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Arc-induced Long Period Gratings 
in standard and speciality optical 
fibers under mixed neutron-gamma 
irradiation
Andrei Stancălie1, Flavio Esposito  2, Rajeev Ranjan2, Petrişor Bleotu3,  
Stefania Campopiano2, Agostino Iadicicco2 & Dan Sporea1

In this paper, for the first time, the effects of mixed neutron and gamma flux on the spectral and sensing 
responses of Long Period Gratings (LPGs) are thoroughly analyzed. Six LPGs written by means of 
Electric Arc Discharge (EAD) technique in standard and speciality fibers, including radiation-hardened 
ones, were tested. The EAD technique was chosen because it enables the writing of gratings both in 
standard and not photosensitive fibers. The experiments have been carried out in a “TRIGA” pulsed 
nuclear reactor and the LPGs were irradiated by a gamma-ray dose-rate of 9 Gy/s and a mean 1.2∙1012 
n/(cm2s) neutron flux. Real time monitoring was performed for a comparative investigation of LPGs’ 
response, in terms of radiation sensitivity and wavelength shift. Experiments show that LPG in a 
radiation-resistant fiber exhibits resonant wavelength shift higher than LPG in standard fiber. The 
changes of temperature sensitivity due to radiation were experimentally established by comparison of 
pre- and post-radiation characterization, indicating that radiation effects induce a slight increase of the 
temperature sensitivity, except for the LPG in pure-silica fiber. Theoretical and numerical analysis was 
combined with experimental data for evaluation LPGs’ parameters changes, such as refractive index 
and thermo-optic coefficient, after exposure to radiation.

Over the years, great efforts have been made in order to enhance the sensitivity of in-fiber sensors to external 
parameters like temperature, strain, humidity, pressure and so on, with the aim to enlarge their field of applica-
tion. More recently, their use in radioactive environments attracted a growing interest for research, industrial 
and medical purposes1,2. In fact, optical fiber sensors operating in ionizing radiation fields have been studied in 
several research papers, with respect to the radiation effects on their properties2–4 and for radiation dosimetry5. A 
critical aspect is the assessment of their resistance under different radiation conditions, ranging from low radia-
tion levels, typically present in medical applications, to high-energy applications. For these reasons, the research 
focused on the exposure of optical fibers and fiber sensors to gamma-ray6–8, charged particles9,10, synchrotron11 
and X-ray12 radiation. The most part of the studies targeted Fiber Bragg Gratings (FBGs), fabricated in differ-
ent optical fibers (photosensitive, H-loaded, or rad-hard) and investigated both in gamma and neutron-gamma 
mixed environment2,4,13–15. Concerning Long Period Gratings (LPGs), there are only few investigations reporting 
their behaviour under gamma irradiation. One of the first experiments was conducted by Vasiliev et al.16 in 1998 
using LPGs inscribed by CO2 laser in N-doped optical fiber, and by UV radiation in Ge-doped optical fiber. More 
recently, Rego et al. presented a first evidence of LPGs by electric arc discharge in rad-hard fiber, when irradiated 
by a gamma source17. Some other works, dealing with specially designed LPGs, reported their high sensitivity 
to gamma radiation: chiral type LPGs from five different suppliers by Henschel et al.18, and turning point LPG 
written in B/Ge co-doped fiber by means of CO2 technique by Kher et al.19. In all the cases, the gamma irradiation 
induced changes in the refractive index of the optical fiber (with typical values around 10−3) as consequence of 
the generation of defects, and affecting mostly the doped regions of the optical fibers. Such changes resulted in 
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wavelength shifts of the LPGs’ attenuation bands that, despite their magnitudes were dependent on the irradiation 
dose and type of fiber, did not show any particular behaviour associated to their particular fabrication technique.

It is important to remark here that there exists a difference between the dependence of the radiation effects on 
FBGs and LPGs. Indeed, the wavelength shift recorded by FBGs is related to the induced changes in the core effec-
tive refractive index, whereas for LPGs it is related to the difference between core and cladding effective refractive 
indices. Moreover, even if in the case of FBGs it was observed that the radiation effects are usually dependent on 
fiber composition, dose-rate, and temperature1,14. Until now there is no systematic investigation on LPGs behav-
iour under irradiation, mostly due to the high irradiation costs.

On this line of argument, the authors were focused on the experimental and numerical investigation of the 
gamma radiation induced effects on LPGs fabricated in different fibers and by means of various techniques, 
studying both their resonant wavelength shift as function of radiation dose and their temperature sensitivity 
changes, as both are two known effects caused by irradiation2. In ref.20, a LPG manufactured in pure-silica core 
with F-doped cladding fiber, being produced by CO2 method, was studied when irradiated with a dose rate of 0.2 
kGy/h up to a total dose of 45 kGy. A low radiation sensitivity was found, with induced shifts of the resonance 
wavelength lower than 1 nm. The radiation induced shift recovery was almost complete in about 120 h, at room 
temperature. A comparative report was presented in ref.21, focused on LPGs written by CO2, FBGs and draw 
tower gratings (DTGs) irradiated under the same conditions. More recently, we focused on the effects of gamma 
radiation on LPGs written by Electric Arc Discharge (EAD)22, by a comparative analysis of two LPGs in stand-
ard fibers and one in radiation resistant fibers (from Nufern). The gratings were irradiated under gamma with 
a dose rate of 0.18 kGy/h with a final dose of 35 kGy. It was found that resonant wavelength shifts are strongly 
dependent on the hosting fiber, obtaining a maximum sensitivity of 0.73 nm/kGy for LPGs in standard fiber, and 
up to 1.34 nm/kGy for Nufern fiber. Concerning the temperature sensitivity, we measured a slight decrease due to 
radiation exposure. Moreover, a novel approach was developed where experimental results were combined with 
numerical simulations, in order to quantify the radiation-induced effects on optical fibers, in terms of refractive 
index and thermo-optic parameter change. A maximum increase of the core refractive index of 2.5∙10−5 con-
cerning the Nufern fiber, and a maximum change of the thermo-optic coefficient of 1.5∙10−8/°C concerning the 
standard fiber were estimated.

