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Abstract: This work presents a new sequential UV-writing procedure for
fabricating long fiber Bragg grating (FBG) devices. To rea-time accurately
align the position of every exposed FBG section prior to UV exposure, a
single-period reference fiber grating with strong refractive index modulation
is probed by applying an interferometric side-diffraction method to measure
the grating phase as the position reference. In this way the overlapped FBG
sections can be connected section-by-section without obvious phase errors,
even when the written index-modulation is weak.
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1. Introduction

Advanced fiber Bragg gratings (FBGs) with complex grating structures of arbitrary phase
shifts and refractive index profiles have been continuously attractive for many optical
communication applications, including narrow-band FBG DWDM OADMSs, dispersion
compensators, phase-shifted DFB fiber lasers and pulse repetition-rate multiplication [1-3].
Several procedures that can realize long and complex FBG structures have recently been
developed, such as the moving-fiber-scanning-beam technique [4] and the sequential writing
techniques [5]. In these methods, a conventional laser interferometer is typically utilized to
monitor the fiber/UV-beam position during the writing process. However, accumulative
position reading errors due to interferometer drift and inaccurate grating period estimation
have caused significant difficulties on the fabrication of long-length fiber Bragg gratings.

To overcome some of these difficulties, in the present paper we utilize the side-diffraction
interference method [6] for real-time monitoring the fiber position accurately during the
sequential writing process [7]. The side-diffraction interference technique was originally
developed for measuring the variation of the grating period and the refractive-index
modulation profile of the exposed FBGs[6, 8]. In the literature it has also been suggested that
the method can be used as a position control scheme [8]. However, we believe the present
paper is the first experimental report on actually using the method for real-time position
monitoring during the FBG fabrication process. By directly measuring the grating phase, we
can connect adjacent grating sections with accurate phase alignment.

In this work, two rea-time side-diffraction position monitoring schemes for fabricating
long fiber Bragg gratings are investigated. In the first scheme, the side diffraction position
monitoring method that probes the just-exposed grating section has been developed to
fabricate single-period fiber Bragg gratings. Because the grating phase of the just-exposed
grating section is ill affected by the later exposures due to the strongly overlap exposure
scheme we use, and because it is difficult to form a clear interference pattern for the side-
diffraction measurement when the refractive index modulation is lower than 3.0 x 10°, this
simple method is only suitable for fabricating single-period fiber FBGs with reasonable
strength index modulation. The second scheme employs a reference fiber Bragg grating with a
uniform strong refractive index profile fabricated by using the first scheme. The reference
grating is placed in paralel to the exposure fiber on the moving stage. Prior to the UV
exposure of every FBG section, the reference fiber grating is probed with the side-diffraction
method to determine the grating phase as the reference. The measured value can then provide
an accurate fiber position reference during the fabrication process. The second scheme shares
the same advantage with the first scheme that the accumulative position measurement errors
during the long fiber scan can be avoided. Moreover, it aso has the following additional
advantages. First of al, long FBGs with weak index modulation can be fabricated. The first
scheme fails to do this because the resolution of our side-diffraction monitoring scheme is
limited to 3.0 x 10° refractive index modulation. Secondly, phase shifts aong the fiber
grating can be easily inserted. The first scheme fails to do this because with the insertion of
phase shifts, the grating phase of the just-exposed section will still not reach the fina value
due to the strongly-overlapped exposure method we use [9]. Thirdly, the required reference
FBG can be fabricated by a similar setup (the first scheme) or by different methods (i.e., the
phase mask method). In principle, the second scheme will be capable of fabricating arbitrary
FBG refractive index modulation profiles with arbitrary grating phase shifts. Details of the
experimental setups and the achieved results for the proposed schemes will be presented
during the following sections.

