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Chapter 1

Introduction

1.1 Background and problems

Fiber Bragg Grating (FBG) is a periodic change of refractive index of fiber
core by UV radiation. In 1978, FBG was discovered by Kan Hill and co worker in
Canada. There are several applications of FBG in several fields of industry. Fiber
amplifier, Fiber filter, and Dispersion compensator are used in optical
telecommunication. Strain sensor, Temperature sensor, Chemical sensor, and
Accelerometerers are used in Sensors device. Welding metal and cut metal

manufacturing by Fiber laser.

I
Incident spectrum

|

Transmitted spectrum

FBG

Reflected spectrum

Figure 1.1 The schematic of reflected spectrum and transmitted spectrum when

incident spectrum travel through fiber Bragg grating.

When the board and multi wavelength light travel through an FBG, there are
some light at specific wavelength will be reflected from FBG. The specific
wavelength is depended on FBG pitch. Another effect is the rest of light that except
the reflected spectrum will pass through the FBG. This is a transmitted spectrum as

shown in Figurel.1.



In this research, the reflected spectrum is used for study. The important
parameters of reflected spectrum are FBG wavelength, Reflectivity, and Bandwidth as

show in Figurel.2.
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Figure 1.2 The important parameters of FBG reflected spectrum

Recently, optical communication business has a high competitive that
include Fiber Bragg Grating manufacturing. To drive on this business, the
productivity improvement is an optional. The FBG fabrication process flow is
consisted of five important processes. Start by enhance photosensitivity of fiber by
hydrogen loading process. To inscribe FBG on fiber from UV laser with phase mask
technique by writing process. Stabilize FBG by thermal stabilization process. To
enhance FBG strength by FBG recoating process. Hydrogen annealing process for
elimination hydrogen gas in fiber. Finally, measure FBG parameter at optical

inspection process. These processes as show in Figurel.3.



Hydrogen loading | | Writing R FBG thermal
process process stabilization process —‘
FBG recoating | Hydrogen annealing | | Optical inspection
process g process process

Figure 1.3 The FBG fabrication process flow

From these all process, hydrogen loading process is a process that consumes
the highest of cycle time. The cycle time unit of hydrogen loading process is day. In
contract, the cycle time unit of the other processes are minute.

On this research, Researcher would like to improve FBG fabrication
productivity by improvement hydrogen loading time of hydrogen loading process.
Due to the main purpose of hydrogen loading process is to enhance photosensitivity
of fiber core. This advantage of photosensitivity is developed to improve the writing
time at FBG writing process. However, FBG wavelength shift to shorter wavelength
when hydrogen diffuse from FBG that is a side effect of hydrogen loading process.
Writing time and FBG wavelength shift such an important factors of FBG reflected
spectrum. Therefore, to finding the optimized condition of hydrogen loading time.

The effect of hydrogen to FBG parameter is necessary for studying.

1.2 Research objectives

1.2.1 Study the effect of hydrogen concentration in fiber to FBG important
parameters.

1.2.2 Finding Hydrogen loading time to improve FBG productivity, as well

as, sustain a quality of FBG.

1.3 Scope of the thesis
This thesis study effects of Hydrogen concentration to FBG important
parameter in case of FBG wavelength, FBG reflectivity and FBG bandwidth. Grating

type is uniform grating.



1.3.1 The Hydrogen concentration will be controlled by varying hydrogen
loading time conditions (48, 72, 120, and 192 days). Hydrogen pressure is controlled
at 13 MPa.

1.3.2 FBG wavelength range is 980 nm and 1480 nm. FBG reflectivity less
than 4% and 1 % at optical inspection process for 980 and 1480 respectively.

1.3.3 Single mode fiber (SMF) is a material for FBG wavelength range are
980 nm. and Polarization-Maintaining single mode fiber (PMF) is a material for FBG
wavelength range 1480 nm.

1.3.4 Hydrogen absorption at 1240 nm technique is used for evaluation

hydrogen concentration in fiber.

1.4 Research advantage

1.4.1 We can understand the effect of hydrogen concentration in fiber core at
various of hydrogen loading time to FBG parameters.

1.4.2 We can improve productivity of FBG fabrication as well as, sustain a
quality of FBG.



Chapter 2

Fundamental theory and literatures review

2.1 Fundamental theory

The chapter 2 present fundamental theory, fiber optic introduction, hydrogen
loading process, photosensitivity in fiber, hydrogen absorption technique, and The
method to inscribe FBG. Literature reviews emphasize to the effect of hydrogen to

FBG wavelength shift, Hydrogen absorption loss technique.

