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Abstract—A radiation resistant single-mode optical fiber has
been specifically developed for distributed sensing in harsh
environments associated with MGy(SiO2) 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(SiO2) 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(SiO2) 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 to 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 extrinsic 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 fluorinedoped core fibers (both with fluorine-doped claddings) present
limited RIA 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
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applications. In the case of single layered hard coatings,
external stress applied perpendicular to the fiber direction acts
as the repetition of very small radius bends to the fiber core
along its length, leading to power dissipation through cladding
higher-order modes. In order to mitigate this phenomenon that
increases with wavelength, we increase the core/cladding
refractive index difference (7.0×10-3) as compared to standard
telecom fibers (∼5.5×10-3). Fiber core is made of pure silica,
whereas cladding is made of fluorine-doped silica (∼2.0 wt%
of fluorine). Core diameter is finally fixed to 7.0 µm in order
to reach a LP11 cut-off wavelength close to 1250 nm, which
allows fiber operation at both the second and third windows:
1310 nm and 1550 nm, respectively. At the same time,
lowering micro-bending sensitivity also enhances resistance to
macro-bending. We have indeed verified that the different
fibers described in table I comply with ITU G657.A2 standard
requirements related to bending loss, which is highly
beneficial for future cabling prospects. As indicated in table II,
we have selected two dual acrylate coatings, “ACR.1”
(standard dual acrylate for telecom applications) and “ACR.2”
(high temperature dual acrylate), both cured in line with UV
lamps, one polyimide, “POL” cured in line with thermal
furnaces, and the last one is an aluminum coating, “ALU”
deposited in line from a melted bath. A typical fiber section
after coating removal is presented in Figure 1.

III. IRRADIATION CONDITIONS AND RIA MEASUREMENTS
100 m of each fiber sample listed in table I have been loosely
coiled at a diameter of 80 mm. The coils were passively
irradiated (without any injected optical power) under 60Co γrays at the IRSN IRMA facility, Saclay (France), up to a
cumulated dose of 750 kGy(SiO2) at a dose rate of 0.37 Gy
(SiO2)/s and at room temperature (between 25-30°C). Spectral
attenuation measurements have been performed one month
after irradiation in the wavelength range between 1450 nm and
1650 nm using the well-known cut-back technique. RIA is
obtained by the difference of spectral attenuation after/before
irradiation. Figure 2 compares RIA spectral dependence of the
four different samples. ACR.1, ACR.2 and ALU samples,
which have been drawn in similar conditions, exhibit a
comparable RIA of ∼25 dB/km at 1550 nm. POL sample,
drawn at a ∼5× lower draw speed in order to ensure complete
coating crosslinking, also exhibits a slightly reduced RIA,
∼18 dB/km at 1550 nm. A lower drawing speed also reduces
the glass cooling rate. Therefore, strained bonds, which are
known to act as precursor sites for point defects causing the
RIA in such fibers, may be less favored in the case of POL
samples.

TABLE I
CHARACTERISTICS OF DIFFERENT TESTED OPTICAL FIBERS
Sample
reference

Core
diameter
(µm)

Cladding
diameter
(µm)

Coating
diameter
(µm)

Loss at
1310 nm
(dB/km)

Loss at
1550 nm
(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 II
CHARACTERISTICS OF DIFFERENT TESTED COATINGS
Sample reference

Coating type

Maximum long term
operating temperature

ACR.1

Standard acrylate

85°C

ACR.2

High temperature
acrylate

150°C

POL

Polyimide

300°C

ALU

Aluminum

400°C

Fig. 1. Typical fiber cross-section

Fig. 2. Spectral RIA of the different samples after passive
irradiation up to 750 kGy(SiO2) at room temperature
ACR.2 sample was selected to undergo a 60Co γ-rays
irradiation with online RIA monitoring at SCK-CEN, Mol
(Belgium), up to a cumulative dose of 3.0 MGy(SiO2) at dose
rate of 5.2 Gy(SiO2)/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.
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was even measured after 2.35 MGy(SiO2) of 60Co γ-rays due
to enhanced coating crosslinking [12]. Our fiber samples were
subjected twice to 750 kGy(SiO2) IRMA runs, ending up a
cumulated dose of 1.5 MGy(SiO2). 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
for acrylate coated samples and for polyimide/aluminum
coated ones for a strain rate of 30 mm/min which corresponds
to an elongation of 6 %/min.

