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A fiber Bragg grating (FBG) sensor with heat resistance was produced via a point microfabrica-
tion technique using a femtosecond pulse laser. The FBG sensor was reinforced by weaving with a 
carbon fiber tape. As a result, both high strength and a structure for mounting the sensor were readi-
ly incorporated. In a high-temperature tolerance evaluation of the FBG sensor, the temperature and 
strain were measured by the sensor at 600°C. Therefore, the sensor is effective, and in addition, the 
problems associated with mounting the sensor on high-temperature piping have been eliminated. 
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1. Introduction 
It is very important to monitor the seismic deformation 

of aging piping systems in atomic power plants or chemical 
plants. For this purpose, many investigations of fiber sen-
sors have been pursued [1, 2]. Among them, the conven-
tional fiber Bragg grating (FBG) sensor is the most promis-
ing for practical use. For example, a prototype FBG-
monitoring system was installed at JOYO, the fast neutron 
material research reactor of the Japan Atomic Energy Asso-
ciation (JAEA). To the best of our knowledge, it was the 
first demonstration of the successful monitoring of the 
thermal expansion of the coolant pipes of the primary loop 
of the fast neutron reactor [3]. 

However, in that demonstration, a heat insulator was 
necessary to protect the FBG sensor from thermal damage. 
Therefore, the monitoring system could not effectively de-
tect seismic vibration. Measurements were only carried out 
for thermal expansion [3]. To monitor the real-time vibra-
tion of the coolant pipe, it is necessary to directly bond the 
heat-resistant FBG sensor onto the surface of the high-
temperature coolant pipes without a heat insulator. Thus, 
we developed a prototype FBG sensor using a femtosecond 
laser by point-by-point (PBP) microscopic processing [4]. 
For example, this successful approach could lead to new 
monitoring systems for use on the coolant pipes of a heli-
um-gas-cooled-high-temperature reactor. In this report, we 
present further technical improvements on the new FBG 
sensors to make them suitable for application in atomic 
power plants. Two issues needed to be addressed: how to 
reinforce the fragile FBG sensor, which was accomplished 
with a carbon fiber; and how to test the reinforced FBG 
sensor at 600°C under loading conditions. In this case, the 
wavelength shift of the reflection was measured. A tunable 
fiber laser was also tested for the real-time monitoring of 
the FBG reflection. 

 
 

2. Microfabrication of the fiber Bragg grating by the 
PBP method using a femtosecond pulse laser 

The processing system for the fabrication of the FBG is 
composed of the laser system, the optics system of the mi-
croscope, and the optical fiber movement stage. The FBG 
sensor produced by the PBP method has excellent heat re-
sistance and a degree of freedom as design characteristics 
[5, 6].  

 

 

 
 

2.1 Laser system for the microfabrication of the FBG 
A CPA pulse laser (Thales, model Alpha-10) that can 

generate a 100-fs pulse duration with a 10-mJ pulse energy 
at a 10-Hz repetition was used for the FBG fabrication (Fig. 
1). This laser system has a femtosecond fiber oscillator 
(Menlo Systems, model T-Light 780), a regenerative ampli-
fier and a 4-path amplifier. However, because high-energy 
laser light damages the object lens of this microscope, the 
entering light is limited to lesser or equal to 100 μJ. There-
fore, the 4-path amplifier is not working when the laser 
light passes through it. At the output of the regenerative 

Fig. 1  Schematic of the processing system and the high-
temperature tolerance examination of the FBG sen-

sor  
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amplifier, an air-gap polarizer and a 1/2 lambda wave plate 
are used to attenuate the laser pulse energy. As a result, the 
output laser energy can be controlled to as low as lesser to 
or equal to 1 μJ. With respect to the moving speed of the 
sample stage, this processing system is changeable accord-
ing to the repetition cycle of the laser. Therefore, the stabil-
ity of the frequency of the main oscillator directly influ-
ences the processing accuracy. The repetition frequency of 
the laser system is 100 MHz, and this value is one digit 
higher or more stable than the titan sapphire laser.  
 
