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Abstract.  We have investigated the effect of ionising radiation on 
the absorption properties of bismuth-doped germanosilicate fibres 
in the near-IR spectral region. Dynamic dependences of the changes 
in intensity and structure of the radiation-induced absorption spec-
tra and the kinetics of its relaxation at various temperatures are 
obtained. A new absorption band is found in the wavelength region 
of 1.2 mm, which appears in irradiated high-germanium optical 
fibres doped with bismuth.

Keywords: bismuth, absorption, gamma irradiation, optical fibre, 
radiation-induced centres.

1. Introduction

It is known that the appearance of radiation-induced defects 
leads to an increase in optical loss in optical fibres, which 
reduces their throughput capability and narrows the range of 
potential applications (space industry, nuclear industry, etc.). 
A large number of papers have been published on this prob-
lem, in which the physical nature of such defects and the 
mechanisms of their formation have been comprehensively 
studied (see, for example, work [1] and references therein). As 
a result, it was shown that various defect centres caused by 
both the glass matrix itself and modifying additives (for 
example, Ge, P, Al) may be formed in the glass [2]. Optical 
properties and characteristic features of most such centres 
were studied in sufficient detail, which subsequently helped 
solve a number of practical problems, one of which was the 
increase in the radiation resistance of passive optical fibres 
[3 – 5].

The use of active optical fibres (with laser-active ions) in 
conditions of elevated radiation background is hampered by 
their higher sensitivity to ionising radiation compared to pas-

sive optical fibres [6, 7]. The reasons for this are different, in 
particular, the instability of active centers (as a result of pho-
tochemical reactions) under the influence of radiation or the 
appearance of new (caused by active ions or their clusters) 
radiation colour centers. Therefore, increasing the resistance 
of active optical fibres to ionising radiation is an important 
task of not only applied but also fundamental nature. It 
should be noted that the sensitivity of optical fibres depends 
on the active ion type; in particular, erbium fibres are more 
sensitive to radiation than ytterbium ones [8, 9]. It is known 
that the addition of Ce ions is used to increase the radiation 
resistance of optical fibres, including those doped with rare-
earth ions (Er, Yb, Nd, etc.) [10, 11].

With the advent of new types of laser fibres, a need arises 
to study their sensitivity to ionising radiation. That is the 
reason why the present work is dedicated to the study of the 
effect of ionising radiation on optical characteristics in 
regard to new laser materials – bismuth optical fibres whose 
properties have not been sufficiently investigated. Interest in 
such optical fibres is stipulated by their ability to amplify 
optical radiation in the near-IR region, which makes it pos-
sible to use these optical fibres as active media in lasers, 
amplifiers and superluminescent sources. It is known that 
the introduction of bismuth into glass leads to the formation 
of various centres, which may have various effects on the 
radiation resistance of such optical fibres. Recently, the 
effect of the bismuth additive on the radiation resistance of 
erbium fibres has been investigated [12]. Our previous results 
have shown [13] that the sensitivity to the radiation of bis-
muth fibres depends to a large extent on the bismuth content 
in the glass matrix, even in spite of extremely small amount 
of bismuth (less than 10–3 mol %). In addition, it was estab-
lished that at doses less than 10 kGy, there is no noticeable 
destruction of the bismuth active centres providing optical 
amplification.

The aim of this work is to study in detail the dynamics of 
radiation-induced absorption (RIA) and its relaxation in the 
spectral range of 900 – 1700 nm in germanosilicate optical 
fibres doped with bismuth at the temperatures from – 60 to 
+60 °C.

2. Experiment

The experimental samples were segments of the single-mode 
germanosilicate (with different contents of germanium oxide 
in the core) bismuth-doped fibres. The designation and basic 
initial data on the investigated fibres are presented in Table 1. 
The fibres were drawn from preforms prepared by the method 
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of modified chemical vapour deposition (MCVD). The outer 
diameter of the fibres was 125 mm, and the core diameter was 
2 – 5 mm (at a cut-off wavelength ~1.2 mm). It is important to 
note that the bismuth-doped optical fibres being studied in 
this paper can be used to generate laser radiation in the spec-
tral regions of 1350 – 1500 nm (No. 119) and 1650 – 1750 nm 
(No. 227).

As the main research method, the method of post-radia-
tion chronospectroscopy was chosen, which consists in mea-
suring the time dependences of the radiation induction and 
the relaxation of the optical losses of the samples. The fibres 
were irradiated with a gamma-source 60Co (SRC ‘Kurchatov 
Institute’). Samples were placed at a certain (calibrated) dis-
tance from the source with the dose rate of about 1 Gy s–1. 
To achieve a total dose of 1 kGy, the irradiation duration 
constituted ~1000 s. The post-radiation measurements were 
carried out for 2500 s. For fibre No. 227, additional RIA 
measurements were carried out at long time intervals after 
irradiation.

