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Jin Jing(4x ¥5)T, Lin Song(#k #4), and Song Ning-Fang(A##&¢77)

School of Instrument Science and Optic-electronics Engineering, Beijing University of Aeronautics and Astronautics,
Beijing 100191, China

(Received 15 September 2011; revised manuscript received 20 November 2011)

The effect of pre-irradiation on radiation sensitivity of fiber Bragg gratings (FBGs) is verified experimentally.

FBGs are fabricated in photosensitive optical fibers and single mode fibers with Ge-concentration in a range from

3 mol% to 23.37 mol% in the core. In experiments, the FBGs are subjected to twice vy-radiation exposures to a Co%°

source at a dose-rate of 0.1 Gy/s up to a total dose of 50 kGy. Pre-irradiation treatment can reduce the temperature
sensitivity variation of FBGs by 18.12%-35.91%, as well as Bragg wavelength shift (BWS) by 8%-27.08 %. Our research
demonstrates that pre-irradiation treatment is a feasible method to improve the radiation tolerance of FBGs.
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1. Introduction

Fiber Bragg gratings (FBGs) are increasingly
used in temperature monitoring of space systems and
nuclear power plants because of their characteristics
of low mass, high accuracy and immunity from elec-

[1:2] In order to be used in ra-

tromagnetic interference.
diation environments, FBGs must possess high stable
properties over the whole mission time. However, ra-
diation is a factor which can reduce this stability. Mo-
tivated by the improving radiation tolerance of FBGs,
people have studied the effect of radiation on FBGs
for more than a decade.[' 7]

The use of an FBG as a temperature sensor is
based on the dependence of Bragg wavelength shift
The BWS (Ap) is

well approximated by a linear expression

As(T) = Ap(To) + K(T — To), (1)

(BWS) on temperature change.

where K is the temperature sensitivity, T is the tem-
perature, and Tj is a reference temperature. Defects
generated by ionizing radiation affect the effective re-
fractive index, and thus result in the change of Bragg
wavelength. The application of FBGs to temperature
sensing in radiation environments depends on to what

extent A\g(Ty) and K are sensitive to radiation.[>~®l
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Early studies on the effect of radiation have
demonstrated that temperature sensitivity was not
affected by radiation within 3% accuracy, and the
amplitude and the width of Bragg resonance were
unchanged under v-radiation.!*) Lower values of the
BWS in red direction (20 pm—50 pm) were reported
in subsequent publications.[>*9 Radiation of a fiber
doped with GeOs creates the same type of para-
magnetic defects related to the photosensitivity ef-
fect as 248-nm UV-light does. Therefore, the red
direction of the BWS under radiation is consistent
with the shift during fabrication.®1% Fiber proper-
ties, post-fabrication treatment and inscription pa-
rameters are important factors that determine the ra-
diation sensitivity.[810=15] For example, the radiation
sensitivity of FBGs strongly depends on the chemi-
cal composition of the fiber and the photosensitization
technique used for writing FBGs.[5
BWS

v-irradiatio

shows a saturating behaviour during

n.>8 L1 In this case,

grating pre-
irradiation should be a possible way to increase
the radiation hardness. According to Ref. [5], pre-
irradiation treatment can reduce the BWS of photo-
sensitive Ge-doped fiber from approximately 20 pm

to 10 pm. However, in Refs. [3] and [8], the possibil-

*Project supported by the National Natural Science Foundation of China (Grant No. 61007040) and the Fundamental Research

Funds for Central Universities.
TCorresponding author. E-mail: jinjing@buaa.edu.cn

(© 2012 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb  http://cpb.iphy.ac.cn

064221-1



Chin. Phys. B Vol.

21, No. 6 (2012) 064221

ity to improve the radiation stability via grating pre-
exposure to - or UV-radiation was not confirmed.
The negative result is attributed to the use of pre-
irradiation in combination with hydrogen loading. In
this paper, we will investigate the improvement of
FBG radiation tolerance by pre-irradiation treatment.
To achieve this goal, two y-radiation experiments will
be implemented. The first radiation experiment will
be used as pre-irradiation treatment. And the results
will be compared with those of the second radiation.
BWS, temperature sensitivity, and reflection spectra
will be tested to verify the effect of pre-irradiation
treatment on the radiation sensitivity of FBGs.

