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Abstract:  In this work we investigated the point defects at the origin of
the degradation of radiation-tolerant optical fibers used in the visible part
of the spectrum for plasma diagnostics in radiation environments. For this
aim, the effects of y-ray irradiation up to the dose of 10 MGy(SiO,) and
post-irradiation thermal annealing at 550°C were studied for a Fluorine-
doped fiber. An absorption peaking around 2 eV is mainly responsible for
the measured radiation-induced losses, its origin being currently debated in
the literature. On the basis of the unchanging shape of this band with the
radiation dose, its correlation with the 1.9 eV photoluminescent band and
the thermal treatment results we assign the asymmetric absorption around 2
eV to an unique defect, the NBOHC, instead of a set of various defects.
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1. Introduction

Nowadaysthe nuclear industry givesan increasing interest in the fiber optic technology for both
remote handling, diagnostic and sensing applications. The optical components employed in the
nuclear power plants or facilities devoted to the fusion studies [1] are exposed to ahigh level of
radiation (neutrons and y-rays) and operate at high temperatures (up to 700°C). Such a harsh
combined environment influences the performances of the optical fibers. On the one hand, the
irradiation causes transmission losses due to the formation of optically active point defects,
mainly in the ultraviolet (UV) and visible parts of the spectrum where alot of diagnostics oper-
ate. On the other hand, the temperature effect leads to partial or total optical-fiber-transparence
recovering via defects annealing [2]. These effects are particularly relevant to an optical ab-
sorption (OA) around 2 €V (620 nm) that grows with the deposited dose and constitutes the
main contribution to induced losses from 1.5 eV (800 nm) to 3.1 eV (400 nm). Severa studies
based on optical and ESR experiments [3-5] have pointed out that the most important defect
absorbing around 2 eV isthe non-bridging oxygen hole center, NBOHC (=Si-O*), but its band
shape has never been analyzed in detail. Nagasawa et al. [4, 5] have asserted that the peak and
the FWHM values can change with the OH-group content. Later, in similar samples the pres-
ence of other absorptions have been proposed in the same spectral region, these bands have
been attributed to: the peroxy radical, POR (=Si-O-0O-), [6] and the selftrapped holes, STH
(=Si-0O-Si=) [7-9]. The attempt to single out the absorption related to specific defects has
been mainly based on the deconvolution of the OA lineshape in gaussian bands [10]. Thislim-
ited approach does not consider the possibility of an asymmetric absorption band and it leaves



often the problem incompletely solved, because some gaussian band reported in literature has
not been assigned to well defined defect structures yet. The study of photoluminescence (PL)
properties helpsto clarify the origin of the OA around 2 eV, or at least of one of its components,
in optical fibers. In this spectral region, in fact, an emission induced by both drawing and irra-
diation isobserved in the optical fibers[11,12]. This PL band is peaked at 1.9 eV (650 nm), its
lifetimeis about 10 us, and it has different excitation channels: 2.0 eV (620 nm), 4.8 eV (260
nm), and 6.5 eV (190 nm). Several experiments have unambiguously ascribed this red lumines-
cence to NBOHCs [3, 13], however most of the PL studies was realized in silica bulk samples;
its spectroscopic characteristics were only poorly investigated in fibers [14]. In this work we
study the effects induced by gamma irradiation and thermal annealing on the absorption and
time resolved PL properties of aradiation-resistant fiber, thanks to the Fluorine-doping. On the
strength of the assignment of 1.9 eV PL to NBOHC we revise the literature models dealing
with the OA around 2 eV.

