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Abstract—A radiation resistant single-mode optical fiber ha
been specifically developed for distributed sensingn harsh
environments associated with MGy(Si@) dose radiation.
Different types of coating have been used: acrylateolyimide,
aluminum that allow extending the range of accessib
temperatures up to 400°C. Various characterizationswere
performed: radiation inducted attenuation (offline and online),
fiber mechanical strength and coating thermal degreation post
irradiation. Safe operation is demonstrated for alnost all coating
types up to the MGy(SiQ) 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 deployabideu
various radiation environments have drawn a grovimerest

plants [3], nuclear waste repositories [4] or highergy
physics laboratories [5]. The deployment of specdptical
fibers for such applications is a real challengepptimizing
the optical power budget, i.e. the safe deploybdrfiength,
depends on numerous parameters such as on-the-field
radiation environment, operating temperature, iogator
requirements and interactions between those paeasnein
this context, we describe here the development spexific
single-mode radiation hardened fiber for distrilbusensing
applications which shall operate in the infrarechge of
wavelengths under both high cumulated dagetd the MGy
range) and possibly at elevated temperatusesefal hundred

of degrees). As reviewed in [6], the radiation induced
attenuation (RIA) will affect all types of distrited sensors by
decreasing the achievable sensing length. RIA isea by
point defects created by radiations in the siliaadal core and
cladding and then its amplitude and kinetics depmmgarious
intrinsic and extrinsic parameters (see [7] for endietails)

because of their intrinsic benefits, such as paekag@mong which the fiber composition plays a cruc@er For

compactness, high bandwidth, multiplexing, longgenand
immunity to most of the electromagnetic perturbagio A
major demonstration of their industrial maturity the
installation at CERN, Geneva, of several thousadtaireters
of radiation hardened optical fibers in the Largadkbn
Collider (LHC) data transmission network [1]. Thofigers
comply with ITU telecom standards and are desigied
withstand a cumulative dose of 100 kGy(gi@nd most likely
even more with the future High Luminosity Large iz
Collider (HL-LHC). Besides optical transmission apgtions,
radiation hardened optical fibers are also verynmpsong for
distributed temperature, strain or liquid level siag in harsh
environments relying on the exploitation of the IBriin,

Rayleigh or Raman scattering phenomena in siliceta

fibers [2]. Those technologies shall allow monibgyi
structural deformations and/or temperature gradiei
various harsh radiation environments inside nucleawer
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the environments targeted in this work, it has been
demonstrated that pure-silica core optical fiberdlworine-
doped core fibers (both with fluorine-doped cladginpresent
limited RIA at room temperature in the infrared ganof
wavelengths and at MGy dose levels [8-9]. In owdgt the
optical design of a specific radiation resistamgi-mode
fiber has been optimized and several preforms Haeen
drawn with different coatings such as acrylateyjpoide and
aluminum able to sustain temperatures up to 85WapH
300°C and 400°C, respectively. For all of them, measure
radiation-induced-attenuation (RIA) that impactsimhathe
part of the fiber where the guided mode is propgagatthe
core and the inner part of its cladding. We alseestigate
potential coating weakening after irradiation ants i
consequences by measuring the fiber tensile streagt
evaluating the kinetics of its thermal degradatignthermal
gravimetric analysis (TGA).

Il. FIBER DESIGNAND CHARACTERIZATION

Hard coatings for high temperatures such as potignor
metals bring a significant additional source ofeattation
related to micro-bending sensitivity. This can bartiplly
explained by the fact that for those kinds of auggi there is
no inner soft primary layer with a low modulusLMPa) that
is surrounded by the secondary high modulus lay@6Pa).
This outer layer acts as mechanical and chemicaégtion, in
particular for dual acrylate coatings optimized tetecom



applications. In the case of single layered hardtings,
external stress applied perpendicular to the fiterction acts
as the repetition of very small radius bends tofther core
along its length, leading to power dissipation tlgio cladding
higher-order modes. In order to mitigate this phmaeaoon that
increases with wavelength, we increase the couddiig

refractive index difference (7Q0°) as compared to standard
telecom fibers [(5.5x10°). Fiber core is made of pure silica,

whereas cladding is made of fluorine-doped silica. @ wt%
of fluorine). Core diameter is finally fixed to 7.0m in order
to reach a LP11 cut-off wavelength close to 125Q wimich
allows fiber operation at both the second and thinddows:

I1l. IRRADIATION CONDITIONSAND RIA MEASUREMENTS

100 m of each fiber sample listed in table | hagerbloosely
coiled at a diameter of 80 mm. The coils were pabgi
irradiated (without any injected optical power) enf’Co y-
rays at the IRSN IRMA facility, Saclay (France), tp a
cumulated dose of 750 kGy(SiOat a dose rate of 0.37 Gy
(SiOy)/s and at room temperature (between 25-30°C).t&pec
attenuation measurements have been performed om¢hmo
after irradiation in the wavelength range betwe450lnm and
1650 nm using the well-known cut-back techniqueA 3
obtained by the difference of spectral attenuatitiar/before
irradiation. Figure 2 compares RIA spectral depacdeof the

1310 nm and 1550 nm, respectively. At the same ,timgyyr different samples. ACR.1, ACR.2 and ALU sansple

lowering micro-bending sensitivity also enhancesstance to
macro-bending. We have indeed verified that thdedifit

which have been drawn in similar conditions, exhihi
comparable RIA offR5 dB/km at 1550 nm. POL sample,

fibers described in table | comply with ITU G657.A@andard  4.4vn at aBx lower draw speed in order to ensure complete

requirements related to bending loss, which
beneficial for future cabling prospects. As indézhtn table II,
we have selected two dual acrylate coatings,
(standard dual acrylate for telecom applicatioms) ‘¢ACR.2"
(high temperature dual acrylate), both cured ie With UV
lamps, one polyimide, “POL” cured in line with theal
furnaces, and the last one is an aluminum coatiAgl”
deposited in line from a melted bath. A typicalefilsection
after coating removal is presented in Figure 1.

TABLE |
CHARACTERISTICSOF DIFFERENTTESTEDOPTICAL FIBERS
Sample Core Cladding Coating Loss at Loss at
refere?we diameter  diameter  diameter 1310 nm 1550 nm
(um) (um) (um) (dB/km)  (dB/km)
ACR.1 7.0 125 245 0.50 0.25
ACR.2 7.0 125 245 0.50 0.25
POL 7.0 125 155 0.50 0.30
ALU 7.0 125 165 15 15
TABLE Il

CHARACTERISTICSOF DIFFERENTTESTEDCOATINGS

Maximum long term

Sample reference operating temperature

Coating type

ACR.1 Standard acrylate 85°C
ACR.2 High temperature 150°C
acrylate
POL Polyimide 300°C
ALU Aluminum 400°C

Fig. 1. Typical fiber cross-section

is 19N coating crosslinking, also exhibits a slightly redd RIA,

(118 dB/km at 1550 nm. A lower drawing speed alsaiced

“ACRJihe glass cooling rate. Therefore, strained bomdsch are

known to act as precursor sites for point defeetssing the
RIA in such fibers, may be less favored in the cac®OL
samples.
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Fig. 2. Spectral RIA of the different samples afiessive
irradiation up to 750 kGy(Sig at room temperature
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ACR.2 sample was selected to undergo®&o y-rays
irradiation with online RIA monitoring at SCK-CENylol
(Belgium), up to a cumulative dose of 3.0 MGy(gi@t dose
rate of 5.2 Gy(Sig)/s. Optical signals at both wavelengths
were provided by two broadband super luminesceotieti
providing each a total output power of 1.2 mW. Tenapure
remained stable all along the irradiation at royghR°C.
Figure 3 presents RIA evolutions at 1310 nm and015&.
Raw data are represented with open circles and kesit fit
curves with bold lines.



30 was even measured after 2.35 MGy(8i0f ®°Co y-rays due
===1550 nm to enhanced coating crosslinking [12]. Our fibempkes were
[ subjected twice to 750 kGy(SIPIRMA runs, ending up a
cumulated dose of 1.5 MGy(SjP Fiber tensile strength was
measured according to IEC 60793-1-31 using an alitable
top tensile tester from FIBER SIGMA with a fiber ugge
of 0.5 m. Figures 4 and 5 present respectivelyltesbtained

E for acrylate coated samples and for polyimide/alhumi
) coated ones for a strain rate of 30 mm/min whiafresponds
=3 to an elongation of 6 %/min.
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Fig. 3. Online RIA at 1310 nm and 1550 nm for ACRdzted @& 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 therteg 0.2
ones in [1], 11 dB/km at 1310 nm and 20 dB/km &&QL&m Q @
(with [BOx less injected optical power), for a radiation 0.1 1S <
hardened fiber with both fluorine-doped core anadding. o O O
Our tested sample exhibits a similar RIA at 1550innboth 0 1 5 3 4 5 5 7

irradiation scenarios (online and offline), whereasnulated
dose is[¥x higher in the case of online measurement. This .
most likely due to the strong impact of photo-bléag on the
RIA of the investigated optical fibers. Is it wontloticing that
light power was not found to have a significant &opin the
case of fluorine-doped core single-mode fibers op at