However, since the interest of the scientific community in the in-fiber devices for radiation environments 
is huge, despite the mentioned results, further work is still required to have a complete knowledge and under-
standing of optical fibers sensors behaviour in nuclear environment. In this sense, LPGs are an important subject 
to investigate, and, to the best of our knowledge, these sensing devices were never tested before under neutron 
irradiation. For these reasons, in the present paper we propose a wide experimental and numerical comparative 
investigation, concerning the effects on six LPGs written by EAD technique in different fibers, when exposed to 
a mixed gamma-neutron radiation field, at the nuclear reactor operated by the “Nuclear Research Institute ICN” 
(Mioveni, Romania). In particular, the attention has been focused on: (i) two standard Ge-doped SMF28 fibers 
provided by OZ Optics and Thorlabs, (ii) a speciality fiber for harsh environments (whose manufacturer and 
model are not reported here for confidentiality reason), (iii) the radiation resistant R1310-HTA manufactured by 
Nufern, and (iv) the pure-silica core with F-doped cladding DrakaSRH fiber from Prysmian-Draka. The LPGs 
were subjected to a gamma dose rate of 9 Gy/s and a mean 1.25∙1012 n/(cm2s) neutron flux for about two hours, 
resulting in a total dose of 64.8 kGy and a neutron fluence of 9.18∙1015 n/cm2. The wavelength shift of the LPGs 
was monitored in real-time during the exposure. Moreover, the changes in optical fiber refractive index and 
thermo-optic coefficient were also calculated by combining the experimental results with numerical simulations. 
As a result, a comparison between the gamma-neutron induced changes in gratings fabricated in fibers with dif-
ferent composition is provided.

Fabrication of Long Period Gratings. In order to investigate the effects of mixed neutron-gamma radia-
tion on LPGs, and their parameters dependence on the fiber hosting the grating, several LPGs were fabricated in 
different optical fibers. In particular, we selected standard Ge-doped fibers (Corning SMF28 type) and speciality 
optical fibers, declared by their manufacturers as designed for harsh environments or to be radiation resistant.

The Electric Arc Discharge technique is a good candidate for the fabrication of LPGs both in standard and 
non-conventional fibers17,23,24. Recently, we have successfully applied this technique to several speciality fibers, 
such as pure-silica core25, Phosphorus-doped26, hollow core27,28, and polarization-maintaining29,30 fiber. A detailed 
report of the fabrication setup can be found in refs24,25. Briefly, a periodic perturbation is achieved through the 
application of arc discharges to the fiber, provided by Sumitomo Type-39 fusion splicer, with typical arc parame-
ters: power in range of 1–15 step (proprietary unit) and time of 200–900 ms. In particular, for the aim of current 
paper, the power was selected in range 1–5 step and the time was 380–460 ms, resulting in devices with final 
length shorter than 25 mm. During the procedure, one end of the fiber was fixed to a precision translation stage 
(with resolution better than 1 μm), while the other end was kept under constant axial tension, which was obtained 
in this case by using a 12 g weight. The desired spectral features of the LPG are obtained after the application of a 
sequence of arc discharges to the uncoated fiber, with the discharges being alternated with fiber displacement by 
the grating period. The period of the gratings was changed depending on the hosting fiber, to tune the position 
of the attenuation band related to the LP04 cladding mode around 1560 nm. The stability and repeatability of the 
fabrication platform was such that the difference between the wavelength positions of samples, realized using the 
same parameters, is in range ±4 nm.

Off line broadband gratings’ transmission spectra are plotted in Fig. 1 as blue solid lines and were recorded 
with OSA Yokogawa AQ6370B (resolution set to 0.1 nm), the illumination being provided by a broadband source 
(involving several SLEDs in the range 1100–1700 nm). Resonant wavelengths were computed via centroid analy-
sis proving a resolution of ±5 pm. In the same figure, the experimental data are compared with numerical spectra 
(reported as blue dotted lines), obtained by coupled-mode theory (CMT)31,32, resulting in a good agreement. This 
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accurate model allows the calculation of the LPG’s spectrum, given the properties of the hosting fiber and grating 
parameters: (i) fiber geometry, (ii) core and cladding dispersive refractive index, (iii) external medium refractive 
index, (iv) grating modulation strength, period, and length.

The details of the optical fibers and LPGs are the following:

 I. Ge-doped SMF28 fibers having Dcore = 8.2 µm, Dclad = 125 µm, MFD = 10.4 ± 0.8 µm @ 1.55 µm, and 
NA = 0.14 supplied by OZ Optics and Thorlabs, respectively. For the purpose of this investigation, we fab-
ricated two LPGs with the same period of Λ = 630 μm in OZ fiber, resulting in LP04 centered at 1560.4 nm 
and 1560.8 nm, with depth of 29.0 dB and 23.4 dB, respectively, and a LPG with Λ = 646 μm in Thorlabs 
fiber having LP04 band at 1552.1 nm with depth of 26 dB. We have to underline that, even if both manu-
factures (OZ Optics and Thorlabs) claim that their products are in compliance with Corning SMF28, the 
fibers exhibit some physical and/or structural differences (probably due to slightly different dopant concen-
tration, residual stress state, or due to the tolerance of drawing process). This fact imposes a slight tuning in 
the grating period. The gratings’ spectra are plotted in Fig. 1a,b and c being identified as OZ1-LPG, OZ2-
LPG, and Thorlabs-LPG, respectively.

 II. FiberA, having Dclad = 125 µm, MFD = 10.4 ± 0.8 μm @ 1.55 µm, and NA = 0.12, is declared by the manu-
facturer to be suitable for harsh environments. Here the manufacturer and the fiber model are not reported 
for confidentiality reason. Fiber A-LPG was fabricated with a period Λ = 625 μm, having LP04 centered at 
1568.6 nm with depth of 21.0 dB, see Fig. 1(d).

