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1. Introduction

Fiber Bragg gratings (FBGs) have been broadly used in the 
telecommunication, laser and sensing fields [1, 2]. They 
are high precision, compact and easy to multiplex, making 
them strong competitors to conventional electronic sensors 
for applications such as temperature and strain measure-
ments. Femtosecond infrared (IR) laser systems have been 
proved to be useful for processing FBGs in recent years [3]. 
They can be used to fabricate FBGs in various optical fibers 
without special photosensitization [4, 5], due to their high 
peak intensities and the strong nonlinear interaction between 
light and materials [6]. When combined with the phase mask 
technique, they give a highly repeatable spatially modulated 
interference field and ease of alignment. There are two types 
of induced refractive index modulation in FBG processing 
using femtosecond IR lasers [7]. Type I-IR FBGs result 
from defect formation due to multiphoton absorption, whose 
maximum operating temperature does not exceed 500 oC. 
Type II-IR FBGs are due to localized melting or void forma-
tion resulting from the multiphoton ionization (MPI). Type 
II-IR FBGs exhibit permanent performance up to the glass 

transition temperature, making them suitable for sensing 
applications in harsh environments.

The writing of Type II-IR FBGs using a femtosecond IR 
laser and a phase mask was first reported in 2004 by Smelser 
[8], in which high laser pulse energies over 1 mJ were needed, 
and the fiber had to be placed very close to the phase mask to 
take advantage of the multiple beam interference and increase 
the laser intensity at the fiber core [9, 10]. However, when the 
phase mask is close to the fiber, the nonlinear absorption in 
the phase mask, which is due to the high laser intensity, would 
shorten the lifetime of the costly phase mask or damage it. 
Furthermore, the self-focusing effect in the phase mask would 
disturb the alignment of the focal spot and the fiber core [11]. 
When a 25 mm cylindrical lens is used and the distance 
between the focal point and the phase mask is set at 400 µm, 
a pulse energy over 950 µJ would result in significant self-
focusing; even white light generation is in the phase mask.

In this paper, gradient-index (GRIN) modulation pre-
fabrication in the cladding of standard telecom fibers was 
proposed for femtosecond laser processing of Type II-IR 
FBGs. The refractive index of the prefabricated region in the 
cladding had a large gradient across the laser beam, which 
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could act as a cylindrical lens to enhance the focusing of the 
laser beam when writing Type II-IR gratings. With GRIN-
assisted focusing, the laser power threshold for writing Type 
II-IR FBGs was lowered from 750 μJ to 520 μJ. The annealing 
behavior of the fabricated FBG was studied. The FBG showed 
good thermal stability at temperatures over 900 °C.

2. Experiment setups

Femtosecond laser pulses with 150-fs duration were gener-
ated by an amplified Ti:sapphire laser at a center wavelength 
of 800 nm and 1 kHz repetition rate. It has maximum output 
energy of about 1 mJ. The 12 mm diameter Gaussian beam 
was focused with a 25 mm cylindrical lens through a zero-
order nulled phase mask with a period Λ μ= 2.14 mm  into 
the standard telecom fiber core. According to free space 
Gaussian beam optics, the width of the focal spot size is 

ω λ πω μ= ≈ =W f2 2 / 2.1 m0 , where λ is the wavelength, f is 
the focal length of the cylindrical lens, and ω0 is the incident 
beam waist. The focus area was μ ×2.1 m 10mm. The distance 
between fiber and phase mask was set to 400 µm to produce a 
multiple beam interference-field pattern with higher intensity 
than that generated by two-beam interference [12].

In our method, the femtosecond laser beam was focused 
on the cladding through the cylindrical lens without a phase 
mask before writing gratings. When the pulse energy was set 
at 700 µJ, the fiber was exposed for 60 seconds to prefabricate 
the GRIN modulation area, in which the laser-induced index 
modulation would reach its saturation value. The laser inten-
sity was estimated to be × W3 10 / cm13 2, which could induce 
Type I-IR index change [8]. Due to the energy distribution 
of Gaussian laser beam, the index would have a large gra-
dient along the horizontal direction in the prefabricated area. 
Figure 1(a) shows the cross-sectional morphology of the GRIN 
modulation area in the fiber. The GRIN modulation area was 
located in the cladding and extended into the core. The area is 
about 45 µm in length and 3 µm in width. Figure 1(b) shows the 
axial morphology of the GRIN modulation area viewed along 
the laser beam axis. The prefabricated index modulation would 
result in some influence on FBGs, such as increasing the dc 
index modulation of FBGs and cladding-mode coupling loss, 

