
 

Abstract—Single-frequency distributed Bragg reflector fiber 

lasers (DBR FLs) are attractive as sensing elements for 

detecting weak vibration or acoustic signals in extreme 

environments. However, conventional UV-written DBR FLs 

operate with two orthogonal polarization modes and can 

hardly operate in high-temperature environments. Herein, we 

propose the fabrication of polarization-controllable DBR FLs 

by using a slit beam shaping femtosecond (fs) laser point-by-

point technology. High-quality fiber Bragg grating Fabry-

Perot (FBG-FP) cavities with insertion loss as low as 0.2 dB 

are directly inscribed in Er-doped fibers to create DBR FLs. 

Both single-polarization and dual-polarization DBR FLs are 

created by changing the fs laser-induced birefringence using a 

mechanical slit. In addition, a DBR FL array consisting of 

eight DBR FLs is also successfully created. Experimental 

results show that the fabricated DBR FL can withstand a high 

temperature up to 800 ℃ and the laser linewidth increases 

from 1.55 kHz to 10.8 kHz as temperature raising from 25 ℃ 

to 800 ℃. Furthermore, high-temperature vibration sensing 

at 800 ℃ is realized by using a single-polarization DBR FL, 

achieving an acceleration sensitivity of 0.319 rad/(m/s2). 

Moreover, a dual-polarization DBR FL is served as an 

ultrasonic sensor, realizing the ultrasonic non-destructive 

evaluation (NDE) in a 7075-aluminum plate. 

Index Terms—Distributed Bragg reflector fiber lasers (DBR 

FLs), Femtosecond laser materials processing, Extreme 

environment sensing1.  
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I. INTRODUCTION 

xtreme physical conditions such as high temperature, 

ionizing radiation and high pressure occur in the 

fields of aerospace industry, nuclear plants, oil and 

gas industry and others. For example, along with other 

extreme conditions, harsh temperature takes place in the 

gas turbine (~650 ℃), various nuclear reactors from light 

water to high-temperature reactors (300-1000 ℃), and 

hydrothermal fluids in deep geothermal wells (~600 ℃) [1-

3]. Importantly, it is necessary to continuous and real-time 

monitor structures for fault or damage, ensuring their safe 

operation or issuing early warnings for predictive 

maintenance. However, structure health monitoring by 

detecting weak signals like vibration and acoustic in 

extreme environments remain as a challenge. For decades, 

the commonly used detection elements were piezoelectric 

transducers (PZTs), whereas they suffered from corrosion, 

electromagnetic interference, thermal degradation, and 

limited multiplexing capacity, hindering their practical use 

in harsh environments [4]. In recent years, fiber-optic 

sensors emerge as attractive sensing elements due to their 

distinct advantages such as small footprint, corrosion 

resistance, electromagnetic interference immunity, high 

temperature resistance and large-scale multiplexing 

capability, which are promising for applications in extreme 

environmental conditions [5-7]. 

Single-frequency distributed Bragg reflector fiber laser 

(DBR FL) has attracted considerable interests in the field of 

fiber-optic sensors. Such a device exhibits great advantages 

of compactness, narrow linewidth, low noise, and high 

signal-to-noise ratio (SNR), and hence can reach an 

ultrahigh sensitivity in detecting weak signals [8, 9]. A 

typical DBR FL cavity consists of a pair of narrowband 

fiber Bragg gratings (FBGs), i.e., FBG Fabry-Perot (FBG-

FP) cavity, within a short section of rare-earth-doped fiber. 

Generally, DBR FLs written in non-polarization-

maintaining active fiber by ultraviolet (UV) irradiation 

operate with two orthogonal polarization modes due to the 

intrinsic and UV-induced birefringence [10, 11]. The dual-

polarization DBR FL offers a beat signal in the radio-

frequency (RF) domain, making it an attractive high-

sensitivity sensing element based on the optical heterodyne 

detection [12]. Measurement of various signals such as 

temperature, axial strain, lateral force, bending, and 

ultrasonic wave has been demonstrated based on the 

polarimetric heterodyning sensors [13-18]. Conversely, for 

fiber sensing systems based on phase detection with 

imbalanced interferometers, the power exchange between 
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two polarization modes is undesirable because it will lead 

to signal fading. To address this challenge, numerous 

efforts have been dedicated to obtain single-polarization 

FLs. For example, twisting-induced circular birefringence, 

stress-induced phase-shift birefringence, injection locking 

technique, co-pumping configuration with an increasing 

pump power, and UV-induced permanent birefringent 

phase-shift have been demonstrated as effective methods to 

obtain FLs with single-polarization mode [19-23]. 

