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Abstract

The chapter continues previous reviews on radiation effects in optical fibers and on the
use of optical fibers/optical fiber sensors in radiation monitoring, published by InTech
in 2010 and 2012, by referring to radiation effects in optical materials, with an empha-
sis on those operating from visible to mid-IR, and on some photonic devices such as
optical fibers for amplifiers, fiber Bragg gratings and long period gratings. The focus is
on optical materials and fiber-based devices designed for both terrestrial and space-
borne applications. For the presented subjects, an overview of available data on X-
rays or gamma rays, electron beams, alpha particles, neutrons, and protons effects is
provided. In addition, comments on dose rate, dose, and/or temperature effects on
materials and devices degradation under irradiation are mentioned, where appropri-
ate. The optical materials and photonic devices reliability under ionizing radiation
exposure is discussed as well, as the opportunities to use them in developing radia-
tion sensors or dosimeters. The chapter includes an extensive bibliography and
references to last published results in the field. Novel proposed applications of photonic
devices in charged particle beam diagnostics, quasi-distributed radiation field mapping
and the evaluation of radiation effects in materials for mid-IR spectroscopy are briefly
introduced to the reader.

Keywords: radiation effects, optical materials, optical fibers, fiber Bragg grating, long
period grating

1. Introduction

The goal of this chapter is to continue previous reviews on radiation effects in optical fibers [1]
and on the use of optical fibers and optical fiber sensors in radiation related measurements [2],
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38 Radiation Effects in Materials

by referring to radiation effects in optical materials and some photonic devices. According to
this vision, the chapter is organized to cover the interaction of ionizing radiation with some
optical materials and optical fibers, followed by areference toradiation effects on some photonic
devices based on optical fibers. The discussion addresses radiation effects produced by both
energetic photons and charged particles, as appropriate [3]. In this context, an overview of some
recently published resultsin the field isincluded, with a focus on original authors’ contributions.

The terrestrial radiation environments where optical and photonics components can be found
include, but are not limited to, high energy physics experiments, nuclear power plants [3],
fusion installations as the International Thermonuclear Experimental Reactor — ITER, or the
Laser Mégajoule — LM] [4-8], high power laser installations [9], nuclear waste repositories [10],
high energy physics [11, 12], medical equipments for diagnostics or treatment [13]. On the
other side, applications of optical components or photonic devices can be found in spaceborne
instrumentation [14-16]. These environments involve various types of ionizing radiations,
depending on the application considered: X-rays or gamma rays, electron beams, alpha
particles, neutrons, protons, and Bremsstrahlung [3, 14, 17].

2. Radiation effects in optical materials

2.1. Optical materials

Extensive research was involved in the elucidation of defects formation in glasses, as investi-
gations were performed in glasses with various compositions under ionizing and non-ionizing
radiation exposure. The studies were focused either on the materials degradation upon
irradiation or on the possible use of such materials in radiation dosimetry [18, 19]. The radiation
induced changes depend on the glass composition, total dose, dose rate, temperature and
humidity during exposure, and post irradiation heating of the sample [19]. The operation of a
glass-based dosimeter can be decided as function of radiation sensitivity, linearity of the
response, stability of the radiation produced effect, and possibility to re-use the material.

Besides glass-based optical materials, radiation hardening tests were performed on various
other optical materials. More than 20 years ago radiation induced defects were studied in
BaF, crystals by exposing them to gamma rays (from 10 Gy to 47 kGy) and observing the optical
attenuation recovery (between 300 and 700 nm) under UV radiation and the scintillating signal
[20]. Samples from different manufacturers exhibited radiation induced attenuation (RIA)
saturation starting from 10* Gy. Crystal impurities and defects are the primary source of the
optical attenuation increase in the 190-250 nm and 500-600 nm spectral bands induced by
gamma rays [21]. BaF, and LaF; were subjected to Ne and U ions (at energies from 1.4 to 13.3
MeV/u) bombardment, and their degradation was investigated by scanning force microscopy
(SFM), optical spectroscopy and surface profilometry. RIA for BaF, shown an increase at A =
240, 420, 550 and 750 nm, while LiF; crystals remained almost unchanged spectrally. Surface
topography studies indicated the presence of hillock in the irradiated zone [22].

Neutronirradiation was done on Y;Al:O,,, CaF, and LiF and RIA was monitored for UV-visible
spectra. For Y;AL;O,, samples an increase of the optical attenuation was present for wavelength
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lower than 350400 nm. CaF, and LiF single crystals degrade their optical transmission after
neutron exposure mostly in the 400-500 nm region. When heated after the irradiation RIA for
the three crystals recovers according to different patterns [23].

Gamma irradiation (dose rate 110 Gy/h, total doses of 500 Gy, 2 kGy, 8 kGy, 20 kGy) was
conducted on CaF,, Fused Silica and Clearceram in order to evaluate their qualification for
space applications. RIA modification was measured over the 350-800 nm spectral interval at
normal incidence. The optical investigations were completed by ellipsometry tests before and
after the irradiation, from 200 nm to 1 pm. In the case of Clearceram, for example, three
absorption bands located at 3.20, 2.20, and 1.81 eV are present. Over a quite long period these
peaks decrease exponentially [24].

The scintillation properties of different optical materials were studied for their possible use in
the development of radiation detectors. Two radiation induced luminescence (RIL) bands were
observed in polycrystalline BaF, irradiated by X-rays at 295 K, for the wavelengths intervals
380-600 nm and around 659 nm [25]. Under X-ray irradiation, ZnSe crystals present a degra-
dation of the optical transmission at 475-575 nm, and four luminescence spectra at A =460 nm,
610 nm, 645 nm and 970 nm [26]. An X-ray induced RIL peak was reported in CaF, crystals at
A =420 nm, accompanied by a small one at about 350 nm [27].

