
Citation: Weninger, L.; Morana, A.;

Ouerdane, Y.; Marin, E.; Boukenter, A.;

Girard, S. Distributed Optical

Fiber-Based Radiation Detection

Using an Ultra-Low-Loss Optical

Fiber. Radiation 2024, 4, 167–182.

https://doi.org/10.3390/

radiation4020013

Academic Editor: Jean Paul Jay-Gerin

Received: 21 April 2024

Revised: 17 May 2024

Accepted: 28 May 2024

Published: 30 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Distributed Optical Fiber-Based Radiation Detection Using an
Ultra-Low-Loss Optical Fiber
Luca Weninger 1,* , Adriana Morana 1 , Youcef Ouerdane 1 , Emmanuel Marin 1 , Aziz Boukenter 1

and Sylvain Girard 1,2,*

1 Laboratoire Hubert Curien, UMR-CNRS 5516, Université Jean Monnet, 42000 Saint-Etienne, France;
adriana.morana@univ-st-etienne.fr (A.M.); youcef.ouerdane@univ-st-etienne.fr (Y.O.);
emmanuel.marin@univ-st-etienne.fr (E.M.); aziz.boukenter@univ-st-etienne.fr (A.B.)

2 Institut Universitaire de France (IUF), Ministère de l’Enseignement Supérieur et de la Recherche,
75005 Paris, France

* Correspondence: luca.weninger@univ-st-etienne.fr (L.W.); sylvain.girard@univ-st-etienne.fr (S.G.)

Simple Summary: Distributed optical fiber sensors based on reflectometry techniques are showing
great promise to monitor the evolution of different environmental parameters along one optical fiber.
Among these, the design of a fiber-based distributed radiation detector can be a very powerful tool
for large radiation facilities and accelerators. We conceive such a sensor by combining optical time
domain reflectometry and a radiation-sensitive ultra-low-loss optical fiber that presents very high
infrared radiation-induced attenuation as soon as it is exposed to radiation while quickly recovering
after the end of exposure. We characterize the performances of this sensor technology: its radiation
detection capability, its spatial resolution, and its capacity to quantify the radiation field (dose, dose
rate) as a function of various fiber pre-irradiation treatments.

Abstract: The combination of an ultra-low-loss optical fiber sensitive to ionizing radiation and an
optical time domain reflectometer (OTDR) is investigated to explore the feasibility of a single-ended
distributed radiation detector. The peculiarity of the tested fiber resides in its regenerative high
radiation-induced attenuation (RIA) response in the infrared spectrum (1310 nm), which returns
to a low value once the irradiation has ended, combined to its sensitivity, highly increasing with
the dose rate. In this work, only some sections of the fiber line were irradiated with 100 kV X-rays
at room temperature, to prove the spatially resolved radiation detection capabilities of the system.
The transient RIA response of the fiber was characterized at different pre-irradiation doses. A pre-
irradiation treatment was shown to stabilize the optical fiber response, improving its RIA vs. dose
rate linearity and repeatability. This improved response, in terms of radiation quantification, comes at
the cost of a lower detection threshold. This work lays the bases for a distributed radiation detector,
with some capabilities in dose rate evaluation.

Keywords: radiation detection; optical fibers; ionizing radiation; OTDR; distributed sensing

1. Introduction

There are many technologies that would benefit from the implementation of optical
fiber-based distributed radiation detectors: from irradiation beam lines that could be
monitored through a single optical fiber, instead of multiple point detectors, to space
vessels that could be constantly monitored throughout the whole volume of the spacecraft.
Radiation detectors should be able to identify the presence of radiation quickly and reliably,
but also to resist the cumulative dose effects without losing their detection performance.

