azil-angle_azil);
theta_a=theta_al+(angle_azi-angle_azil);

if (angle_azi>pi/2)
disp (’wtf with azi0’)

end

q=1; %letting know that now in n_1
c=cos(theta_al)*sin(angle_propl); %Variables in x
d=sin(theta_al)*sin(angle_propl); %Variables in y
e=cos (angle_propl); %Variables in z for n_1
pA

%%Determining path of ray
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r_ri=(-((2xa*c)+(2*bxd))+sqrt ((((2*axc)+(2*xb*d)) .~ 2) -(4*((c."2)+(d
C2))x((a.m2)+(b."2) - ((r21) .72))))) /(2% ((c.”2)+(d."2))); ‘plus

r_r2=(-((2*%a*c)+(2%b*d)) -sqrt ((((2*xa*xc)+(2*xb*d))

C2))*x((a.m2)+(b."2) - ((r21) .72))))) /(2% ((c.”2)+(d."2))); Yminus

if (isreal(r_r1)==1)&(isreal(r_r2==1))

if (r_r2>0)

if (r_ri>r_r2)

r=r_rl;

else

r=r_r2;

end
else

r=r_rl;
end

elseif (isreal(r_r1)==1)&(isreal(r_r2)==0)

r=r_rl;

elseif (isreal(r_r1)==0)&(isreal(r_r2)==1)

r=r_r2;
else

r=r_rl;
end

X=r*cC;
y=r*d;
z=r*e;

a=a+x;
b=b+y;
g=g+z;

m=sqrt ((a."2)+(b."2));

else
a=a-x;
b=b-y;
g=g-z;

z=length_source-g;
r_O0=z/e;

x=r_0%*c;
y=r_0xd;

a=a+x;
b=b+y;
g=g*z;

path=path + r_0;

break
end

elseif (r_0<r_11)&(r_0>0)
x=r_O*c;
y=r_0%d;
z=r_0O%*e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt((a."2)+(b."2));

%pathlenth travelled in n_O

%then ray was reflected to n_0

.72) - (4% ((c."2)+(d
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if (g<length_source) %Still hasnt reached the optical fiber and
is now refracted into n_0

path=path + r_0; %pathlenth travelled in n_0

%%Need to re-calculate azimuthal in n_O

h
%%Ensuring the corrent azimuthal angle
x_1=a;
x_0=a-x;
y_1=b;
y-0=b-y;
length=sqrt (((x_1-x_0).72)+((y_1-y_0)."2));
azil=acos (((length. 2)+(r_ss."2)-(r_1.72))/(2xlength*r_ss))-(pi/2);
azil=abs (azil);
if (rad_source==0)
azil=pi/2;
end

yA Determining new azimuthal angles

angle_azil=acos (((n_O*sin(abs (angle_prop)))/(n_1*sin(abs(angle_propl
))))*cos(azil));

angle_azi=acos (((n_1*sin(abs(angle_propl)))/(n_O*sin(abs(angle_prop)
)))*cos(angle_azil));

theta_al=theta_a+(azil-angle_azil);
theta_a=theta_al+(angle_azi-angle_azil);

if (angle_azi>(pi/2+0.00000001))
disp (’wtf with azi0’)

end

q=1; %letting know that now in n_1
c=cos(theta_al)*sin(angle_propl); %Variables in x
d=sin(theta_al)*sin(angle_propl); %Variables in y
e=cos (angle_propl); %Variables in z for n_1
%

%%hDetermining path of ray

r_ri=(-((2%a*c)+(2*b*d))+sqrt ((((2*xa*xc)+(2*xb*d)) . 2) -(4*x((c."2)+(d
272))*%((a."2)+(b."2) ~((r_1).72))))) /(2% ((c."2)+(d."2))); ’plus

r_r2=(-((2%a*c)+(2*b*d))-sqrt ((((2*a*xc)+(2*b*xd)) ."2) -(4*x((c."2)+(d
.72))x((a."2)+(b."2) - ((r_1).72))))) /(2% ((c."2)+(d."2))); Yminus