Sapphire is one of the most intensively studied optical material under different ionizing
radiation: X-ray (40 kV, 15 mA) and 3 from a *°Sr source at 1.5 Gy/min [28]; 8 MeV proton (flux
2x10" p cm?s? and 150 MeV argon (4.3 x 108 ion cm™ s™!) and 253 MeV krypton (4.3 x 10% ion
cm™? s7!) [29]; gamma rays (dose rate 6.7 Gy/s, total dose 10° Gy) combined with neutrons
(energy 2.4 MeV and fluences of 107-10* n cm™) [30]; fast neutrons (energy 1.2 MeV and
fluence of 1.4 x 10" n cm™) [31], neutron irradiation followed by heating (energy 10 MeV, flux
of 6.6 x 10" n cm™ s and fluence up to 10 n cm™), maximum temperature 1000°C) [32].
Sapphire proved to be radiation hardened under gamma exposure up to high doses (10° Gy),
but is more susceptible to optical transmission degradation under gamma-neutron irradiation
as the optical attenuation increases with the fluence for wavelengths below 600 nm. RIL spectra
change under gamma irradiation in relation to RIA modification [30]. For fast neutron
irradiation, absorption bands develop at A =203, 255, 300, 357 and 450 nm, while post irradi-
ation excitation produce photoluminescence signals at A =320, 377 and 551 nm [31]. High purity
Al O; crystals present absorption peaks at A = 206, 230, 258, 305, 358 and 452 nm, when
irradiated by fast neutrons. Post irradiation annealing (up to 1000°C heating) contributes to
partial recover of RIA. Excitation at A = 302 nm induces luminescence at A = 325, 482, 543 nm
[32]. The RIL associated to the F- and F*- bands was found to be dependent on the proton dose
[29].

The invention of quantum cascade laser (QCL) [33] and subsequent research in the field made
possible the development of compact, very accurate, and portable spectroscopic instruments
for the mid-IR spectral range of interest for organic compounds identification (3-12 um).
Tunable QCLs or arrays of QCLs operating at different wavelengths proved to be affordable
substitutes for Fourier transform IR (FTIR) systems to be used in astronomy, astrophysics,
astrochemistry, and space missions [34, 35]. In order to operate reliably under extreme
conditions as components to be included in spaceborne equipment, the composing parts of
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such equipment have to be tested under specific radiation exposure. Within this context, a
program to evaluate for the Romanian Space Agency passive and active mid-IR components
is under way. In this chapter, reference will be made to tests carried out on mid-IR windows
materials (CaF,, BaF,, ZnSe, and sapphire—Al,O;). The subjects of these investigations are
COTS (components-on-the-shelf) products, manufactured in Europe and China. The windows
have 10-25 mm diameter and a thickness of 2-3 mm. Considering the complex space radiation
environments which can be encountered during extra planetary missions, irradiation tests
were run under various irradiation conditions: gamma rays (dose rate of 5.7 kGy/h +/-1.8%,
four irradiation steps at total doses of 0.1 kGy; 1 kGy; 10 kGy; 20 kGy), alpha particles (doses
from 1.46 x 10°kGy t0 5.79 x 10°kGy, depending on the window material, at three beam currents
of 100, 200 and 300 puC, beam diameter 3—4 mm), protons (at 10" p cm™, 10'* p cm™?, 10" p cm
2 fluences), electron beam (dose rate of 4 kGy/min, total dose — several kGy). Gamma and
electron beam irradiation were performed in air at room temperature, while proton and alpha
particle irradiation were done in vacuum [36-38]. Prior and after each irradiation step the
samples were measured in relation to their optical transmittance and reflectance over the
spectral range from 250 nm to 18 um. Figure 1 illustrates the setup for spectral reflectance
evaluation, which was carried out with the Gooch and Housego OL Series 750 Automated
Spectroradiometric Measurement System and the accessories (tungsten lamp and IR glower,
diffracting gratings, integrating spheres, reflectance standards, optical detectors - Si & Ge, PbS,
InSb and HgCdTe) appropriate to each spectral interval over which the measurements were
done. Optical transmittance of the irradiated samples was used to assess the color centers
generation (RIA) in mid-IR optical materials under various irradiation conditions (type of
radiation, dose, and dose rate). In the mean time, during alpha particle irradiation the RIL was
monitored on-line in order to associate this signal with the presence of some dopants/
impurities. The peak wavelengths of the detected radioluminescence are: A = 285 nm (Caf,),
A=405nm (BaF,), A =465 nm (ZnSe), and A =700 nm (AL, O;). Significant decrease of the optical
transmission was obtained for CaF, and BaF,, below 1 um, while a drop of the optical trans-
mission over the investigated spectral range (0.3-16 um) was noticed for all the materials
except for sapphire, case when the transmission change was smaller as compared to other mid-
IR materials. For the same purpose, RBS (Rutherford backscattering spectrometry) measure-
ments were done on the investigated samples.
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Figure 1. The sketch (a) and the picture (b) of the setup for spectral reflectance measurements over the UV to mid-IR
(Reproduced with permission and courtesy of Gooch and Housego).

Spectral reflectance measurements were associated to optical microscopy tests as charged

particles impinging on windows surface affect its quality (Figure 2).

