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Abstract

Objective. Optical fibre dosimeters (OFDs) offer great promise for real-time in vivo dose
measurement in radiation-based treatment modalities such as radiotherapy and brachytherapy.
This is attributed to their many useful qualities such as high spatial resolution and sensitivity.
However, there are several requirements that an optical fibre dosimeter must meet to be acceptable
for dose measurement in a specified treatment modality. In this work, the dosimetric performance
of a novel optical fibre dosimeter for use in external beam radiotherapy is presented. Approach. The
dosimeter was characterised for photon beam energies between 6—-15 MV using a Varian TrueBeam
Linac at dose rates between 100-2400 MU/min and assessed based on its repeatability, dose
dependence, dose rate dependence, energy dependence and dose-per-pulse dependence. Main
Results. The results demonstrated excellent short-term repeatability of 0.3%, good linearity in
response (R* > 0.9997), and minor dose rate dependence between 0.53%—2.49% for all beam
qualities investigated. As the scintillator of the OFD is non-water equivalent, Monte-Carlo-TOPAS
simulations were used to calculate the absorbed dose energy dependence. A dose-per-pulse
dependence was also investigated and compared with dosimetry measurements made with an
ionisation chamber and simulated from the treatment planning system. An over-response of 20%
was found at the lowest investigated dose-per-pulse, and an under-response of 34% was found at
the highest investigated dose-per-pulse. This is believed to be due to an intrinsic energy dependence
making this type of OFD unsuitable for external beam radiotherapy dosimetry. Significance. The
OFD evaluated in this work was primarily designed for high-dose-rate brachytherapy whereas this
study includes the first measurements made in external beam radiotherapy and highlights the
challenges of transferability of the dosimeter to a different radiation source.

1. Introduction

One of the main objectives to improve radiotherapy is to have the ability to perform real-time in vivo
dosimetry during treatments with adequate spatial resolution. This information would allow treatment plans
to be monitored and, if needed, altered during delivery thus reducing the probability of treatment errors
(Olaciregui-Ruiz et al 2020). Despite this realisation, in vivo dosimetry in external beam radiotherapy is still
not common practice (MacDougall et al 2017) as suitable dosimeters fit for this purpose are limited. Optical
fibre dosimeters (OFDs) are recognised as excellent candidates for meeting the requirements of in vivo
dosimetry for various reasons, including their small active volume which offers high spatial resolution
(Beaulieu et al 2013, Debnath et al 2020) and suitability for treatment modalities involving steep dose
gradients such as brachytherapy, stereotactic radiosurgery (SRS) and intensity-modulated radiotherapy
(IMRT) (Kertzscher and Beddar 2016, 2019), as well as suitability for quality assurance measurements
(Gagnon et al 2012, Therriault-Proulx ef al 2019, Huang et al 2021, Timakova et al 2023). Also, the length of
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the optical fibre cable can be several meters long to isolate processing hardware from potentially damaging
radiation and allow remote monitoring. Since the signal through the fibre is optically transmitted, it is not
susceptible to electromagnetic interference and thus OFDs are practical for dosimetry measurements on
MRI-LINACs (Madden et al 2019, 2020, 2022).

Whilst there are many advantages of using OFDs for dosimetry, there are also several challenges to
overcome. One of the most common problems is Cherenkov radiation and fluorescence produced in the
fibre (i.e. the stem effect). Cherenkov radiation occurs in OFDs if an electron travels greater than the phase
velocity of light through the fibre, which for a typical fibre material of polymethyl methacrylate (PMMA)
occurs at energies above 178 keV (Therriault-Proulx et al 2013). Many successful methods have been
developed to deal with this, such as optical filtration (Alharbi et al 2019) which has been utilised for the OFD
used in this work. The scintillator of OFDs may commonly be made from an inorganic material as they
produce a much higher light yield in comparison to an organic scintillator (Kertzscher and Beddar 2016,
2019, Cusumano et al 2020), however, the inorganic scintillators tend to have a much larger effective atomic
number making them non-water-equivalent and therefore energy dependent. The overall energy dependence
of a dosimeter detector will be a contribution of both an absorbed dose energy dependence, due to being
non-water-equivalent, and also an intrinsic energy dependence, due to how the detector converts the dose to
signal (Rogers and Cygler 2009). These dependencies must both be accurately known individually so that the
dosimetry system can be properly calibrated and appropriate correction factors deduced. Typically, the
absorbed dose energy dependence can be found numerically using Monte-Carlo simulations (Siebers et al
2000, Alharbi 2020, Kaveckyte et al 2020, Georgi et al 2024), however, this requires that precise information
regarding the energy spectrum, beam quality/geometry, detector composition, etc are available. The intrinsic
energy dependence is more challenging to determine and is often estimated from experimental data
(Kaveckyte et al 2020, Georgi et al 2024). Ideally, a dosimeter detector should have no energy dependence.