2.1.1 Fiber optic introduction [1].

Fiber optic technology was started in 1790, to the optical semaphore
telegraph invented by French inventor Claude Chappe. Fiber optic technology was
developed by many of researcher. Until in the summer of 1970, one team of
researchers began experimenting with fused silica, a material capable of extreme
purity with a high melting point and a low refractive index. Corning Glass researchers
Robert Maurer, Donald Keck, and Peter Schultz invented fiber-optic wire or "optical
waveguide fibers" (patent no. 3,711,262), which was capable of carrying 65,000 times
more information than copper wire, through which information carried by a pattern of
light waves could be decoded at a destination even a thousand miles away. This
discovery had a high improvement of optical telecommunications. The common
structure of fiber optic is composed of three layers, first layer is core fiber which is
usually made from silica, second layer is cladding, and last layer is coating polymer
which can call jacket. Refractive index of fiber core is higher than the refractive index
of cladding as show in Figure2.1. The refractive index of core increasing can do by
doping technique. The generally dopants is germanium. From the different of
refractive of both areas, light total internal reflection at core and cladding boundaries
that affect to a little attenuation loss of light travel through the fiber optic for tens
kilometers on 1550 nm wavelength region.

The schematic idea of the optical fiber transmission is shown in Figure 2.2.
The advantage of optical fiber transmission is to immense binary flow rates, of the

order of several Tb/s, under laboratory conditions reaching the order of 10 Tb/s,



impossible while using copper based media. Low attenuation, the signal can be

transmitted over long distances without regeneration.

Neore | i L

| L ;

jacket || core . | jacket

optical cladding optical cléd!ding

Figure 2.1 Refractive index profile of silica glass fiber [2]

lnpu-t electric Output electric
signal signal
Transmitter : Receiver
. WE Fiber -
(light source) (light detector)

Figure 2.2 Schematic representation of fiber optics system [3]

2.1.2 Fiber optics types [3]

Optical fiber can be divided into various types. In this research is presented
fiber type that considering the number of propagation mode. It can divide optical
fibers into single-mode or multimode fibers. Multimode fibers (MMF) are
characterized by a large core diameter (50 or 62.5 pm). Single mode fiber (SMF) are
characterized by a large core diameter (from 5 to 10 um). The cladding diameter in
both fiber type is 125 um. The Dimension of the multimode fiber and single mode

fiber as shown in Figure 2.3



~50um ~Opm

Figure 2.3 Dimension of the multimode fiber (a) and the single mode fiber (b) [3]

The technologies of fiber have been developed. Polarization maintaining
optical fiber (PM) is a single mode fiber which use in some applications maintaining
constant polarization of light in an optical fiber.

In polarization maintaining (PM) fiber, in which birefringence was
intentionally created, polarization state does not change chaotically. The distinguished
optical axis causes that random changes of density fluctuation and temporary changes
of optical axis become negligible and are masked by main effect - intentionally
created birefringence. When the light polarization coincides with optical axis (or the
axis parallel to it) polarization state does not change over long distances. However, if
the optical axis is at an angle to polarization direction, two orthogonal components are
created: slow (in negative crystal it corresponds to an extraordinary beam) and
fastbeam (ordinary), which, for longer optical distances, generate periodically

changing phase difference. Thus, for 45° angle, first we observe linear polarization,
followed by elliptical and circular polarization (with phase difference AD =%),
subsequently again linear (A® =1IT), but perpendicular to the linear polarization at
entrance, elliptical, circular (A® = 371_1 ), in order to return to initial polarization after

a full period (A® = 2IT) For longer distances the cycle repeats. Figure 2.4 shows the
evolution of polarization state in polarization maintaining fiber, in case when the

input signal is linearly polarization at 45° from a slow optical axis.



Fast
mode 4

Figure 2.4 Evolution of state of polarization along a polarization maintaining fiber,

when the input signal is linearly polarized at 45° from the slow axis [3]

Stress rods
allow only
one polarization
of input light

Cladding

Figure 2.5 Cross-section of polarization maintaining fiber [3]

2.1.2.1 Propagation of light in optical fibers. Electrodynamics
Analysis. (Step-index Cylindrical fiber) [3]

Propagation of light in optical fibers is described by Maxwell
equations, similarly to all other electromagnetic phenomena. The wave equation
derived from the Maxwell equations describes propagation of light in optical fiber. If
make the following assumptions, nonlinear polarization is negligible, it can neglect
the imaginary component of dielectric constant, &(@)=(n(w)+iac)/2w)*, because
the loss in optical fiber is low in spectrum range of interest for fiber optics techniques,

therefore a ~ 0, refractive index does not depend on core and cladding spatial



coefficients, then the wave equation takes form of equation known as Helmholtz

equation
V’E +n* (@l E =0 2.1
In Cartesian coordinate system Laplace operator is expressed as follows: (1.13)

