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Erbium-doped optical fibre with enhanced radiation resistance

for superluminescent fibre sources

A.A. Ponosova, 1.S. Azanova, N.K. Mironov, M.V. Yashkov,
K.E. Riumkin, O.L. Kel’, Yu.O. Sharonova, M.A. Melkumov

Abstract. This paper presents a study of the properties of erbium-
doped optical fibres with enhanced gamma-ray resistance at a high
dose rate. The fibres have a silica core containing different dopants.
The gamma-ray resistance of the fibres is due to additional doping
of their core with cerium and germanium ions, as well as to alumi-
nium concentration optimisation. We assess the effect of fibre com-
position on the radiation-induced loss at a wavelength of 1310 nm
and the output power and weighted average wavelength of superlu-
minescent fibre sources based on erbium-doped fibre under pulsed
gamma irradiation (dose per pulse, ~ 20 Gy). The fibre doped with
aluminium, germanium and cerium oxides is shown to be optimal
for use in gamma-ray-resistant broadband superluminescent fibre
sources.

Keywords: superluminescent fibre source, optical fibre, erbium, cer-
ium, ionising radiation, gamma rays, radiation resistance, radia-
tion-induced loss.

1. Introduction

Superluminescent fibre sources (SFS’s) based on erbium-do-
ped optical fibre are preferred light sources for interferomet-
ric fibre-optic sensors, especially for navigational-accuracy
fibre-optic gyros (FOGs) [1]. In a number of important appli-
cations, SFS’s can be exposed to gamma rays [2, 3]. Interaction
of gamma photons with optical materials leads to the forma-
tion of radiation-induced colour centres, which absorb light
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in both the visible and IR spectral regions [4, 5]. This can cau-
se a considerable decrease (by more than a hundred times) in
the output power of the SFS [6].

In most cases, SFS’s should be resistant to prolonged con-
tinuous exposure (for years or tens of years) to ionising radia-
tion at a relatively low dose rate, so that in the case of, e. g.,
typical space missions the total dose is at a level of a few kilo-
grays. Issues pertaining to the performance stability of SFS’s
under continuous gamma irradiation have been the subject of
extensive studies (see Refs [6—13] and references therein). At
the same time, some conventional [14] and a number of spe-
cial applications [15—17] require that fibre withstand expo-
sure to pulsed radiation at a comparatively high dose rate.
Short-term exposure to ionising radiation with an appreciable
gamma-ray dose occurs e.g. during lightning discharges (fre-
quent phenomena, accompanied by low-intensity ionising
radiation surges) [18], solar flares (with a frequency from sev-
eral times per year in the case of low flare intensities to once
in several tens of years at intermediate flare intensities), super-
nova explosions in our Galaxy (one or two events per year,
with an intermediate ionising radiation intensity) and explo-
sions of higher power systems (neutron stars, black holes and
others, with a comparatively high intensity). The exposure to
ionising radiation during such events lasts milliseconds to
several hours. The accumulated radiation dose can range
from a fraction of a milligray to hundreds and even thousands
of grays (in the case of very seldom events), depending on the
proximity and scale of the event. In this work, we restricted
ourselves to relatively frequent events that do not lead to any
catastrophic consequences on the Earth, in which the total
dose does not exceed a few or tens of grays. For this reason,
we chose a dose at a level of 20 Gy for pulsed exposure. The
exposure time was determined not so much by the character-
istic times of the possible events under consideration as by the
time performance of available equipment for such studies
(tens of nanoseconds).

The objectives of this work were to optimise the core com-
position of erbium-doped fibre so as to ensure high (or enh-
anced) radiation resistance in combination with a broad lumi-
nescence band, and to understand general trends of variations
in the output power and emission spectra of SFS’s exposed to
ionising radiation.

2. Measurement technique and experimental
data obtained without irradiation
2.1. Fabrication and properties of erbium-doped fibres

Erbium-doped fibres with different compositions were desi-
gned and fabricated at the Fiber Optics Research Center,
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Russian Academy of Sciences (RAS), in cooperation with
researchers from the G.G. Devyatykh Institute of Chemistry
of High-Purity Substances, RAS. Fibre preforms were pro-
duced by the MCVD process. The fibres differed in core com-
position (Table 1).

Table 1. Core glass compositions.