2. Real-time side-diffraction position monitoring by probing the just-exposed section

Our first real-time side-diffraction position monitoring method is by probing the just-exposed
fiber grating section. Figure 1(a) shows the schematic diagram. A 5-mW single-polarization
He-Ne laser beam is expanded with two spherical lenses to achieve a final beam diameter of
roughly 3 mm. It is then divided into two probe beams A and B with a polarization beam
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splitter. The function of the first half-wave plate is to control the intensity ratio of these two
divided beams. The second half-wave plate rotates the polarization of the probe beam B
relative to the probe beam A. Probe beam A is then focused onto the exposed fiber with a
spherical lens of 20-cm focal length. The first-order Bragg diffraction of probe beam A is
generated under the phase-matching Bragg condition sinG;=ng -A / Ag, Where 6, is the input
angle of the probe beam in air, ng is the effective index of the exposed fiber a the Bragg
wavelength Ag, and A is the wavelength of the probe beam. Probe beam B and diffracted probe
beam A are combined at the beam combiner with an interference angle of 6,. A 440x480
monochrome CCD camera with a pixel width of 7.15-um is utilized to record the interference
pattern produced by probe beams A and B. The visibility of the interference pattern can be
optimized by adjusting the two half-wave plates. A frequency-doubled argon-ion laser
launches a CW 244-nm single-polarization ultra-violet (UV) beam into a two-beam
interferometer. Exposure of the interference UV beams with the FWHM of 6.5 mm forms a
periodic UV intensity pattern onto the exposed fiber to induce a single FBG section. The long
fiber Bragg grating is achieved by connecting many strongly-overlapped, equally-spaced,
Gaussian-shaped FBG sections with accurate grating phase alignment. A half-wave plate is
placed in one path of the two interfering beams to obtain pure apodization (flat DC-index
modulation) for the final FBG [9]. The translation stage comprises of alinear motor stage and
a piezoelectric translator (PZT) stage with sub-nm position resolution. The accurate alignment
of the fiber position is achieved by shifting the translation stage by a given distance and then
iteratively fine-tuning the PZT stage according to the grating phase measurement of the just-
exposed grating section. In our preliminary experimental setup, the position monitoring
accuracy of the whole system is better than 4 nm, but the accuracy of the position-seeking
feedback control loop is only set to be around 5 nm (1% of the grating period) in order to
reduce the required position-seeking time. The measurement accuracy we have readily
achieved is two-fold better than the estimated accuracy in Ref.[8].
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Fig. 1. (a) Real-time side-diffraction position monitoring setup by probing the just-exposed
section. SL: spherical lens; BC: beam combiner; PBS: polarization beam splitter; HWP: half
wave plate. (b) Typical interference pattern captured by CCD, the pattern after procedure
(filtering+taking-real-part) and the cal culated phase distribution.
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The intensity of the first-order diffracted probe beam A is denoted as | 5, and the intensity
of the probe beam B is assumed to be Ig. The intensity distribution of the interference fringe
on the CCD along the x-axis, which is perpendicular to the bisector of the two interfering
beams, is given by

Iint=IA+IB+2ﬂ/IAIB-cos[kx-25in(9—22)+é] (0]

where k=2rt/A is the wave vector, 6, is the interfering angle and § is the phase difference
between the two interfering beams. The phase difference 6 contains two contributions:

0 =0, +0

grating path difference (2)

where 84.aing iS the phase change of the diffracted probe beam A caused by the fiber grating,
and Span ditrerence 1S the phase change caused by the optical path difference between two probe
beams. Since Jpath difrerence S CONStant during the scan, the grating phase change can be inferred
from monitoring the phase difference 8. The interference pattern I;y is processed by the
Fourier transform to obtain the corresponding spatial frequency spectrum. The spectrum is
then filtered to keep only the positive frequency part and is inverse-Fourier-transformed back
to the original domain. The phase & can then be identified by taking the arg of the processed
data. Figure 1(b) shows the typically resulted periodic pattern captured by the CCD camera
(grey solid line), the pattern after the filtering+taking-real-part procedure (grey dotted line)
and the obtained phase distribution by taking the arg of the filtered data (bold solid line). For
producing single period FBGs, the PZT stage is fine tuned until the just-exposed fiber grating
phase distribution obtained in this step is the same as that of last step. The UV-beam shutter is
then turned on for writing the present FBG section with a given time duration. In practice, the
whole agorithm is implemented with the LabVIEW software for automatically controlling the
whole exposure process.

As an example, this side diffraction position monitoring method that probes the just-
exposed section has been employed for preparing a single-period fiber grating with strong
index-modulation. The fiber used is the photosensitive fiber (Fibercore PS1500) after 1,900-
par hydrogen loading at room temperature for several days. The FWHM of the UV beam is
about 6.5 mm and the fiber scan step is about 1mm. The final FBG is produced after a 80-
section sequential writing to reach a total grating length about 80 mm. The same side-
diffraction method [6] is applied to measure the whole refractive index modulation profile of
the fabricated fiber grating. Figure 2 shows the measured result. One can see that the
fabricated fiber grating profile is substantially uniform. The optical reflection spectrum in the
inset of Fig. 2 shows that the Bragg wavelength is 1.546 ¢m and there should be no obvious
phase errors. Such a FBG will be used as the reference grating for the scheme in next section.
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Fig. 2. Refractive index profile and Bragg wavelength of a uniform fiber
grating.