2. Experimental setup

Five FBGs are fabricated for v-radiation experi-
ments. FBG1 is written in a single mode optical fiber
SMF 28C; FBG2 and FBG3 are written in photosen-
sitive optical fibers PSF-GeB-125; FBG4 and FBGH
are written in coupling single mode optical fibers CS
1060. Their parameters are shown in Table 1. Because
of low Ge-content of single mode optical fiber, it is al-
most impossible to write FBG into that fiber without
FBG1, FBG3, FBG4,
and FBGH are loaded with Hy before grating inscrip-
tion (about one week at 2 kMPa and 50 °C). FBG2
without hydrogen loading treatment is used for com-

hydrogen loading treatment.

parison with FBG3. An argon-ion laser (Blackstar-s,
pulse energy 10 mJ/cm?, 193 nm) is used for fabricat-
ing all the gratings. The acrylate coating is mechan-
ically stripped before grating inscription and all the
gratings are recoated after fabrication. After the re-
coating, these gratings are annealed for 12 h at 120 °C
to accelerate out-diffusion of Hy. The lengths of grat-
ings are 11 mm—12 mm, reflectivity is > 85% and full-
width at half-maximum (FWHM) is ~ 0.25 nm. The
Bragg wavelengths of gratings range from 1545 nm to
1555 nm.

The experiment system, which is set-up for char-
acterizing the FBGs during irradiation, is shown in
Fig. 1. The FBGs will be irradiated with a Co®°
source at a dose-rate of 0.1 Gy/s up to a total dose
of 50 kGy. The FBGs are mounted on a 5-mm thick

aluminum board. In order to compensate the effect
of temperature fluctuations during irradiation, three
Pt1000 temperature sensors each with a measurement
accuracy of 0.1 °C are placed on the same aluminum
board near the FBGs. Lead shields are used to protect
the temperature sensors from radiation. The FBGs
are kept unstrained during the irradiation to avoid
complications related to the temperature-strain cross
sensitivity. Bragg peaks are measured in reflection
with an FBG interrogation system sm125 from Micro
Optics Int.
1510 nm to 1590 nm, a wavelength resolution of 1 pm,

with working wavelengths ranging from

and a repeatability of 1 pm.

— 1
channel 1 g FBG1
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- = | FBG2
channel 2 i \
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3
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Fig. 1. Experimental set-up.

The experimental measurement procedure is
shown in Table 2. To find the effect of pre-irradiation
treatment on radiation sensitivity of FBGs, the grat-
ings are subjected to double-exposures in radiation
source at dose-rate of 0.1 Gy/s up to a
total dose of 50 kGy (single exposure). The variation

using a Co%?

of temperature during ~y-radiation exposure is smaller
than 1 °C. Between two radiation exposures, there are
80 days at ~ 25 °C for post-irradiation relaxation. To
obtain the change of temperature sensitivity, the grat-
ings are put in a temperature-controlled chamber to
carry a thermal cycling heating up to 50 °C and then
cooling down to 0 °C slowly. The thermal cycling is
carried out before and after pre-irradiation to find the
radiation effect on temperature sensitivity. The tem-
perature sensitivity is measured immediately after -
radiation exposure to compare with the result before
the radiation.

Table 1. Parameters of fiber Bragg gratings used in the experiment.

Label Fiber Core dopant/mol% Wavelength/nm Hs-loading Length/mm Reflectivity/% FWHM/nm
1 SMFE28C GeO2 (3) 1550 yes 12 90.603 0.25
2 PSF-GeB-125 GeO2 (23.37) 1555 no 11 85.106 0.23
3 PSF-GeB-125 GeO2 (23.37) 1555 yes 11 85.803 0.23
4 CS 1060 GeOs (12.1) 1545 yes 12 88.857 0.25
5 CS 1060 GeO2 (6) 1550 yes 12 88.305 0.25
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Table 2. Experimental measurement procedure.

Measurement condition

Number Measurement procedure
temperature sensitivity
1 temperature circulation between 0 °C to 50 °C
measurement
~y—irradiation at a dose-rate of 0.1 Gy/s up to a total dose of 50 kGy
2 pre-irradiation
at ~ 24 °C
temperature sensitivity
3 temperature circulation between 0 °C to 50 °C
measurement
4 post-irradiation relaxation during 80 days at 2543 °C
temperature sensitivity
5 temperature circulation between 0 °C to 50 °C
measurement
y—irradiation at a dose-rate of 0.1 Gy/s up to a total dose of 50 kGy
6 second irradiation
at ~ 26 °C
temperature sensitivity
7 temperature circulation from 0 °C to 50 °C

measurement

3. Results and discussion

3.1. Temperature sensitivity variation
during irradiation

The temperature sensitivity variations during
pre-irradiation and second irradiation are shown in
Table 3. The temperature sensitivity K is fitted to

Eq. (1) using the least squares method. The tempera-
ture sensitivity variation of FBG1 is smaller than 6%;
variations of FBG2 and FBG3 are below 3%. The tem-
perature sensitivity variations during the second irra-
diation are 18.12%-35.91% lower than those during
pre-irradiation, which means that pre-irradiation can
reduce temperature sensitivity variation during later

irradiation.

