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Abstract: Signal transmission over optical fibers in the ultraviolet to near-infrared domains remains
very challenging due to their high intrinsic losses. In radiation-rich environments, this is made eVen
more difficult due to the radiation-induced attenuation (RIA) phenomenon. We investigated here how
the number of hydroxyl groups (OH) present in multi-mode (MM) pure-silica core (PSC) optical fibers
influences the RIA levels and kinetics. For this, we tested three different fiber samples: one “wet”,
one “dry” and one with an intermediate “medium” OH content. The RIA of the three samples was
measured in the 400–900 nm (~3 eV to ~1.4 eV) spectral range during and after an X-ray irradiation
at a dose rate of 6 Gy(SiO2) s−1 up to a total accumulated dose of 300 kGy(SiO2). Furthermore,
we eValuated the H2-pre-loading efficiency in the medium OH sample to permanently improve both
its intrinsic losses and radiation response in the visible domain. Finally, the spectral decomposition
of the various RIA responses allows us to better understand the basic mechanisms related to the
point defects causing the excess of optical losses. Particularly, it reveals the relationship between
the initial OH groups content and the generation of non-bridging oxygen hole centers (NBOHCs).
Moreover, the presence of hydroxyl groups also affects the contribution from other intrinsic defects
such as the self-trapped holes (STHs) to the RIA in this spectral domain.

Keywords: radiations; radiation-induced attenuation; pure-silica core optical fibers; hydroxyl group;
ionizing radiations; diagnostics

1. Introduction

Silica-based optical fiber technology presents many advantages justifying the increas-
ing implementation of fiber-based solutions in natural and man-made radiation environ-
ments: immunity to most electromagnetic perturbations, low intrusiveness and an overall
good radiation resistance [1]. If most of today’s applications are focused on the use of
single-mode (SM) or multimode (MM) optical fibers in the infrared domain (IR, 1 to 1.6 µm)
targeting data communications and sensing [1–4], there is also a need for waveguides
able to operate in the ultraviolet, visible, and near-infrared domain (UV-Vis-near-IR from
350 to 1000 nm). As an example, such MM fibers are or will be integrated in the plasma
diagnostics of fusion-devoted facilities such as ITER, National Ignition Facility (NIF), or
Laser Mégajoule (LMJ) [5–12] as well as in the 351 nm laser diagnostics of LMJ and NIF [13].
Operating under radiation in this spectral domain remains very challenging, as the fiber
optical losses can be too large to design the envisioned optical systems in terms of fiber
length. Indeed, in addition to the fiber intrinsic attenuation (before irradiation), it is manda-
tory to also consider its radiation-induced attenuation (RIA). RIA phenomenon is caused
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by the generation through ionization or displacement damages of point defects in both
silica-based fiber core and fluorine-doped cladding. These radiations induced defects
possess absorption bands peaking mainly in the UV-Vis explaining the highest RIA levels
that are usually observed in this spectral range [14] than in the IR [1,2]. The mitigation of
these optical losses represents the biggest obstacle to overcome for the fiber implementation
and has been the subject of several previous investigations highlighting that pure-silica
core (PSC) and fluorine-doped multimode optical fibers are the best candidates for the
steady-state radiation environments (kGy to MGy(SiO2) dose levels) [1,15]. Regarding the
PSC fibers intrinsic losses, they are partially explained by the Rayleigh scattering losses, α,
which are caused by density fluctuations of the pure or F-doped glasses constituting the
fiber core and cladding respectively. These scattering losses could be described in the case
of a single-component glass such as silica by the following equation [16]:

α =
8π3

3λ4 n8 p2kTgβT (1)

where Tg is the glass fictive temperature [17], βT the isothermal compressibility at Tg, p
the photoelastic constant, k the Boltzmann’s constant, n the refractive index and λ the
wavelength. For silica-based fibers (either PSC or F-doped), the fictive temperature Tg
is an important parameter governing the Rayleigh losses level. This criterion is strongly
influenced by the amount of impurities introduced during the manufacturing process,
mainly hydroxyl groups (Si-OH) and the Cl impurities [16]. A decrease of Tg usually leads
to a decrease of the Rayleigh losses [16] and then a fiber with reduced attenuation in the
UV-visible range is achieved. The relative amounts of OH groups and Cl impurities are
strongly anti-correlated for most of the preform deposition processes and can be tuned by
varying the production parameters. As a consequence, several PSC optical fiber classes can
be defined as: “wet” fibers (high-OH content, low-Cl content), “dry” fibers (low-OH, high-Cl
contents). However, less-available low-OH, low-Cl fibers have also been produced, mainly in
Russia [18]. Depending on the PSC fiber type, the attenuation in the UV-Vis differs due to
the generation of some pre-existing (with respect to the irradiation) defects, mainly during
the drawing process of the preform into the fiber. These defects (nature/concentration),
and then the fiber attenuation, depend on the glass impurity levels too and are usually
of similar structure than some of the radiation-induced defects [19]. This is the case,
for example, of the so-called drawing-induced defect (DID) that corresponds to the non-
bridging oxygen hole center (NBOHC, ≡Si-O•) structure having absorption bands peaking
at 6.4 eV (~194 nm), 4.8 eV (~258 nm) and 1.97 eV (~630 nm) [20]. It has been shown that
this center is created during the drawing (or by the irradiation) through the breakage of
a strained (≡Si-O-Si≡)* bond, a process that also leads to the generation of a SiÉ’ (≡Si•)
defect that absorbs at shorter wavelengths, around 5.8 eV (~214 nm) [21]:

(≡ Si−O− Si ≡)∗
drawing or radiations→ ≡ Si−O• + ≡ Si• (2)

DIDs are mainly observed in optical fibers presenting the lower OH amount (“dry”
fibers) [19]. As a general rule, the “wet” fibers are more adapted for operation in the UV
range while “dry” fibers are suitable for IR operation, as they do not present the strong
absorption peak related to the Si-OH at around 1380 nm and the associated overtones.
Depending on the application requirements, both fiber types can be selected for visible
transmission. Under irradiation, these PSC fibers also exhibit different radiation responses
as different point defects will contribute to the RIA levels. “Wet” fibers are characterized
by a strong RIA in the visible domain caused by the NBOHCs and their 1.97 eV (~630 nm)
absorption band that, in addition to the process described by (2), can be created by other
processes whose efficiencies also depend on the glass stoichiometry [21,22]:

≡ Si−O−H radiations→ ≡ Si−O• + •H0 (3)
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≡ Si−O−O− Si ≡ radiations→ ≡ Si−O• + •O− Si ≡ (4)

In the “dry” fibers case, the NBOHC contribution is strongly reduced as fewer precur-
sor sites are available for their generation upon exposure, but an increasing contribution
from the absorption bands of Cl-related defects is clearly observed. These bands are located
around 3.78 eV (328 nm) and 2.3 eV (539 nm) for the Cl2, 3.26 eV (380 nm) and 3.65 eV
(340 nm) for the Cl0 species [23,24]. For the optical fibers presenting both low-OH and low-
Cl levels, it was shown that if NBOHC and Cl-defect concentrations are efficiently reduced,
self-trapped holes (STHs) can be generated, strongly decreasing the fiber transmission in
the visible domain through their absorption bands around 2.61 eV, 2.16 eV, 1.88 eV and
1.63 eV [14,25]. For this specific defect class, it was shown that the glass structure plays
a key role, in particular, its fictive temperature Tg [26] regarding the STH creation: larger
Tg leads to larger STH-related absorption. As a consequence, no perfect PSC composition
exists for operation in steady-state environments.