 III. R1310-HTA fiber manufactured by Nufern, with Dcore = 9.0 µm, Dclad = 125 µm, MFD = 10.5 ± 1.0 μm @ 
1.55 µm, and NA = 0.12. This fiber is declared by the manufacturer as optically and mechanically similar to 
SMF28 but with improved radiation performances33. Nufern-LPG was fabricated in this fiber with a period 
Λ = 677 μm, resulting in LP04 centered at 1559.6 nm with depth of 27.8 dB, as shown in Fig. 1(e).

 IV. Pure-silica core with Fluorine-doped cladding DrakaSRH fiber manufactured by Prysmian-Draka, having 
Dcore = 9.0 µm, Dclad = 125 µm, and MFD = 10.1 ± 0.5 μm @ 1.55 µm. This fiber is optimized for use in 
highly radiative environments, due to its pure-silica core. The spectrum of Draka-LPG, fabricated with a 
period Λ = 540 μm, and having an attenuation band centered at 1575.5 nm with depth of 22.6 dB, is shown 
in Fig. 1(f). From numerical simulations, it is reasonable to believe that this attenuation band is associated 
to LP04 as well, despite the fact that for this fiber the agreement between experimental and numerical data 
is very good for the band under analysis and less for the others. In particular, on the experimental curve, 
just one attenuation band is visible for lower wavelengths. This could be attributed to high power losses 
in the cladding modes (which cannot be taken into account in simulation) leading to a lower depth of the 
LP03 mode and a complete suppression of the LP02 mode.

Finally, we would also like to mention that, for each fiber, several samples were prepared in order to identify 
the fabrication parameters leading to stable and repeatable results. However, due to high irradiation costs, we 
had a “limitation” in the number of samples actually irradiated. For these reasons, we decided to consider two 
similar samples in SMF28 fiber (for repeatability) and the other samples all fabricated in different fibers, in order 
to investigate as much as possible the relationship between the results and fiber type.

Figure 1. Transmission spectra before irradiation (blue) and after irradiation (red), and comparison between 
experimental (solid) and numerical (dotted) data for: (a) OZ1-LPG; (b) OZ2-LPG; (c) Thorlabs-LPG; (d) 
FiberA-LPG; (e) Nufern-LPG; (f) Draka-LPG.
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Experimental setup and methods. The irradiation was performed at the research nuclear reactor from 
the “Nuclear Research Institute ICN”, Mioveni, Romania. The optical fibers were placed inside the central channel 
of the “TRIGA ACPR” reactor, operated in stationary mode, and whose power was stabilized to 100 kW during 
the irradiation.

Before the irradiation, a bespoke setup was developed with the aim to properly arrange both optical fibers 
and LPGs during their deployment in the irradiation zone, since the operator has no direct access to it for safety 
reasons. Each grating is arranged in a special frame in order to ensure constant strain state during the experiment. 
Frames containing the sensors are fixed on the bottom part of a cylinder cage made of aluminum alloy, as in 
Fig. 2(a). The cage has two discs connected together with aluminum bars. Optical fibers go through a small space 
crafted in the center of the upper disc. The 3 m long fibers (of both ends of each grating) with connectors reach the 
support of a second cage hosting the adapters, as in Fig. 2(b), to couple the sensors to 20 m long fiber patch cords, 
necessary to reach the sensors interrogation unit. The two parts, the lower one with the sensors and the upper one 
with the adaptors, are separated by 2 m long fibers protected by a plastic flexible tube (see Fig. 2(c)), in order to 
avoid the activation of the connectors and adaptors during the irradiation. The mechanical parts were built with 
aluminum as this has a shorter activation decay time.

Figure 2. Photos of the experimental setup holder for fibers: (a) lower cage housing the frames with LPGs; (b) 
upper cage with connectors; (c) the complete assembly. The sketch of the setup and the irradiation chamber (not 
at scale): (d) the position of the carrying cages during the descending operation; (e) the position of the cages 
during radiation exposure; (f) the simplified design of the two cages; 1 – irradiation channel; 2 – textile rope; 3 
– upper Al cage; 4 – lower Al cage; 5 – flexible plastic tube; 6 – one of the LPGs samples; 7 – LPG’s optical fiber; 
8 – connecting optical fibers for on-line measurements; 9 – fiber adaptors for connecting optical fibers; 10 – 
spacer for cage positioning on the irradiation channel bottom; 11 – irradiation zone.
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In order to be placed in the proximity of the radiation source, the setup has to be deployed down in a tube with 
a diameter of 35 cm, located eight meters underground, in a water tank. As reported in Fig. 2(d), the tube has an 
S-shape form in front of the irradiation zone (which is 40 cm in length) to limit the radiation escape outside. The 
setup was designed with respect to the in-situ geometry so that the two cages containing the sensors and the opti-
cal fiber adapters may pass through the offset and the lower cage be positioned in the irradiation zone, whereas 
the metal adaptors fixed in the upper cage are kept out of the irradiation zone and shielded (Fig. 2(d–f)). The 
sketches in Fig. 2(d–f) are not represented at the real scale.

The sensors were irradiated at the nuclear reactor during two different sessions, by keeping the same irradiat-
ing conditions. Two identical setups were employed, each one including three LPGs. The sensors were deployed 
inside the reactors’ central channel with the reactor off-line, after that both measuring instrumentation and reac-
tor are turned on and shut down after a two hours irradiation session. Real-time monitoring was performed by 
using a 4-channel SM125 optical interrogator from Micron Optics. Each grating is connected to a channel of the 
instrument through an optical circulator and appropriate patchcords. The interrogator allows automatic record-
ing of the central wavelengths’ changes with 1 Hz maximum frequency. For safety reasons, the equipment was 
placed outside the irradiation area in a radiation free zone located 20 m away.

