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Investigation of aluminum doped and aluminum thulium co-doped optical fibers for gamma radiation measurements

Gamma-induced RIA of aluminosilicate and Al/Tm co-doped optical fibers is investigated in the visible and near-infrared domain. The data reveal a promising interrogation wavelength for low dose, highly sensitive dosimetry with Al/Tm fibers.

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) used in space [START_REF] Friebele | Erbium doped fibers for radiation tolerant, high power space laser communications[END_REF]. On the other hand, this phenomenon can be used to develop dosimeters. To do so, one can measure the RIA with the use of an optical time domain reflectometer (OTDR). It is the mode of interrogation of the phosphorous doped silica fiber dosimeter deployed at CERN [START_REF] Di Francesca | Distributed Optical Fiber Radiation Sensing in the Proton Synchrotron Booster at CERN[END_REF] and the germanium phosphorous co-doped fiber deployed at DESY [START_REF] Henschel | Fibre optic radiation sensor systems for particle accelerators[END_REF]. Currently, there is also a strong interest in plastic fibers RIA for potential dosimeters in the medical field such as radiotherapy [START_REF] Olusoji | Radiotherapy dosimetry based on perflourinated polymer optical fibers[END_REF]. One of the key parameters of a fiber for this type of application is its sensitivity to radiation (dB/(Gy m)). 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, wavelength, fading time). The simpler it is, the easier gets the computation of deposited dose. In this work, we performed in situ RIA measurement both during and after irradiation on silica-based aluminum doped and aluminum thulium co-doped fibers. The aim is to investigate the potential of these doping elements for highly sensitive dosimetry applications.

Experiments

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 [START_REF] Lupi | Gradual-Time Solution Doping for the Fabrication of Longitudinally Varying Optical Fibres[END_REF] in order to obtain samples featuring different Tm concentrations and almost constant Al concentrations. The list of samples and their irradiation conditions is reported in table 1.

Irradiation and optical bench

Samples have been irradiated by a 60Co 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. To achieve these RIA measurements, a halogen bulb was chosen for its stability and a 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 were measured simultaneously by identical spectrometers with detection range spanning from 300 nm to 1160 nm. 

Table 1. Sample Table

Fiber n°[ [

[A A Al l l 2 0 0 0 3 ] ] ] %mol [ [ [T T T m m m 2 0 0 0 3 ] ] ] %mol

Results

RIA spectra

The 1 Gy RIA spectra of all fibers irradiated at 1 Gy/h is shown in figure 1. 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 %mol, while fiber 5 (4.4 %mol) clearly has a higher sensitivity. This latter result has not been observed on the same type of fibers for infrared measurements under X-rays irradiation [START_REF] Alessi | Near-IR Radiation-Induced Attenuation of Aluminosilicate Optical Fibers[END_REF]. 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. 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 T m 3+ [START_REF] Kim | Absorption and emission properties of Tm2+ ions in germanosilicate glass fibers[END_REF]. Oddly, the absorption peak at 795 nm does not lead to noisy data but to a flat RIA around this wavelength. The signal at these wavelengths should be read with care. It is believed to be due to light propagating in the outer part of the core (lower doping concentrations) and/or in the optical cladding. 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 figure 2. RIA of 2.8 dB/m and 1.8 dB/m are reached at 1 Gy, respectively by fiber 6 and by all Al/Tm co-doped fibers. To make a comparison with another sensitive fiber, the highest sensitivity in the visible domain of the phosphorous doped fiber in [START_REF] Girard | Feasibility of radiation dosimetry with phosphorus-doped optical fibers in the ultraviolet and visible domain[END_REF] is less than 1 dB/(Gy m). 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/(Gy m) for fiber 5 and higher than 0.14 dB/(Gy m) for fibers 7 to 12 are reached. These values are still compatible with sensitive sensing. It is noteworthy that many wavelengths have a linear RIA kinetic which is an important feature for sensing applications. <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. For fibers 1 to 4, RIA is believed to be due to Al-Oxygen Hole Centers (ALOHC) [START_REF] Mady | Systematic investigation of composition effects on the radiation-induced attenuation mechanisms of aluminosilicate, Yb-doped silicate, Yb-and Yb,Ce-doped aluminosilicate fiber preforms[END_REF]. When compared to lower Al concentration fibers, the different fading behavior of fiber 6 tends to indicate that color centers responsible for the RIA excess at this wavelength are not of the same kind.