2.2 Phase-contrast microscopy for laser processing 

The processed laser light passes into the microscope 
(Olympus, model BX41) and then follows the same axis as 
the observation light. The processing is done from the side 
of the optical fiber through the object lens. Because the 
optical fiber has a cylindrical geometry, the focus depth 
position is different for the long and short axes. The cylin-
drical geometry is canceled in optics by filling the space 
surrounding the optical fiber with an index-matching liquid 
(n = 1.52, 1-bromonaphthalene) to correct this difference 
and make the laser incident to the side plane with the cover 
glass. The machining state is always observed with a C-
MOS camera set up in the microscope. Moreover, a phase-
contrast microscope is used to identify the core and clad-
ding of the optical fiber, even if the refractive index differ-
ence is small. In the microfabrication of a transparent me-
dium, the shape of the processing point is greatly influ-
enced by the numerical aperture (NA). The focal length of 
the object lens (Olympus, model PLN40XPH) used in this 
processing system is 4.5 mm, and the NA is 0.65. Because 
the beam diameter of the laser used for the processing is 
approximately 5 mm, the effect of the NA is estimated to 
be approximately 0.55. The energy of the laser pulse during 
irradiation was approximately 5 μJ. 
 
2.3 Fixation and movement of the sample for pro-
cessing 

The optical fiber was fixed on a slide glass plate with 
an index-matching oil and processed while moving slightly 
on a closed-loop-controlled stage using a harmonic gear 
drive (Sigma tech, model FS-1040SPX(MD)) and a 3-axis 
piezo drive stage (Sigma koki, model FINE-503). Because 
of the decreased vibration, the stage moves at a fixed ve-
locity without stopping. The moving speed determines the 
processing interval for the FBG, because the period of ex-
posure time for the pulse laser is always constant. This 
method has the advantage of suppressing any decrease in 
accuracy originating from the stopping and starting of the 
sample moving stage. The sample stage is controlled by 
LabVIEW software (National Instruments). The micro-
scope for processing and the sample moving stage are set 
up on a dynamic vibration isolation table (JRS Scientific 
Instruments, model AVI-150). This table suppresses the 
vibration by detecting it and moving in the opposite phase. 
Vibrations with a frequency of lesser or equal to 200 Hz are 
reduced by the active suppression vibration function, and 
any additional vibration is absorbed by the rubber insulator. 
Because this table removes not only the vibration of the 
room but also that generated by the process, it is particular-
ly advantageous in microfabrication.  

 

2.4 Optical properties of the produced FBG sensor 
The Bragg reflection wavelength can be described as a 

function of the period of the refractive index. 
 
λ = 2 n Λ / m,                             (1) 

 
where Λ is the modulation period of the refractive index of 
the fiber core, n is the average of the refractive index, and 
the integer m is the reflection order. The period of the irra-
diation was 1626 nm, and 800 points were processed in the 
optical fiber core. Thus, the resulting Bragg reflection 
wavelength of the FBG is approximately 4710 nm. In addi-
tion, the light is reflected in multiples of the frequency, and 
thus, the third-order Bragg reflection wavelength becomes 
1570 nm. A spectrum analyzer (Yokogawa, model 
AQ6370B) and ASE broadband light source (Amonics, 
model ALS-18-B) were used to measured the characteristic 
reflection spectrum of the fabricated FBG sensor. The spec-
trum of a white light source normalizes the wavelength 
spectrum data from the FBG. The central wavelength of the 
reflected spectrum of the FBG was 1569.2 nm, and the full 
width at half maximum was 1.3 nm (Fig. 2). 
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3. Performance assessment of the produced FBG sen-
sors 

Generally, the performance of a sensor and the installa-
tion and operation method are important in determining its 
measurement accuracy. In particular, the mounting system 
is an important issue because FBG sensors are fundamen-
tally contact-type measurement devices. Therefore, the 
FBG sensor was reinforced with woven carbon fibers. Then, 
the heat tolerance of the sensor was evaluated when it was 
bonded onto a steel sample using a ceramic adhesive. 