1.1. Optical Time Domain Reflectometry Dosimetry

As shown in [1–6], the combination of reflectometry techniques with radiation-sensitive
phosphosilicate (P-doped) optical fibers (OFs) can introduce a solution capable of detecting
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and quantifying radiation throughout the whole length of an OF with a single-ended instru-
ment, like an optical time domain reflectometer (OTDR) [7]. An OTDR is a single-ended
distributed fiber sensing technique largely employed in telecommunication systems for
fiber diagnostics. It employs a time-of-flight technique based on Rayleigh scattering to mea-
sure the attenuation along an optical fiber. A short light pulse is sent along the fiber. While
traveling inside it, this pulse interacts with its glass matrix, which results, among others, in
a back-scattered Rayleigh signal at the same wavelength of the probe signal. This signal
will return toward the instrument, which will acquire its intensity as a function of time.
Knowing the speed of light inside the fiber, the intensity measured by the detector at each
instant can be associated with the position along the fiber from where the back-scattered
signal comes from. As a result, by comparing the injected signal and the backscattered
signal, it is possible to estimate the optical losses relative to a certain point of the OF. In
its most simple configuration, the input pulse duration is the key factor in determining
the spatial resolution achievable with this technique [8]. With modern OTDRs working in
the infrared spectrum at telecommunication wavelengths, the spatial resolution is around
50 cm, using a pulse duration around 5 ns [2,9]. As an example, this technique is usually
employed over several tens of km of optical fiber to precisely individuate the position of
any breaks or bending losses that are present along the telecom line. The aforementioned
distributed dosimeters are based on the most impacting phenomenon happening to an OF
under ionizing radiation, called radiation-induced attenuation (RIA) [10,11]. When an OF
is exposed to ionizing radiation, this will interact with its glass matrix, generate defects, or
convert precursor sites into optically-active centers that will affect the propagating signal,
absorbing it [12,13]. The structure and the optical properties in terms of absorption bands
of these defects depend on the fiber chemical composition, on the mechanical properties
of the fiber (dimensions, shape, drawing process, etc.), and on the external conditions of
irradiation (temperature, injected power, etc.) [14]. The optical absorption bands related to
the defects will absorb the light traveling through the fiber and increase its total attenuation.
The RIA is the quantification of these excess losses introduced under ionizing radiation. The
main parameter driving the response of an OF is the core and cladding glass composition
selected to design the refractive index profile.

1.2. Choosing an Optical Fiber

Depending on the materials, the OF can either be classified as radiation hard (or
resistant), which is the case for F-doped and pure-silica core (PSC) OFs for most of the
steady-state radiation environments, or radiation sensitive, like in the case of Al- or P-
doped OFs [12,15]. P-doped fibers have been extensively investigated and implemented
in several radiation environments to be used as cumulative dose sensors thanks to their
many excellent characteristics [3,16,17]. The RIA at 1550 nm of this optical fiber depends
linearly on the total ionizing dose (TID), up to at least 500 Gy [1,17]. It was proven to be
resistant to the influence of dose rate, between 1 µGy/s and 10 Gy/s [1,2,17], together with
its weak recovery after irradiation. To give the reader an order of magnitude about these
dose rate values, equipment sent to space missions generally encounters dose rates between
a few µGy/s to a few mGy/s, depending on the orbit and amount of shielding in place.
Radiotherapy ranges from tens of mGy/s for long treatments up to hundreds of kGy/s in
new FLASH therapy techniques. There are then high-energy physics applications, like the
Large Hadron Collider at CERN, where the dose rates range between tens of mGy/s to a
few Gy/s. It should then come as no surprise that this sensing solution has already been
implemented as a distributed fiber radiation sensor in some applications. An example of
application involving optical fibers is [3], where researchers instrumented an accelerator
line at CERN with this OF to monitor the circumference of the beam line with a single
fiber. These fibers have also been investigated under gamma and X-ray irradiations for a
miniaturized system [2].
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1.3. A Regenerating Detector: The Vascade Optical Fiber