In all experiments, the intensity of the light signal I ( l, t) 
passing through a segment of the test fibre of certain length 
was measured in the spectral range of 900 – 1700 nm at cer-
tain time intervals, starting from t = 0 (before irradiation), 
0 < t < 1000 s (during irradiation), and 1000 < t < 2500 s 
(after irradiation). The fibre segment length (4 – 10 m) was 
chosen based on the absorption level in the IR region. The 
light signal source was an HL-2000 halogen lamp. The 
transmission spectra were recorded using an optical spec-
trum analyser (Ocean Optics NIR Quest). In carrying out 
temperature experiments, a thermostat was additionally 
used, maintaining the temperature from – 60 to +60 °C with 
an accuracy of 5 °C. A detailed description of the measuring 
installation is given in [14].

The coefficient of radiation-induced absorption a( l, t) (in 
dB m–1) at the wavelength l after time t from the irradiation 
onset was calculated by the formula

( , )
( , )
( , )

logt L I
I t10

0
a l

l
l

=- c m,

where I( l, 0) and I( l, t) are, respectively, the intensities of 
radiation that has passed through the optical fibre of length L 
(in meters) at the wavelength l at t = 0 and after the time t 
from the irradiation onset. 

As a result, the RIA spectra were determined for each 
sample. The estimate of induction and relaxation rates of 
RIA was carried out by constructing kinetic curves for differ-
ent sections of these spectra. The comparison of such curves 
obtained for different optical fibres and temperatures made it 
possible to rank them by sensitivity to ionising radiation, 
depending on the selected conditions.

3. Results of experiments

Figure 1 shows the absorption spectra of the optical fibres 
under study. In the absorption spectrum of fibre No. 119 with 
a low content of germanium oxide, one can observe predomi-
nantly one brightly expressed band with a maximum at 
1400 nm. In addition, for this type of fibres, small (less than 
0.1 dB m–1) optical losses are typical, with all other conditions 
being equal. An increase in the concentration of germanium 
oxide leads, firstly, to the appearance of a long-wavelength 
absorption band with a maximum at 1650 nm, and, secondly, 
to a noticeable increase in optical losses (fibre No. 227). As 
found in [15, 16], both absorption bands belong to bismuth 
active centres. From a comparison of the losses obtained for 
the bismuth fibre No. 227 and fibre No. 220 without bismuth 
(Fig. 1), it follows that bismuth makes a significant contribu-
tion to the magnitude of optical losses, since the glass matrix 
has sufficiently small intrinsic optical losses, which, at a wave-
length of 1200 nm, are approximately fivefold less than in a 
bismuth-doped fibre. A significant increase in germanium 
oxide (from 10 to 50 mol %) also adversely affects the fibre’s 
optical losses, which is, apparently, due to the structural 
changes (defectiveness) of the glass network [17].

Figure 2 shows the RIA spectra of the investigated optical 
fibres. The spectra were measured during irradiation at the 
time moment corresponding to a total radiation dose of 
1  kGy. Note one characteristic feature for all the presented 
fibres, which consists in a significant increase in the optical 
losses that occur upon irradiation. The spectrum shape of the 
irradiated fibre No. 220 is typical for such fibres [18]. The 
observed increase in optical losses is probably due to the pres-
ence of intense UV bands caused by radiation-induced 
defects, the long-wavelength edges of which extend to the 
near-IR region. From a comparison of the RIA spectra of 
fibres Nos 220 and 119, it can be concluded that the introduc-
tion of even a small amount of bismuth leads to a significant 
(four – fivefold) RIA increase. In a fibre with a high content of 
germanium oxide, in addition to the growth of optical losses, 
a new absorption band with a maximum of about 1200 nm 
appeared. Figure 2 (inset) shows this band obtained from the 
RIA spectrum of fibre No. 227 after the deduction of the 

Table  1.  Designation and composition of the optical fibres under 
investigation.

Optical 
fibre No. Glass composition/mol % Bi content*(wt. %)

220 50GeO2 – 50SiO2 absent

119 10GeO2 – 90SiO2 0.01

227 50GeO2 – 50SiO2 0.018
* Bismuth concentration was measured using inductively coupled plasma 
mass-spectrometry (ICP-MS).
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Figure 1.  Absorption spectra of optical fibres under investigation. For 
the spectra indicated by the dashed curve, the absorption values are 
threefold increased for the convenience of comparison.
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approximately threefold increased optical losses of the irradi-
ated fibre No. 220. It should be noted that the appearance of 
this band is undoubtedly associated with the bismuth-radia-
tion-induced centres, since it is absent in the absorption spec-
trum of a fibre without bismuth. On the other hand, in a bis-
muth fibre with a low germanium oxide content, this band is 
also not observed. The centres responsible for the detected 
band do not luminesce during optical excitation in the near-
IR range.

When analysing the data obtained, it was found that the 
shape and spectral position of the detected absorption band 
(Fig. 2, inset) coincide with the analogous parameters for the 
photoinduced band [photoinduced absorption spectrum ( 1 ) 
in Fig. 2] arising from the laser radiation with a wavelength of 
532 nm [19]. In the same work, it was shown that this band is 
not connected with bismuth active centres.