if (isreal(r_r1)==1)&(isreal(r_r2==1))
if (r_r2>0)
if (r_ri>r_r2)
r=r_rl;
else
r=r_r2;
end
else
r=r_rl;
end

elseif (isreal(r_r1)==1)&(isreal(r_r2)==0)
r=r_rl;

elseif (isreal(r_r1)==0)&(isreal(r_r2)==1)
r=r_r2;

else
r=r_rl;

end
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X=Tr*cC;
y=r*xd;
zZ=Tr*e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b."2));

else
a=a-x;
b=b-y;
g=8-2;

z=length_source-g;
r_O=z/e;

x=r_0%*c;
y=r_0*d;

a=a+x;
b=b+y;
g=g+z;

path=path + r_0; %pathlenth travelled in n_O

break
end
elseif (r_0<=0)&(r_11>0)

x=r_1l1%*c;
y=r_11%d;
z=r_11l%e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b.~2));

if (g<length_source)
path=path + r_11; %pathlenth travelled in n_0
q=0;

else
a=a-x;
b=b-y;
g=872;

z=length_source-g;
r_l1=z/e;

x=r_11%*c;
y=r_11%d;

a=a+x;
b=b+y;
g=g+z;

path=path + r_11; %pathlenth travelled in n_0
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break
end

elseif (r_11<r_0)&(r_11>0)
travelling through n_1
x=r_1l1%*c;
y=r_11xd;
z=r_11l%e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b."2));

if (g<length_source)
path=path + r_11;
q=0;

else
a=a-x;
b=b-y;
g=872;

z=length_source-g;
r_l1=z/e;

x=r_11%*c;
y=r_11xd;

a=a+x;
b=b+y;
g=g+z;

path=path + r_11;

break
end

else
q=2;

break
end

“then ray was reflected to n_1 again

%pathlenth travelled in n_O

%pathlenth travelled in n_0

elseif (isreal(r_0)==1)&(isreal(r_11)==0) YJthen ray was reflected to n_0 since

only real option
x=r_0%*cC;
y=r_O0xd;
z=r_O%*e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b."2));

if (g<length_source)
now refracted into n_0

path=path + r_0;

%Still hasnt reached the optical fiber and is

%pathlenth travelled in n_O

%%Need to re-calculate azimuthal in n_O

yA

%%hEnsuring the corrent azimuthal angle
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length=sqrt (((x_1-x_0).72)+((y_1-y_0).72));
azil=acos (((length. 2)+(r_ss."2)-(r_1.72))/(2xlength*r_ss))-(pi/2);
azil=abs (azil);
if (rad_source==0)
azil=pi/2;
end

% Determining new azimuthal angles

angle_azil=acos (((n_O*sin(abs(angle_prop)))/(n_1*sin(abs(angle_propl))))
*cos (azil));

angle_azi=acos (((n_1*sin(abs(angle_propl)))/(n_O*sin(abs(angle_prop))))*
cos(angle_azil));

theta_a1=theta_a+(azil—angle_azil);
theta_a=theta_al+(angle_azi-angle_azil);

if (angle_azi>pi/2)
disp (’wtf with azi0’)

end

q=1; %letting know that now in n_1
c=cos(theta_al)*sin(angle_propl); %Variables in x
d=sin(theta_al)*sin(angle_propl); %Variables in y
e=cos (angle_propl); %Variables in z

yA

%hdetermines path of ray

r_r1=(-((2%xa*xc)+(2xbxd) ) +sqrt ((((2*a*c)+(2*b*d)) . 2) -(4*((c."2)+(d."2))
*((a.72)+(b."2) -((r_1).72))))) /(2% ((c."2)+(d.~2))); Iplus

r_r2=(-((2*xa*xc)+(2*¥bxd)) -sqrt ((((2*axc)+(2xb*d)) . 2) -(4*x((c."2)+(d."2))
*((a.72)+(b."2) -((r_1).72))))) /(2% ((c."2)+(d."2))); ’minus

if (isreal(r_r1)==1)&(isreal(r_r2==1))
if (r_r2>0)
if (r_ri>r_r2)
r=r_rl;
else
r=r_r2;
end
else
r=r_rl;
end