Nonetheless, the schemes for achieving single-polarization 

FLs mentioned above are post-processing methods, which 

are not straightforward and flexible enough to tailor both 

single-polarization and dual-polarization FLs. 

For sensing in extreme environments, high temperature 

resistance is a key factor. However, conventional UV-

induced DBR-FLs can hardly operate in high temperature 

above 600 ℃ due to the thermal degradation of FBGs [24-

26]. DBR FL based on regenerated FBGs exhibited a 

higher temperature resistance at 750 ℃, whereas it required 

a complicated hydrogen loading process to enhance 

photosensitivity of the fibers [27]. Notably, type II FBGs 

inscribed by femtosecond laser exhibit excellent high-

temperature resistance and long-term stability, acting as 

good candidates for harsh environmental sensing [28-30]. 

DBR FL based on type II FBGs were inscribed by using a 

femtosecond laser phase mask method, presenting a high-

temperature resistance of 1000 ℃ [31]. However, since the 

grating pitches are determined by phase mask, it is difficult 

to create DBR FLs with various lasing wavelengths by 

using only one phase mask. Remarkably, the femtosecond 

laser point-by-point (PbP) technology exhibits great 

flexibility in fabricating FBGs with various wavelengths by 

controlling the repetition rate and velocity of fiber 

movement during inscription process [32, 33]. In 2006, it 

was reported for the first time the femtosecond PbP 

technology was employed to inscribe DBR FL, which 

operated with a single polarization mode based on distinct 

polarization-dependent grating strength resulted from the fs 

laser-induced birefringence [34]. However, this PbP DBR 

FL can only operate at 600 ℃ because low pulse energies 

were used and type I FBGs were formed in their 

experiment. Moreover, it is well known that the type II 

PbP-FBGs with structural changes formed with high pulse 

energies can withstand temperatures above 1000 ℃ [35]. 

Nevertheless, PbP-FBGs typically exhibit strong insertion 

loss (IL) and weak coupling strength, which will decrease 

the capacity for wavelength division multiplexing [36]. In 

recent years, novel beam shaping techniques were proposed 

for fabricating Bragg gratings via mechanical slit, 

cylindrical lens, non-diffractive beams, filamentation and 

so on [37-40]. By utilizing a cylindrical lens or 

filamentation, the cross-section of refractive index 

modulation (RIM) for PbP-FBGs were extended as planes 

or lines, thereby favoring an enhancement of the grating 

strength [41, 42]. However, both methods would inevitably 

result in considerable grating birefringence due to the 

asymmetric RIMs, making it challenging to fabricate 

polarization-controllable DBR FLs using these methods. 

Remarkably, the slit beam shaping method has successfully 

yielded high-quality PbP-FBGs that exhibit both high 

reflectivity and low insertion loss, rendering them ideally 

suited for use as cavity mirrors in the DBR FLs [43]. 

Furthermore, the cross-sectional shape of fs laser-induced 

RIM could be controlled by adjusting the slit width, which 

can be developed for flexibly tailoring the grating strength 

and birefringence [44, 45]. 

In this article, polarization-controllable DBR FLs created 

by a slit beam shaping femtosecond laser PbP technology is 

proposed and demonstrated. A mechanical slit is employed 

to shape the fs laser beam, which can flexibly change the 

grating strength and the induced birefringence. Both single-

polarization and dual-polarization DBR FLs were created 

by inscribing high-quality FBG-FP cavities with different 

fs laser-induced birefringence. In addition, a DBR FL array 

consisting of eight DBR FLs was also successfully created 

by inscribing FBG-FP cavities with distinct grating periods. 

Subsequently, high-temperature response of the DBR FL 

was investigated. It was demonstrated that the fabricated 

DBR FL can withstand a high temperature up to 800 ℃ and 

the laser linewidth increases from 1.55 kHz to 10.8 kHz as 

temperature raising from room temperature to 800 ℃. 

Furthermore, to the best of our knowledge, we present the 

first vibration sensing at a high temperature of 800 ℃ using 

a single-polarization DBR FL, achieving an acceleration 

sensitivity of 0.319 rad/(m/s2). Moreover, a dual-

polarization DBR FL was utilized as an ultrasonic sensor, 

realizing the ultrasonic non-destructive evaluation (NDE) 

of a 7075-aluminum plate by detecting the laser-acoustic 

surface wave. As a result, the proposed polarization-

controllable and high-temperature-resistant DBR FLs 

exhibit promising potential for structure health monitoring 

in extreme environments. 

II. DEVICE FABRICATION AND CHARACTERIZATION  

A. Working principle 

The schematic of the working principle for fabricating 

polarization-controllable DBR FLs and their sensing 

mechanisms are illustrated in Fig. 1. A femtosecond laser 

with a center wavelength of 513 nm, a pulse duration of 

290 fs and a repetition rate of 200 kHz was employed [45]. 