Dose measurements were performed for both gamma and neutron irradiation with standard methods. For 
gamma radiation estimation, MCNPX 2.6.0 was utilized, the model requiring a 20 ml volume of liquid absor-
bent placed near the sensors. The method indicated a 9 Gy/s dose-rate for 100 kW reactor power. The residual 
gamma dose was calculated by “LABORAD” laboratory using spectrophotometry UV-VIS method and a Frick 
dose-meter resulting in a 8.5 Gy/h dose rate. For neutron flux, spectra and axial distribution, the method of gold 
monitor activation was applied, that implies knowing the neutron spectra and the mean interaction section value. 
To estimate the absolute flux and the neutron spectra from the measured reaction rates, the unfolding technique 
was applied by using the SAND-II code. The results indicated a neutron flux of 1.255∙1012 n/(cm2s) for 2 hours 
irradiation time, giving a neutron fluence of 9.18∙1015 n/cm2 at a reaction rate of 6.526∙10−11. In the following 
section, the experimental and numerical simulation results are presented in a comparative manner.

Results
Spectral characterization and analysis. In this section, we report on the radiation induced effects on 
LPGs, focusing the attention on the measured variation in their spectrum. Concerning the irradiation sessions: 
OZ1-LPG, Thorlabs-LPG, and Nufern-LPG were irradiated during the first session, whereas OZ2-LPG, FiberA-
LPG, and Draka-LPG during the second one. For both sessions a dose rate of 9 Gy/s, a total gamma dose of 64.8 
kGy was reached after two hour experimentation, whereas the mean neutron flux was 1.25∙1012 n/(cm2s) resulting 
in a neutron fluence of 9.18∙1015 n/cm2.

The experimental transmission spectra of the irradiated LPGs are reported in Fig. 1 as red solid lines, in 
comparison with original spectra before irradiation. As one can observe the most significant effect is related to 
the change in the position of the resonance wavelengths; in fact all the attenuation bands exhibited a red shift 
that is significantly dependent on the fiber hosting the grating, except for Draka-LPG. In particular, concerning 
the LP04 band, similar wavelength shifts of 6.37 nm and 6.40 nm were measured for OZ1-LPG and OZ2-LPG, 
respectively. The agreement found in the wavelength shift of the two OZ gratings, which were irradiated in dif-
ferent sessions, is a proof of the repeatability of the irradiation conditions. Although it is reported as a Corning 
SMF28 fiber, Thorlabs-LPG exhibits a surprising wavelength shift of 10.91 nm during the same irradiation ses-
sion. Concerning the grating written in the special fiber for harsh environmental applications and radiation resist-
ant fiber (FiberA-LPG) and Nufern-LPG, shifts of 8.99 nm and 11.75 nm were measured, respectively. Differently, 
for the grating written in pure silica core fiber, Draka-LPG, a trivial blue shift of 0.39 nm was noticed, as expected 
from the hosting fiber composition.

According to considerations reported in previous papers2,13,22,34,35 concerning the effects of gamma and 
neutron-gamma irradiation on optical fiber and devices, it is expected that the radiation generates/modifies 
defects in the structure of the optical fiber, resulting in an increase of its refractive index. Thus, the refractive 
index of core and cladding after the irradiation can be schematically expressed as:
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where nco,0 and ncl,0 represent the core and cladding refractive index of the pristine fiber, respectively, whereas 
∆nco

irr and ∆ncl
irr represent the radiation induced changes of core and cladding refractive index, respectively. Such 

changes are promoted by the presence of dopants in the optical fiber, with different effects for different kind of 
doping even for sub-mol% levels. Thus, we considered as trivial the refractive index changes in the fiber region 
with pure-silica composition, which can be either core or cladding depending on the optical fiber.

In this case, the changes in refractive index cannot be measured by means of direct techniques, as refracted 
near-field, quantitative phase microscopy, differential interference-contrast microscopy, computerized tomogra-
phy, multiwavelength interferometry, etc.36. In fact, additional challenges have to be considered: (i) the RI should 
be measured in the fiber at the location of the LPG, as it can be changed both by the writing process and the irra-
diation; (ii) the measurement requires the cut of the fiber (i.e. the analysis is destructive); (iii) as post irradiation 
recovery can occur, the real changes of the RI have to be linked with real-time measurements.

Based on these considerations and bearing in mind the wavelength shifts recorded at the end of irradiation, a 
reverse-engineering procedure was applied in order to estimate the corresponding refractive index change, where 
the different parameters of each LPG and fiber were considered. In particular, changes were calculated to be 
∆nco

irr = 2.6∙10−5 for OZ fiber, ∆nco
irr = 4.1∙10−5 for Thorlabs, Δnco

irr = 3.5∙10−5 for FiberA, and ∆nco
irr = 4.1∙10−5 for 



www.nature.com/scientificreports/

6SCIENtIfIC REPORtS | 7: 15845  | DOI:10.1038/s41598-017-16225-4

Nufern, whereas for the same fibers it was considered ∆ncl
irr  = 0. Concerning Draka fiber, a change in cladding 

refractive index ∆ncl
irr = 0.2∙10−5 was extrapolated, since the core region is made of pure-silica and thus ∆nco

irr = 0. 
Accordingly, the numerical spectra of post-irradiated gratings obtained using these parameters were also plotted 
in Fig. 1 as red dotted lines, showing a good agreement between experimental and numerical data. The results on 
wavelength shifts at the end of irradiation and refractive index changes for all the fibers are summarized in 
Table 1.

On-line results. In the previous section, we considered the only shifts in LPGs’ resonance wavelengths at the 
end of the irradiation. In addition, a deeper study can be carried out by the real-time monitoring of the wave-
length shift as function of the radiation exposure time.

Figure 3(a) plots the shifts of the LP04 resonant wavelengths of the LPGs, whereas in Fig. 3(b) the change in 
transmission is reported for the same band. As one can observe from Fig. 3(a), wavelength shift monotonically 
increases with time, i.e. with gamma dose and neutron fluence, experiencing higher sensitivities during the first 
minutes of irradiation. Moreover, saturation behaviour can be observed for all gratings after about 30 minutes, 
where the shift was already higher than 90% of the final value, and corresponding to a gamma dose of 16.3 kGy 
and 2.295∙1015 n/cm2 neutron fluence.

