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Abstract Long period fiber gratings (LPFGs) with
different spectral characteristics were fabricated with 1
kHz, 50 fs laser pulses. The contrast of resonant rejection
band can be significantly increased by a proper amount of
axial stress along a fiber during laser writing or post-
processing with lower energy density laser irradiation.
Variations of focal condition, pulse energy of laser
irradiation and the number of grating periods lead to the
generation of resonance rejection band of LPFGs from
single-peak to multi-peak plus larger out-of-band loss. The
out-of-band loss is primarily caused by Mie scattering from
the laser processed cites, and it can be reduced by
decreasing the duty cycle of grating pitch instead of
lowing down the actual power of laser irradiation.

Keywords long-period fiber grating (LPFG), infrared
femtosecond laser, out-of-band loss, Mie scattering, micro-
nano-fabrication

1 Introduction

Long-period fiber gratings (LPFGs) have been found wide
applications in optical communications and smart sensing
[1-5]. Among various techniques for fabrication of LPFGs
[2], infrared femtosecond laser writing [5-9] is one of the
most attractive methods in terms of its flexibility, being
applicable to either photo sensitive or insensitive fibers,
and possessing no needs for any pre-designed masks.
Because the radius of focused femtosecond laser beam is
typically a few micrometers or less, both the dimension
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and location of modified refractive index region can be
thus conveniently altered according to specific require-
ment. This leads to the attractive advantage of writing
LPFGs with near infrared femtosecond laser over with CO,
laser in the aspect of generating more versatile grating
profiles [5].

Although fabricating LPFGs by infrared femtosecond
laser has been demonstrated for more than ten years [6],
attenuation magnitude of the reported maximum rejection
band of LPFGs fabricated with this method for standard
telecommunication fiber (SMF-28) without hydrogen
loading is usually no more than 10dB [6,9], and in the
meanwhile, a relatively large out-of-band loss is always
present [6,9,10], which are common problems for all
LPFGs fabrication techniques. Reference [11] shows that
applying tension to a conventional lightly doped single-
mode fiber during the CO,-laser radiation can enhance the
efficiency of LPFGs fabrication. With precise positioning
technique and high repetition laser system, such a back-
ground loss can be reduced to 0.26-0.3dB [12,13].
Nevertheless, most of the published data in this area
show the maximum attenuation peak of the LPFGs is all
centered around 1500 nm (LPy4 (¢ core-cladding coupling
mode) [13], and the tuning of resonant wavelength are
usually achieved by adjusting refractive index and the
period of grating [14,15]. In fact, by the control of the core-
cladding coupling mode, the resonant peaks can be tuned
in a relatively broad spectral range. However, it is a pity
that little effort has been made in shifting the maximum
attenuation peak to a shorter wavelength, and under-
standing how the selection of a specific favorite resonant
peak can be practically achieved in fabricating a LPFG
device.

In this paper, we demonstrated that the core-cladding
coupling mode can be effectively selected by the
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confinement of the processed area, and the writing
efficiency in standard single mode fiber (SMF) may be
greatly improved by applying a certain amount of tension
to the fiber during femtosecond laser writing or post-
processing the device with low energy density laser
irradiation. The transmission spectra of LPFGs fabricated
with different laser irradiation energies and number of
grating periods in general can be rather different in terms of
the total number of resonant attenuation peaks, their
spectral positions, and the non-resonant attenuation back-
ground. Our experimental data also indicate that the out-of-
band loss of the LPFGs can be controlled by selecting a
proper duty cycle of the grating pitch in addition to the
total number of the grating periods and the average laser
irradiation power.

2 Experiments

Our experimental setup for writing LPFGs is shown in Fig.
1. A femtosecond laser amplifier system that produces 50
fs pulses with 1kHz repetition rate and a central
wavelength of 800 nm is used in the experiments. The
femtosecond laser output is first directed by two high
reflectance (HR) steering mirrors, and then focused into the
fiber core by a 25x microscope objective after passing
through a couple of neutral density filters and reflected by a
45° dichroic mirror. The single pulse energy irradiated on
the fiber is estimated to be from 0.42 to 0.65 pJ. To achieve
both fast and precise adjustment in fiber positioning, two
charge-coupled device (CCD) cameras are used. One
behind objective lens, as shown in Fig. 1, is used to check
the accuracy in beam height alignment, and the other is
placed above the laser writing site to monitor the distance
between the fiber and focal lens.

