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APPARATUS AND PROCESS FOR THE 
MANUFACTURE OF OPTICAL FIBER BRAGG 

GRATINGS 

0001. This application is a Divisional of U.S. patent 
application Ser. No. 08/735,468, filed Oct. 23, 1996, which 
was a continuation of U.S. patent application Ser. No. 
08/631,491, now issued as U.S. Pat. No. 5,939,136 on Aug. 
17, 1999. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The present invention relates to an apparatus and 
proceSS for forming a Bragg grating in an optical fiber 
element. More particularly, the present invention relates to 
an apparatus and a continuous or Stepwise continuous pro 
ceSS for making optical fiber Bragg gratings in a coated 
optical fiber element. In a presently preferred embodiment, 
the process of the present invention includes the Steps of 
removing a Sufficient amount of a removable coating from at 
least one Section of an optical fiber element Such that optical 
radiation may access a core of the optical fiber, immobilizing 
the predetermined Section of the optical fiber, forming at 
least one Bragg grating in the predetermined Section of the 
optical fiber, and treating the predetermined Section of the 
optical fiber to package the Bragg grating. 
0004 2. Description of Related Art 
0005. A Bragg diffraction grating is a structure that has a 
periodic pattern of alternating high and low optical refrac 
tive index values. Bragg gratings are useful because of their 
ability to reflect a particular wavelength or “color of light. 
The color that will be reflected by a grating is the color 
whose wavelength exactly matches twice the effective grat 
ing period. See, for example, Morey et al., Photoinduced 
Bragg Gratings in Optical Fibers, Optics and Photonics 
News, vol. 5, no. 2 (February 1994); Meltz et al., Formation 
of Bragg Gratings in Optical Fibers by a Transverse Holo 
graphic Method, Opt. Lett. 14 (1989) at 823-25. 
0006. It is well known that Bragg gratings may be formed 
by creating an interference pattern in the germanosilicate 
glass core of an optical fiber, typically by recombining two 
parts of the beam of an ultraviolet laser. The first optical fiber 
Bragg gratings were produced accidentally when an argon 
ion laser remained focused into the end of an optical fiber for 
a period of hours. A portion of the beam was reflected back 
upon itself in the fiber, producing a Standing wave interfer 
ence pattern. In the bright Sections of the interference pattern 
(where the forward- and backward-traveling waves rein 
force each other), the laser light interacted with germanium 
Sites in the fiber core and changed the local refractive index. 
At the dark Sections of the interference pattern (where the 
two waves destructively interfere and cancel each other), the 
refractive indeX remained unchanged. 
0007. However, this “end launch” method of “writing” 
Bragg gratings in optical fiberS allows almost no control of 
the location of the grating within the fiber, the angle of the 
grating planes with respect to the optical fiber axis, or the 
grating period. All of these variables are important to control 
when constructing useful devices based on fiber optic Bragg 
gratings, and the end launch method has not proved useful 
for producing optical fiber Bragg gratings in commercial 
quantities. 

Sep. 13, 2001 

0008 To provide greater flexibility in the design of fiber 
optic Bragg grating devices, techniques have been devel 
oped to write gratings by applying optical radiation through 
the Side of (e.g. normal to the length of) an optical fiber. One 
such technique, as illustrated in U.S. Pat. Nos. 4,725,110 and 
4,807,950, involves splitting a laser beam into two Sub 
beams and recombining these Sub-beams at a known and 
controllable angle within the core of the optical fiber. A 
Second well-known technique described in the technical and 
patent literature involves focusing the laser beam on the 
fiber core through a grooved or patterned transmissive 
optical element known as a phase mask. This phase mask 
holographically creates an interference pattern in the optical 
fiber core. 

0009. The above-described techniques for producing 
optical fiber Bragg gratings are well established, but certain 
technical difficulties to date have prevented their use in large 
Scale continuous or Stepwise continuous production pro 
cesses. For example, a significant production problem is 
removal of the coating which covers the Section of the 
optical fiber to be treated with the laser. Optical fibers are 
produced with a coating which protects the delicate glass 
Structure from chemical or mechanical attack, and this 
coating must be Substantially completely removed if the 
applied optical radiation is to acceSS and form a Bragg 
grating in the optical fiber core. If a coated optical fiber is to 
be used in the manufacture of a fiber Bragg grating, it is 
necessary first to thermally, chemically or mechanically 
remove all or a part of the protective coating from the coated 
optical fiber to leave an optically treatable, preferably bare, 
fiber surface. See, for example, Rizvi and Gower, Produc 
tion of Bragg Gratings in Optical Fibers by Holographic 
and Mask Production Methods, The Institute of Electrical 
Engineers, Optical Fiber Gratings and Their Applications, 
January 1995. 
0010. However, conventional thermal, mechanical or 
chemical means for Stripping the coating from the bare fiber 
in manufacturing processes are time consuming and reduce 
the physical integrity of the fiber. See, e.g., M. C. Farries et 
al., Fabrication and Performance of Packaged Fiber Grat 
ings for Telecommunications, The Institute of Electrical 
Engineers, Optical Fiber Gratings and Their Applications, 
January 1995; Tang et al., Annealing of Linear Birefringence 
in Single-Mode Fiber Coils. Application to Optical Fiber 
Current Sensors, Journal of Lightwave Technology, vol. 9, 
No 8, August 1991. Therefore, careful removal of the optical 
fiber coating is required to form a Sufficiently clean glass 
surface to allow treatment of the optical fiber core with the 
laser, as well as an optical fiber which retains its Strength 
after formation of the Bragg grating in the core. Time 
consuming and labor intensive coating removal Steps have to 
date limited manufacture of optical fiber Bragg gratings to 
production in Small batches. In these batch processes the 
coating is typically chemically removed from a short length 
(referred to herein as a “section”) of several optical fibers. 
The fibers are then treated, one at a time, with a laser using 
a phase mask projection technique to form Bragg gratings in 
the Sections of the optical fibers where the coating was 
removed. These production processes provide good control 
over formation of a single Bragg grating in a short length of 
optical fiber. However, the batch technique is obviously not 
economically feasible for large Scale Bragg grating produc 
tion, or for production of multiple Bragg gratings in a long 
length of optical fiber for grating arrayS. In addition, in the 
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The fiber may then be further processed into any one of a 
wide variety of optical fiber devices. The process of the 
invention eliminates the potential fiber damage caused from 
the blades of a mechanical Stripping tool or chemicals used 
to Swell the coating to assist in the removal processes. The 
process of the invention leaves Substantially no residue on 
the fiber Surface, So that deterioration in physical Strength 
caused by wiping the Surface of the fiber to remove coating 
debris does not occur. In addition, the process of the present 
invention eliminates the need to Soak the fiber in flammable, 
corrosive and potentially toxic Solvents as routinely per 
formed in the art, which simplifies the optical fiber device 
manufacturing process. The process of the present invention 
therefore dramatically reduces the exposure time of bare 
optical fiber and eliminates associated handling practices 
utilized in present manufacturing processes. 