A possibility to further improve the radiation resistance of PSC fiber consists in its
loading with molecular hydrogen [15]. Indeed, hydrogen allows efficient passivation of
most of the radiation-induced point defects absorbing in the visible domain. This is the
case, for example, of NBOHCs that can be passivated through the following process also
resulting in a simultaneous increase of the IR-absorption around 1380 nm [5]:

2 × ≡ Si−O• + H2 → 2 × ≡ Si−O−H (5)

However, while the hydrogen can be easily loaded at room temperature in silica-based
fibers, it will also quickly diffuse out [27] rendering the treatment efficiency dependent on
the time delay between the treatment and the irradiation. From an applicative point of view,
this strongly limits the interest of the technique for fusion-devoted facilities considering
their long lifetimes. To maintain the hydrogen into the fibers, several techniques can be
suggested implying the use of metallic coatings instead of polymer ones [7,8] or the addition
of a hermetic thin carbon layer between the cladding and the coating [11,28]. In these
cases, the hydrogen loading should be done at high temperatures to facilitate the hydrogen
diffusion into the fiber core or a hole-assisted structure has to be used [28]. It should be
noted that these particular structures could also lead to larger intrinsic attenuation, caused
for example by some additional micro-bending losses.

In this paper, we investigated how the intrinsic and RIA attenuations of MM PSC
fibers, in the visible-near IR domain, are controlled by their OH amounts. We characterized
three different fiber samples: one “wet” and one “dry” fiber and also one sample with
an intermediate OH content (medium-OH, 27 ppm). Furthermore, we discuss the H2 pre-
treatment efficiency of the medium-OH fiber to permanently improve both its intrinsic
losses in the visible domain and its steady-state radiation response up to 300 kGy dose
levels. This procedure allows achieving optical fibers fulfilling the requirements of ITER
plasma diagnostics as the ones described in [11] without using carbon-layers or metallic
coatings. Finally, the decomposition of the various RIA spectra was performed in order to
achieve a better understanding of the basic mechanisms related to the point defects causing
the optical losses excess.

2. Materials and Methods
2.1. Tested Optical Fibers

For the present investigation, three MM optical fibers with pure silica cores, fluorine-
doped claddings and polyimide coatings have been manufactured by iXblue (Lannion,
France) [29]. The three fibers have been drawn from three distinct preforms that are
characterized by different contents of hydroxyl groups bonded to the silica network (Si-
OH) with 0.41 ppm (derived by the attenuation peak at 1385 nm), 27 ppm and 873 ppm
(from the peak at 1240 nm). Hereafter, we will refer to these fibers as low-, medium-, and
high-OH, respectively. The spectral attenuations of the three pristine fibers, obtained by
cut-back measurements, are shown in Figure 1. Each sample has a numerical aperture of
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0.22 and a diameter of 125 µm for the cladding and 150 µm for the coating, while the core
diameter is 105 µm for the low- and high-OH fibers, and 112 µm for the medium-OH one.
The main parameters of the three tested samples are listed in Table 1.
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Table 1. Main characteristics of the three fibers under test.

Sample Core Diameter [µm] Cladding/Coating
Diameters [µm]

OH Content 1

[ppm]

low-OH 105
125/150

0.41
medium-OH 112 27

high-OH 105 873
1 Derived at 1385 nm for the low-OH sample and at 1240 nm for the medium and high-OH samples.

The number of OH groups affects the transmission properties of silica due to the
fundamental OH absorption band at 2.72 µm and its corresponding overtones, whose
major absorption peaks are located at 1.38 µm and 0.94 µm. It is known from the literature
that, as far as the 0.94 µm overtone, the OH content affects the attenuation in the order of
1–2 dB km−1 ppm−1 [30–33]. Furthermore, in Figure 1 we observe the absorption band
centered at 630 nm due to DID NBOHCs [14] for both the low- and medium-OH optical
fibers. This same band is absent in the high-OH fiber due to the excess of hydrogen atoms
that passivate the defects.