the value of which was about × −1 10 3and -3 dB, respectively. 
But the GRIN modulation can be eliminated by an annealing 
process after writing gratings, because the GRIN modulation 
resulted from a Type I-IR index change. The GRIN modula-
tion area could act as a second cylindrical lens for focusing 
the writing beam to increase the intensity. After the prefab-
rication of the GRIN modulation, the laser was blocked. The 
phase mask was mounted and the distance between fiber and 
phase mask was set to 400 µm. The cylindrical lens would be 
realigned to make the interference pattern focused into the 
core through the GRIN modulation area. A translation stage 
with differential adjusters and piezo actuators was used, the 
resolution of which was 0.5 µm and 20 nm, respectively. The 
symmetry of the transmission light pattern could be used to 
confirm the alignment, which was very sensitive to the fiber 
position. The error in the alignment was estimated to be about 
0.2 µm. Then the fiber would be exposed for 20 seconds to 
write the gratings. Figure 1(c) shows the axial morphology of 
the fabricated Type II-IR FBG viewed along the laser beam 
axis. The grating pitch is Λ Λ μ= = 2.14 mG m , which is caused 
by the multiple beam interference.

3. Experiment and result

3.1. Threshold study

The threshold pulse energy for processing Type II-IR FBGs 
using the common and GRIN-assisted focusing method was 
measured, respectively. The exposure conditions and setups 
were the same as described earlier, despite the lack of GRIN 
modulation prefabrication in the common method. To deter-
mine the threshold, the pulse energy was increased until white 
light generation occurred in the fiber coincident with Type 
II-IR grating formation. The white light generation threshold 
pulse energy using the common method was determined to 
be 750 μJ, while the white light generation threshold pulse 
energy using the GRIN-assisted focusing was 520 μJ. The 
result indicates that threshold pulse energy for fabrication of 
Type II-IR gratings is reduced to about 69%.

Type II-IR FBGs were fabricated using the common method 
and GRIN modulation-assisted focusing method, respectively, 
in which pulse energy was set at 800 μJ. Figure 2 shows the 
reflection spectra of the FBGs fabricated using the common 
method and the GRIN modulation-assisted focusing method. 
From figure 2, we can see that the Bragg wavelength of the 
FBG fabricated using the common method and GRIN modula-
tion-assisted focusing method was 1549.9 nm and 1550.9 nm, 
respectively, which was because the prefabrication increased 
the dc index modulation. It should be noticed that the peak 
reflectivity for the two FBGs was close to -3 dB, which can 
be explained as follows. In the FBG fabricated without pre-
fabrication, a hybrid FBG including Type I-IR gratings was 
fabricated, in which about 1.5 mm long Type II-IR gratings 
in the center region and Type I-IR gratings in the two side 
regions were observed. The total length of the FBG was meas-
ured to be about 3.8 mm. When the GRIN modulation-assisted 
focusing method was used, the length of the fabricated Type 
II-IR FBG was increased to about 3.5 mm. There were no Type 

Figure 1. (a) Cross-sectional morphology of the prefabricated 
GRIN modulation area. (b) Axial morphology of GRIN modulation 
area viewed along the beam axis. (c) Grating fringes fabricated with 
GRIN-assisted focusing.
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I-IR gratings in the side region, because the Type I-IR index 
change was almost saturated during the prefabrication.

We investigated the focusing of a writing beam propagating 
through the GRIN area by numerical calculation. We assumed 
that the incident beam is oriented along the y-axis and the gra-
dient direction is oriented along the x-axis. The spatial refractive 
index profile of the prefabricated area should be complex, due 
to the multiphoton absorption process and self-focusing effect. 
It could be determined using differential interference contrast 
imaging for accurate analysis [13]. To  simplify the calcula-
tion, we assume that the refractive index distribution within the 
GRIN area is given by the following equations [14]:
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modified area. In our case the maximum Type I-IR index mod-
ulation is about × −1 10 3 and g0 denotes the gradient parameter. 
The width of the GRIN modulation area d is about 3 μm 
according to the microscope image. The refractive index of 
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By numerical calculation we can obtain the curve of min-
imum beam half-width ωmin versus the length of GRIN 
modulation area, which is shown in figure 3. Considering the 
length of the fabricated GRIN area is about 45 μm, and the 
8 μm diameter fiber core is at the end of the area, we assume 

Figure 2. Reflection spectra of the FBGs fabricated using the common method (a) and the GRIN modulation-assisted focusing method (b).

