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Abstract—In this review paper, we present radiation effects
on silica-based optical fibers. We first describe the mechanisms
inducing microscopic and macroscopic changes under irradiation:
radiation-induced attenuation, radiation-induced emission and
compaction. We then discuss the influence of various parameters
related to the optical fiber, to the harsh environments and to
the fiber-based applications on the amplitudes and kinetics of
these changes. Then, we focus on advances obtained over the
last years. We summarize the main results regarding the fiber
vulnerability and hardening to radiative constraints associated
with several facilities such as Megajoule class lasers, ITER, LHC,
nuclear power plants or with space applications. Based on the
experience gained during these projects, we suggest some of the
challenges that will have to be overcome in the near future to allow
a deeper integration of fibers and fiber-based sensors in radiative
environments.

Index Terms—Absorption, color centers, fiber sensors, ITER,
LHC, LMJ, luminescence, optical fibers, radiation effects, radia-
tion induced attenuation, silica, space.

I. INTRODUCTION

T HE vulnerability of numerous fiber-based applications
has been or is currently being studied to evaluate their per-

formances and lifetimes when exposed to radiative constraints
associated to natural or artificial environments. Depending on
the targeted applications, various harsh environments have to
be considered in terms of particles, dose and dose rate. In Fig. 1,
we review some of these environments for which the radiation
sensitivity of optical fibers has been recently investigated.
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For data transmission in such environments, optical fibers
present several advantages compared to copper cables. Con-
trary to coaxial cables, they can be considered as immune to
most of the electromagnetic perturbations associated with these
projects, such as the ones associated with megajoule class laser
facilities (Laser Megajoule (LMJ), National Ignition facility
(NIF)) devoted to the study of fusion by inertial confinement
[1]. Furthermore, optical waveguides present a low attenuation
(typically 0.2 dB/km at 1550 nm), a high bandwidth and a
multiplexing capability that allow transmission of the large
amounts of data acquired at high energy physics facilities
like the Large Hadron Collider (LHC) [2]. The low weight
and volume associated with these transmission links are key
advantages for their use in a spacecraft [3], [4] or to develop
plasma diagnostics for fusion facilities, such as the Interna-
tional Thermonuclear Experimental Reactor (ITER), LMJ or
NIF [5], [6]. Optical fibers can also be functionalized to serve
as distributed or discrete sensors for various parameters such
as temperature, strain, pressure or radiations for civil nuclear
applications or nuclear waste storage [7], [8].
Despite their many advantages, radiation still degrades the

optical fiber properties, through three different mechanisms: ra-
diation-induced attenuation (RIA), radiation induced emission
(RIE) and compaction. The amplitudes and kinetics of these
changes strongly depend on the tested fiber and application re-
quirements. Today, the fiber response remains too complex to
be fully predictable. Radiation testing remains necessary, first to
evaluate the vulnerability of fibers to one specific environment
for one given application and second, to investigate different ra-
diation hardening strategies (hardening by design or hardening
by system). In the past, several review papers were proposed
on this thematic by different research groups [10]–[12]. In this
paper, we mainly focus our discussion on experimental results
and knowledge acquired during the last decade. The structure of
the paper is the following: we briefly introduce the basic mech-
anisms occurring in the pure or doped amorphous silica glass
constituting the fiber core and cladding and the macroscopic
changes observed in these devices under irradiation. Then, we
review the different intrinsic and extrinsic parameters that are
known to influence their radiation sensitivities, giving some ex-
amples of fiber responses and some overview about the radi-
ation induced mechanisms and related point defects. In addi-
tion, we present summaries of the most important results ac-
quired during the past years through radiation effects studies
on fibers for today or future facilities such as megajoule class
lasers, ITER, LHC, nuclear industry or for space applications.
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Finally, based on this work, we discuss future challenges for our
community.

II. PROPERTIES OF SILICA-BASED GLASSES AND RADIATION
EFFECTS AT THE MICROSCOPIC AND MACROSCOPIC SCALE

Understanding radiation effects on silica-based optical fibers
implies identifying and characterizing the changes occurring at
different scales in pure or doped amorphous silica . If
the fiber vulnerability for a given application is mainly linked to
the degradation of one of its macroscopic properties, the knowl-
edge of radiation-induced mechanisms at atomic scale remains
mandatory to understand the origin of these degradations and
to be able to propose hardening techniques. Such understanding
necessitates considering the interactions between neutral (pho-
tons, neutrons) or charged particles (electrons, protons) with

and their consequences at different scales, from atomic
to device level. In this part, we first briefly present glass
properties and radiation-induced effects at atomic scale by intro-
ducing the concept of radiation-induced point defects. Second,
we describe typical fiber structures and discuss how the struc-
ture chosen for the fiber design can affect its radiation response.

A. Description of

The building unit is the tetrahedron, like in
the quartz crystalline structure. In this unit, the central silicon
(Si) atom is bonded to four oxygen (O) atoms which occupy
the corners of the tetrahedron [see Fig. 2(a)] [13]. The perfect
silica structure can be viewed as a continuous random network
of these units joined at the corners. The amorphous state can
be described by means of a randomness degree, lack of pe-
riodicity and breaking of the long range order, as illustrated
in Fig. 2(a). As opposed to the quartz crystal, the parameters
defining the glass, such as Si-O-Si angles or Si-O bond lengths
are not well-defined but are characterized by a continuous distri-
bution around a mean value [14]. Ideal amorphous silica is usu-
ally described through the Continuous Random Theory (CRN)
[15]. The tetrahedral units correspond to the short range. The
second (medium) range extends to the interconnections between
adjacent units and the third (long) range refers to the network
topology and rings statistics. Specific CRN models have been
deduced from X-ray and neutron diffraction experiments, a re-
view on these amorphography studies is given in [16].
In bulk and optical fibers, the nature of glass is more complex

due to the presence of intrinsic or extrinsic point defects that are
induced during the glass elaboration or under specific treatments
[17]. Defect structures are related to under- or over-coordinated
atoms, substitutional or interstitial impurities such as Cl or H
[see Fig. 2(b)], or bonds between similar atoms (eg. Si-Si or
Si-O-O-Si). These defects are associated with absorption bands
within the silica bandgap that decrease the glass or fiber trans-
parency. They can either be created during the manufacturing
process, by conversion of pre-existing centers under irradiation
or directly from “perfect” sites by radiations. A detailed review
of these processes can be found in [18].

B. Radiation-Matter Interactions

Two main radiation-matter interactions are involved in defect
creation: the knock-on and ionization processes. Direct atomic

Fig. 1. Typical dose and dose rate ranges associated with various projects and
natural radiative environments where the integration of optical fibers is consid-
ered. Adapted from [9].

Fig. 2. (a) Ideal pure-silica glass structure (b) Defective pure-silica glass struc-
ture.

displacements, also known as knock-on damages, can occur in
silica if the incoming particle transfers a sufficient amount of
energy to the glass matrix. The displacement threshold energy
is of about 10 eV for O and 18 eV for Si [19]. Concerning ion-
ization processes and associated radiolytic processes, electrons
from the valence band can be transferred to the conduction band
with a certain kinetic energy, which depends on the energy trans-
ferred by the incoming particle. Concurrently, a hole is gener-
ated in the valence band. The created electron-hole pairs can
recombine either radiatively (luminescence) or non-radiatively.
In the latter case, the energy is dissipated through the creation
of phonons or by secondary radiolytic processes which could
lead to the generation of point defects. Mobile charges can also
be trapped on pre-existing or radiation-induced sites. External
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Fig. 3. Radiation-induced changes in the transmission of a multimode optical
fiber at 780 nm before, during and after a 35 ns irradiation pulse of 1 MeV
X-rays.

actions, such as photobleaching or thermal treatments, are then
required to release the carriers from these traps.

C. Macroscopic Changes Induced by Radiation in Silica-Based
Glasses

Three macroscopic effects can be observed in silica-based
glasses under irradiation: Radiation Induced Attenuation (RIA),
Radiation Induced Emission (RIE) and change in refractive
index.
Radiation-Induced Attenuation (RIA) corresponds to an in-

crease in the glass linear attenuation through an increase of
the linear absorption due to radiation-induced defects. This is
a wavelength-dependent and time-dependent effect.
Radiation-Induced Emission (RIE) corresponds to light emis-

sion within the samples under irradiation. It can be lumines-
cence from pre-existing or radiation induced point defects that
are excited by the incoming particles (Radiation Induced Lu-
minescence, RIL) or Cerenkov emission. Fig. 3 illustrates the
changes induced by a 1 MeV X-ray radiation pulse of 35 ns on
the transmission efficiency of a multimode optical fiber at 780
nm.
During the irradiation pulse, at least two mechanisms are in

competition: a strong RIA phenomenon and a strong RIE phe-
nomenon—which, for this fiber, mask the RIA (spectral anal-
ysis reveals that this RIE is mainly explained by Cerenkov radi-
ation). After the end of the pulse, RIA dominates and the fiber
transmission is strongly decreased. The fiber transmission par-
tially recovers during and after the irradiation through thermal
bleaching of the radiation-induced point defects at room tem-
perature. At longer times after irradiation, only the point defects
which are stable at the experiment temperature contribute to the
RIA.
A change in Refractive Index (RI) can stem from density

changes or from RIA. The RI change is related to a density
change via the Lorentz-Lorenz formula, while the link with the
induced absorption effect is described via the Kramers-Krönig
relations. In theory, the density effect is also included in the
Kramers-Krönig relations but in practice it is more convenient
to separate the color centers contribution, responsible for the
RIA, and describe the remaining changes as density effects.