In Fig. 3(a), it is important to observe that both OZ gratings exhibit a very close wavelength shift behaviour for 
the entire radiation experiment. Differently, Thorlabs-LPG exhibits significantly higher wavelength shift than OZ 
gratings. Thorlabs-LPG also shows maximum shift rate versus time in the first few minute (in particular in range 
2–6 minutes). It is reasonable to believe that the different radiation behaviour of OZ and Thorlabs fibers is due to 
tolerance of the fabrication process. Moreover, since similar radiation induced wavelength shifts were recorded 
for both fibers when exposed to only gamma22, the difference in this case could be principally attributed to the 
presence of neutrons.

Besides, the results of OZ-LPGs and Nufern-LPG are in agreement with trends of our previous results22, 
where similar LPGs in the same fibers were irradiated under gamma up to 35 kGy, at the dose rate of 0.05 Gy/s. In 
particular, the wavelength shifts recorded in Nufern fiber is about 1.8 times higher than in standard OZ fiber, sim-
ilarly to what is reported in previous work22. This is possible by assuming that variation of the difference between 
effective refractive indices of core and cladding modes in Nufern fiber is higher than in the standard fiber, and 
thus the radiation generates different defects in this fiber due to the doping level (indeed the two fibers have dif-
ferent NA). It should be remarked that, concerning the fact that Nufern R1310-HTA fiber is declared as “radiation 
resistant”, such feature is primarily related to its RIA (radiation induced attenuation) as demonstrated in ref.33. 
Anyway, it should be mentioned that often no direct correlation was found between the induced absorption and 

Sensor id

Optical Fiber

Experimental 
wavelength shift

Numerical

Model Type
Core RI 
change nco

irr∆
Cladding RI 
change ∆ncl

irr

OZ1-LPG SMF28 Standard 6.37 nm 2.6∙10−5 —

OZ2-LPG SMF28 Standard 6.40 nm 2.6∙10−5 —

Thorlabs-LPG SMF28 Standard 10.91 nm 4.2∙10−5 —

FiberA-LPG N.A. (confidential) Specialty fiber (for harsh environment) 8.99 nm 3.5∙10−5 —

Nufern-LPG Nufern R1310-HTA Specialty fiber (radiation tolerant) 11.75 nm 4.1∙10−5 —

Draka-LPG DrakaSRH Pure-silica core, F-doped cladding −0.39 nm — 0.2∙10−5

Table 1. Summary of radiation induced effects on LPGs produced in different fibers.

Figure 3. Measured variation of the (a) spectral position and (b) transmission of the LP04 resonance 
wavelength with time during the irradiation.



www.nature.com/scientificreports/

7SCIENtIfIC REPORtS | 7: 15845  | DOI:10.1038/s41598-017-16225-4

the refractive index change2,18,37. Concerning FiberA, the different value of NA with respect to the standard fiber 
would suggest also in this case a different doping concentration. Unfortunately, the manufacturers are usually not 
keen in providing exact information on the chemical composition of their fibers and the manufacturing technol-
ogies used, which make, in some cases, difficult a correlation of radiation effects to the optical fiber type. Finally, 
the trivial wavelength shift recorded by Draka-LPG confirmed the suitability of such fiber for hard radiation 
environments with neutron as well, since it has pure-silica core38.

Concerning the power transmission of the LP04 band, as reported in Fig. 3(b), changes were noticed in the 
range ±5 dB. The only exception is FiberA where a change in the power of the baseline was also noticed, as it can 
be seen from Fig. 1(d). The changes in transmission can be related to changes in cladding modes coupling coeffi-
cient, as a consequence of the radiation induced refractive index changes.

Temperature Sensitivity changes. A comparison between the temperature response of the LPGs before 
and after the irradiation was also done, since it was observed that radiation affects this parameter as well20–22. The 
characterization was performed by using a setup similar to the one described in ref.25, the temperature moni-
toring was done using a commercial FBG-based sensor and the temperature range investigated was 25–150 °C.

First, we would like to highlight that, due to the radiation; all the gratings exhibited a change in their thermal 
sensitivities. As example, in Fig. 4(a) the temperature behaviour of the LP04 band of Nufern-LPG is reported 
before and after irradiation (with markers), as compared with numerical results (lines). Whereas in Fig. 4(b) 
it is reported the comparison between the spectra related to the same band at room temperature and at higher 
temperature (130 °C), both for measurements done before and after irradiation. Similar results were found for 
the other gratings. In particular, concerning OZ1-LPG, Thorlabs-LPG, and FiberA-LPG the sensitivity of LP04 
increased of about 2%, passing from the value of 50.0, 47.6, and 50.8 pm/°C before the irradiation to 51.2, 48.6, 
and 51.6 pm/°C, respectively, after irradiation. Concerning OZ2-LPG, the sensitivity before irradiation was sim-
ilar to OZ1-LPG (49.9 pm/°C), whereas it was not possible to perform post-irradiation characterization since the 
grating was accidentally broken during the temperature setup preparation. Concerning Nufern-LPG, a greater 
increase in the thermal sensitivity was recorded, changing from 49.5 to 57.7 pm/°C (plus 17%) for LP04. Whereas 
for Draka-LPG a 10% decrease in the sensitivity was recorded, passing from the value of 29.6 to 26.5 pm/°C.

For the understanding of the radiation effects on the LPG’s temperature sensitivity, theoretical and numerical 
analysis were carried out in order to estimate the change of the thermo-optic coefficients due to radiation effects. 
The temperature sensitivity of a LPG can be written as39:
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where δneff is the difference between the effective refractive index of the core mode and cladding mode. In most 
cases, the term related to the silica thermal expansion is several orders of magnitude smaller than the term 
referred to the thermo-optic effect. This latter term depends on the product of the inverse of the difference 
between the effective refractive index of core and cladding, and the difference between the thermal sensitivities 
of the same indices. In our simulations, the effective refractive index of all modes and spectra were computed by 
considering the dependence of the core and cladding refractive index on the temperature changes to be:
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where αco and αcl are the thermal coefficients of the core and cladding respectively (for pure silica40 
α = 7.8∙10−6/°C), and ΔT is the temperature change.