elseif (isreal(r_r1)==1)&(isreal(r_r2)==0)
r=r_rl;

elseif (isreal(r_r1)==0)&(isreal(r_r2)==1)
r=r_r2;

else
r=r_rl;

end

X=r*cC;
y=r*d;
zZ=r*e;

a=a+x;
b=b+y;
g=g+*z;
m=sqrt ((a."2)+(b."2));
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else
a=a-x;
b=b-y;
g=g-2;

z=length_source-g;
r_O0=z/e;

x=r_O0x*c;
y=r_0*d;

a=a+x;
b=b+y;
g=g+*tz;

path=path + r_0; %pathlenth travelled in n_0

break
end

elseif (isreal(r_11)==1)&(isreal(r_0)==0) %then ray was reflected to n_1
since it is only real option
x=r_11%c;
y=r_11xd;
z=r_11%e;

a=a+x;
b=b+y;
g=g+z;
m=sqrt ((a."2)+(b."2));

if (g<length_source)
path=path + r_11; %pathlenth travelled in n_O
q=0;

else
a=a-x;
b=b-y;
g=g-2;

z=length_source-g;
r_11=z/e;

x=r_11%*c;

y=r_11xd;
path=path + r_11; %pathlenth travelled in n_O
a=a+x;
b=b+y;
g=g+z;
break

end

elseif (isreal(r_11)==0) & (isreal(r_0)==0) %if neither are possible, there
must be something wrong in angles
q=3;

%disp(’angles not right since both r_11 and r_O are complex’)
break

end
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elseif (q==0)&(abs(angle_propl)>theta_c_2) %Ray is refracted out
q=4;

break
end
if (q==2)
break
end
end
if (g>(length_source+0.001))

if (q7=2)&(q~=3)&(q~=4)&(q~=1)
disp (’rays at the end going beyond the core of the fiber’)

end
end
h
% Since still getting some imaginary paths
pA NEED TO FIX
h

if (isreal(path)==0)
path=real (path);
end

path_final=path;
q_final=q;

F=[path_final,q_finall];




Appendix B

Water equivalence and energy
dependence

These codes were used to model the water equivalence and energy dependence of various
detector materials.

B.1 Effective atomic number

%
%% Calculation of effective atomic numbers
%% Through various methods

clear all

clc

N0=6.022*%10."23; % Avogadro Constant

% m=3.5; % Equation factor from Johns and Cunningham

m=2.94; % Equation factor from (McCullough and Holmes, 1985).

%

%% Water

yA Oxygen

n_1=1; % Number of element in compound
z_1=8; % Atomic number of element
a_1=15.999; % Atomic mass of element

w_1=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
N_1=NO*z_1*w_1/a_1;
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));
N_2=NO*z_2*w_2/a_2;

a_11=N_1/(N_1+N_2);
a_21=N_2/(N_1+N_2);

134
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z_water_1=(a_11*(z_1"m))+(a_21*(z_2"m));
Z_water=nthroot (z_water_1,m)

pA
%% Beryllium Oxide

% Beryllium

1;
4;
9.012182;

P N B

_1
_1
_1

yA Oxygen
n_2=1;
z_2=8;
a_2=15.999;

w_1=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
N_1=NO*z_1*w_1/a_1;
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));
N_2=NO*z_2*w_2/a_2;

a_11=N_1/(N_1+N_2);
a_21=N_2/(N_1+N_2);

Z_beo_1=(a_11*(z_1"m))+(a_21*%(z_2"m)) ;
z_beo=nthroot (z_beo_1,m)

% Aliox (A1203:C)

% Aluminium
n_1=2;
z_1=13;
a_1=26.981;

yA Oxygen
n_2=3;
z_2=8;
a_2=15.999;

w_1=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
N_1=NO*z_1*w_1/a_1;
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));
N_2=NO*z_2%*w_2/a_2;

a_11=N_1/(N_1+N_2);
a_21=N_2/(N_1+N_2);

z_al203_1=(a_11*(z_1"m))+(a_21*%(z_2"m));
z_al2o03=nthroot(z_al203_1,m)