Fig. 4. Density change and corresponding refractive index change induced by
neutrons in quartz and amorphous bulk silica (adapted from [20]).

Compaction or swelling leading to glass density modifications
depend on the silica type (crystalline or amorphous). This
effect was first observed by Primak [20] in bulk silica irradiated
with fast neutrons. He found a density and refractive index
increase of 3% (Fig. 4) when amorphous silica was irradiated
at a fast neutron fluence larger than , while silica
in its -quartz form exhibits a density decrease of more than
10%. Remarkably, neutron irradiation transforms both silica
amorphous and crystal phases into a new common topological
structure referred to as the metamict phase [21]. These changes
in refractive index affect the optical properties of the fibers,
creating additional guiding losses when a fiber is exposed to
very high doses.
Among these different phenomena, the RIA is usually the

main limiting factor for the integration of optical fibers in ra-
diative environments. RIE also has to be considered, especially
when RIA-tolerant optical fibers are used. The amplitudes of
these macroscopic changes strongly depend on the characteris-
tics of the tested fibers, on the radiative environments and on
the application parameters. The influence of these different pa-
rameters on the fiber behavior will be detailed in the next part
of this paper.

III. INFLUENCE OF THE FIBER STRUCTURE ON ITS
RADIATION RESPONSE

In this section, we discuss differences observed in the radia-
tion responses of two classes of optical fibers often considered
for telecommunications or sensing in harsh environments: con-
ventional optical fibers and microstructured optical fibers. The
case of rare-earth optical fibers and polarization maintaining op-
tical fibers will be discussed in Section VIII-D. In this review,
plastic optical fibers are not considered since only a few studies
have been devoted to the radiation response of this particular
type of waveguide which seems to be very sensitive to radiation
[22], [23].

A. Response of Conventional Passive Optical Fibers

Different classes of commercial-off-the-shelf (COTS) mul-
timode (MM) or single-mode (SM) optical fibers exist. Testing
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Fig. 5. Radiation induced attenuation (RIA) measured at 1550 nm during and
after 0.8 MeV neutron irradiation (flux of 3.5 ) for two
COTS optical fibers (attenuation of 0.2 dB/km before irradiation) with identical
optical properties before irradiation. Chemical compositions of these two fibers
are illustrated in insets. Both fibers possess Ge-doped cores and only differ by
the co-dopants used in their cladding.

reveals that these fibers can possess very different radiation sen-
sitivities even with similar optical and structural properties be-
fore irradiation.
Most of the fibers studied in the literature are based on Total

Internal Reflection (TIR) to ensure light guiding along the
fiber (mostly within the core and partially within the cladding).
This silica-based structure is surrounded by a polymer or
metal-coating. The different silica layers constituting the
medium for signal transmission are diversely doped to ensure
that the resulting radial refractive-index profile (RIP) leads to
light guidance. Different combinations of dopants can be used
to obtain similar RIP structures, as illustrated in the insets of
Fig. 5 for two COTS SM fibers responding to the ITU-T G.652
standard. This figure also compares for these two fibers the
1550 nm RIA growth during a 0.8 MeV neutron irradiation and
the RIA changes after irradiation.
These results highlight that two COTS fibers with similar op-

tical characteristics before irradiation can have extremely dif-
ferent responses to radiation. One fiber presents a limited RIA
level of at the end of the irradiation whereas the
second fiber shows a linear increase of RIA, up to
for the same irradiation conditions. Furthermore, the more sen-
sitive fiber exhibits no RIA bleaching after irradiation at room
temperature whereas the other one partially recovers its trans-
mission. Usually, the different characteristic parameters, such
as the composition of COTS fibers shown in Fig. 5’s insets, are
considered as confidential by the fiber manufacturers. Conse-
quently, the response of a COTS fiber to a radiative environment
cannot easily be estimated without performing some radiation
tests. The impact of the main incorporated dopants (Ge, F, P, N)
on the fiber response will be further detailed in this paper.

B. Response of Microstructured Optical Fibers

Microstructured or photonic crystal optical fibers [24] are
now also available for sensor applications. Two different types

Fig. 6. Illustrations of the structures of a) a TIR microstructured optical fiber
[27] and b) a Hollow Core optical fiber [30].

of optical fibers are commercialized. The first one is a TIR solid
core optical fiber with microstructured cladding [see Fig. 6(a)].
The second type is Hollow Core Fibers (HCF), illustrated in
Fig. 6(b). The HCFs consists of an air-hole core surrounded by
a microstructured cladding. For these fibers, the light guiding
mechanisms are totally different from those of TIR fibers and
currently result in a narrow transmission windows centered at
wavelengths which depend on the structure parameters [24].
Only a few results are available concerning the radiation re-

sponses of microstructured optical fibers. For TIR solid core op-
tical fibers, the RIA levels seem comparable to those of all-silica
fibers made with the same glass [25]–[27]. On the contrary,
HCFs present high radiation hardness under steady state -ray
irradiation [28], [29] but more complex transient radiation re-
sponses under pulsed X-rays [30]. One of the interests of these
fibers, in addition to their unique optical features, is that they
can be made with only one glass type, which allows to reduce
the complexity of the fiber response to radiations. Furthermore,
the unique guiding properties of HCF can be used to harden
the waveguide to radiation environments leading to compaction
phenomenon in silica.

IV. INFLUENCE OF THE FIBER COMPOSITION ON ITS
RADIATION RESPONSE

Optical fibers present a wide range of radiation sensitivities
depending on the dopants used to design their refractive-index
profiles. Furthermore, the amounts of impurities, such as chlo-
rine Cl, also impact the device sensitivity (eg. pure-silica core
optical fibers generally have measurable amounts of OH and Cl
in their cores, which has will be explained in this Section have
notable effects on RIA). Among the different dopants, the most
used are Germanium (Ge), Phosphorus (P) and Nitrogen (N),
which increase the glass refractive index, and Fluorine (F) or
Boron (B) which decrease it. In the following, we review the
main results concerning the responses of the most commonly
used fiber types.

A. Pure-Silica Core (PSC) Optical Fibers

Some of the SM and MM optical fibers are designed with
Pure Silica Core (PSC) and F-doping cladding. In this case, the
fiber’s refractive index presents a step-profile, which leads to
a poor control of the dispersion properties of the waveguides.
However, for applications that do not need an accurate control
of this parameter, it has been shown that for most of the studied
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Fig. 7. Absorption bands associated with different Si-related point defect structures. More details concerning these defects can be obtained in the following
references: SiE’ centers, Peroxy Radicals (POR), oxygen deficient centers (ODC) and NBOHC in [42] and references therein. Absorption bands related to Self-
Trapped Holes (STHs) have been extracted from [47]–[49] and those related to Self-Trapped Excitons (STE) from [51]. It is important to notice here that the bands
associated with the STE defects will dominate the RIA spectra before their decay (typically below 1 ms after an irradiation pulse for ), whereas a
combination of the other bands will explain the RIA at .

harsh environments this class of fibers presents the best radi-
ation tolerance, along with some of the F-doped fibers. These
fibers are characterized by low RIA levels from the UV to the
IR part of the spectrum at doses exceeding 1 MGy) (however,
very large RIA can be observed for lower doses and higher dose
rates, unless the fiber has been pre-treated). A consequence of
this good radiation tolerance in terms of RIA, is that the RIE
phenomenon (mainly Cerenkov) can be easily observed in these
fibers [31]. In this case, RIA and RIL phenomena are caused by
Si-related point defects or by species related to the impurities.
Recent reviews concerning these Si-related point defects can be
found in, [12], [32]–[36].
In Fig. 7, we listed some of these defect structures that are

associated with absorption bands in the silica gap. They have to
be considered to understand the behavior of fibers under irradi-
ation. As it can be seen, most of the studied point defects absorb
in the UV and visible part of the spectrum. Today, only one pos-
sible absorption band related to the Self-Trapped Holes (STHs)
has been pointed out in the IR (not represented in Fig. 7) [37].
The concentrations of these different point defects depend on

various parameters such as the glass stoichiometry or the hy-
droxyl groups (OH) and Cl impurities contents, their amounts
being correlated. Particularly, the amounts of Cl impurity
strongly depend on the preform deposition technique used to
elaborate the preforms, standard techniques authorize to reduce
the OH groups concentration but the consequence is an increase
of the amounts of Cl-related species;
Three main different classes of PSC fibers exist, depending

on the manufacturing process and targeted range of wavelengths
for the fiber operation. These three types of glasses possess dif-
ferent radiation responses:
• high-OH/low-Cl fibers, also called “wet” fibers
• low-OH/high-Cl fibers, also called “dry”fibers
• less commercially-available low-OH/low-Cl fibers.

