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010000

ABSTRACT

Enhanced Rayleigh backscattering optical fibers, interrogated by an optical frequency domain reflectometer,
are used to perform remote real-time measurements of X-ray irradiation profiles, with possible application as
dosimeters in radiotherapy treatments. The enhanced Rayleigh backscattering is obtained by proper engineering
of the composition of fiber core, either by introduction of Aluminum or Magnesium silicate nanoparticles as
radiation-sensitive dopants. A detectable radiation-induced refractive index change can be spatially resolved
through the measurement of the frequency shift of the Rayleigh backscattering along the fiber. It is experimentally
demonstrated that two mechanisms of radiation-induced refractive index change take place. At doses nearly
compatible with those delivered in radiotherapy, a negative refractive index is induced, whereas at high doses
the change is positive. This behavior is also confirmed by the shift of Bragg wavelength of a fiber Bragg grating
inscribed in the nanoparticles-doped fiber and used as a reference.

Keywords: Optical fiber sensors, Radiation monitoring, Radiation dosage, Ionizing radiation sensors

1. INTRODUCTION

Medical applications of ionizing radiations are the subject of a number of research lines that range from diag-
nosis to therapy and often require a precise measurement of the radiation dose. Furthermore, medical protocols
related to exposure to ionizing radiation involve an accurate dose monitoring for the safety of the patient as well
as the medical staff. Besides the applied dose rate and the total dose delivered, a key parameter is the radiation
distribution in the target volume. Hand-held detectors cannot perform such a measurement in-situ and in real
time. GafChromic (GaF) films' or gel-based nano-sensors? allow to measure the dose and its spatial distribution.
However, these two sensors are not suitable for continuous and real-time dose measurements® and they may be
tricky to be positioned in the target area.

A possible and interesting solution for in-situ, real-time dose profiling is represented by optical fibers used as
radiation sensors, thanks to their features: minimal invasiveness, remote interrogation, electromagnetic insen-
sitivity and passive operation (i.e. absence of electrical currents). The exposure of an optical fiber to ionizing
radiations causes the Radiation Induced Attenuation (RIA) that is, a local increment of the propagation loss in
the exposed length. With this effect, it is possible to measure the loss distribution along the length of the fiber
which is then related to the profile of the radiation intensity. Another possible physical modification due to ra-
diation is a radiation-induced refractive index change (RIRIC) of the core-cladding structure. Standard telecom
optical fibers are devised to undergo harsh environments and usually designed to have low sensitivity to ionizing
radiation. Special radiation-resistant fibers are also commercialized, which can tollerate doses up to MGy with
acceptable RIA. RIRIC is normally not taken into account because it does not impair the communication and its
behavior is not reported in datasheets. Therefore, optical fiber dosimetry requires the development of specially
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designed fibers, namely enhanced backscattering fibers (EBFs), that exhibit enough sensitivity to radiation in
the form of RIA or RIRIC (other effects such as radiation-induced luminescence or thermoluminescence® are not
considered in this work).

In optical communications, the measurement propagation loss along an optical fiber, stemming from a num-
ber of causes (Rayleigh scattering, intrinsic defects in the glass matrix, physical damages, spectral loss due to
absorption of some dopant or impurity etc.), can be performed by optical time domain reflectometry (OTDR).
OTDR exploits the principle of radar, with that it measures the backscattering signal from a laser pulse travelling
along the fiber. The backscattered signal, according to its power level and received time, yields the information
about the localized propagation loss or the strength of any lumped defect along the fiber, as well as its position.
OTDRs have been employed for the detection of long-range gamma-rays® and to evaluate the RIA of different
optical fibers in physics experiments.® OTDR technique is not suitable for radiation dosimetry in biomedical
applications because of a number of limitations e.g. the so-called dead zone (the reflectometer cannot detect any
signals in the first meters of the fiber), the insufficient meter-size spatial resolution and the inadequate sensitivity
for the detection of low levels of RIA.

Optical Frequency Domain Reflectometry (OFDR),” based on the optical schematic of Fig. 1, can overcome some
of these limits and, besides RIA, it also give information about RIRIC.

Fiber Under Test
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Figure 1. Schematic representation of the OFDR principle of operation. The intensity I measured by the detector contains
information about the Radiation-Induced Refractive Index Change (RIRIC) and the Radiation-Induced Attenuation (RIA)
along the fiber under test. |Eo(t)|? is the intensity provided by the tunable laser and p(w) the spectral response of the
device (in this case a fiber) under test; w is related to the current wavelength of the swept laser and ¢ and 7 are the time
and time delay of the observation. By performing autocorrelation and subsequent Fourier transform of I it is possible to
evaluate RIA and RIRIC along the fiber.

