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Abstract: Phosphorous-doped silica optical fibres with a core diameter of 4 pum were tested in X-ray
and proton fields for application in cancer therapy dosimetry. Specifically, the radiation-induced
attenuation was investigated in terms of linearity in deposited dose in 15 MV and 6 MV photons
and 74 MeV protons, as well as Bragg-peak detection along the proton track. Fibres were found to
demonstrate linear relative dose response in both radiation modalities, but possible saturation did
occur at the high linear energy transfer of the Bragg peak. This demonstrates the possibility to use
these fibres as a relative dosimeter for radiation therapy applications.
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1. Introduction

As cancer is one of the leading causes of death in developed countries, more and
more cancer patients are receiving radiation therapy. Radiotherapy, either alone or in
combination with other treatment modalities, requires delivery of the prescribed dose
safely and effectively with minimal safety margins, which co-irradiate healthy tissue.
Advancement in absolute and relative dosimetry hinges on novel detector solutions to
measure the delivered dose in real-time with sufficient spatial resolution for steep radiation
field fall-offs and small treatment fields. A dosimeter should be independent of dose rate,
beam energy and linear in dose. Ideally, it should also be unaffected by large temperature
changes and the presence of an electromagnetic field. The possibility to measure the dose in-
vivo during the treatment will allow the direct monitoring of the treatment and intervention
in real-time should the delivered dose field significantly differ from the prescribed, further
improving treatment outcome and possibly enabling the delivery of larger doses to the
tumour. All these aspects could significantly contribute to increasing the therapeutic index
of the treatment.

To date, several materials have been explored and various mechanisms have been
used for real-time in-vivo dosimetry in which optical fibres (OFs) have played a promising
role. The interaction of ionizing radiation with different OF materials differs depending
on the microscopic nature of the material and extensive research has been conducted to
associate the structural properties of OFs to the response during radiation [1]. In the past,
special interest was placed on radiation hardened OFs because of their application in fibre
amplifiers and fibre systems for communication in space systems [2-5].

Ionizing radiation interacts with silica material to generate radiation induced attenua-
tion (RIA), radiation induced emission (RIE), or radiation induced refractive index change
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(RIRIC). RIRIC is the generation of a point defect from the absorption of ionizing radiation
and can be described by Kramer’s-Kronig relation [6]; RIE is the radioluminescence gen-
erated in the fibre itself and is made up of fluorescence, phosphorescence and Cerenkov
emissions [7,8].

RIA is the loss in the transmission of light signal in the fibre from the degradation of the
fibre due to the formation of colour centres in the silica network. These colour centres are
formed from the release of electrons leaving holes trapped as defects in the silica network
to form other networks, or by the dissociation of electrons and holes from their network
to form new defect sites [9]. The formation of these colour centres is dependent on the
radiation dose, dose rate, the type of radiation, the dopant in the material, manufacturing
conditions and ambient temperature during irradiation [10].

The presence of phosphorus in an OF optimises the refractive index profile and is
often used to modify the viscosity of the cladding and core of the OF. Phosphorous is
often used together with aluminium to prevent clustering of rare-earth dopants in the
silica network and it makes the fibre more sensitive to radiation [10-12]. Four distinct
intrinsic paramagnetic defect sites Py, P, P3 and POHC are associated with the presence
of phosphorus in a glass material [13]. RIA is the predominant effect from the interaction
of phosphorus-doped silica fibres with ionizing radiation and it has been shown that
the sensitivity of P-doped silica fibres to ionizing radiation could make them a viable
radiation dosimeter for both high and low energy radiation as well as in neutron, X-ray
and high-energy proton irradiations [14-20].

Many studies have shown the viability of doped silica fibres for characterizing proton
energy deposition as a function of water depth using radiation-induced luminescence
(RIL), with dopants providing luminescent centres and light production being the notable
signal source (see e.g., [21]). The primary difficulty in using RIL for proton detection,
however, is the accurate expression of the Bragg peak, the area of highest dose deposition
(or highest linear energy transfer (LET)) being the most difficult to detect. The difficulty
arises from the saturation of scintillating elements causing under response in the Bragg
peak region [22-24]. This leads to an energy dependence of the OF response in proton fields,
an undesirable property which makes clinical implementation difficult. The advantage of
RIA in OF is that it is dependent on the signal losses during irradiation and can be extended
for distributed sensing using the effect of the RIA on Rayleigh scattering at appropriate
wavelengths [25,26].