Figure 4. LP04 band of Nufern-LPG: (a) measured spectral position variation with temperature, before and 
after irradiation, as compared with simulations. (b) Spectra at room temperature and at high temperature, 
before and after irradiation.
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By comparing numerical and experimental data, we first estimated αco and αcl for all pre-irradiated gratings, 
and we found values in perfect agreement with literature40. Similarly, for all the gratings, the thermal behaviour 
after the irradiation can be extrapolated by considering an increase in the thermo-optic coefficient, α∆ co

irr  or 
α∆ cl

irr, in the fiber region (core or cladding) exhibiting a non-trivial RI change due to radiation, i.e. non-trivial 
∆nco

irr or ∆ncl
irr, according to Table 1.

In a similar way to the refractive index change estimation reported in previous sections, we also focused on the 
experimental variation in thermal sensitivity and we applied the reverse-engineering procedure in order to esti-
mate the corresponding thermo-optic coefficient change. In particular, we found changes in the core thermo-optic 
coefficient41, αco, lower than 10−8/°C for OZ, Thorlabs, and FiberA fibers. Whereas for the Nufern fiber, the same 
change is about 3∙10−8/°C. Finally, for the Draka fiber the change is in cladding thermo-optic coefficient, αcl, with 
value of 6∙10−8/°C, considering the presence of Fluorine dopant. Table 2 summarizes the changes in LPGs’ ther-
mal sensitivities and thermo-optic coefficients for all the gratings.

Conclusions
In this work, we experimentally and theoretically investigated the effect of mixed gamma-neutron radiation field 
on LPGs written by EAD technique. It is the first time, to the best of our knowledge, that LPGs were tested under 
mixed neutron-gamma radiation in a nuclear reactor. Moreover, these LPGs were fabricated in various optical 
fibers (standard, specialty, and rad-hard), with different core/cladding composition, in order to compare and 
better understand their behaviour in nuclear environments. It is important to underline that LPGs were fabri-
cated by means of Electric Arc Discharge technique because it enables the writing of gratings in standard and 
not photosensitive. Measurements were performed by on-line wavelength shift monitoring during the irradi-
ations and by laboratory spectral characterization. The corresponding changes in optical fiber refractive index 
and thermo-optic coefficients are also reported. In order to do so, the approach was to combine the experimental 
measured results with simulations, as obtained from a numerical model accounting both for optical fiber’s and 
LPG’s parameters, finding good agreement between the two methods.

Previously published reports on the radiation sensitivity of Fiber Bragg Gratings in mixed gamma neutron 
fields proved they are good candidates for long term (4–8 years) temperature measurements in nuclear reactors3, 
as their radiation sensitivity is much lower than in the case of LPGs, with the Bragg wavelength shift (BWS) lower 
than 100 pm for neutron fluencies exceeding 1017 n/cm2. Conversely, it was also found that for specific FBGs’ 
design like “chemical composition gratings” the response was over 10 nm for thermal/fast neutron fluencies above 
7.5·1019/1018 n/cm2 and a gamma-dose higher than 1.5 kGy42. Long Period Gratings were not yet tested in mixed 
gamma neutron field, so no reference data are available. For this reason, the present study is important as it 
reveals, for all LPGs tested (except of course for the Draka-LPG), a much higher sensitivity to radiation than the 
one reported for FBGs until now.

Some of the arc induced LPGs reported in the present work have been previously subjected to only gamma 
irradiation with a 60Co source up to saturation levels22. In particular, the saturation occurred at the total dose 
of 35 kGy, with 0.18 kGy/h dose rate, where wavelength shifts of 6.7 nm, 3.7 nm, and 3.9 nm were measured for 
Nufern-LPG, OZ-LPG, and Thorlabs-LPG, respectively. Whereas, as reported in the current paper, it was found 
that under mixed gamma-neutron irradiation the corresponding wavelength variations were 11.7 nm, 6.4 nm, 
and 10.9 nm for the same types of fibers. Tests carried out emphases that the arc-induced LPGs considered herein 
show a higher radiation sensitivity as compared to LPGs produced by the CO2 laser method, as these last samples 
showed saturation after 60Co gamma irradiation from 1.45 nm up to 3.5 nm, at a total dose of 34 kGy21.

It should be noticed that very different behaviour was observed between two LPGs in standard fibers provided 
from different suppliers. This means that the tolerance in the fiber fabrication process can significantly affect the 
fiber resistance to radiation. Similarly, we found noticeable higher changes in the refractive index of specialty 
fiber designed to be radiation resistant, such as Nufern. According to literature, we suppose that the radiation 
resistance characteristics of this fiber are primarily attributed to a low RIA. On the contrary, LPG in pure-silica 
core Draka fiber exhibits trivial wavelength shifts with respect to the radiation (this fiber has even lower RIA). 
In particular, by observing the wavelength shift of the LP04 cladding mode, values of 6.4 nm, 10.91 nm, 8.99 nm, 
11.75 nm, and −0.39 nm are measured for OZ-LPG, Thorlabs-LPG, FiberA-LPG, Nufern-LPG and Draka-LPG, 
respectively, as consequence of about two hour irradiation with a gamma-ray dose-rate of 9 Gy/s and a mean 
1.25∙1012 n/(cm2s) neutron flux, for a total dose of 64.8 kGy and a neutron fluence of 9.18∙1015 n/cm2. Referring 
to the changes in temperature sensitivity, a minor increase of about 1 pm/°C was recorded for standard OZ-LPG, 
Thorlabs-LPG and specialty FiberA-LPG. In the case of Nufern-LPG temperature sensitivity change was more 

Sensor id

Experimental data
From numerical-
experimental comparison

ST [pm/°C] (before irr.) ST [pm/°C] (after irr.) α∆ co
irr α∆ cl

irr

OZ1-LPG 50.0 51.2 <10−8/°C —

OZ2-LPG 49.9 N.A. N.A. N.A.

Thorlabs-LPG 47.6 48.6 <10−8/°C —

FiberA-LPG 50.8 51.6 <10−8/°C —

Nufern-LPG 49.5 57.7 3∙10−8/°C —

Draka-LPG 29.6 26.5 — 6∙10−8/°C

Table 2. Summary of temperature sensitivity and thermo-optic coefficient changes on LPGs after irradiation.
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pronounced, around 8 pm/°C. Finally, concerning Draka-LPG, a decrease in temperature sensitivity of 3 pm/°C 
was observed.

