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LONG-LENGTH FIBER BRAGG CREATING
SEQUENTIAL UV WRITING BY PROBING
PHASE MASK

BACKGROUND OF THE INVENTION

[0001] 1. Technical Field

[0002] The present invention relates to a method for manu-
facturing a complicated fiber grating by probing a diffraction
of a phase mask. More particularly, the present invention
relates to a method for manufacturing a long-length fiber
Bragg grating (FBG) having a complicated structure, and a
method for manufacturing a sequentially joined fiber grating
longer than a phase mask in order to reduce errors in manu-
facturing fiber gratings. The present invention further pro-
vides a method for sequentially joining a plurality of grating
sections into a fiber grating longer than a phase mask.
[0003] 2. Description of Related Art

[0004] In recent years, many methods have been proposed
for manufacturing a long-length fiber grating having a com-
plicated structure, including the moving fiber-scanning beam
technique and the sequential writing technique. When these
two techniques are applied to a UV writing process, a
He—Ne laser interferometer is required to track the position
of an optical fiber. However, while manufacturing a long-
length fiber grating, an accumulative error in the fiber position
may occur during exposure due to a drifting of fringes gen-
erated by the interferometer and an inaccurate estimation of
grating periods. This error has great impact on the manufac-
turing process and adds to the difficulties in manufacturing
fiber Bragg gratings having complicated refractive-index
changes and phase shift structures.

[0005] A patent application was filed in Taiwan by the
present inventors of a method for manufacturing a fiber Bragg
grating (Taiwan Patent Application No. 094115916; filed on
May 17, 2005), wherein a phase distribution of a reference
fiber grating is probed before each overlapping UV exposure.
In this method, a feedback system is employed to probe a
phase distribution of the reference grating at each locating
point, so that the phase distributions of the reference grating
before and after the reference grating is moved can be con-
trolled to be consistent, ensuring that a phase of each written
grating section is continuous from a phase of a previous
grating section. However, the reference grating has a very
small fiber core radius and a low first-order diffraction effi-
ciency, making it difficult to calibrate the accuracy of position
monitoring.

[0006] Furthermore, it is known from numerical simulation
results that, for a subsequent fiber grating to have a frequency
spectrum of a desired quality, a period mismatch between a
period of the grating used for position monitoring and a
periodof UV fringe writing must be smaller than 5%. For ease
of contrast, the prior art techniques mentioned in the first
paragraph of this section are summarized below in compari-
son with the present invention to demonstrate their respective
pros and cons.

[0007] (1) Taiwan Patent No. 434431

[0008] According to the method of this patent, a light beam
is used to directly write a grating into a moving waveguide.
Without using a phase mask and the interference technique,
the grating is written in a point-by-point manner, whose
refractive index is changed along the waveguide solely by
controlling a moving speed of the waveguide. This method is
suitable only for a long-period fiber grating and not appli-
cable to a short-period fiber Bragg grating.
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[0009] (2) U.S. Pat. Nos. 6,834,977 and 6,813,079

[0010] Inthese two patented methods, a grating is written
into an optical fiber through a phase mask, section by section,
by exposure to a continuous UV writing beam in an overlap-
ping manner. Besides, an interferometer is used to monitor a
position of a translation stage at each locating point. How-
ever, using the interferometer to monitor a writing location on
the optical fiber leads to an accumulative error and requires
accurate calibration of a period of the UV writing beam in
advance. In the present invention, a grating is sequentially
written in a section-by-section manner by probing a phase of
a reference fiber grating, wherein a standard phase distribu-
tion is provided as a reference for writing. Therefore, accord-
ing to the present invention, there are no accumulative error-
related problems, and the accuracy of period calibration does
not influence the manufacturing process significantly.

[0011] (3) U.S. Pat. No. 5,945,261

[0012] Inthis patented method, which utilizes the principle
that an optical fiber exposed to a UV light will produce a
fluorescent light, a grating section is created in advance by
UV exposure and, by probing an intensity of the fluorescent
light as a feedback system, a position of a translation stage is
adjusted according to the fluorescent reaction of this pre-
exposed grating section, so that a very long grating can be
sequentially formed without phase discontinuity. And yet this
method does not allow arbitrary insertion of phase shifts.
According to the present invention, however, an arbitrary
phase shift can be easily added to any location.