While a cumulative dosimeter is useful in many applications, one important limitation
lays in the maximum dose that can be observed, due to the difficulty in restoring the active
element of the system (in this case, the OF) to its initial state. To obtain such a characteristic,
the RIA should recover completely once the irradiation is over to permit the reuse of the
fiber, as was proven in [18] for a P-doped OF. In this case though, a careful choice of light
injection source is needed to obtain enough regeneration of the fiber transmission. Recently,
multiple publications have been devoted to the study of a particular ultra-low-loss PSC
fiber (ULL-PSCF) [19–23]. The RIA response of this OF differs from most other PSC fibers,
which are among the most radiation-resistant under steady-state radiation [24,25]. The RIA
sensitivity in the infrared (IR) range of this OF can even be higher than the aforementioned
P-doped fiber at high dose rates, and it recovers almost completely once the irradiation
has ended. More in detail, it was shown that during irradiation, the RIA in the IR range is
composed of a limited permanent contribution, which increases with dose and stabilizes
at a certain level, and a huge transient contribution, which quickly reaches a maximum
level depending on the dose rate and disappears once the irradiation is over [23]. This
transient RIA is typical of a particular defect, known in the literature as self-trapped holes
(STHs) [19,26–31]. As a first explanation, the radiation response of this ULL OF can be
attributed to the advanced manufacturing process that has been used to achieve such ultra-
low losses, down to ~0.16 dB/km, at 1550 nm [19], very close to the Rayleigh theoretical
limit in SiO2 of 0.14 dB/km [32]. The details of this process are still unknown to this day,
but it was confirmed to impact the fictive temperature of the silica glass inside the fiber, and
this is known to affect the concentration of the STHs. Another important phenomenon that
takes place in this fiber type is the photobleaching (PB) effect, meaning the light-induced
annealing of optical absorbing defects: it has shown a strong decrease in the transient
RIA levels at increasing signal power densities at both 1310 nm and 1550 nm. In [22], the
authors report a decrease in RIA at 1310 nm up to 98% between injected powers of ~100 nW
and 1 mW. Interestingly enough, this effect does not seem to affect the permanent part of
the IR-RIA. Recently, our group also proved that the fiber radiation response changes after
X-ray pre-irradiation at 1 MGy [23]. Indeed, considering this first irradiation at 1 MGy
as pre-treatment, hence calculating the RIA starting from the losses of the pre-irradiated
fiber, greatly reduces the influence of the dose-dependent permanent losses. This leads
to an ON–OFF RIA response jumping between almost zero and the transient RIA level,
whose height depends on dose rate. Pre-irradiation was also shown to greatly reduce the
switching time between the RIA levels in the presence or absence of irradiation, down
to a 90%-to-10% recovery time of around 20 s. These characteristics sparked the idea
of a possible RIA-based distributed radiation detector, an application domain heavily
populated by radiation-induced emission (RIE) fiber-based solutions [33,34]. These are
based on the light emission process generated by the relaxation of radiation-induced defects
inside particularly doped optical fibers. Many studies have shown the promise of this
approach for dose rate monitoring, optimizing the setup and the fiber of choice, but the
solutions proposed today are not compatible with distributed measurements. As for the
ULL-PSCF, the interesting wavelengths of the RIA response are focused in the IR spectrum;
with the maximum of the optical absorption being around 1270 nm, it is then possible
to pair this OF with all the reflectometry techniques that operate in the second and third
telecommunication bands (at 1.31 and 1.55 µm) to build a distributed radiation detector.
The effect of PB needs to be kept in mind, as these devices inject light signals in the order of
1 mW to map the fiber, and this can be the most limiting factor for more precise techniques,
such as optical frequency domain reflectometry (OFDR), which would need to inject around
10 mW of power to map the losses along the fiber with a precision of a few centimeters [9,35].
The goal of this paper is then to investigate the compatibility of this ULL-PSCF with a
commercially available OTDR system operating at 1310 nm, to obtain a single-ended sensor
capable of detecting the distribution of ionizing radiation along the optical fiber. All the
doses in this article are reported in Gy(SiO2).
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2. Materials and Methods
2.1. Optical Fiber under Test

The investigated optical fiber is a ULL-PSC and F-doped cladding single-mode optical
fiber, the Vascade EX1000 from Corning (New York, NY, USA) [36]. It has an attenuation
of ~0.16 dB/km at 1550 nm. The spectral response of this fiber together with the energy-
dispersive X-ray (EDX) spectroscopy measurements of its chemical elements and their
radial distribution were presented in [19]. Figure 1 reports the RIA kinetics at 1310 nm
under a 5 min irradiation at 14 Gy/s, obtained with a classical spectral RIA measurement
setup, the same as the one used in [23], composed of a white light source (few µW of
injected power) on one side of the fiber under test and an IR spectrometer on the other side.
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Figure 1. RIA kinetics at 1310 nm of the Vascade optical fiber during a 5 min irradiation at 14 Gy/s.
The blue dashed line corresponds to the end of the irradiation period. The inset shows the spectral
RIA response in the IR at the 5 min mark, at 4.2 kGy, and at the 10 min mark, after 5 min of recovery.