3. Real-time side-diffraction position monitoring by probing the reference grating

In the second scheme, the experimental setup includes a reference fiber grating and an
exposure fiber which are clamped in parallel on the same moving stage. Figure 3(a) depicts
the schematic diagram of the system. The reference grating with a strong and uniform
refractive index modulation is prepared in advance with the first scheme. The reference fiber
grating under probe is adequately uniform and has a sinusoidal index modulation profile n(x)
along its fiber axial direction as

n(x) =ny +An- cos(% + (X)) (©)]

where ny is the average refractive index, An is the amplitude of refractive index modulation, A
is the grating period, and ¢(x) describes spatial grating phase. The UV-generated interference
period is fine tuned to match the reference fiber grating period, even though this restriction
can be relaxed since it will only cause a center-wavelength shift. The accurate alignment of
the fiber position is achieved by shifting the trandation stage by a given distance and then
iteratively fine-tuning the PZT stage according to the reference grating phase measurement.
The UV-beam shutter is then turned on for writing the present FBG section with a given time
duration. Figure 3(b) reveals the flow chart of the whole operation algorithm. In principle, this
method should be able to fabricate long fiber Bragg gratings even when the index-modulation
is small and with the option for easy insertion of arbitrary phase shifts.
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Fig. 3. (8) Real-time side-diffraction position monitoring setup by probing the reference
grating. (b) Flow chart of the algorithm.

We have verified the feasibility of the proposed method by two examples. The first
example is to fabricate a narrowband, Gaussion apodized FBG with a constant DC refractive
index modulation along the whole grating. The reference grating with uniform and strong
refractive index modulation is probed to identify the related grating phase information. The
FWHM of the UV beam is about 6.5 mm and the fiber scan step is about 1.2 mm. The final
FBG is produced after a 58-section sequential writing to reach atotal grating length about 70
mm. Before the UV writing process, a DC pre-UV treating process is applied to avoid the
nonlinear regime when the exposure UV flux is small [10]. Figure 4(a) shows the reflection
and transmission spectra of the exposed FBG. The reflection spectrum has arelatively flat top
with the sidelobe level below -20 dB. The 3-dB bandwidth of the reflection spectrum is only
0.07 nm. The peak refractive index modulation is estimated to be 2.5x10® for this 70-mm-
long Gaussian apodized FBG, determined by simulation-fitting. This example demonstrates
the feasibility for fabricating long fiber Bragg gratings without noticeable phase errors, even
when the written index modulation is below the threshold for reliable side-diffraction
measurement.

The second example is to fabricate a 40-mm-long, single m-phase-shifted Gaussion
apodized FBG with a constant DC refractive-index modulation. The scan step during the
exposure is about 0.6 mm and the final FBG is achieved by connecting 70 FBG sections. A it
phase shift is inserted into the center of the exposure fiber grating during the fabrication
process. Figure 4(b) shows the reflection and transmission spectrum of the exposure fiber. As
expected, there is a narrow transmission peak within the stop-band due to the resonance
caused by the m-phase-shift. This simple example demonstrates the feasibility of fabricating
phase-shifted FBGs with the new scheme.
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Fig. 4. (8) Reflection and transmission spectra of a 0.07-nm Gaussian apodized 70-mm long FBG. (b)
Reflection and transmission spectra of a 40-mm long, nt-phase-shift Gaussian apodized FBG.

4. Conclusion

In conclusion, we have proposed and demonstrated a real-time fiber position monitoring
method for sequential UV-writing processes by using the interferometric side-diffraction
technique. This new method (the second scheme) is capable of fabricating long FBGs with
weak index modulation and easily to insert phase shifts along the fiber grating. Furthermore,
the required reference FBG can be fabricated by a similar setup (the first scheme) or by
different methods (i.e., the phase mask method). Several preliminary examples have been
experimentally demongtrated for proving the feasibility of the new method. Hopefully this
new method is promising for increasing the accuracy and the ease of fabricating complicated
long FBG devices.
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