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a b s t r a c t

Micro-Raman spectra have been recorded on Ge doped optical fibers before and after 10 keV-X or c-ray
irradiation up to doses of 1 MGy (X-ray) or 7.8 MGy (c-ray). Our data provide evidence that, at such dose
levels, the glass matrix is not modified in a detectable way. We observed that varying the Ge doping lev-
els from 0 to about 11 wt.%, X or c radiation sensitivity of the overall matrix remains unchanged. Such
results are observed for fibers obtained with drawing conditions within the usual range used for the fab-
rication of specialty fibers as radiation-tolerant waveguides. Our data support the potentiality of fiber-
based sensors using glass properties, e.g. Raman scattering, for applications in harsh environments as
those encountered in nuclear power plants.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Silica glass is widely employed in different technological fields
[1,2] and one of the most important is the production of optical fi-
bers. Among the different classes of fibers, the Ge doped ones are
the most used types, mainly for telecommunications applications.
Ge doping was first used to increase the refractive index of the in-
ner part (core) of the fibers with respect to that of their external
part (cladding) to ensure the light guiding [1]. The researcher’s
attention on this class of fiber increased when the Ge doped fibers
revealed to be sensitive to UV exposures, allowing the writing of
fiber Bragg gratings [1,3] and when the possibility to induce non
linear effects was shown [1,4].

The fiber radiation responses, and particularly the one of Ge-
doped waveguides, have been widely investigated [5–11].
Researcher’s objective was to improve the comprehension of radi-
ation-induced processes for a better control on the fiber features
needed by various applications.

Two main mechanisms are proposed to explain the photosensi-
tivity of the Ge-doped materials: the so called ‘‘color center’’ and
that named ‘‘compaction effects’’. In the first one, the photosensi-
tivity is attributed to the generation or the conversion of point de-
fects. These defects can explain, through their optical activities and
the Kramers–Kroning relation, the measured refractive index
changes in [6]. In the second model, the refractive index changes
are attributed to a reorganization of the glass matrix as reported
for example in [11].
All rights reserved.

(A. Alessi).
The material density changes have been observed in UV irradi-
ated Ge-doped fibers [12,13]. Similarly, modification of the matrix
properties have been pointed out on germanosilicate samples irra-
diated by 50 keV electron beam [14,15]. This information is not
easily extrapolated to X and c irradiations, since the conversion
to X or c doses is not well known.

In parallel to the studies of radiation effects, the influence of the
production parameters (deposition–fabrication temperature of the
preform [16], tension, speed and temperature drawing of the fiber
[17–19]) on Ge-doped glasses has been widely investigated too.

In the present investigation, we report data regarding the
Raman activity, before and after X and c irradiations, of various
Ge-doped optical fibers differing by their doping profiles and draw-
ing parameters. We focused our study on high doses since optical
fibers are more and more considered for use in high dose radiation
environments, mainly as part of strain or temperature sensors [20].
Many of these sensors and components are based on Raman or
Brillouin scattering, so their performances will strongly depend
on the glass matrix radiation response.
2. Experimental

We have studied optical fibers produced by iXFiber SAS. The
samples have been obtained starting from two preforms realized
using the modified chemical vapor deposition technique. The fiber
named FGe is doped with different amounts of Ge according to a 4-
steps radial distribution (maximum content of�11 wt.% at the core
center, see Fig. 1). The fiber FGe has been produced using a drawing
speed of �40 m/min, a tension of �70 g, and a furnace-tempera-
ture of �1600 �C. At variance the fibers, named FGeDi (i = 1,2,3),
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Fig. 1. Ge doping profiles of FGe and of FGeDi (i = 1,2,3) ( ). The center of the fiber
core is at the 0 coordinate.
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Fig. 2. (a) Raman spectra of FGe fiber and (b) FGeD3 fiber before ( ) and after
( ) X-ray irradiation at 1 MGy.
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have been doped according to a 2-steps radial distribution of the
Ge content (maximum content 9 wt.%, see Fig. 1). All FGeDi fibers
have been produced starting from the same original preform. They
differ only by the drawing conditions.

FGeD1 fiber has been obtained with a drawing speed of 70 m/
min under a tension of 135 g. These parameters were 40 m/min
and 70 g for FGeD2, 22 m/min and 33 g for FGeD3.

We have recorded Raman spectra at room temperature using an
Aramis (Jobin–Yvon) spectrometer, that is supplied by a CCD cam-
era, an Argon laser (k = 488 and power �3 mW), step motors and
by a 50� objective. All the spectra have been acquired using the
same experimental conditions ensuring a spatial resolution of
�5 lm.

The samples have been X (10 keV) irradiated at room tempera-
ture using the ARACOR facility at the French atomic energy center
(CEA); whereas the c-ray irradiations were performed at room
temperature using the Brigitte facility at SCK-CEN (Belgium).
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Fig. 3. Relative amplitude of D2 band (panel a) and 800 cm�1 band (panel b)
recorded as a function of the distance from the FGeD3 core center before (s) and
after (d) X-irradiation at 1 MGy.
3. Results

It is important to underline that the Raman spectra of the
FGeD1, FGeD2 and FGeD3 samples recorded before irradiation
are very similar as previously reported in [21].

In Fig. 2, we report the Raman spectra (range 350–950 cm�1) re-
corded in the core center of the FGe and FGeD3 fibers before and
after X-ray irradiation at 1 MGy. The presence of different bands
appears clearly in all the spectra. The most intense band, peaking
at around 440 cm�1 (called R band), is associated to the symmetric
stretching of bridging oxygen atoms (Si–O–Si) [22,23]. Another
one, called D2, peaked at �600 cm�1, is related to the three-mem-
bers rings [22,23]. At variance, the band located at 800 cm�1 is due
to the network [22], TO and LO modes of the silica [24,25]. We also
note that the so-called D1 band associated to the four-member
rings [22,23,25] can not be clearly distinguished in the different
spectra. FGe sample measurements reveal, at 700 cm�1, the pres-
ence of a band with low amplitude. Such a band has been associ-
ated to Ge–O–Si vibration modes in [25].