The reported kinetics describe how the RIA increases quickly during irradiation up to
a maximum point around 12.3 dB/m, and then decreases toward a slightly lower value,
~11.8 dB/m. Once the irradiation is over after 4.2 kGy, at the 5 min mark, the radiation-
induced losses quickly return to a lower constant value, ~0.56 dB/m, which corresponds
to a recovery of about 95% after 5 min. This behavior is also observable in the inset of
Figure 1, which reports the spectral RIA response in the infrared of the investigated fiber
after 4.2 kGy at 14 Gy/s and at the 10 min mark, after 5 min of recovery.

2.2. Optical Time Domain Reflectometer in Use

The measurements presented in this work were obtained using the MTS 4000 V2
OTDR from Viavi Solutions (Scottsdale, AZ, USA) [37]. This is a commercial device capable
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of measuring the spatially resolved losses of an OF at 1310 nm down to a resolution of
50 cm with a pulse duration of 5 ns. These parameters were selected to obtain the best
possible resolution for the measurements. The signal power at 1310 nm is rated at <1 mW.
One should be careful not to let the total losses (which will cumulate over the irradiated
distance) exceed the optical budget of the OTDR in use, that, for this setup, is around 10 dB.

2.3. Experimental Setup

To investigate the capability of this OF to perform distributed RIA measurements
inside the IdeFIX X-ray machine (100 kV, W target) of the Laboratoire Hubert Curien (Saint
Etienne, France) [38], we employed 26 m of ULL-PSCF, divided in sections, as shown in
Figure 2. The combination of 2 m exposed (EF) and 5 m shielded (SF) sections of the fiber
resulted in a non-uniform exposition to the X-ray beam, which could then be exploited
to investigate the capacity of the sensor to provide spatially resolved radiation detection.
The three EF sections were coiled in 3 concentric monolayer spirals, where EF1 was the
innermost, and EF3 was the outermost. All the SF sections were completely covered by
multiple 5 mm thick tungsten plates, allowing for stopping the X-rays before they reach the
optical fiber.
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Figure 2. Schematics of the distributed RIA setup. (a) Disposition of the optical fibers inside the
IdeFIX irradiator. The black lines represent the tungsten plates. (b) Distribution between shielded
(SF) and exposed (EF) sections of the OF under test.

2.4. Irradiation Procedure

The ULL-PSCF response was investigated at room temperature using the stepped
irradiation profile illustrated in Figure 3, the same used in [23]. The dose rate was varied
only by adjusting the X-ray tube current, changing neither the distance between the tube
and the sample under test nor the voltage of the tube. The irradiation sequence is composed
of a cycle of 5 runs at increasing dose rates: 0.045, 0.28, 0.56, 5.6, and 16.8 Gy/s. Each
run lasted 5 min, so the accumulated doses for each step were, respectively, 13.4, 84, 168,
1680, and 5080 Gy. Note that these doses exceed the values usually covered by RIA-based
distributed dosimeters with P- or Al-doped fibers, limited to below 1 kGy. A 20 min
recovery time is considered between two consecutive runs. Then, after 60 min of recovery,



Radiation 2024, 4 172

the whole cycle is repeated but in reverse order. Finally, 5 expositions at the highest dose
rate (16.8 Gy/s), each 5 min long and separated by 60 min of pause each time, were carried
out. After this process ended, the fiber under test had been exposed to a total cumulated
dose of ~39 kGy. The whole irradiation process was repeated for 7 iterations with a 2 h
pause between runs, to investigate the evolution of the fiber RIA characteristics with the
cumulated dose. The goal of this irradiation sequence is to evaluate the capability of this
fiber to follow quick changes in the irradiation conditions and the possibility to implement
it in a reusable radiation detector. It also permits distinguishing between the growth in
permanent losses, observable between successive irradiation runs, and transient losses,
present during irradiations.
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Figure 3. Irradiation sequence implemented for OF characterization with our X-ray machine. At each
dose rate, the irradiation was maintained for 5 min, while the recovery between steps lasted 20 min
for the first 5 steps, sweeping the dose rates; then 60 min before another cycle of 5 steps separated by
20 min pauses; and finally, 5 identical steps each separated by 60 min.