[0013] (4) U.S. Pat. Nos. 6,753,118 and 6,801,689

[0014] In the methods of these two patents, a feedback
system is provided to compensate for drawbacks associated
with gratings written by section-by-section, overlapping
exposures. More particularly, a spectral response of a written
grating is used to calculate corrections. However, as it is
difficult to perform real-time monitoring with these methods,
they are more suitable for regenerating written gratings. In
contrast, the present invention allows real-time adjustment of
phase distributions at each locating point, so that a grating can
be completely created by writing with a UV writing beam
only orce.

[0015] (5) U.S. Pat. No. 5,830,622

[0016] In this patented method, refractive indices are
adjusted by additional UV exposures at predetermined loca-
tions to introduce additional phase shifts. Therefore, scanning
must be conducted for a second time, which is rather time
consuming. In addition, the desired phase shifts to be intro-
duced arehard to obtain in a section-by-section manner. In the
present invention, however, an arbitrary phase shift can be
easily added to any location without additional UV expo-
sures.

[0017] (6) Paper published in Electronics Letters (1995), p.
1490
[0018] In this paper, grating writing is performed with a

moving optical fiber and a phase mask. A fiber grating created
by this method is limited in length by a length of the phase
mask, while a resolution of a written pattern is affected by a
limit on a moving speed of the optical fiber. In contrast, in the
present invention, a grating is sequentially written in a sec-
tion-by-section manner by probing a phase of a reference
fiber grating. Therefore, the grating is not limited in length by
a phase mask while a resolution of a written pattern is con-
trolled by a writing time.
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[0019] (7) Paper published in Journal of Lightwave Tech-
nology (1997), p. 1419

[0020] Inthis paper,a grating is also written by overlapping
exposures in a section-by-section manner while an interfer-
ometer monitors a position of a translation stage at each
locating point. However, a UV pulse is used in this paper as a
writing beam, and a pulse laser causes additional noise prob-
lems. The present invention causes no such problems because
a grating is sequentially created in a section-by-section man-
ner by switching on and off a continuous UV writing beam.
[0021] (8) Paper published in Applied Optics (2002), p.
1051

[0022] Inthis paper,a grating is also written by overlapping
exposures in a section-by-section manner while an interfer-
ometer monitors a position of a translation stage at each
locating point. Although a continuous UV beam is used as a
writing beam, the technique of using the interferometer to
monitor a writing location on an optical fiber results in an
accumulative error, which requires calibrating a period of the
writing beam in advance. In contrast, according to the present
invention, a grating is sequentially created in a section-by-
section manner by probing a phase of a reference fiber grat-
ing, so that there are no accumulative error-related problems.

BRIEF SUMMARY OF THE INVENTION

[0023] In summary, in view of the fact that a phase mask
designed for use in writing a fiber grating with a UV writing
beam provides such advantages as having a high period accu-
racy. a high diffraction efficiency, ease of optical calibration
and a period which is an integer number of times as long as a
period of a written fiber grating thereby, the present invention
aims to provide further improvement therein. In order to
overcome the shortcomings and defects of prior art tech-
niques, the present invention provides a method for writing a
grating, wherein a position of an optical fiber is monitored by
probing a reference phase mask whose period is an integer
number of times as long as a period of a UV fringe so as to
ensure phase continuity. The present invention also achieves
a higher calibration accuracy in position monitoring because
a phase mask has a much higher first-order diffraction effi-
ciency than those of previously proposed reference fiber
Bragg grating elements and allows optical calibration to be
conducted more easily.

[0024] Moreover, it is known from numerical simulation
results that a grating will achieve a desired quality only when
a period mismatch between a period of position monitoring
and a period of sequential UV writing is smaller than 5%.
Since a phase mask has a very high accuracy when shipped
from the factory, the phase mask itself has a minimum error.
On the contrary, a conventional reference fiber Bragg grating
element is manufactured in a conventional manufacturing
system, so it is inevitable for the reference grating itself to
have accumulated errors. In contrast, a phase mask having a
minimum error of itself can reduce errors in grating manu-
facture and thereby increase production yield.