Absorption peak Dopants

Sample  Core composition  of Er** atl =

1530 nm(dB m™) To P Al Go
A P,O5(Er/Ce) 3.7 + o+
B Al,O3(Er/Ce) 6%2 + ++
Cl AlLO;—GeO,(Er/Ce) 20+5 + o+
C2 Al,03—GeO,(Er/Ce) 255 + + ++
C3 Al,O3—-GeO,(Er/Ce) 25+5 + + o+

The core of all samples contained cerium ions, because
this variable valency element helps to reduce the concentra-
tion of radiation-induced colour centres. Ce (IIT) and Ce (IV)
are known to be highly effective in eliminating hole and elec-
tron colour centres [4]. Note that, unlike in the case of other
known variable valency ions (for example, iron and nickel),
doping with cerium does not increase the optical loss in the IR
spectral region. Moreover, the two valency states of cerium can
readily be changed by ionising radiation. The cerium concen-
tration in the solution used to impregnate the porous layer of
the fibre preforms was roughly the same for all the samples.

The guiding structure of fibre A was formed via doping of
the fibre core with phosphorus oxide. The core of sample B
was doped with aluminium oxide, and samples C contained
aluminium and germanium oxides. The aluminium oxide con-
centration in the core of sample C1 was approximately a fac-
tor of 1.5 higher than that in samples C2 and C3. The germa-
nium oxide concentration in sample C3 was about half that in
samples C1 and C2.

Some of the components of the core glass (Si, P, Al and
Ge) were deposited from the gas phase onto the inner surface
of a silica substrate tube to produce a porous glass layer.
Next, the porous layer was impregnated with a solution con-
taining Er®* and Ce’* ions. After solvent removal, it was sin-
tered into a transparent layer. In the final fibre fabrication
step, the tubular preform was collapsed into a rod. The pre-
forms were drawn into optical fibre with a second mode cut-

off wavelength near 0.95 um. The optical loss around 1150 nm
was within 25 dB km™!.

2.2. Configuration and parameters of superluminescent fibre
sources

To study spectral and power characteristics of the erbium-
doped fibres exposed to gamma rays, we used a single-pass
SFS configuration with a counterpropagating pump beam
(Fig. 1). This configuration is suboptimal from the viewpoint
of the stability of the weighted average wavelength, spectral
width and efficiency, but it allows one to compare the behav-
iour of different fibres under irradiation, while minimising the
influence of other factors (active fibre length, fusion splice
loss, reflectivity at the far fibre end and others).

LD
980 nm EDF
WDM
980/1550 nm
Isolator

| === [l

Figure 1. Superluminescent fibre source configuration:
(LD) pump laser diode; (WDM) wavelength-division multiplexer;
(EDF) erbium-doped fibre.

The erbium-doped fibres were pumped by a semiconduc-
tor laser emitting at 980 nm. Pumping at 980 nm makes it
possible to reach a higher inversion level in comparison with
pumping in the range 1.42—1.48 um and contributes to active
photobleaching of colour centres [19]. The pump laser beam
was launched into the active fibre through a 980/1550 nm
wavelength-division multiplexer (WDM). To suppress para-
sitic lasing, a fibre-optic isolator was placed at the output of
the device. The active fibre length in the SFS was such that, at a
pump power of 150 mW, pump absorption was at least 30 dB.

The emission spectra of the SFS’s and their output power
as a function of pump power were measured before exposure
to ionising radiation. The spectra were obtained in the range
1500-1620 nm with a resolution of 0.1 nm using an optical
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Figure 2. Characteristic output parameters of SFS’s with radiation-resistant erbium-doped fibres differing in core composition (samples A, B, C1,
C2 and C3): (a) output power as a function of pump power, (b) emission spectra, (c) spectral width A4 as a function of pump power (7= 25°C).
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spectrum analyser. Figure 2 shows typical spectral and power
characteristics of the SFS’s based on the erbium-doped fibres
under study. The highest slope efficiency, n = 32.5%, and the
largest full width at half maximum (FWHM) of the SFS out-
put spectrum, AA = 6.9 nm, were obtained in the case of the
aluminium oxide-doped fibres: Al,O5;(Er/Ce). The phospho-
rus oxide-doped fibre, P,Os(Er/Ce), had the narrowest emis-
sion spectrum: AA = 2.3 nm. The spectra of the samples doped
with aluminium, cerium and germanium oxides differed little
in shape, and the spectral width of the main peak at 1530 nm
was about 6.4 nm. Note that the high aluminium concentra-
tion in sample C1 compared to samples C2 and C3 led to an
increase in the slope efficiency of the SFS by almost a factor
of 1.5.