Figure 2. The degradation of windows surface quality after alpha particle irradiation: (a) BaF2; (b) ZnSe (Courtesy of
Laura Mihai).
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For the first time, THz (Terahertz) spectroscopy and imaging were introduced (Figure 3) in
the analysis of irradiated mid-IR optical materials.

X Ay -Scan Sechon
CER Y
4.0
2.0
E 0.0
=
=
= 20
o
(=Y
4.0
8.0
L. 4800 40 20 00 20 40 &0
Z T pasmon imm

D-5can Sedion

SA0-AD0-20-20-1008 13 20 2@ 40

i soalion mre

Figure 3. 2D plot of the THz reflected signal for BaF, window as the sample was scanned in the XY plane, for 0-2 THz
(a); the frequency signal along the X axis (b), at a resolution of 50 pm (Courtesy of Laura Mihai).

2.2. Optical fibers

Optical fibers were suggested to be possible candidates for radiation dosimetry through RIA,
RIL or thermoluminescence monitoring [2]. Such applications were considered in the case of
glass optical fibers and plastic optical fibers as well. The radiation induced effects depends
strongly on the optical fiber composition of the irradiated optical fibers, a detailed discussion
on radiation induced defects in Pure Silica Core (PSC) and doped optical fibers can be found
in [39, 40].

Optical fibers based on different dopants were proposed for radiation dosimetry using the
optical attenuation change under gamma irradiation: TiO, and GeO, + TiO, in the silica core
SM optical fibers [41]; Ge/Al co-doped SM fibers [42]; P,O5; doped step-index MM [43].
Depending on the experiment, low doses (dose rates of 0.01-1 Gy/h, for total doses up to 1 Gy)
[43], moderate (dose rates 5-10 Gy/h, total doses of 10-100 Gy) [41] or high doses (dose rates
of 2, 4 or 6 Gy/min, and the maximum total dose of 13 kGy) [42] were used. RIA was measured
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either at A =980, 1310 and 1530 nm [41, 42] or at A =502, 540 and 560 nm [43]. The recovery of
theirradiation induced attenuation was studied at room temperature, through photobleaching
(Ar laser radiation at A = 514 nm) or by heating the samples (1000°C in O, atmosphere at the
pressure of 10 psi). Some of the studied samples (depending of the dopants concentration,
wavelength considered, dose used, and radiation sensitivity) indicate a linear dependence of
RIA with the dose, its independence with the dose rate and low recovery, which provide the
ground for applications in radiation dosimetry.

Step index multimode, 16.0 mole% P,0O5 co-doped (with and without 6.0 mole% GeO, in the
core) optical fibers were tested under gamma irradiation and shown a linear response at 505
nm for dose rates of 0.1 to 1 Gy/h, and a radiation sensitivity of 0.69-0.97 dB m™ Gy, up to a
maximum dose 1 Gy [44]. As the samples present an independence of the radiation response
on the dose rate and a low recovery they seem to be suitable for medical dosimetry.

An investigation of gamma rays on polarization maintaining (PM) optical fibers to be used in
interferometric fiber optic gyroscope (IFOG) for spaceborne assembles was carried out on three
types of fibers: (i) pure-silica-core, (ii) P-doped (1 mol%), and germanium Ge-doped (15 mol
%), as they were exposed to total doses of 100 Gy and 1 kGy. RIA was monitored over the
spectral range 1100-1700 nm, with a focus on 1310 and 1550 nm. All the three fibers are more
sensitive to radiation at 1550 nm than at 1310 nm, and the most degradation as it concerns RIA
was observed in the case of the P-doped optical fiber [45].

On-line evaluation of gamma radiation produced RIA was investigated in 40 cm long Co/Fe
co-doped alumino-silicate optical fibers fabricated by modified chemical vapor deposition
(MCVD), and exposed to dose rates of 6.7, 18.4, 37.0, and 78.3 Gy/min, for 30 min to total doses
of 201, 551, 1110, and 2348 Gy [46]. The measurements were done at 1310 nm with a Yokogawa
AQ6370C optical spectrum analyzer. Following the irradiation, the attenuation in the doped
fiber increases 258 times as compared to a reference optical fiber (SMF-28™), and a small decay
of the RIA signal was noticed after the irradiation ended. An almost linear relationship was
present between RIA and the dose up to a total dose of 2.4 kGy at 78.3 Gy/min, which recom-
mend this optical fiber for radiation dosimetry, as RIA dose rate independence was observed.

The performances of Ce-doped alumino-phospho-silicate optical fibers without Au (5.0 wt.%
Al O;, 0.15 wt.% P,0s5, 0.3 wt.% CeO,) and with Au co-doping (5.1 wt.% Al,Os, 0.15 wt.% P,0;,
0.27 wt.% CeO,, and 0.2 wt.% Au,0O;), produced by MCVD, were evaluated under electron
beam irradiation at energy of ~6 MeV up to the total doses of 10'* e/cm?, 5 x 10" e/cm?, 10" e/
cm?, 5 x 108 e/em?, 10 e/cm?, and 2.5 x 10® e/cm?. RIA was monitored between 400 nm and
1100 nm, and post irradiation photobleaching under He-Ne laser radiation laser (A = 543 nm)
and UV. The results of the study indicated that the Ce/Au-doped optical fibers are more
suitable for fiber-based dosimetry [47].

In the last years, the research focused also on the X-ray irradiation (10 keV energy) effects on
various optical fibers: PSC, Ge-doped, P-doped, Fluorine-doped/ co-doped, in some cases the
irradiation being combined with sample heating to 300°C [48, 49].