2.2. H2 Loading and Thermal Treatment

The three optical fibers were H2 loaded using a typical high-pressure reactor. After
coiling the fibers on a 5 cm diameter cylinder inside the reactor, the hydrogen pressure
was set at 120 bars. The reactor was kept at 60 ◦C for 3 days and 12 h, to ensure the
saturation of the fiber core with molecular hydrogen. Immediately afterwards, a thermal
treatment was performed on the loaded fibers by placing them for one day in an oven
(from Binder, Bohemia, NY, USA) at a temperature of 120 ◦C. This last thermal treatment
was not intended to anneal the defects but to accelerate the natural outgassing of the
residual molecular hydrogen that failed to bond and passivate pre-existing defects in the
silica matrix such as the NBOHCs and E’ created during the drawing process. Figure 2
shows the attenuation spectrum of the medium-OH sample before and after the hydrogen
loading and the thermal treatment. The NBOHC absorption band, centered at 630 nm, was
completely suppressed.
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Figure 2. Attenuation spectra of the pristine medium-OH sample before and after the H2 loading and
thermal treatment (TT).

2.3. Irradiation Conditions

The three samples with different OH contents along with the additional H2-loaded
and thermally treated medium-OH sample (hereafter indicated as medium-OH+H2+TT)
have been exposed to a continuous X-rays irradiation at the MOPERIX facility located at
the Hubert Curien Laboratory in Saint-Etienne, France. Here, a steady flux of photons
with an average energy of ~40 keV was delivered to the samples with a dose-rate of
6 Gy(SiO2) s−1 (non-uniformity below 5% over the samples) up to a total accumulated
dose of 300 kGy(SiO2) with an exception for the medium-OH one, which underwent to an
irradiation up to 350 kGy(SiO2). All the samples are 1 m long and the irradiations were
performed at room temperature.

In these conditions, online RIA measurements have been performed monitoring the
transmitted signal of a white light source (DH-2000 Ocean Optics, Orlando, FL, USA) before,
during, and after the X-rays exposure with an Ocean Optics QE65000 spectrometer. The
optical source and the spectrometer were located outside the irradiator and connected to
the samples by MM radiation-hardened optical fibers that, in addition, have been shielded
with ~5 mm thick lead pieces inside the irradiator, making sure that only the samples under
test were exposed to the X-rays.

3. Results

Figure 3 shows the spectral RIAs of the high- (a), medium- (b), and low-OH (c) samples
in the visible/near-IR domain during the irradiation and up to 60 min after its end. In
addition, the insets show the RIA growth and recovery kinetics at 450 nm and 650 nm.
For all cases, a monotonic increase of the spectral RIA is observed, except for the red
wavelength range of the medium-OH fiber. Indeed, the 450 nm kinetics increase rapidly
at 1 dB/m up to ~10 kGy for both the high- and medium-OH samples and at 4 dB/m up
to ~30 kGy for the low-OH. Instead, the kinetics at 650 nm follow different trends. For the
high-OH, it continuously grows with no saturation trend. The medium-OH sample presents
an unexpected non-monotonical behavior, reaching a local maximum RIA value (0.5 dB/m)
at ~5 kGy, after which the RIA decreases before increasing again with a constant slope at
higher doses. Finally, the RIA of the low-OH fiber follows the trend of the kinetic at 450 nm,
since the tendency is dominated by the tail of the UV bands, reaching a very low saturation
value (0.02 dB/m) at ~0.1 kGy. The most resolved features in the spectral measurements
are the presence of the ~620 nm centered absorption band (high- and medium-OH content
samples) overlapped by the tail of a UV absorption related to point defects absorbing at
higher energies. The above-mentioned band is not observed in the low-OH sample for
which the UV band is very intense. It is interesting to note how the amplitude of the 620 nm
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band is coherent with the OH concentration increase in the fibers and in countertendency
with the UV tail.
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Figure 3. Radiation-induced attenuation (RIA) spectral growth during the irradiation (left) and spectral decrease during the
recovery (right) in the high-OH (a), the medium-OH (b), and the low-OH (c) sample. Both insets show their respective RIA
kinetics at the wavelengths of 450 nm and 650 nm.
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Another spectral characteristic observed in the medium-OH content fiber is an unstable
wide band centered between 650 and 770 nm, which explains the local maximum at ~5 kGy
observed in the RIA kinetic and disappears at higher doses. Regarding the RIA recovery
kinetics, two types of decays are eVident: one representing the contribution of the UV tail,
which recovers almost all the transmission properties in one hour from the irradiation end,
while the defects responsible for the 620 nm peaked band seem more stable in the same
time frame at room temperature.