0027. In step (b), the predetermined section of the optical 
fiber where the Bragg grating is to be formed is immobi 
lized, e.g. fixed with respect to a Source of optical radiation, 
So that the grating writing proceSS may proceed in that 
Section with the desired degree of precision. The Section to 
be processed may be immobilized in any known manner, but 
gripping the fiber adjacent a first end of the Section and 
adjacent a Second end of the Section with a mechanical 
clamping device is preferred. If desired, the clamping 
devices may be used to apply longitudinal StreSS to the fiber 
during grating writing (step(c)) to fine-tune the wavelength 
of the Bragg grating formed in the processed optical fiber 
Section and continuously monitor its quality, or may include 
optional means for rotationally orienting the fiber prior to or 
during grating formation. 

0028. In step (c), optical radiation, preferably emitted 
from a coherent Source Such as laser, is directed into the 
Section of the optical fiber to be processed. A Single Bragg 
grating or multiple Bragg gratings may then be formed in the 
core of the predetermined Section of the optical fiber using 
phase mask projection, holography, or a combination 
thereof. The fiber may optionally be annealed following step 
(c) to improve the Stability of the Bragg grating. 

0029. In step (d), at least the processed section of the 
optical fiber which contains the Bragg grating, or the entire 
optical fiber element, is covered as required for its end use 
application. The covering may vary widely depending on the 
intended application, and may include application of tem 
porary or permanent sleeves, or application of mechanical 
devices Such as connectors. However, the processed Section 
containing the Bragg grating, or the entire optical element, 
is typically recoated with a protective coating to protect the 
optical fiber and Bragg grating in the processed Section from 
the environment, and to preserve the Strength of the optical 
fiber element. The application of this coating also allows an 
opportunity to identify the location of the Bragg grating 
formed. For example, to identify the location of the Bragg 
grating along a length of optical fiber, the processed Section 
may be recoated with a coating having a different color than 
the coating on the non-processed portion of the fiber. In the 
alternative, the processed Section may be recoated with a 
clear coating, or an identifying mark, Such as, for example, 
a bar code, may be applied. 

0.030. In another embodiment, a coating may be applied 
to the optical fiber element which is Sufficiently transparent 
to the optical radiation at the grating writing wavelength 
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Such that no coating removal Step is required. In this 
embodiment, the process of the present invention comprises 
the following Steps: 

0031 (a) fixing at least one section of the element 
with respect to a Source of optical radiation; and 

0032 (b) directing optical radiation from the source 
through the coating to produce at least one Bragg 
grating in the at least one Section. 

0033. If necessary, the optical fiber may then be further 
processed to protect its optical and physical properties. 
0034. The present invention also extends to an apparatus 
for carrying out the process Steps described above. The 
apparatus of the present invention will typically be provided 
as a proceSS line with a coating removal Station, a fiber 
immobilization and Bragg grating writing Station, and a 
packaging Station. The apparatus or the Stations thereof may 
optionally be Supplied in modular form. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0035 FIG. 1 is a schematic diagram of an apparatus for 
continuous or Stepwise continuous processing of optical 
fiber elements according to the process of the present 
invention; 
0036 FIG. 2A is a spectrum analyzer plot of reflection 
VS. Wavelength for a Bragg grating array produced according 
to the process of the present invention; and 
0037 FIG. 2B is a spectrum analyzer plot of reflection 
vs. wavelength for the Bragg grating array of FIG. 2A with 
one grating in the array placed under longitudinal Strain. 
0038 FIG. 3 is an isothermal thermogravimetric analysis 
(TGA) plot at 400° C. of the coatings used in Example 1; 
0039 FIG. 4 is an isothermal TGA plot at 500° C. of the 
coatings used in Example 1, 
0040 FIG. 5 is an isothermal TGA plot at 600° C. of the 
coatings used in Example 1, 
0041 FIG. 6 is a schematic diagram of an apparatus 
which may be used to thermally remove the thermally 
removable coatings in the process of the present invention; 
0042 FIG. 7 is a Weibull plot showing the initial fracture 
strength distribution of optical fibers of Example 2, and the 
fracture strength distribution of the fibers following thermal 
removal of the coatings, 
0043 FIG. 8 is a schematic diagram of a system for 
continuous or Stepwise continuous processing of optical 
fiber elements according to the present invention; and 
0044 FIG. 9 is a schematic diagram of an apparatus 
which maybe used to prepare an optical fiber current Sensor 
according to the process of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

004.5 The process of the present invention is typically 
used to manufacture Bragg gratings from plastic or glass, 
preferably Silica-based glass, bare optical fibers which have 
been drawn and coated on a draw tower with at least one 
protective coating to form an optical fiber element. AS is 
well known in the art, optical fiber elements generally 
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consist of a bare fiber(s), and one or more buffer layers 
around the bare fiber to protect the optical fiber from 
microbending losses and abrasion (see, for example, Ster 
ling, Technician's Guide to Fiber Optics, (1993), at page 
73). In the present application, the term “bare fiber” or 
“optical fiber” refers to a section of the fiber optic element 
from which the buffer and external strength members have 
been removed. If a non-Strippable protective layer lies 
beneath the buffer, the protective layer is considered part of 
the bare fiber. 