[0025] The present invention has two main objectives. A
first objective is to provide a method for manufacturing a
long-length fiber Bragg grating having a complicated struc-
ture, which method comprises steps of:

[0026] (1) Aligning a reference phase mask in parallel with
an optical fiber to be exposed, wherein the reference phase
mask has a period which is an integer number of times as long
as a period of a UV fringe to be written;
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[0027] (2) Projecting a probe beam into the reference phase
mask along a normal direction thereof each time when a
locating point for an overlapping UV exposure is to be deter-
mined, so as to generate a first-order Bragg diffraction beam,
which interferes with a reference beam to generate a fringe;
and using a feedback system to compare phase distributions
of the fringe before and after a translation stage is moved, so
as to fine-tune a final position of the translation stage for this
locating point until the phase distributions are within a given
error range, wherein an image recording device, such as a
charge-coupled device (CCD), is used to observe the fringe;
[0028] (3) Turning on a UV exposure switch to provide UV
exposureand turning offthe UV exposure switch after a given
time; and

[0029] (4) Translating the translation stage to a next locat-
ing point and repeating the steps (1) to (3).

[0030] A second objective of the present invention is to
provide a method for manufacturing a sequentially joined
fiber grating longer than a phase mask, which method com-
prises steps of:

[0031] (1) Aligning a reference phase mask in parallel with
an optical fiber to be exposed, wherein the reference phase
mask has a period which is an integer number of times as long
as a period of a UV fringe to be written;

[0032] (2) Projecting a first probe beam and a second probe
beam into the reference phase mask along a normal direction
thereof at two ends of the reference phase mask, respectively,
so as to generate respective first-order diffraction beams,
which interfere with a first reference beam and a second
reference beam, respectively, to generate fringes on two
image recording devices (such as CCDs) (i.e. an image
recording device A and an image recording device B), respec-
tively;

[0033] (3) Using the fringe on the image recording device A
for phase analysis and real-time position monitoring each
time when a locating point for an overlapping UV exposure is
to be determined, thereby joining each of a plurality of grating
sections sequentially; and

[0034] (4) Calibrating a phase shift between the fringe on
the image recording device A and the fringe on the image
recording device B and recording the phase shift as A8 until
the first probe beam is relatively translated to the other of the
two ends of the reference phase mask; and afterwards using
the fringe on the image recording device B for phase analysis
and real-time position monitoring, thereby joining each of a
plurality of grating sections sequentially, wherein A8 is added
to each said grating section as an additional phase shift.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0035] The invention as well as a preferred mode of use,
further objectives and advantages thereof, will best be under-
stood by reference to the following detailed description of
illustrative embodiments when read in conjunction with the
accompanying drawings, wherein:

[0036] FIG. 1(A) is a schematic drawing showing a struc-
ture for real-time position monitoring by probing a reference
phase mask with an interference technique;

[0037] FIG. 1(B) shows a distribution of modulated refrac-
tive indices of a fiber grating experimentally formed by join-
ing grating sections sequentially using the method shown in
FIG. 1(A); and

[0038] FIG. 2 is a schematic drawing showing a structure
for sequentially joining a plurality of grating sections into a
fiber grating longer than a phase mask.
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DETAILED DESCRIPTION OF THE INVENTION

