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Radiation resistant single-mode fiber
with different coatings for sensing
in high dose environments

G. Mélin, P. Guitton, R. Montron, T. Gotter, T. Robin, B. Overton, A. Morana Member IEEE,
S. Rizzolo Member IEEE, S. Girard, Senior Member IEEE

Abstract—A radiation resistant single-mode optical fiber has
been specifically developed for distributed sensing in harsh
environments associated with MGy(SiO;) dose radiation.
Different types of coating have been used: acrylate, polyimide,
aluminum that allow extending the range of accessible
temperatures up to 400°C. Various characterizations were
performed: radiation inducted attenuation (offline and online),
fiber mechanical strength and coating thermal degradation post
irradiation. Safe operation is demonstrated for almost all coating
types up to the MGy(SiO,) range of cumulated dose.

Index Terms—Radiation resistant fiber, optical fiber coating,
radiation induced attenuation, mechanical strength, thermal
gravimetric analysis.

I. INTRODUCTION

For more than a decade, optical fibers deployable under
various radiation environments have drawn a growing interest
because of their intrinsic benefits, such as package
compactness, high bandwidth, multiplexing, long range, and
immunity to most of the electromagnetic perturbations. A
major demonstration of their industrial maturity is the
installation at CERN, Geneva, of several thousand kilometers
of radiation hardened optical fibers in the Large Hadron
Collider (LHC) data transmission network [1]. Those fibers
comply with ITU telecom standards and are designed to
withstand a cumulative dose of 100 kGy(SiO,) and most likely
even more with the future High Luminosity Large Hadron
Collider (HL-LHC). Besides optical transmission applications,
radiation hardened optical fibers are also very promising for
distributed temperature, strain or liquid level sensing in harsh
environments relying on the exploitation of the Brillouin,
Rayleigh or Raman scattering phenomena in silica-based
fibers [2]. Those technologies shall allow monitoring
structural deformations and/or temperature gradients in
various harsh radiation environments inside nuclear power
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plants [3], nuclear waste repositories [4] or high energy
physics laboratories [5]. The deployment of specific optical
fibers for such applications is a real challenge. as optimizing
the optical power budget, i.e. the safe deployed fiber length,
depends on numerous parameters such as on-the-field
radiation environment, operating temperature, interrogator
requirements and interactions between those parameters. In
this context, we describe here the development of a specific
single-mode radiation hardened fiber for distributed sensing
applications which shall operate in the infrared range of
wavelengths under both high cumulated dose (up fo the MGy
range) and possibly at elevated temperatures (several hundred
of degrees). As reviewed in [6], the radiation induced
attenuation (RIA) will affect all types of distributed sensors by
decreasing the achievable sensing length. RIA is caused by
point defects created by radiations in the silica-based core and
cladding and then its amplitude and kinetics depend on various
intrinsic and exfrinsic parameters (see [7] for more details)
among which the fiber composition plays a crucial role. For
the environments targeted in this work, it has been
demonstrated that pure-silica core optical fibers or fluorine-
doped core fibers (both with fluorine-doped claddings) present
limited RTA at room temperature in the infrared range of
wavelengths and at MGy dose levels [8-9]. In our study, the
optical design of a specific radiation resistant single-mode
fiber has been optimized and several preforms have been
drawn with different coatings such as acrylate, polyimide and
aluminum able to sustain temperatures up to 85°C-150°C,
300°C and 400°C, respectively. For all of them, we measure
radiation-induced-attenuation (RIA) that impacts mainly the
part of the fiber where the guided mode is propagating: the
core and the inner part of its cladding. We also investigate
potential coating weakening after irradiation and its
consequences by measuring the fiber tensile strength and
evaluating the kinetics of its thermal degradation by thermal
gravimetric analysis (TGA).

II. FIBER DESIGN AND CHARACTERIZATION

Hard coatings for high temperatures such as polyimide or
metals bring a significant additional source of attenuation
related to micro-bending sensitivity. This can be partially
explained by the fact that for those kinds of coatings, there is
no inner soft primary layer with a low modulus (~1MPa) that
is surrounded by the secondary high modulus layer (~1GPa).
This outer layer acts as mechanical and chemical protection, in
particular for dual acrylate coatings optimized for telecom



applications. In the case of single layered hard coatings|ll. | RRADIATION CONDITIONS AND RIA MEASUREMENTS

external stress applied perpendicular to the fiber direction agt§g m of each fiber sample listed in table | have been loosely
as the repetition of very small radius bends to the fiber coggijeq at a diameter of 80 mm. The coils were passively
along its length, leading to power dissipation through Claddirfpradiated (without any injected optical power) un&igo y-