This study aims to use a 4 um diameter phosphorus-doped silica fibre to exploit
its radiation sensitive properties for relative dosimetry. An initial investigation into the
possibility of using the RIA in clinical photon irradiations is presented in this work, along
with the possibility of using the RIA to accurately characterize the Bragg peak in a clinical
proton beam.

2. Materials and Methods
2.1. INO Fibre Sample

The fibre tested for RIA was a 3 m long sections of 4 um core diameter phosphorus-
doped silica fibre made by Institut National Optique (INO), Quebec, Canada. The extremely
fine fibre is further clad to 125 um and coated to a total diameter of 250 um. The fibre
has an intrinsic attenuation of 5.7 dB/km at 1064 nm and is typically employed in Raman
spectroscopy applications. In addition, the fibre was jacketed for further mechanical
protection and ambient light elimination using Thorlabs black furcation tubing (FTO20-BK)
which has an outer diameter of 2.0 mm. It was terminated at both ends using SMA905
connectors and polished. Separate fibres were used for each energy spectrum in the X-ray
beam and a single fibre was used for all positions in the proton beam test. The general
setup of the measurement of the RIA from the proton and X-ray irradiation is shown in
Figure 1 below.
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Figure 1. Setup of the experiment.

2.2. X-ray Irradiation

The X-ray experiment was conducted at an active clinical facility, the Galway Clinic,
Galway, Ireland, with a Siemens Artiste linear accelerator (Linac). The INO OF was placed
at a source to surface distance (55D) of 100 cm and measurements were performed for two
clinically relevant X-ray beam energies (6 MV and 15 MV) at a field size of 20 cm x 20 cm
with a flattening filter. Fifty cm of the fibre was arranged in a loop, on top of a 10 cm thick
water equivalent material to ensure full back-scattering conditions, as shown in Figure 2b.
One end of the fibre was connected to an Ocean Optics LS-1 series Tungsten-Halogen light
source (wavelength range 360-2000 nm) and the other to an extension OF composed of a
100 um core custom glass fibre FG105UCA from Thorlabs with an excellent transmission
between 200 nm to 1200 nm. The 20 m extension transmitted light from the source to an
Ocean optics HDX spectrometer.

(b)

Figure 2. (a) setup of the fibre loop in the water box for proton radiation (b) setup of the fibre loop
on a water equivalent material for X-ray radiation.

Six MV radiation was delivered at a rate of 300 MU /min (monitor units/min) with a
total of 1000 MU delivered to the fibre at room temperature; 15 MV radiation was delivered
at a rate of 500 MU/min to a total of 1000 MU: at depth dmax, 1 MU corresponds to 1 cGy.
Dmax occurs at different depths in water for different energies at a distance 100 cm from
the source, The dose delivered was estimated using a clinical treatment planning system
on the surface of the water phantom: 3.7 Gy at 6 MV and 2.2 Gy at 15 MV.
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2.3. Proton Irradiation

RIA tests were conducted at the TRIUMF Proton Therapy Research Facility on the
74 MeV beam from beamline 2C1, the beamline previously used for clinical treatment
of ocular melanomas at TRIUMF (1995-2019) [27]. The beam was collimated to 25 mm
diameter at the end of the treatment nozzle, and the dose delivered was monitored with
a parallel-plate ionization chamber installed upstream of the nozzle, which measures the
charge from the ionization in units of monitor counts (MC). The actual conversion into
dose is dependent on the energy of the proton beam at each measurement position.

One end of the INO OF was coupled to an ocean insight tungsten-halogen light
source (HL-2000-LL) and the other end was coupled to a 15 m length of 1 mm diameter
poly-methyl-methacrylate (PMMA) OF to transport the light from the shielded irradiation
area to the control room. In the control room, the signal was recorded by a spectrometer
(Spectral Products SN OM0P5439-EU) with an integration time of 250 ps for the duration
of the irradiation, which lasted typically around 3.05 min.