0.046 Referring to an apparatus 10 schematically illus 
trated in FIG. 1, the optical fiber elements 12 which may be 
incorporated into the process of the present invention are 
typically Stored wound on Spools. The optical fiber elements 
12 used in the apparatus and process of the present invention 
are provided with at least one coating. In the process of the 
present invention, the coatings are applied to a bare optical 
fiber, or a bare optical fiber with a non-Strippable protective 
layer, and do not include the Strength members or the jacket 
which make up the Outer layers of an optical fiber cable. 
0047 AS is well known in the art, the coatings which are 
applied to the bare fiber at the draw tower will vary widely 
depending on the fibers intended end use application. The 
coatings are typically Selected to protect the delicate optical 
fiber Structure from mechanical and/or environmental dam 
age. Optionally, a coating may be applied to the bare fiber 
which is also Sufficiently transparent to a particular wave 
length of optical radiation Such that the Selected wavelength 
may be directed through the coating to form a Bragg grating. 
Such a coating will be referred to herein as a transparent 
coating. However, other design considerations may require 
that a coating be selected which is not transparent to the 
wavelength of optical radiation used to form the Bragg 
grating in the optical fiber core. If the coating material on the 
optical fiber element 12 is not Substantially transparent to the 
wavelength of optical radiation used to write the Bragg 
grating, it is necessary that the coating be Sufficiently 
removed to allow the Selected wavelength to access the 
optical fiber core. The non-transparent coatings may com 
prise any material Substantially completely removable by at 
least one of a mechanical, chemical or thermal technique. 
Such coatings will be referred to herein as removable 
coatings. 
0.048. In the apparatus and process of the present inven 
tion, the optical fiber element 12, or a specified length 
thereof, is unwound from a tension controlled payoff Spool 
14. The payoff spool 14 may include an optional rotational 
optical coupler (not shown) to provide real-time information 
regarding the Bragg grating writing process. The optical 
element 12 is pulled through a Series of alignment pulleyS 16 
by a drive capstan apparatus 18 to an optional coating 
removal Station 20. Of course, if a coating is applied to the 
optical fiber element 12 which is Substantially transparent to 
the wavelength of the optical radiation to be used to write the 
Bragg grating in the optical fiber core, no coating removal 
Step is required in the process of the present invention. 
However, the apparatus and process of the present invention 
will be further described below assuming that a removable 
coating is applied to the optical fiber which is not transparent 
to the wavelength of the optical radiation to be used to write 
the Bragg grating in the optical fiber. 
0049. In the coating removal station 20 it is necessary 
that a Sufficient portion of the coating be removed from a 

Sep. 13, 2001 

predetermined Section of the optical fiber element Such that 
optical radiation may access the optical fiber core to form a 
Bragg grating therein. The predetermined Section of the 
optical fiber may comprise the entire length of the optical 
fiber element, or any length less than the entire length. 
0050. As noted above, the removable coating may be 
Substantially removed from the optical fiber in the coating 
Station 20 by any of mechanical, chemical, or thermal 
means, or combinations thereof. Regardless which method 
of coating removal is employed in the coating removal 
Station 20, it is important to Select a removable coating for 
use in the apparatus and process of the present invention that 
may be Substantially completely removed from the optical 
fiber to permit Subsequent processing with optical radiation 
to form a Bragg grating in the optical fiber core. In the 
coating removal Station 20, the removable coating is pref 
erably completely removed, but partial removal of the 
coating may also be used if Such removal is Sufficient to 
permit Subsequent processing. However, any residue which 
remains in contact with the bare fiber Surface following 
incomplete removal of a coating, particularly carbonaceous 
residue following incomplete thermal removal, creates a 
local StreSS concentration, which may significantly degrade 
the tensile strength of the optical fiber. In addition, the small 
flakes which remain on the surface of the optical fiber 
following incomplete coating removal may block optical 
radiation and interfere with Subsequent processing Steps. 
0051. For the purposes of the present application, the 
term Substantially complete removal applies to any poly 
meric coating which, following removal, has a residuum of 
less than about 10% by weight, preferably less than about 
5% by weight, based on the initial coating weight. Coatings 
which may be used in the process of the invention may be 
identified with a wide variety of analytical techniques, Such 
as thermogravimetric analysis (TGA). 
0052 To be useful in the process of the present invention, 
which is preferably continuous or Stepwise continuous, the 
Substantially complete removal of the coating should be 
completed in a commercially feasible time, which for the 
purposes of the present application, is less than about 15 
Seconds, preferably less than about 10 Seconds, and most 
preferably less than about 1 second. The thickness of the 
removable coating or coatings used in the process of the 
present invention may vary widely depending on the 
intended application, but a conventional coating thickness of 
about 15u to about 35u is normally used. 
0053. The substantially complete coating removal 
referred to above is preferably accomplished such that fiber 
tensile Strength is not reduced below a predetermined level 
required for a particular end use application. For the pur 
poses of the present invention, the tensile Strength of the 
optical fiber is measured by evaluation of the median 
fracture stress according to ANSI/EIA/TIA-455-28B-1991, 
which will be referred to herein as FOTP-28. Preferably, in 
the process of the present invention the median fracture 
StreSS of the optical fiber following coating removal should 
not be reduced more than about 50%, based on the initial 
median fracture StreSS of the optical fiber prior to coating 
removal. 

0054 However, optical fiber strength testing is statistical 
in nature, and many individual fibers, each of which is 
representative of a given population, must be tested for 
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Strength. The result is reported for the population as a whole 
as a strength distribution, and this distribution is character 
ized by slope, m, (also referred to as the Weibull modulus) 
of the well-known Weibull plot. In the present process, the 
Weibull modulus is a measure of the homogeneity of fiber 
Strength retained following coating removal. The Strength 
distribution of the fiber following coating removal is pref 
erably narrow, as evidenced by a sufficiently high Weibull 
modulus or slope, m, for an intended application as mea 
sured by FOTP-28. 
0.055 A large m in excess of about 100 corresponds to a 
uniform or narrow Strength distribution, and Suggests that a 
characteristic fracture StreSS exists for the fiber and that the 
probability of failure does not become significant until the 
applied tensile StreSS approaches that characteristic value. 
On the other hand, a low Weibull modulus of less than about 
20 Suggests that the probability of failure is significant at 
almost any applied StreSS, and is indicative of low mechani 
cal reliability. Preferably, the thermal removal of the coating 
must reduce the initial (e.g., prior to thermal coating 
removal) Weibull modulus not more than about 50%. 
0056. In the coating removal station 20, the removable 
coating may be removed by any conventional means from 
the entire optical fiber or from a section of length. For 
example, the removable coating may be mechanically 
“stripped” from the bare fiber with a knife or similar tool. 
The removable coating may be chemically removed by 
Soaking in an appropriate Solution. Many different chemical 
Solutions may be used, and concentrated Sulfuric acid or a 
combination of Sulfuric acid and hydrogen peroxide are 
typical examples. In the alternative, a combination of chemi 
cal and mechanical coating removal techniques may be 
used. For example, the removable coating may be Soaked in 
a Solvent, Such as acetone, to Swell the coating, and then the 
Swelled coating may be mechanically Stripped from the 
fiber. In the alternative, heat may be applied to the optical 
fiber by any conventional means to deteriorate or burn away 
the coating. 