For application in FOGs, preference should be given to
SFS’s with the largest width and a Gaussian shape of their
emission spectrum and the highest output power [20]. Accor-
ding to Wysocki et al. [21], the width of the spectrum of a sou-
rce for navigational-accuracy FOGs should be at least 5 nm in
order to reduce the angular velocity measurement uncertainty
due to Rayleigh scattering, cross coupling between different
polarisations and the Kerr effect in the sensing fibre loop of
FOGs.

Thus, among the single-pass SFS’s with a counterpropa-
gating pump beam, the sources with Al,O3(Er/Ce)-based
fibre are the best suited for use in navigation systems, because
P,O5(Er/Ce) fibre does not ensure the required spectral width
at 1530 nm.

3. Measurement technique and experimental
data obtained during exposure to ionising
radiation

Resistance to pulsed ionising radiation was studied in the
LIU-30 linear induction electron accelerator, which has a con-
tinuous bremsstrahlung spectrum [22] and allows one to obtain
gamma photons ranging in average energy from 0.8 to 6 MeV
[23]. The gamma dose per pulse was about 20 Gy, and the
dose rate in our studies was (3.2-12.5) X 108 Gy s™..

Only active optical fibre loops were placed in the brems-
strahlung field of the accelerator because such fibre is the
most gamma-sensitive component of SFS’s [6]. The other opt-
ical and electronic components of the experimental schemes
were protected from ionising radiation.

We measured the radiation-induced loss (RIL) in the
active fibres and monitored variations in the emission spectra
and output power of the SFS’s during exposure to pulsed gam-
ma rays at temperatures of —60 and +25°C. The experimental
setup is schematised in Fig. 3. The RIL at a wavelength of
1310 nm was measured using erbium-doped fibre segments a
factor of 2 shorter than those in SFS’s.

The emission spectra of the SFS’s were measured continu-
ously in the spectral range 1500—1600 nm during exposure to
ionising radiation using an Ocean Optics NIRQuest spectro-
photometer. The spectral resolution was ~ 3 nm, and the time
interval between sequential measurements of the spectra was
~ 15 ms. The weighted average wavelength was determined
from the spectra as

z;1=11i'1i
>h

where 7 is the number of intervals into which the wavelength
range of interest was divided and 7; is the power density in
the interval with a centre wavelength A,.

To assess the change in SFS power and determine the level
of RILs at a wavelength of 1.3 um as a result of exposure to
ionising radiation, the output optical power was detected
using a photodetector and oscilloscope for about 20 ms before
pulsed irradiation and 90 ms after.

The RIL (dB m™) at a wavelength of 1310 nm was deter-
mined as

Am= (D

_10logP
a=—7

2

where L (m) is the fibre length and P is the normalised trans-
mitted power (the ratio of the power at the active fibre input
before irradiation to that after irradiation).
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Figure 3. Experimental setups used to study the ionising radiation resistance of the active optical fibres.
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4. Results and discussion

Figure 4 illustrates the dynamics of the variation in the power
of the SFS’s with the active fibres A, B, C1 and C2 in response
to a gamma-ray pulse at 25°C. The pulse caused a sharp drop
in SFS power, which then rapidly returned to its original
level. The output power of sample A, whose core was doped
with phosphorus and cerium oxides, returned to its original
level in a time less than 1 ms after the end of the pulse. In
samples C1 and C2, doped with aluminium, germanium and
cerium oxides, the residual SFS power loss after 50 ms was
1% to 2.5%. In sample B, the power loss after 50 ms was
above 10%.
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Figure 4. Restoration dynamics of the SFS signal power after exposure
of samples A, B, C1 and C2 to a gamma-ray pulse at 25°C.

The low gamma radiation resistance of fibre B is caused
by the absence of germanium oxide. In SiO,—Al,03 and
Si0,—P,0s silica glasses, the RIL is typically due to colour
centres related to the formation of nonbridging oxygens at
aluminium and phosphorus ions (aluminium-oxygen hole
centres and phosphorus—oxygen hole centres). The presence
of germanium oxide in glass composition effectively impedes
hole centre formation during exposure to ionising radiation
[24,25].