[0039] Two preferred embodiments of the present inven-
tion will be described below with reference to the appended
drawings so that a person of ordinary skill in the art can fully
appreciate the spirit of the present invention and carry out the
present invention. In order to understand a method for manu-
facturing a long-length fiber Bragg grating having a compli-
cated structure according to a first preferred embodiment of
the present invention, please refer to FIG. 1(A) for a sche-
matic drawing showing a structure for real-time position
monitoring by probing a reference phase mask 110 with an
interference technique. As shown in FIG. 1(A), the structure
comprises a UV writing beam (244 nm) 10, a He—Ne laser
probe beam (632.8 nm) 20, polarizers 30, a half-wave plate
(HWP) 40, a polarizing beam splitter (PBS) 50, reflecting
mirrors 60, a semi-reflecting semi-transmitting beam com-
biner (BC) 80, an image recording device (such as a CCD) 90,
a translation stage 100, a reference phase mask 110, a UV
fringe 120, an optical fiber 130, a first probe beam 140, and a
reference beam 160. FIG. 1(A) mainly illustrates that the
reference phase mask 110 for probing and the optical fiber
130 to be exposed are mounted together on the translation
stage 100. According to simulation results of the aforemen-
tioned elements, a grating can achieve a desired quality only
when a period mismatch between a period of the reference
phase mask 110, which serves a position-monitoring grating,
and a period of sequential writing by the UV writing beam 10
is smaller than 5%, wherein the period of the reference phase
mask 110 is 1.07 pm, almost exactly twice as long as a period
of a grating to be written in the optical fiber 130 by UV
exposure. The reference phase mask 110, which serves as the
position-monitoring grating, functions in the following way.
When the He—Ne laser probe beam 20 is projected into the
reference phase mask 110, a signal processing technique is
used to generate an interferometric phase information regard-
ing a present location of the reference phase mask 110. This
interferometric phase information, in turn, can be used to
calculate backwards to obtain a location information having a
nanoscale accuracy. The reference phase mask 110 has a
first-order diffraction efficiency of 21.2% with respect to the
He—Ne laser probe beam (633 nm) 20. In addition, an optical
calibration can be very easily conducted on the reference
phase mask 110, making the reference phase mask 110 highly
suitable for use in position monitoring. According to the
present invention, the photosensitive optical fiber 130 is
exposed to the UV fringe 120, which has a Gaussian wave-
form, a wavelength of 244 nm and a 1/e* beam width of 6.4
mm, after the optical fiber 130 is pretreated with a UV light to
ensure that changes in a refractive index of the optical fiber
130 are in linear proportion to an amount of the UV writing
beam 10. According to the present invention, the UV writing
beam (244 nm) 10 is projected onto the photosensitive optical
fiber 130 section by section in a partly overlapping manner
while the translation stage 100 is moved step by step within a
long distance. In addition, the UV writing beam 10 writes at
a constant spacing of 0.8 mm, so that an average refractive
index remains constant, although a modulated quantity of the
refractive index is arbitrary modulated according to the UV
fringe profile. In the present invention, a plurality of Gauss-
ian-shaped grating sections are joined in a partly overlapping
manner to form a fiber Bragg grating having a length of
approximately 2 cm, wherein a structure of the written grating
is probed using a lateral diffraction technique.

[0040] Specifically, the method for manufacturing a long-
length fiber Bragg grating having a complicated structure
according to the first preferred embodiment of the present
invention comprises steps of:

[0041] (1) Aligning the reference phase mask 110 in paral-
lel with the optical fiber 130 to be exposed, wherein the period
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of the reference phase mask 110 is an integer number of times
as long as the period of the UV fringe 120 to be written;
[0042] (2) Projecting the Ne—Ne laser probe beam 20 and
thereby generating the first probe beam 140 that enters the
reference phase mask 110 along a normal direction thereof
each time when a locating point for an overlapping exposure
by the UV writing beam 10 is to be determined, so as to
generate a first-order Bragg diffraction beam, which inter-
feres with the reference beam 160 to generate a fringe on the
image recording device 90; and using a feedback system (not
shown) to compare phase distributions of the fringe before
and after the translation stage 100 is moved, so as to fine-tune
a final position of the translation stage 100 for this locating
point until the phase distributions are within a given error
range;

[0043] (3) Turning on a switch of the UV writing beam 10
to provide a UV exposure and turning the switch off after a
given time; and

[0044] (4) Translating the translation stage 100 to a next
locating point and repeating the steps (1) to (3).