The laser pulses were normally incident on a mechanical 

slit inserted parallel-oriented to the fiber axis, and then 

focused into a coating-removed erbium-doped fiber (EDF, 

Nufern SM-ESF-7/125) by an oil-immersion microscope 

objective (MO, Leica 100×, NA=1.25). The MO and EDF 

were immersed in the index-matching oil to minimize the 

distortions introduced by the curved surface of the fiber. 

PbP-FBGs could be written by translating the fiber relative 

to the focal region of laser beam with a constant speed and 

laser repetition frequency, and hence a DBR FL could be 

created by inscribing an FBG-FP cavity in the core of an 

EDF. When a 980 nm pump laser was launched into the 

FBG-FP cavity, continuous laser output would be emitted 

as the pump power exceeded the threshold. As the previous 

study, a strong polarization selective between two 

orthogonal polarization modes can be achieved when 

satisfying the condition of 2|Lx-Ly|/(Lx+Ly)>0.012, 

where Lx and Ly defined here are the coupling grating 

strength for x-polarization mode and y-polarization mode, 

respectively [46]. Notably, it has been proven that single 

polarization mode was selected for distributed feedback FL 
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written by the femtosecond laser PbP technology, which is 

due to the significant polarization-dependent grating 

strengths resulting from the birefringence inscribed by the 

femtosecond laser [47]. For the detection of dynamic signal 

like axial vibration, the sensing mechanism for the single-

polarization DBR FL is based on the strain-induced drift of 

the operation wavelength through the photoelastic effect 

[48]. Taking advantage of an interferometer with an 

imbalanced length of d, a slight variation of the wavelength 

drift (λ) can be translated into a detectable optical phase 

difference (), i.e., =2πndλ/λ2, where n represents the 

effective refractive index [49]. Therefore, a dynamic strain 

applied to the single-polarization DBR FLs can be detected 

by monitoring the variation of optical phase, which could 

be decoded by phase demodulation algorithms. Meanwhile, 

it demonstrates that DBR FLs exhibit a higher sensitivity 

compared to FBGs, thus offering a distinct advantage for 

detecting weak signals.  

For the fabrication of DBR FLs operating with two 

orthogonal polarization modes, a reduced polarization-

dependent grating strength is necessary. Herein, a beam 

shaping method based on a mechanical slit was employed 

to create dual-polarization DBR FLs. Note that the focal 

beam waist (ω) is dependent on the incident beam waist 

(W), focal length (f), and laser wavelength (λ), i.e., 

ω=fλ/πW [50]. Therefore, with appropriate pulse energy, 

the RIM area of DBR FLs can be effectively enlarged by 

reducing W that determined by the slit width (w), as shown 

in the schematic fiber core cross-section of the reshaping 

RIMs in Fig. 1. As the grating birefringence is highly 

dependent on the ellipticity of RIMs, DBR FLs operating 

with two orthogonal polarization modes can be created in a 

way of reducing the introduced birefringence by shaping 

the RIMs with a smaller ellipticity in cross-section [51]. 

For the dual-polarization DBR FL, a beat frequency 

f=|fx−fy|=cB/nλ arises in the RF region due to the slightly 

different operation frequencies fx and fy for the two 

eigenpolarization modes, where B=|nx−ny| denotes the 

birefringence difference. When the laser cavity is perturbed 

by a dynamic signal like ultrasonic wave, the fiber will be 

compressed and stretched in the two orthogonal directions 

due to the radial pressure, and hence the beat frequency is 

modulated resulting from the induced birefringence change 

in the resonant cavity [17]. For the reconstruction of the 

modulated signal, the I/Q demodulation method can be 

employed [52]. 

 

Fig. 1. Working principle for fabricating polarization-controllable DBR FLs and their sensing mechanisms. Schematic diagram shows the femtosecond laser 

direct-writing of polarization-controllable DBR FLs using a slit beam shaping technique and the sensing mechanisms of vibration and ultrasonic wave for 

single- and dual-polarization DBR FLs, respectively. 

 

B. Fabrication of DBR FLs 

In the experiment, three FBG-FP cavities S1-S3 were 

created in EDFs by the slit beam shaping femtosecond laser 

PbP technology. The sample S1 was inscribed without slit 

beam shaping while S2 and S3 were inscribed with a slit 

width of 0.85 mm and 0.5 mm, respectively. Femtosecond 

laser beams with on-target single pulse energy of 14 nJ, 27 

nJ and 38 nJ were tightly focused into the EDF core for 

inscribing S1, S2 and S3, respectively. All the FP-FBG 

cavities consists of two uniform first-order FBGs with a 

grating period of 0.535 μm and a grating length of 15 mm. 

