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ABSTRACT

Raman Distributed Temperature Sensors (RDTS) effeeptional advantages for the monitoring of theissaned French
deep geological repository for nuclear wastesedalligéo. Here, we present experimental studigsoanthe performances
of RDTS evolve in harsh environments like thos@aisged with H or y-rays. Both of them are shown to strongly affeet th
temperature measurements made with RDTS. We shohatdby adapting the characteristics of the usbkdrffor the
sensing, we could limit its degradation but thatlifidnal hardening by system studies will have & developed before
integration of RDTS in Cigéo.
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1. INTRODUCTION

Raman Distributed Temperature Sensors (RDTS) driasit optical fiber sensors, in which the optiidler is not only a
transmission medium but also a sensing materiakctlt as a transducer converting temperature i@ariatto optical power
intensity change. These systems derive the locatmmy the multimode fiber from the time of flightthe probe pulse using
optical time domain reflectometry techniques. Theimperature sensitivity is achieved through thedutetion of the
backscattered intensity, owing to the phenomenospohtaneous Raman scattering. A high power prader llaunches a
pulsed optical signal in the optical fiber at thelge frequency,. Only a small fraction of the probing power isnséerred
to frequencies downshifted or upshifted, namely Sitekes and anti-Stokes frequencies, and is bait&sed to the fiber
input. The Raman component of the backscatteréd isgcaused by thermally driven molecular vibmasia@nd can be used
to obtain information about the temperature distiin along the fiber. The RDTS system used fa thork is based on the
measurement of the two Raman components from oti@¥the fiber (open-ended RDTS). Since the intgrsi the Anti-
Stokes line is more sensible to the temperatune tha intensity of the Stokes line, in this kindseihsor the temperature is
calculated according the equation:
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Despite Stokes normalization, this measuremengrisisve to variations of the fiber attenuatiorthifs is not constant over
the 100 nm span (between S and AS lines at 1064his)the case of bending losses, and radiatiddged losses. In fact,
while the laser pulse propagates in the fiber, dpgcal signal is attenuated by a factxp(—az) where ais the fiber
attenuation coefficient at the pump frequengy The backscattered light also undergoes an atfienuas and aas, for the
Stokes and the anti-Stokes signals respectively.
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If we take into account attenuation, we obtR({T, z) as a function of the position z of the scattering element du

4 hA z
R(T, Z) = (E> e _kT(1Z/) e_ fo (aas(u)—as(u))du
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where z is the distance from the fiber input. We'll see that the assumption that is commonly used in single-enc
systems thafa,; — as) is constant with time and/or uniform along the length of a fiber is frequently inappropria
especially so where the fiber is subjected to environment where its transmission is likely to be degraded. This can
in presence of ionizing radiation and hydrogen release like for the Cigéo applitatfotitee measurements are |
compensated for the differential attenuatjap, — @), the measurement error increases with the distahcgne goal o
this paper is to investigate; ldr gamma radiation effects on sensors performances, in view of their application in the
cell. We'll show that both treatments, gamma-radiation agptbétliing in standard fibers, affect the measurements R
leading to an incorrect reading of temperature. This problem is mainly explainggaalgyor H induced differentia
attenuation (RIA and HIR, respectively) for the Raman Stokes and anti-Stokes lines.

2. EXPERIMENTAL PROCEDURE

2.1. Experimental set-up and method

All measurements were performed using a commercially open-ended Sentinel DTS-SR Raman distributed te
sensor from Sensorfieprovided with 8 channel multiplexer. The device is linked to multimode optical fibers th
standard E2000 connectors. The best instrument claimed performances are: probe frequency of 1064 nm, 0.01°C
(for distance <10km), spatial resolution of 1m and longest range (continuous monitoring for up to 30 km).
measurements are made at normal pressure and controlled room temperature conditions, at the same calibration
with a spatial averaging of 1.02m. Continuous measurements are performed to monitor the influence of hydrogen
on the Raman response of the saturated optical fibers. The duration of one acquisition is of 300s and measureme
every 30 min during the night whereas during the day an acquisition time of 30s is used. All tests on irradiated
done about one month after irradiation with 300s of acquisition time.

2.2. Samples

Five different types of commercial multimode fibers, showed in the table 2.1, are investigated: two types of Si
Fibers (MMFSI), Radiation Resistant Fibers (RR-MMF) and Hydrogen Diffusion Resistant Fibers (HDR-MMF). We
different samples for each fiber type: a pristine sanmiplegans without any treatment, used as a reference), a hydrogenate
sample and three not pre-treatediradiated samples at the doses of 3 MGy, 6 MGy and 10 MGy (10MGy |
accumulated dose in 100 years in the storage cells). Each sample of first four fibers consists about 100m (83m fc
coiled with 8 cm of diameter. For the Fiber V we tested onfyrBadiated samples of 30m.