% Lithium Fluoride

% Lithium

1;
3;
6.94;

P N B

_1
_1
_1

% Fluorine
n_2=1;
z_2=9;
a_2=18.998;

w_1=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
N_1=NO*z_1*w_1/a_1;
w_2=(n_2%*a_2)/(((n_1*a_1)+(n_2*a_2)));
N_2=NO*z_2*w_2/a_2;

a_11=N_1/(N_1+N_2);
a_21=N_2/(N_1+N_2);

z_LiF_1=(Ca_11*(z_1"m))+(a_21*%(z_2"m)) ;
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z_LiF=nthroot (z_LiF_1,m)
% BC-400 PS [Polyvinyltoluene base (C9H10)]

A

Carbon
9;
6
1

n_1
z_1=6;
a_1=12.0107;

% Hydrogen

n_2=10;
z_2=1;
a_2=1.00794;

w_1l=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
N_1=NO*z_1*w_1/a_1;
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));
N_2=NO*z_2*w_2/a_2;

a_11=N_1/(N_1+N_2);
a_21=N_2/(N_1+N_2);

z_BC400_1=(a_11*(z_1"m))+(a_21*%(z_2"m));
z_BC400=nthroot (z_BC400_1 ,m)

% Polystyrene base (C8HS8)

)

Carbon
8;
1

n_1
z_1 ;
a_1=12.0107;

% Hydrogen

8;
1;
1.00794;

_2
_2
_2

PN B

w_1l=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
N_1=NO*z_1*w_1/a_1;
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));
N_2=NO*z_2*w_2/a_2;

a_11=N_1/(N_1+N_2);
a_21=N_2/(N_1+N_2);

z_PS_1=(a_11*(z_1"m))+(a_21*(z_2"m));
z_PS=nthroot(z_PS_1,m)

% Hexance Example (C6H14)

)

Carbon
6;
6
1

n_1
z_1=6;
a_1=12.0107;

% Hydrogen

n_2=14;
z_2=1;
a_2=1.00794;

w_1l=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
N_1=NO*z_1x*w_1/a_1;
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));
N_2=NO*z_2*w_2/a_2;

a_11=N_1/(N_1+N_2);
a_21=N_2/(N_1+N_2);

z_Hexane_1=(a_11*(z_1"m))+(a_21*(z_2"m));
z_Hexane=nthroot (z_Hexane_1,m)
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B.2 Burlin Cavity Theory

%

%% Calculates the burlin cavity theorem

clear all
clc

yA

%% Determine stopping power ratios
NIST_e_data

NIST_CSDA_data

for i=1:length(nist_e)
sp_e(i)=nist_e(i);
sp_ratio_BeO(i)=nist_Be0(i)/nist_water (i);
sp_ratio_BC400(i)=nist_BC400(i)/nist_water (i);
sp_ratio_LiF(i)=nist_LiF(i)/nist_water(i);
sp_ratio_A1203(i)=nist_A1203(i)/nist_water (i);
end

Y.

o
%% Determine mass energy absorption coefficents

clear nist_e
clear nist_BeO
clear nist_BC400
clear nist_LiF
clear nist_A1203
clear nist_water

NIST_mu_ab_data
nist_e=nist_0_e;

%
%% BeO

% Beryllium

1;
4;
9.012182;

n_1
z_1
a_1

pA Oxygen
n_2=1;
z_2=8;
a_2=15.999;

w_1=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));

for i=1:length(nist_e)
mu_BeO(i)=(w_1*(nist_Be(i)))+(w_2*(nist_0(i)));
end

% BC-400 PS [Polyvinyltoluene base (C8H10)]

h

Carbon
93
1

n_1
z_1=6;
a_1=12.0107;

pA Hydrogen

n_2=10;
z_2=1;
a_2=1.00794;

w_1=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));

for i=1:length(nist_e)
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mu_BC400(i)=(w_1*(nist_C(i)))+(w_2*(nist_H(i)));

end

% Aliox(A1203:C)
% Aluminium
n_1=2;

z_1=13;
a_1=26.981;