The irradiation outcomes in changing the optical fiber characteristics were investigated by on-
line RIA measurements, confocal micro-luminescence (CML) and electron paramagnetic
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resonance (EPR), for total doses up to 3 MGy (dose rate of 50 Gy/s). RIA modifications in the
UV-visible spectral range for Ge/F co-doped optical fibers produced under different conditions
(draw speed and tension) were monitored with a mini optical fiber spectrometer (Ocean Optics
HR4000) and deuterium-halogen DH2000 light source. Almost complete recovery of the
irradiation induced attenuation was observed at room temperature for A = 360 nm, corre-
sponding to Ge(1) defects, at room temperature during the day following the exposure [49].
For various production conditions and different chemical composition the RIA vs. total
irradiation dose graph indicates a linear dependency up to the dose of 300 kGy.

An interesting aspect in the research of optical fiber behaviour exposed to radiation is
represented by the evaluation of radiation induced changes as heating is applied to the
investigated sample. Different types of multimode UV optical fibers (deep UV enhanced, high
OH step-index; solarization resistant, high OH step-index; UV enhanced extended spectral
response, H,-loaded, step-index) were tested under gamma irradiation. In some circumstan-
ces, the samples were heated to 573 K while irradiated, as the variation of the optical attenu-
ation at specific wavelengths in the UV spectral range (A =248 nm, A =265 nm, A =320 nm and
A =330 nm) was monitored. For some wavelengths (A =248 nm and A = 265 nm) H,-loading
improves radiation resistance, while heating during the irradiation of the same optical fiber
increases their radiation sensitivity [50].

A complex research was carried out to evaluate the combined effect of radiation (1keV X-ray,
50 Gy/s dose rate and total dose from 1.5 KGy to 1 MGy) and heating up to 300°C, for different
types of optical fibers [48]. The results of this investigation indicated that no unitary behavior
with temperature during radiation exposure can be predicted in the case of PSC, Ge-doped,
P-doped, Fluorine-doped optical fibers, as in some situations (fiber compositing, temperature
range, total dose) the sample heating has no effect in compensating the defects generation,
while in some others RIA increases or decreases with the temperature increase. In any case,
some of the study conclusions refer (i) to the possible use of such fibers in radiation dosimetry,
especially at low doses, and (ii) to the limited length of fiber which can be incorporated into
distributed radiation sensing systems.

A recent contribution to the use of optical fibers in radiation dosimetry refers to some studies
carried out in cooperation with a team working at the European Synchrotron Radiation
Facility, in Grenoble on UV multimode optical fibers subjected to synchrotron radiation [51].
In this experiment were tested five types of commercially available UV optical fibers and off-
line measurements concerning the degradation of the optical fibers transmission in the UV-
visible spectral range were done, as color centers developed upon exposure to synchrotron
radiation. The measurements were performed for different doses: 5, 10, 30, 60, 200, 400, 1000
and 2000 Gy. The radiation induced optical attenuation was monitored in relation to recovery
phenomenon both at room temperature and after samples heating to 560 K. The change of
optical transmission and the increase of the attenuation at specific wavelengths (A = 215 nm;
A =229 nm; A =248 nm; A =265 nm; A = 330 nm) were performed using the setup presented in
Figure 4. The measurements were done with a dedicated software control developed under
LabVIEW, by using a broadband UV-visible light source, a sensitive optical fiber spectrometer,
and an optical fiber multiplexer.
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Figure 4. The sketch of the measuring setup: (1) light source; (2) optical fiber attenuator; (3) spectrum of the light
source; (4) optical fiber multiplexer; (5) optical fiber sample absorption spectrum; (6) optical fiber mini spectrometer;
(7) laptop; (8) connecting optical fibers; (9) irradiated optical fiber samples. I, multiplexer input; O, multiplexer output.

The graphical user’s interface is illustrated in Figure 5. The multiplexer is employed to connect
different tested samples to the light source and the spectrometer and help for the determination
of the optical absorption from 215 nm to 600 nm. The operator can preset the number of
averaging cycles, the box car value and can select the wavelengths of interest to be monitored.
Of interest for these tests was to monitor specific wavelength associated to the presence of
color centers in glass fibers. By observing the dependency of the optical absorption on the total
irradiation dose at the specified wavelengths (Figure 6) can be estimated the linearity of this
dependency and the spectral interval over which a saturation effect occurs. This can help to

evaluate the possible use of these optical fibers in radiation dosimetry, at specified dose rates.
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Figure 5. The LabVIEW graphical user’s interface for the experimental setup (Courtesy of Laura Mihai).
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Figure 6. The dynamics of the color center formation as function of the dose (i.e. 5 Gy and 2000 Gy in this case) for the

five tested optical fibers, at A = 215 nm, A =
Inc.); (b) UVS400/480 (Fiberguide Industries
Technologies); (e) FVP400/UVMI (Polymicro

248 nm, A = 265 nm, A = 330 nm: (a) SF5400/440T (Fiberguide Industries
Inc.); (c) HPSUV400P (Oxford Electronics); (d) FVP400/UVM (Polymicro
Technologies).

As a premiere, the use of THz spectroscopy and imaging to assess the synchrotron radiation

induced changes in the core and

coating of the investigated optical fibers (Figure 7) was

reported. This approach makes possible the “visualization” of the dielectric constants change

of the irradiated materials.
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Figure 7. The THz spectral signal of the core (a) and coating (b) of an irradiated UV optical fiber, for two synchrotron
radiation doses: 5 Gy and 2000 Gy (Courtesy of Laura Mihai).