2. Experimental Details

We investigated a F-doped silica fiber with a diameter of 125 um and a core of 50 um. This
sample was y-ray irradiated at the Brigitte %Co facility (SCK-CEN, Belgium), at three dif-
ferent total doses, 3, 5.5 and 10 MGy, with a dose-rate ranging between 10 and 25 kGy/h,
at temperature ranging between 30 and 50°C. Some months after the irradiation, absorption
measurements at room temperature were performed by using the cut-back method, which con-
sists in taking the ratio between the signal transmitted by a great and a short lengths of the
sample, without changing injection conditions. All the transmission spectrain the visible range
were recorded using a halogen light source and a spectrometer QE65000 from Ocean Optics.
To investigate the annealing effects, about 2 m of theirradiated sampleswere heated in air up to
550°C, with a heating rate of 10°C/min, and kept for 15 min at that temperature. The recorded
optical transmission signal L(4), at room temperature, was used to monitor the thermal treat-
ment influence on the radiation induced attenuation (RIA), by calculating the difference spectra
between the T annealed sample response L(4, Tann) and the non-treated Lo(4) one. Confocal
microscopy-luminescence (CML) spectra were performed by a LabRam Aramis (Jobin-Y von)
spectrometer equipped by a He-Cd ion laser emitting at 3.82 €V (325 nm), a charge coupled
device (CCD) camera and microtranslation stages. We used a 40x objective and a diaphragm
diameter of 75 um, which gives a spatial resolution of about 5 um. Time resolved PL spectra
were excited in the UV-visible range by using an optical parametric oscillator pumped by the
third harmonic (3.55 eV - 350 nm) of aNd:YAG laser (pulse width of 5 ns, repetition rate of 10
Hz) and equipped with all harmonic generation nonlinear crystal. The laser beam was focused
into the core of a stripped piece of fiber. The beam energy density was monitored at the laser
exit. The emitted light was spectrally resolved by a grating with 300 grooves mm~1 and 500
nm blaze, the spectral dlit bandwidth was set to be 10 nm. Spectra were acquired by a gated
intensified CCD camera driven by a delay generator, setting the acquisition time width At, that
isthe amplitude of the acquisition window during which the CCD is enabled to reveal thelight,
and the delay Tp of the acquisition window with respect to the arrival of the laser pulse. The
photoluminescence excitation (PLE) spectra were measured manually point by point by tuning
the laser and recording the PL intensity normalized to the laser pulse energy. All the PL spectra
were plotted in energy scale and therefore corrected for the monochromator dispersion.

3. Experimental results

Figure 1(a) displays RIA spectrain 3, 5.5 and 10 MGy y-ray irradiated fibers. All the curves
present an absorption band around 620 nm, which increases with the dose up to 5.6 dB/m,
and an UV-tail above 480 nm. Figure 1(b) shows the annealing difference spectrum, as de-



fined in the previous section, for the most irradiated sample. The absorption band at 620 nm is
completely annealed after the thermal treatment at 550°C. We note that the UV tail is not com-
pletely annealed: the residual attenuation at the wavelength of 400 nm is still around 1 dB/m.
To investigate the correlation of the absorption band at 620 nm with NBOHC we perform PL
measurements around 1.9 eV (650 nm) for pristine and y-irradiated fibers at different doses.
ThisPL isobserved by using the CML setup under excitation at 3.82 eV (325 nm) (inset of Fig.
2). The integrated-PL-intensity from all the fiber-transverse-surface results linearly correlated
with the absorption at 620 nm (fig. 2). We note that also the pristine fiber shows aweak 1.9 eV
emission, itsintensity agrees with an absorption lower than our experimental uncertainty (0.10
dB/m).
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Fig. 1. () RIA spectra for the three doses y-ray irradiated fibers. (b) RIA changes caused
by thermal treatment at 550°C in the 10 MGy irradiated fiber irradiated.
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Fig. 2. PL intensity emitted from the fiber-transverse-surface of the samples, as a function
of the optical absorption at 620 nm for pristine, 3, 5.5 and 10 MGy irradiated fibers. The
dashed line is the fitted straight line (correlation coefficient R = 0.997). In the inset, the PL
spectrum observed in the 10 MGy irradiated fiber, under excitation at 3.82 eV (325 nm).

In Fig. 3 we report the comparison between the time-resolved PL lineshape recorded in the
pristine and in the 10 MGy irradiated fiber. The emission spectra were excited at Egy. = 2.07
€V (600 nm) and acquired with At = 10 usand Tp = 1 us. It is observed that after irradiation



the PL peak red-shifts from 1.92 to 1.90 eV and the FWHM increases from 0.15t0 0.17 eV.
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Fig. 3. Time-resolved PL spectra recorded on the pristine fiber (continuous ling) and the
irradiated one at the dose of 10 MGy (dotted line) under laser excitation at 2.07 €V (600
nm). The temporal parameters were fixed: Tp = 1 us and At = 10 us. Inset shows the
semilog plot of the PL decay measured at 1.9 eV in theirradiated sample.