Figure 3. Variation of minimum beam half-width ωmin with the 
length of GRIN area.

Figure 4. Image and reflection spectrum of Type II gratings 
fabricated using GRIN-assisted focusing. The separation distance 
between the phase mask and the fiber was 1.2 mm.
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that the effective length of GRIN area is 37 μm. The ωmin 
could be reduced to 0.652 μm (62% of the original value), 
as shown in figure 3, which is in good agreement with the 
experiment result.

With the help of the GRIN-assisted focusing, Type II-IR 
FBGs could be achieved using a larger separation distance 
between the phase mask and the fiber. The pulse energy was 
set to 900 μJ. The maximum separation distance for pro-
cessing Type II-IR FBGs using common and GRIN-assisted 
focusing method was measured, respectively. The distance 
between the phase mask and the fiber was decreased from 
2 mm until white light occurred. The maximum separation 
distance using common method and GRIN-assisted focusing 
method was determined to be about 500 μm and 1.2 mm, 
respectively. Figure 4 shows the image and reflection spec-
trum of the fabricated FBG using GRIN-assisted focusing, in 
which the separation distance between the phase mask and the 
fiber is 1.2 mm. The nonlinear absorption in the phase mask 
can be reduced at the 1.2 mm separation distance.

3.2. Annealing study

To investigate the thermal stability of the Type II-IR FBGs 
fabricated using this method, we used a short-term annealing 

treatment with a tube furnace. The FBG was processed using 
the same method as described above. The pulse energy was 
increased to 800 μJ from 520 μJ to increase the grating length, 
which would offer better SNR for the spectrum analysis 
during the annealing study. Figure 5 shows the image of 
the FBG fabricated for the annealing study. The FBG was 
subjected to short-term thermal exposure (60 min at each 
temperature) at 400 °C, 500 °C, and then progressively to 
1200 °C with a temperature increment of 100 °C. The varia-
tion of reflectivity and temperature are shown in figure 6. The 
reflectivity increased slightly from -3.78 dB to -3.51 dB with 
temperature increasing from room temperature to 900°C. 
At 1200 °C the reflectivity decreased to -8.45 dB (34% of 
the initial reflectivity). The reflection spectra of the FBG at 
20 °C, 900 °C, 1200 °C and after cooling down are shown in 
figure 7, respectively.

To prove that the prefabricated GRIN modulation could 
be eliminated by annealing process, fiber with GRIN prefab-
rication was subjected to short-term exposure at 850 °C and 
stabilized for five hours. Figure 8 shows the cross-sectional 
morphology of the prefabricated GRIN modulation area 
before and after the annealing process. The result suggests 
that the annealing process is able to eliminate the prefabri-
cated GRIN modulation.

Figure 5. Image of the Type II-IR FBG fabricated using  
GRIN-assisted focusing for annealing study.

Figure 6. Variation of the reflectivity (square) of the FBG and 
the temperature (solid line) of the tube furnace in the short-term 
annealing treatment.

Figure 7. Reflection spectra of the FBG at 20 °C, 900 °C, 1200 °C 
and after cooling down, respectively.

Figure 8. Cross-sectional morphology of the prefabricated GRIN 
modulation area before (left) and after (right) the annealing process.
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4. Conclusion

In conclusion, we have presented a method using prefabri-
cated GRIN modulation for femtosecond laser processing of 
Type II-IR FBGs in standard telecom fibers. With the GRIN-
assisted focusing, the laser threshold pulse energy for writing 
Type II-IR FBGs was lowered from 750 μJ to 520 μJ. The 
annealing behavior of the fabricated FBGs was studied. The 
FBGs showed good thermal stability at temperatures over 
900 °C. The result also suggests the Type I-IR GRIN modula-
tion could be eliminated by an annealing process.
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