A single mode optical fiber (SMF-28e, Corning Inc.)
without hydrogen loading, is mounted on a three
dimensional motor-controlled translation stage with a
step resolution of 0.05 um. Laser scribing along the fiber
core is achieved by translating the fiber at a speed of 0.02
mm/s along the fiber axis normal to the incident laser
beam. The length of the gratings fabricated by point by
point (PBP) laser writing ranges from 20 to 25 mm for a
grating period of 500 um and a duty cycle of 50% unless
otherwise specified.

3 Results and discussion

To ascertain that only the refractive index of the fiber core
is modified, a grating is first fabricated with relatively
higher pulse energy in a piece of SMF sample with
femtosecond laser pulses. The processed fiber is then
examined with an optical microscope of 1000 x magnifica-
tion for both close-in side view and the end-view of the
cross section of the fiber. After making sure that the

Fig. 1 Schematic diagram of experimental setup for the fabrica-
tion of LPFGs. During laser writing, the fiber is translated along its
axis and normal to the incoming laser beam focused by a 25x
microscopic objective. A super continuum light source (Koheras
SuperK) and an optical spectrum analyzer (OSA, Ando AQ6315E)
are used for in situ monitoring the transmission spectrum of the
LPFGs during laser writing

refractive index change is indeed confined within the fiber
core and the change of cladding index is not observed, the
pulse energy is then reduced down to 0.42 pJ to write the
LPFGs.

The normalized transmission spectra for the four LPFGs
written with axial tension from 0 to 3 N respectively
applied to the fiber samples are presented in Fig. 2(a). One
can see that LPFG is almost not formed without tension
applied. This is likely due to the fact that the fiber without
any tension could even slightly sag during and after
mounting. When 1N axial force is applied, the fiber is
straight enough and a rejection band centered at 1296 nm
emerges. And the contrast of this rejection band is however
less than 10 dB. It is estimated from the couple mode
theory that this rejection band is caused by the loss of the
core mode coupled to LPy, cladding mode. When the
applied axial force is increased to 2 N, the rejection band
shifts to 1293 nm, and the depth of rejection band is about
14.5dB. As the axial force is further raised to 3 N the
contrast of the rejection band reaches about 17 dB, having
a peak centered at 1288 nm and a 3 dB bandwidth of only
7nm. It is interesting to see that with increasing tension
inside the fiber, the wavelength of the resonance peak has a
blue shift. Also note that the height or the depth of the
resonance peak increases with the tension in this particular
case.

According to the strain-optic theory [11,16,17], the
presence of a tension reduces the refractive index of the
fiber core, as well as that of fiber cladding. And the
refractive index change inside the fiber core can be frozen
by the process of femtosecond laser irradiation. On the
other hand, when the laser irradiates on fiber, the core
material absorbs photons, which leads to the increase of
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Fig. 2 (a) Transmission spectra of LPFGs fabricated with 0 to 3

N axial stresses applied along the fiber respectively; (b) growth of
transmission spectra as a function of length for 3 and 2 N pulling
forces, respectively. In (b), for both forces of 3 and 2 N, the black
curves are recorded when the grating length is 20 mm, and the red
curves are measured when the grating length is 25 mm

refractive index. Therefore, when the fiber under tension is
inscribed by proper laser radiation the refractive index
modulation will be weakened slightly due to the tension-
induced index reduction and the larger the tension the
weaker the refractive index modulation would be.

It is known that the resonant wavelength of a LPFG, 4,
is determined by the phase-matching condition [13]:

A8 = (ny— 1A, (1)

where n,, and n}" is the effective indices of the

fundamental mode within the fiber core and the ny,-order
guided modes in cladding, and A is the length of grating
period required to couple the fundamental mode to the
ng-order cladding mode. Equation (1) tells us that for a
given grating period, the decrease in the effective core
index will lead to a blue shift of the resonance peak

wavelength. This is consistent with what we can observe in
Fig. 2(a). Based on Eq. (1), we can estimate that the core
refractive index modulation is decreased approximately by
about 1.6 x 10° when the applied tension force is
increased from 1 to 3 N.

To further elaborate this point, Fig. 2(b) shows the
growth of two LPFGs as a function of the overall grating
length. It is found that when the length of the grating
written with 2N force applied is 20 mm the resonance
transmission reaches the minimum and further increase of
grating length leads to its saturation; whereas to achieve
the minimum transmission for the grating written with 3 N
force applied the grating length needs to be more than
25 mm.

