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 This paper describes the use of femtosecond laser pulses to selectively modify the optical per-
formance of as-fabricated fiber Bragg gratings (FBG) written in single mode optical fibers. As a re-
sult of the irradiation of FBGs by femtosecond laser pulses generated from a Ti:Sapphire amplifier, 
the resonance Bragg wavelength is changed, or split into two separate individual wavelengths. In 
addition, the bandwidth of the reflection peak is increased. Further analyses show that a change of 
6.09×10-4 in the refractive index is achieved in a single pass of the laser beam. Periodic micro-
grooves are also inscribed along the fiber using femtosecond pulses. In addition to the optical per-
formance, the sensing performance of the FBGs is increased by inscription of periodic micro-
grooves in the cladding of the fiber. The micromachined fibers are used for simultaneous measure-
ment of temperature and concentration of liquids. 
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1. Introduction 
Fiber Bragg gratings (FBG), which are submicron peri-

odic modulations of the index of refraction in optical fibers, 
are widely used in sensing and communication industries. 
Fiber Bragg gratings are usually inscribed in single mode 
optical fibers using Ultra Violet (UV) radiation using 
masks [1]. The gratings can be customized by changing the 
masks which is a time consuming and expensive process.  

With the advancements in the femtosecond laser mi-
cromachining of transparent materials, e.g., glass, the per-
formance of the as-fabricated FBGs can be selectively 
modified. 

The interaction of femtosecond laser pulses with dielec-
tric materials, such as glass, has been a research topic dur-
ing the past years [2-5]. The optical fiber is made of silica, 
which is transparent to visible and near-infrared (NIR) 
spectra of electromagnetic radiation.  However, ultrashort 
laser pulses, i.e., tenth of picoseconds or femtosecond, at 
800 nm enable both bulk modification and surface micro-
machining of silica. 

Surface material ablation of silica, associated with fem-
tosecond laser radiation involves some fundamental proc-
esses. When the material surface is irradiated by a laser 
pulse, the electrons in the conduction band are excited 
through multiphoton ionization. The density of the elec-
trons increases through avalanche ionization until the fre-
quency of the formed plasma reaches the frequency of the 
laser radiation. The high density plasma is strongly absor-
bent to the laser energy. This energy is transferred from the 
plasma to the lattice after the laser pulse is gone. This 
transfer of energy occurs in a time scale much smaller than 
the thermal diffusion time, and can result in material abla-
tion [2,5,6]. 

In addition to surface micromachining, structural modi-
fications like change in the refractive index and stress in-

duction can be accomplished due to  nonlinear phenomena 
such as photoionization that occur during the interaction of 
femtosecond laser pulses with silica [7-9]. Also, femtosec-
ond lasers have been used for the induction of birefrin-
gence in optical fibers by exposing the cladding to the laser 
radiation [10] and for direct writing of Bragg gratings in 
the core of optical fibers for sensing and fiber laser applica-
tions [11-14]. The fabrication of intracore Bragg gratings 
by the lateral illumination of the optical fibers using phase 
mask scanning technique is presented in [13]; to enhance 
the sensing performance of FBGs, a femtosecond laser was 
used for the inscription of high-temperature stable Bragg 
gratings in polarization maintaining (PM) fibers. 
The photo-enhanced birefringence caused by the femtosec-
ond pulses resulted in FBG sensors with dual-parameter 
sensing capability in a wide range [14]. Bragg gratings 
have also been inscribed in the core of the Yb-doped fibers 
used in fiber lasers [15]. 