The interval between two FBGs was 2 mm to construct 

single-frequency DBR FLs. To obtain the cross-sectional 

images, a fiber cleaver was employed to transversally 
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Fig. 2. Three DBR FLs inscribed by femtosecond laser PbP technology without slit beam shaping (i.e., S1), with slit width of 0.85 mm (i.e., S2) and 0.5 mm 

(i.e., S3). (a) Cross-sectional-view microscope images. (b) Transmission and reflection spectra. (c) Transmission spectra measured for the slow (solid lines) 

and fast (dashed lines) polarization axes.

cleave the grating region and then the fiber cross-sections 

were observed and captured on a microscope (Leica 

DM2700MH). The cross-sectional-views of S1-S3 are 

shown in Figs. 2 (a1) -(a3), respectively. Apparently, the 

width on the x axis (wx) of the RIM areas increases while 

the height on the y axis (h) almost remains unchanged after 

introducing a slit, and this tendency continues as the slit 

width decreases. In addition, the ellipticity (β) of the RIM 

can be calculated by their height and width as β=|h/wx-1|. 

Among the three samples, the RIM of S1 presents the 

maximum ellipticity of β1=0.86 while S2 exhibits as a 

near-circular pattern with the minimum ellipticity of 

β2=0.12 and S3 has a middle ellipticity of β3=0.50. As a 

result, the ellipticity of the RIM are effectively controlled 

by adjusting the slit width. 

During the fabrication process, the transmission and 

reflection spectra of DBR FLs were real-time monitored by 

using a broadband source (BBS, Fiberlake) within a 

wavelength range of 1520-1580 nm and an optical 

spectrum analyzer (OSA, Yokogawa AQ6370C) with a 

resolution of 0.02 nm. The transmission and reflection 

spectra of S1-S3 are exhibited in Figs. 2 (b1) -(b3), 

obtained when the grating inscription process was finished. 

We can observe from the transmission spectra of S1-S3 that 

there is one narrow resonant peak within the transmission 

band, corresponding to a single longitudinal mode of the 

DBR FL. The transmission attenuation of S1-S3 is more 

than -30 dB and the out-of-band loss is 0.6 dB, 0.3 dB and 

0.2 dB, respectively. The reduced IL with slit beam shaping 

may result from the reduction of laser peak intensity 

gradient to suppress the light scattering [52]. Limited by the 

resolution of the OSA and the output power of the BBS, the 

actual resonant attenuation of the transmission band and 

narrow peak could not be measured accurately. As a result, 

high-quality FP-FBG cavities with high reflectivity of more 

than 99.9% and insertion loss as low as 0.2 dB have been 

created attributing to the slit beam shaping. 

In addition, polarization-resolved transmission spectra 

of S1-S3 were measured by a commercial polarization 

analysis system, which consists of a tunable laser (Keysight 

N7776C), a polarization synthesizer (Keysight N7788C) 

and an optical power meter (Keysight N7744C). The 

wavelength resolution of the system is 0.15 pm. As shown 

in the spectra measured for the fast and slow polarization 

axes in Figs. 2 (c1) -(c3), the wavelength detuning λ of the 

FP-FBG cavities S1-S3 is 12.78 pm, 3.55 pm and 7.33 pm, 

respectively. The corresponding induced birefringence nB 

for S1-S3 is 1.19×10-5, 3.32×10-6 and 6.85×10-6 calculated 

by nB=λ/2Λ, where Λ is the grating period. Notably, nB 

exhibits a strong correlation with the ellipticity of the 

induced RIM, demonstrating a consistent trend with the 

previously reported calculations conducted by Jovanovic 

[44]. Compared to S1 and S3 with a larger ellipticity of the 

RIM, the induced birefringence of S2 with a near-circular 

RIM is effectively reduced, which is comparable to a 

magnitude of the conventional UV-inscribed DBR FLs [53]. 

It is known from the previous study that the slow axis of 

the PbP-FBGs corresponds to light polarized parallel to the 

long axis of the elliptical RIM [44]. Therefore, this 

indicates that the slow polarization axis for S1 is parallel to 

y axis in Fig. 2 (a1), while slow polarization axis for S2 and 

S3 corresponds to the x axis in Figs. 2 (a2) -(a3). Moreover, 

the polarization-dependent grating strength T (i.e., the 

difference of the grating strength for different polarization 
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axes) for S1-S3 is 9 dB, 0.6 dB and 3 dB, respectively. It 

presents that the polarization-dependent grating strength for 

DBR FLs can be effectively adjusted by controlling the 

induced birefringence via reshaping the RIM cross-section. 