The OFD evaluated in this work was primarily designed for high-dose-rate brachytherapy
(HDR-BT)(Giaz et al 2022, 2023, Caccia et al 2024) as part of the EU ORIGIN project. The fibre dimensions
were specifically manufactured to fit inside a standard HDR-BT catheter for insertion into the body in a
similar manner to the radioactive source. The OFD system can monitor the outputs of up to 16 optical fibres
simultaneously, allowing dose point measurements to be made at several locations. The main aim of this
configuration is to monitor dose delivery in real time around both the tumour’s location and the sensitive
organs at risk so that treatment errors may be reduced. However, the work presented here aims to determine
the suitability of this OFD system as a dosimeter for external beam radiotherapy by evaluating its dosimetric
performance in a solid water phantom irradiated by various energies from a Varian TrueBeam Linac. The
dosimetric performance is assessed based on repeatability, linearity with dose, dose rate dependence,
absorbed dose energy dependence, dose-per-pulse dependence and intrinsic energy dependence.

2. Materials and methods

2.1. OFD

The OFD used in this work is a 1 mm diameter PMMA optical fibre with an inorganic scintillator made of
europium-doped yttrium oxide (4YVOy : Eu+ 1 Y,05 : Eu) coupled to the tip (Gierej et al 2024). The
scintillator has a decay time of ~ 514 us (Cometti et al 2022), density of 5.24 g/cm?, effective atomic number
Zetf = 31 : 36 (Kertzscher and Beddar 2019). More information on the design and fabrication of this OFD
can be found in Gierej et al (2024). Upon radiation exposure, the scintillating signal propagates through the
optical fibre core and is detected by a silicone photomultiplier (SiPM—Ketek, Germany) connected at the
opposite end of the fibre. This detection system is particularly unique as it contains an assembly board with
16 individual 1 x 1 mm? SiPMs, thus allowing the outputs of up to 16 OFDs to be detected simultaneously.
The SiPM readout is achieved using the CITIROC-1A ASIC (Impiombato et al 2015) which is integrated into
a CAEN FERS board. This detection assembly and optical fibres combined are the main components of the
OFD system. The output signal is monitored via laptop using JANUS software (FERS-5200 DAQ
SOFTWARE). The maximum achievable counting rate of the system is 2 x 107 counts per second (cps).

It was worth noting that the 4YVO, : Eu+ 1 Y,0; : Eu scintillator material used in the OFD was
specifically chosen for HDR-BT. One of the main benefits influencing this choice was due to its scintillation
wavelength which peaks at ~619 : 611 nm and thus is sufficiently separated from the peak wavelength of
Cherenkov radiation (~ 420 nm L’Annunziata 2012). This allowed a longpass filter (Roscolux 19) to be
integrated into the detection system to attenuate any signal due to stem emission adequately. Another factor
influencing this choice was the sizable length of the scintillator decay time which increases the sensitivity and
improves the signal-to-noise ratio. However, contrary to HDR-BT whereby the radiation is continuously
emitting, a Varian TrueBeam Linac delivers radiation in a pulsed mode whereby the pulses are fired at
repetition frequencies in the range of 30 — 360 Hz, with a pulse duration of ~5 us (Ashraf et al 2022).
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Figure 1. Schematic of the experimental configuration and OFD detection unit.

Table 1. Beam quality information of the Varian TrueBeam Linac. The mean energy is referenced from www.myvarian.com/montecarlo
(Constantin et al 2011). (*DPP = dose-per-pulse at diax, PRF = pulse repetition frequency, DR = dose rate, FFF = flattening filter free).