Their vulnerability and relative interest strongly depend on the
considered environments and on the application parameters,
such as the operating wavelength. Their responses have been

Fig. 8. Influence of the amounts of OH groups and Cl impurity on the -ray
radiation response of pure-silica core fibers made by different processes. These
data have been extracted from [46].

characterized under both continuous gamma and neutron irra-
diations [31], [38]–[40], and transient exposures [41].
For high dose environments , decreasing the Cl

concentration is an efficient way to reduce the RIA in the UV
and visible part of the spectrum. This is explained by the fact
that the absorption bands of the Cl-related species are around
350 nm [42]–[46]. Both “wet” and low-OH/low-Cl fibers thus
present interesting radiation responses in this range of wave-
lengths whereas “dry” fibers exhibit higher RIA levels. In low
Cl concentration fibers, RIA is mainly due to the Non-Bridging
Oxygen Hole Centers (NBOHC), which absorption bands are
at 2 eV, 4.8 eV and 6.7 eV and at greater energies to the SiE’
centers, which absorption band is around 5.78 eV [42]. This is
illustrated in Fig. 8 which compares the spectral dependences of
RIA measured in PSC optical fibers depending on their OH and
Cl levels [46]. Different radiation hardening techniques, further
detailed in this paper, have been studied to reduce the RIA in-
duced by these particular defects.



6 IEEE TRANSACTIONS ON NUCLEAR SCIENCE

Fig. 9. Absorption bands associated with different Ge-related point defect structures. More details concerning the different point defects can be obtained in [61]
and references therein.

Fig. 10. RIA versus dose measured in the IR for SMF28 optical fibers, data
compiled from unpublished CEA results and refs [56], [62], [63].

For lower doses (steady state or pulsed irradiations), it was
shown that low-OH/low-Cl silica fibers present more complex
radiation behaviors in the visible-infrared part of the spectrum,
due to the contribution of STHs defects. The properties of these
defects are discussed in details in the following [38], [47]–[49].
They are associated with various absorption bands peaking at
wavelengths greater than 450 nm: 2.6 eV; 2.16 eV; 1.88 eV and
1.62 eV.
One of their particularities remains their overwhelming mag-

nitudes during steady state irradiations at room temperature up
to MGy doses above which radiation hardening mechanisms
(see [40]) slowly begins to take place, reducing strongly their
contribution to the observed RIA. As a consequence, they are
less observed under steady state -rays during high dose irradi-
ations, except at low temperatures or at the beginning of the ir-
radiation run at ambient temperature [12], [50]. However, these
defects are clearly visible during the first seconds after a pulsed
irradiation as pointed out in [41] and this, even at room temper-
ature. Their contribution, if any, seems to be lowered in “wet”
samples or samples containing Cl impurity [41]. The transient
optical absorption and luminescence induced by irradiation of

amorphous with an electron pulse have been measured
by Tanimura et al. [51] at low temperatures. The transient op-
tical absorption spectra do not depend on impurities and have
strong absorption bands peaking at 5.3 eV and 4.2 eV ascribed
to self-trapped excitons (STE) or to a metastable excited state
accompanied by a large lattice distortion. It is now assumed that
self-trapped defects can act as precursor sites for the generation
of optically active point defects during irradiation. The under-
standing of their contribution thus appears crucial for the design
of radiation hardened optical fibers.

B. Germanosilicate Optical Fibers

There is a strong interest in the radiation responses of
germanosilicate optical fibers, since most of the COTS
Telecom-grade waveguides are of this type. This explains
why Ge-doped fibers have been deeply evaluated for both
radiation-tolerant telecommunication links [52], [53], space
applications [54], high energy physics facilities, fusion by
inertial [55] of magnetic confinement [56] and nuclear reactors
[56]. These studies reveal that for most of the applications
operating in the near-IR and IR (above 1 ), Ge-doped fibers
can be used, the RIA levels remaining acceptable. However,
such fibers are characterized by very high radiation-induced
losses in the UV, and RIA in the visible domain is considerably
higher than in PSC fibers.
Spectroscopic studies reveal that in Ge-doped glasses, RIA

and RIL are mainly explained by the contribution of Ge-related
defects rather by the ones related to Si. Both experimental and
theoretical studies confirm that Ge-related defects are more ef-
ficiently generated than Si-related defects [57]. Fig. 9 details
some of the absorption bands tentatively associated with Ge-de-
fect structures [57]. In addition to the research devoted to the un-
derstanding of radiation effects in this type of fibers, numerous
studies have been performed on these defects to improve the un-
derstanding of the glass photosensitivity they induce [58]. This
property is exploited for the inscription of Fiber Bragg Gratings
(FBG) within these waveguides. The evaluation of the FBG ra-
diation response is discussed in [59]. If for some of the Ge-re-
lated defects, strong correlations exist between defect structures
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Fig. 11. Absorption bands associated with different P-related point defect structures. More details concerning the different point defects can be obtained in the
following reference [67].

and optical properties, further studies, including the develop-
ment of simulation tools, remain necessary to be able to asso-
ciate some of the remaining absorption and luminescence bands
to defect structures with confidence.
Except for low doses , the RIA in

these fibers is larger than in PSC optical fibers. Various RIA
growth and decay kinetics have been observed for Ge-doped
cores but most of the observed differences can be explained
by the influence of co-dopants like F or P, present in the fiber
core and cladding [52], [53], [60]. The differences can be due
to the generation of additional defects rather than Ge-related
ones, such as P-related centers. They are also explained by the
interactions between the different dopants that can affect the
generation efficiency or the bleaching kinetics of Ge-related
defects (case of F-co-doping).
Fig. 10 reviews different RIA measurements made by dif-

ferent research groups on the SMF28 optical fiber that possess
a Germanium-doped core and a pure-silica-cladding. For a fiber
containing only Ge, the RIA has been shown to monotonously
increase with dose (D), up to a saturation level. This dose depen-
dency can be modeled by a growth law with exponent

and C corresponding to the defect growth. The different
models used to reproduce the RIA time or dose dependence will
be further detailed in the last part of this paper.

C. Phosphorus-Containing Optical Fibers

Phosphorus is often added as a co-dopant to silica-based
optical fibers, due to its unique properties. It allows lowering
the deposition temperature of [64]. Its presence is also
very useful in rare-earth doped optical fibers as it enhances the
energy transfer efficiency between and ions and
thus maximizes the signal amplification in the 1550 nm output
window [65]. Phosphorus is also used as the main dopant to
optimize Raman fiber lasers [66] and amplifiers, or for other
various sensor applications.
The presence of phosphorus induces the generation of several

structures of point defects under irradiation. These defects have
absorption bands in the visible and infrared part of the spectrum
[67], as illustrated in Fig. 11. It should be noticed that this set of
point defects allows us to reproduce RIA spectral dependency in

the UV and visible part of the spectrum during and after -rays,
X-rays or neutron irradiations [68] but fails in the near-IR and
IR [69]. Most of these centers are stable at room temperature,
which explains the well-known high radiation sensitivities of
phosphosilicate glasses to continuous radiations. The stability
and optical properties of these defects lead to a linear dose de-
pendence of the RIA at several wavelengths and at low to mod-
erate dose as well as an independence of these induced losses to
dose rate or temperature [70].
These quite unique properties of P-doped fibers make them

possible candidates for the development of radiation detectors
[71] or dosimeters for various application fields [72], [73].
For applications having to operate during an irradiation pulse,

the transient response of P-containing optical fibers is inter-
esting since the P-related point defects are associated to lower
RIA levels than the unstable Si or Ge-related defects at room-
temperature [74]. However, this positive impact of P-doping is
counterbalanced by the high level of permanent RIA measured
after irradiation compared to other fibers classes. As a conse-
quence, P-doped fibers may be useful for the design of time-re-
solved diagnostics for signal transmission during or just after
the irradiation pulse but will be characterized by reduced life-
times.