Table 3. Variation in temperature sensitivity.

Pre-irradiation

Second irradiation .
Decreasing of

temperature temperature temperature temperature
temperature
sensitivity K L sensitivity K sensitivity K L sensitivity K
FBG variation variation sensitivity
before radiation after radiation before radiation after radiation o
variation
(nm/°C) (nm/°C) (nm/°C) (nm/°C)
1 0.01312 0.01237 -5.72% 0.01227 0.01171 -4.56% 20.28%
2 0.00999 0.00977 -2.20% 0.00978 0.00961 -1.74% 20.91%
3 0.00977 0.01004 2.76% 0.00993 0.01015 2.26% 18.12%
4 0.01126 0.01164 3.37% 0.01159 0.01184 2.16% 35.91%
5 0.01155 0.01196 3.55% 0.01192 0.01224 2.68% 24.51%

3.2. Variation of reflection spectra dur-
ing irradiation

Figure 2 shows the Bragg reflection spectra of
FBG1 under irradiation. Figure 2(a) shows the spec-
trum variation under pre-irradiation and figure 2(b)
exhibits the spectrum variation under the second irra-
diation. The baseline denotes the reflection spectra at

the beginning of radiation. The dashed line represents
the reflection spectra at a radiation dose of 28 kGy.
The FWHMs of reflection spectra remain nearly un-
changed during the twice radiation exposures. Table
4 shows the variation of reflection power during irra-
diation. The reflection power changes of the gratings

are lower than 0.20 dB.

064221-3



Chin. Phys. B Vol. 21, No. 6 (2012) 064221

|
—
o

peak position at 28 kGy

| pre-irradiation started

| |
) N
o =}

Power/dBm
&
S

—35

—40 .
1549.6

1550.0
Wavelength/nm

—15
peak position at 28 kGy|

|second-irradiation starteg

|
o
S

Power/dBm
'
St

—30

1550.0
Wavelength /nm

Fig. 2. (colour online) Reflection spectra of FBG1, showing spectrum variations under pre-irradiation (a) and under

the second irradiation (b).

Table 4. Variations in reflection power.

Pre-irradiation

Second irradiation

reflection power reflection power

reflection power reflection power

FBG before radiation  after radiation  variation/dBm before radiation  after radiation variation/dBm
/dBm /dBm /dBm /dBm
1 -17.29 -17.35 -0.06 -18.07 -18.14 -0.07
2 -18.04 -18.11 -0.07 -17.09 -17.18 -0.09
3 -15.97 -16.15 -0.18 -16.30 -16.44 -0.14
4 -15.37 -15.48 -0.11 -15.06 -15.15 -0.09
5 -17.61 -17.70 -0.09 -16.03 -16.11 -0.08
3.3. Bragg wavelength shift during irra- 60 “FBGI

diation

The temperature varies from 23.9 °C to 24.5 °C
during the pre-irradiation, and it varies from 25.8 °C
to 26.5 °C during the second irradiation. We compen-
sate the temperature effects during the irradiation by
subtracting the computed temperature-induced BWS
from the raw Bragg wavelength drift to obtain the
compensated radiation-induced BWS.

Figure 3 shows the BWS of FBG1 during the ex-
periment. The arrows indicate the start and the end
of irradiation. During the pre-irradiation, there is a
decrease of Bragg wavelength at the beginning of irra-
diation. About 5 h later, the Bragg wavelength shifts
towards red direction and is saturated at a total dose
of 36 kGy. The BWS of FBG1 is 46 pm. After the pre-
irradiation, there exists a post-radiation recovery time
lasting 80 days at ~ 25 °C. During the second irradia-
tion, the Bragg wavelength increases up to 35 pm and
then decreases rapidly. About 60 h later, the Bragg

wavelength increases again but slowly.
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Fig. 3. Bragg wavelength shifts of FBG1 during the ex-
periment.

Figure 4 shows that the BWS of FBG3 is higher
than that of FBG2. FBG2 and FBG3 are both writ-
ten in photosensitive optical fiber PSF-GeB-125 but
FBG2 is without the hydrogen loading treatment. Un-
der these experimental conditions, a conclusion we can
draw is that hydrogen loading treatment can increase
the radiation sensitivity of FBG. In Fig. 5, the BWS
of FBG4 is higher than that of FBG5. FBG4 and
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FBG5 are both written in coupling single mode op-
tical fibers CS 1060 but the Ge-content of FBG4 is
higher. The experimental result shows that the FBG
with more Ge-content has a higher radiation sensitiv-
ity. The variations of BWS during irradiation are sum-

marized in Table 5. The FBG1 written in SMF28C
has the highest BWS of 46 pm. The FBG2 written in
PSF-GeB-125 has the lowest BWS of 18 pm. Accord-
ing to Tables 3 and 5, the effect of pre-irradiation on
radiation sensitivity of FBG3 is relatively small.
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Fig. 4. Bragg wavelength shifts of FBG2 (a) and FBG3 (b) during the experiment.
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Fig. 5. Bragg wavelength shifts of FBG4 (a) and FBG5 (b) during the experiment.

