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Abstract: Gamma rays induced attenuation in Al-doped and Al/Tm co-doped optical fibers is
investigated in the visible and near-infrared domain up to 1 Gy. The behaviour of RIA regarding
dose and dose rate is discussed. Our results reveal high sensitivities for both types of fibers at low
gamma-ray doses, and also reveal that Al/Tm fibers are very promising at original interrogation
wavelengths for dosimetry applications.
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1. Introduction

When optical fibers are exposed to ionizing radiation, their optical attenuation increases. On
the one hand, this radiation induced attenuation (RIA) has been a major concern for decades in
several applications, the most iconic being probably Erbium Doped Fiber Amplifiers (EDFA)
for space communications [1-5]. On the other hand, this phenomenon can be used to develop
dosimeters. To do so, one can measure the RIA with an optical time domain reflectometer
(OTDR). It is the mean of interrogation of the phosphorous doped silica fiber dosimeter deployed
at CERN [6-8] and the germanium phosphorous co-doped fiber deployed at DESY [9]. A
simpler RIA measurement configuration, based on transmission measurements with a LED
and a photodiode detector has also been used for dosimetry in space [10]. Currently, there is
also a strong interest in plastic fibers RIA for potential dosimeters in the medical field such as
radiotherapy [11, 12].

A challenge for the RIA-based dosimetry field would be to perform highly sensitive measure-
ments in order to address the requirements of various applications : some of which where typical
dose and dose rate are weak, such as nuclear power plant decommissioning (cf. Fig. 1 of [13])
and some of which where small sizes are required, such as in-vivo dose measurements [14, 15].
The key parameter of a fiber for this type of application is its sensitivity to radiation (expressed
in dB/(m-Gy)). The minimal dose that can be measured on a length unit is linked to the
sensitivity of the fiber. Importance should also be given to the behavior of the RIA with respect
to experimental parameters (temperature, optical power, dose rate ...). The simpler it is, the easier
it is to compute the deposited dose. Another sought feature is the linearity of RIA vs. dose in
the expected dose range, as it enables to have the same sensitivity during the whole lifetime of
the sensor. To tackle the challenge of highly sensitive RIA-based dosimetry with silica optical
fibers, it is possible to tune three parameters that have high influence on RIA : the nature of
doping elements, the doping concentrations and the interrogation wavelength. Depending on
the characteristics of the fiber obtained from this tuning, it can be used either for punctual or
distributed sensors of various lengths.

In this work,the sensitivities under irradiation of two types of samples are investigated :
Al-doped and Al/Tm co-doped fibers, in the visible and near-IR range. Al-doped fibers or bulk



glasses have already been studied under irradiation [16—19] and several color centers have already
been identified experimentally from their absorption or photoluminescence signatures [20].
Regarding Al/Tm co-doped silica samples, RIA studies are mainly dedicated to the increase of
their radiation resistance at doses superior to hundreds of Gy [21,22]. Here, in-situ gamma-
induced attenuation spectrum measurements for low doses (< 1 Gy), low dose rates (0.1 Gy/h or
1 Gy/h) and for both types of fibers are reported.

2. Experiments

2.1. Samples

Silica based fibers used for these experiments were prepared at Institut de Physique de Nice
(INPHYNI) by Modified Chemical Vapor Deposition (MCVD). Samples lengths are 10 m + 1%.
All 6 Al/Tm co-doped fibers were drawn from the same preform. This preform was doped with
the gradual-time solution doping technique [23] in order to obtain samples featuring different Tm
concentrations and almost constant Al concentrations (the key point is that the concentration
ratio of the two elements differs among samples). The Tm concentrations have been limited in
order to have a fairly low intrinsic attenuation. The compositions of samples 11 and 12 have
been measured by Electron Probe Micro Analysis (EPMA). Their thulium concentration has been
confirmed by absorption spectroscopy on the Tm3*: 3Hg => 3 Hs absorption transition (peak at
1175 nm). The composition of the other samples have been deduced by absorption spectroscopy
and refractivity (numerical aperture), using samples 11 and 12 as references.

The list of samples and their irradiation conditions is reported in table 1. Through the whole
document, Gy(Si) is abbreviated Gy.