Energy Mean Energy *DPP PRF DR D ax
(MV) (MeV) (cGy/pulse) (Hz) (MU/min) (cm)
6 1.30 0.027 60-360 100-600 1.5
6 (FFF) 1.11 0.065 102.9-360 400-1400 1.4
10 (FFF) 1.87 0.111 60-360 400-2400 2.4
15 2.59 0.055 30-180 100-600 3.0

Whilst, the scintillator decay time is sufficiently short enough to decay before the arrival of the next pulse, it
is not possible to resolve the individual 5 ys linac pulses, however, this is possible using scintillators of
smaller decay times typically on the order of nanoseconds such as YAG:Ce and BCF-12 (Chen et al 2019).

2.2. Experimental configuration

The OFD under test was irradiated using a Varian TrueBeam Linac at the Northern Ireland Cancer Centre,
Belfast City Hospital. The fibre was securely inserted along the middle of a 30 x 30 x 1 ¢cm? slab of water
equivalent (WTe) material (CIRS, Norfolk, VA, USA) with 10 cm of backscatter WTe placed directly
underneath as depicted in figure 1. For each measurement, two bare optical fibres (i.e. the same OFD but
with the scintillating tip removed) were placed in the inputs on either side of the OFD. The bare fibre was
used to measure any remaining stem emission in the signal that has not been fully removed by the longpass
filter so that it may be subtracted from the OFD signal. This method is acceptable in this case since the field
size and hence, the area of fibre exposed is kept constant. Depending on the energy of the Linac beam being
used, a specific thickness of WTe material was added on top of the OFD so that its depth corresponded to the
respective dp,y (i.e. the depth at which the dose is maximum for a specific beam energy) and is tabulated in
table 1. Unless stated otherwise, the source-to-skin distance (SSD) and field size remained the same for all
measurements at 100 cm and 10 x 10 cm? respectively.

3. Results

3.1. Repeatability

To test the repeatability of the OFD, ten identical measurements were taken at a beam energy of 6 MV. The
OFD was positioned at a depth of d ,,,, = 1.5 cm and a total dose of 100 MU was delivered at a dose rate of
600 MU/min. For the reference conditions used in this work, 1 MU is equivalent to a dose of 1 cGy. The data
acquisition gate time of the detector was set at 100 ms. This is much longer than the typical pulse rates of the
Linac (see table 1), therefore the acquired signal is the average signal over a 100 ms period and does not
provide the time-resolved dose per pulse intensities. Figure 2 shows the background corrected cps versus
time for the ten repeated measurements. Each rectangular profile represents the period when the beam is on
and delivering radiation, with the height of the profile related to the dose rate and the area under the profile
representing the total dose delivered. To find the number of counts corresponding to the total dose delivered,
the integral sum of each profile was calculated. The average integrated intensity of the ten repeats was
(2.09+£0.007) x 107 counts corresponding to a coefficient of variation (COV) equal to 0.3%, thus
demonstrating excellent short-term repeatability across measurements.
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Figure 3. Integrated intensity, representing dose, versus monitor units delivered, for all beam energies. Data shown are the mean
= the standard deviation (n = 3). Lines of linear best fit are included for each dataset as a guide for the eye. (DR = 400 MU/min).

3.2. Linearity with dose

To verify that the signal measured by the OFD increases linearly with increasing dose, monitor units from
200 — 800 MU in steps of 200 MU were delivered at all beam energies. This dose interval was chosen as it
represents a range of prescription doses that are typically used in radiotherapy treatments. Each
measurement was made at dp,y for that corresponding beam energy and the dose rate was kept constant at
400 MU/min. Each measurement was repeated three times with the average and standard deviation being
taken as the value and associated error bar. Figure 3 shows the integrated intensity measured by the OFD as a
function of monitor units. Each beam energy tested shows a linear increase in response with increasing dose
delivered (R?* > 0.9997 for all energies). However, it can be seen that each energy outputs a different response
for the same dose delivered and is therefore dependent on the beam quality. The source of this energy
dependence will be discussed in more detail in the following sections.