2.5. RIA Calculation from an OTDR Trace

RIA is defined as the increase in fiber losses when an OF is exposed to ionizing
radiation. As such, it is estimated as the incremental losses after a certain dose per unit
length. Starting from an OTDR trace, the RIA at different points of the fiber can be calculated
as the difference of the negative slope of the OTDR trace during irradiation and the one
acquired before irradiation, to correct for the intrinsic losses of the OF. In this paper, three
methods are used to estimate the spatially resolved RIA: the derivative over distance of the
OTDR traces, the estimation of the negative slope along the three EFs, and the difference in
losses between the shielded areas before and after the exposed sections. A first classification
among the three is that the second and third methods need the EF zones to be known a
priori. The first method is then used in this work to search for the exposed sections of the
fibers. The EFs can then be investigated better with the other two methods. The removal of
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the intrinsic losses of the fiber was performed for all three methods and is not repeated in
each explanation.

2.5.1. First Method: Derivative over Distance of the OTDR Trace

With this method, the RIA can be calculated estimating the first order derivative along
sections of the fiber. This method can be implemented to search the irradiated fiber sections,
scanning the entire fiber length for radiation-induced losses. To correctly assess the RIA of
a certain fiber section, the length of this section should not be shorter than the resolution
of the OTDR, in this case 50 cm. This value is then the shortest length that is possible to
investigate with this solution. If the irradiated section were to be shorter than 50 cm, it
would not be possible to correctly assess the radiation-induced losses in that zone. In this
work, a resolution of 50 cm was used to search for the 2 m long EFs.

2.5.2. Second Method: Negative Slope

This method consists of performing a simpler linear regression fit on the exposed
section of the optical fiber, which then needs to be known, and extracting the negative slope
along this section. This can improve the precision of the RIA estimation, as there will be
more points to work with for the slope estimation than in the first method. If the EF is
longer than the OTDR spatial resolution, this method permits a better estimation of the
RIA level.

2.5.3. Third Method: SF Difference

The third method used to calculate the spatially resolved RIA from an OTDR trace can
be only applied if the distribution of exposed sections along the fiber is known a priori. This
method consists of subtracting the losses of the fiber sections before and after the irradiated
section and dividing it by the length of the latter. As an example, to calculate the RIA along
EF2, one would need to subtract the losses seen along SF3 from the losses of SF2. This
method is limited by the spatial resolution of the trace along the shielded areas, instead of
the exposed one, and can be affected by fluctuations happening in both the shielded areas.
This method can then be more sensitive to fluctuations along the fiber, but it remains a very
powerful tool in the case the EF is smaller than the resolution of the instrument.

3. Results and Discussions
3.1. OTDR Trace

The raw result of an OTDR measurement is shown in Figure 4. Here, the black curve
reports the complete trace, which includes the initial transport fiber and the reflected
amplitude peak related to the interface at the end of the fiber under test (FUT). The blue
curves show the four 5 m long shielded sections (SF) of the ULL-PSCF, while the red curve
correspond to the three 2 m long sections that were exposed to the X-rays (EF). Figure 5
reports the OTDR trace of the 26 m ULL-PSCF when pristine (blue curve) and under
irradiation at two dose rates (black and green). These traces were acquired during the sixth
iteration, after the fiber had been irradiated to 196 kGy. This choice was made arbitrarily
among the sixth iteration starting from the second one, after 39 kGy, as during the first
iteration, the last points of EF3 and, consequently, SF4 fell outside the optical budget of
the OTDR. The RIA effect is clearly visible in the three exposed sections (in orange in the
figure), as the slope of the trace decreases monotonically with the dose rate, while the losses
of the shielded sections remain flat.
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Figure 5. OTDR traces of the FUT only before (blue) and after a 5 min irradiation at 5.6 (black) and
16.84 (green) Gy/s. Before these traces were acquired, the OF had already been irradiated up to
196 kGy of cumulated dose, during the sixth iteration. The red squares correspond to the points
between the sections shown in Figure 2. The three orange areas highlight the sections of the fiber
exposed to the X-ray beam.



Radiation 2024, 4 175

3.2. RIA Estimation: Trace Derivative

Figure 6 is obtained by estimating the first-order derivative along each 50 cm of the
fiber and subtracting the reference contribution from before the irradiation start. The
curves report three different 5 min irradiations at the three reported dose rates. The chosen
resolution permits the recognition of the three different EFs (in orange) for the two highest
dose rates.
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Figure 6. RIA over distance calculated as the negative slope of each 50 cm of fiber. The different
curves report the results at the last point in a single 5 min irradiation at three different dose rates. The
OTDR traces these curves originate from are inside the sixth irradiation iteration, after 196 kGy. The
lower dose rates are not observable with this method.