Subsequently, the DBR FLs were pumped by a 980 nm 

laser diode through a 980/1550 nm wavelength division 

multiplexer (WDM). The backward output laser from the 

resonant cavity was transmitted through the 1550 nm port 

of the WDM and recorded by an optical power meter. To 

prevent the cavity from reflective light perturbance, an 

isolator was connected between the WDM and the power 

meter. The forward residual pump power was measured by 

another power meter. Fig. 3 (a) presents the evolution of 

output power and corresponding pump power for the DBR 

FLs S1-S3. It was found that the lasing threshold power for 

S1-S3 is 9 mW, 11 mW, and 14 mW, respectively. As the 

pump power increases, the output power presents an 

increasing trend, offering slope efficiencies for S1-S3 of 

0.13%, 0.17% and 0.36% calculated by linear fits. 

Moreover, the output lasing spectra of the DBR FLs at a 

pump power of 100 mW are shown in Fig. 3 (b), presenting 

a lasing wavelength for S1-S3 of 1550.156 nm, 1550.368 

nm, and 1550.564 nm with corresponding signal noise ratio 

(SNR) and output power of 59 dB, 61 dB, 63 dB and 110 

μW, 145 μW and 298 μW, respectively. It is worth 

mentioning that S3 exhibits the highest output efficiency 

among them while S1 shows the lowest efficiency. Since 

the reflectivity and the length of grating cavities for the 

three DBR FLs are similar, the difference of output 

efficiency among them probably due to the different intra-

cavity loss. Therefore, the increasing efficiency for DBR 

FLs fabricated with slit beam shaping may result from the 

reduced insertion loss, as mentioned in the section 2.2. 

 

Fig. 3. Laser output measurement of the three inscribed DBR FLs S1-S3. 

(a) Laser output power versus input pump power. (b) Output lasing spectra 

at pump power of 100 mW. 

C. Wavelength-division-multiplexed DBR FL arrays 

We have also demonstrated the flexibility in fabricating 

wavelength-division-multiplexed DBR FL array by using 

the proposed method. Here, each FBG-FP cavity was 

fabricated by inscribing two 5 mm-long first-order FBG 

with an interval of 2 mm in the EDF. As shown in Fig. 4 (a), 

a DBR FL array consisting of eight DBR FLs with different 

lasing wavelengths ranged from 1536.6 to 1550.5 nm at a 

~1.8 nm interval was successfully created by tuning the 

grating period in each FBG-FP cavity. The DBR FL 

intensity in the array decreases when the pump light 

incidents from the DBR FL 1 side. This may result from the 

spontaneous radiation of erbium ions and successive 

absorption of pump power in the array. Moreover, the DBR 

FL 5 has the lowest SNR of 35.4 dB, which may probably 

be introduced by its relatively large insertion loss. Figure 4 

(b) shows the photograph of the lasing DBR FL array at a 

pump power of 100 mW. Visible green and red light from  

 
 

Fig. 4. Wavelength-division-multiplexed DBR FL array consisting of eight 

DBR FLs created by the slit beam shaping femtosecond laser PbP 

technology. (a) Output spectrum and (b) photograph of the DBR FL array. 

the EDFs can be observed, where the green light results 

from the fluorescence effect, while red light is due to 

scattering of the grating regions. The difference of the 

green fluorescence could be attributed to variations in 

pump absorption. As a result, the DBR FL array can 

provide a new approach to wavelength division 

multiplexing for a large number of fiber laser sensors. 

D. Polarization mode characteristics 

The polarization mode characteristics of the DBR FLs 

S1-S3 were experimentally investigated using a scanning 

Fabry-Perot interferometer (SFPI, Thorlabs SA200-12B) 

with a free spectral range (FSR) of 1.5 GHz and a 

resolution of 7.5 MHz. To reduce the external perturbance 

to polarization states, we ensure that the SMFs which 

connects the two ends of the laser is straight but not curved 

and twisty. During the experiment, the pump power was 

remained constant as 100 mW for SFPI spectra 

measurement of S1-S3. As illustrated in red and green 

curves of Fig. 5 (a), two stable peaks can be observed in a 

scanning period, indicating that the DBR FLs S1 and S3 

were operated with a single polarization mode. However, 

two sets of stable peaks with different amplitude were 

simultaneously detected in a scanning period, as shown in 

the blue curves of Fig. 5 (a). This means that two 

orthogonal polarization modes without intercoupling were 

operated for the DBR FL S2. The interval of the 

eigenfrequencies for two polarizations can be estimated as 

446 MHz by measuring the time interval between the two 

adjacent peaks. In addition, we have further measured the 

RF signal spectrum of DBR FLs S1-S3 using a frequency 

spectrum analyzer (FSA, Keysight N9030B) and a high-

speed photodetector (PD, Newport 1592). Figure 5 (b) 