3.3. Nominal dose rate dependence

To verify whether the OFDs experienced any dose rate dependence, all available dose rates on the Linac for all
beam energies (see table 1) were investigated. Each measurement was made at dy,, for that corresponding
beam energy and the number of monitor units was kept constant at 100 MU corresponding to a total dose of
1 Gy. Each measurement was repeated three times with the average and standard deviation being taken as the
value and associated error bar. It is worth noting that changing the dose rate on a Varian Linac equates to a

4
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Figure 4. Integrated intensity, representing dose, versus dose rate for four different beam energies. The total number of monitor
units delivered for each data point was 100 MU. Data shown are the mean = the standard deviation (n = 3).

change in the pulse repetition frequency (PRF) rather than a variation in the dose-per-pulse. Hence, the
dependence being investigated should be thought of as a PRF or instantaneous dose rate dependence.

Figure 4 shows the integrated intensity measured by the OFD as a function of dose rate. From this, it can be
seen that the signal does not experience any significant dose rate dependence. The percentage coefficients of
variation in the integrated intensity across all dose rates investigated were 0.96%, 2.44%, 2.49%, and 0.53%,
for 6, 6 (FFF), 10 (FFF) and 15 MV respectively. The greatest variation is seen for the two flattening filter free
beams, which are also the beams which reach the highest dose rates. This suggests that the OFD may be
susceptible to a dose rate dependence if used on another system that can reach dose rates beyond this such as
ultra-high dose rate (>50 Gy/s, ‘FLASH’) radiotherapy whereby the Linac is tuned from operating at
conventional dose rates to FLASH dose rates by using a customised circuit board to alter the beam
characteristics (Schiiler et al 2017).

3.4. Absorbed Dose Dependence (MC-TOPAS)
It is clear from the previous data that the response of the OFD system is energy dependent, i.e. the response
registered by the detector for the same delivered dose changes depending on the beam energy/quality being
used. This observed energy dependence comes from both an absorbed dose energy dependence (i.e. a
non-water-equivalence) and an intrinsic energy dependence (i.e. an absorbed dose to signal conversion of
the detector) (Rogers and Cygler 2009). Due to the scintillator of the OFD having a much larger effective
atomic number than water (Z3; = 32.1 > Z¥%. = 7.5), an absorbed dose energy dependence is expected. To
calculate the absorbed dose by the scintillator, the Monte-Carlo code TOPAS (Geant4) was used (Faddegon
et al 2020). To simulate a TrueBeam Linac at each beam energy, phase space files provided by Varian were
used as the source input (Constantin et al 2011). Each phase space file is stored above the Linac jaws, thus the
field size can be user-defined by adding jaws and MLCs to the model to shape the beam. The field size was set
at 10 x 10 cm? for all simulations. A 30 x 30 x 30 cm® water phantom was added and placed at an SSD of 100
cm, unless stated otherwise. The scintillator was modelled as a cylinder of 0.35 mm radius and 1 mm length
with a composition made of 40% PMMA, 30% yttrium and 30% europium and total density of 5.24 gcm ™.
To confirm the results of the MC-TOPAS simulations were in good agreement with experimental
commissioning measurements, the calculated PDD and dose profiles were compared with experimental
commissioning measurements made using a semiflex ionisation chamber (PTW, Germany). To simulate the
PDDs for each beam energy, the dose to medium was binned in 10 x 10 x 0.2 cm? volumes along the depth
of the water phantom. The total number of histories used in each run was 1 x 10® and the results are shown
in figure 5. The calculated MC-TOPAS PDD curves show excellent agreement with the experimentally
measured data and predict the correct value of dy,.x in each case.

To simulate the dose profiles at the respective dy,,y, the water phantom was divided up into
0.5 x 0.5 x 0.5 cm?® voxels with the dose to medium being scored in each voxel and then analysed using the
Voxel Interactive Contour Tool for Online Radiation Intensity Analytics (VICTORIA) (Badun ef al 2021).
These voxel dimensions were used as they provide a dose resolution that is comparable to that of the
experimental ionisation chamber with the added benefit of being less computationally expensive than
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Figure 5. Experimentally measured and TOPAS calculated percentage depth dose (PDD) curves for the Varian TrueBeam Linac at
energies (a) 6, (b) 6 (FFF), (c) 10 (FFF), and (d) 15 MV. The TOPAS simulation used a total of 1 x 10? histories.

subdividing further. Each TOPAS simulation used a total of 4 x 10 histories. The dose profile for each beam
energy is plotted and compared with experimental commissioning data measured using the ionisation
chamber in figure 6. For the MC-TOPAS data, the average and standard deviation across 4 slices (i.e. 2 cm)
along the y-axis were taken as the data point and associated error bar. The calculated MC-TOPAS dose
profiles show very good agreement with the experimentally measured profiles thus confirming the
MC-TOPAS model.