According to Ref. [15], when the phase matching
condition is met the power of the core mode coupled into
the ng-order cladding mode will vary directly with
sin’(xL), in which L is the grating length, « is the coupling
constant related to the overlap integration between the core
mode and the specific resonant cladding mode. (x is also
directly proportional to the normalized laser-induced

. . s .
refractive index change). When kL = 5> maximum core

power transfer to cladding. Further increase L, the core
power transferred to cladding is decreasing. Thus, in the
case of 3 N tension force in Fig. 2(b), the fact that either a
longer LPFG or larger L is required to reach the resonance
transmission saturation indicates that the corresponding x
value in this case must be relatively small. When
L = 25 mm, the grating with 2 N tension is over coupled,
however, the grating with 3 N tension is not over coupled.
That is to say, in our case, the effective laser-induced
refractive index change with 3 N tension should be smaller
than that with 2 N tension. This is also confirmed by the
observed phenomenon shown in Fig. 2(a) of the
wavelength shift of the resonance peak for different
tension forces.

Besides applying a proper pulling force along the fiber
during laser inscribing, it is found that post-processing
with lower dose of laser irradiation may also effectively
improve the depth of LPFG’s resonant peak. For example,
the transmission spectra of a LPFG with and without post-
processing by further laser irradiation are showed in Fig. 3.
In this case, we use laser pulses of 0.02 W average power,
0.2 mm/s sample moving speed, and the whole grating
(including the modification area and non-modification
area) is irradiated during the post-processing. It can be seen
that the depth of LPFG’s maximum rejection band is
substantially improved from 15 to 21dB with little
exacerbation of the background loss. This could be
ascribed to some minor but critical increase in the core
refractive index by the post-processing, which effectively
helps to enhance the coupling between the core mode and
cladding mode. Accordingly, the slight red-shift of the
resonance peak wavelength from 1279 to 1285nm as
evident in Fig. 3 is consistent with the speculation of the
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Fig. 3 Comparison of transmission spectra of LPFGs with
(hollow round dots) and without (solid squares) post processing

minor augment of the core refractive index as result of post
laser irradiation treatment.

Note that apart from the result given in an earlier report
by our group [9], the 1300 nm resonance peak of a LPFG
with a grating period of 500 um fabricated in SMF with
femtosecond laser pulses was either rather weak [6] or
even not present [ 18]. In this work, however, we report that
the transmission spectra of LPFGs with a major resonant
peak near 1300 nm are repeatedly produced. Such results
contrast the other studies that report LPFGs with a major
resonant peak near 1550 nm [18]. The reason for such a
difference is likely due to the fact that in our case the
modification of the refractive index of fiber core is largely
non-uniform. As we use tighter focus only part of the fiber
core is processed by the laser beam, hence the coupling
strength between the core mode and the different cladding
modes are differentially changed.

The beam waist of the focused laser, w,o, can have
significant impact on the actual processing area of fiber
core, and this beam waist may be estimated roughly by

A

TCWIO’

Wao = 2)
where A is the wavelength of laser, wyq is the radius of laser
beam before being focused, and 1 is the focal length of the
microscope objective used, which is also inversely
proportional to the numerical aperture (NA) of the
objective. It is reasonable to expect that the processing
area of the fiber core will be largely reduced when a 10x
microscope objective with a numerical aperture of 0.25 is
replaced with a 25 x objective with a numerical aperture of
0.4. As it is clearly shown in Fig. 4, the LPFG fabricated
with 10x microscopic objective and 0.75 pJ single pulse
energy presents very different transmission characteristics
from that with 25 objective. In particular, in contrast to
the traces given in Fig. 2(a), the largest resonant peak now
occurs at 1550 nm, corresponding to the loss of core mode
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Fig. 4 Transmission spectra of LPFGs fabricated with a 10x
objective and single pulse energy is 0.75 uJ

coupled to LPys cladding mode. The result in Fig. 4 is in
fact very similar to those reported in literatures.