The basic structure of an OFDR instrument consists of a swept wavelength laser, a modified Mach-Zender

interferometer and two photodetectors. One arm of the interferometer has fixed length and works as reference,
whereas the other is connected to the fiber under test. The interference obtained from the combination of
backscattered light from the fiber under test and the reference arm signal brings information about the reflective
events in term of magnitude and position, with a spatial resolution of fraction of millimeters. Unlike conventional
interferometry, where the spatial information is retrieved by changing the length of the reference arm, here the
changing parameter is the wavelength of the source. Multiple wavelength sweeps are performed in order to
improve the quality of the backscattering signal. From a Fourier transform of the acquired data, it is possible to
obtain an OTDR-like trace with sub-mm resolution and no dead zone. OFDR can also be used to characterise
waveguide and fiber components such as fiber Bragg gratings (FBG) and monitor their evolution when they are
used as sensors.
The present work reports on the investigations of X-ray exposure of two types of EBF, relying on Aluminium
doping and Magnesium nanoparticles doping, respectively. The propagation loss profile of these fibers is acquired
through OFDR and processed in order to find a correlation between RIRIC and radiation dose. The change of
refractive index due to radiation is also investigated by exposing an FBG that has been previously recorded in
the Magnesium nanoparticles doped fiber by femtosecond laser writing. The FBG changes its Bragg wavelength
under X-ray exposure and can be used as a reference for RIRIC calculation. The present paper, extending the
work published by the same authors,® compares in details the behaviour of the two fiber types, highlighting two
different mechanisms on the RIRIC that take place at low and high dose.
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2. SETUP AND METHODS

The enhanced backscattering fibers (EBFs) are fabricated as described by Cognolato” and by Blanc!® in a two
steps procedure, consisting in the fabrication of a preform by Modified Chemical Vapour Deposition (MCVD)
followed by fiber drawing in a drawing tower. A solution-doping technique is applied to incorporate the dopants
(Aluminium or Magnesium) in the core that has been previously deposited at a reduced temperature to make
an unsintered porous soot. The formation of nanoparticles in the Magnesium doped fiber is caused by phase
separation at high temperature, as described by Blanc.!! The inscription of fiber Bragg gratings (FBGs), as
reference sensors for RIRIC evaluation, is performed by femtosecond laser direct writing. The periodic structure
is recorded through Point-by-Point (PbP) technique, by focusing pulses from a 515 nm laser (Carbide - Light
Conversion) into the fiber core using a 0.75 NA, 100x long working distance objective. The fiber is immersed in
index matching oil to reduce the aberration. The inscription pulse energy is around 200 nJ for a pulse duration
of 243 fs and 1kHz repetition rate. The fiber is translated under the laser beam at proper speed and a shutter
controls the laser exposure to produce the proper periodicity to record FBGs at wavelengths around 1550 nm.
The setup for characterisation of the EBFs, sketched in Fig. 2, includes the sensing fiber, the radiation chamber
for X-ray exposure and the optical frequency domain reflectometer (OBR4600 by Luna Technologies®'2). The
reflectometer produces an OTDR-like trace (backscattering power vs fiber position) with a spatial resolution
that can be as low as 10 pm, depending on the wavelength sweep performed by the tunable laser source, which
emits in the range 1520 nm—1630 nm. Not shown in Fig. 2, the setup also includes an FBG interrogator to track
the Bragg wavelength of the FBGs under exposure. The EBF under test is connected to either interrogator by a
standard single mode (SMF) pigtail with angled connector, to keep as low as possible spurious reflections. The
connection between EBF and SMF is performed with fusion splicing using a standard recipe for single mode
fiber splicing.

Radiation chamber

EBF

OBR -

Figure 2. Schematic representation of the measurement setup.

The acquisitions from the OFDR are automatically performed thanks to an on purpose-made Labview™