% Oxygen
n_2=3;
z_2=8;
a_2=15.999;

w_1l=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));

for i=1:length(nist_e)

mu_A1203(i)=(w_1*(nist_Al1(i)))+(w_2*(nist_0(i)));

end

% Lithium Fluoride
% Lithium

n_1=1;
z_1=3;
a_1=6.94;

% Fluorine
n_2=1;
z_2=9;
a_2=18.998;

w_1=(n_1*a_1)/(((n_1*a_1)+(n_2*a_2)));
w_2=(n_2*a_2)/(((n_1*a_1)+(n_2*a_2)));

for i=1:length(nist_e)

mu_LiF(i)=(w_1*(nist_Li(i)))+(w_2*(nist_F(i)));

end
for i=1:length(nist_e)

mab_e(i)=nist_e(i);
mab_ratio_BeO(i)=mu_Be0(i)/nist_H20(i);
mab_ratio_BC400 (i)=mu_BC400(i)/nist_H20(i);
mab_ratio_LiF(i)=mu_LiF(i)/nist_H20(i);
mab_ratio_A1203(i)=mu_A1203(i)/nist_H20(i);
end

figure (1)

pl=plot (mab_e ,mab_ratio_BeO,’r’)

hold

p2=plot(sp_e(1:53) ,sp_ratio_Be0(1:53),’r--’)
p3=plot (mab_e ,mab_ratio_BC400,’b’)
p4=plot(sp_e(1:53) ,sp_ratio_BC400(1:53),’b--"’)
p5=plot (mab_e ,mab_ratio_LiF,’k’)
p6=plot(sp_e(1:53) ,sp_ratio_LiF(1:53),’k--’)
p7=plot (mab_e ,mab_ratio_A1203,°’m’)
p8=plot(sp_e(1:53) ,sp_ratio_A1203(1:53),’m--’)

legend ([pl;p2;p3;p4;p5;p6;p7;p8l,’Bed d=0’,’Be0 d=1’,’BC400 d=0’,’BC400 d=1’,’LiF d=0’,’

LiF d=1’,’A1203 d=0’,’A1203 d=1’)

title (’Burlin Cavity theory calculated Dose_{det} / Dose_{waterl}’)

xlabel (’x-ray energy (MeV)’)
ylabel (’D_{det}/D_{water}’)

%

% Calculating the burlin cavit theorem

r_cyl=0.05; % the radius of the cylinder in
h_cyl=0.1; % the height of the cylinder in
V_cyl=pi*(r_cyl~2)*h_cyl; % the volume of
S_cyl=(2*pi*(r_cyl~2))+(2*pi*xr_cyl*xh_cyl);

L_cyl=(4*xV_cyl)/S_cyl; %the mean chord

[cm]

[cm]

the cylinder in [cm3]

%the surface area of the cylinder
leangth across the cylinder in [cm]
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a=0;
for i=1:length(mab_e)
if (mab_e (i) >=0.01)
a=a+1;
bc_e(a)=mab_e(i);

%
%% Find the corresponding electron energy
for j=1:length(sp_e)

if (sp_e(j)==mab_e(i))
bc_sp_loc(a)=j;
bc_mab_loc(a)=1ij;

elseif (sp_e(j)>mab_e(i))&(sp_e(j-1)<mab_e(i))
disp(’Have to interpolate!!’)
pause

end

end
end
end

for i=1:length(bc_sp_loc)

t_max_BeO0(i)=nist_CSDA_BeO(bc_sp_loc(i));

t_max_BC400(i)=nist_CSDA_BC400(bc_sp_loc(i));

t_max_LiF(i)=nist_CSDA_LiF (bc_sp_loc(i));

t_max_A1203(i)=nist_CSDA_A1203(bc_sp_loc(i));
end

beta_BeO=-10g(0.04) ./t_max_BeO;
beta_BC400=-1og(0.04) ./t_max_BC400;
beta_LiF=-10g(0.04) ./t_max_LiF;
beta_A1203=-10g(0.04) ./t_max_A1203;