Table 1. Sample Table. Fibers are doped either solely with Al (n°1 to 6) or with both
Al and Tm (n°7 to 12). Fibers 5, 10 and 12 have the same compositions than 4, 9 and
11 respectively but were irradiated at a lower dose rate.

Fiber n° [Al,03] %omol [Tm;03] %omol Deose rate Gy/h Irradiation period h

1 0.9 0 1 1
2 1.8 0 1 1
3 2.2 0 1 1
4 2.7 0 1 1
5 2.7 0 0.1 10
6 4.4 0 1 1
7 0.6 0.08 1 1
8 0.6 0.11 1 1
9 0.7 0.14 1 1
10 0.7 0.14 0.1 1
11 0.8 0.20 1 1
12 0.8 0.20 0.1 10

Typical refractive index profiles of preforms doped with Al or Al/Tm are shown respectively
in Fig. 1(a) and 1(b). They have a bell-shaped graded-index profile. The core diameters of



the obtained fibers range from 7.6 pm (fiber 1) to 11.4 pm (fiber 6) for the Al-doped fibers and
7.2 um (fiber 7) to 8.2 pm (fibre 12) for the Al/Tm co-doped ones.
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Fig. 1. Refractive index profiles of two preforms from which samples were drawn. Left
graphic for an Al-doped (fibre 6) and right graphic for an Al/Tm co-doped (fibers 9 and
10)

2.2. lIrradiation and optical bench

Samples were irradiated by a °Co gamma-rays source in the MEGA bunker at ONERA (Toulouse,
France). They were spooled to a 10 cm diameter. The different dose rates were obtained by
varying the distance between the source and the samples. The dose rates are estimated to be
accurate within + 10%. All irradiations have been carried out at room temperature : 22 °C to
23 °C (monitored with thermocouples).

To achieve these RIA measurements, the setup of Fig. 2 was used. A halogen bulb was
chosen for its stability and wide spectral emission range. One part of the light was sent to
the fiber under test (FUT) and the other part to a reference channel. The reference channel
enables to take into account both the RIA of the fiber guiding light to the FUT and possible
light source fluctuations. Both channels transmissions were measured simultaneously by similar
spectrometers with detection range spanning from 300 nm to 1160 nm. Light transmission was
monitored during irradiation and also for one hour after withdrawal of the gamma-ray source.
This latter measurement enables to study a possible post-irradiation recovery.

RIA was computed with the following equation :

_—10 Srur(4,1) Sref(A,1)
a(/l, t) = T (L0g10 (SFUT—(/I,O)) - LOg]O (—SRef(/l’ O) )) (1)

Where : « is the RIA in dB/m, L is the FUT length in m, A is the wavelength, t is the elapsed
time since the beginning of irradiation, SFyr and Sg. are the spectrometer signals respectively
for the FUT channel and reference channel.
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Fig. 2. Optical bench used for the RIA experiments. In this work, it is used to measure
in situ the transmission of up to 5 FUT (rectangular frames 1 to 5) during the same
irradiation. The 1x2 switch enables to perform "dark" (electronic noise) measurement.
The mode scrambler stabilizes mode energy distribution before the coupler. The coupler
sends 50% of the light to a 1x6 switch that guides light to the FUT. Light transmitted
through the FUT is then directed to spectrometer 1 with another 1x6 switch. The fibers
connecting the break-out to the FUT are radiation-hardened fibers. The other 50% of
the light is sent to the reference channel. In this channel, no FUT is connected to the
radiation-hardened fibers. An optical attenuator is used to prevent saturation on the
detector’s pixels.

3. Results

3.1. RIA spectra

The 1 Gy RIA spectra of all fibers irradiated at 1 Gy/h are shown in Fig. 3. Aluminum doped
fibers have an increasing radiation sensitivity from 1160 nm to at least 600 nm. Except for the
area around 550 nm to 600 nm, the RIA seems to be almost independent on concentration up to
2.7 %omol, while fiber 6 (4.4 %mol) clearly has a higher sensitivity. It indicates that doping with
a high quantity of aluminum is a way to increase the sensitivity at short (<1160 nm) wavelengths
for sensing applications. The absolute RIA difference between fiber 6 and any other Al-doped
fiber strictly decreases from 600 nm to 1160 nm. This latter result is congruent with [24] where
no significant dependency on concentration has been observed on the same type of fibers for
infrared measurements (1 >1000 nm) under X-rays irradiation.