With the great potentials of femtosecond laser pulses in 
micromachining of silica, they can be effectively incorpo-
rated for customizing as-fabricated FBGs. In this paper, we 
report the use of femtosecond laser pulses to selectively 
modify the performance of as-fabricated FBGs. In the ex-
periments, an as-fabricated FBG is radiated by femtosec-
ond laser pulses moving in a specified path relative to the 
fiber. The reflectivity spectra obtained after laser process-
ing show that the femtosecond laser radiation can effec-
tively modify the reflectivity characteristics of the FBGs. 
Shift in the Bragg wavelength, splitting the single FBG 
peak into two individual peaks, and a change in the band-
width of the Bragg reflection are obtained. In addition, the 
sensitivity of the FBGs for simultaneous measurement of 
temperature and concentration of liquids is increased as a 
result of the inscription of periodic micro-grooves in the 
cladding of the fiber. 
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2. FBG Theory 
In FBGs, the coupling between the forward and back-

ward propagating modes results in a resonance condition. 
The resonance condition occurs at the Bragg wavelength        
( Bλ ) which is a function of the effective mode index of 
refraction ( ) and the grating pitch ( ), as follows effn Λ [16]: 

2B effnλ = Λ   (1) 
Any permanent change in the indices of refraction of 

the core or cladding of optical fiber, induced by external 
sources such as femtosecond laser radiation, can modify 

and the spectral response. effn
 

3. Experimental Setup 
Fig. 1(a) shows a schematic diagram of the femtosec-

ond laser setup and the position of the optical fiber relative 
to the laser beam. The FBGs were installed on a high preci-
sion 3-dimentional motion system manufactured by Aero-
tech Inc., and were moved across the laser beam to inscribe 
periodic grooves along the fiber. An NIR integrated, diode-
pumped, ultrafast Ti:Sapphire regenerative amplifier (Li-
bra) manufactured by Coherent Inc. was used for the ex-
periments. The laser produced light of 800 nm wavelength 
in 100 fs pulses with a repetition rate of 1 kHz. The maxi-
mum pulse energy was 1 mJ which was attenuated to 20-40 
μJ for the experiments. A 15× lens (NA=0.28) was used to 
focus the beam to the processing zone. The laser spot di-
ameter was ~8 μm, and the depth of focus (DOF) was ~21 
μm. The beam focal point parameters are small relative to 
the cladding diameter of the fiber (125 μm), but in the ex-
periments the laser beam was defocused on the fiber clad-
ding surface to create larger features. The circular shape of 
the fiber gave non-circular intensity distribution at the 
process zone. In this case, the beam diameter along the 
fiber axis (z axis) was smaller than that in the direction 
perpendicular to the fiber axis (x axis) [17]. 

Fiber Bragg gratings with a central wavelength of 
around 1550 nm were used for the experiments. The FBGs 
were outsourced from a supplier (O/E Land Inc.), and ac-
cording to the data sheets they were fabricated by UV ra-
diation with appodized grating.  

The optical fibers were coated with a protective poly-
meric layer to protect them during shipping and handling. 
Since the layer could modify the laser beam characteristics 
during the beam exposure, the layer was removed by a 
chemical stripping process before the laser micromachining. 
To do that, the FBGs were immersed in acetone for 10-15 
minutes to dissolve the polymer. 

In the experiments, the fiber was moved continuously at 
a constant speed with a pre-specified pitch to periodically 
irradiate the fiber, as shown in Fig. 1(b). 

 

 

(a) 

 
(b) 

Fig. 1 (a) Femtosecond laser workstation setup, (b) laser 
path relative to the fiber 

 
4. Experimental Results and Discussions: Optical Re-
sponse 

4.1 Shift of Bragg Wavelength 
In the first experiment, the laser beam was attenuated to 

an average power of 40 mW (equal to 40 μJ pulse energy), 
and the fiber was moved continuously with a pitch of 50 
μm and speed of 100 μm/s. Laser micromaching was per-
formed on the full length of the grating (10 mm). The laser- 
fiber distance was set in such a way that the exposure area 
on the fiber was 22 μm. This was obtained by measuring 
the trace width of the irradiated regions.  As a result, the 
pulse intensity was 1.03×1014 W/cm2. The original and 
final reflection spectra of the FBG are shown in Fig. 2. As 
seen, the central wavelength of the fiber is shifted by 465 
pm. The red shift in the Bragg wavelength is attributed to 
the change in the fiber index of refraction. As the index of 
refraction at the locations exposed to the femtosecond laser 
pulses increases, the effective mode index of refraction 
increases affecting the reflection spectrum. Using (1), the 
change in the core index of refraction at the points of laser 
exposure is 44.33 10n −Δ ≈ × . 
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Fig. 2 Initial and micromachined FBGs reflection spectra at 