Variation of the transmission spectra of LPFG is shown
in Fig. 5 for different total number of grating periods (N)
and a fixed pulse energy of 0.52 pJ. It can be seen that
multiple resonant peaks occur when N2> 12. In particular,
four resonant attenuation bands are marked in Fig. 5,
namely the peak A is at 1315 nm, B at 1370 nm, C at 1440
nm and D at 1550 nm. For peak A, which is the first
resonant attenuation peak to occur, when N = 4, it presents
a 4 dB attenuation; when N = 10, the attenuation becomes
more than 16 dB; further increasing N, this rejection band

decreases because of over-coupled [19], that is xL > g,

3
and when N=30, kL = Tn’ it reaches a maximum value of

18 dB. For other rejection bands such as B, C, and D, when
N = 12 they are barely all present, but with N increasing,
they all get deepened, and the three bands can successively
reach 11 dB for N equal to 24, 28 and 30, respectively.
Further increasing N, they become over-coupled. There-
fore, a multi-bands or a single-band LPFGs can be
conveniently fabricated by selecting the number of grating
periods for laser irradiation of the relatively higher single
pulse energy. This clearly shows the flexibility of
femtosecond laser manufacturing of LPFGs.

However, the higher pulse energy also leads to a larger
out-of-band loss of more than 3 dB. Such type of
background attenuation may be attributed to the Mie
scattering of the processed area [20]. This is further
evidenced in Fig. 6, in which light scattering or leakage
from the laser processed tracks can be clearly seen. (By
carefully examining these tracks one can find that light
scattering is also not even because of higher energy laser
irradiation, which could imply that some granule structure
is formed inside the fiber.) It is very likely that the
uniformity of fiber material gets more seriously spoiled for
higher pulse energy irradiation than that of lower energy
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Fig. 5 Evolution of LPFG transmission spectra for different total number of grating periods, indicated on the right of each plot. The
traces are better viewed row by row, first starting from the one on the top left N =2, then to its right N =4, and then move to the bottom left
N =6, next to it is the bottom right N = 8, and then go back to the top left plot but now N =10 and so on, up to the spectrum associated with

N = 32 given in the bottom right plot

Fig. 6 Microscopic image of light scattering from LPFGs when
light from broadband light source is coupled into and propagating
through fiber core

laser irradiation, and the granule structures formed in the
core at higher irradiation power become the center of Mie
scattering.

For the 25x microscope objective (NA = 0.4) that is

used to focus the femtosecond laser beam into the central
of the fiber, the focal spot diameter is estimated to be 0.8
pm without considering the lensing effect of the fiber itself.
During laser inscribing, the axial translation speed of the
fiber is set at 25 um/s. Therefore, the number of repeated
irradiation pulses at each spot position is no more than 32.
Properly increasing the pulse duration so that decreasing
peak intensity or lowering pulse energy with higher
repetition rate may help to increase the uniformity of
laser scanned area [21,22] and decrease the observed Mie
scattering.

LPFGs with different duty cycles are produced, and their
transmission spectra are shown in Fig. 7. It can be seen that
as the duty cycle decreases from 90% which means laser
on for 450 um and off for 50 um to 20%, namely, laser on
for 100 um and off for 400 um within each pitch, the
background attenuation is decreased approximately from 8
to 4 dB. Besides, the rejection bands also become sharper
and deeper for the device of smaller duty cycle. These
demonstrate that optimizing the duty cycle of LPFGs
can be an effective way to decrease the out-of-band loss
of LPFGs and to optimize the attenuation of LPFGs as
well.
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Fig. 7 Transmission spectra of LPFGs written by 2 pJ laser
pulses energy for three different duty cycles (Note that the grating
period is 500 um for all the gratings shown here, and thus 100/400
duty cycle means laser on for 100 pm and laser off for 400 pm)

4 Conclusions

LPFGs with the major resonant attenuation peak near
1300 nm were produced by infrared femtosecond laser
PBP writing in a standard SMF. With a 3 N tension force
applied to the fiber, the LPFGs written with lower pulse
energy show a typical single rejection band over 16 dB
attenuation, a 3 dB bandwidth of 7 nm, and nearly zeros
out-of-band losses. It is also found that using femtosecond
laser irradiation post-processing can be another effective
method for enhancing the depth of the rejection band.
Tighter focus of the processing laser beam, which leads to
the modification of the refractive index only for part of the
fiber core, is responsible for the observed change of the
major resonant mode. Weakly focused processing laser
beam can cause the uniform distribution of processed area
inside the fiber core, which normally leads to the multi-
peak LPFGs. Controlling the number of grating periods at
increased laser irradiation energy can form either single-
peak or multi-peak LPFGs with higher out-of-band
attenuation. Such background attenuation associated with
Mie scattering may be effectively decreased by optimizing
the duty cycle of LPFGs.
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