After validating that the simulation results were in good agreement with the experimental measurements,
the scintillator of the OFD was then added as a component inside the water phantom and placed at the
central crosshair position of the xy-plane at a depth of the respective dp,x. The dose to medium was scored
over the full volume of the scintillator, dose sy, and compared to that scored over the same volume in water
without the scintillator, dosew,. This was repeated 5 times, each with a different random number seed to
generate statistically independent runs and the average value taken. The results are tabulated in table 2.

As expected, dosesin is always greater than dosew,, therefore a correction factor at each energy is
necessary due to an absorbed dose dependence. The rather large uncertainty on each dose measurement
comes as a consequence of scoring over such a small volume. This could be improved by further repeats or by
increasing the scoring volume however the latter would mean that the OFD dimensions are no longer
representative of the true size.

3.5. Dose-per-pulse and intrinsic energy dependence

The delivered dose-per-pulse at a fixed depth in a material will be scaled as a function of the source-to-skin
distance. It is therefore important to understand how the OFD responds to variations in the dose-per-pulse.
To test this, the SSD was varied from 70 — 130 cm, in 10 cm steps, with the OFD kept at dpax. The
investigated beam energy was 15 MV and the number of monitor units delivered at each SSD was 100 MU,
hence, the total dose delivered will be the highest at 70 cm and lowest at 130 cm. Each measurement was
repeated 3 times and the average and standard deviation were taken as the final value and error respectively.
To verify the true dose using a detector that is independent of dose-per-pulse, this experiment was repeated
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Figure 6. Experimentally measured and TOPAS calculated dose profiles along the x-axis for Varian TrueBeam at energies (a) 6, (b)
6 (FFF), (c) 10 (FFF), and (d) 15 MV. The TOPAS simulation used a total of 4 x 108 histories.

Table 2. MC-TOPAS dose to medium scored over the full volume of the scintillator compared with that scored over the same volume in
water. Please note that the tabulated energy correction factors apply only for standard reference conditions, i.e. the OFD is positioned at
a depth of the respective d 0 and the SSD = 100 cm.

Energy (MV) Dosewat (Gy) Dose scin (Gy) Correction Factor
6 1.00 +0.09 1.174+0.19 0.85
6 (FFF) 1.00£0.13 1.104+0.10 0.91
10 (FFF) 1.00£0.09 1.06 £0.10 0.94
15 1.00+0.14 1.0340.13 0.97

using a Farmer ionisation chamber connected to a Unidose electrometer (PTW, Germany), as well as,
simulated using the treatment planning system (TPS). The response of each detection method was then
normalised to that at SSD = 100 cm for direct comparison between each method as shown in figure 7. As
expected, both the ionisation chamber and TPS show that the dose decreases as the inverse square of the
distance. However, this relationship is not observed for the OFD, with the detector under-responding for
SSDs below 100 cm, i.e. at higher dose-per-pulses, and over-responding above 100 cm, i.e. at lower
dose-per-pulses. At SSD =70 cm, the percentage difference between the OFD and TPS was 34%, and at SSD
=130 cm, the percentage difference was 20%.

Given the magnitude of this dose-per-pulse dependence, further investigation was carried out at all beam
energies. However, for this test, the number of monitor units was scaled using the inverse square law so that
the effective dose delivered at the point of measurement for each SSD was always equal to 1 Gy. Each
measurement was repeated 3 times and the average and standard deviation were taken as the final value and
error respectively as shown in figure 8.