exhibits The RF signals of S1-S3 from 0 to 1.8 GHz with a 

resolution of 1 kHz. It can be observed from the blue curve 

that a beat peak with a SNR of ~38 dB is located at 446 

MHz, in accordance with the value estimated from the SFPI 

spectrum. However, beat peak is absent for S1 and S3 since 

they operate with a single polarization mode due to the 

significant polarization-dependent grating strength induced 

 
Fig. 5. Polarization mode characteristics for DBR FLs S1-S3, indicating 

S1 and S3 operate with a single polarization mode and S2 operates in dual-

polarization mode manifested by (a) scanning FPI spectra and (b) RF 

spectra of beat signal. 
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Fig. 6. High temperature resistance characteristics of the DBR FL. (a) Lasing spectrum evolution of the DBR FL during heating process. (b) Lasing 

wavelength as functions of temperature increase and decrease. (c) Long-term stability of lasing wavelength and output power of DBR FL at high 

temperatures. 

 

by femtosecond laser inscription. Therefore, both single-

polarization and dual-polarization DBR FLs is fabricated 

by tuning the birefringence and thus the polarization-

dependent grating strength using the slit beam shaping. 

E. High temperature characteristics 

Furthermore, we have studied the high temperature 

resistance of the DBR FL using a tube furnace (Carbolite, 

Gero HTRH). The DBR FL was placed in the center of 

furnace while the temperature was risen from room 

temperature (25 ℃) to 800 ℃. At each temperature, the test 

duration was set at 10 minutes to stabilize the temperature 

in the furnace for obtaining a stable lasing spectrum. 

During the test, the pump power remained unchanged at 50 

mW. The evolution of lasing output spectrum with 

temperature is shown in Fig. 6 (a). The lasing wavelength 

exhibits a ‘red’ shift with an increasing temperature. It is 

worth noting that no mode hopping was observed during 

the heating process. As shown in Fig. 6 (b), linear fits were 

performed to the measured data of temperature increase and 

decrease, presenting almost overlap curves with a nearly 

identical sensitivity of 13.93 pm/℃. Moreover, the long-

term stability of the DBR FL was tested at increasing high 

temperatures from 600 ℃ to 950 ℃. At each temperature, 

the lasing wavelength and peak intensity were recorded in 5 

hours with an interval of 1 hour. The results are shown in 

Fig. 6 (c), in which the laser wavelength and intensity are 

quite stable below 800 ℃. When the temperature is higher 

than 800 ℃, the laser wavelength occurs to be unstable and 

the laser intensity decreases. And eventually, the DBR FL 

was not lasing at 950 ℃. After this extreme operating 

temperature, the DBR-FL could not recover to its original 

operation and response due to the spectral degeneration of 

the gratings. 

The linewidth characteristics of DBR FL was also 

investigated by using a delayed self-heterodyne (DSH) 

method [53]. Note that a 50 km single-mode fiber delay 

line and an acousto-optic modulator (AOM) with a 

frequency shift of 70 MHz were used in the DSH system. 

The linewidth of the DBR FL can be estimated by a 

calculation to half of -3 dB bandwidth of the beat peak. The 

heterodyne signals obtained from the electrical spectra at 

25 ℃ and 800 ℃ are exhibited in Figs. 7 (a) and (b), 

respectively. Lorentz fits (red curves) of the measured data 

(blue curves) were carried out, indicating a laser linewidth 

of 1.55 kHz and 10.8 kHz for DBR FL at 25 ℃ and 800 ℃, 

respectively. Note that the linewidth of DBR FL was 

broadened at high temperature, which may result from the 

increased amplified spontaneous emission (ASE) at high 

temperature [54]. Nonetheless, the DBR FL still exhibits a 

relatively remarkable linewidth at high temperature of 

800 ℃, which emerges to be a good candidate for sensing 

in high-temperature environments. 

 
Fig. 7. Linewidth characteristics of the DBR FL measured by a delayed 

self-heterodyne method at (a) 25 ℃ and (b) 800 ℃. The estimated 

linewidth of the DBR FL is 1.55 kHz and 10.8 kHz at 25 ℃ and 800 ℃, 

respectively. 