a pulse intensity of 1.03×1014 W/cm2

4.2 Dual Peak Reflectivity 
In another experiment, the laser beam was attenuated to 

a power of 17.5 mW (equal to 17.5 μJ pulse energy). The 
exposure area in the fiber was 10 μm resulting in a pulse 
intensity of 1.45×1014 W/cm2. The fiber was moved con-
tinuously with a pitch of 10 μm and speed of 100 μm/s to 
radiate half of the length of the grating (5 mm). The reflec-
tivity spectra are shown in Fig. 4. As seen, two resonance 
wavelengths are generated in FBG at 1550.33 nm and 
1550.99 nm. Accordingly, the change in the index of refrac-
tion is . 46.09 10n −Δ ≈ ×

4.3 Bandwidth Increase 
Fig. 4 shows the results of an experiment in which the fiber 
was moved periodically with a pitch of 50 μm, so half of 
the length of the grating (5 mm) was micromachined with a 
laser power of 40 mW and continuous laser scanning speed 
of 100 μm/s. The exposure area was 24 μm resulting in a 
pulse intensity of 9.06×1013 W/cm2. As seen, the bandwidth 
of the reflectivity signal was increased. The Full-width-at-
half-maximum (FWHM) for the initial and final spectra are 
303 pm and 506 pm, respectively.  
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Fig. 3 Initial and micromachined FBGs reflection spectra at 

a pulse intensity of 1.45×1014 W/cm2
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Fig. 4 Initial and micromachined FBGs reflection spectra at 

a pulse intensity of 9.06×1013 W/cm2

4.4 Discussions: Optical Response 
According to the experimental results in Fig. 2, 3 and 4, 

three different scenarios occurred in the interaction of fem-
tosecond laser pulses with FBGs. The modifications are 
directly attributed to the change in the index of refraction 
of the FBGs. In the interaction of femtosecond pulses with 
silica the index of refraction is increased in the exposed 
areas [9]. The change in the index refraction is a function 
of pulse intensity; higher pulse intensities result in larger 
index changes. In Fig. 2, the Bragg wavelength has perma-
nently shifted to a higher wavelength, as the whole length 
of grating is exposed to laser pulses. However, in Fig. 3, 
the micromaching was conducted on half of the length of 
grating, so the initial Bragg wavelength is preserved and 
another one was generated at a higher wavelength. In Fig. 4, 
two wavelengths are available. Due to the lower laser pulse 
intensity, the Bragg peaks spacing is small and are seen as 
one peak with a larger bandwidth. 

In addition to the above-mentioned modifications of the 
spectral response, the reduction of the sharpness (in Fig. 2, 
Fig. 3, and Fig. 4), increase of the out-of-band  background 
level (in Fig. 3 and Fig. 4), and grating strength reduction 
(in Fig. 2) are observed. These are attributed to the phase 
shifts resulted from the induced perturbations [18]. 

The modifications of the index of refraction obtained in 
these experiments are comparable to the results reported in 
literature [19]. By tuning the laser parameters and charac-
terizing the process, the optical performance of the FBGs 
can be selectively customized. 

 
5. Sensing Performance 

In addition to the changes in the optical performance of 
the FBGs, the femtosecond laser pulses caused the cladding 
surface to ablate forming periodic micro-grooves.  