A portion of the 3 m P-doped OF was fixed in a drop-shaped loop, where 5 cm of fibre
would be irradiated; the loop was attached to an acrylic rod which was stepped axially
through a water phantom set in a 3-D scanning stage (Figure 2a). The OF was aligned
laterally with a laser. The water phantom has a 1 mm thick solid-water entrance window.
Irradiations were carried out at several positions after the window from a maximum
depth at the Bragg peak (the area of highest LET) to the entrance (36.3, 34.8, 32.4, 30.0,
27.7,23.7,15.8, 7.9 and 0 mm) the fibre was irradiated with a beam current of 6 nA for
a duration of 400,000 MC each. At the Bragg peak, the conversion from MC to dose is
~140 cGy /10,000 MC. We estimate that due to the fine size of the fibre, that position 36.5 mm
and 34.9 mm straddled the actual Bragg peak. The doses at the specific positions have been
scaled from the maximum at the Bragg peak according to the dose deposition as measured
with a Marcus chamber (a parallel-plate ionization chamber that is widely used for proton
therapy dosimetry). After the initial progression from the Bragg peak to the phantom
entrance window, the fibre was returned to position 36.5 mm for single, final irradiation
for comparison to the first Bragg peak measurement.

2.4. Data Analysis

The standard relation used to compute the RIA is the modified Beer-Lambert law of
absorption which shows the direct relationship between the attenuation coefficient and
power losses per unit length (Equation (1)). Taken into consideration are the change in
intensity at specific wavelength at specific time and the length of the fibre: this equation
is a good representation of the overall changes in the fibre without considering other
microscopic changes.

10 It (A, 1)
RIA(dB) = ——1 1
where L is the length of the irradiated fibre, IT(A, t) is the intensity count measured at
end of the irradiated fibre during the irradiation and [;(A) is the initial intensity count
measured just before the fibre was irradiated.

3. Results
3.1. X-ray RIA Results—6 MV

In 6 MV X-rays, the observed trend in RIA in the INO OF is a linear increase with
dose within the range of the delivered dose: the fibre showed a linear behaviour at all
the selected wavelengths as shown in Figure 3b. Wavelengths selected are points along
the spectrum with good signal to noise ratio. The sensitivity (linear regression of the RIA
with dose) of the selected wavelength increases as the wavelength tends towards the UV
as shown in Figure 3b with values as high as 10.10 x 1073 dB/m/MU at 480 nm and
as low as 1.48 x 1073 dB/m/MU at 650 nm as shown in Table 1 below. The spectrum
of the transmitted light through the OF before and after the X-ray radiation is shown in
Figure 3a while the increase of RIA with increasing MU is shown in Figure 3b, the RIA was
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smoothened with a Savitzky-Golay filter [28] with a polynomial order of 1 and a frame
length of 9.

%10%

6 T T T 10 T
spectrum before radiation — 480 nm
spectrum after radiati: - 530 nm
5F ‘LY 1 g | |[——813nm
1
TR 650 nm
4 V o\
2 ) _E_ 6
2 | g
s® =
c ot
£ oy, x 4r
2 I “‘\ P
PN
2t
1 L
0" - 0=
400 500 600 700 800 900 4] 200 400 600 800 1000
Wavelength [nm] MU
(a) (b)

Figure 3. (a) Wavelength spectrum before and after radiation. (b) Dependence of the RIA on MU for
6 MV X-ray radiation.

Table 1. Sensitivity of INO fibre at selected wavelengths for fibre irradiated with X-ray beam energy
of 6 MV (dB/m/MU) and the estimated dose at 6 MV (dB/m/Gy) spectra.

Sensitivity at 6 MV
e s -3 y
Wavelength (nm) Sensitivity at 6 MV (dB/m/MU) x 10 (dB/m/Gy)

480 10.10 2.7563

530 9.06 24725

613 3.87 1.0559

650 148 0.4044

3.2. X-ray RIA Results—15 MV

Figure 4a shows the RIA of the INO OF with dose from the irradiation of the OF with
flattened filtered X-ray beam of 15 MV energy to a total dose of 1000 MU (2.2 Gy); for
the selected values as shown in Table 2, sensitivity is as high as 8.08 x 1073 dB/m/MU
at 480 nm and as low as 0.061 x 1073 dB/m/MU at 650 nm. The sensitivities across all
the exposed wavelengths for both 6 MV and 15 MV in dB/m/MU with an inset of the
conversion to dB/m/Gy are shown in Figure 4b.
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Figure 4. (a) Dependence of the RIA on dose (MU) for 15 MV X-ray radiation. (b) Sensitivity of the
fibre across wavelengths for 6 MV and 15 MV radiation for 1000 MU with inset showing the graph of
the conversion to the estimated dose delivered at 100 cm from the source.
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Table 2. Sensitivity of INO fibre at selected wavelengths for fibre irradiated with X-ray beam energy
of 15 MV and the estimated dose at 15 MV spectra.