For both types of fibers, the comparison between the spectra re-
corded before and after the irradiation does not reveal significant
differences. Same results are observed for all the fibers transverse
cross sections. As an example, in Fig. 3a, we report the relative
amplitude (with respect to the R band) of the D2 band as a function
of the radial distance before and after irradiation in the sample
FGeD3. These curves have been obtained by subtracting a tangent
to the minima of the band. We also note that the D2 band ampli-
tude varies along the fiber diameter as expected from the fact that
the presence of Ge atoms modifies the concentration of the three-
member rings [25,26]. Similarly, the fact that the D1 band can not
be distinguished in the core spectra agrees with previous results
[25,26].

The invariance of the Raman spectra after irradiation at the dose
of about 1 MGy is supported by Fig. 3b that shows the radial
dependence of the relative amplitude of the 800 cm�1 band for
FGeD3 fiber before and after the irradiation. As for the D2 band,
the 800 cm�1 band behavior before and after irradiation does not
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Fig. 5. Raman spectra of the FGe sample before irradiation ( ), at 1.1 MGy (c-
irradiation) ( ) and at 7.8 MGy (c-irradiation) ( ). The inset reports the D2
relative amplitude as a function of the distance from the fiber center.
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provide evidence for significant changes of the glass matrix prop-
erties. Furthermore, we note that its amplitude depends on the
location along the fiber diameter. As for the D2 band this result
is related to the Ge content changes and it is in agreement with
previous data [25].

We observe very similar results for FGeD1 and FGeD2 fibers. In
Fig. 4, we report the Raman spectra of the central part of the three
fiber’s cores after the 1 MGy X-ray irradiation.

Fig. 5 illustrates the Raman spectra of the FGe central part core
before and after c irradiation at 1.1 and 7.8 MGy.

The three spectra are very similar. This similarity is also ob-
served for the other parts of the fiber differently Ge-doped or made
of pure silica.

To highlight this result, we report, in the inset of Fig. 5, the ra-
dial distribution of the relative amplitude of the D2 band. We ob-
serve that its amplitude decreases when increasing Ge content as
observed in FGeDi samples.

To investigate the effects of c-rays on the FGeDi fibers, we have
irradiated the FGeD2 fiber up to the dose of 7.8 MGy. As for FGe fi-
ber, no significant changes in the Raman spectra are observed after
irradiation. The radiation hardness of the glass matrix, respect to
Raman scattering, is observed along all the fiber diameter regard-
less of the chemical composition of the different layers.
4. Discussion

The Raman results obtained on the FGeDi fibers show that with-
in the range of drawing speed and tension no significant differ-
ences are observed before (previously reported in [21]) and after
irradiation up to doses of 1 MGy. This latter finding indicates that
varying these drawing parameters cannot lead to a significant
modification of the matrix Raman response to radiations. This con-
sideration can be extrapolated to all the germanosilicate specialty
fibers as the studied range covers the domain of tension and speed
usually employed for the production of fibers like radiation-toler-
ant optical fibers. However, this work cannot be directly extrapo-
lated to the case of Telecom-type Ge-doped fibers as these fibers
can be produced using larger variation of these parameters.

For higher irradiation doses (up to �8 MGy), we have measured
no change in the Raman spectra acquired for FGe and FGeD2 fibers.
The data of the FGe c irradiated samples confirm that the slight dif-
ferences observed in the 550–600 cm�1 range (Fig. 2a) are negligi-
ble. The FGeD2 fiber was produced using intermediate values of
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Fig. 4. Raman spectra recorded in the core centers of FGeD1 ( ), FGeD2 ( ) and
FGeD3 ( ) 1 MGy X-ray irradiated samples. The inset reports the D2 bands for the
three FGeDi fibers.
drawing speed and tension (with respect to the FGeDi fibers). So,
results obtained for the FGeD2 fiber can be extended to FGeD1
and FGeD3 fibers. In the three samples, c irradiation up to 7.8
MGy dose does not lead to Raman detectable changes in the glass
structure. Our results on the FGe and FGeDi fibers show that the
change of the doping profiles does not affect the matrix response
to the radiation within the explored range of drawing conditions
and doping profile features: doping content (0–11 wt.%), number
and dimension of steps, further precise investigations could be de-
voted to the edge zones between different doping level steps
(�20 lm for example) also performing stress measurements be-
fore and after irradiation. Our finding differs from results obtained
on UV-irradiated-surface of Ge doped silica samples [27]. These
different radiation induced effects have to be considered compar-
ing the bulk and surface properties or comparing our data with
that of Ref. [12].
5. Conclusions

We measured the Raman spectra of different types of pristine, X
and c irradiated Ge doped optical fibers. We found no differences
between the Raman spectra recorded before and after irradiation
up to doses of 7.8 MGy. These results are observed in all the fibers
zones, regardless of the Ge doping levels (up to 11%). This suggests
that in the explored ranges of doses and doping levels the Ge con-
tent change does not modify the radiation sensitivity of the glass
matrix. Moreover, the comparison between fibers obtained from
the same original preform shows that within the investigated
range of drawing speed and tension, these parameters did not im-
pact the radiation response of the Ge doped silica matrix.

These results support the potentiality of fiber-based sensors
using glass properties, e.g. Raman scattering, for applications in
harsh environments as those encountered in nuclear power plants.
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