0057. However, mechanical stripping with a knife or tool 
may cause Scratches on the glass fiber Surface, which 
ultimately lead to fine cracks and decreased fiber Strength. 
Chemical Stripping techniques often leave a residue on the 
fiber surface which reduces fiber strength and interferes with 
Subsequent processing Steps. If heat is applied to remove the 
coating, the charred residue which results reduces fiber 
Strength and may require additional coating removal Steps 
prior to processing. In addition, the optical fiber absorbs heat 
during coating pyrolysis, which may result in fiber 
embrittlement. While any coating removal procedure may 
be employed in the apparatus and process of the present 
invention, thermal removal is presently preferred because it 
is believed to have the least deleterious effect on the strength 
of the optical fiber. See co-pending U.S. application Ser. No. 
08/631,491, which is incorporated herein by reference. The 
removable coatings which are preferred for use in the 
apparatus and process of the present invention are described 
in co-pending U.S. application Ser. No. 08/631,491, which, 
as Stated above, is incorporated herein by reference. 

0.058 AS is well known in the art, fiber optic cables 
generally consist of optical fiber(s), and one or more buffer 
layers around the fiber to protect the optical fiber from 
microbending losses and abrasion (see, for example, Ster 
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ling, Technician's Guide to Fiber Optics, (1993), at page 73). 
In the present application, the term “bare fiber” or “optical 
fiber” refers to the portion of the fiber optic cable from 
which the buffer and external strength members have been 
removed. If a non-Strippable protective layer lies beneath the 
buffer, the protective layer is considered part of the bare 
fiber. In this application, the term “removable coating” refers 
to any coating layer applied to the optical fiber, bare fiber, or 
bare fiber with a non-Strippable protective layer, but does not 
include the Strength members or the jacket which make up 
the outer layers of the cable. 
0059. The optical fiber which is used in the process of the 
present invention may be made of any material, Such as 
plastic or glass. Conventional Silica-based glass materials 
are preferred. 

0060. The removable coating(s) used in the process of the 
present invention may be any polymeric material which may 
be easily coated on the optical fiber with conventional 
equipment. The removable coating(s) must be Subsequently 
thermally removed to leave substantially no residue on the 
surface of the optical fiber. In addition, thermal removal 
must occur in a commercially feasible time Such that the 
fiber does not absorb sufficient heat to reduce its tensile 
strength below a level. 
0061 First, in selecting a polymeric coating material for 
use in the process of the invention, it is important that the 
material be Substantially completely removable in a com 
mercially feasible time from the optical fiber. Carbonaceous 
residue which remains in contact with the bare fiber Surface 
following incomplete thermal removal of a coating creates a 
local StreSS concentration, which degrades the tensile 
strength of the fiber. In addition, the small flakes which 
remain on the Surface of the optical fiber following incom 
plete coating removal may interfere with Subsequent pro 
cessing Steps. 

0062 For the purposes of the present application, the 
term Substantially complete removal refers to any polymeric 
coating which, following thermal removal, has a residuum 
of less than about 10% by weight, preferably less than about 
5% by weight, based on the initial coating weight, after 
thermal treatment in air at about 300° C. to about 900 C., 
preferably about 400° C. to about 700° C., most preferably 
about 500 C. to about 600 C. Coatings which maybe used 
in the process of the invention may be identified with a wide 
variety of analytical techniques, Such as thermogravimetric 
analysis (TGA). 
0063 Of course, to be useful in the process of the present 
invention, which is preferably continuous or Stepwise con 
tinuous, the Substantially complete removal of the coating is 
preferably completed in a commercially feasible time, which 
for the purposes of the present application, is less than about 
15 Seconds, preferably less than about 10 Seconds, and most 
preferably less than about 1 second. The thickness of the 
removable coating or coatings used in the process of the 
present invention may vary widely depending on the 
intended application, but a conventional coating thickness of 
at 15u to about 35u is normally used. 
0064. Second, the Substantially complete thermal 
removal referred to above preferably is accomplished Such 
that the fiber does not absorb Sufficient heat to reduce its 
tensile Strength below a level required for a particular end 
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proceSS is recommended prior to Subjecting the bare fiber to 
any mechanical detriment, Such as an isolation capstan of 
fiber guide, as this Severely degrades the Strength charac 
teristics of the fiber. 

0073. Any number of treatment steps may be performed 
on the exposed section of bare optical fiber 118 in the 
processing Zone 120 of FIG. 6 to produce a broad array of 
optical fiber devices for various applications. For example, 
the exposed section of the bare optical fiber 118 may be 
treated with a laser to form an optical fiber Bragg grating. 
The Bragg grating may be produced in the optical fiber by 
any method known in the art, Such as, for example, phase 
mask projection or holography. See, for example, Farries et 
al., Fabrication and Performance of Packaged Fiber Grat 
ings for Telecommunications, and Rizvi et al., Production of 
Bragg Gratings in Optical Fibers by Holographic and Mask 
Projection Methods, Institution of Electrical Engineers, 
Optical Fiber Gratings and Their Applications, January 
1995. The resulting optical fiber Bragg grating reflects an 
extremely narrow Spectral band of an incoming Signal, and 
may be used in applications Such as fixed and tunable filters, 
fiber and diode lasers, wavelength division multiplexing, 
fiber amplifiers and Sensors. See, for example, Measures et 
al., Grating Fiber Optic Sensing for Bridges and Other 
Structures, 2d European Conference on Smart Structures 
and Materials, October 1994; Melle et al., Practical Fiber 
Optic Bragg Grating Strain Gauge System, Applied Optics, 
vol. 32, no. 19, July 1993; and Alavie et al., A Multiplexed 
Bragg Grating Fiber Laser Sensor System, IEEE Photonics 
Technology Letters, vol. 5, No. 9, September 1993. 