To measure the PL lifetime, we have carried out time resolved PL spectra on increasing Tp
up to 90 uswith At ranging between 1 and 4 us. In the insert of Fig. 3 the decay curve moni-
tored at Eey = 1.9 eV in the irradiated sample is shown; it agrees with a stretched exponential
exp(—(t/7)B) characterized by alifetime T = (11 + 1) usand a stretching parameter 8 = 0.81
+ 0.07. The stretching accounts for a rate distribution of defects embedded in a disordered
structure. We observe that these decay features remain unchanged regardless the excitation en-
ergy both in the visible (2.0 eV) and in the UV (4.8 eV), after irradiation or thermal treatments
(curves not shown here). Figure 4 shows the excitation profile of the PL at 1.9 eV, obtained
by monitoring the peak emission intensity under laser excitation photon energy ranging from
1.7 to 2.3 €V. Both in the pristine and in the irradiated samples the visible excitation shows an
asymmetric band centered at (1.95 + 0.02) eV with FWHM of (0.16 + 0.02) eV.

4. Discussion

RIA spectrain the visible range are dominated by a band around 2 eV (620 nm), that is com-
pletely bleached by thethermal treatment at 550°C. The origin of thisabsorptionisstill debated:
one of the main questions concerns its assignment to a single or more defects. Under the hy-
pothesis that more components overlap around 2 eV [6], we have analyzed all the spectra of
Fig. 1 as a sum of three gaussian curves. The absorption above 2.8 €V (450 nm), due to the
defects absorbing in the UV region, is accounted for by another gaussian centered around 5.5
eV. Figure 5 displays the decompositions of the RIA spectrum of the 10 MGy irradiated fiber;
the spectral parameters are listed in table 1.

These results, derived from the fitting, agree with previous studies on thermally treated F-
doped samples, both fibers and bulks. Griscom and Mizuguchi have attributed a band centered
at 1.97 eV with FWHM of 0.18 eV to PORs, aband at 2.08 eV with FWHM of 0.3 eV to NBO-
HCs induced by the H removal from SiOH groups and a band at 2.19 eV band with FWHM
of 0.5 eV to NBOHCs produced by the radiolysis of Si-O bonds [6]. However, some findings



Normalized PL Intensity

1.0 o Fiber
o8t -
. ® Pristine
9 .
0.8 ° o Irradiated
L]
g o
0.6- 8
o
L]
° o
0.4 P
° L)
2 : ‘
0.2 [°]
o:. 92
o %o
0.0 = : . . —2oq
1.7 1.8 1.9 2.0 2.1 2.2 23

Excitation Energy (eV)

Fig. 4. Visible-excitation spectra of the PL at 1.9 eV measured with Tp = 1 usand At = 10
usinthe pristine (full circles) and the 10 MGy irradiated sample (empty circles).

Table 1. Spectral parameters of the bands used for the decomposition of all the OA spec-
trarecorded in 3, 5.5 and 10 MGy irradiated samples. The error accounts for half of the

maximum deviation.

Band | Position (eV) FWHM (eV)
1 1.945 + 0.004 | 0.161 + 0.011
2 2.04 + 0.05 0.27 + 0.08
3 221+ 0.05 0.46 + 0.06
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Fig. 5. Decomposition into gaussian bands of the RIA spectrum for the 10 MGy irradiated
fiber: measured spectrum (dots) and fitted curve (lines).



weaken this model. Firstly, the absorption lineshape is independent of the radiation dose, so the
production rate under radiation of the three defects should have to be exactly the same. Sec-
ondly, the 2 eV absorption is completely annealed at 550°C, consequently it seems unlikely a
model containing an absorption band due to the PORS, whose annealing is completed around
700°C [2]. Finally, the OH concentration is not high enough to justify the 2.04 eV band inten-
sity, associated with the NBOHCs deriving from the SIOH group, respect with that of the 2.21
eV component, due to the NBOHCs produced by the Si-O bonds rupture.