The potential to employ P-doped core multimode optical fibers as X-ray (1 keV) radiation
detectors for doses up to 3 kGy, under different dose rates (1, 10, 50 Gy/s) was studied by
monitoring in real time the RIA in the spectral range from 200 to 900 nm. The results indicated
a sub linear dependence of the irradiation induced attenuation with the dose and dose rate.
The temperature did not change RIA during the irradiation for values between 5 and 50°C.
The highest radiation sensitivity was observed at 300 nm, ~0.60 dB/m™ Gy [52].

For the case RIA values during the irradiation is dependent on the radiation dose and exhibit
a recovery after the exposure is interrupted, a differential scheme can be applied when the
measurand is represented by the difference of RIA at two wavelengths, A =413 nm and A =470
nm, respectively [53].

Another novelty recently introduced refers to the test of gamma radiation on perfluorinated
polymer optical fibers (pPOF). These results complement the investigations previously
reported in literature on the spectral characteristics of gamma irradiated PMMA optical fibers.
In this case, commercially available MM perfluorinated fiber GigaPOF-50SR from Chromis
Fiberoptics were exposed to gamma ray at a dose rate of 5.7 kGy/h for total doses of 1, 5, 20,
50 and 100 kGy. The irradiation took place at maximum temperature of 32°C, and the samples
were measured before and after the irradiation using a v-OTDR from Luciol Instruments,
operating at 1310 and 1550 nm [54]. In addition, strain tests were also performed to evaluate
the mechanical degradation of the polymer fiber under gamma irradiation. For doses up to 5
kGy the attenuation vs. the dose presents a linear dependency with a radiation sensitivity of
0.096 +0.006 dB m-1 kGy™ at 1310 nm, and 0.25 + 0.05 dB m-1 kGy ! at 1550 nm. The obtained
results suggest the possible use of these optical fibers in radiation dosimetry. The dynamics of
the color centers formation under gamma irradiation was investigated by on-line measure-
ments and by monitoring RIA change at several wavelengths (A =420, 525, and 750 nm). The
highest radiation sensitivity was noticed at A = 420 nm (up to 0.5 kGy) dose, while the best
linearity response of RIA vs. dose was obtained at A =750 nm for a dose reaching 2.5 kGy [55].

The last decade recorded as a breakthrough the use of sapphire optical fibers in radiation
environments, as sapphire supports very high operating temperatures and presents minor
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optical transmission changes when exposed to ionizing radiation over a wide spectral range
[56]. Recently, sapphire optical fibers were subjected to neutron flux of 1.5 x 10> n cm™?s™ and
a gamma dose rate of 84 kGy/hr (dose in sapphire) for a total neutron fluence of 1.1 x 10" n cm
2 and total gamma dose of 1.8 MGy [57]. The optical attenuation in the sapphire fiber was
measured on-line over the 500-2200 nm spectral range. The major RIA occurs below the 500
nm measuring limit. A change of RIA was noticed as the sample was heated to 1000°C, under
gamma irradiation [58].

The use of optical fibers for distributed measurements in ionizing radiation environments
became a hot topic in the last years as several tests were run and some possible applications
were suggested: Raman and Brillouin strain/ temperature sensing [10, 59]; Rayleigh temper-
ature sensing [60]. Tests were performed on standard communication, highly doped GeO,, F-
doped optical fibers [10, 59] and (PSC), Ge-doped, radiation hardened and Al-doped optical
fibers [60], at dose rates of 700 Gy/h [60], 1.5 kGy/h [10], 28 kGy/h [59], and total doses of 110
kGy [60], 618 kGy [10], 10 MGy [59]. RIA proved to be the major challenge in using optical
fibers distributed Brillouin temperature sensors, as the operating distance is reduced to several
hundreds of meters due to irradiation [59]. Limitations in temperature monitoring are present
also in the case of Rayleigh-based setup [60]. Temperature measurements using Raman
scattering encounters some difficulties as the temperature evaluation uncertainty is quite high
upon irradiation [10].

The complementary aspect of interest is represented by the possible use of radiation sensitive
optical fibers for distributed dosimetry. Two approaches were proposed to be used: (i) the
optical time domain reflectometry — OTDR [61], (ii) the optical frequency domain reflectome-
tery — OFDR [62]. In both experiments the fiber samples were subjected to gamma irradiation:
P-doped optical fibers [61] and standard communication, Al-doped, and P-doped optical fibers
[62], at dose rates 590 Gy/h at 30°C and 605 Gy/h at 80°C, total dose of about 71 kGy [62], and
dose rate of 23 mGy/s, for a total dose of 300 Gy [61]. The OTDR approach exhibits a limited
spatial resolution for distributed dosimetry. Depending on the optical fiber type, the inter-
rogating instrument dynamic range and the dose, the usable length of the dosimetric fiber is
limited to several centimeters [62].

2.3. Rare earth-doped optical fibers

Generally, radiation hardening tests of rare earth-doped optical fibers were performed in
relation to their possible use in space applications such as inter-satellite communications and
fiber optic gyroscopes (FOGs) applications [63-65]. The investigations focused on the radiation
induced absorption in the optical fiber and on changes of the emission efficiency. Tests were
carried out under gammaray [63, 65, 66], neutrons [65], protons [65-67], or X-ray [66] exposure.
The reported studies indicate that:

* theirradiation results are primarily dependent on the dose and not on the type of irradiation
involved [65],

* the device degradation is function more on the co-dopant concentration than on the rare-
earth elements [65],
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* annealing and photobleaching can contribute to partial recovery of the irradiation induced
effects [65, 67, 68].