higher-order modes. In order to mitigate this phenomenon tr}g s at the IRSN IRMA facility, Saclay (France), up to a

increases with wavelength, we increase the core/claddig mulated dose of 750 kGy(SiOat a dose rate of 0.37 Gy
refractive.index differe_gce (_7>.<10'3) as compared to Sta“fj_ard(SiOZ)/s and at room temperature (between 25-30°C). Spectral
telecom fibers [(5.5<10°). Fiber core is made of pure silica, attenuation measurements have been performed one month
whereas cladding is made of fluorine-doped silicd @ wt% after irradiation in the wavelength range between 1450 nm and
to reach a LP11 cut-off wavelength close to 1250 nm, whightained by the difference of spectral attenuation after/before
allows fiber operation at both the second and third windowgiadiation. Figure 2 compares RIA spectral dependence of the
1310 nm and 1550 nm, respectively. At the same timgyyr different samples. ACR.1, ACR.2 and ALU samples,
lowering micro-bending sensitivity also enhances resistance\{ich have been drawn in similar conditions, exhibit a
macro-bending. We have indeed verified that the differegbmparable RIA of 25 dB/km at 1550 nm. POL sample
fibers described in table | comply with ITU G657.A2 standargayn at a5 lower draw speed in order to ensure complete
requirements related to bending loss, which is highly,ating crosslinking, also exhibits a slightly reduced RIA,

beneficial for future cabling prospects. As indicated in table ItﬂS dB/km at 1550 nm. A lower drawing speed also reduces
we have selected two dual acrylate coatings, “ACR.J% '

e N he glass cooling rate. Therefore, strained bonds, which are
(st_andard dual acrylate for telecom appllcatlon_s) and ’IT\CR' nown to act as precursor sites for point defects causing the
(high temperature o_lual acrylate), both _cur_ed In !me with U IA in such fibers, may be less favored in the case of POL
lamps, one polyimide, “POL” cured in line with thermal amples
furnaces, and the last one is an aluminum coating, “ALUs’ '
deposited in line from a melted bath. A typical fiber sectio~ 4

after coating removal is presented in Figure 1.
35
TABLE |
CHARACTERISTICSOF DIFFERENTTESTEDOPTICAL FIBERS
Sample Core Cladding Coating Loss at Loss at 30
refere?we diameter  diameter diameter 1310 nm 1550 nm —
(um) (nm) (1m) (dB/km)  (dB/km) g 25 =
ACR.1 7.0 125 245 0.50 0.25 =
Q .,
T
ACR.2 7.0 125 245 0.50 0.25 Z e ACR.1
o 5
POL 7.0 125 155 0.50 0.30 e ACR.2
10
ALU 7.0 125 165 15 15 POL
5
TABLE Il ALU
CHARACTERISTICSOF DIFFERENTTESTEDCOATINGS 0
sample reference Coating type Maximum long term 1450 1475 1500 1525 1550 1575 1600 1625 1650
operatlng temperature Wavelength (nm)
ACR.1 Standard acrylate 85°C Fig. 2. Spectral RIA of the different samples after passive
: irradiation up to 750 kGy(Sig at room temperature
ACR.2 High temperature 150°C
acrylate 0
o s ACR.2 sample was selected to undergo™&€o0 y-rays
POL Polyimide 300°C irradiation with online RIA monitoring at SCK-CEN, Mol
) (Belgium), up to a cumulative dose of 3.0 MGy(gi@t dose
ALU Aluminum 400°C

rate of 5.2 Gy(Sig)/s. Optical signals at both wavelengths

were provided by two broadband super luminescent diodes
providing each a total output power of 1.2 mW. Temperature
remained stable all along the irradiation at roughly 42°C.

Figure 3 presents RIA evolutions at 1310 nm and 1550 nm.
Raw data are represented with open circles and their best fit
curves with bold lines.

Fig. 1. Typical fiber cross-section



30 was even measured after 2.35 MGy(8iof ®°Co y-rays due
===1550 nm to enhanced coating crosslinking [12]. Our fiber samples were
o subjected twice to 750 kGy(SIPIRMA runs, ending up a
cumulated dose of 1.5 MGy(Sj Fiber tensile strength was
measured according to IEC 60793-1-31 using an uniaxial table
top tensile tester from FIBER SIGMA with a fiber gauge
of 0.5 m. Figures 4 and 5 present respectively results obtained