[0045] FIG. 1(B) shows a distribution of modulated refrac-
tive indices of a fiber grating experimentally formed by join-
ing grating sections sequentially using the method shown in
FIG. 1(A), wherein measurements from the experiment are
compared with design values for the structure of the written
grating, More particularly, FIG. 1(B) shows a curve repre-
senting changes in refractive indices along a core of the opti-
cal fiber 130 measured with the lateral diffraction technique,
and the curve is very similar to the desired Gaussian shape.
The experiment result has shown that the method according to
the first preferred embodiment ofthe present invention is very
practical in manufacturing a fiber grating having a compli-
cated structure, and also proved the feasibility of the method.
[0046] The present invention further provides as a second
preferred embodiment thereof a method for manufacturing a
sequentially joined fiber grating longer than a phase mask.
Refer to FIG. 2 for an experimental structure of the second
preferred embodiment of the present invention, wherein the
structure comprises a UV writing beam (244 nm) 10, a
He—Ne laser probe beam (632.8 nm) 20, polarizers 30, half-
wave plates (HWPs) 40, polarizing beam splitters (PBSs) 50,
reflecting mirrors 60, a beam splitter (BS) 70, semi-reflecting
semi-transmitting beam combiners (BCs) 80, an image
recording device A (such as a CCD) 92, an image recording
device B 94, a translation stage 100, a reference phase mask
110, a UV fringe 120, an optical fiber 130, a first probe beam
140, a second probe beam 150, a first reference beam 160 and
a second reference beam 170. In FIG. 2, the reference phase
mask 110 is aligned in parallel with the optical fiber 130 to be
exposed, wherein the reference phase mask 110 has a period
which is an integer number of times as long as a period of the
UV fringe 120 to be written. The first probe beam 140 and the
second probe beam 150 are projected into the reference phase
mask 110 along a normal direction thereof at two ends of the
reference phase mask 110, respectively, so as to simulta-
neously generate respective first-order diffraction beams,
which interfere with the first reference beam 160 and the
second reference beam 170, respectively, to generate fringes
on the image recording device A 92 and the image recording
device B 94, respectively, wherein the image recording device
A 92 and the image recording device B 94 as well as the
aforementioned image recording device 90 are all charge-
coupled devices. Moving the stage until the first probe beam
is locate at another end of the phase mask, and the fringe on
the image recording device A 92 is used for phase analysis
and real-time position monitoring each time when a locating
point for an overlapping exposure by the UV writing beam 10
is to be determined, so as to join each of a plurality of grating
sections sequentially. A phase shift between the fringe on the
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image recording device A 92 and the fringe on the image
recording device B 94 is calibrated and recorded as AD when
the first probe beams 140 is relatively translated to the other of
the two ends of the reference phase mask 110. Afterwards, the
fringe on the image recording device B 94 resulting from the
second probe beam 150 and the second reference beam 170 is
used for phase analysis and real-time position monitoring, so
as to join each of a plurality of grating sections sequentially,
wherein A8 is added to each said grating section as an addi-
tional phase shift. Thus, a sequentially joined fiber grating
longer than a phase mask is created.

1. A method for manufacturing a long-length fiber Bragg

grating having a complicated structure, comprising steps of:

(1) aligning a reference phase mask in parallel with an
optical fiber to be exposed, wherein the reference phase
mask has a period which is an integer number of times as
long as a period of a UV fringe to be written;

(2) projecting a probe beam into the reference phase mask
along a normal direction thereof each time when a locat-
ing point for an overlapping UV exposure is to be deter-
mined, so as to generate a first-order Bragg diffraction
beam, which interferes with a reference beam to gener-
ate a fringe; and using a feedback system to compare
phase distributions of the fringe before and after a trans-
lation stage is moved, so as to fine-tune a final position of
the translation stage for the locating point until the phase
distributions are within a given error range;

(3) turning on a UV exposure switch to provide the UV
exposure and turning off the UV exposure switch after a
given time; and

(4) translating the translation stage to a next locating point
and repeating the steps (1) to (3).