program that pushes the acquisition rate to the limit set by the parameters of the OFDR, which is set in ”sensing
mode”. In this configuration mode, a reference backscattering trace is acquired prior to exposure; the acquisitions
during X-ray radiation are then cross-correlated to the reference in order to calculate the spectral shift (expressed
in GHz or pm) that the backscattering signal has experienced due to local changes of refractive index along the
fiber. In sensing mode, three parameters influence the acquisition rate and the achievable spatial resolution,
namely the sensing range, the gage length and the sensor spacing. The fiber under test can be thought as a
cascade of Bragg gratings having a length equal to the gage length and separated by sensor spacing, whereas
the total length of the equivalent FBG array is represented by the sensing range. In the experiments hereby
reported the sensor spacing was set at the minimum of 0.16 mm, the gage length at 30 mm and the sensing range
at 1m, resulting in a delay of 10s between two consequent acquisitions. Faster acquisitions could be performed
by reducing the gage length, at a price of reduced sensitivity and increased delay between acquisitions. The fiber
under exposure is fastened on a support under the X-ray beam, so that the spectral shift can only be ascribed
to the effect of radiation, without any spurious effect of strain. Temperature variations are also considered
negligible in the constant-temperature lab environment. The delivered dose rate is controlled by changing both
the electric current supplied to the X-ray emitter and by changing the distance between the emitter and the fiber.
The distance from the emitter controls the illumination cone (sketched in Fig. 2), hence the length of the fiber
irradiated with X-rays. The fibers under test were exposed to high (about 700 Gy /min) and low (2 Gy/min) dose
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rates. The latter may be compatible with dose rates used in Flash-RT'? and thus represent a working condition
for real applications.

3. RESULTS AND DISCUSSION

The results hereby reported refer to two EBF's labeled M01 and R08. MO01 is doped with Magnesium nanopar-
ticles, while R0O8 is doped with Aluminum. Fig. 3 depicts the Rayleigh backscattering curve of MO1. The curve
exhibits two reflection peaks that correspond to the splicing with SMF28 pigtails. These may be due to slight
mismatch of both refractive index and dimension between M01 and SMF28. It can be observed that the level
of scattering is enhanced by about 30dB (from about —100dB to about —70dB) with respect to the SMF28
pigtails in which the fiber is sandwiched. Further, it can be noticed the high attenuation of the fiber, given the
high slope of the curve (about 10dB) over a length of 30 cm between the two positions 3.7 m and 4 m.
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Figure 3. Rayleigh backscattering of fiber M01 containing Magnesium nanoparticles. The two peaks correspond to the
splicing to standard SMF28 pigtails.

As a comparison, the fiber R08 with Aluminium doped core exhibits a much lower backscattering (around
—120dB) and negligible loss on a cm scale, as well as no reflective or loss effects at the splice with SMF28
pigtails. These features are observable in Fig. 4.
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Figure 4. Rayleigh backscattering of fiber RO8 doped with Aluminium. This fiber exhibits low propagation loss and perfect
matching to SMF28 pigtail, since there is not reflection or attenuation at the splice located at position around 3.5 m.
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The recorded spectral shifts at high dose rate as a function of position, reported in Fig. 5 and Fig. 6,
demonstrate that both are responsive to the exposure, with a higher spectral shift recorded for the Aluminium-
doped fiber ROS.

Spectral shift (GHz)

36 3.8 4.0
position (m)

Figure 5. Fiber R08 (Aluminium-doped): spectral shift vs position for exposure at 700 Gy/min. Exposure has been
performed at position about 3.8 m.
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Figure 6. Fiber M01 (Magnesium nanoparticles): spectral shift vs position for exposure at 700 Gy/min. Exposure has
occurred at position 3.7 m.

The evolution of the spectral shift is then reported in Fig. 7 and Fig. 8, where it is plotted as a function of
total delivered dose, showing a trend toward negative values with a higher and nearly linear slope for fiber R0O8
and a more abrupt change around 7000 Gy for fiber MO1.
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Figure 7. Fiber RO8 (Aluminium-doped): spectral shift vs dose, for exposure at 700 Gy/min.
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Figure 8. Fiber M01 (Magnesium nanoparticles): spectral shift vs dose, for exposure at 700 Gy /min.

A negative spectral shift corresponds to an equivalent positive change of the induced refractive index, i.e.
Af/f=—ANX= —An/n. Since the interrogation wavelengths of the OFDR are around 1570 nm (correspond-
ing to 190.951 THz ), it turns out that the RIRIC is in the order of 6e-6 for the fiber MO1. On the same fiber, a
Bragg grating was inscribed at 1537 nm with femtosecond laser, using the procedure previously described, and a
radiation-induced Bragg shift of 14 pm was recorded (cfr Fig. 9). The latter corresponds to a change of effective
refractive index of about 9e-6, which is in reasonable agreement with the OFDR measurement. The physical
mechanisms behind the measured spectral shift in the pristine M01 fiber and the Bragg shift of the photo-written
FBG under X-ray exposure may also be different, but the rationale of this experiment is mainly to confirm that
the fiber has some sensitivity to radiation and to confirm the possibility to perform distributed sensing with the
OFDR or quasi-distributed sensing with standard FBGs.
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Figure 9. Bragg wavelength shift of a FBG inscribed in Fiber M01 (Magnesium nanoparticles) and exposed at 700 Gy /min.
The inset depicts the spectrum of the FBG prior to exposure with an arrow indicating the versus of the shift.