For all the measurements shown until now, the gate time of the OFD detection system was 100 ms and
therefore always acquired data at a rate slower than the PRF of the linac. To check how the gate time may
impact the OFD response, three other gate times were investigated and the same plan of 100 MU, at a dose
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Figure 7. Dose-per-pulse dependence of the OFD system in comparison to the Farmer ionisation chamber and treatment
planning system.
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Figure 8. Integrated intensity, representing dose, versus dose-per-pulse for each beam energy. Each data point represents the
response of the OFD to a total dose of 1 Gy.

rate of 400 MU/min for the 10 MV (FFF) beam was delivered, as shown in figure 9. The investigated
sampling rates of the detector were 10, 20, 100 and 500 Hz, whilst the PRF of the linac is operating at 60 Hz.
Whilst the detection system should be capable of operating at sampling rates greater than 500 Hz, it was not
possible to go beyond this limit due to software limitations. From figure 9(b), it can be seen that when the
detector is sampling at a quicker rate than the pulses are being fired (i.e. for 2 and 10 ms), individual peaks
can be seen. The FWHM of these peaks is equal to the respective gate times of 2 and 10 ms, and the distance
between two consecutive peaks is approximately equal to 16.7 ms (i.e. 60 Hz as expected). Due to the FWHM
being equal to the respective gate time, the peaks should not be mistaken as being representative of the
individual linac pulses. The oscillating features of the signal response at 2 ms are due to the data acquisition
not being synchronised with the pulses and it is evident that a pulse is completely missed every 5 — 6 pulses.
A triggering system is necessary to synchronise the linac pulses with the detector acquisition, however, this
was not possible for the detection system used in this study. To compare the different sampling rates, the
integrated intensity for each gate time was calculated and averaged giving (5.93 4+ 0.15) x 10° counts,
corresponding to a COV of 2.57%. As this COV is quite small, it is reasonable to assume that the gate time is
not the cause of the dose-per-pulse dependence.
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Figure 9. Measured intensity as a function of time repeated for four different detector gate times, with (a) showing the full
beam-on delivery, and (b) showing a zoomed-in period of this of 0.4 seconds. (E = 10 MV (FFF), MU = 100, DR =
400 MU/min.).

4. Discussion

This study aimed to investigate the dosimetric performance of a novel OFD for use in external beam
radiotherapy. The OFD’s performance was evaluated by its repeatability, dose dependence and dose rate
dependence, which were all satisfactory. However, the OFD exhibited an energy dependence due to both an
absorbed dose energy dependence and an intrinsic energy dependence. Whilst an absorbed dose dependence
does contribute to the differences observed in the integrated intensity at each energy, the main reason for
these differences is due to the intrinsic energy dependence. The experimental results indicate that the
response registered by the OFD is highly dependent on the dose-per-pulse of the linac, which is what we then
identify as an ‘intrinsic energy dependence’. This behaviour in response is highlighted in figures 7 and 8 and
is most likely due to the photodetector, i.e. the SiPMs. A study conducted by Chen, et al (2019) investigated
the performance of a Multi-Pixel Photon Counter (MPPC) when exposed to high-intensity LED light pulses
designed to mimic typical x-rays produced by a Linac. By monitoring the signal traces via an oscilloscope,
this study found that these high-intensity light pulses caused saturation and distortion in the MPPC signal
when its analogue output voltage approached a critical value of 3 V. Ideally, the analogue output voltage of
the SiPMs should therefore be monitored during irradiation exposure once a critical voltage threshold has
been deduced. A different study using an MPPC photodetector identified a similar relationship to that seen
in figure 7 for an optical fibre with a Gd,0,S:Tb scintillator (Alharbi et al 2018). Their results showed that at
a SSD = 70 cm, the percentage under-response was 27%, and at SSD = 130 cm, the percentage over-response
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was 7% when compared to the dose-per-pulse independent W1 scintillator. However, by replacing the
photodetector and instead using a spectrometer to monitor the fibre’s light yield, the dose-per-pulse
dependence of the Gd,0,S:Tb scintillator was no longer apparent, with the largest percentage deviation being
reduced to 1.2% (Alharbi 2020). Since the operational design and sensitivity of an MPPC photodetector is
very similar to a SiPM photodetector, it is reasonable to assume that this is the root cause of the over- and
under-response observed in figure 7. However, another possible explanation could be due to the nature of
the scintillation process of the inorganic scintillator such as the electron—hole pair generation and collection.
For example, charge recombination and trapping/detrapping of charge carriers may be dependent on the
dose-per-pulse. Other studies have identified similar behaviour in response using microDiamond detectors
in high dose per pulse beams (Brualla-Gonzalez et al 2015) and kV photon beams (Kaveckyte et al 2020). The
physics of the scintillation process in inorganic scintillators is incredibly complex (Bizarri 2010) and a
detailed model of the absorption, energy migration and relaxation/emission of the scintillator used in this
work would be necessary to make any correlations and is thus beyond the scope of this work.