III. SENSING APPLICATIONS  

A. High-temperature vibration sensing based on a single-

polarization DBR FL 

Taking advantage of the high-temperature performance 

of the DBR FLs, vibration sensing experiments at a high 

temperature of 800 ℃ were carried out using a single-

polarization DBR FL. To decode the vibration signal, a 

phase demodulation scheme based on a 3×3 coupler 

interferometer was adopted, as shown in Fig. 8 (a). The 

signal light from the DBR FL was transmitted into a 

Michelson interferometer with an imbalanced fiber length 

of 5 m. Two Faraday rotating mirrors (FRMs) were 

employed to achieve an optimum visibility of interference 

fringe and suppress the polarization-induced fading. The 

interference beam was then received by three PIN PDs and 

converted into electric signal. Afterwards, the outputs from 

the PDs were sampled by an analog-to-digital (AD) 

converter (NI 9215) with a sampling rate of 100 kS/s and 

transmitted to a personal computer (PC) to perform an 

arctangent algorithm. In the vibration sensing experiment, 

the DBR FL was positioned in the center of a tube furnace 

with one end fixed on the vibration exciter while the other 

end fixed on a breadboard by epoxy, as illustrated in the 

schematic for the test in Fig. 8 (b). The DBR FL in the 

furnace could be visualized by the scattering red light due 

to the fs laser-induced RIMs when a visible red light was 

coupled into the fiber, as shown in Fig. 8 (c). During the 

test, vibration signal with various frequency and amplitude 

could be generated by the vibration exciter driven by a 

signal generator. Meanwhile, the actual acceleration 

applied to exciter was calibrated by a commercial 

accelerometer (Bruel & Kjaer 8305) mounted on the exciter. 
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Fig. 8. High-temperature vibration sensing experiments using the single-polarization DBR FL S1. (a) Schematic diagram of the DBR FL sensing system 

based on a 3×3 coupler interferometer. (b) Schematic diagram of the experimental setup for vibration sensing at high temperature. (c) The DBR FL in the 

tube furnace. Visible red light is derived from the scattering of the grating region. (d) Acceleration response of the DBR FL at 800 ℃. (e) Frequency spectra 

of the acceleration response at 800 ℃. (f) Linear responses of the phase amplitude versus acceleration at 25 ℃ and 800 ℃, respectively. 

 
Acceleration response of the DBR FL at 800 ℃ was 

investigated by applying a series of sinusoidal vibration 

signals with various accelerations of 0.5, 1, 2, 3, 4 and 5 

m/s2. During the test, the vibration frequency remained 

constant as 1 kHz. The vibration information was obtained 

by determining the phase variation in the time domain, as 

shown in Fig. 8 (d). We can observe that the waveforms of 

the retrieved curves are standard sinusoidal waves, 

indicating that the DBR FL responded well to the applied 

signals. In addition, the corresponding spectra of the 

retrieved results in the frequency domain were obtained by 

performing a Fast Fourier Transform (FFT) on the time- 

domain signals. As illustrated in Fig. 8 (e), it can be clearly 

observed the resonant peaks are located at 1 kHz, in 

accordance with the applied frequency. Moreover, the 

amplitude of the phase is proportional to the applied 

accelerations, achieving an acceleration sensitivity of 0.319 

rad/(m/s2) at high temperature of 800 ℃, as exhibited in the 

red curve in Fig. 8 (f). An additional measurement of 

acceleration response at room temperature of 25 ℃ was 

carried out, presenting a sensitivity of 0.296 rad/(m/s2) 

calculated by performing a linear fit to the blue data in Fig. 

8 (f). The increasing acceleration sensitivity at higher 

temperature may result from the decrease of the stress-optic 

coefficient [55]. As a result, it turns out that high-

temperature vibration sensing at 800 ℃ was achieved by 

using a single-polarization DBR FL. 

B. Ultrasonic non-destructive evaluation based on a dual-

polarization DBR FL 

Moreover, we have investigated the capability of the dual-

polarization DBR serving as an acoustic detection unit in 

ultrasonic NDE. Generally, ultrasonic NDE is achieved by 

acoustic generation and detection on a tested piece and analysis of 

the reflected or transmitted acoustic signal [56, 57]. For the dual-

polarization DBR FL, it is known that the fiber birefringence 

would be modulated when subjecting to an ultrasonic pressure, 

leading to a beat frequency variation in the RF region [58]. An I/Q 

quadrature algorithm can be used for the demodulation of 

ultrasonic signal in the dual-polarization DBR FL sensor systems, 

as shown in the schematic diagram in Fig. 9 (a). The laser output 

is transmitted through a polarization controller (PC) and a 

polarizer for maximizing the beat signals. Then the laser power is 

amplified from 0.145 mW to 1 mW by an EDFA and launched to 

a high-speed PD. Note that a suppression of shot noise from the 

PD and an improvement to SNR of the beat signal could be 

achieved with the use of the EDFA [59]. Afterwards, the beat 

signal is detected by an oscilloscope (Tektronix 3054) with a 

sampling rate of 2.5 GS/s and sent to a computer for processing. 