The advantageous effect of germanium oxide on the radi-
ation resistance of the erbium-doped fibres can be demon-
strated by comparing their RILs. Figure 5 illustrates the dyn-
amics of the variation in the RIL at a wavelength of 1310 nm
in samples A, C1 and C3. The cores of samples Cl and C3
were doped with identical amounts of cerium, but the germa-
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Figure 5. Dynamics of the variation in the radiation-induced loss at a
wavelength of 1310 nm after exposure of samples A, Cl and C3 to a
gamma-ray pulse at 25°C.

nium oxide concentration in sample C3, which contained less
aluminium, was about a factor of 2 lower. The RIL measured
after 90 ms in fibre C3, which had a lower GeO, concentra-
tion, was about three times that in samples C1 and C2.

The highest gamma-ray resistance was offered by sample
A. However, as mentioned above, the spectral width of SFS’s
for application in FOGs should be at least 5 nm. For this rea-
son, optimal fibre samples for SFS’s are those containing
appreciable amounts of aluminium, which is necessary for
reaching the required spectral width at 1530 nm. Moreover, it
is seen from the present results that, to reach an enhanced
ionising radiation resistance of erbium-doped fibre, the alu-
minosilicate glass in its core should be additionally doped
with considerable concentrations of germanium and cerium
oxides.

The effect of ambient temperature on the radiation resis-
tance of erbium-doped fibre was studied at 25 and —60°C
using sample C1 as an example. Figure 6 shows time depen-
dences of the output power, weighted average wavelength
change (84,,) and RIL. It is seen that lowering the tempera-
ture has a significant, but not critical, effect on the variation
in the parameters of the active fibre under gamma irradiation.
The measured RIL at —60°C slightly exceeds that at 25°C. In
particular, 100 ms after the end of an ionising radiation pulse
the RIL was about 0.006 dB m~" at —60°C and 0.003 dB m™!
at 25°C. The output power of the SFS returned in 100 ms to
99% and 97.5% of its original level, respectively. We believe
that the lack of a clear correlation between the level of RILs
and the drop in SFS power in the test sample is due to two
factors:
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Figure 6. Evolution of the (a) output power, (b) weighted average SFS wavelength and (c¢) RIL in sample C1 at temperatures of 25 and —60°C.
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additional bleaching of the samples under the effect of
high pump power and

the difference in the level of RILs at the pump wavelength
(980 nm) and test wavelength (1310 nm).

It seems likely that, in the case under consideration, a
major contribution to the drop in SFS power is made by the
RIL at 980 nm.

At the instant of exposure to ionising radiation, we det-
ected a reduction in weighted average wavelength A,,. The
relative deviation from the value before irradiation was within
1.5% 107 at 25°C and within 2.5 X 10~ at —60°C. Just 1 s
after the irradiation, 84, was within 0.6 X 10~ at 25°C and
within 0.8 X 10~ at —60°C.

5. Conclusions

The P,Os(Er/Ce) fibre has been shown to have the highest
resistance to pulsed gamma rays among the samples studied.
However, the width of the emission spectrum of SFS’s based
on such fibre is ~ 2.3 nm, which does not meet requirements
for the emission spectrum of SFS’s for FOGs [21]. The high-
est slope efficiency, #n = 32.5%, and the largest full width at
half maximum (FWHM) of the SFS output spectrum, A4 =
6.9 nm, have been obtained in the case of the aluminium oxi-
de-doped fibres: Al,O;(Er/Ce). Unfortunately, such samples
have shown the lowest resistance to pulsed gamma rays.

The optimal fibre for use in gamma-ray-resistant SFS’s is
the fibre doped with aluminium, germanium and cerium oxi-
des. Optimising the elemental composition of the silica fibre
core has made it possible to obtain samples with high radia-
tion resistance and a broad emission spectrum of erbium ions.
Exposure of erbium-doped Al,O;—GeO,(Er/Ce) fibre (sample
C1) to gamma ray pulses has been shown to sharply reduce the
optical power of the SFS: by 10% to 12% at 25°C and by 5%
at —60°C. The RIL 0.1 s after the irradiation was 0.006 dB m™!
at —60°C and 0.003 dB m! at 25°C. The largest change in
weighted average wavelength was at most 2.5 X 10~%,
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