3.1 Reinforcement of the FBG sensor with a carbon 
fiber 

Because an optical fiber is fragile and delicate, it is dif-
ficult to handle. To address this problem, the optical fiber 
was woven with a carbon fiber fabric tape. The carbon fi-

Fig. 2  Reflection wavelength spectrum of the fabricated 
FBG. The interval of the irradiation was 1626 
nm, and 800 points were processed. 
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ber fabric tape was 15 mm in width and 70 mm in length. It 
was formed in a manner such that a weft yarn was woven 
in a direction substantially perpendicular to the warp yarn, 
and wherein an optical fiber was included in the center 
warp. Femtosecond-laser processing was used to fabricate 
17 FBGs in the optical fiber. Figure 3 shows the terminal of 
the carbon fiber fabric tape. The master-reinforced carbon 
tape with the FBGs was cut into four pieces for use in the 
following experiments. 

 
 

 

 
 

3.2 Sample for measurement and adhesion 
The field test of the sensor measured the strain and the 

temperature after bonding it to STPA24 steel. This STPA24 
chromium–molybdenum steel is a material used for the 
second system heat transfer piping of a sodium fast reactor. 
Two types of adhesives (Cotronics, model Resbond 954 
and 940) with different coefficients of thermal expansion 
(CTE) were investigated. The CTEs of the steel and the 
adhesives are shown in Table 1. 

 

3.3 Comparison of measurements with an electrical-
conductor-type strain gauge and the FBG sensor 

First, the FBG sensor was calibrated using a strain 
gauge sensor at room temperature. For this purpose, the 
correlation of the FBG sensor and the strain gauge sensor 
was measured by applying a load to the sample. The four-
point flexure fixture test evaluated the correlation between 
the strain and the fabricated FBG sensor, as shown in Fig. 4. 

 
 

 

 
 
 This experiment measured the correlation of the load 

device transformation and the strain of the material. Addi-
tionally, the laser displacement sensor (Keyence, model 
LC-2400) measured the external amount of the transfor-
mation without any contact, and the strain of the material 
was presumed indirectly. Based on the results of this test, it 
was determined that the FBG sensor was able to detect 
within 300 microstrains (με). 
 

3.4 Strain measurement examination at high tempera-
ture 

A high-temperature tubular furnace (Asahi-rika, model 
ARF-30KC) was used to heat the sample when there was 
no load. Precise temperature control was achieved with a 
controller (Omron, model E5AR). The rate of the tempera-
ture increase was 240°C per h in this experiment. Figure 5 
shows the temperature dependence of the Bragg wave-
length without a load. The reflection wavelength from the 
FBG shifts linearly from room temperature to 600°C. The 
coefficient of the temperature change and wavelength shift 
is 13 pm·°C−1. There was a slight delay from the time the 
temperature changed, and a change in the Bragg wave-
length was detected. This delay of the thermal conduction 
is caused by the presence of the adhesive between the ob-
ject and the FBG sensor. 
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Fig. 3  Prototype -reinforced sensor with an optical 
fiber containing the FBGs woven with a car-

bon fiber fabric tape. 

Fig. 4  Schematic of the four-point flexure fixture 
measurement. The relationship between the 
turning angle and the occurring strain is ex-
amined using a strain gauge sensor at room 

temperature. 
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Fig. 5  The Bragg wavelength of an FBG sensor as a 
function of temperature. 

Table 1 CTEs of the sample and the adhesive 

Mater ia l  CTE /  °C − 1  

STPA24 12–14×10 − 6  
Resbond  954 18 .0  × 10 − 6  
Resbond  940 8 .10  × 10 − 6  
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Then, the strain was determined at different temperatures 
after stabilization for 10 minutes. Initially, the correlation 
between the strain gauge sensor and the fabricated FBG 
sensor was measured at room temperature. However, the 
strain gauge sensor cannot be used at high temperature be-
cause it would be damaged. Therefore, the amount of the 
strain shown on the horizontal axis of Fig. 6 has been con-
verted from the turning angle of the four-point flexure fix-
ture measurement machine.  

0

0.1

0.2

0.3

0.4

0.5

0 100 200 300 400
Strain / με

W
av

el
en

gt
h 

sh
ift

 /n
m

 

 
4. Discussion 

The results shown here are not sufficient to enable the 
practical use of the FBG sensor system in an actual plant. 
The outline for an FBG-monitoring system for the inspec-
tion of nuclear power plants has been described. Straight 
and elbow parts are used to construct the heat piping in a 
nuclear power plant. It is important to measure the trans-
formation in the part of the elbow that undergoes thermal 
expansion. Figure 7(a) shows a downsized elbow-pipe 
model of the coolant piping system. Multipoint sensing 
with FBGs sensors having different reflected wavelengths 
located at one of the pipe elbows could be possible. These 
FBGs would be fixed around the jointed circular line of the 
pipe elbow and the straight pipe, as in Fig. 7(b). 