Time dependences of the RIA change in the investigated 
optical fibres for the wavelengths of 1430 and 1600 nm (cor-
responding to absorption bands of bismuth active centres), 
and also of 1200 nm (a new absorption band) are shown in 
Fig. 3. For the measured dependences, typical is a sharp 
increase in absorption followed by a tendency toward satura-
tion with increasing irradiation time (dose). With a good 
degree of accuracy, these dependences are described by a 
power function of the following form [20]:

a = dD b,

where a is the radiation-induced absorption (in dB m–1); d 
(in dB m–1 Gy–1) and b are the approximation parameters 
which depend on the fibre type under investigation; and D is 
the irradiation dose (in Gy) proportional to the irradiation 
time. 

It is seen that the exponent b does not depend on the 
wavelength, in contrast to the parameter d which, as expected, 
decreases with the wavelength. However, the exponent b 
equal to 0.77 for sample No. 220 turned out significantly less 
than that for fibres Nos 119 and 227, which amounted to 
0.85. Most likely, this is due to the fact that, apart from the 
glass matrix, bismuth makes its own notable contribution to 
RIA. 

The post-radiation RIA measurements have shown that a 
slight decrease in RIA after irradiation is typical for all the 
fibres under study. Figure 4 shows the RIA relaxation kinet-
ics for fibre No. 227. In the long-wavelength region ( l > 1300 
nm), RIA is almost completely conserved, and in the short-
wavelength range (900 < l < 1300 nm) the RIA changes are 
most noticeable and may reach 15 %.

Additional long-time measurements of RIA relaxation in 
the region of 1200 nm have shown a further monotonic 
decrease in absorption in this wavelength region. The experi-
mentally obtained RIA relaxation kinetics of fibre No. 227 in 
the case of the extended time interval, which is presented in 
Fig. 5, is described by the formula [21, 22]:

a = (a0 – af)(1 + ct) –1/(n – 1) + af,

where c = (1/t)(2n – 1 – 1); a0 and af are the initial and final 
RIA values (in dB m–1), respectively; t is characteristic relax-
ation time; and n is a parameter that depends on the material 
and characterises the kinetics order.
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Figure 2.  Typical RIA spectra at a radiation dose of 1 kGy. For com-
parison, photoinduced absorption spectrum ( 1 ) in the optical fibre 
No.  227 is shown when exposed to laser radiation with a wavelength of 
532 nm. The inset shows a radiation-induced absorption band.
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Figure 3.  Typical temporal (dose) dependences of the radiation-in-
duced absorption for various wavelengths (fibre No. 227). The approx-
imation parameters d and b are indicated near the corresponding curve; 
analogous dependences for fibres Nos 220 and 119 are given for com-
parison.
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Figure 4.  RIA relaxation kinetics (fibre No. 227).
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Figure 5 shows the values of the main approximation 
parameters. The characteristic relaxation time at which the 
RIA is halved is about 2 hours. The exponent n characterising 
the kinetics order is close to three, which indicates the pro-
cesses being more complicated than recombination of defects, 
oxygen vacancies and other interstitial centres with n = 2 
(bimolecular processes). However, there are works (for exam-
ple, [21]), which show that in some cases bimolecular pro-
cesses may exist in glasses with the exponent n > 2.

A series of temperature measurements (from – 60 to 
+60 °C) of the RIA dynamics have allowed us to determine 
the rates of its growth at various temperatures. Figure 6 
shows the dependence of the RIA induction rate on the value 
of Т  –1 at a wavelength of 1200 nm. The RIA guidance rate 
increases with temperature, but no significant changes are 
observed in the spectrum shape. Using the Arrhenius law, 
we have estimated the activation energy of this process as 
~40 meV, which is comparable to the corresponding values 
for some glass network defects [23].

Nevertheless, our analysis of the temperature and time 
dependences of guidance and relaxation of the radiation-

induced absorption band in the 1200 nm region shows that 
this band is most likely not exclusively connected with the 
glass network defects, but is stipulated by the presence of bis-
muth and the structural features inherent in germanosilicate 
glasses with a high content of germanium oxide.

4. Conclusions

Thus, the results of experiments on the effect of ionising 
radiation on the optical properties of bismuth optical 
fibres having a fused silica core with a high content of ger-
manium oxide are presented. It is shown that while the 
concentration of bismuth is substantially lower than that 
of the remaining components of glass, its presence signifi-
cantly increases the fibre sensitivity to ionising radiation. 
A comparative analysis of the RIA spectra for the fibres of 
various compositions has been carried out. As a result, a 
new absorption band with a maximum of about 1200 nm 
has been revealed, which occurs in the bismuth-containing 
fibres with a high content of germanium oxide under the 
action of gamma radiation. From the temperature and 
temporal dependences of induction and relaxation of the 
radiation-induced absorption band, the activation energy 
(~40 meV) of the defect centres responsible for the 1200  nm 
band and the kinetics order (n ~ 3) characterising the 
nature of the processes occurring in the glass are deter-
mined. It follows from the results obtained that this band 
cannot be exclusively attributed to the glass network 
defects or to bismuth active centres, but has a more com-
plex nature.
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Figure 5.  RIA relaxation kinetics at a wavelength of 1200 nm (fibre 
No. 227).
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