D. Nitrogen-Doped Optical Fibers

Fiber preforms containing nitrogen in the core have been
synthesized by reduced-pressure plasma chemical deposition
(SPCVD) and drawn into fibers [75]. Several studies have been
conducted to evaluate the radiation vulnerability of this type of
optical fiber. Under steady state irradiation, these fibers present
low RIA levels in the IR, comparable to the levels measured for
pure-silica core optical fibers, for doses up to 10 kGy.
At doses exceeding the MGy level, these fibers also present

a good radiation tolerance with RIA slightly greater than for
the radiation-hardened PSC fibers [76]. For transient exposures,
N-doped optical fibers appear as very promising candidates for
integration in time-resolved diagnostics, these fibers exhibiting
the lowest transient RIA at both 1310 nm and 1550 nm [77].
Contrary to the P-doped optical fibers, their good transient re-
sponse is not counterbalanced by high permanent RIA levels.
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V. INFLUENCE OF THE FIBER PROCESS PARAMETERS AND
OTHER EXTRINSIC PARAMETERS ON ITS RADIATION RESPONSE

A. Process Parameters

The fiber manufacturing generally consists in a two-step
process. First, a preform is fabricated by successively de-
positing diversely doped layers on a rotating rod. Several
techniques are used to fabricate the preforms, such as the
OVD (outside vapor deposition process), the VAD (vapor axial
deposition process), the MCVD (modified chemical vapor
deposition process) and the PCVD (plasma CVD). Another
technology, the Sol-Gel technique exists that can be used to
obtain, for example, low-OH/low-Cl pure-silica core optical
fibers.
In both cases, the resulting preform of typically a few cm in

diameter is then drawn into a fiber having a diameter of about
a few tenths or hundredths of microns. The drawing process is
equivalent to a homothetic reduction of the preform, keeping un-
changed, at a first order, the dopants and refractive-index profile
distributions. During the drawing phase, a coating (polymer or
metal) is applied to the fiber to ensure its mechanical resistance.
Several parameters can be changed during the two phases to op-
timize the fiber transmission efficiency such as the stoichiom-
etry of the glass, the temperatures of the deposition or drawing
processes, the drawing speed and tension. Generally, since these
different parameters are correlated, a strict study of the influence
of one parameter is not easily possible.
As a consequence, less data is accessible concerning the in-

fluence of the process parameters (deposition and drawing) on
the fiber radiation resistance compared to the composition influ-
ence. This is explained by the difficulties for researchers from
the radiation effects community to have access to dedicated fiber
(and preform) samples for this investigation. The most com-
plete studies have been performed on samples elaborated by
the modified chemical vapor deposition (MCVD) process and
give insights on the influence of various parameters on RIA
for this class of optical fiber. Friebele et al. present the first
statistically robust study of the interrelationship of fiber pa-
rameters and steady state -ray RIA around 1300 nm in single
mode germanosilicate optical fibers [52], [53]. The results on
MCVD single-mode germanosilicate optical fibers have been
completed by Girard et al. concerning their pulsed X-ray re-
sponses at 1310 and 1550 nm depending on various composi-
tional, preform deposition temperature or drawing parameters
[78]. More recently, the joint research team LabHC-CEA inves-
tigated the response of multimode MCVD optical fibers, pro-
viding evidence for the effect of the drawing process on the
spectral dependence of the RIA and point defects generation for
pure-silica core, fluorine-doped, germanium-doped and phos-
phorus-doped samples. The main results are that drawing in-
creases the number of precursor sites for the optically-active
point defect generation under irradiation but that changing the
drawing parameters within the range of parameters usually cov-
ered for the elaboration of specialty optical fibers do not allow to

Fig. 12. Dose dependence of the RIA at 1310 nm in a fluorine-doped single-
mode optical fiber (dose rate of 0.2 Gy/s). Influence of other parameters on the
RIA growth law: temperature, injected light power, dose rate and wavelength.
Data extracted from [94].

minimize this effect. However, this also suggests that the defini-
tion of a radiation-tolerant fiber byMCVDwill be robust against
small production changes, an important advantage in terms of
hardness assurance. Several studies are conducted in Russia to
increase the radiation hardness of PCVD pure and N-doped op-
tical fibers to MGy doses by optimizing the process parameters
[77], [79], [80].

B. Other Fiber Parameters

Depending on the radiative constraints, other fiber parame-
ters have been shown to impact the fiber radiation sensitivity.
Among these different parameters, the nature of the coating has
been investigated. For high neutron fluence, acrylate coating
could be responsible for an increased RIA around 1380 nm due
to the radiation induced radiolytic hydrogen from the polymer
that diffuses to the fiber core. Hydrogen can then interact with
the matrix to create OH groups, resulting in an increase in the
OH overtone at 1.39 [81].
For pure-silica core fibers, it was shown that the use of sili-

cone instead of F-doped cladding reduces the fiber degradation
in the UV-visible linked to the conversion of Peroxy Linkages
(POL) to NBOHCs under radiation [82]. The contribution of this
mechanism to the fiber degradation also appears linked to the
cladding to core diameters ratio (CCDR). In [83], the radiation
sensitivity is decreased at smaller ratio. However, Kuhnehnn et
al. showed that, in PSC fibers, the RIA dependence on coating
material, CCDR, and core material depend on the production
processes and can differ by up to a factor of 10 and even oppo-
site to each other [84].
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Fig. 13. (a) CAD drawing of the LMJ experimental area: the 10 m diameter target chamber is located at the center of the 30 m diameter experimental hall
surrounded by the 2 m thick biological wall [74]. Results obtained for the single-mode SMF28 optical fiber (b) Dose dependence of the pulsed X-ray radiation-
induced attenuation (RIA) peak measured at 1550 nm. This figure combines results obtained for both LMJ and NIF through different experiments at different
radiation sources [110], [111]. (c) Time dependence of the RIA after the end of the X-ray pulse at 1550 nm, (d) Spectral dependences of the RIA measured at
different times (1s, 10s, 100s) after the end of the X-ray pulse.

VI. INFLUENCE OF THE RADIATIVE ENVIRONMENT
CHARACTERISTICS ON THE FIBER RADIATION RESPONSE

A. Dose Dependence of RIA

Concentration of point defects and RIA levels generally in-
crease with Total Ionizing Dose (TID). When investigating the
dose dependence of the RIA at a given wavelength, a distinc-
tion should be made between pulsed and steady state irradi-
ation. For continuous exposures, the growth kinetics of RIA
with dose depends on the relative contribution of the gener-
ation rate and bleaching rate for the defects absorbing at the
wavelength of interest. This results in various laws for the RIA
vs Dose curves, from linear dose dependence for fibers pre-
senting limited bleaching as P-doped fibers, to sub-linear growth
for Ge-doped fibers (see Fig. 10) or more complex behaviors
for pure-silica core or F-doped fibers (see Fig. 12) whose re-
sponse is related to room temperature unstable defects. Detailed
studies of the dose dependences in COTS SM and MM fibers
can be found in [56] for the near-IR part of the spectrum and in
[85]–[87] for COTS and prototype MM fibers and for the vis-
ible part of the spectrum.
Of course, this competition is also strongly dose rate depen-

dent and both dose and dose rate effects are related. In this case,
it appears that RIA can decrease at high doses, as illustrated in

Fig. 12 when the bleaching rate of defects exceeds the genera-
tion rate (curve at 3 Gy/s). For pulsed (few ns) irradiations, the
bleaching rate during the ns pulse is limited and a linear dose
dependence of the RIA is observed [88] for fibers containing
phosphorus or germanium.However, the dose dependence is not
linear for PSC fibers, nor for fluorine-doped fibers.

B. Dose Rate Dependence of RIA and RIE

The vulnerability of an optical fiber is evaluated using the
currently available facilities and often with accelerated testing
at higher dose rate. The dose rate dependence of RIA has been
evaluated to ensure the validity of these tests [89]. It was shown
that for most of the fibers, the RIA increases with the dose
rate. This is explained by the competition between the gener-
ation of point defects and their bleaching at the temperature of
the experiments. When the dose rate increases, the defects are
more rapidly generated and fewer defects are bleached during
irradiation. Such dose rate dependence of RIA has been ob-
served for pure-silica core optical fibers and germanosilicate
fibers [90]–[92]. This dose rate dependence of the RIA at 1310
nm is illustrated in Fig. 12 for a fluorine-doped single-mode op-
tical fiber that was fully characterized before integration in the
LHC facility [93], [94].
More recently, some studies [95] pointed out a more com-

plex dose rate dependence of RIA in certain types of rare-earth
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doped optical fibers. For these fibers, it seems that an increase
in RIA in the infrared is observed at lower dose rate. This larger
degradation needs to be investigated in more details, but a pos-
sible analogy with the Enhanced Low Dose Rate Sensitivity
(ELDRS) effect in electronics is suggested [95].

C. Temperature Dependence of RIA

Radiation induced changes strongly depend on the operating
temperature, which strongly affects the stability of the opti-
cally-active defects. To benchmark different optical fibers with
very tight constraints, even a few degrees difference leads to no-
ticeable change in RIA [62]. If, at the first order, we could con-
sider that the bleaching rate of point defects increases with tem-
perature (see e.g., Fig. 12), its resulting effect on RIA at a given
wavelength can be more complex due to the possible conversion
from a defect structure to another one that could counterbalance
this positive effect. Most of the recent studies devoted to tem-
perature effects in optical fibers have been done in the
to 100 range, which corresponds to the constraints of space
applications, dosimetry or high energy physics applications.
Fewer papers investigate the response of optical fibers at

more extreme temperatures, this research being driven by the
targeted application constraints. Researchers from Princeton
University [96], [97] measured the RIA and the RIE in different
optical fibers submitted to radiations at various temperatures
up to 400 . The tested high-purity UV grade silica-silica
fibers exhibited reduced RIA at 400 , divided by a factor of
at least 100 compared to room temperature (RT). However,
operating at this high temperature has little or no effect on
Cerenkov emission. Griscom [47] investigated the responses of
fibers submitted to 77 K temperature, mainly to allow a better
characterization of the point defects, like STHs that are known
to be very unstable at RT. At this very low temperature, the
RIA levels are strongly increased compared to the RT levels.
Additional studies, not on optical fibers but rather on bulk
samples are also of great interest to understand the temperature
influence. For example, a complete study has been done by
the Euratom/CIEMAT group in Madrid on bulk samples of
pure-silica glasses irradiated at very high neutron fluences [98],
[99]. From their analysis, it appears that Si-E’, Si-ODC and
Si-NBOHCs are bleached at temperatures exceeding 550 .
The temperature dependence of several radiation induced point
defects have been studied in the literature by correlating dif-
ferent spectroscopic techniques. Very complete data is available
for Si-related point defects [100], phosphorus defects [67] and
Ge-related defects [101].