0.074. Other types of optical fiber devices which may be 
produced in the exposed bare portion 118 of the optical fiber 
include, for example, current Sensors. Presently, as described 
in co-pending U.S. application Ser. No. 08/205,880 to Cronk 
et al., and U.S. Pat. No. 5,051,577 to Lutz et al., the 
disclosures of which are hereby incorporated by reference, 
useful optical fiber sensor coils (birefringence.<3., with 
immeasurable change from -40 to +80° C.) are produced by 
removing the coating from an appropriate length of optical 
fiber by mechanical Stripping. The Stripped optical fiber is 
cleaned with alcohol to provide a clean Surface for cleaving 
and fusion Splicing processes. The fiber is then placed in an 
annealing fixture which is placed into an annealing oven. 
The annealing proceSS is performed and the mold is removed 
from the oven. 

0075. In sensor manufacture, mechanical stripping and 
Subsequent handling of the bare Sensor fiber exposed the 
fiber to potential mechanical damage. Such damage and 
Subsequent Strength reduction of this critical portion of the 
optical Sensor could cause the fiber to break and the Sensor 
to fail in the field. In Some processes the fiber coating is 
Softened by Soaking in Solvent to render the coating more 
easily Stripped by mechanical means. The fiber can then be 
further processed. The process of the invention eliminates 
the hazard of placing optical fibers which may still contain 
traces of flammable Solvents directly into an annealing 
furnace. Likewise the use of the process of the present 
invention eliminates the hazard associated with Solvent 
pre-Soaking the coating and the Strength degradation asso 
ciated with mechanical Stripping in these processes. 

0076 FIG. 9 illustrates an embodiment of a fiber coil 
holder 200 for making an optical fiber current sensor using 
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the thermal coating removal process of the present inven 
tion. A circular groove 232 is formed integrally with a plate 
230 by sandblasting into the surface. Channels 234 may also 
be Sandblasted into the Surface to provide guides for the 
terminal ends of the fiber coil. Holder 230 is used as a mold 
or form for annealing by loosely winding the coated optical 
fiber element 210 in the circular groove 232 and then placing 
the holder 230 in a heated environment to substantially 
thermally remove the coating. 
0077. In addition to the specific applications mentioned 
above, following thermal removal of a predetermined por 
tion of the removable coating, the processing Step of the 
process of the invention may be used to prepare optical fiber 
Splitters and couplers. Further, if the optical fiber element is 
embedded in a composite material, Such as graphite/epoxy 
composite, a thermally removable coating may be used to 
protect the optical fiber during composite preparation, and 
the coating may be Subsequently removed via de-polymer 
ization and diffusion during the thermal processing Step 
which cures the composite. A thermally removable coating 
may also be used as a carrier of a liquid component, which 
is released upon removal of the coating during the proceSS 
ing Step allowing the liquid to wet the fiber or cure the 
Surrounding composite material. Additionally, the thermally 
removable coating permits Separation of the interdepen 
dency of the draw process with further proceSS Steps which 
are not compatible with Standard draw techniques, Such as 
hermetic coating applications. 
0078. Following the processing steps, the optical fiber 
devices produced may optionally be recoated with a protec 
tive coating. The protective coating may be the same as the 
thermally removable coating, or may be selected from any 
coating material known in the art. Following the recoating 
Step, if the thermally removable coating is used, the protec 
tive coating may be treated to make it less thermally 
Susceptible to removal if necessary to provide improved 
thermal or chemical resistance to the completed optical fiber 
device. Following the recoating Step, the completed optical 
fiber Sensor may be wound on a take-up reel or further 
processed as necessary for its intended application. 
007.9 The invention will be further described with refer 
ence to the following non-limiting examples. 

EXAMPLES 

Example 1 
0080 Coatings which may be used in the process of the 
invention may be identified with a wide variety of analytical 
techniques, Such as thermogravimetric analysis (TGA). 
FIG. 1 is an isothermal plot at 400 C. in air of 10.5 mg 
samples of three cured acrylate films, available from DSM 
DeSotech, Inc., Elgin, Ill., which are known to be useful as 
optical fiber coatings. About 66% by weight, based on the 
initial amount of coating material under test, of Example 
coating D, an acrylated epoxy available from DSM Deso 
tech under the product identification DSM 3471-2-137, 
volatilizes after three hours at 400 C., compared to about 
79% by weight of Example coating C, an acrylated urethane 
available from DSM Desotech under the product identifica 
tion DSM 3471-2-113. However, about 95% by weight of 
Example coating B, a multi-functional acrylate available 
from DSM Desotech under the product identification DSM 
5000-2, volatilizes at 400 C. over the same time period. 
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0.081 FIG. 2 is an isothermal plot of coatings B, C and 
D at a temperature of 500 C. in air. Coating B, DSM 
5000-2, clearly leaves less residue following a 30 minute 
heating period than coatings C and D. Similar results are 
achieved at 600 C., as shown in FIG. 3. Thus, it is clear that 
coating B, DSM 5000-2, which has a residuum of less than 
about 5% by weight, based on the initial coating weight 
under test, following about 5 minutes of exposure at a 
temperature of about 500-600 C., is substantially com 
pletely removed in a commercially feasible time period, and 
is a Suitable coating for the process of the present invention. 

Example 2 

0082) To determine the effect of the thermal removal of 
the coatings of Example 1 on the Strength characteristics of 
an optical fiber population, three fiber draws were performed 
to prepare optical fiber elements coated with each of the 
three Example coatings B, C, and D above to yield optical 
fibers B, C, and D respectively. The example coatings were 
coated using conventional preSSure coating techniques onto 
a fiber freshly drawn from a fire polished high purity silica 
preform at a draw speed of 55 meters per minute on a 
standard production fiber draw tower. The diameter of the 
silica fiber was 80 um and the final coated fiber diameter was 
128 um. 
0.083. A fracture strength test was performed on each 
optical fiber B, C and D by the dynamic fatigue method of 
FOTP-28 at 9%/minute strain rate, 4 meter gauge length, 
using ten specimens per test, for each of the fibers drawn to 
establish a baseline strength distribution. For the analysis of 
the fiber strength distribution of fiber after thermal removal 
of the coating, the Specimen was threaded between the 
mechanical gripping Sensor and the capstan of the dynamic 
fatigue equipment prior to thermal removal of the coating. 
The coating was removed by the method described and the 
Strength analysis conducted after briefly allowing the fiber to 
cool. 