Tests on photobleaching of two Erbium-doped fibers (EDFs) subjected to 1.3 and 2.24 kGy
gamma irradiation were carried out at two laser wavelengths (532 and 976 nm). A higher
efficiency was achieved with the shorter wavelength excitation. The annealing effect induced
by the 976 nm laser is comparable to that present in the case of thermal annealing at 500 K [69].

In another experiment, an EDF was tested under electron irradiation (beam energy 1.2 MeV,
total dose 10 kGy), and the output power, noise figure and the central wavelength were
measured after the irradiation, with the pump at 980 nm and detection at 1550 nm. The central
wavelength did not change after irradiation, while the output power and noise figure were
deteriorated (i.e. the output power dropped from 10 to -60 dBm for the same pump level).
Within 2 weeks, the two parameters partially recovered [70].

Single mode and multi-mode Yb-doped optical fibers, acting as amplifiers at 1064 nm, were
subjected to gamma rays and mixed gamma-neutron irradiation, up to a total dose of 1 Gy(Si)
[71]. It was noticed a linear decrease of the output power with the irradiation dose. A slight
recovery was observed at room temperature, after 20 hours.

In his PhD thesis, Fox [72] concluded that EDFs are more radiation sensitive than Yb**-doped
fibers, and the most radiation hardened to gamma ray are optical fibers of Er**/Yb** co-doped
type. In this investigation, the radiation induced degradation increases with the increase of the
dose rate.

Optical fiber preforms of Yb-free aluminosilicate core, Yb-doped Al-free silicate core, Yb-
doped alumino-silicate cores and Yb-free germanosilicate core produced by MCVD and
solution-doping techniques were irradiated by 45 kV X-rays, at ~2.5 Gy(5i0O,)/ min, for doses
up to 0.3-0.5 kGy [73]. The effects of the irradiation were studied by thermally stimulated
luminescence (TSL) and optical absorption measurements.

Investigations were carried out to evaluate the influence of Hy,-loading of EDFs, under
pumping at 980 and 1480 nm, as the samples were subjected to gamma irradiation, having
doses from 0.1 to 10 kGy. One such sample was a H,-loaded EDF, while the other was H,-free
carbon-coated [74]. At 980 nm pumping a photobleaching effect was observed which increases
the efficiency of the process especially in the H,-loaded optical fiber. No such effect was present
with the pump radiation of 1480 nm. H,-loading and the use of a hermetical coating of the
optical fiber, which prevents H, diffusion, produce a radiation resistant EDF [75].

One approach to enhance the radiation resistance of the optical amplifier consists in the use of
Er-doped-nanoparticles optical fibers [76]. Another proposed method is based on the doping
of the optical fiber core with Ce, reducing in this way the radiation sensitivity [77].

Tests on a thulium doped optical fiber amplifier were performed under neutron irradiation
and a 17.1 dB was observed for a dose of 720 Gy, which is close to the computed values [78].

The development of Bi co-doped silica optical fibers [79] having an extensive emission
operation range (from 1100 to 1800 nm) called researchers attention on their investigation



Radiation Effects in Optical Materials and Photonic Devices
http://dx.doi.org/10.5772/62547

under ionizing radiation. Tests run under gamma irradiation, dose rate — 5.5 kGy/h and
maximum total dose — 50 kGy, on Bismuth/Erbium/Ytterbium co-Doped Fiber - BEYDF ([Bi]
~0.07, [Er] <0.1, [Al] ~0.35, [Ge] ~ 1.18, [Yb] ~0.02 atom%, respectively, indicated the formation
of bismuth related active center (BAC), as the absorption at 830nm is increased significantly,
while the absorption at longer wavelength diminishes [80].

In the case of Bi/Al-co-doped silica optical fibers the fluorescence peak increases with the
increase of the gamma dose (dose rate, 800 Gy/h; maximum total dose, 3 kGy), when the sample
is pumped at 980 nm. The preform of the investigated materials had the following concentra-
tions: Si—28 mol/% (core), Ge— 6 mol/% (core), O—66 mol/% (core and inner layer), Bi—0.016
mol/% (core and inner layer), and Al1—0.04 mol/% (core and inner layer). It is presumed that
this enhancement of the photoluminescence signal upon irradiation is due to creation of
subvalence Bi ions [81].

Another investigation was focused on the effect of gamma irradiation (dose rate — 5.5 kGY/h,
total doses of 1, 5, 15, 30 and 50 kGy) on samples of Bismuth/Erbium co-doped fiber (BEDF).
The irradiation has significantly increased unsaturable absorption by about 8 dB. This
corresponds to a very significant unsaturable attenuation coefficient change of ~32 dB/cm. The
results indicate that the saturable absorption of the BEDF at 830 nm is also increased by about
4 dB. This corresponds to a significant saturable attenuation coefficient change of 16 dB/cm.
The increase in saturable pump absorption implies that the irradiation has significantly
increased the number of bismuth related active centers (BAC-Si). In this case the overall
emission at 1430 nm (which is related to BAC-Si) is only slightly decreased while the unsa-
turable absorption is significantly increased. A good radiation survivability of the BEDF for
emission or amplification was noticed [82].