Exposures at low dose rate of 2 Gy /min yield an opposite change of refractive index, as it can be observed in
Fig. 10 and 11. A spectral shift up to 1 GHz is observed for the Aluminium-doped fiber R08 when the total dose
reaches about 7000 Gy. The Magnesium nanoparticles doped fiber M01 exhibits a shallow spectral shift, close
to the measurement noise.
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Figure 10. Fiber R08 (Aluminium-doped): spectral shift vs position for exposure at 2 Gy/min. Notice a positive evolution
of the spectral shift.
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Figure 11. Fiber M01 (Magnesium nanoparticles): spectral shift vs position for exposure at 2 Gy/min.

This becomes clear from Fig. 13 reporting the spectral shift as a function of the total dose delivered, where a
small increment of the spectral shift can be inferred by averaging the data before and after exposure, though a
clear trend is not displayed, since the measures exhibit a large variation due to the noise fluctuations during the
acquistion. Aluminium-doped fiber RO8 exhibits a higher sensitivity, as reported in Fig. 12, as well as a clear
dependence upon the total dose. However, also this measurement is affected by large fluctuations, as proved by
the large error bars.
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Figure 12. Fiber R0O8 (Aluminium-doped): spectral shift vs dose at dose rate of 2 Gy/min.
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Figure 13. Fiber M01 (Magnesium nanoparticles): spectral shift vs at dose rate of 2 Gy/min.

An interesting feature observable in Fig. 10 is the dip at the center of the spectral shift profile where the
intensity of the X-ray beam is supposed to be higher. This is very likely due to the competing mechanism of
refractive index change that produces a negative spectral shift as observed for high doses. Another interesting
feature of the spectral shift profiles at low dose of Fig. 10 and 11 is that they indicate an X-ray beam profile
of width about 20 cm, which is a 5-fold larger than that measured at high dose in Fig. 5 and Fig. 6. This is
qualitatively in agreement with the diverging X-ray beam depicted in Fig. 2, despite the the beam sizes recorded
with a GaF sheet yielded lower diameters. However, The GaF measure was also qualitative, since a colorimetric
scale was not available. Quantitative measurements shall be carried out by an X-ray beam profiler (e.g. those
based on scanning slit) so that a a more reliable spatial calibration of the sensing fiber should be possible. In
summary, both fibers are responsive to X-rays at high and low doses, exhibiting a RIRIC that is detectable by
OFDR as spectral shift of the Rayleigh backscattering. The mechanism of RIRIC is different at high and low
dose; in particular a lowering of the local refractive index occurs for low level doses. The Aluminium-doped fiber
exhibits higher sensitivity and appears a better candidate for radiation-dose profiling. On the other hand, the
Magnesium nanoparticles doped fiber could be exploited for its lower sensitivity to X-rays in the opposite way,
e.g. it could be better used in radiation environments as a radiation-insensitive distributed temperature sensor,
as it has already been devised by Beisenova et al.!*

4. CONCLUSION

The presented work has investigated the use of enhanced backscattering optical fibers in conjunction with optical
frequency domain reflectometry for real-time, in-situ dose profiling of X-ray radiation. Two custom designed
optical fibers, with the core doped with Aluminium and Magnesium nanoparticles respectively, have been tested
in a radiation chamber and exposed to X-rays at dose rates ranging from high value of 700 Gy/min down to
nearly therapeutic levels of 2 Gy/min. The spectral shift of the backscattering signature has been recorded in
real time during the X-ray exposure, highlighting two different mechanisms of refractive index change along the
exposed section of the sensing fiber. In details, a high dose rate produces a negative spectral shift corresponding
to an increment of refractive index, whereas a low dose rate produces the opposite effect. This behaviour holds
for both fiber types, with the Aluminium doped fiber being more responsive. The refractive index change has
also been verified by a Bragg grating recorded into the Magnesium nanoparticles-doped fiber that exhibits a
shift of the Bragg wavelength indicating a radiation-induced change of the refractive index comparable with
that measured by optical frequency domain reflectometry. The overall investigation shows a potential for the
ensemble enhanced backscattering fiber + optical time domain reflectometry, though the results demand for
further analyses and new experiments. Further improvements shall include: 1) testing new dopants for enhanced
sensitivity, 2) quantitative calibration of the X-ray beam distribution and 3) an extensive testing at different dose
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rates and delivered doses, with focus on the values that are used both in conventional and advanced radiotherapy
treatments.
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