As for the black curve at 560 mGy/s, the start of the irradiated sections can be recog-
nized, but the fluctuations of the OTDR trace do not permit the recognition of the three EFs.
At lower dose rates, the fluctuations are strong enough to completely mask the difference
in losses between EFs and SFs.

3.3. RIA Kinetics

After having confirmed the positions of the three EFs along the optical fiber using
the first method, it becomes possible to use the second and third methods to improve
the RIA quantification. The RIA kinetics shown in Figure 7 were obtained evaluating the
negative linear slope of the OTDR trace EF1 over time, the second method explained in
Section 2.5.1. In Figure 7a, all seven iterations of the irradiation procedure explained in
Section 2.4 are visible, together with the transient RIA peaks corresponding to the 5 min
irradiations at different dose rates. Figure 7b,c highlight the responses obtained during the
first and last irradiations of Figure 7a. With all these figures, the RIA behavior described
in [23] can be recognized. During each irradiation, the transient losses quickly increase up
to a maximum value and then decrease towards a lower one. The amplitude of these values
clearly depends on the dose rate of each irradiation. The dose influence on this EF can first
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be seen in the slight increase in the permanent losses after each irradiation. This increase is
weaker than the one observed in [23], enough so that the fluctuations of the curves partly
mask it. These oscillations are likely to be related to the combination of the uncertainties of
the OTDR interrogator, of the RIA quantification procedure, and of temperature effects on
the ULL-PSCF. This will need to be investigated in a future work.
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The transient RIA contribution, during each irradiation, is also lower than that ob-
served in previous work. The maximum RIA, observed through the first peak at maximum
dose rate, (~2 dB/m) is six times lower than the observed amplitude in spectral measure-
ments (~12 dB/m), as reported in Figure 1. This discussion is consistent with what was
observed for this ULL-PSCF in [22], where the authors highlighted the strong influence of
PB on the RIA of this OF. In this experiment, a more powerful source was used, in the order
of 1 mW, compared to the white light source that was used for the spectral measurements
taken in [23] (few µW). The effect of cumulative dose on these transient losses is a decrease
in their amplitudes for the same dose rate—hence the sensitivity of the system as the dose
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increases—together with a more ‘squared’ ON–OFF behavior, which is very appealing for
a radiation detector. That was the idea at the base of the pre-irradiation in [23], but it was
carried out only at 1 and 2 MGy, without any lower dose level. Thus, with the current study,
it is possible to better estimate the minimum dose at which the response of the fiber can be
considered stable. This can greatly help the preparation of these samples before their de-
ployment, as the pre-treatment time will diminish. Indeed, from Figure 7c, it emerges that
the transient losses appear now more quickly and stabilize faster to a fixed level. During
the first irradiation procedure shown in Figure 7b, all the peaks corresponding to different
dose rates are visible, down to the minimum dose rate of 45 mGy/s. As the height of the
highest peaks decreases with dose, just like in [23], the system loses the capability to detect
the lowest dose rates. At the seventh iteration, shown in Figure 7c, the minimum visible
dose rate is 560 mGy/s. This reduction in sensitivity might rule out the usage of this fiber
in lower dose rate applications, like space-related ones, but it can be compensated using
more length. In the case where the more exposed zones of irradiation are known, a longer
fiber can be coiled in these hot spots to improve the detection capabilities of the system.
With longer EFs, the constraint of the resolution can also be relaxed. Thus, using longer
pulses, hence larger resolutions, can improve the dynamics of the distributed detector.

3.3.1. RIA Kinetics: Methods Performance Comparison

As mentioned in Section 2.5, once the EF positions are known, there exist two methods
to calculate the RIA along an exposed part of the fiber. The first is the estimation of the
negative slope along the EF, reported in Figure 8 as ‘Negative slope’. The second is the
difference between the average values of the SFs before and after an exposed part of the
fiber, called ‘SF difference’ in Figure 8.
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Figure 8. RIA kinetics of EF1 calculated with the two methods during the third iteration. The curve
in blue was calculated as the negative slope along EF1 over time. The pink curve was obtained
subtracting the average value of SF1 from the average value of SF2, divided by the length of EF1, 2 m.