for i=1:length(bc_e)

d_BeO(i)=(1-exp(-beta_BeO(i)*L_cyl))/(beta_BeO(i)*L_cyl);
d_BC400(i)=(1-exp(-beta_BC400(i)*L_cyl))/(beta_BC400(i)*L_cyl);
d_LiF(i)=(1-exp(-beta_LiF(i)*L_cyl))/(beta_LiF(i)*L_cyl);
d_A1203(i)=(1-exp(-beta_A1203(i)*L_cyl))/(beta_A1203(i)*L_cyl);

end

figure (2)

pl=semilogx (bc_e,d_Be0,’r’)

hold

p2=semilogx (bc_e ,d_BC400,’b’)

p3=semilogx (bc_e,d_LiF,’k’)
p4=semilogx (bc_e ,d_A1203,°’m’)

legend ([pl;p2;p3;p4],’Be0’,’BC400’, LiF’,?A12037)
title (’Burlin Cavity theory calculated d parameter’)
xlabel (’x-ray energy (MeV)’)

ylabel (’d4’)

%
%% Calculating the Burlin Cavity
for i=1:length(bc_e)

D_BeO_D_H20(i)=(d_BeO(i)*sp_ratio_BeO(bc_sp_loc(i)))+((1-d_BeO(i))*mab_ratio_BeOl(
bc_mab_loc(i)));
D_BC400_D_H20(i)=(d_BC400(i)*sp_ratio_BC400(bc_sp_loc(i)))+((1-d_BC400(i))=*
mab_ratio_BC400(bc_mab_loc(i)));
D_LiF_D_H20(i)=(d_LiF(i)#*sp_ratio_LiF(bc_sp_loc(i)))+((1-d_LiF(i))*mab_ratio_LiF(
bc_mab_loc(i)));
D_A1203_D_H20(i)=(d_A1203(i)*sp_ratio_A1203(bc_sp_loc(i)))+((1-d_A1203(i))=*
mab_ratio_A1203 (bc_mab_loc(i)));

end
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figure (3)

pl=semilogx (bc_e ,D_Be0O_D_H20,’r’)

hold

p2=semilogx (bc_e ,D_BC400_D_H20,’b’)
p3=semilogx(bc_e,D_LiF_D_H20,’k’)
p4=semilogx (bc_e ,D_A1203_D_H20,’m’)

legend ([pl;p2;p3;p4],’Be0’,’BC400°,’LiF’,”A1203")

title (’Burlin Cavity theory calculated Dose_{det} / Dose_{water}’)
xlabel (’x-ray energy (MeV)’)

ylabel (’D_{det}/D_{water}’)

hoh

% h% Normalised ratio to 1.25 MeV energy

% norm_BeO=D_Be0O_D_H20/D_BeO_D_H20(18) ;

% norm_BC400=D_BC400_D_H20/D_BC400_D_H20(18) ;
% norm_A1203=D_A1203_D_H20/D_A1203_D_H20(18);
% norm_LiF=D_LiF_D_H20/D_LiF_D_H20(18);

h

%% Normalised ratio to 0.06 MeV energy
norm_Be0=D_BeO_D_H20/D_BeO_D_H20(7);
norm_BC400=D_BC400_D_H20/D_BC400_D_H20(7) ;
norm_A1203=D_A1203_D_H20/D_A1203_D_H20(7);
norm_LiF=D_LiF_D_H20/D_LiF_D_H20(7);

figure (4)

pl=semilogx (bc_e ,norm_BeO,’r’)

hold

p2=semilogx (bc_e ,norm_BC400,’b’)

p3=semilogx (bc_e ,norm_LiF,’k’)

p4=semilogx (bc_e ,norm_A1203,°’m’)

legend ([pl;p2;p3;p4],’Be0’,’BC400°, LiF’,’A1203”)

title (’Burlin Cavity theory calculated R’)

xlabel (’x-ray energy (MeV)’)

ylabel (’R=(Dose_{det}/Dose_{water})/(Dose_{detl}/Dose_{water})_{10MeV}’)
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