Tensile strength (GPa)
Fig. 4. Tensile strength measurement before/aftadiation
for both sets of acrylate coated fibers
(red and orange labelled points are almost fullyesposed)

maximal dose of 10 kGy(SKp when injected optical power ! 0 | O
rises from 40 uW to 0.35 mW [1]. Photo-bleachingV@und 08 OPOL o o
to be efficient in such fibers by injecting 40 mW light at e ifedigtsd o
980nm during irradiation up to 110 kGy(S)O[10]. For 0.8
distributed sensing applications up to tAEIGy range, we =, OALU @ o
believe that it is really important to take intccaant the real = 07 o @O
optical power which is used by the various possibl 2 el )
architectures of commercially available interrogstarhis is g e i)
particularly relevant for safety systems which kbpkrate 24 9 4 P
hours a day in an “ON” state. Therefore accessiglesing <=
length for a given radiation hardened fiber depemaisonly & ., @
on the fiber characteristics but also on the setéaensing =2 o
technology and its operation characteristics. Aserample, L'I_U 0.3 o
typical double-ended BOTDA Bfillouin 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. 01 o @

5 o] O

IV. FIBER MECHANICAL STRENGTHEVALUATION 0 1 2 3 4 5 6 7

Optical fiber reliability under harsh radiation @mnment is Tensile strength (GPa)
also a crucial issue. No degrad_atlon of fiber m_e(ﬂai Fig. 5. Tensile strength measurement before/aftadiation
strength was observed when various acrylate cofibeds 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 detgd
mechanical behavior after irradiation, with breakat occur
even at low applied stress. We clearly observed tha
primary ACR.1 coating lost most of its adhesiorttie glass
part, therefore stress corrosion through moistageeission is
strongly favored. For ACR.2 samples, we did noteobs any
variation of tensile strength nor stripping foraequired to
remove the coating. POL samples do not suffer framy
mechanical degradation after irradiation neithdrtUfsamples
exhibit a quite broad failure strength repartititimeir median
value drops about 20% after irradiation. In orderestimate
dynamic fatigue corrosion factor, we extend tensiiength
measurements to strain rates ranging from 3 mmitmiB00
mm/min of fiber elongation. Obtained mean valuegro{s
samples for each fiber type are summarized in tdble
Standard deviation of those measurements is of GR¥&.

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 5.62 GPa
ACR.2
[1.5MGy(SiO)] 4.74 GPa 5.10 GPa 5.67 GPa
POL 4.85 GPa 5.39 GPa 5.81 GPa
POL 4.86 GPa 5.47 GPa 5.89 GPa

[1.5MGy(SiO)]

We estimate the dynamic fatigue corrosion factay, as

defined in IEC 60793-1-3 standard by fitting meamsile

strength versus strain rate in logarithmic scaleequal to
1/p- 1 (where p is the obtained slope), is a stetided

indicator of fiber mechanical behavior. It shalach at least
18.0 in order to comply with IEC 60793-2-50. Figa@ & 7

present the obtained results, respectively for AC&hd POL
coated fibers before/after irradiation. Table IVirsnarizes
calculated values of dynamic fatigue corrosiondgcty and

respective uncertainties for 95% of confidenceadsutated in
IEC 60793-1-3 standard.
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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 exhibitigmiicant
increase of p from 19 before irradiation to[R5 after
irradiation at the MGy dose level, as already painbut in
[12]. For polyimide coated fibers, we notice a liea drop of
ng, which is hardly significant and remains much leigthan
the safe value of 18.0 defined by the standardsuramarize
our results, all tested samples comply with stadided
mechanical strength requirements after irradiaiiothe MGy
dose range, apart from the ones coated with ACBatirg. It
is worth noticing that we only test one specimen éach
coating type, so this result shall not be genesdlito the
variety of coatings available on the market. Aluarmcoated
fibers were not included in this study as such daltie
coating is hermitic towards moisture and therefprevents
tensile strength dependence to strain rate.