E for acrylate coated samples and for polyimide/aluminum
) coated ones for a strain rate of 30 mm/min which corresponds
=3 to an elongation of 6 %/min.
< :
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Fig. 3. Online RIA at 1310 nm and 1550 nm for ACR.2 coate @ oca
fiber under irradiation up to 3.0 MGy(SiD = o ©
. . E 0.3 (e} a
The obtained online RIA at 3.0 MGy(SiQ20 dB/km at 1310 o o
nm and 27 dB/km at 1550 nm, are higher than the report 0.2
ones in [1], 11 dB/km at 1310 nm and 20 dB/km at 1550 n Q @
(with [BOx less injected optical power), for a radiation 0.1 1S <
hardened fiber with both fluorine-doped core and claddin o O O
Our tested sample exhibits a similar RIA at 1550 nm in bor 0 1 5 3 4 5 5 7

irradiation scenarios (online and offline), whereas cumulate .
dose is[¥x higher in the case of online measurement. This .__ ) Tensile strength (GPa) ) o
most likely due to the strong impact of photo-bleaching on th&i9. 4. Tensile strength measurement befor.e/after irradiation
RIA of the investigated optical fibers. Is it worth noticing that for both sets of acrylate coated fibers

light power was not found to have a significant impact in the(réd and orange labelled points are almost fully superposed)
case of fluorine-doped core single-mode fibers up to a
maximal dose of 10 kGy(SKp when injected optical power

rises from 40 uW to 0.35 mW [1]. Photo-bleaching was foun 08
to be efﬁment in suqh .flbers by injecting 40 mW of light ai e ifedigtsd
980nm during irradiation up to 110 kGy(S)O[10]. For 0.8
distributed sensing applications up to tEIGy range, we =, OALU

believe that it is really important to take into account the re & 07 o
optical power which is used by the various possibl & el
architectures of commercially available interrogators. This g
particularly relevant for safety systems which shall operate : ©
hours a day in an “ON” state. Therefore accessible sensi -

length for a given radiation hardened fiber depends not or ¥ 0.4

on the fiber characteristics but also on the selected sens 2

technology and its operation characteristics. As an examplf 0.3
typical double-ended BOTDA Bgillouin Optical Time o
Domain Analysis) will operate at a few mW, whereas typical 02 o |
single-ended BOTDR Bfillouin Optical Time Domain

Reflectometer) will operate at about 500 mW.
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IV. FIBER MECHANICAL STRENGTHEVALUATION 0 1 2 3 4 5 6 7

Optical fiber reliability under harsh radiation environment i Tensile strength (GPa)

also a crucial issue. No degrad_atlon of fiber mechamc- ig. 5. Tensile strength measurement before/after irradiation
strength was observed when various acrylate coated fibers for polyimide and aluminum coated fibers

underwent 500 kGy(Si) of ®Co y-rays [11]. Improvement




Unlike ACR.2, ACR.1 sample exhibits a strongly degrade
mechanical behavior after irradiation, with breaks that occi@
even at low applied stress. We clearly observed that t Q@
primary ACR.1 coating lost most of its adhesion to the glafg
part, therefore stress corrosion through moisture ingression '
strongly favored. For ACR.2 samples, we did not observe a §
variation of tensile strength nor stripping force required tQ
remove the coating. POL samples do not suffer from arg
mechanical degradation after irradiation neither. ALU sample 2
exhibit a quite broad failure strength repartition, their media @
value drops about 20% after irradiation. In order to estima @
dynamic fatigue corrosion factor, we extend tensile streng 2
measurements to strain rates ranging from 3 mm/min to 3 2
mm/min of fiber elongation. Obtained mean values over 12
samples for each fiber type are summarized in table I
Standard deviation of those measurements is of 0.05 GPa.

TABLE Il
MEASUREDMEAN TENSILE STRENGTH

Sample Strain rate Strain rate Strain rate

reference 3mm/min 30mm/min 300mm/min
ACR.2 4.45 GPa 5.00 GPa 5.62GPa 2
8
ACR.2 a
[1.5MGy(SiO)] 4.74 GPa 5.10 GPa 5.67 GPa o
]
o
POL 4.85 GPa 5.39 GPa 5.81 GPa Q
L
POL 4.86 GPa 5.47 GPa 5.89 GPa g
[1.5MGyY(SIG)] ' ' ' g
k7
<]
We estimate the dynamic fatigue corrosion factqr,as G
defined in IEC 60793-1-3 standard by fitting mean tensil E

strength versus strain rate in logarithmic scaleequal to
1/p- 1 (where p is the obtained slope), is a standardiz
indicator of fiber mechanical behavior. It shall reach at lea
18.0 in order to comply with IEC 60793-2-50. Figures 6 & -
present the obtained results, respectively for ACR.2 and P(
coated fibers before/after irradiation. Table IV summarizes
calculated values of dynamic fatigue corrosion factgramd
respective uncertainties for 95% of confidence as calculated in
IEC 60793-1-3 standard.
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Fig. 6. Tensile strength measurement versus strain rate
before/after irradiation for ACR.2 samples
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Fig. 7. Tensile strength measurement versus strain rate

before/after irradiation for POL samples

TABLE IV

MEASUREDDYNAMIC FATIGUE CORROSIONFACTOR
Rse?enr]grlmece ng mean A maxi (95%) @ mini (95%)
ACR.2 18.8 19.3 18.2
ACR.2