Sensitivity at 15 MV
sge s -3 Yy
Wavelength (nm) Sensitivity at 15 MV (dB/m/MU) x 10 (dB/m/Gy)

480 8.08 3.6945

530 6.88 3.1422

613 2.72 1.2441

650 0.61 0.2793

3.3. Proton RIA Results

Figure 5a shows the initial spectrum within the visible wavelength measured by the
spectrometer before the commencement of proton irradiation, and the spectrum measured
at the end of the first proton irradiation at the first Bragg peak position. The intensity
difference before and after the irradiation is more pronounced in the wavelength range of
400 nm to 600 nm. The intensity spectrum in Figure 5a differs from the intensity spectrum
of the X-ray beam in Figure 3a due to different light sources and extension fibres: in proton
measurements, a PMMA fibre was used, while in X-ray measurements a FG 105 UCA (silica)
fibre was used, the differing transmission fibre materials have different intrinsic attenuation.
The difference in the extension fibre does not affect RIA measurement, however: RIA is
dependent on the intensity before irradiation and the change in intensity during irradiation
as stated in Equation (1).

%10%

= spectrum before radiation
spectrum after radiation

Intensity
RIA (dB/m)

4 ] M 1
et Ny

Lr\"l

2
350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

(@) (b)

Figure 5. (a) Wavelength spectrum before and after radiation in the Bragg peak. (b) Dependence of
the RIA on MC.

Using Equation (1) to calculate the change in intensity, the growth of the RIA in the fi-
bre is shown to be linear. The slopes of the fit lines for selected wavelengths, (see Figure 5b)
indicate sensitivities at selected wavelengths as shown in Table 3 below, the RIA was
smoothened with a Savitzky-Golay filter [28] with a polynomial order of 1 and a frame
length of 9.

Table 3. Sensitivity of INO fibre at Bragg wavelength for fibre irradiated with proton beam.

Sensitivity at Bragg Peak Sensitivity at Bragg Peak
Wavelength(nm) (dB/m/MC) x 10 * (dB/m/Gy)
528 1.4166 1.2011
573 1.1491 0.9842
652 0.2741 0.2324
680 0.1241 0.1053

After the initial irradiation in the Bragg peak, the fibre was then stepped back from the
Bragg peak to the entrance (position 0) of the water phantom and the RIA was measured at



Sensors 2021, 21, 5157

7 of 11

each position. The overall RIA across all wavelengths in the fibre reduces in magnitude
as the fibre moves towards the entrance, see Figure 6a. Again, the sensitivities across
all wavelengths were computed by fitting a linear fit across all wavelengths with slope
representing the sensitivity as shown in Figure 5b. The sensitivity is highest at the Bragg
peak and decreases as the fibre is positioned closer and closer to the entrance window
(see Figure 6b) indicating a strong dependence on energy with a larger RIA in the area of
higher LET, as expected. The sensitivity is expressed in dB/m/MC as it is the metric that
unites the duration of irradiation at each position: the dose delivered per MC differs at
each position as shown in Table 4. The dose at the Bragg peak is well known, and estimates
at other positions are scaled as per characterization by the Markus chamber.

%10

Sensitivity (dB/m/MC})
Sensitivity (dB/m/MC)

2
350 400 450 500 550 600 650 700 750 Wavelength (nm) 400 0 Position (mm)
Wavelength (nm)
(a) (b)

Figure 6. (a) 2D view of fibre sensitivity with wavelength at various positions along the proton track;
(b) 3D view of fibre sensitivity with wavelength at different water depths showing the typical shape
of the Bragg peak.

Table 4. Estimated dose conversion for the proton spectra for 10,000 MC to cGy at each position
(characterization from the Markus chamber).