Aluminum-thulium co-doped fibers sensitivity is the highest in the range 490 nm - 620 nm.
Noisy data around 465 nm and 680 nm are not taken into consideration, they are due to absorption
peaks of Tm3* [25]. Oddly, the absorption peak at 795 nm [26] does not lead to noisy data but to
a flat RIA around this wavelength. The transmission signal is too weak to be trustworthy around
795 nm, and will not be further analyzed in the present study.

The origin of RIA in Al-doped is known to be AIOHC (Aluminum Oxygen Hole Center) for
most of the spectrum, with also a contribution from AIE’ center peaking in the UV [20]. Al/Tm
co-doped fibers have a different spectrum shape, indicating that the Si-related and Al-related
defects are not the only contributions to RIA. We believe that the Tm-related RIA in these
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Fig. 3. RIA spectra at 1 Gy for Al-doped fibers (left) and Al/Tm co-doped fibers
(right). Numbers in the legend correspond to fiber numbers in table 1. In the left graph,
around 500 nm, the discontinuity and the negative values are artifacts caused by a poor
signal-to-noise ratio. The transmitted light is weak in this region even before irradiation
so the first term of eq. 1 is ill-defined.

fibers may arise from the reduction of Tm>* to Tm?>* through capture of a free electron released
during irradiation, in a similar fashion as photodarkening induced by UV photons [27]. Indeed,
Tm?* ions absorb more than 7m>* ones in the whole visible domain, as revealed by cut-back
measurement from Kim et al. performed on fiber doped either with Tm** or with both Tm>* and
Tm?% [25]. Also, an increase of attenuation is visible for A >1040 nm in our irradiation spectra
(cf. Fig. 4), which is compatible with the 1115 nm-centered absorption band of Tm>* observed
in their measurements.
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Fig. 4. Zoom on the long wavelengths of Al/Tm-doped fibers RIA spectra at 1 Gy.



3.2. Wavelengths of high sensitivity

For a dosimeter application and for both types of fibers, the research for high sensitivity is a
strong incentive to operate at short wavelengths : around 490 nm for the Al/Tm co-doped ones
and below 575 nm for the strongly Al-doped. RIA vs. dose at these wavelengths are reported
in Fig. 5. RIA of 2.8dB/m and 1.8 dB/m are reached at 1 Gy, by fiber 6 and by all Al/Tm
co-doped fibers respectively. Even greater RIA could not be measured at 1 Gy because of the
detection limit of our experimental setup. In comparison with another reported sensitive fiber,
the highest sensitivity in the visible domain of the phosphorous doped fiber in [28] is less than
1dB/(m-Gy).

The RIA vs. dose kinetic of Al/Tm-doped fibers at 490 nm and for most wavelengths in the
highly sensitive range is linear, which, once again, is an important feature for sensing applications.
In Fig. 5b, all Al/Tm fibers have similar RIA. This might not be the case if one performs the
same measurements with significantly higher 7m3* concentrations. Regarding the kinetic of
Al-doped fibers, fiber 6 has a linear dose dependency at 575 nm. Also, all greater wavelengths
except one feature this linear dependency (criterion R > 0.99). On Fig. 5, it is clear, however,
that all lightly doped fibers do not show a linear RIA vs. time relationship. Interestingly, the
RIA kinetic of fiber 4 has been better fitted with an exponential contribution, A - (1 —e D/ qu),
similar to the one of [16], than with the classic power law, @ - DA. Sub-linear RIA curves might
arise from the fact that, during irradiation, less and less pre-existing precursors are available for
charge capture.
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Fig. 5. RIA vs. time for Al-doped (left) and Al/Tm co-doped fibers (right) at
wavelengths of high sensitivity, respectively 575 nm and 490 nm. The pink background
part corresponds to irradiation, and the white one to fading. Only 1 Gy/h irradiations
are shown here.