From the CML spectra we note that the 2 eV absorption band is linearly correlated to the
emission at 1.9 eV. The identification of this emission with the NBOHC [3, 13] should carry
that only this defect absorbs around 2 eV. This hypothesis has been aready advanced in pre-
vious studies: for instance, Cannas et al. observed an asymmetric absorption band peaked at
2.01 eV with a FWHM of 0.44 eV in gamma and beta-irradiated synthetic wet silica samples
and they associated it with NBOHCs thanksto its linear correlation with the PL at 1.9 eV [15].
The spectral and decay features evidenced by time resolved PL experiments support that the
emitting defect in our F-doped fibers is the NBOHC. However, from a spectroscopic view-
point, the acceptance of this single-defect model seemsto bein contradiction with the different
lineshapes between absorption and luminescence bands. It is known that the asymmetric PL
and PLE spectra are accounted for by the weak electron-phonon coupling characteristics of the
NBOHC. As a consequence, these bands can be described by a pekarian curve, which is the
convolution of a gaussian and a poissonian and, under the straightforward model of coupling
with asingle mode of mean Huang-Rhys factor S and effective frequency o, thelineshape | (E)
can be approximated by the function [16]:

Sn

(E) o= Ype P [— @)
valid at temperature sufficiently low in order not to populate the higher vibrational levels, that
isKT <« ho, where K is the Boltzmann constant. The signs + and — refer to the PL and PLE
lineshape, respectively. Because of the glass disorder, the pure electronic transition between the
lowest vibrational levels of thefirst excited and ground states isinhomogenously distributed in
agreement with a gaussian curve, peaked at Egop with FWHM = 2,/2In(2) - 6inn. We used Eq.
(1) to best fit the PL and PLE curves measured in irradiated samples, as shown in Fig. 6, and
weget S=1.3 + 0.3, ho = (0.053 + 0.009) eV, Eqp = (1.93 + 0.01) eV and FWHM = (0.082
+ 0.002) eV. We note that our spectra are detected at room temperature and ho ~ KT, this
introduces a further gaussian broadening adding to the inhomogenous one [17], that could be
therefore overestimated by our fit procedure. In fact, oiy, has been measured in previous works
based on site selective luminescence [18] and it varies between 0.071 and 0.086 eV, depending
on theirradiation history.

As concerns the absorption spectrum, its lineshape is much wider than the PLE one. Under
the assumption that it is completely due to NBOHC, we can calculate the ratio between PLE
and absorption, which is proportional to the quantum yield defined as the ratio between the
number of emitted photons and of the absorbed ones. As shown in the inset of Fig. 6, it results
in a photon energy dependent curve, thus suggesting that there are absorbing NBOHCs with
non-radiative emission.

As fina remarks, we observe that the irradiation induces a red-shift and a broadening in
the PL spectra. Same behavior was observed by Vaccaro et a. for the PLE spectra associated
with NBOHC in irradiated silica bulk samples [18]; in contrast, we note any change in the
PLE spectra, probably because it is smaller than the error associated with the curve points.
The shift of the absorption or PL bands to lower energies due to irradiation and the opposite
shift due to thermal annealing have been also observed for other defects, like E (=Si*) [19-
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Fig. 6. Normalized PL, PLE and absorption spectra of the sample irradiated at 10 MGy.
Solid curves represent the best-fitting functions (Eq. (1)). The inset shows the quantum
yield calculated as the ratio between PLE and absorption.

21]: irradiation changes the environment of defects and high temperatures recover the pre-
irradiated glass structure. The band broadening with irradiation can also be explained by an
increasing disorder in the surroundings of NBOHCs [18]; the interaction between the defect
and the environment does not affect the lifetime, which remains unchanged.

5. Conclusions

In this paper, we revise the origin of the 2 eV absorption band induced by radiation in the
Fluorine-doped fibers, which limits the integration of these fibers as part of diagnostics or sen-
sors in radiation environments. Thanks to the irradiation, the thermal treatment, RIA and PL
measurements we discern between two models reported in literature: the first includes three
centers (PORs and two different types of NBOHCs), whereas the second is based on only one
defect, the NBOHC. From our results and analysis, we conclude that the RIA band around 2
€V hasto be ascribed only to the NBOHC.