[1.5MGy(SiOy)] 24.6 26.3 23.0
POL 24.6 25.8 23.6
POL 22.8 24.2 215

[1.5MGy(SiOy)]




High temperature acrylate coated fibers exhibit a significanieakening after such a high dose pfays. Life-time
increase of § from 119 before irradiation to[R5 after prediction is extracted from TGA curves based on Arrhenius
irradiation at the MGy dose level, as already pointed out formalism [14] in order to get a quantitative comparison of
[12]. For polyimide coated fibers, we notice a limited drop ofoating thermal degradation kinetic before/after irradiation.
ng, which is hardly significant and remains much higher thahhe instantaneous rate of weight change, dW/dt, is a function
the safe value of 18.0 defined by the standard. To summaridetemperature. It is approximated by the running average of
our results, all tested samples comply with standardizeeeight change over small intervals of temperature. By
mechanical strength requirements after irradiation in the M@pplying the Arrhenius relation, dd¥=A.exp(-E/RT), the
dose range, apart from the ones coated with ACR.1 coatingfdimiliar plot In(dwW/dt) versus 1/T is generated from high
is worth noticing that we only test one specimen for eademperature data (420°C to 485°C), as shown in figure 9 for
coating type, so this result shall not be generalized to tR®OL samples before/after irradiation. Table V gives the values
variety of coatings available on the market. Aluminum coateaf pre-exponential factor A, JR and determination
fibers were not included in this study as such a metallmefficient R2 for both sample types.

coating is hermitic towards moisture and therefore prever 1T (K1)
tensile strength dependence to strain rate. 0.00130 0.00132 0.00134 0.00136 0.00138 0.00140 0.00142 0.00144 0.00146
2
V. THERMAL COATING DEGRADATION 5

We use thermal gravimetric analysis in order to investiga g 3
thermal degradation of polyimide coated fiber samples. Th g

coating type offers the best compromise between extends 3.5
operating temperature, low fiber attenuation and industrizg

availability. A small amount of coated fibefl(0 mg) is \45

y = -12996x + 14.576

placed into the platinum crucible of a thermo-balance [13] ars5 TN
is subjected to a temperature ramp of 2°C/min under ag s | °POL Mt;}?"
Relative mass loss curve of the coating part versi s _ y = -16047x +17.967
temperature is given in figure 8. : ¢ POL[1.5MGy(Si02)]
-6
100.0 Fig. 9. Arrhenius plots of weight change rate versus inverse
temperature for polyimide coated fiber before/after irradiation
—_ TABLEV
X 990 ARRHENIUSPLOT FIT COEFFICIENTSFORBOTH SAMPLES
Sample )
§ Referonce A EJR R? from fit
E 08.0 POL 18.854 16664 0.9824
2 ' POL [1.5MGy(SiQ)] 14576 12996 0.9914
=
]
8 970 From those data, time to reach a given coating mass loss under
T isothermal condition in air can be evaluated over a broad
-E operating temperature range. Obtained life-time prediction is
I given in figure 10, using a quite stringent failure criterion of
¢ 90 20 wt% mass loss [14].
=—=POL Temperature (°C)
POL [1 .5MGy(Si02)] 10000250 275 300 325 350
950

200 250 300 350 400 450 500

Temperature (°C) % 1000
Fig. 8. TGA curves of polyimide coated fiber g
before/after irradiation g
;.? 100
Polyimide coating exhibits an accelerated thermal degradati 2
after being irradiated. As the chosen temperature ramp is qt - 0 | POt
high, accelerated mass loss occurs above 350°C. At hi
temperature in an air environment, oxygen diffuses into tt —POL [1.5MGy(Si02)]

surface of the polymer, attacking directly the polymer with th
release of carbon dioxide, carbon monoxide, and water. The Fig. 10. Life-time prediction of polyimide coated fiber

rate of degradation is controlled by the rate of the oxygen pefore/after irradiation for a 20 wt% mass loss criteria
diffusion which is accelerated due to polymer network
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