Fig. 5 shows the structures fabricated on a fiber with 
the pitch of 50 μm at a laser average power of 40 mW and 
laser speed of 100 μm/s. The width (w) and the depth (h) of 
the structures are 22 μm and 32 μm, corresponding to 220 
pulses per spot on the center line at a laser speed of 100 μm. 
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Fig. 5 Periodic microgrooves fabricated on the fiber with 
laser average power of 40 mW (pulse energy of 40 μJ) and 

laser speed of 100 μm/s 
 
In optical fibers, the effective mode index of refraction 

( ) is a function of the indices of refraction of core ( ), 

cladding ( ) and the surrounding medium 
effn coren

cladn [20]. Any 
change in these values may cause to modify. If an FBG 
which has had the cladding selectively removed using the 
laser micromachining process is moved from one medium 
to another with different refractive index, the effective 
mode index of refraction and as a result the Bragg wave-
length are changed. The effective parameter determining 
the refractive index of liquids is concentration. To investi-
gate these effects, the micromachined FBG with double 
resonance wavelength was placed in liquid solutions of 
different concentrations and the optical responses were 
obtained.  

effn

Fig. 6 shows the reflection spectra of the FBG at 
different temperatures in ethanol and 2.6 % solution of 
Polyvinyl Butyral  (PVB) in ethanol.  

According to this figure, while the first resonance 
wavelength (

1Bλ ) is dependent on both concentration and 
temperature, the second resonance wavelength (

2Bλ ) is 
mainly a function of temperature and its sensitivity to the 
concentration of the surrounding liquid is much 
lower. Fig. 7 shows the change in the Bragg wavelengths 
spacing (

2 1B Bλ λΦ = − ), associated with the resonance 
wavelengths in Fig. 6, when the sensor is immersed in 
ethanol and PVB solutions in ethanol. According to this 
figure, the Bragg wavelengths spacing decreases with in-
creasing the concentration.  

As seen in the experimental results, the sensitivity of 
the micromachined FBGs to liquid concentration was in-
creased as a result of the fabrication of corrugated struc-
tures on the cladding. When the corrugated structures are 
fabricated, the cladding effective thickness is decreased and 
as a result the effects of the refractive index of the sur-
rounding liquid become more significant in the core-
confined propagation modes of the optical fiber. The Bragg 
condition is a function of  and as a result, a Bragg 
wavelength shift occurs when a corrugated FBG is placed 
in a liquid with different refractive index. According to (1), 
in an FBG with two resonance wavelengths, e.g., Fig. 6, the 
wavelength spacing (Φ ) is  

effn

2 1
2B B effnλ λΦ = − = Δ Λ

 
 (2) 

In this case, increasing the concentration and hence the 
index of refraction of the surrounding medium causes 

to decrease accordingly which reduces . effnΔ Φ
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Fig. 6 Reflection spectra of the micromachined FBG sam-
ple with dual resonance wavelengths at different tempera-

tures in ethanol and PVB solution in ethanol 
 

 
Fig. 7-Average Bragg wavelengths spacing ( ) for differ-

ent liquid concentrations  
Φ

 
In addition, according to the experimental results, the 

FBGs are still sensitive to temperature which  means that, 
in contrast to previous FBG sensors reported in the litera-
ture (e.g. [11-12]), a single sensor of the type developed 
here using selective laser micromachining can be used for 
simultaneous measurement of both temperature and con-
centration of liquids. 
 
8.  Conclusions 

In this paper we reported the femtosecond laser micro-
machining of fiber Bragg gratings to modify their perform-
ance. Different scenarios were investigated in terms of the 
laser processing parameters and laser pulse intensity. Per-
manent change of the Bragg wavelength, reflection peak 
splitting and bandwidth increase are among the effects that 
happened in the micromachined FBGs. In addition, the 
sensing performance of the micro-machined FBGs was 
increased by the inscription of periodic micro-grooves 
along the fiber axis. The micromachined fibers were suc-
cessfully used in the simultaneous measurement of concen-
tration and temperature of liquids. 
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