In conclusion, the higher shifts recorded by Nufern-LPG provides the basis of using them as radiation sen-
sors. Concerning Draka-LPG, the pure-silica core with Fluorine-doped cladding fiber in which the grating was 
inscribed makes this sensor extremely tolerant to radiation. Moreover, this LPG responded linear with temper-
ature change over a wide range, recommending it as a sound candidate for temperature measurements under 
extreme radiation fields.

References
 1. Girard, S. et al. Radiation Effects on Silica-Based Optical Fibers: Recent Advances and Future Challenges. IEEE Trans. Nucl. Sci. 60, 

2015–2036 (2013).
 2. Gusarov, A. & Hoeffgen, S. K. Radiation Effects on Fiber Gratings. IEEE Trans. Nucl. Sci. 60, 2037–2053 (2013).
 3. Gusarov, A. Long-Term Exposure of Fiber Bragg Gratings in the BR1 Low-Flux Nuclear Reactor. IEEE Trans. Nucl. Sci. 57, 

2044–2048 (2010).
 4. Fernandez, A. F. et al. Temperature monitoring of nuclear reactor cores with multiplexed fiber Bragg grating sensors. Opt. Eng. 41, 

1246–1254 (2002).
 5. Krebber, K., Henschel, H. & Weinand, U. Fibre Bragg gratings as high dose radiation sensors? Meas. Sci. Technol. 17, 1095–1102 

(2006).
 6. Stajanca, P. et al. Effects of gamma radiation on perfluorinated polymer optical fibers. Opt. Mater. (Amst). 58, 226–233 (2016).
 7. O’Keeffe, S. et al. A review of recent advances in optical fibre sensors for in vivo dosimetry during radiotherapy. Br. J. Radiol. 88, 

(2015).
 8. Sporea, D. et al. γ irradiation induced effects on bismuth active centres and related photoluminescence properties of Bi/Er co-doped 

optical fibres. Sci. Rep. 6, 29827 (2016).
 9. Sporea, D., Stăncălie, A., Becherescu, N., Becker, M. & Rothhardt, M. An electron beam profile instrument based on FBGs. Sensors 

(Basel). 14, 15786–801 (2014).
 10. Sporea, D., Sporea, A. & Oproiu, C. Test of optical fibers under electron beam irradiation. in 2016 International Conference on 

Advanced Materials for Science and Engineering (ICAMSE) 691–694 (IEEE, https://doi.org/10.1109/ICAMSE.2016.7840362 (2016).
 11. Sporea, D., Mihai, L., Sporea, A., Lixandru, A. & Bräuer-Krisch, E. Investigation of UV optical fibers under synchrotron irradiation. 

Opt. Express 22, 31473 (2014).
 12. Girard, S. & Marcandella, C. Transient and steady state radiation responses of solarization-resistant optical fibers. In Proceedings of 

the European Conference on Radiation and its Effects on Components and Systems, RADECS 566–573, https://doi.org/10.1109/
RADECS.2009.5994716 (2009).

 13. Gusarov, A. et al. Effect of gamma-neutron nuclear reactor radiation on the properties of Bragg gratings written in photosensitive 
Ge-doped optical fiber. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 187, 79–86 (2002).

 14. Perry, M., Niewczas, P. & Johnston, M. Effects of Neutron-Gamma Radiation on Fiber Bragg Grating Sensors: A Review. IEEE Sens. 
J. 12, 3248–3257 (2012).

 15. Morana, A. et al. Radiation-Hardened Fiber Bragg Grating Based Sensors for Harsh Environments. IEEE Trans. Nucl. Sci. 64, 68–73 
(2017).

 16. Vasiliev, S. A. et al. Performance of Bragg and long-period gratings written in N- and Ge-doped silica fibers under gamma-radiation. 
IEEE Trans. Nucl. Sci. 45, 1580–1583 (1998).

 17. Rego, G. et al. Effect of ionizing radiation on the properties of arc-induced long-period fiber gratings. Appl. Opt. 44, 6258–6263 
(2005).

 18. Henschel, H., Hoeffgen, S. K., Kuhnhenn, J. & Weinand, U. High radiation sensitivity of chiral long period gratings. IEEE Trans. 
Nucl. Sci. 57, 2915–2922 (2010).

 19. Kher, S., Chaubey, S., Kashyap, R. & Oak, S. M. Turnaround-Point Long-Period Fiber Gratings (TAP-LPGs) as High-Radiation-
DoseSensors. IEEE Photonics Technol. Lett. 24, 742–744 (2012).

 20. Sporea, D. et al. Online tests of an optical fiber long-period grating subjected to gamma irradiation. IEEE Photonics J. 6, (2014).
 21. Sporea, D. et al. Comparative study of long period and fiber Bragg gratings under gamma irradiation. Sensors Actuators A Phys. 233, 

295–301 (2015).
 22. Esposito, F. et al. Real-time analysis of arc-induced Long Period Gratings under gamma irradiation. Sci. Rep. 7, 43389 (2017).
 23. Rego, G., Okhotnikov, O., Dianov, E. & Sulimov, V. High-Temperature Stability of Long-Period Fiber Gratings Produced Using an 

Electric Arc. J. Light. Technol. 19, 1574–1579 (2001).
 24. Esposito, F., Ranjan, R., Campopiano, S. & Iadicicco, A. Experimental Study of the Refractive Index Sensitivity in Arc-induced Long 

Period Gratings. IEEE Photonics J. 9, 1–10 (2017).
 25. Ranjan, R. et al. Comparative Study of Long-Period Gratings Written in Standard and Fluorine-Doped Fibers by Electric Arc 

Discharge. IEEE Sens. J. 16, 4265–4273 (2016).
 26. Ranjan, R., Esposito, F., Iadicicco, A. & Campopiano, S. Arc-Induced Long Period Gratings in Phosphorus-Doped Fiber. IEEE 

Photonics Technol. Lett. 29, 611–614 (2017).
 27. Iadicicco, A., Campopiano, S. & Cusano, A. Long-Period Gratings in Hollow Core Fibers by Pressure-Assisted Arc Discharge 

Technique. IEEE Photonics Technol. Lett. 23, 1567–1569 (2011).
 28. Iadicicco, A., Ranjan, R. & Campopiano, S. Fabrication and Characterization of Long Period Gratings in Hollow Core Fibers by 

Electric Arc Discharge. IEEE Sens. J. 15, 3014–3020 (2015).
 29. Iadicicco, A., Ranjan, R., Esposito, F. & Campopiano, S. Arc-Induced Long Period Gratings in Polarization-Maintaining Panda Fiber. 