Figure 4 reports the RIA spectra during and up to one hour after the irradiation end
for the treated medium-OH sample. The two most significant differences with respect to the
non-treated counterpart, Figure 3b, are: a greater attenuation due to the tail of the band
peaked in the UV region and the disappearance of the local maximum in the 650 nm kinetic.
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4. Discussion

In order to have a better understanding of the basic mechanisms at the origin of the
fiber degradations shown in Section 3, a fitting routine of all the RIA spectra was performed.
To this end, we choose to use a set of Gaussian curves already proposed in the literature to
describe the absorption bands associated with a set of color centers known to be present in
the irradiated optical fibers (OFs) [14], and described as follows:

G(E) =
A√

2πσ2
e−

(E−EC)2

2σ2 (6)

where A is the area of the band, EC is the center of the optical absorption band, while the
standard deviation σ is related to the Full Width at Half Maximum (FWHM) as FWHM =
2
√

2 ln 2σ.
While to date the decomposition of RIA in the UV-visible range of silica-based ma-

terials is rather well known and understood, still a number of issues need to be clarified
with regard to certain color centers typically identified in OFs, such as strain-assisted self-
trapped holes (s-a STH) [34–36]. To the fit purpose, the values used for the EC Gaussians
centers and for their FWHMs remain fixed parameters, whereas the amplitude A is left as a
free parameter eVolving during the irradiation.

Being all samples PSC, in the fitting routine we have considered only intrinsic defects
and eVentually impurities, such as Chlorine related centers [24,37]. Since the only source of
extrinsic processes in the fibers under test is attributed to the OH content [38], we started
our analysis from the low-OH content sample, being this fiber associated with the lowest
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probability for the process expressed in Equation (3). The result of the fitting routine
obtained on the RIA at 300 kGy is shown in Figure 5a. This analysis highlights the large
contribution of the color center centered at 3.26 eV (380 nm) attributed to Cl0, as well as
the contributions of the STHs with two absorption bands centered at 2.61 eV (475 nm)
and 2.16 eV (574 nm), corresponding to the STH1 and STH2 point defects respectively.
Furthermore, it was deliberately chosen not to introduce in the fitting routine the absorption
band related to the Cl2 given the significant error that would be committed when assessing
its amplitude, considering that it is centered at 3.78 eV (328 nm) and then at quite far
energies from those for which our experimental data are available. Table 2 reports the
best-fit parameters of the Gaussian absorption bands of each point defect used in the
decomposition of the three fibers responses.
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tion was done in order to qualitatively highlight the disparity between the three samples. 
Indeed, the appearance of a new spectral feature in the range 1.7–2.7 eV (730–460 nm) is 
evident with analogous spectral characteristic compared to the one linked to NBOHC cen-
tered at ~2.0 eV, strongly supporting the NBOHC generation through Equation (3), in ac-
cordance with the OH amount registered in the pristine optical fiber. 
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Figure 5. (a) Decomposition of the RIA spectrum measured for the low-OH sample at 300 kGy dose. Open circles represent
the experimental data while the red line represents the best fitting function obtained by summing the different absorption
bands related to single point defects. (b) Normalized RIA spectra, acquired at 300 kGy dose, with respect to the RIA
measured at 2.8 eV (450 nm) for the low-, medium- and high-OH samples.

Table 2. Best-fit parameters for the RIA at 300 kGy of the three tested fibers.

Point Defect Ec [eV] FWHM [eV] Low-OH 1 Medium-OH 1 High-OH 1

STH1 2.6 1.2 1 0.15 0.2
STH2 2.16 0.6 0.77 0.36 0.46

NBOHC 1.95, 2.04, 2.21 0.16, 0.27, 0.46 - 0.05, 0.08, 0.06 0.36, 0.55, 0.42
Cl0 3.26 1.17 19.66 2.1 4.1
1 Parameters refer to the area A [dB eV/m] of the Gaussian absorption band, necessary to reconstruct the overall RIA spectra.

