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Abstract: A double-exposure fabrication method without any
intensity shadow mask to fabricate arbitrarily apodized fiber
Bragg gratings(FBGs) with narrow bandwidth is demonstrated by
controlling the total ultra violet ( UV) irradiation along the
grating by varying the speed of a translation stage. The UV source
used is a stable continuous intracavity frequency-doubled argon-
ion laser. The parameters ( such as length, apodization profile,
average index change) of FBGs can be easily changed with this
method. The total UV irradiation is kept constant in the double-
exposure process because of the precise control of the exposure
time, which ensures that the apodized FBG’s bandwidth can be
extremely narrow. The full width at half maximum ( FWHM)
bandwidth of the 2-cm-long apodized FBG fabricated by this
method is 0. 15 nm with a maximum reflectivity of more than
95% .
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ince the first observation of in-core fiber grating by Hill
S et al. in 1978"", fiber Bragg gratings( FBGs) formed by
ultraviolet irradiation' have developed into a critical com-
ponent for many applications in fiber optic communication
and sensor systems" ' due to their flexibility in easily achie-
ving desired spectral characteristics, all-fiber geometry, low
insertion loss, high return loss or extinction, and potentially
low cost. In order to reduce the sidelobes of uniform FBGs,
one may anodize the grating’s coupling strength along the
grating by gradually tapering the refractive index modulation
amplitude to zero at both ends of the grating. In this way, a
distributed Fabry-Perot interferometer is formed by the two
sides of the grating, which causes resonant structure on the
blue side of the spectrum although sidelobes on the red side
are greatly reduced'® . To further suppress these sidelobes on
the blue side, it is necessary to keep the average refractive
index constant along the grating. Either a phase mask with
variable diffraction efficiency'” or a specially designed inten-
sity shadow mask'® is usually used. However, one mask only
corresponds to one apodization profile.

In this work, we demonstrate a novel double-exposure
method for fabricating arbitrarily apodized FBGs with nar-
row bandwidths. Different apodization profile FBGs with ar-
bitrary lengths can be obtained without any intensity shadow
mask by using a stable continuous intracavity frequency-
doubled argon-ion laser and varying the UV irradiation

Received 2008-08-04.

Biographies: Lii Changgui(1979—), male, doctor; Cui Yiping( correspond-
ing author) , male, doctor, professor, cyp@ seu. edu. cn.

Foundation item: The Natural Science Foundation of Jiangsu Province( No.
BK2004207) .

Citation: Lii Changgui, Yun Binfeng, Cui Yiping. Fabrication of arbitrarily
apodized fiber Bragg gratings with narrow bandwidth[J]. Journal of South-
east University ( English Edition), 2009,25(1):23 —25.

along the grating by controlling the speed of a translation
stage.

1 Experimental Results and Discussion

The scheme of the experimental setup is the same as the
one for the fabrication of the uniform FBG, which is shown
in Fig. 1. The UV source is 244 nm laser radiation with a
beam diameter of 0. 9 mm, and a maximum output power of
100 mW generated by a continuous intracavity frequency-
doubled argon-ion laser (Innova 300C FreD from Coher-
ent). The UV laser beam is focused onto the radiation mode
suppression photosensitive fiber ( with acrylate coating re-
moved, PS-RMS-50 from INO) through a fused silica cylin-
drical lens with 10-cm focal length and a uniform phase
mask. The phase mask is fixed together with the fiber onto a
translation stage which can be aligned relative to the laser
beam. The specially designed phase mask with grating peri-
od of 1 070.59 nm employed in the experiments is opti-
mized for 244-nm illumination ( from StockerYale). The UV
exposure is controlled by changing the speed of the pro-
grammable translation stage(M-521DD from Physik Instru-
mente) with a resolution of 0.1 wm, a maximum speed of
100 mm/'s and a travel range of 200 mm. The Bragg grating
transmission during inscription is monitored by a lightwave
measurement system with a resolution of 1 pm (8164 A from
Agilent) .