VII. INFLUENCE OF THE APPLICATION PARAMETERS AND
TREATMENTS ON THE FIBER RADIATION RESPONSE

A. Wavelength, Injected Power

The RIA and RIE phenomena are strongly dependent on the
wavelength of interest. This is explained by the various struc-
tures of point defects generated in the glass matrix that are asso-
ciated with absorption bands centered at different wavelengths
and with different full-widths at half maximum. Such depen-
dence is illustrated in Figs. 8–13(d) that compare the radiation
response measured in different optical fibers after steady state

and transient irradiations. From a practical point of view, the
wavelength choice (if any) of the application may be optimized
to reduce the radiation sensitivity of a given optical fiber.
The injected light power might also influence the measured

RIA. A higher light power can reduce the RIA level which is
called photobleaching [102]. However, this effect is strongly
reduced in modern telecommunication optical fibers [90].

B. Fiber History

The fiber radiation sensitivity is sometimes improved by
applying pre-treatments before irradiation. Different pre-treat-
ments were shown to be able to improve the radiation hardness
of certain classes of optical fibers. However, none of them is
universal, i.e., none of them is able to improve the hardness
of all considered optical fibers. Most of the studies concerning
pre-treatments have been done on pure-silica-core optical fibers
that are very interesting candidates for most of the considered
applications. The hydrogen or deuterium-loading can be very
efficient to improve the fiber tolerance to radiation, since the
or presence allows a more efficient and rapid passivation
of the optically-active point defects [31], [103]. This point will
be detailed in part VIII “Recent Advances”. Another technique
could be to pre-irradiate the fiber to convert the precursor sites
into optically-active defects, then to apply a thermal or hy-
drogen treatment to bleach them. During the second irradiation,
the number of precursor sites is reduced, as well as the RIA
levels [38], [104].

VIII. RECENT ADVANCES

A. Fusion by Inertial Confinement: Megajoule Class Laser
Projects

As illustrated in Fig. 1, the harsh environment associated with
LMJ (or NIF) is characterized by a short duration pulse of com-
plex nature. The radiative constraints include -rays, 14 MeV
neutrons and hard X-rays [1]. Until recently and during the en-
tire fiber vulnerability study by the CEA/LabHC joint research
team (2004–2012), such a mixed pulse could only be obtained at
the OMEGA facility, Rochester, USA [105]. Unfortunately, the
OMEGA neutron yields per shot are lower by a factor of
compared to the ones expected for ignition shots at NIF or LMJ.
The vulnerability studies were thus rather done by combining
pulsed X-ray tests (Asterix pulsed generator at CEA [106]) with
steady state experiments with 14 MeV or 0.8 MeV neutrons or
-rays. To be able to extrapolate the results of these tests to the
future LMJ or NIF environment, a good understanding of radi-
ation effects and their microscopic origins is mandatory.
All the equipment located inside the experimental hall (EH)

of the facility [Fig. 13(a)] will have to survive the radiations re-
lated to the different low or high-yield shots. 2 m-thick biolog-
ical walls surrounding the EH ensure that radiations remain con-
fined in this part of the facility. In case the fiber is used during
or just after irradiation, its transient response should be
considered, as well as its permanent degradation induced by the
succession of shots.
If the fiber-based system is only operated between suc-

cessive shots, only the permanent degradation linked to the
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cumulated TID or neutron fluence has to be considered. Dif-
ferent applications use fiber links in the EH (tens of km), from
control-command applications to laser and plasma diagnostics.
This wide variety increases the needed number of studies of the
vulnerability of various passive optical fiber types (SM, MM,
microstructured optical fibers), designed to work either in the
UV-visible range of wavelengths or in the IR [27], [30], [41],
[68], [69], [77], [107].
Irradiation tests have been achieved on both COTS optical

fibers [108] and well-defined prototype samples [109], [110], re-
sulting in a database of the different responses of COTS waveg-
uides. This allows to understand the physics of radiation ef-
fects on fibers, to be able to imagine radiation hardening tech-
niques. The vulnerability of these samples (RIA, RIE) has been
experimentally characterized under irradiation. After irradia-
tion, a complete set of spectroscopic techniques (luminescence,
absorption, confocal microscopy, electron paramagnetic reso-
nance) has been used to identify the radiation-induced point de-
fects and their generation mechanisms.
Fig. 13 illustrates the dose per shot (b), time (c) and spectral

(d) dependence of the RIA measured for the Corning SMF28
fiber, compiling measurements done by CEA for LMJ and by
National Security Technologies for NIF [111]. With such mea-
surements, we are able to estimate the fiber degradation for each
location inside the EH and for each chronology of signal propa-
gation inside a fiber link with respect to the irradiation shot. For
most of the applications, COTS optical fibers present a sufficient
radiation tolerance to ensure the functionality of data transmis-
sion during or after a shot and this for the facility lifetime.
There are several applications for which the radiative con-

straints are extremely high such as the fiber-based diagnostics
operating in the UV and visible part of the spectrum [6]. To
improve the radiation-hardness of COTS fibers, a coupled sim-
ulation/experiment approach has been developed between dif-
ferent research groups to design new fiber structures; it will be
detailed in the last part of this paper devoted to “Future Chal-
lenges”. In addition to these component characterizations, hard-
ening-by-system techniques have been applied to reduce the ex-
position of the diagnostics to radiations, by optimizing the fiber
links within the EH and by optimizing the fiber profile of use
with respect to the mixed radiative pulse.

B. Fusion by Magnetic Confinement: Iter Project

ITER is an example of radiative environment which should
be common in the future, fusion being considered as a prospect
source of energy [112]. In tokamaks precise measurements of
the plasma current and the magnetic field are essential to control
the plasma magnetic equilibrium. In the current ITER scheme,
the magnetic diagnostics have different designs but share one
common feature: they are inductive sensors. Their operation re-
lies on the generation of a voltage, resulting from a change in
themagnetic field. Themagnetic field is found by integrating the
voltage over time. The use of such inductive sensors has a well-
established record, including several tokamak implementations.
However, time-derivative sensors have an inherent weakness
for operation in a quasi-state regime. Until now that wasn’t
problem because the duration of plasma pulses in tokamaks is

Fig. 14. General scheme of the FOCS. PC—polarization controller, PA—po-
larization analyzer.

usually limited to tens of seconds, during which the plasma cur-
rent varies significantly. In case of longer discharges, typically
a few minutes, such as those obtained at Tore Supra, compen-
sation techniques were developed to carry out precise measure-
ments even with the presence of a relatively constant current
[113]. In ITER the quasi-steady state operation goes together
with high radiation levels. This radiation will disturb the opera-
tion of inductive sensors by inducing voltages in the cables due
to ionization and insulation degradation. Considering this issue,
plasma current measurements using methods based on non-in-
ductive principles are required which opens perspectives for the
development of fiber optic current sensors (FOCSs).
The sentence stating that “optical fibers are inherently im-

mune to electromagnetic interference” is almost a common
place and travels from one publication to the other. This is ac-
tually not true. Optical fiber is indeed sensitive to electro-mag-
netic field when the polarisation properties are of concern.
Operation of FOCS is based on the Faraday effect: magnetic
field H aligned with the fiber axis creates circular birefringence
in the fiber [114]. Fig. 14 illustrates a general scheme of the
FOCS. A linearly polarized laser beam is launched into a
single-mode fiber which makes loop(s) around a current; the
fiber then returns to a detection system. The total polarization
rotation is proportional to the integral of the magnetic field
H over the fiber length. It follows from the Gauss theorem that
the integral on a closed path in magnetic field is equal to the
current flowing through the section. Therefore, the polarization
rotation is proportional to the current enclosed by the optical
fiber:

where the proportionality factor V is the Verdet constant.
The possibility to use a FOCS for MA-range plasma current

measurement during long pulses was assessed on the Tore Supra
tokamak [115]. Promising results have been obtained in terms
of linearity with respect to the plasma current and long term
stability of the measurements. At the same time, the linear bire-
fringence was mentioned as a potential danger [114].
In ITER, the FOCS optical fiber can be placed on the external

surface of the ITER vacuum vessel. The reference scenario of
ITER operation corresponds to a 500 MW fusion power gen-
eration with a nominal integrated full power operation time of