In the demodulation process, the input signal is mixed with two 

quadrature signals which have the identical frequency as the beat 

signal but a 90-degree phase offset. After the lowpass filtering, 

two baseband signals in-phase (I) and quadrature-phase (Q) are 

used to obtain the phase information of the modulated signal by a 

calculation of arctan(Q/I). Consequently, the modulated frequency 

can be reconstructed by taking a derivative to the phase data. 

To demonstrate the acoustic detection capability of the dual-

polarization DBR FL in ultrasonic NDE, a 7075-aluminum plate 

with a thickness of 20 mm was used as the device under test 

(DUT). The schematic of the ultrasonic NDE is shown in Fig. 9 

(b). The DBR FL was attached on the surface of the DUT with a 

nearest to-edge distance (D) of 10 mm. The installation of the 

DBR FL on the 7075-aluminum plate is exhibited in Fig. 9 (c), in 

which the visible red light is due to the scattering from the grating 

region. For the ultrasonic generation, a frequency-quadruple 

Nd:YAG (Spectra-Physics Lab-170-10) free space laser with a 

266 nm central wavelength, 10 Hz repetition rate and 4 ns pulse 

width was employed. The output laser was focused into a 10 mm 

long line beam by a cylindrical lens, illuminating on the surface of 

the DUT to excite ultrasonic waves based on the thermo-acoustic 

effect. During the test, the source-receiver distance was varied 

from 4 mm to 16 mm by simultaneously moving the DBR FL and  
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Fig. 9. Experiments of ultrasonic non-destructive evaluation performed on a 7075-aluminum plate using the dual-polarization DBR FL S2 (a) Schematic 

diagram of the DBR FL sensing system based on the I/Q quadrature demodulation. (b) Schematic diagram of the experimental setup for laser-acoustic 

detection by a DBR FL on a 7075-aluminum plate. (c) The DBR FL installed on the 7075-aluminum plate. (d) Ultrasonic signals detected by the DBR FL at 

various source-receiver distances of 4 mm, 8 mm, 12 mm, and 16 mm. 

 

DUT while laser source kept still. In addition, the laser pulse 

energy for ultrasonic generation was remained constant as 0.5 mJ. 

The beat frequency of the dual-polarization DBR FL would be 

modulated as the generated ultrasonic was applied to the laser. By 

performing a calculation based on the I/Q demodulation method, 

the ultrasonic signals were reconstructed. As shown in Fig. 9 (d), 

two different peaks can be observed in the retrieved results in the 

time domain. The first arriving ultrasound signal is identified as 

the directly transmitted surface Rayleigh wave (R-wave) while the 

second is the reflected surface Rayleigh wave (RR-wave) from 

the edge. By measuring the time difference of arrival (TDOA) for 

the two peaks, the propagation velocity of the surface Rayleigh 

wave in 7075-aluminum can be estimated as 2911 m/s, which is 

close to the actual value of 2850 m/s [60]. In addition, the 

measured to-edge distance is 10.34 mm by using the TDOA 

between the adjacent R-waves detected with different source-

receiver distance. The slight error of the propagation velocity and 

to-edge distance may result from the measuring error of the 

distance and the reading error of TDOA. As a result, ultrasonic 

NDE is achieved by using the created dual-polarization DBR FL 

as an ultrasonic detection unit. As a prospect, by replacing the 

edge of the aluminum plate with a crack, it is promising to realize 

ultrasonic flaw detection using a dual-polarization DBR FL in the 

future. 

IV. CONCLUSION 

We have proposed and demonstrated a slit beam shaping 

fs laser point-by-point technology for fabrication of 

polarization-controllable DBR FLs with high-temperature 

resistance. Both single-polarization and dual-polarization 

DBR FLs were created by changing the fs laser-induced 

birefringence of the FBG Fabry-Perot (FBG-FP) cavity 

using a slit beam shaping method. High-performance DBR 

FL was obtained by created a high-quality FBG-FP cavity 

with a low insertion loss as low as 0.2 dB in a section of 

Er-doped fiber. In addition, a DBR FL array consisting of 

eight DBR FLs was also successfully created by inscribing 

FBG-FP cavities with distinct grating periods. Furthermore, 

it was demonstrated that the fabricated DBR FL can 

withstand a high temperature up to 800 ℃ and the laser 

linewidth increases from 1.55 kHz and 10.8 kHz as 

temperature raising from 25 ℃ to 800 ℃. Moreover, high-

temperature vibration sensing at 800 ℃ was realized by 

using a single-polarization DBR FL, achieving an 

acceleration sensitivity of 0.319 rad/(m/s2). Besides, a dual-

polarization DBR FL was successfully applied in ultrasonic 

NDE in a 7075-aluminum plate. Consequently, this 

provides a novel approach to fabricate polarization-

controllable and high-temperature-resistant DBR FL 

sensors, which are promising elements for structure health 

monitoring in extreme environments. 
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