3. Radiation effects in photonic devices

3.1. Fiber Bragg gratings

Fiber Bragg gratings were excessively studied under various type of ionizing radiation: gamma
ray [12, 83, 84], neutron [85], mixed gamma-neutron [86-88] or 13.5 MeV protons [89]. In most
cases, the changes of the FBG Bragg wavelength are relatively low. Tests were carried out using
Type I, Type II, Type IA, Type IIA, chemical composition or fs laser engraved gratings, and
were focused on the effect of fiber composition, dose rate, total dose, heating during the
irradiation or possible photobleaching during the exposure to ionizing radiation [90]. For
example, Type I gratings produced in H,-loaded standard communication optical fibers
(SMF28™) or B/Ge co-doped optical fibers present an increase of the central wavelength
followed by a plateau, with an overall change between 10 pm to 34 pm, under 0.54 MGy
exposure. In the case of Type II gratings written in B/Ge co-doped optical fibers exhibit a
decrease of the central wavelength between -30 and -60 pm. Degradation (30-50%) of gratings
reflectivity was produced after irradiation, while no recovery was observed in the studied
sensors [91]. A quite significant impact of gamma radiation on Ge-doped core optical fibers
was observed as such uncoated fibers are immersed in water during gamma exposure [83], for
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a total dose of up to 5 MGy. Generally, all the investigations carried out on radiation effects
on FBGs focused on the possible use of such devices in radiation environments for temperature
or humidity [12] monitoring. Under some design circumstances (optical fiber type, technology
used to write the grating), these modifications are significant, making possible the use of FBGs
as radiation detectors [92, 93].

More recently, the use of FBGs developed in sapphire optical fiber was proposed for moni-
toring very high temperature in nuclear reactors [94].

Through these studies, the paradigm was changed as [95]:

* FBGs were produced in radiation hardened optical fibers by two-beam interferometer and
deep ultraviolet fs laser radiation;

* for the first time FBGs written in both standard commercial optical fibers and radiation
hardener optical fibers were tested, exposed to the electron beam from a linear accelerator;

* a mash of FBGs was used for beam diagnostics of charged particle beams, as a novelty.

This research indicated a linear dependence of the Bragg wavelength shift with the irradiation
dose for commercially available FBGs and grating produced in radiation hardened optical
fibers, and this shift was monitored by measuring simultaneously with a thermocouple the
temperature change in the irradiation plane. This aspect is important because no saturation or
permanent modification of FBG wavelength was observed; hence these sensors can be used
for on-line measurements. The principle of the charged particle beam diagnostics is illustrated
in Figure 8, for the case of an electron beam having a diameter of about 100 mm. The spatial
resolution is limited by the number of FBGs engraved in an optical fiber, their individual length
and the distance between two adjacent FBGs. In the described proof-of-concept design,
gratings having 12 mm and 4 mm length were employed. As compared to other solutions for
charge particle beam monitoring (arrays of Faraday cups; ionization chambers; micro strip
metal detector; pepper-pot device, slit-grid or rotating slits; scintillating screen or gas detector;
flat panel detectors, arrays of p-i-n diodes; moving wire or vibrating wire scanners) there are
several advantage of this approach: its immunity to electro-magnetic noise, remote monitoring
capability and the possibility to multiplex the acquired signals by using few connecting lines.

The operation of the proposed instrument is similar to that employed for laser beam diagnos-
tics. In the evaluation of a laser beam quality an image sensor is used to acquire the transversal
distribution of the laser beam’s intensity. Periodically, the electric charge generated inside the
image sensors is removed upon reading and new acquisition starts. In this implementation the
instrument operation is based on the proved reliability of the tested FBGs under electron beam
exposure and on the linear shift of FBGs Bragg wavelength with the temperature in the
detection plan, and hence with the deposed energy by the charge particle beam. Prior to the
use, the FBGs were calibrated as it concerns their wavelength change vs. temperature.

When the charge particle beam (1) is propagating from the linear accelerator output (2) its
diameter increases (4) in the detection plan (5) due to its divergence (Figure 8a). In the detecting
plan (item 1 in Figure 8b) a mesh composed of FBGs (3) is placed, the sensors being embedded
into a thermally insulating material to prevent the lateral dissipation of the heat. As the
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individual gratings are exposed to different beam energies their temperature increases
according to the energy deposed on each detecting site. In this way, in time, a map of the
transferred energy at each location is obtained.

Figure 8. The operation principle of the electron beam analyzer: (a) the moving shutter used to interrupt FBGs expo-
sure to the electron beam: (1) the incident electron beam; (2) beam diameter at the exit of the linear accelerator focusing
system; (3) moving shutter; (4) the electron beam diameter at its incidence on the detection plan; (5) detecting plan. (b)
The position of the FBGs mash: (1) the detecting plan; (2) electron beam pattern on the detection plan; (3) FBGs; (4)
connecting optical fibers; (5) optical fiber interrogator; (6) bars symbolizing the integral energy deposited on a particu-
lar FBG at a specified moment. (c) Example of the data acquired for the 8 kGy dose [95]. (d) Top view of the shutter
and cooling system.
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The detector operates as an energy integrator (dose related measurements). Permanently, the
central wavelength of all sensors is acquired by a Micron Optics optical fiber interrogator,
which makes possible the real time mapping of the electron beam cross section energy
distribution. In order to avoid saturation, periodically the FBGs signal has to be “reset” by
blocking the electron beam and forced cooling the FBGs array. For this purpose a thick (20
mm) Al shutter restricts under the software control (Figure 8a and 8d) the exposure of the
FBGs by interrupting the electron beam. During the interval the beam is blocked, a cooler
pushes air over the sensors” matrix. The Al shutter goes back and forth as the array has to be
exposed or cooled. The flow chart for the instrument operation is presented in Figure 9.

Charge particle beam analyzer flow chart
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Figure 9. The flow chart of the electron beam analyzer.