Post-irradiation fading

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) reveals 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 [START_REF] Gilard | Theoretical explanation of enhanced low dose rate sensitivity in erbium-doped optical fibers[END_REF] (ELDRS) appears in the 575 nm -725 nm range. Similarly, this effect appears at most wavelengths in the high sensitivity range of Al/Tm co-doped fiber. While this effect could be a fatal flaw for dose measurement, it remains less than 20% in these ranges, which is an acceptable error for most applications. A noticeable result for Al/Tm co-doped fibers is the very weak difference between the two dose rates sensitivities at 490 nm (cf. figure 3b). The difference in RIA between fibers 11 and 12 at 1 Gy is about 7%. From the similitude in RIA behaviors of Al/Tm co-doped fibers observed in figures 1, 2 and 3b, it is likely that the dose rate dependency is the same for the lower Tm concentrations. Regarding Al doped fibers, comparison between RIA at 575 nm of fibers 4 and 5 also reveals a very weak dependency on dose rate (cf. figure 3a). This result is also very encouraging for dosimetry, however, the RIA kinetic of fiber 4 is not linear at this wavelength. Further experiments should be conducted to evaluate the dose rate effect on higher concentrations.

Wavelength 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/(Gy m). 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 α (dB) and the deposited dose D

: D = α LS (1) 
where L is the measured length of fiber and S its sensitivity. Of course, this is true at room temperature. For a sensor operating at significantly different temperatures, the sensitivity would be different and fading would appear in hotter conditions. 

Conclusion

RIA of Al-doped and Al/Tm co-doped fibers have been measured in the visible and near-infrared domains. It is the first time to our knowledge that RIA spectra of Al/Tm co-doped fibers are measured. This study reveals, inter alia, that :

1. Highly doped aluminum optical fibers can be used around 575 nm for low doses detection. However, quantitative measurements requires a complex dose computation to take fading into account.

2. Visible and near-infrared RIA of Al/Tm co-doped fibers is not dependent on Tm concentration in the studied range.

3. Al/Tm co-doped fibers at 490 nm are suited for highly sensitive dosimetry at room temperature with a very simple dose computation.
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 1 Fig. 1. 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 of table 1.

Fig. 2 .

 2 Fig. 2. 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 is fading. Only 1 Gy/h irradiations are shown here.

Figure 2

 2 Figure 2 also shows the post irradiation fading during 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. For fibers 1 to 4, RIA is believed to be due to Al-Oxygen Hole Centers (ALOHC)[START_REF] Mady | Systematic investigation of composition effects on the radiation-induced attenuation mechanisms of aluminosilicate, Yb-doped silicate, Yb-and Yb,Ce-doped aluminosilicate fiber preforms[END_REF]. When compared to lower Al concentration fibers, the different fading behavior of fiber 6 tends to indicate that color centers responsible for the RIA excess at this wavelength are not of the same kind.
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 3 Fig. 3. RIA vs. dose for two different dose rates : 0.1 Gy/h (orange) and 1 Gy/h (blue).Figure (a) corresponds to Al doped fibers at 575 nm and (b) to Al/Tm co-doped ones at 490 nm.

  Fig. 3. RIA vs. dose for two different dose rates : 0.1 Gy/h (orange) and 1 Gy/h (blue).Figure (a) corresponds to Al doped fibers at 575 nm and (b) to Al/Tm co-doped ones at 490 nm.

  Dose 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