Of course, the drawback of operating at these short wavelengths is an increased intrinsic
attenuation when compared to telecommunications infrared wavelengths. One can find the
optimum tradeoff between higher RIA and lower intrinsic attenuation for each application by
tuning the wavelength. As an example, at 850 nm, in the first telecommunications window,
sensitivities of 0.4 dB/(m-Gy) for fiber 5 and higher than 0.14 dB/(m-Gy) for fibers 7 to 12 are
reached. These values are still compatible with sensitive sensing.

3.3. Post-irradiation fading

At the end of irradiation, the °°Co source is withdrawn and the optical transmission measurement
is continued under otherwise exact same conditions. The white background part of Fig. 5 shows
the post-irradiation fading for one hour. Except for fiber 6, low fading (< 5%) is observed after
one hour at room temperature, indicating that stable defects are responsible for RIA at these
wavelengths in both types of fibers. The fading of fiber 6 in the whole spectrum is about 10%.



When compared to lower Al concentration fibers, the higher fading percentage of fiber 6 (cf. Fig.
6a) indicates that color centers responsible for its RIA excess are less stable than AIOHC. Also,
the fading curve of fiber 6 in Fig. 5 was successfully fitted (no trend in the fit residuals) with a
simple exponential decay, probably arising from a single type of unstable defect. Independently
from the doping concentrations and the dose rates, all Al/Tm fibers feature little fading (< 2%)
in the most sensitive region (cf. Fig. 6b). The similarity of the relative fading values for the
different fibers of Fig. 6b is not surprising. The fibers being doped with the same elements, the
color centers responsible for RIA should be the same. Thus, the relative post-irradiation fading,
determined by their stability, should be the same.
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Fig. 6. % of RIA bleaching one hour after irradiation for Al-doped (left) and Al/Tm
(right) doped fibers. Only 1 Gy/h irradiations are shown here.

Concerning the effect of dose rate on fading, as expected, the relative post-irradiation fading is
lower for the fibers irradiated up to 1 Gy at low dose rate than for their high-dose-rate-irradiated
counterparts. This is illustrated in Fig. 7. It can be explained by the fact that more thermal
bleaching had occurred during the 10 h-long irradiation than during the 1 h-long one.
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Fig. 7. % of RIA bleaching one hour after a 1 Gy irradiation with the two different
dose rates for Al-doped (left) and Al/Tm co-doped fibers (right). The graphics reveal a
higher fading after the irradiation at the higher dose rate (blue disks) in both cases.

3.4. Effect of dose rate

In this work, fibers 5, 10 and 12 have been dedicated to study the impact of dose rate on RIA.
They are identical to fibers 4, 9 and 11 respectively. They were irradiated at 0.1 Gy /h, to estimate
their degradation at sub-gray doses. Knowing the dose rate dependency is also of great interest
for dosimetry. If the RIA for a given dose is independent or weakly dependent on the dose rate, it
is easier to retrieve the dose from the RIA during irradiation.



Comparisons between every couple of identical fibers (4 and 5, 9 and 10, 11 and 12) reveal
that the effect of dose rate is very wavelength-dependent. Moreover, for the Al-doped fiber, a
clear effect of Enhanced Low Dose Rate Sensitivity (ELDRS) appears in the 575 nm - 725 nm
range. This is illustrated in Fig. 8a where RIA at 1 Gy for the high dose rate divided by RIA at
1 Gy for the low dose rate is less than 1. Similarly, this effect appears at most wavelengths in the
high sensitivity range of Al/Tm co-doped fiber (cf. Fig. 8b). The same conclusion holds for
the ratio of fiber 9 and fiber 10 at 0.1 Gy. ELDRS in dielectrics was explained with simulations
consisting of solving kinetic equations [29] or with analytical models [30]. It was previously
observed in fibers with other doping elements (Er in [31], P in [32] and F in [33]), but we believe
it is the first time that it is observed in Al-doped fibers. While this effect could be a flaw for dose
measurement, it remains less than 20% in these ranges, which might be an acceptable error for
some applications such as routine personal dose monitoring [34]. Alternatively, they could be
used for narrower dose rate ranges.
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Fig. 8. RIA ratio, at 1 Gy, between high dose rate (numerator) and low dose rate
(denominator) for Al-doped fibers (left) and Al/Tm-doped fibers (right).