During the “Initialization” step, the shutter is closed, the FBGs are cooled, and the functioning
parameters set by the operator are introduced in the system. If a STOP command was issued
by the operator the system stops and displays in 3D format the integrated energy to which
each sensor was subjected, measured as Bragg wavelength shift in response to the local
temperature increase. If no STOP command was given the system periodically acquires on the
central wavelength shift for each sensor and checks if the maximum set temperature was
reached by any of the FBGs. If this temperature was reached the system stops and displays the
results as a 3D representation. If no such signal was received the software commands during
the “Data acquisition” step the closing of the shutter and the cooling of the FBGs array. The
periodicity of the cooling cycles, and the upper limit of the temperature to which any of the
sensors can be subjected are set by the operator. The Bragg wavelength shift with the dose
increase is given in Figure 10. In this case, during the irradiation pause, the grating’s cooling
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was obtained by convection in air and not by forced cooling. The proposed instrument can be
used during the adjusting process of the charged particle accelerator or to check the stability
in time of the output beam.
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Figure 10. The change of the Bragg wavelength with the dose increase. Periodically, between two exposures the gra-
ting was cooled by natural convection [95].

A novelty in the field can be considered the investigation of FBGs performances written in
polymer fibers under fast neutrons irradiation. In the paper it is suggested that neutrons
produce a degradation of the fiber structure, which in turn causes a shift of the Bragg wave-
length up to 14 pm. The wavelength change with neutron dose can be exploited in radiation
dosimetry [96].

3.2. Long period gratings

Long period gratings (LPGs) were tested only under gamma ray exposure [90]. Most of the
measurements were performed off-line [97-99], with some exceptions when the device
behavior was monitored during the irradiation [100, 101]. The LPGs were obtained by different
techniques: CO laser or UV engraving [99], electric arc-discharge (EAD) technique [101],
CO, laser point-by-point writing [97], as chiral gratings [100], having a turnaround point (TAP)
design produced by a CO, laser [98]. Various optical fibers were employed: N-doped and Ge-
doped optical fibers [99], pure-silica-core/ F-doped silica cladding fibers [101], SMF-28™ [97],
core doped with P, Ge, F, rare earth elements [100], photosensitive fibers (B/Ge co-doped) [98].
The irradiation conditions are modified from 5 kGy [97] up to 1.47 MGy [99]. Depending on
the optical fiber type, the writing technique, the dose rate/total dose used, the reported results
led to different conclusions: (i) no effect was observed on the LPG transmission spectrum for
doses lower than 5 kGy [97], lower than 500 kGy [101] or as high as 1.47 MGy [99], (ii) a 10 nm
shift of the transmission deep was noticed for doses of 100 kGy [100], (iii) very high shift of
the dual resonance deep (35 nm) is present for a dose of 6 kGy [98]. This variety of investigations
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outcomes suggest that, by an appropriate selection of the above mentioned parameters, LPGs
can be produced either to be radiation hardened or with pronounced radiation sensitivity,
appropriate to be used in radiation dosimetry. No change in the temperature sensitivity of
LPGs upon irradiation was observed [101].

A new proposed approach in studying gamma irradiation effects on LGPs Includes several
novelties [102, 103]:

* the use of an OFDR model LUNA OBR 4600, operating in the transmission mode or, for
comparative purpose, of an optical fiber interrogator model sm125;

* LPGs on-line monitoring when the irradiation is on and off, which makes possible the
observation of room temperature recovery;

* the comparative evaluation of the radiation induced LPG changes for grating produced in
standard communication and specially designed radiation hardened optical fibers.

The use of the OFDR improved drastically the detection S/N as compared to classical reading
with an optical spectrum analyzer. During the irradiation the sensors were encapsulated into
ceramic radiation transparent cases to avoid any strain induced changes in the LPG spectrum,
and in the mean time, the gratings were placed into a thermally insulated box. The temperature
was permanently monitored both inside this box and in the irradiation chamber and temper-
ature related corrections were applied to the LPG characteristics. Based on the referred papers,
Figure 11 illustrates comparatively the behaviour of gamma irradiation on the LPG developed
into a standard communication optical fiber (LPGsc) and one written in a radiation hardened
optical fiber (LPGrh). The wavelength deep of the two samples move in opposite directions,
the wavelength of the grating produced in the standard communication fiber increases with
the dose increase, while for the other one the wavelength decreases with the dose increase.
Besides that, it can be noticed the magnitude of the two changes, LPGsc being by far more
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Figure 11. The change of the wavelength deep for two LPGs written in standard communication optical fibers LPGsc
and in F-doped core optical fiber LPGrh.
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sensitive. The fluctuations of the wavelength deep values during gamma exposure as well as
the partial saturation trend are associated to the on-off operation of the irradiation facility. In
this way, for the first time the recovery effect during the irradiation pauses was observed.

Because for the LPGrh the wavelength change is by far less significant than that in the case of
LPGsc, it can be expected that the first one can be used in radiation environments as a sensor
for temperature/humidity, while the second LPG can be employed within specific dose range
as an optical fiber-based dosimeter.

4. Conclusions

The last four to five years brought additional data concerning radiation effects in optical fibers
and optical fiber-based devices as new materials, technologies and possible applications in
radiation environments emerged. In the frame of this chapter, the major trends were presented
and some novel techniques and applications promoted recently were addressed, in relation to
different types of irradiations (i.e. electron beam, synchrotron radiation). In this way, the data
reviewed in previous publications are updated and the extensive possibilities offered by new
materials and experimental setups in using radiation effects on optical fibers were demon-
strated. By focusing such type of research on newly developed fibers (plastic, micro-structured,
multi-core) and by using novel photonic devices based on optical fibers, new classes of
equipment will emerge for terrestrial applications (dosimetry, medicine, remote and distrib-
uted monitoring) and for space missions.
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