Table 5. Variations in Bragg wavelength shift, dose rate: 0.1 Gy/s, total dose: 50 kGy.

Bragg wavelength shift during

Bragg wavelength shift during

Variation in Bragg

FBG pre-irradiation/nm second irradiation/nm wavelength shift
1 0.046 0.035 —-27.08%
2 0.018 0.015 -16.67%
3 0.025 0.023 —8%
4 0.030 0.023 -23.33%
5 0.025 0.020 —20%

It is known that the photosensitivity of fiber is
Like the

photosensitivity of fiber, the radiation sensitivity of

correlated with the defect centre of fiber.

FBG is also correlative with the defect centre.[16] A

probable interaction involves two stages.'” First, a
photon with a suitable energy excites a regular Ge—
O bond = Ge-O-S8i = +hv — Gee--- o O-Si =.

At room temperature molecular hydrogen is known to
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react with non-bridging oxygen, leading to the pro-
ductions of an OH-group and an atomic hydrogen. A
non-bridging oxygen is a centre that is different from
the excited Ge-O bond. However, it is not unrea-
sonable to assume that interactions with a molecular
hydrogen in both cases are similar, i.e., = Gee - - - 60—
Si = +H-H — = Ge e+H-O-Si = +He. The atomic
hydrogen may react with = Gee to form a Ge-H bond
or may participate in the breaking of another regular
Ge-O bond. Radiolytic rupture of the OH-bond is a
probable reason for the high ~-radiation sensitivity of
gratings written in hydrogen loaded fibres, as observed
in our experiment.

The BWS during the first 80 h (28.8 kGy) of -
radiation can be explained as the conversion of pre-
cursors into colour defects when the fiber is exposed to
gamma rays. A total dose of 36-kGy ~-radiation is ad-
equate to convert pre-cursors into these defect centres,
meanwhile the BWS is saturated. In addition, the
concentration of these defect centres is constant along
the grating. Therefore, the radiation results only in
the BWS, but does not change the reflectivity.l®! Un-
der this assumption, the radiation tolerance can be
improved by reducing the concentration of such active
defect centres. This can be achieved by pre-irradiating
the fiber or the grating. The validity of pre-irradiation
treatment can be confirmed from two aspects: one
is that the pre-irradiation treatment should convert
pre-cursors into the majority of the defect centres
and make the BWS saturated; the other is that the
BWS should show low level recovery during the post-
irradiation relaxation lasting sufficient time.

All the five FBGs show similar behaviours during
the radiation experiments. During the pre-irradiation,
their Bragg wavelengths shift toward red direction,
and indicate that the BWS is saturated at a dose
of 28.8 kGy—39.6 kGy successively. After the pre-
irradiation, there are 80 days for relaxation. During
the second irradiation, the BWSs are lower than those
during pre-irradiation. The above research demon-
strates that the pre-irradiation treatment can reduce
the radiation sensitivity of FBGs significantly. More-
over, the Bragg wavelengths shift toward blue direc-
tion after a dose of 14.4 kGy—18 kGy, and the Bragg
wavelengths shift toward red direction after a dose of
21.6 kGy—28 kGy. The curves of BWSs during the sec-
ond irradiation show non-monotonic character. We do

not have enough evidence to explain this phenomenon

yet.

4. Conclusion

We investigated the effect of pre-irradiation treat-
ment on radiation sensitivity of FBG, and confirm
that the pre-irradiation treatment is feasible to im-
prove the radiation tolerance of FBG. Conclusions can
be drawn based on the experimental results and dis-
cussion. Temperature sensitivity variation is less than
6% during radiation. The reflection power of FBGs
decreases below 0.2 dBm, and the FWHM is nearly
unchanged during the radiation. Pre-irradiation treat-
ment can reduce the temperature sensitivity varia-
tion of FBGs effectively by 18.12%-35.91% at a 50-

kGy radiation dose. Pre-irradiation treatment does

not affect the reflection spectra of FBGs significantly.
Pre-irradiation treatment can reduce the variation of
radiation-induced BWS by 8%-27.08% at a dose of
50 kGy. After the pre-irradiation, the curves of BWS
during the second irradiation show a non-monotonic

character. The experimental results of FBG2 and

FBGS3 indicate that using the photosensitive optical
fiber and the hydrogen loading treatment can play a
negative role in improving the radiation hardening ca-

pability by pre-irradiation.
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