0084. A hot air gun, Model 27046, manufactured by 
Dayton Electric Manufacturing Company of Chicago, Ill., 
was used to remove 3-4 inch lengths of coating from optical 
fiber B. The hot air gun used was rated at 20 amperes, had 
a rated operating temperature of 1,000 F. (500-600° C.), 
and was hand-held at an approximate distance of 2.5 inches 
(6.5 cm) from the optical fiber. 
0085. The strength population of optical fiber B had an 
initial (prior to coating removal) baseline median fracture 
stress of about 650 KPSI. Following substantially complete 
coating removal over a Section with the hot air gun, the 
fracture StreSS of the B-coated optical fiber population 
dropped to about 550 KPSI, a reduction of approximately 
15%. 

0.086 The Dayton hot air gun was used to remove the 
coatings from optical fibers C and D. However, no combi 
nation of coating removal conditions allowed complete 
removal of the coating to provide a clean fiber Surface. 

0087 An air knife, available from Air Knife Inc. of 
Charlotte, N.C., which provides a more concentrated gas 
eous Stream at a higher temperature than the Dayton hot air 
gun, was then utilized to thermally remove the coating from 
optical fibers C and D. The air knife used consisted of a 
Stainless Steel tube with a resistance wire coiled inside to 
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heat a gas Stream. The tube was necked down to an inside 
diameter of about 3 mm at the downstream end to concen 
trate the gas flow exiting the tube. A nitrogen flow of 1.5 to 
2.3 scfm was input to the supply end of the tube and the 
temperature of the exiting gas Stream was measured as about 
600 C. to about 700 C. The heated gas stream was applied 
at a distance of about 3 mm to about 5 mm from the coated 
fiber Surface. 

0088 Optical fiber C, coated with acrylated urethane 
(DSM 3471-2-113), gave an initial median fracture strength 
of about 700 KPSI and responded well to thermal removal 
of the coating. However, the median strength of fiber C was 
degraded to 160 KPSI during the coating removal process. 
This is a reduction in strength of 78%. 
0089 Optical fiber D, coated with acrylated epoxy (DSM 
3471-2-137), gave an initial median fracture strength of 
about 700 KPSI. The application of heat with the air knife 
created a charred residue which remained on the fiber 
regardless of the temperature and flow rate of the heated gas 
Stream applied by the air knife. This condition results in a 
fiber unsuitable for the further processing necessary to 
generate an optical fiber device using the process of the 
present invention. Therefore, post removal dynamic fatigue 
analysis was not conducted on optical fiber D. 
0090 FIG. 7 is a Weibull plot summarizing the strength 
population of the optical fibers before and after removal of 
the coatings B, C and D of Examples 1-2. There was a 
Substantial reduction in the median Strength of optical fiber 
C upon thermal removal of the coating and the coating 
cannot be effectively removed from optical fiber D. How 
ever, removal of coating B resulted in excellent Strength 
retention for fiber B, so coating B would clearly be preferred 
for use in the process of the present invention. 
0091. Following thermal removal in the commercially 
feasible time referred to above, the preferred removable 
coatings will have a residuum of less than about 10% by 
weight, preferably less than about 5% by weight, based on 
the initial coating weight, after thermal treatment in air at 
about 300° C. to about 900° C., preferably about 400° C. to 
about 700° C., most preferably about 500° C. to about 600 
C. The thermal removal of the preferred removable coating 
should preferably reduce the initial median fracture StreSS 
not more than about 50%, preferably not more than about 
25%, and most preferably not more than about 15%. The 
preferred removable coatings used in the process of the 
present invention should reduce the initial (e.g., prior to 
coating removal) Weibull modulus of the optical fiber not 
more than about 50%, preferably not more than about 25%, 
and most preferably not more than about 15%. 
0092. The optical fiber fracture stress following remov 
able coating removal is Sensitive to the amount of heat 
applied to the fiber. Therefore, it is important in the process 
of the invention that heat be applied in the coating removal 
Station 20 Such that a minimum of thermal energy is trans 
ferred to the optical fiber. The heat may be applied to 
thermally remove the removable coating in any appropriate 
manner which preserves Sufficient optical fiber Strength for 
a particular end use application, Such as, for example, with 
a heated resistance filament or other radiant type heat Source, 
a CO2 laser or a heated gaseous Stream. Thermal removal of 
the removable coating in the coating removal Station 20 is 
preferably performed using a heated gaseous Stream. While 
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not wishing to be bound by any theory, the heated gaseous 
Stream is believed to de-polymerize the removable coating 
material and Sweep away the Volatilized product with mini 
mum transfer of heat to the optical fiber. The gaseous Stream 
may comprise any gas or mixture of gases, including air, 
nitrogen, argon, and the like, and nitrogen is preferred for its 
inert properties and availability. Gas mixtures containing 
oxygen are less desirable for use in the process of the present 
invention, Since the heat of combustion generated during 
thermo-Oxidative processes increases the temperature of the 
optical fiber glass and degrades its Strength characteristics. 

0093. The gaseous stream may be applied by any suitable 
technique, Such as with an air gun or an air knife. However, 
an air knife is preferred for a commercially feasible con 
tinuous or Stepwise continuous process for preferential 
removal of a length of removable coating from a Section of 
optical fiber. The tensile strength of the fiber following 
removable coating removal may be optimized by using a 
heat Source, fixed at a desired distance, at the appropriate 
temperature to remove the removable coating. Of course, the 
parameters will vary widely depending on the coating 
Selected, coating thickness, the processing time, gas flow 
rate, and gas temperature. For example, a resistance wire 
coiled in a circular tube with a restricted output placed about 
2 to about 10 mm from the surface of the coating, preferably 
about 5 mm, with a gas flow rate of about 1 to about 3 scfm, 
and a gas stream temperature from about 400 C. to about 
900° C., preferably about 600° C. to about 700° C., has been 
found effective for Suitable thermal removal of the remov 
able coating. 