Position (mm) 363 348 324 300 277 237 15.8 79 0
Dose (cGy/10,000 MC) 1179 1133 75.1 620 548 479 418 390 374

Figure 7a shows the evolution of sensitivity dependence as the fibre was moved
along the proton track; the sensitivity was normalized to the sensitivity at the entrance
dose i.e., position 0 mm, and compared to the Markus chamber measurement of the energy
deposition. To determine if an over or under-response is occurring in a sensor in the high
LET area of the Bragg peak, the peak signal is typically compared to the entrance signal
and the ratio between the two is compared to the Markus chamber standard. In the case of
the INO OF, the peak-to-entrance ratio is wavelength dependent with roughly 14 at 480 nm
down to 3.8 at 652 nm. The Markus chamber peak-to-entrance ratio at the TRIUMF proton
therapy research facility is 3.8.

Figure 7b shows the accumulation of RIA at selected wavelengths at all positions
measured with an inset showing the initial Bragg peak measurement at position 36.5 mm
as well as the single final measurement at the same position. A saturation effect due to the
deposited dose over the course of the measurements is observed.
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Figure 7. (a) Bragg peak detected in the water phantom by the RIA as measured with the INO OF at
selected wavelengths. (b) RIA from accumulation of dose converted to Gy from Table 4 at selected
wavelength where grid lines (position (mm)) indicate estimated delivered dose at that position; inset
graph shows the comparison of sensitivity measured at 36.5 mm at the start of all proton irradiation
(red) and afterwards (black).

4. Discussion
4.1. Dose Dependence

An important criterion for a dosimeter is the linear increase in measured dose as the
delivered dose is increased. At both X-ray energies, the RIA was found to increase linearly
with dose. A linear increase with dose was also found for each position along the beam
track for proton irradiations.

The linear behaviour recorded for the proton and both photon beams is in accor-
dance with previous reports on the linear behaviours of phosphorus-doped fibres with
dose [15,29]. Results from previously reported electron spin resonance (ESR) and absorp-
tion measurement of phosphorus-doped glass stated that the high sensitivity of the fibre
can be associated with the generation of two forms of phosphorus-oxygen hole centres
which are both metastable and stable in the visible wavelengths [1,13,29,30].

4.2. Energy Dependence

The INO OF shows an energy dependence in the high (LET) region of the Bragg peak
for protons as well as between the 6 and 15 MV X-ray beams. The sensitivities measured
for the fibre at 6 MV and 15 MV in dB/m /MU differs (Figure 4b), where 6 MV indicates
a higher sensitivity based on MU delivered which is to be expected based on relative
depths of dmax in clinical photon beams [31]. A reversal in the sensitivity comparison
was observed after conversion from MU to dose in Gy (dB/m/Gy) (Figure 4b inset or
Tables 1 and 2). At the photon energies considered in this work, Compton scattering
is the dominant interaction process. For Compton interactions, as the photon energy
increases, so too does the proportion of the incoming photon energy transferred to the
Compton electrons, resulting in greater energy absorption in the fibre material [32]. This
characteristic of the Compton interaction process may go some way towards explaining
the results presented in this work (i.e., the greater observed sensitivity, in dB/m/Gy, for
15 MV compared to 6 MV).

In the proton beam the large variation in the relative sensitivity at different wave-
lengths in the Bragg peak position is higher (Figure 7a) because the production of defect
sites of OFs tends to saturate or “quench”. In this experiment, a deviation from linearity
in RIA was observed as the INO OF moved towards the entrance of the water phantom.
This could possibly be due to accumulated depletion of the defect sites over the course
of the previous irradiations. While the saturation effect of the depletion occurred at all
wavelengths, as wavelength increased, the overall saturation effect was lower because
of the lower sensitivity (i.e., lower RIA) (Figure 7b). This explains why the discrepancy
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between the Markus chamber peak-to-entrance ratio and the higher wavelength of 653 nm
was smaller (Figure 7a) and is consistent with the depletion hypothesis, as the depletion of
the colour centre across all positions is lower at this wavelength, see Figure 7b.

5. Conclusions

In this work, the effect of low doses of X-ray and proton radiation on phosphorus-
doped fibres from INO was investigated for possible use in dosimetry applications. The
study indicates the radiation-induced alteration in glass properties results in RIA for all
different particles and energies tested as expected based on known interactions of particles
with matter [33-36]. The RIA in the fibre for both the proton and X-ray beam is linear
within the dose delivered. Overresponse of the fibre in the Bragg peak of the proton
beam suggests the fibre is too sensitive for long irradiations at high LET, especially for
wavelengths with higher sensitivity because of the saturation effect; wavelengths with
lower sensitivity are better suited for dosimetry applications. These fibres show promise
for low dose applications and merit further study at such doses.
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