Fig. 3. Online RIA at 1310 nm and 1550 nm for ACR.2 coated
fiber under irradiation up to 3.0 MGy(SiO2)
The obtained online RIA at 3.0 MGy(SiO2), 20 dB/km at 1310
nm and 27 dB/km at 1550 nm, are higher than the reported
ones in [1], 11 dB/km at 1310 nm and 20 dB/km at 1550 nm
(with ∼30× less injected optical power), for a radiation
hardened fiber with both fluorine-doped core and cladding.
Our tested sample exhibits a similar RIA at 1550 nm in both
irradiation scenarios (online and offline), whereas cumulated
dose is ∼4× higher in the case of online measurement. This is
most likely due to the strong impact of photo-bleaching on the
RIA of the investigated optical fibers. Is it worth noticing that
light power was not found to have a significant impact in the
case of fluorine-doped core single-mode fibers up to a
maximal dose of 10 kGy(SiO2) when injected optical power
rises from 40 µW to 0.35 mW [1]. Photo-bleaching was found
to be efficient in such fibers by injecting 40 mW of light at
980nm during irradiation up to 110 kGy(SiO2) [10]. For
distributed sensing applications up to the ∼MGy range, we
believe that it is really important to take into account the real
optical power which is used by the various possible
architectures of commercially available interrogators. This is
particularly relevant for safety systems which shall operate 24
hours a day in an “ON” state. Therefore accessible sensing
length for a given radiation hardened fiber depends not only
on the fiber characteristics but also on the selected sensing
technology and its operation characteristics. As an example,
typical double-ended BOTDA (Brillouin Optical Time
Domain Analysis) will operate at a few mW, whereas typical
single-ended BOTDR (Brillouin Optical Time Domain
Reflectometer) will operate at about 500 mW.

Fig. 4. Tensile strength measurement before/after irradiation
for both sets of acrylate coated fibers
(red and orange labelled points are almost fully superposed)

IV. FIBER MECHANICAL STRENGTH EVALUATION
Optical fiber reliability under harsh radiation environment is
also a crucial issue. No degradation of fiber mechanical
strength was observed when various acrylate coated fibers
underwent 500 kGy(SiO2) of 60Co γ-rays [11]. Improvement

Fig. 5. Tensile strength measurement before/after irradiation
for polyimide and aluminum coated fibers
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Unlike ACR.2, ACR.1 sample exhibits a strongly degraded
mechanical behavior after irradiation, with breaks that occur
even at low applied stress. We clearly observed that the
primary ACR.1 coating lost most of its adhesion to the glass
part, therefore stress corrosion through moisture ingression is
strongly favored. For ACR.2 samples, we did not observe any
variation of tensile strength nor stripping force required to
remove the coating. POL samples do not suffer from any
mechanical degradation after irradiation neither. ALU samples
exhibit a quite broad failure strength repartition, their median
value drops about 20% after irradiation. In order to estimate
dynamic fatigue corrosion factor, we extend tensile strength
measurements to strain rates ranging from 3 mm/min to 300
mm/min of fiber elongation. Obtained mean values over 15
samples for each fiber type are summarized in table III.
Standard deviation of those measurements is of 0.05 GPa.
TABLE III
MEASURED MEAN TENSILE STRENGTH
Sample
reference

Strain rate
3mm/min

Strain rate
30mm/min

Strain rate
300mm/min

ACR.2

4.45 GPa

5.00 GPa

5.62 GPa

ACR.2
[1.5MGy(SiO2)]

4.74 GPa

5.10 GPa

5.67 GPa

POL

4.85 GPa

5.39 GPa

5.81 GPa

POL
[1.5MGy(SiO2)]

4.86 GPa

5.47 GPa

5.89 GPa

We estimate the dynamic fatigue corrosion factor, nd as
defined in IEC 60793-1-3 standard by fitting mean tensile
strength versus strain rate in logarithmic scale. nd equal to
1/p - 1 (where p is the obtained slope), is a standardized
indicator of fiber mechanical behavior. It shall reach at least
18.0 in order to comply with IEC 60793-2-50. Figures 6 & 7
present the obtained results, respectively for ACR.2 and POL
coated fibers before/after irradiation. Table IV summarizes
calculated values of dynamic fatigue corrosion factor, nd and
respective uncertainties for 95% of confidence as calculated in
IEC 60793-1-3 standard.

Fig. 6. Tensile strength measurement versus strain rate
before/after irradiation for ACR.2 samples

Fig. 7. Tensile strength measurement versus strain rate
before/after irradiation for POL samples
TABLE IV
MEASURED DYNAMIC FATIGUE CORROSION FACTOR
Sample
Reference

nd mean

nd maxi (95%)

nd mini (95%)

ACR.2

18.8

19.3

18.2

ACR.2
[1.5MGy(SiO2)]

24.6

26.3

23.0

POL

24.6

25.8

23.6

POL
[1.5MGy(SiO2)]

22.8

24.2

21.5
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High temperature acrylate coated fibers exhibit a significant
increase of nd, from ∼19 before irradiation to ∼25 after
irradiation at the MGy dose level, as already pointed out in
[12]. For polyimide coated fibers, we notice a limited drop of
nd, which is hardly significant and remains much higher than
the safe value of 18.0 defined by the standard. To summarize
our results, all tested samples comply with standardized
mechanical strength requirements after irradiation in the MGy
dose range, apart from the ones coated with ACR.1 coating. It
is worth noticing that we only test one specimen for each
coating type, so this result shall not be generalized to the
variety of coatings available on the market. Aluminum coated
fibers were not included in this study as such a metallic
coating is hermitic towards moisture and therefore prevents
tensile strength dependence to strain rate.

weakening after such a high dose of γ-rays. Life-time
prediction is extracted from TGA curves based on Arrhenius
formalism [14] in order to get a quantitative comparison of
coating thermal degradation kinetic before/after irradiation.
The instantaneous rate of weight change, dW/dt, is a function
of temperature. It is approximated by the running average of
weight change over small intervals of temperature. By
applying the Arrhenius relation, dW⁄dt=A.exp(-Ea ⁄ RT), the
familiar plot ln(dW/dt) versus 1/T is generated from high
temperature data (420°C to 485°C), as shown in figure 9 for
POL samples before/after irradiation. Table V gives the values
of pre-exponential factor A, Ea/R and determination
coefficient R² for both sample types.