[116], [117]. At the FOCS fiber location, this corre-
sponds to a total ionization dose of a few MGy and a total neu-
tron fluence of 1.6 . Such a high radiation load
can cause significant RIA. However, FOCS relies on the polari-
metric detection scheme, which is rather insensitive to trans-
mission degradations. Induced optical losses up to 30–40 dB
should have no major influence on the system performance.
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The total FOCS fiber length exposed to the strong radiation
field is , which means that a RIA of up to 2–3 dB/m
is acceptable. To demonstrate the radiation compatibility of the
FOCS method fibers suited for FOCS applications (two of them
were part of the test at Tore-Supra) were gamma-irradiated at
dose-rate of 13 Gy/s up to a total dose of 2.5 MGy. The set of
the tested fibers included: two low-Bi fibers, one with pure silica
core and onewith low-Ge doping; two spun fibers, onewith low-
and another with high-Ge doping; and two standard SMF-28
type fibers which were used as a [118]. The exact doping levels
were not specified in [118]. The RIA remained below 0.5 dB/m
either at 1550 or 1310 nm, which is compatible with the require-
ments above. A lowest RIA of 0.05 dB/m was observed in the
low-birefringence pure silica fiber, which was explained as a
consequence of the low dopant concentration and also a low in-
ternal stress [118].
Radiation can also influence the FOCS operation via material

parameters change. Nuclear reactor radiation testing at neutron
fluxes up to 2 did not show de-
tectable Verdet constant modification. However, actual fluences
will be an order of magnitude higher, and possible radiation ef-
fect on the Verdet constant needs to be studied. Additional re-
search is also on-going to measure the poloidal magnetic field
distribution using the FOCS fibers based on the combination
of the Faraday effect and the optical reflectometry technology
[119].
Thanks to their properties optical fibers are also viewed as a

convenient waveguide technology to ease the design of optical
system to be used in fusion. Optical fibers can be used for trans-
porting visible and infrared light emitted by the thermonuclear
plasma to remote diagnostic area where spectroscopy analysis
is performed on the plasma light emission. Optical fiber can
be very radiation resistant. However, considering the extreme
radiation intensity expected in fusion reactors (typically a few
MGy and fast neutron fluences of depending
on the location), additional radiation-hardening techniques have
to be applied to mitigate the optical transmission vulnerability
of fibers, especially at visible wavelengths where the RIA can
quickly increase up to unacceptable values.
A possible approach proven to be efficient in reducing the

RIA at visible wavelengths is to incorporate hydrogen into the
fiber. The first experimental evidence of such radiation-resistant
enhancement technology was shown by Faile [120] and Shelby
[121] on bulk silica samples irradiated with ionizing radiation.
Later, Nagasawa [122] applied the hydrogen loading technique
on silica fibers and observed a reduction of the RIA by about a
factor of two in the visible spectral range. Hydrogen is a light
element, well-known to significantly modify the silica optical
properties (absorption as well as refractive index). Hydrogen
features the property of reducing the NBOHCs population—a
defect responsible for the optical absorption in the visible spec-
tral region (see Fig. 9) by converting them into hydroxyl groups
(OH) with these latter absorbing light in the infrared spectral
range (one overtone at 1390 nm) [121]. This reaction mecha-
nism favors not only a decrease of the drawing induced absorp-
tion commonly observed in as-drawn fibers (mainly with low
OH content) but also the RIA in the visible range in fibers with
high or lowOH content. The hydrogen-loadingmethod has been

Fig. 15. RIA at 600 and 1380 nm in hydrogenated and non-hy-
drogenated (STU) fibers. Marks (1) and (2) mean a first (6 Gy/s) and a second
(4.2 Gy/s) irradiation, respectively. The second irradiation has been performed
two years later in three successive steps.

applied to a low OH multimode fiber (STU preform, 200
core diameter) coated with aluminium tominimize the hydrogen
losses by out diffusion. The STU fibers have a pure-silica core
with low-Cl and low-OH and a F-doped cladding. The hydro-
genated fiber has been irradiated under -rays (6 Gy/s) together
with its hydrogen free counterpart. A similar second -ray irra-
diation (4.2 Gy/s) has also been conducted two years later on the
same hydrogenated fiber to assess the evolution of the radiation
resistance following long term storage at ambient temperature.
Fig. 15 shows the result of the irradiation tests by comparing
the RIA increase at 600 nm and 1390 nm in the hydrogenated
and non-hydrogenated fibers. As expected, one can observe that
the RIA at 600 nm is smaller in the hydrogenated STU fiber (by
about a factor of 3) while the hydrogenated fiber (ini-
tial OH content is negligible) progressively accumulates more
OH groups (larger RIA at 1390 nm). At the same time, one
can also appreciate how effective is the aluminum coating in
keeping the hydrogen inside the fiber since the RIA has only
slightly increased after 2 years of storage at ambient tempera-
ture.
Similar hydrogenated fibers have also been irradiated in fis-

sion reactor irradiation conditions. Those severe irradiation tests
( and

) have demonstrated a RIA lower than 1 dB/m at
630 nm for doses up to and fast flux of
[123]. A possibility to further increase the radiation resistance
is to use microstructured fibers whose porous media facilitates
quick hydrogen diffusion through the holes [87], [124].
The hydrogen loading method has also proven to be effi-

cient for irradiations in transient conditions. Fig. 16 shows the
reduction of the RIA in the visible spectral region on hydro-
genated and non-hydrogenated fibers either subjected to steady
state gamma-rays or to pulsed X-rays irradiation.
Nevertheless, the major drawback of the hydrogen-loading

method is that hydrogen progressively renders the fiber more
sensitive to radiation for wavelengths below 475 nm (UV) for
increasing dose (see Fig. 17). The cause of this effect is believed
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Fig. 16. Comparison of the pulsed X-ray (solid lines) and steady-state
(dashed lines) irradiation in a hydrogenated and non-hydrogenated (unloaded)
low OH multimode fibers.

Fig. 17. RIA in hydrogenated and non-hydrogenated (STU) low
OH fibers irradiated with gamma-rays up to 10 MGy (5.5 Gy/s). The graph
shows the reduction of the absorption band in the hydrogenated fiber at energy
around 2 eV while the RIA is enhanced for energy above 2.6 eV.

to originate from the creation of Si-ODC(II) defects which have
an absorption band at 3.15 eV. The presence of Si-ODC(II) is
indirectly evidenced by observing that photoluminescence (PL)
increases in hydrogenated fibers as well as the H(I) concentra-
tion, whose Si-ODC is a precursor [125], [126].
To overcome this problem, a possible solution is to slightly

dope the optical core with Fluorine. Indeed, lower RIA was gen-
erally observed below 500 nm in such fibers, compared to other
low OH or hydrogenated fibers [31]. Fluorine tends to act in a
similar way as hydrogen due to its high reactive capability: it
blocks the formation of dangling bonds but without introducing
optical absorption bands in the UV region. Nevertheless, fluo-
rine is not as efficient as hydrogen in blocking the formation of
NBOHCs and leads to higher RIA in the 600 nm region. In con-
clusion, a trade-off has to be applied in the choice of the fiber
(hydrogen or fluorine doped) depending on the total expected
dose and type of application (UV or visible).

Fig. 18. Layout of main optical fiber links at CERN. Some of the fiber cables
shown in red around the tunnel segments could be exposed to maximum dose
rates up to 10 kGy/year [127].

C. Large Hadron Collider Project

The typical length of optical fibers used for signal trans-
mission or sensor applications in radiation environments is
relatively short, for example only some tenths of meters in
satellites. One of the largest existing installations with op-
tical fibers exposed to ionizing radiation is the Large Hadron
Collider (LHC) project at CERN (Conseil Européen pour la
Recherche Nucléaire), as illustrated in Fig. 18.
In the beam cleaning sections of this facility (designated as

SZ33 and SR3 in Fig. 18), high doses (up to 100 kGy) were
expected along fiber links of several hundreds of meters. The
fibers to be selected for this environment had to be single-mode
telecommunication fibers complying with ITU G.652B speci-
fications. To avoid early failure of these links, a total induced
attenuation below 6 dB/km was necessary implying the use of
radiation hardened optical fibers.
By the time optical fibers needed to be installed in the tun-

nels, no market for large volumes of radiation resistant telecom-
munication fibers existed. For most of the former applications
in radiation environments, carefully selected fibers were used,
often produced by specialized companies or laboratories, that
were able to deliver the needed short lengths. Equipping the
LHC tunnel required more than 2500 km of fiber, exceeding the
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production capabilities of most of the highly specialized manu-
facturers.
Consequently, to select the best suited fiber, not only the

technical specifications (standard compliance, radiation hard-
ness) were considered, but also the production capabilities,
preform and fiber reproducibility, and availability of technical
background information to assess the reliability.
The installation process was done in four steps: first, can-

didate manufacturers were invited to submit samples for a
screening test done at the main wavelength of interest, at a
moderate dose rate and at room temperature. Based on these
results, two manufacturers supplied optimized products that
were tested at different dose rates, wavelengths, temperatures
and light powers (see Fig. 12 for examples of results) [93].
After that, one manufacturer was asked to deliver the total
volume within one year. Since the radiation sensitivity of op-
tical fibers may differ between products delivered by the same
manufacturer, e.g., because he is utilizing production plants
using different processes, a quality assurance procedure was
implemented to closely follow the production process of the
full batch. A fiber sample from each preform was irradiated and
the resulting RIA was compared to the first sample provided
by the manufacturer.
During this process, it turned out that the manufacturer

changed details of the productions process to optimize the
scheduled time of delivery. One consequence of this was a
noticeable increase of the observed RIA values, so that coun-
termeasures had to be implemented [62].