V. THERMAL COATING DEGRADATION

We use thermal gravimetric analysis in order toebtigate
thermal degradation of polyimide coated fiber saaplThis
coating type offers the best compromise betweeenebed
operating temperature, low fiber attenuation andugtrial
availability. A small amount of coated fibefl(0 mg) is
placed into the platinum crucible of a thermo-bakafl 3] and
is subjected to a temperature ramp of 2°C/min uraler
Relative mass loss curve of the coating part versi
temperature is given in figure 8.

weakening after such a high dose wfays. Life-time
prediction is extracted from TGA curves based orh@nius
formalism [14] in order to get a quantitative compan of
coating thermal degradation kinetic before/afteadration.
The instantaneous rate of weight change, dW/d, fisnction
of temperature. It is approximated by the runnimgrage of
weight change over small intervals of temperatuBg.
applying the Arrhenius relation, dd¢¥=A.exp(-&/RT), the
familiar plot In(dwW/dt) versus 1/T is generated rfrohigh
temperature data (420°C to 485°C), as shown inrdicufor
POL samples before/after irradiation. Table V gitles values
of pre-exponential factor A, JR and determination
coefficient R2 for both sample types.

1/T (K1)

0.00130 0.00132 0.00134 0.00136 0.00138 0.00140 0.00142 0.00144 0.00146
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100.0 Fig. 9. Arrhenius plots of weight change rate veriswerse
temperature for polyimide coated fiber before/alftexdiation
—_ TABLE V
X 990 ARRHENIUSPLOT FIT COEFFICIENTSFORBOTH SAMPLES
@ ample A EJR Re 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 heassunder
T isothermal condition in air can be evaluated ovebraad
-E operating temperature range. Obtained life-timeipt®n is
S given in figure 10, using a quite stringent failunéterion 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

Temperature (°C)

Fig. 8. TGA curves of polyimide coated fiber
before/after irradiation
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Polyimide coating exhibits an accelerated thernegirddation
after being irradiated. As the chosen temperatamgpris quite
high, accelerated mass loss occurs above 350°Chigkt
temperature in an air environment, oxygen diffusge the
surface of the polymer, attacking directly the pmoty with the
release of carbon dioxide, carbon monoxide, ancemwdathe
rate of degradation is controlled by the rate & thxygen
diffusion which is accelerated due to polymer netwo

1000

Life-time (days)

—POL

—POL [1.5MGy(Si02)]

1
Fig. 10. Life-time prediction of polyimide coateitidr
before/after irradiation for a 20 wt% mass lossecia



As already shown in figure 5, we did not observey an
significant degradation of irradiated polyimide tamh fibers, [1]
when their tensile strength is measured at roonpé¢eature.
However, TGA analysis reveals that irradiation has
detrimental impact on polyimide coating ability wothstand
high temperature, leading to reduce its operaifetirhe after

an exposure to grays cumulated dose of 1.5 MGy(S)OAs [2]
an example, at 300°C, their long term recommended
temperature of operation, the thermal stabilitypotyimide 3]
coating fibers decreases from more than 300 daysdo
about 45 days after this huge radiation dosgrefys.

VI. CONCLUSION

A specific single-mode radiation hardened fiber Hmeen [4]
developed based on requirements of distributed irsgns
applications under high cumulated dose, typically to

the MGy dose level. Four different coatings werstdd in
order to allow possibly operation at elevated terapee: a
dual acrylate combination for telecom applicatioasdual
high temperature acrylate combination, polyimided an
aluminum. The fiber index profile has been optirdize order

to reduce micro-bending contribution to total atk@tion, in
particular for the case of hard coatings. RIA meegoffline
exhibits a slight dependence on draw speed, wheshlts
from technical constraints, such as available Uuvthmrmal
power to complete the coating cure. Comparison éetw [6]
online and offline RIA measurements indicate tleg tested
fibers are strongly sensitive to photo-beachingparticular
under high cumulated dose. This dependence tovigjetted
optical power will influence the optical power buedg
calculation in a real sensing configuration. Theref the
maximum sensing length for a given total cumulatede will
also depend on the interrogator parameters sudhjesed
optical power and dynamic range. Mechanical sttengt
measurements after irradiation indicate that the efssome
standard dual acrylate for telecom applications nisey
detrimental towards fiber reliability. Specialtyatmgs such [8]
as high temperature acrylate, polyimide or aluminalow
safe operation under irradiation up to the MGy diesel at

(or close to) room temperature. Finally, thermovgreetric
analysis has been performed on irradiated polyintdated [9
fiber samples. It is clear that irradiation degmsatiee coating
ability to withstand elevated temperatures for I@agiods of
time. But, we consider that polyimide remains a djoo
candidate for distributed sensing applications [HY it

[7]
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