2.3. Hydrogen loading and desorption condition

Hydrogen is known to diffuse into silica. Loading durations can be calculated to achieve target hydrogen concentr.
the optical fiber core.

For the experiment, the samples were placed into hydrogen pressurized chambers at pressure of 202 bars ¢
temperature during 62 hours to achieve the saturation of the samples. Then samples were left at ambient co
hydrogen desorbed naturally. All measurements eroblded fibers were performed at room temperature to monitc
response of the instrument at constant ambient temperature as a function efcthrecéhtration into the fiber core. F
Cigéo project, when ventilation stops in storage cells, hydrogen content with slowly increases, to reach 100%
months resulting in high Hevels in the fibers used for sensing.
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2.4. Irradiation conditions

All fibers were gamma-irradiated with the Brigiffi€o facility of SCK*CEN to accumulate doses of 3 MGy, 6MGy an
MGy. Post mortem (one month after irradiation) temperature measurements were performed on pristine anc
irradiated 100m samples of all fiber types. This fiber length is sufficient to obtain a clear evaluation of the rac
hydrogen induced effects with our setup performances.

Table 2.1.Names and characteristics of the fiber samples. MMF-SI: Step Index multimode Fibers; RR-MMF: radiation Resistant
Multimode Fibers; HDR-MMF: Hydrogen Diffusion Resistant Multimode Fibers.

N° Fiber Type Core Cladding Coating Length
Acrylate
Fiber | MME-SI 50 pm 125 pm 100m
250 pm
Pure SiQ SiO, Polyimide
Fiber Il MME-SI 100m
50 pm 125pum 155um
Sio, F-SiG, UV cured resin
Fiber l11 RR-MMF 100m
50 um 125 um 245pm
Doped SiQ ( P presence) Carbon
Fiber IV HDR-MMF 125 um 83m
50 pm 145um
F-Si0, F-SiQ
Fiber V RR-MMF Acrylate 30m
50 pm 125 pm

3. EXPERIMENTAL RESTULTS

3.1. Hydrogen loading andy-radiation effects on Raman sensor

Figure 3.1a illustrates the strong negative impact of hydrogen loaded fiber | on the temperature estimation provit
Raman instrument. Similar results were observed on fibers I, lll, V. As shown in figure 3.1a, it is not possible to
faithfully the temperature on sensors in fibers containing hydrogen, even low concentrations. For Fiber I, we o
increase of temperature (up to the temperature limits of 800°C for this instrument) with the distance along the fibe
constant temperature. We observe that the temperature error increases with the distance and with the hydrogen c
fiber. This is attributed to the differential attenuati@m,; — a,) caused by the hydrogen related absorption Bands
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Figure 3.1a. Distributed Temperature measurementSigure 3.1b. Distributed Temperature measurements
calculated by the instrument on pristine ang-lédding calculated by the instrument on Fiber | pristineyanidadiated
standard multimode fiber (Fiber I). The external temperatureaisdifferent doses (3, 6 and 10 MGy). The external temperatur
around 25 °C. is around 20 °C.
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Figure 3.1b illustrates therays impact on the Raman measurements based on fiber | (representative of other fibers)
radiations also lead the device to calculate wrong temperature values, even if the observed errors are lowered ¢
the case of hydrogen. Similarly, we observe that the temperature error increases with the distance angimwétiatien
dose, confirming that this negative influence is related to the spectral dependence of the radiation induced attenua

4. DISCUSSION

We observed that the Raman response is strongly influencgddajation dose and by hydrogen diffusion into the f
core. The strong modifications in propagation losses limit the sensor performances under these harsh conditions
temperature estimation errors). To overcome these problems, we selected carbon coating fibers to avoid the ¢
hydrogen. Figure 3 illustrates the comparison between a Hydrogen diffusion resistant fiber with carbon coating (H-
IV) and a standard MMF (Fiber ). Without appropriate protection like carbon coating, Raman sensors cannot b
used in H presence. At the opposite, the use of radiation resistant fibers to perform Raman distribute ter
measurements may be not sufficient. Figure 4 shows a radiation resistant fiber (RR-MMF, Fiber V) and a stanc
(Fiber 1). In the worst condition, 10MGy, on 30 meter we observe that the error on DTS temperature measure |
using a radiation resistant fiber than a standard MMF fiber. If the use of RRMMF permits to limit the RIA and ther
to work with great lengths of fiber, the selected fiber should also present a spectral dependence of the RIA a
impact the same way both AS and S wavelengths.
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Figure 4.1z Distributed Temperature measurementSigure 4.1b. Distributed Temperature measurements calculated by
calculated by the instrument on-Hiffusion resistant fiber the instrument on radiation resistant and on standard MMF both
IV and on standard fiber | (pristine or loaded wit}).H irradiated at 10MGy. The external temperature is around 22 °C).
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