2. A method for manufacturing a sequentially joined fiber

grating longer than a phase mask, comprising steps of:

(1) aligning a reference phase mask in parallel with an
optical fiber to be exposed, wherein the reference phase
mask has a period which is an integer number of times as
long as a period of a UV fringe to be written;

(2) projecting a first probe beam and a second probe beam
into the reference phase mask along a normal direction
thereof at two ends of the reference phase mask, respec-
tively, so as to generate respective first-order diffraction
beams simultaneously, which interfere with a first refer-
ence beam and a second reference beam, respectively, to
generate fringes on a first image recording device and a
second image recording device, respectively;

(3) moving the stage until the first probe beam is locate at
another end of the phase mask, and using the fringe on
the first image recording device for phase analysis and
real-time position monitoring each time when a locating
point for an overlapping UV exposure is to be deter-
mined, thereby joining each of a plurality of grating
sections sequentially; and

(4) calibrating and recording a phase shift AO between the
fringe on the first image recording device and the fringe
on the second image recording device when the first
probe beam is relatively translated to the other end of the
reference phase mask and two first-order diffraction
beams are generated simultaneously; and afterwards
using the fringe on the second image recording device
resulting from the second probe beam and the second
reference bream for phase analysis and real-time posi-
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tion monitoring, thereby joining each of a plurality of
grating sections sequentially, wherein the recorded
phase shift A is added to each said grating section as an
additional phase shift.

3. The method as claimed in claim 1, wherein the probe
beam and the reference beam are coherent laser beams whose
wavelengths cannot be absorbed by the optical fibers, such as
He—Ne laser beams having wavelengths of 633 nm.

4. The method as claimed in claim 2, wherein the first probe
beam, the second probe beam, the first reference beam and the
second reference beam are laser beams whose wavelengths
cannot be absorbed by the optical fibers, such as He—Ne
laser beams having wavelengths of 633 nm.

5. The method as claimed in claim 3, wherein the reference
phase mask has a first-order diffraction efficiency with
respect to the probe beam, which are the He—Ne laser beam
having a wavelength of 633 nm, high enough to produce a
clear fringe on an image recording device, such as 21.2%.

6. The method as claimed in claim 4, wherein the reference
phase mask has a first-order diffraction efficiency with
respect to the first and second probe beams, which are the
He—Ne laser beams having wavelengths of 633 nm, high
enough to produce a clear fringe on the first and the second
image recording devices, such as 21.2%.

7. The method as claimed in claim 1, wherein the period of
the reference phase mask must be an integer number of times
as long as the period of the UV fringe to which the optical
fiber is exposed, e.g., the period of the reference phase mask
is 1.07 pm while the period of the UV fringe is 0.535 um.

8. The method as claimed in claim 2, wherein the period of
the reference phase mask must be an integer number of times
as long as the period of the UV fringe to which the optical
fiber is exposed, e.g., the period of the reference phase mask
is 1.07 pm while the period of the UV fringe is 0.535 um.

9. The method as claimed in claim 1, wherein the UV fringe
to which the optical fiber is exposed is a laser source having a
continuous wave whose wavelength is 244 nm and whose
waveform is Gaussian-shaped.

10. The method as claimed in claim 2, wherein the UV
fringe to which the optical fiber is exposed is a laser source
having a continuous wave whose wavelength is 244 nm and
whose waveform is Gaussian-shaped.

11. The method as claimed in claim 1, wherein the optical
fiber is exposed section by section in a partly overlapping
manner to a UV writing beam having a wavelength of 244 nm
while the translation stage is moved step by step withina long
distance, in which the UV writing beam writes at a constant
spacing smaller than a 1/e* beam width of the UV writing
beam; wherein the UV dose at every grating section is fixed,
and the UV fringe strength is varied so that an average refrac-
tive index remains constant while the index modulation can
achieve arbitrary profile.

12. The method as claimed in claim 1, wherein a plurality
of Gaussian-shaped grating sections are joined in a partly
overlapping manner to create the fiber Bragg grating whose
total length is greater than a length of each said Gaussian-
shaped grating section.

13. The method as claimed in claim 2, wherein the first and
second image recording devices are charge-coupled devices.
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