It can be concluded from figure 8 that the response of the OFD system is not ideal due to the detector
yielding a different integrated intensity depending on the magnitude of the dose-per-pulse, even though the
total dose delivered remained at 1 Gy. The typical dose-per-pulses of the linac likely results in saturation and
distortion, particularly at the highest dose-per-pulses, inducing undesired differences in the signal’s response,
as seen in other studies (Alharbi et al 2018, Chen, et al 2019, Alharbi 2020). Whilst correction factors can in
principle be applied to correct for the dose-per-pulse dependence, it is not always practical and becomes
more difficult if performing dosimetry in more complex phantom geometries/materials such as the anatomy
of a patient. One possible solution to remove or reduce this dependence could be to tailor the changeable
settings of the SiPM such as gain or bias voltage. This would involve carrying out a detailed characterisation
of the SiPMs analogue output voltage to varying dose-per-pulses and identifying if there is a critical value at
which saturation/distortion occurs and adjusting the settings to prevent going over this threshold during
linac exposures. However, the outcome of this could also be that this detection method is just not suitable for
the pulsed radiation beam produced by the linac. In which case, a new detection method could be adopted
instead such as using a spectrometer. However, a scintillator with a smaller decay time and a triggering system
for synchronising the data acquisition with the linac pulses should be prioritised also. From figure 8, it can
also be concluded that the OFDs do not experience any PRF dependence. For example, the dose-per-pulse
under standard conditions at an energy of 15 MV is approximately equal to the dose-per-pulse at an SSD of
70 cm for the 6 MV beam. The pulse repetition frequencies in this case are 120 and 240 Hz respectively, with
their measured integrated intensity differing by less than 1.5%. This small percentage difference is reassuring
as the sampling rate of the detector operated at 10 Hz for all measurements.

The results presented in this work show that for the current status of the OFD, it is not an ideal candidate
for dosimetry during external beam radiotherapy where a Linac delivers a pulsed beam.

5. Conclusion

This work evaluated the dosimetric performance of an OFD for use in external beam radiotherapy. The
response of the dosimeter showed excellent short-term repeatability represented by a very small coefficient of
variation of 0.3%. The response also demonstrated linearity with increasing dose in the explored interval of
1 — 8 Gy, producing a R* > 0.9997 for all Linac beam energies. By testing all available dose rates for each
beam energy of the Linac, a minor dose rate dependence was identified of 0.96%, 2.44%, 2.49%, and 0.53%,
for 6, 6 (FFF), 10 (FFF) and 15 MV respectively. MC-Topas simulations revealed the optical fibre dosimeter
to have an absorbed dose energy dependence due to the scintillator being non-water-equivalent. The dose to
scintillator compared with the dose to water was higher for all beam energies with relative increases of
17.03%, 9.51%, 6.23% and 3.06% for 6, 6 (FFF), 10 (FFF) and 15 MV respectively. A dose-per-pulse
dependence was also identified experimentally which when compared with dosimetry measurements made
with an ionisation chamber and simulated using the treatment planning system an over-response of 20% was
found at the lowest investigated dose-per-pulse, and an under-response of 34% was found at the highest
investigated dose-per-pulse for the 15 MV beam. Further measurements made at all beam energies whereby a
fixed dose of 1 Gy at different dose-per-pulses was delivered showed that the integrated intensity depends on
the magnitude of the dose-per-pulse, even though the total dose delivered remained at 1 Gy. This is believed
to be due to an intrinsic energy dependence from either the detection system or scintillation mechanism of
the OFD. As a consequence, defining correction factors for the OFD is challenging and would become
increasingly difficult for complex phantom geometries and materials. Therefore, the OFD is not an ideal
candidate for external beam radiotherapy dosimetry.
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