To compare the different spectral profiles, we have reported in Figure 5b the normal-
ized spectra, with respect to the RIA values measured at 2.8 eV (450 nm). This normaliza-
tion was done in order to qualitatively highlight the disparity between the three samples.
Indeed, the appearance of a new spectral feature in the range 1.7–2.7 eV (730–460 nm)
is eVident with analogous spectral characteristic compared to the one linked to NBOHC
centered at ~2.0 eV, strongly supporting the NBOHC generation through Equation (3), in
accordance with the OH amount registered in the pristine optical fiber.

To isolate the NBOHC contribution, we have then decided to perform the fitting
routine on the differences between the normalized RIA (∆RIA) of the high-OH and medium-
OH samples with respect to the low-OH sample. In addition, considering the different
models of NBOHC contribution around 2 eV we have decided to adopt the model reported
by Morana et al. in [39] rather than the more standard symmetrical Gaussian peaked at
~2 eV reported in [14]. It is important to remark that the adopted model reconstructs the
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NBOHC contribution around 2 eV as a sum of three different Gaussian bands with a fixed
relative amplitude ratio.

Figure 6a shows the fit related to the ∆RIA between the high-OH and low-OH samples.
Here it is possible to observe that the contribution of the NBOHC absorption band stands
out and that the selected model well suits the profile. However, to achieve a good quality
of the fit, we were obliged to introduce the Gaussian absorption band related to the STH2
point defect. The introduction of this band is well supported by the literature, where it
has been found that a higher OH concentration corresponds to a higher STH2 relative
contribution [34]. In addition, the inset of Figure 6a reports the same fitting routine but
with the NBOHC considered as a single Gaussian absorption band centered around 2 eV.
In this case, it is eVident that the result of the fit does not match the experimental data so,
to complete the fit, new absorption bands associated with one or more yet unknown points
defects should be introduced.
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Figure 6b reports the fitting function obtained on the overall RIA profile of the high-
OH sample at 300 kGy as well as the individual bands of the point defects used for the
decomposition.

The same approach was used for the analysis of the irradiated medium-OH sample.
Figure 7a displays the obtained fitting function for the ∆RIA at 300 kGy with respect to
the low-OH. In accordance to Equation (3), in the medium-OH sample we observe a lower
content of the NBOHC contribution. Moreover, the inset of Figure 6 shows again that,
with the classical 1-Gaussian model of the NBOHC, the central region still needs to be
completed by some other unknown absorption bands. Figure 7b reports the match between
the experimental RIA and the fitting function in the medium-OH sample.

As in the case of the high-OH fiber, in Figure 7a the absorption bands related to NBOHC
and STH2 have been used. In this case, the relative contribution provided by the STH2
increases in comparison to the high-OH case. The greater contribution of the STH-related
bands could also justify the non-monotonic behavior observed in the RIA kinetics shown
in Figure 3b, considering their strained assisted variants (s-a STHs) [14,35,40]. Indeed, it
is possible to notice that the medium-OH RIA has a broader band covering also energies
lower than 1.5 eV compared to the one of the same sample at 300 kGy (Figure 5b), in
agreement with the s-a STH1 and s-a STH2 spectral characteristics, centered respectively at
1.88 eV (660 nm) and 1.63 eV (760 nm). For this reason, an in-depth analysis of the RIA at
10 kGy (the dose which corresponds at the maximum in the kinetics at 650 nm reported in
Figure 3b) has been carried out. At this dose, Figure 8a reports together the normalized