Frequency-doubled
argon-ion laser (244 nm)
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Fig.1 Scheme of the experimental setup

During the first step of exposure, the inscription process is
the same as that of a uniform FBG. The only difference is that
we gradually taper the refractive index modulation amplitude
to zero at both ends of the grating by increasing the scanning
speed of the translation stage accordingly. During the second
step of exposure, the uniform phase mask is taken away, and
the fiber is directly irradiated by the UV laser to keep the
same total exposure along the grating by programming the
speed of the translation stage. For example, in order to fabri-
cate a Gaussian-apodization FBG, the speed of the translation
stage for the first exposure can be described by
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um'm
(1)

u,(z) :exp( —(z—zc)z/zﬁ)

where u_; is the minimum scanning speed at the first step,
and z_ is the center position of the grating. z, determines the
Gaussian-apodization profile of the grating, because the UV
exposure is proportional to the irradiation time and is thus
inversely proportional to the scanning speed of the transla-
tion stage. Here, the photoinduced refractive index change is
also presumed to be proportional to the UV exposure for
simplicity, which is reasonable when the photosensitive fiber
is not over-exposed.

During the second step of exposure, the speed of the
translation stage can be expressed as

uminumax (2)
+ umax - uminumax/ul (Z)

u,(z) =

min

where u_, is the maximum scanning speed at the second

step. Therefore, the total exposure R, is a constant along the
grating as follows:
1

Rex(z)ocL+—= +L
U, U, Uy, U

min max

=C (3
The parameters u ., u,,,, Z. and z, can be arbitrarily cho-
sen according to the coupling strength, the fringe visibility of
the index change, the length and the Gaussian-apodization
profile of the grating. Fig. 2 shows the scanning speed and
the normalized exposure of the two steps for the fabrication
of the grating with the Gaussian-apodization profile, where
U =30 pm/s, u,, =1520 pm/s, z,. =10 mm and z, =5
mm.

In the apodized FBG fabrication with the double-exposure
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Fig.2 Exposure intensity for the fabrication of the Gaussian-

apodization FBG. (a) The speeds in the first and the second exposure;
(b) The normalized UV exposure under the scanning speeds of (a)

method, precisely controlling the total UV exposure along
the grating is one of the most important issues to achieve a
narrow bandwidth” ™" . Pulse lasers are usually used in many
reported FBG fabrication systems, such as ArF or KrF exci-
mer lasers or self mode-locked Ti: sapphire femtosecond la-
sers. However, the energy of every shot always fluctuates
considerably for pulse lasers, which may cause large errors
when counting the shot number. It is much easier to precise-
ly control the UV irradiation by changing the exposure time
of a stable CW laser than by counting the shot number of a
pulse laser.

Fig. 3 shows the schematic illustration of the refractive in-
dex modulation, transmission and reflection spectra of the
Gaussian-apodization FBG after the first exposure with the
scanning speed shown in Fig. 2. The average index change
of the FBG also satisfies a Gaussian function as shown in
Fig. 3 (a). For the Gaussian-apodization FBG, the local
Bragg wavelength at two sides is a little smaller than that at
the center of the grating because the Bragg wavelength of a
uniform FBG is proportional to its efficient refractive in-
dex"". Therefore, the fine structure of the distributed reso-
nance on the blue side of the spectrum occurs, which can be
obviously seen in Fig. 3(b). The FWHM bandwidth of the
main reflection peak is around 0. 16 nm.
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Fig. 3  Gaussian-apodization FBG after the first exposure
with the uniform phase mask. (a) Schematic illustration of the re-
fractive index modulation; (b) Transmission and reflection spectra

Fig. 4 describes the Gaussian-apodization FBG with con-
stant average index change after the second exposure com-
pensation. One can see that the distributed resonance is al-
most completely suppressed. The FWHM bandwidth and the
10% bandwidth of the 2-cm-long apodized FBG are around
0. 15 nm and 0. 20 nm, respectively, with a maximum re-
flectivity of more than 95% . This FWHM bandwidth of
0. 15 nm is a little smaller than that (0. 16 nm) of the main
reflection peak of the FBG shown in Fig. 3, which means
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that the average index change remains almost unchanged
along the whole grating.
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Fig.4 Gaussian-apodization FBG with constant average in-
dex change after the second exposure without the uniform
phase mask. (a) Schematic illustration of the refractive index modu-
lation; (b) Transmission and reflection spectra
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2 Conclusion

Arbitrarily apodized FBGs with narrow bandwidths can be
obtained without any intensity shadow mask by precisely
controlling the exposure time through a programmable trans-
lation stage. A 2-cm-long apodized FBG is fabricated by this
method. Its FWHM bandwidth reaches 0. 15 nm with a max-
imum reflectivity of more than 95% . Based upon the tech-
nique, apodized FBGs with much narrower bandwidths can
be easily obtained by increasing the grating lengths.
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