 

 
(a) 

 
(b) 

 
The fabrication method shown in Fig. 1 can produce a 

sensor with an arbitrary wavelength. However, it should be 
improved to increase the productivity for multipoint FBG 
sensors. Thus, it is necessary to examine the following is-

sues to use the prototype-reinforced FBG sensor in atomic 
power plants.  

First, it is necessary to increase the repetition rate of the 
processing laser to increase the productivity of the process 
for manufacturing the FBG structure. Upgrading the pump-
ing laser of the present CPA laser system could increase its 
repetition rate. Specifically, LD-pumped green pulse lasers 
may be practical. Moreover, all-in-one shoe-box-sized la-
sers may become commercially available due to the ad-
vanced cooling performance of LD direct-pumping ytterbi-
um-doped gain materials [7, 8]. A CPA amplifier based on 
an extended mode area is capable of generating laser pulses 
with a repetition rate of 100 kHz, a laser pulse duration of 1 
ps, and a laser pulse energy of 10 μJ. 

Second, as with any contact-type sensors, with an FBG 
sensor, it is important for the measurement object and the 
sensor to be in close contact for the accurate performance 
of the sensor. However, it is difficult to maintain adhesive 
strength over the wide temperature range from room tem-
perature to high temperatures (600°C). Adhesive strength 
decreases when the coefficients of thermal expansion of the 
object and the adhesive are different. It is impossible to 
equate the coefficients of the thermal expansion of the ob-
ject being measured, the sensor, and the adhesive. There-
fore, it is ideal to directly connect the material to the sensor 
without the use of an adhesive. Laser micro welding tech-
nology for different types of material will become an im-
portant method for addressing this issue [9]. 

Finally, in bonding, it is very important during prepara-
tion to make sure that both sides of the objects to be bond-
ed are clean and smooth. From a practical viewpoint, it 
must be expected that the material surface of the piping in a 
plant will be dirty, and thus have a negative impact on the 
strength of the bond to the sensor when it is mounted. 
Therefore, the use of laser ablation, an extremely effective 
method for rapidly cleaning surfaces, should be considered 
[10]. Infrared pulse lasers could also be used to remove rust 
layers and radioactive scale from structural materials [11]. 
For the maintenance of atomic power plants, it is anticipat-
ed that a specially designed robot with a compact high-
repetition pulse laser and various sensors for determining 
the working distance will be used for such cleaning of pipe 
surfaces.  
 

5. Conclusion 
Ultrashort laser micro processing was used to produce a 

heat-resistant FBG sensor by a point-by-point method. This 
FBG sensor successfully measured changes in the tempera-
ture and strain at temperatures up to 600°C. A ceramic ad-
hesive was effective for strongly bonding the FBG sensor 
to the sample pipe at temperatures up to 600°C. However, 
it is necessary to select the bonding material carefully. It is 
difficult to match it accurately though it is ideal that the 
bonding object is equal to CTE of adhesive. The adhesive 
of a CTE that was larger than the bonding object main-
tained adhesive power in this experiment. Like  general-
resistance-line-type strain sensor, measurements obtained 
with the FBG sensor contain both temperature change and 
strain data. However, the two measurements can be sepa-
rated by changing the mounting method. If only the one 
side of the sensor is bonded, measurements of the tempera-
ture can be obtained. This is a general distortion measure-

Fig. 7 Examination of a carbon-reinforced FBG sensor 
(a) Downsized-elbow-pipe model  
(b) Carbon-reinforced sensor on the loading machine 

Fig. 6  Shift in the Bragg wavelength of an FBG as a 
function of strain at 400°C. The coefficient of 
the strain and wavelength shift is 1.5 pm·με−1. 
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ment method that can be used also with the resistance line 
type sensor. The possibility that this new type of FBG sen-
sor could be effective in the tube of a heat exchanger in a 
fast reactor was verified on the basis of the results of these 
experiments. 
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