D. Space Applications

The studies of optical fibers vulnerability for integration in
space missions show that most sensitive devices are the rare-
earth doped and Polarization-Maintaining Fibers (PMFs), used
for example in fiber optic gyroscopes. In this paper, we review
the most recent studies regarding these two types of waveguides
while a review of the response of telecom-grade optical fibers
for space applications can be found in [128].
PMFs are necessary for applications that need to control the

light polarization state during its propagation along the fiber,
like in fiber optic gyroscopes. This control is obtained by intro-
ducing birefringence inside the waveguide. This birefringence
can be produced by two basic mechanisms: geometrical shape
birefringence or stress-induced birefringence resulting in very
different fiber structures. The radiation responses of most of
these structures have been characterized for both transient and
continuous radiative environments.
The sensitivity of elliptical core fibers (geometrical shape

birefringence) was measured at 1.3 and 1.55 under dif-
ferent irradiation conditions [129], [130]. Steady-state irradia-
tion effects on PANDA fibers were described in [131], [133].
Radiation responses of fibers with elliptical stress were studied
under both steady state [134] and pulsed irradiation [135].
The exact influence of PMF structure remains unclear. Some

studies reported enhanced RIA levels and stability in PMF
[136], [137], whereas others commented lower or similar RIA
levels compared to standard SMFs with similar composition
[130]. A future study with dedicated SM fibers and PMF is
necessary to improve our knowledge of the relative role of PMF

structure and composition. Recently, PMF with pure-silica core
[138] and nitrogen [139] doped cores have been reported with
enhanced radiation tolerance. Furthermore, the asymmetrical
structure of a highly birefringent fiber could lead to differential
RIA level between the two orthogonal polarization axes, as
evidenced by Friebele et al. under steady-state irradiation
[129] and following a radiation pulse [140]. This might have
practical implications for example in fiber-optic gyroscopes, in
which the polarization axis exhibiting the lowest RIA might be
preferred. No evidence of this phenomenon was found in [130].
The case of Rare-Earth (RE) doped optical fibers is currently

intensively studied, since a lot of possible applications exist:
dosimetry, amplifiers, fiber lasers, high power sources. Among
the different types of RE-doped fibers, Erbium (Er) and Er/Yt-
terbium (Er/Yb)-doped fibers are the most studied [141]–[145]
but other RE elements have also been considered in [146],
[147]. The response of these fibers can be investigated under
passive configurations similar to the ones used for passive
fibers [141]–[144]. However, as most of the applications used
these waveguides in an active scheme where the rare-earth
ions are pumped in the near-IR to generate amplified signals
in the IR, the most representative results are the ones obtained
in active configurations [143], [148]–[151]. These studies first
reveal a high sensitivity of COTS RE-doped optical fibers
that explains their potential for dosimetry applications [152].
Spectroscopic measurements have shown that the excess losses
are better explained by the nature of co-dopants (Aluminium,
Phosphorus) used to facilitate RE incorporation rather than
by the presence of the active ions. Furthermore, radiations at
space levels seem to be associated with limited changes in
the RE ions spectroscopic properties [153]. In recent years,
different radiation hardening techniques have been suggested to
enhance the radiation tolerance of RE fibers. Their RIA levels
in the IR can be reduced by a -preloading [154], [155], or
by optimization of the pump wavelength [156]. Furthermore,
Ce-co-doping of the glass has been recently shown to be very
effective to reduce the fiber and amplifier radiation sensitivities
for both Er/Yb [157] and Yb doped fibers [158], without strong
degradation of the amplification efficiency [159]. Another pos-
sibility to increase the fiber radiation tolerance consists of using
new deposition techniques allowing removing Al and P from
the manufacturing process of Er-doped optical fibers [160]. In
addition to the hardening of the fiber, the fiber amplifiers can
also be hardened by design for a given space mission with the
approach presented in [161].

E. Nuclear Power Plants Applications/Fiber Sensors

Industrial nuclear applications cover a wide range of radi-
ation environments where optical fibers can be used for data
transmission and sensing. From the point of view of radiation
loads particularly demanding applications are reactor opera-
tion, spent fuel reprocessing, plant decommissioning and waste
storage. In contrast to research installations like ITER or LHC,
data transfer in such facilities is limited and optical fibers are
not competing with the standard electrical wire data-transfer
technology. The situation is changing for sensing applications,
where optical fibers offer the possibility of distributed measure-
ments, small size, passive operation, and remote interrogation,
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which present significant benefits for the nuclear industry and
potentially warrants the use of optical fiber sensors.
The idea to use optical fibers for distributed temperature

measurements of large nuclear infrastructures such as reactor
containment buildings, nuclear waste repositories and re-
actor primary circuitry was already proposed some time ago
[162]–[164]. Radiation can compromise the performance of
optical fiber sensors which design is not adjusted for radiation
[165], even though there is no degradation of the underlying
physical sensing mechanisms. For signal amplitude-based
sensors, the RIA is definitely the main reason for performance
degradation. The most straightforward and usually efficient
approach to make such fiber systems radiation-tolerant is to
use radiation-hardened fibers. Alternatively, systems relying
on wavelength or polarisation encoded measurements may
be, more robust. In some cases, the problem can be solved
by applying compensation techniques. For example, in the
standard distributed temperature measurements systems based
on Raman scattering (optical phonons), temperature is derived
from the ratio of the anti-Stokes to Stokes backscattered optical
powers. The scattering location is defined from the time of
flight of the probe pulse using optical time domain reflectom-
etry. An attractive feature of the standard approach is that the
fiber is interrogated from one end only. The measurements
are not sensitive to the laser source power fluctuations. How-
ever, the ratio of the two powers depends on the fiber length,
because of the difference in attenuation at the Stokes and
anti-Stokes frequencies. This effect can be taken into account
by calibration, but during irradiation, a spectral dependence of
the RIA results in incorrect temperature estimations. To cope
with spectral-dependent RIA, a simple double-end detection
approach was demonstrated to be efficient [166]. In this con-
figuration, the loop of sensing fiber was probed sequentially
from the two ends. Temperature estimation was performed by
calculating the mean of the two signals. This way, the effects of
spectral-dependent optical losses in the fiber were eliminated,
making the system insensitive to the RIA also. Simulation and
experimental results have shown that the two-ended Raman
distributed temperature measurements systems can perform
satisfactorily under radiation, with doses up to 300 kGy, with
an accuracy of 1 [164].
Optical fiber distributed temperature measurements systems

can also be based on Brillouin scattering (acoustic phonons).
To address this possibility, effects of gamma-radiation up to a
total dose of 10 MGy on the physical properties of Brillouin
scattering in standard commercial optical fibers were studied
[167], [168]. Frequency variations of for both the
Brillouin frequency and the line-width were measured. Such a
radiation-induced effect has a negligible practical impact and
means that distributed sensors based on this interaction are po-
tential candidates for the use in nuclear facilities.
Optical fibers can also be used for measurements of other en-

vironmental parameters. Dosimetry is obviously of particular
interest for nuclear industry. In this case, the RIA is often con-
sidered as the underlying physical effect for on-line fiber-optic
radiation monitoring, i.e., the amount of fiber darkening is the
measure for a radiation dose absorbed by the fiber. Such fiber

sensors are very small and therefore applicable to radio-therapy
in-vivo dose deposition measurements [169].
The radiation sensitivity can be adapted by selecting suitably

doped fiber. For dose ranges from tens of Gy to tens of kGy,
phosphorous core doped fibers are suitable candidates [170]. An
additional advantage of this type of fiber is a low annealing rate
at room temperatures in the IR range.
In the case of radiotherapy, a sub-Gy sensitivity is necessary.