0094. Following the coating removal step, a section 22 of 
the optical fiber from which the coating has been Substan 
tially completely removed enters a fiber immobilization and 
grating writing Station 24. The Station 24 includes means for 
fixing the Section 22 of the optical fiber with respect to a 
Source of optical radiation, and means for applying the 
optical radiation to the Section 22 to form a Bragg grating at 
a wavelength or Bragg condition in the optical fiber core of 
the Section 22. 

0.095) Any means for immobilizing the section 22 may be 
used which holds the optical fiber element 12 sufficiently 
Stationary Such that a Bragg grating may be written in the 
core of the optical fiber in the section 22 with a desired 
Bragg condition. A presently preferred means for immobi 
lizing the Section 22 to be processed comprises a first 
tensioning clamp 26 and a stage clamp 28. The clamps 26 
and 28 mechanically grip a first end and a Second end, 
respectively, of the Section 22. To prevent damage to the 
optical fiber, it is preferred that the clamps 26 and 28 engage 
coated portions of the optical fiber element adjacent the bare 
fiber in the section 22. 

0096. The clamps 26 and 28 may simply hold the section 
22 taut and firmly in place while the grating is written in the 
optical fiber, or may be used to apply a predetermined 
longitudinal Strain to the optical fiber Section 22 to produce 
a predetermined Bragg condition in the Section 22. It is well 
known in the art that Strain may be applied to an optical fiber 
during the Bragg grating writing process to tune the Bragg 
condition of the grating, Such as the resonant frequency. 
Typically, the strain applied to the fiber is limited by its 
mechanical Strength, and the resulting elongation should not 
exceed about 10% of the original (pre-stretched) length of 
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the fiber. The preferred elongation is less than about 7%, 
most preferably less than about 5%. See, for example, U.S. 
Pat. No. 5,384,884 to Kashyap et al.; Byron and Rourke, 
Fabrication of Chirped Fibre Gratings by Novel Stretch and 
Write Technique, Electronics Letters, vol. 1, no. 31 (January 
1995); and Zhang et al., Tuning Bragg Wavelength by 
Writing Gratings On Prestrained Fibers, Photonics Technol 
ogy Letters, vol. 6, no. 7 (July 1994). 
0097. Application of longitudinal strain may also be used 
to multiplex gratings along the length of the optical fiber. 
Since “downstream’ gratings in Sections of the optical fiber 
which are not in tension pass the wavelength of light 
necessary to monitor the grating in the Section under tension, 
periodic Stretching of the optical fiber may be used to 
monitor in real time the accuracy of the grating writing 
process. See U.S. Pat. No. 5,384.884 to Kashyap et al.; 
Campbell & Kashyap, Spectral Profile and Multiplexing of 
Bragg Gratings in Photosensitive Fiber, Optics Letters, vol. 
16, no. 12 (June 1991). 
0098. The longitudinal strain applied to the section 22 
may be varied by adjusting the tensioning clamp 26. The 
tensioning clamp may comprise any mechanical means (not 
shown in FIG. 1) for applying a continuously variable strain 
to the Section 22, for example, a clamped micrometer, a 
piezo-electric translation Stage, or a simple weight. A means 
for continuously monitoring the Strain, Such as, for example, 
a Strain gauge with closed loop control of the tensioning 
clamp 26, may be incorporated in the apparatus to assist in 
the automation of the Bragg grating write process. The Stage 
clamp 28 will typically be a simple clamp only, but may also 
be capable of applying varying levels of Strain to the Section 
22. Optionally, the tensioning clamp 26 and the Stage clamp 
28 may include means for rotating the optical fiber Section 
22 about its longitudinal axis. For example, this rotational 
capability may be used to provide an appropriate Bragg 
grating Synthesis. The rotation means may also be used to 
produce a Bragg grating having a predetermined orientation 
with respect to an internal polarization axis of a polarizing 
or polarization-maintaining optical fiber element. For 
example, to determine the rotational orientation of a polar 
izing or polarization-maintaining optical fiber with respect 
to Some external reference direction, the optical alignment 
imaging System and rotatable clamp mechanism described in 
U.S. Pat. No. 5,013,345 may be used. 

0099. Once the section 22 of the optical fiber to be 
processed has been immobilized, optical radiation may be 
applied to the Section 22 in the immobilization and grating 
Writing Station 24 to produce one or more Bragg gratings in 
the optical fiber core of the Section 22. The Bragg grating 
may be produced in the optical fiber Section 22 by any 
method and any optical System 25 known in the art, Such as, 
for example, by phase mask projection or holography. See, 
for example, Farries et al., Fabrication and Performance of 
Packaged Fiber Gratings for Telecommunications, and 
Rizvi et al., Production of Bragg Gratings in Optical Fibers 
by Holographic and Mask Projection Methods, Institution of 
Electrical Engineers, Optical Fiber Gratings and Their 
Applications, January 1995. 