Figure 8 shows the third iteration in the irradiation procedure. Before this cycle, the
fiber received around 78 kGy. The differences in the two curves can be explained by the
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different errors involved in the RIA estimation. The ‘Negative slope’ curve was calculated
as the negative slope over time of EF1. As such, any fluctuation present in the OTDR trace
along EF1 will affect the linear fit used to calculate the RIA. On the other hand, the blue
curve was calculated as the difference between the average value across SF2 and the average
value across SF1, all divided by the length of EF1, 2 m. This quantity is then influenced by
the fluctuations in the two shielded areas. With our setup, the quality of the ‘Negative slope’
method seems to be more performant. One can see that the fluctuations of the permanent
losses, when there was no irradiation, are smaller. This can be explained by the lowered
sources of uncertainties in this first method. The estimation of the RIA in this method is
performed along a single section of the fiber, whereas in the SF difference, the calculation is
performed between two sections of the fiber. This means that the fluctuations along the
two SFs both contribute to the measurement error. Even more, if they are not perfectly
shielded, SFs can still be affected by a much weaker dose rate, which might influence the
difference between them, and subsequently the RIA estimation. Still, this method remains
very powerful in case the exposed length of the fiber is shorter than the resolution of the
instrument. In this case, the difference between the SFs before and after the interested EF
still permits the estimation of RIA, given that the radiation-induced losses are enough to
surpass the noise level. An alternative solution could implement the use of radiation hard
fibers for the SFs, and consequently improve the efficacity of the measurement by reducing
the ‘parasitic’ RIA on these parts of the fiber. This introduces one figure of merit that can
be used to choose between the two methods, the length of the fiber sections at play. The
moment the irradiated area is very short, the SF difference method can permit precise RIA
estimations even in case of a low number of points on the EF under study. On the other
end, if the SFs are too short or outside the dynamic range of the OTDR (as was the case for
the first two irradiation cycles on EF3), one should implement the ‘negative slope’ method,
as it will always be possible to implement it along any EF longer than 50 cm. All the rest of
the RIA estimation in this work is then estimated with the ‘negative slope’ method.

3.3.2. RIA Kinetics: Exposed Zones Comparison

Figure 9 reports the RIA kinetics calculated across the three EFs as their respective
negative slopes. As for Figure 8, at the beginning of these kinetics, the fiber had received
around 78 kGy, making it the third iteration of the irradiation process. From this figure
emerges that there exists a difference between the three EFs. More in detail, the RIA of EF3,
the furthest away from the source, is higher than the RIA of EF2, which is in turn higher
than EF1’s. This phenomenon is again explained by the high sensitivity to PB of this fiber,
as the RIA induced inside the first EF reduces the amount of light travelling inside EF2.
As such, the annealing of defect centers absorbing along EF2 is less pronounced, which
results in a higher RIA along this section. The same effect is then present between EF2
and EF3, where the RIA of EF2 reduces the amount of light seen by EF3, resulting in an
even higher transient RIA under the same irradiation condition. This phenomenon can be
a weak point in the possibility of using this setup for dose rate sensing, as it introduces a
dependence of the RIA on the distance between the investigated zone and the detector. In
the measurements reported in this paper, this phenomenon seems to be relevant only at the
highest dose rate, 16.8 Gy/s, where the EF2 is 48% higher than EF1 during the first iteration.
As for EF3, as stated before, its RIA went outside the optical budget of the OTDR during
the first iteration, so it is not possible to compare its level to EF1’s. In the second iteration,
the RIA of EF3 was 63% higher than EF1’s, and 23% higher than EF2’s. At 5.6 Gy/s, the
difference was significant only during the first iteration, where EF2 was 20% higher than
EF1, and EF3 was 37% higher than EF1. At all the other doses, the difference between the
three EFs at all dose rates is less than 10% and does not always increase monotonically with
the distance from the detector. This difference between EFs decreases with dose, like the
amount of RIA for a same dose rate.
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Figure 9. RIA kinetics comparison between the three exposed sections of the fiber for the third
repetition of the irradiation process. At this point, the fiber had received around 78 kGy of dose.