A focus is made on wavelengths that exhibit weak RIA differences at 1 Gy between the two
dose rates in Fig. 8. Comparison between RIA at 575 nm of fibers 4 and 5 reveals a very weak
dependency on dose rate (cf. Fig. 9a). This result is encouraging for dosimetry. As stated
before, the heavily Al-doped fiber behaves differently under irradiation than the lightly doped
ones. Therefore, the observed effect on fiber 4 cannot be inferred to it and further experiments
should be conducted to evaluate its dose rate dependency.

Similarly for Al/Tm co-doped fibers, a noticeable result is the very weak difference between
the two dose rates sensitivities at 490 nm (cf. Fig. 9b). The difference in RIA between fibers
11 and 12 at 1 Gy is about 7% and RIA of fibers 9 and 10 are identical up to 0.1 Gy. From the
similitude in RIA behaviors of all Al/Tm co-doped fibers observed in Fig. 3, 5 and 9b, it is likely
that the dose rate dependency at 1 Gy is the same for the lower Tm concentrations.

3.5. Wavelengths of interest for sensing applications

In the end, Al/Tm co-doped fibers at 490 nm have the following assets for dosimetry : linear RIA
vs. dose relationship at least up to 1 Gy, low fading after 1 h, weak dose rate dependency and high
sensitivity of ~ 1.8 dB/(m-Gy). Hence, it seems to be a particularly interesting choice for low
dose and low dose rate measurements. The computation would simply be a linear relationship
between the measured attenuation « (dB) and the deposited dose D (Gy) :

o«
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where L is the measured length of fiber (m) and S its sensitivity (dB/(m-Gy)).
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Fig. 9. RIA vs. dose for two different dose rates : 0.1 Gy/h (orange) and 1 Gy/h (blue).
Fig. (a) corresponds to Al-doped fibers at 575 nm and (b) to Al/Tm co-doped ones at
490 nm. Each fiber exhibits low dose rate dependency at the selected wavelengths.

Computing dose with this simple equation would lead to less than 7% error from dose rate
and only a few % more if post-irradiation fading is considered. All other wavelengths in the
range 490 nm - 620 nm could also be considered for sensing applications (e.g. to reduce intrinsic
attenuation or to use a given light source) as they have similar RIA behaviours. However,
increasing the wavelength in this range leads to lower sensitivities and possibly slightly higher
dose rate effect (cf. Fig. 8b).

While a similar statement can be made for lightly Al-doped fibers (with an exponential
relationship instead of a linear one for e.g. fiber 4), post-irradiation fading observed in the heavily
doped fiber leads to a more tricky problem. It seems compulsory to take it into account with a
more complex model, and perform two-wavelength or multi-wavelength measurements [35,36]
in order to avoid accumulation of errors with successive irradiation/fading cycles.

4. Conclusion

RIA of Al-doped and Al/Tm co-doped fibers have been measured in the visible and near-infrared
domains. From a dosimeter application perspective, this study reveals that :

1. Highly doped aluminum optical fibers could be used around 575nm for low doses
qualitative detection. However, quantitative measurements would be more complex
because of post-irradiation fading.

2. Lightly Al-doped (< 2.7 %mol) optical fibers could be used for quantitative measurements
with a lower sensitivity.

3. Al/Tm co-doped fibers are suited for highly sensitive dosimetry at 490 nm at room
temperature with a very simple dose computation. Other wavelengths (490 nm - 620 nm)
would also be suited for dosimetry.

The wavelengths considered here are exotics but, by developing an appropriate optoelectronic
system, a sensor would be feasible.

An interesting continuation of this work would be to extend the range of studied doses
and dose rates in order to assess the compliance of these fibers to practical implementation
requirements. Studying temperature effects would also be interesting : if the irradiation takes
place at significantly different temperatures, the RIA (both during and after irradiation) can be
affected. From a more fundamental point of view, no uniform dependency of RIA on Tm3*
concentration was observed in this study. Thus, it would also be interesting to work with smaller
samples, doped with a wider range of Tm>* concentrations, to clearly measure this dependency.
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