V. THERMAL COATING DEGRADATION
We use thermal gravimetric analysis in order to investigate
thermal degradation of polyimide coated fiber samples. This
coating type offers the best compromise between extended
operating temperature, low fiber attenuation and industrial
availability. A small amount of coated fiber (∼10 mg) is
placed into the platinum crucible of a thermo-balance [13] and
is subjected to a temperature ramp of 2°C/min under air.
Relative mass loss curve of the coating part versus
temperature is given in figure 8.
Fig. 9. Arrhenius plots of weight change rate versus inverse
temperature for polyimide coated fiber before/after irradiation
TABLE V
ARRHENIUS PLOT FIT COEFFICIENTS FOR BOTH SAMPLES
Sample
Reference

A

Ea/R

R² from fit

POL

18.854

16664

0.9824

POL [1.5MGy(SiO2)]

14.576

12996

0.9914

From those data, time to reach a given coating mass loss under
isothermal condition in air can be evaluated over a broad
operating temperature range. Obtained life-time prediction is
given in figure 10, using a quite stringent failure criterion of
20 wt% mass loss [14].

Fig. 8. TGA curves of polyimide coated fiber
before/after irradiation
Polyimide coating exhibits an accelerated thermal degradation
after being irradiated. As the chosen temperature ramp is quite
high, accelerated mass loss occurs above 350°C. At high
temperature in an air environment, oxygen diffuses into the
surface of the polymer, attacking directly the polymer with the
release of carbon dioxide, carbon monoxide, and water. The
rate of degradation is controlled by the rate of the oxygen
diffusion which is accelerated due to polymer network

Fig. 10. Life-time prediction of polyimide coated fiber
before/after irradiation for a 20 wt% mass loss criteria
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As already shown in figure 5, we did not observe any
significant degradation of irradiated polyimide coated fibers,
when their tensile strength is measured at room temperature.
However, TGA analysis reveals that irradiation has a
detrimental impact on polyimide coating ability to withstand
high temperature, leading to reduce its operating lifetime after
an exposure to a γ-rays cumulated dose of 1.5 MGy(SiO2). As
an example, at 300°C, their long term recommended
temperature of operation, the thermal stability of polyimide
coating fibers decreases from more than 300 days down to
about 45 days after this huge radiation dose of γ-rays.
VI. CONCLUSION
A specific single-mode radiation hardened fiber has been
developed based on requirements of distributed sensing
applications under high cumulated dose, typically up to
the MGy dose level. Four different coatings were tested in
order to allow possibly operation at elevated temperature: a
dual acrylate combination for telecom applications, a dual
high temperature acrylate combination, polyimide and
aluminum. The fiber index profile has been optimized in order
to reduce micro-bending contribution to total attenuation, in
particular for the case of hard coatings. RIA measured offline
exhibits a slight dependence on draw speed, which results
from technical constraints, such as available UV or thermal
power to complete the coating cure. Comparison between
online and offline RIA measurements indicate that the tested
fibers are strongly sensitive to photo-beaching, in particular
under high cumulated dose. This dependence towards injected
optical power will influence the optical power budget
calculation in a real sensing configuration. Therefore, the
maximum sensing length for a given total cumulated dose will
also depend on the interrogator parameters such as injected
optical power and dynamic range. Mechanical strength
measurements after irradiation indicate that the use of some
standard dual acrylate for telecom applications may be
detrimental towards fiber reliability. Specialty coatings such
as high temperature acrylate, polyimide or aluminum allow
safe operation under irradiation up to the MGy dose level at
(or close to) room temperature. Finally, thermo-gravimetric
analysis has been performed on irradiated polyimide coated
fiber samples. It is clear that irradiation degrades the coating
ability to withstand elevated temperatures for long periods of
time. But, we consider that polyimide remains a good
candidate for distributed sensing applications [15] as it
exhibits an interesting trade-off between extended operating
temperature, low fiber attenuation and industrial availability.
Aluminum coating remains also of interest for applications at
higher temperatures (above 300°C) such as those encountered
in the nuclear industry although its use is much less common
with potential end-users. To conclude, it will be worth
evaluating how these coatings behave in the case of combined
high temperature/high cumulated dose constraints, not merely
from a mechanical point of view, but also because it has been
shown that increasing the temperature of irradiation does not
necessarily lead to reduced RIA levels [16]. For that purpose,
the effect of combined temperature and irradiation (X-rays or
γ-rays) is currently under investigation using a specific set-up
that better simulates real operating conditions.
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