Appl. Sci. 2021, 11, 2991 10 of 14

RIA at 2.8 eV of the medium- and low-OH samples. Figure 8b illustrates the fitting of the
∆RIA, where it becomes eVident that the NBOHC contribution at lower doses is negligible
and that the STH2 centers are still present.
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As already mentioned in Section 2.2, the pristine medium-OH sample has been also
loaded with H2 and thermally treated in order to eliminate the absorption band centered
around 600 nm mainly due to DID. Figure 9a shows the normalized spectra of the low-
OH and the treated medium-OH sample at the dose of 10 kGy. By comparing this figure
with Figure 8a, we show that the treatment has no significant impact on the shape of
the radiation-induced absorption but it slightly influences the relative magnitudes of the
absorption bands used in the decomposition (Figure 9b). Particularly, the STH2 band area
slightly decreases compared to the case of the non-treated sample and an increase in the
NBOHC band is noted. The best-fit parameters for the treated and non-treated medium-OH
sample are listed in Table 3.
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Figure 9. (a) Normalized spectra with respect to the RIA measured at 2.8 eV (450 nm) for the low- and the treated medium-OH
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Table 3. Best-fit parameters for the RIA at 10 kGy of the treated and not-treated medium-OH sample.

Point Defect Ec [eV] FWHM [eV] Medium-OH 1 Medium-OH+H2+TT 1

STH1 2.6 1.2 0.24 0.24
STH2 2.16 0.6 0.17 0.09

s-a STH1 1.88 0.2 0.18 0.13
s-a STH2 1.63 0.3 0.07 0.06

NBOHC 1.95, 2.04, 2.21 0.16, 0.27, 0.46 4 × 10−4, 6 × 10−4, 5 ×
10−4

9.5 × 10−3, 14.5 × 10−3,
11.2 × 10−3

Cl0 3.26 1.17 1.74 1.89
1 Parameters refer to the area A [dB eV/m] of the Gaussian absorption bands, necessary to reconstruct the overall RIA spectra.

Finally, the two RIAs at 300 kGy for the treated and non-treated medium-OH sample are
displayed in Figure 10 for a direct comparison. It can be seen that in the treated sample that
the magnitude of the RIA increases significantly with respect to the untreated sample for
energies above 2.4 eV. Simultaneously, it is reduced by approximately 10% in the 1.9–2.4 eV
range. This last feature could be explained by the slight decrease of the STH2 magnitude
already observed in Figure 9b. It is known from the literature [23,34] that STH annealing
could be responsible for the creation of the Cl0 defect.
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5. Conclusions

In the paper the investigations of how the amount of Si-OH groups governs the
intrinsic losses and the radiation-induced attenuation (RIA) of multi-mode pure silica core
(MM PSC) optical fibers in the vis-near IR spectral range are presented. For the study,
three optical fibers have been drawn from three different preforms with different OH
concentrations: the low-OH (0.41 ppm at 1385 nm), the medium-OH (27 ppm at 1240 nm)
and the high-OH (873 ppm at 1240 nm). In addition, the effect of a combined H2 loading
added to a thermal-treatment before the irradiation has been studied on the medium-OH
sample, in order to eliminate its drawing-induced defects (DID), the main cause of the
signal degradation in the considered spectral region.

The X-ray irradiation at 6 Gy(SiO2) s−1 up to 300 kGy(SiO2) shows a monotonic
increase of the vis-near IR RIA for the low- and high-OH samples, while a different behavior
was observed for the medium-OH, depending on the spectral range of interest: a monotonic
increase of the RIA for wavelengths below ~600 nm and a non-monotonic behavior for
wavelengths above ~600 nm.

The spectral decomposition of the RIA highlighted the various point defects that
contribute to the spectral absorption. In particular, the absorption band peaked at 1.97 eV
(~630 nm), attributed to non-bridging oxygen hole centers (NBOHCs), increases according
to the OH amount present in the fiber. Moreover, due to its asymmetrical shape, the
absorption band associated with the NBOHC has been fitted with two models: a 3-Gaussian
model already presented in the literature [39] and the “standard” 1-Gaussian model [14],
this latter revealing the necessity to include one or more yet unknown contributions in
order to match the experimental data.

The non-monotonic trend with the dose of the RIA around 650 nm for the medium-OH
sample has been studied by the decomposition of the RIA spectrum at 10 kGy(SiO2) dose
at which the maximum value in the kinetic has been measured. Here, the strain-assisted
self-trapped holes (s-a- STH) contribution is introduced and shown to be the most adapted
one to reproduce the experimental data.
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