IEEE Photonics Technol. Lett. 29, 1533–1536 (2017).
 30. Ranjan, R., Esposito, F., Campopiano, S. & Iadicicco, A. Sensing Characteristics of Arc-Induced Long Period Gratings in 

Polarization-Maintaining Panda Fiber. IEEE Sens. J. 17, 6953–6959 (2017).
 31. Anemogiannis, E., Glytsis, E. N. & Gaylord, T. K. Transmission characteristics of long-period fiber gratings having arbitrary 

azimuthal/radial refractive index variations. J. Light. Technol. 21, 218–227 (2003).
 32. Del Villar, I., Matías, I., Arregui, F. & Lalanne, P. Optimization of sensitivity in Long Period Fiber Gratings with overlay deposition. 

Opt. Express 13, 56–69 (2005).
 33. Alam, M., Abramczyk, J., Farroni, J., Manyam, U. & Guertin, D. Passive and active optical fibers for space and terrestrial applications. 

in Proc. SPIE 6308, Photonics for Space Environments XI (ed. Taylor, E. W.) 6308, 630808 (2006).
 34. Kher, S., Chaubey, S., Oak, S. M. & Gusarov, A. Measurement of γ -Radiation Induced Refractive Index Changes in B/Ge Doped 

Fiber Using LPGs. IEEE Photonics Technol. Lett. 25, 2070–2073 (2013).
 35. Cheymol, G., Long, H., Villard, J. F. & Brichard, B. High Level Gamma and Neutron Irradiation of Silica Optical Fibers in CEA 

OSIRIS Nuclear Reactor. IEEE Trans. Nucl. Sci. 55, 2252–2258 (2008).
 36. Marcuse, D. Principles of Optical Fiber Measurement. (Academic Press, 1981).
 37. Henschel, H., Hoeffgen, S. K., Krebber, K., Kuhnhenn, J. & Weinand, U. Influence of Fiber Composition and Grating Fabrication on 

the Radiation Sensitivity of Fiber Bragg Gratings. IEEE Trans. Nucl. Sci. 55, 2235–2242 (2008).

http://dx.doi.org/10.1109/ICAMSE.2016.7840362
http://dx.doi.org/10.1109/RADECS.2009.5994716
http://dx.doi.org/10.1109/RADECS.2009.5994716


www.nature.com/scientificreports/

1 0SCIENtIfIC REPORtS | 7: 15845  | DOI:10.1038/s41598-017-16225-4

 38. Henschel, H. et al. Development of highly radiation resistant fiber bragg gratings. IEEE Trans. Nucl. Sci. 58, 2103–2110 (2011).
 39. Bhatia, V. Applications of long-period gratings to single and multi-parameter sensing. Opt. Express 4, 457–466 (1999).
 40. Shu, X., Zhang, L. & Bennion I. Sensitivity characteristics of long-period fiber gratings. J. Light. Technol. 20, 255–266 (2002).
 41. Avino, S. et al. Ionizing Radiation Detectors Based on Ge-Doped Optical Fibers Inserted in Resonant Cavities. Sensors 15, 

4242–4252 (2015).
 42. Fernandez Fernandez, A. et al. Chemical composition fiber gratings in a high mixed gamma neutron radiation field. IEEE Trans. 

Nucl. Sci. 53, 1607–1613 (2006).

Acknowledgements
The Romanian authors acknowledge the support of the Romanian Executive Agency for Higher Education, 
Research, Development and Innovation funding (UEFISCDI), under grant 8/2012, project “Sensor Systems for 
Secure Operation of Critical Installations”. The work of the Italian authors was supported by the University of 
Naples “Parthenope” through the “Bando di sostegno alla ricerca individuale per triennio 2015–2017, Annualità 
2016”.

Author Contributions
A.I. and D.S. conceived the experiments; R.R., A.I and S.C. fabricated the devices; A.S., P.B. and D.S. designed and 
built the measuring setup used in radiation experiments; A.S. performed measurements in the laboratory and 
during the irradiation, F.E. and A.S. analyzed the data; F.E., A.I and S.C. performed numerical simulations; all the 
authors revised the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Arc-induced Long Period Gratings in standard and speciality optical fibers under mixed neutron-gamma irradiation
	Fabrication of Long Period Gratings. 
	Experimental setup and methods. 
	Results
	Spectral characterization and analysis. 
	On-line results. 
	Temperature Sensitivity changes. 

	Conclusions
	Acknowledgements
	Figure 1 Transmission spectra before irradiation (blue) and after irradiation (red), and comparison between experimental (solid) and numerical (dotted) data for: (a) OZ1-LPG (b) OZ2-LPG (c) Thorlabs-LPG (d) FiberA-LPG (e) Nufern-LPG (f) Draka-LPG.
	Figure 2 Photos of the experimental setup holder for fibers: (a) lower cage housing the frames with LPGs (b) upper cage with connectors (c) the complete assembly.
	Figure 3 Measured variation of the (a) spectral position and (b) transmission of the LP04 resonance wavelength with time during the irradiation.
	Figure 4 LP04 band of Nufern-LPG: (a) measured spectral position variation with temperature, before and after irradiation, as compared with simulations.
	Table 1 Summary of radiation induced effects on LPGs produced in different fibers.
	Table 2 Summary of temperature sensitivity and thermo-optic coefficient changes on LPGs after irradiation.