Pb-doped fiber then appears to be a better choice. Polymethyl
Methacrylate (PMMA) fibers have also been evaluated under
irradiation [171]. They allow obtaining a broad radiation sen-
sitivity range on one single fiber by interrogating it at multiple
wavelengths in the visible spectrum.
The RIA-based point dosimetry can also be combined with

an optical reflectometry technique which makes it suitable for
surveillance of large scale nuclear facilities. The use of optical
time-domain reflectometer (OTDR) technique for this purpose
was proposed in the early 1980s [172] and further investigated
in subsequent works [173]–[175].
However, practical realisation of such a system is confronted

with issues such as the temperature dependence of RIA, sat-
uration effects or dose-rate dependence. An OTDR dosimetry
system operation was demonstrated at the DESY accelerator
[176]. The distributed dose measurements were carried with
a commercial OTDR, with a spatial resolution of . A
high dose resolution was obtained from 3 Gy to 1 kGy. The
accelerator temperature environment was very stable, which al-
lowed simplifying the system temperature calibration. In a gen-
eral case, the RIA temperature dependence has to be taken into
account, which presents a rather non-trivial task.
The spatial resolution can be improved down to the cm range

for km-range interrogation by using Optical Frequency Domain
Reflectometry (OFDR) based on Rayleigh scattering. A disad-
vantage of this approach is its high strain cross-sensitivity. The
problem of cross-sensitivity is important for other fiber sensing
techniques, but in this case it becomes especially acute. Combi-
nation of the OFDR with other techniques appears to be neces-
sary.
Fiber optics dosimetry systems can also rely on light emis-

sion under irradiation. It can stem fromOptically Stimulated Lu-
minescence (OSL) [177] or from scintillating processes [178].
The former effect allows measuring the dose deposition down to
cGy range while the latter is suited for high-bandwidth dose-rate
measurements. OSL occurs thanks to optical excitation of car-
riers trapped on energy levels located in the band gap of the OSL
crystal, followed by radiative decay. The process is induced by
laser illumination, which provides the necessary optical stim-
ulation. In the case of scintillation, the ionizing radiation ex-
cites atoms or molecules of a scintillating crystal which then
de-excite via spontaneous radiative transitions. Light can also
be generated via the Cerenkov effect. It was demonstrated that
Cerenkov radiation can be used tomonitor the reactor power and
the high energy gamma-ray flux in a high neutron flux reactor
[179]. Cherenkov detectors are also considered for the IFMIF
facility [180].
A common disadvantage of all methods based on light emis-

sion is that distributed measurements are difficult to perform.
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IX. FUTURES CHALLENGES

A. Integrating the Fibers in Nuclear Environments

Implementing optical fiber for signal transmission or sensing
applications in nuclear environments has always been a chal-
lenging task. With respect to the radiation hardness of fibers,
the availability of test data from the manufacturers or distribu-
tors remains mostly limited. But, until recently, choosing a spe-
cific product after a careful assessment of its radiation response
was at least a decision that lasted for a longer time period than
currently, because the innovation cycles of optical fibers were
rather long. Two decades ago, the main advancements in optical
telecommunication involved the optimization of transceivers.
For example the ITU recommendations for single-mode fibers
G.652 remained essentially unchanged between 1984 and 2000
[181].
Recently, manufacturers introduced new technologies, e.g.,

for wavelength multiplexing, reduced polarization mode disper-
sion and bend insensitivity in case of single-mode fibers. In-
creasing demand for telecommunication bandwidth and concen-
tration processes among the manufacturers lead to an increasing
variation of products with short life cycles. To improve their
products, manufacturers are constantly forced to optimize their
processes and operate several plants around the world.
For applications in nuclear environments, this results in dra-

matic consequences: a tested fiber might not be available any
longer, or might not be exactly the same product a year later.
Products from the samemanufacturer with the same designation
might be produced at different sites using different processes.
As a result, optically equivalent products from the same man-
ufacturer could vary in their radiation response even from one
order to the next one.
To overcome the risk of using different fibers for the final

installation from the ones tested in a qualification process, the
manufacturer needs to be aware of the special demands for
nuclear applications. The radiation requirements need to be in-
troduced in the selection as early as possible. A radiation quality
assurance program should accompany the production process
whenever possible [62]. The manufacturer should be made
aware that changes that do not alter the standard specifications
could make a product unusable in nuclear environments.

B. Needs for Multiscale Simulation for a Predictive Tool

Similarly as for radiation hardening of microelectronics
where efficient simulation tools allow to reproduce the ob-
served radiation response and to predict the vulnerability of
future technology, such tools are crucially needed for fibers and
fiber-based sensors. With such tools, the radiation responses of
new fibers or the efficiency of radiation hardening techniques
could be estimated with a reduced number of radiation tests.
Today, several empirical or semi-empirical models exist that

predict the growth and decay kinetics of RIA versus the dose
or time after irradiation when a sufficient amount of data is ac-
quired on the considered fiber (see eg. [56], [85]. These tools
are very useful to evaluate the fiber degradation at low dose rate

TABLE I
LIST OF PUBLISHED MODELS FOR REPRODUCING THE RIA GROWTH AND/OR

DECAY KINETICS IN OPTICAL FIBERS

from accelerated radiation testing results, eg. for space applica-
tions. The main models available in the literature are reviewed
in Table I.
Recently, the development of more complete simulation tools

becomes mandatory in order to overcome the challenges of de-
veloping radiation-tolerant optical fibers for plasma diagnostics
of fusion-devoted facilities [192]. A long-term multi-scale sim-
ulation approach has then been suggested [108], [193] to re-
spond to this need. This approach is illustrated in Fig. 19, as
well as the different theoretical tools that are currently used at
the different scales to model the glass or component response.
As these tools are still under development, they have to be val-
idated by comparison with experimental results collected over
the last years on different samples, and acquired with the dif-
ferent techniques detailed in Fig. 19.
At atomic scale, ab initio calculations within the Density

Functional Theory (DFT) framework can be used to calculate
the structural and energy properties of point defects. With
increasing calculation power, it becomes possible to simulate
large supercells (eg. hundreds of atoms) and to statistically
analyze the distribution of point defects properties due to the
amorphous nature of silica [191]–[194]. With such cells, the
study of dopant effects at concentrations exceeding 1 at%
is possible; lower concentration implies the use of too large
supercells at this time but such studies appear possible in the
near future thanks to the development of new supercalculators,
for example TERA 100 at CEA [195]. To get correct values for
the bandgap or for the optical properties of point defects, codes
beyond the DFT, such as the GW approximation and resolution
of Bethe-Salpether equation are needed, treating the excited
states [196], [197]. By coupling DFT and beyond DFT codes,
we have shown, for the Si-ODC and Ge-ODC defects that
optical properties of defect structures can be calculated [198].
Other techniques can be used to evaluate these optical prop-
erties, such as embedded cluster calculations [199], [200] or
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Fig. 19. Schematic representation of the coupled simulation/experiments approach used by the joint research team CEA-LabHC for the vulnerability and hard-
ening studies of optical fibers and glasses.

quantum-chemical methods on clusters [201]. These techniques
remain less adapted to the study of the statistical distribution of
these properties. At microscopic scale, diffusion mechanisms
of the mobile species, such as , and their effects on the
glass radiation sensitivity have to be considered, as well as
the complex multilayers structure of fibers (role of interfaces,
stress distribution…). Finally, the interaction of guided modes
with the material has to be considered in order to determine the
global response of the fiber through the RIA or RIE phenomena.
This step implies coupling experimental results on the material
response to simulation of the guiding properties of light inside
the fiber. Different techniques allow us to calculate this modal
distribution, even in complex fiber structures like double clad
Er/Yb fibers or Hollow core fibers. At this time, such mod-
eling has been done essentially for Rare-earth based optical
fibers and amplifiers [161]. The different developed codes can
be validated through comparison with experimental results
from spectroscopic techniques such as Electron Paramagnetic
Resonance (EPR), time or spatially-resolved luminescence or
absorption, Raman spectroscopy …

C. Integration in Optical Links

Most optical fiber data communications and sensing appli-
cations also involve optical emitters and detectors with their
associated electronics, and possibly other optical-fiber compo-
nents such as couplers and Bragg grating filters, each of them
having distinct radiation-sensitive properties. The two main ra-
diation-matter effects, i.e., ionization and knock-on effects, also
result in two different trends.
Cumulated ionizing doses typically cause increased noise

levels in detectors and voltage level shifts in electronic circuits,
which may vary depending on the involved semiconductor
materials and their layout. Gamma radiation hardly affects
quantum-based optical emitters, provided their packaging
avoids doped focusing lenses.
Energetic particles tend to increase threshold currents of

laser diodes and diminish their emission efficiency through the

creation of non-radiative defect centers in their optically active
region. Similarly, detectors see their efficiency decreasing,
while their noise levels usually grow even more significantly
than under gammas. Moreover, charged particles also induce
single events through local deposition of energy. They are
merely detrimental in digital circuitry of optical links, and even
more so as transmission rates increase.
In summary, increasing noise levels and laser thresholds, pos-

sible wavelength shifts and single events all affect the optical
link in terms of reduced optical budget and available bandwidth,
if not considered carefully with respect to the expected environ-
ment. Fortunately, the recent industrial-driven miniaturization
of these opto-electronics resulted in more robust components,
mainly regarding their total dose robustness, which is a volu-
metric effect, typically observed in isolating oxide structures.
This tendency to diminish active volumes however strengthened
their vulnerability to single event effects, since the same amount
of locally deposited energy has a relatively larger effect.

X. CONCLUSION

We reviewed in this paper the recent advances in the field of
radiation effects on optical fibers, giving the key results of the
most recent studies conducted in the framework of the LMJ,
ITER, LHC, nuclear industries and space projects. Thanks to
the new available classes of optical fibers, as well as thanks to
radiation hardening techniques, optical fibers can survive the
harsh environments associated with most of these applications.
However, for the most challenging needs, deeper knowledge of
radiation effects on silica-based matrix remains necessary to be
able to access predicting simulation tools and to authorize the
development of fiber or fiber-based sensors for future applica-
tions. Thanks to the growing interest of the nuclear industry in
fiber-based sensors, studies are in progress around the world to
overcome these challenges and to enhance fiber integration in
radiative environments.
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