At the seventh iteration, EF2 and EF3 are only 1% higher than EF1, with no visible
difference between EF2 and EF3. From this experiment alone, it is not possible to estimate
if this decrease in PB efficacity is only due to the lower RIA levels involved, hence lower
injected intensity differences between the three EFs, or if the defects responsible for the
transient RIA after a certain dose are stable enough to be less affected by the PB. It seems
anyway that the effect of PB distributed along the fiber seems to be strong enough only
at very high dose rates, leaving room for a possible implementation of this setup as a
distributed dose rate sensor.

3.4. Dose Rate Distributed Sensor Calibration

The radiation response of this OF and its compatibility with OTDR techniques show
great promise for spatially distributed radiation detection applications, as seen in the
previous sections. To further evaluate the possibilities of this technology, the RIA vs. dose
rate response at multiple pre-irradiation levels needs to be addressed, so as to investigate
the possibility of using this combination as a single-ended distributed dose rate sensor.
The effect of PB explained in Section 3.3.2 is of concern only at the highest dose rate,
16.8 Gy/s. The difference between the three EFs at the four lower dose rates is always less
than 10%, with the exception of the first iteration between EF2 and EF3. These dose rates
can then be investigated for a possible calibration of the RIA over dose rate characteristic
at different doses for this ULL-PSCF. Furthermore, the transient RIA behavior of this
ULL-PSCF stabilizes with cumulated dose, both in terms of ON–OFF response, saturation
of permanent losses, and decrease in the sensitivity to PB of the complete system. The
cumulated dose is then introduced as a figure of merit that can define the profile of use
of this OF. On one side, a non-irradiated OF has very high sensitivity to dose rate, a very
welcome feature for a radiation sensor. This comes though with low repeatability and high
sensitivity to PB, which will make it difficult to quantify the dose rate reliably. On the
other hand, a higher cumulated dose permits to sacrifice some of the fiber sensitivity for a
more reliable measurement. Figure 10 shows the transient RIA over dose rate response of
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averaged across the three EFs for different pre-irradiation doses. The transient contribution
was quantified by averaging the last three minutes of each irradiation and subtracting the
three minutes just before the same irradiation, to remove the contribution of the permanent
losses. The RIA vs. dose rate response is monotonic at all doses. The points at low dose
rates are clearly influenced by the fluctuations in the constant losses observed in Figure 8.
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Figure 10. Transient RIA over dose rate at different pre-irradiation doses averaged across the three
EFs. These values are calculated as the average across the last 3 min of irradiation minus the average
of the 3 min before each irradiation starts. The error bands show the standard deviation across the
three EFs.

The investigated doses do not seem to be enough to obtain the RIA vs. dose rate
linearity of this OF, as the dose dependence is still important. This effect is lower and lower
as the pre-irradiation dose increases and, with the results in [23], it is expected to become
less important at higher doses. The results then suggest that the investigated doses are still
not enough to permit an RIA vs. dose rate calibration of the fiber.

4. Conclusions

This paper showed the promise of combining a radiation-sensitive ULL-PSCF and
an OTDR to obtain a single-ended distributed radiation monitor. Furthermore, when
combined with the results discussed in [23], the information presented in this work point
towards the feasibility of building a radiation detector capable of working at very high
doses, thanks to its capability to ‘self-reset’ after irradiation. One important parameter to
be optimized is the length of the exposed sections of the fiber. Longer EFs can improve
the sensitivity of the system, then permitting the detection of lower dose rates, and permit
more precise measurements. In this case, users would still need to be careful about the
possible running out of optical budget of the interrogation instrument, which would cause
the furthermost parts of the fibers to no be visible by the instrument. Interestingly enough,
compared to concurrent solutions, namely, point detectors, this would simply shorten
the maximum distance that could be monitored with this OF. Indeed, as the RIA of this
OF ‘resets’ after irradiation, returning to a very low permanent level, this problem will
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not persist. As for the possibility of evolving this solution into a distributed dose rate
sensor, the system is showing promise. As was observed at MGy levels, increasing the
pre-irradiation dose reduces the sensitivity of the transient RIA against dose rate. The
RIA vs. dose rate will need to be investigated at higher doses, as the response over the
investigated values is still not linear. One concern is the thermal response of the fiber, as
the stability of the defects that contribute to the permanent and transient RIA could change
with temperature. New studies will need to be devoted to the study of this fiber’s response
and to the possible implementation of more advanced interrogation techniques, e.g., optical
frequency domain reflectometry.
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