0100. The presently preferred method for processing the 
Section 22 to form a Bragg grating is shown Schematically 
in FIG. 1. In this technique coherent optical radiation 27 
from an excimer laser 25a is directed through a phase mask 
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25b and enters the core of the optical fiber in the section 22 
in a direction generally normal to the length of the Section 
22. Preferably, the distance and orientation of the section 22 
with respect to the phase mask 25b is precisely maintained 
by an arrangement of machined grooves (not shown) in a 
write head plate 29. 
0101 Following writing of the Bragg grating in section 
22 of the optical fiber, the processed Section 22 is transported 
into an optional annealing unit 30. AS is well known in the 
art, annealing of an optical fiber Bragg grating ensures that 
the optical properties of the grating will remain constant 
over an extended period of time. See Erdrogan et al., Decay 
of Ultraviolet-Induced Fiber Bragg Gratings, J. Appl. Phys, 
vol. 76, July 1994, at 73. The annealing is typically per 
formed by passing the optical fiber Section 22 which con 
tains the Bragg grating through a heated chamber or Zone 
(not shown). In the heated chamber, radiant or forced air heat 
is applied for a period of time inversely proportional to the 
applied temperature to anneal the Section 22 of the optical 
fiber. The required annealing time will vary depending on 
the characteristics of the optical fiber element and the 
desired end use application, but, typically, a one minute 
dwell in the heating Zone at about 300° C. is sufficient. 
0102 Following the optional annealing step, the pro 
cessed Section 22 is transported into a packaging unit 40. In 
the packaging unit 40, the Section 22 of optical fiber in which 
the Bragg grating is written is covered or packaged for its 
particular end use application. For example, in the packag 
ing Section 40 the Section 22 may be recoated with a 
temporary or permanent coating, temporary or permanent 
rigid or flexible sleeves may be attached, or mechanical 
devices Such as connectors may be affixed to cover the 
Section 22. Preferably, in the packaging Section 40 the 
processed Section 22 which contains the Bragg grating, or 
the entire optical fiber element 12, is recoated with any 
conventional temporary or permanent protective coating. 
0103) If the original removable coating provided on the 
optical fiber element 12 is in place along the entire fiber 
length with the exception of the bare Section 22, to identify 
the location of the Bragg grating(s) along the fiber length the 
entire optical fiber element 12, including the Section 22, may 
be re-coated with a material that is visually distinguishable 
from the original removable coating. For example, if the 
original removable coating is colored, the recoat material 
applied in the packaging Section 40 may be clear, or Vice 
Versa. In the alternative, the recoat material applied in the 
packaging Section 40 may have a different thickness or 
texture than the original removable coating. In addition to or 
instead of the recoat color identifier, the position of the 
Bragg grating in the Section 22 may be identified by apply 
ing human readable or machine readable indicia to the 
recoated Section 22. Examples may include a bar code, 
colored bars, machine readable characters, or any combina 
tion thereof. 

0104 Following packaging, the recoated Section 22 may 
be transported to an optional cure unit 50 if necessary to cure 
the coating and/or indicia applied in the recoat unit. The cure 
may be performed by any appropriate method known in the 
art. 

0105 Following the curing step, the completed optical 
fiber element with at least one Bragg grating written therein 
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is routed through a Series of alignment pulleys 60 and 
re-wound on a take-up spool 62 for Storage or Subsequent 
processing. 

010 While the apparatus and process of the present 
invention have been described with respect to formation of 
a single optical fiber Bragg grating in a Single Section 22 of 
the optical fiber element 12, it should be apparent to those 
of ordinary skill in the art that the present apparatus and 
process may also be used to form multiple Bragg gratings in 
a single predetermined Section of the optical fiber element, 
or, individual Bragg gratings in multiple Sections of a Single 
optical fiber element, without Splicing. 

0107 For example, if the removable coating were 
removed from a first section of an optical fiber element in the 
coating removal station 20 of the apparatus shown in FIG. 
1, the first Section could Subsequently be advanced to the 
immobilization and grating writing Station 24 as shown in 
FIG.1. While the first section is treated with the laser in the 
immobilization and grating writing Section to produce indi 
vidual or multiple Bragg gratings therein, the removable 
coating is removed from a Second Section of the optical fiber 
element in the coating removal station. When the first 
Section is advanced to the annealing Station 30, the Second 
Section may be advanced into the immobilization/writing 
Station 24 to produce individual or multiple gratings therein, 
and a third Section may then be treated in the coating 
removal Station 20, and So on. 

0108. When such a procedure is used to produce multiple 
gratings in a Single optical fiber, Strain may be applied to the 
Section in the immobilization/writing Station to continuously 
real time monitor its characteristics during formation. For 
example, FIG. 2A is a Spectrum analyzer plot of reflection 
VS. Wavelength for a Series of 15 individual gratings written 
on 1.2 meter centers in a single optical fiber element to form 
a grating array using the process of the present invention. 
The center wavelength of the Bragg gratings in the array (see 
peak A in FIG. 2A) is about 1551 nm. In FIG. 2B, the 
fifteenth grating in the array was placed under longitudinal 
Strain, and its center wavelength was observed to shift to 
about 1554 nm (see peak B in FIG. 2A). The center 
wavelength of the fourteen non-Strained gratings in the array 
was observed to remain constant at about 1551 nm (see peak 
A in FIG. 2B), which demonstrates the uniformity of the 
characteristics of the gratings in the array. 

0109) It will be understood that the exemplary embodi 
ments described herein in no way limit the Scope of the 
invention. Other modifications of the invention will be 

apparent to those skilled in the art in View of the foregoing 
description. These descriptions are intended to provide Spe 
cific examples of embodiments which clearly disclose the 
present invention. Accordingly, the invention is not limited 
to the described embodiments or to the use of the specific 
elements, dimensions, materials or configurations contained 
therein. All alternative modifications and variations which 

fall within the Spirit and Scope of the appended claims are 
included in the present invention. 
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What is claimed is: 
1. An apparatus for manufacturing optical fiber Bragg 

gratings, which comprises means for removing a removable 
coating from at least one predetermined Section of an optical 
fiber element, means for immobilizing the Section, means for 
Writing at least one Bragg grating in the Section, and means 
for recoating the Section. 

2. An apparatus as claimed in claim 31, wherein the means 
for coating removal comprises at least one of means for 
mechanically, chemical or thermal removal. 

3. An apparatus as claimed in claim 32, wherein the means 
for thermal removal is an air knife. 

4. An apparatus as claimed in claim 31, wherein the means 
for immobilization comprises a first clamp, a Second clamp, 
and means for monitoring the Strain applied to the optical 
fiber between the first clamp and the Second clamp. 

5. An apparatus as claimed in claim 31, wherein the means 
for writing the grating comprises a laser and a phase mask. 

6. An apparatus as claimed in claim 35, wherein the means 
for immobilization further comprises means for rotationally 
orienting the predetermined Section of the optical fiber 
element with respect to a propagation direction of optical 
radiation emitted by the laser. 

7. An apparatus as claimed in claim 31, wherein the means 
for Writing the grating further comprises a grating monitor 
ing System comprising a laser, a photodetector, and at least 
one rotary optical coupling which couples the fiber to the 
laser. 

8. An apparatus as claimed in claim 31, wherein the means 
for recoating comprises means for applying protective coat 
ing to the optical fiber, and means for marking the position. 
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