, 0F &

=t —t— 2.2
ox>  oy* oz’ (22)

1) .
where k, =—=w. s, is the wave vector length (wave number), x,and
¢

&,denote magnetic and dielectric permeability of free space, E= F(r, ) is Fourier

transform of electric field
E(r,w)= jE(r,t)exp(ia)t)dt (2.3)

Propagation of light and mode analysis is described in details in numerous
handbooks . It can consider the solution of equation (2.1). Equation (2.1) is a vector
equation, therefore it is an equivalent of three differential scalar equation for three
electric field E components. In Cartesian coordinate system those are Ex, Ey, £z and
this description is most proper for planar waveguides . For optical fibers, most
commonly used in telecommunications, it is most convenient to use polar coordinates

(r,0,z) because of cylindrical symmetry of optical fibers. Then, Equation (2.1) takes

the following form this below equation

O’E 10°E 1 9°E O°E
+— +—
or* ror’ r’og> oz’

+n*k2E=0 (2.4)

Cartesian and polar coordinates are linked as follows x=rcosg,y=cos@,z=z

Similar equation can be written for magnetic field strength H . Full solution must

therefore contain six components, however, taking into account four Maxwell
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equations, only two components are independent. Let us choose E_ and E
independent components. Assuming that the z axis overlaps with optical fiber axis, we
obtain the following scalar equation for electric field £- component along the fiber

axis

27 27 27 2 o
CEASE 1PE BE orl, o
o~ r or r- o¢ oz

z

Of course, the fact, that the electric field component E: is directed along the fiber axis
does not imply that the electromagnetic wave seizes to be a transverse wave. The
wave propagating in a fiber can show any polarization, which can be depicted as
superposition of waves having their vectors in two mutually perpendicular planes
(denoted as s and p polarization). Transverse magnetic (TM) waves, which electric
field vector shows s polarization are characterized with non-zero electric field

intensity E_ # 0,along the fiber axis z, whilst magnetic field component 7z =0. On the

contrary, in the case of transverse electric (TE) waves, electric field vector shows

p.E-=0,whilst H_#0,.

Figure 2.6 Illustration of TM and TE modes. Index p denotes electric field intensity

vector in the plane incorporating fiber axis, s — perpendicular to this plane [3]

It can apply the method of variable separation to solve the equation (2.5).

It will be looking for the solution in a form
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E. = R(N(HZ(2) (2.6)
Substituting equation (2.6) to (2.5) and dividing both sides of equation (2.5) by
R(r)®(9)Z(2) (2.7)

d*Z 1d2R+ 1 dR 1 d*®

1
i Ra T wRedr 0 g k) 8)

It can be seen, right side of the equation does not depend on z, therefore the
changes along fiber axis z do not influence the right side of the equation. This means,

that the left side of the equation must be a certain constant (in general, a complex

constant). It can denote this constant as y” where

utgougobobobugugootoobguyngoooouoouoougoot
uooouoot
y=a+if000000000000000000O00000DOO00000O00000000000

0000000000 (2.9)

It expect the solution of equation in form of oscillating wave, therefore
[(J00must denote phase constant and is named propagation constant, while
[l 1describes
attenuation (and oscillating wave fading away) in optical fiber. As the attenuation in

optical fiber is low, It can assume with good approximation o = 0.

d*7Z
T y? (2.10)

1
z
The solution of equation (2.10) is well known function

Z(z) = C, exp(-yz) + C, exp(jz) (2.11)
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representing waves propagating in opposite directions along the fiber axis,
where C; and C: are the constants determined from boundary conditions. In further
discussion we will consider only the wave propagating in the positive direction,

making the assumption C2>=0. Solving the right side of equation (2.8). it obtain

2 2 2
O do R dr R dr

Right side of this equation does not depend on [, thus the left side of the
equation must be equal to a certain constant, which it will denote as —m?. Therefore It

obtain
D(¢) = C, cos(m@)+ C, sin(mg) (2.13)

where C3 and Cy are the constants determined from boundary conditions.
Function ®(¢) must meet the condition of rotational symmetry, ®(¢) = (¢ + 211),
therefore m in equation 2.13 must be an integer. Finally, substituting »* [ Jand m?

constants into equation 2.8 it obtain.

d’R 1dR m’
drz +;E+(h2 —7)R:O (214)

Where h>=y*+n’k, The solution of equation 2.24 should exhibit

oscillatory character in the core and decaying in the cladding. In order for this
condition to be met, # must be a real number in the core, and imaginary number in the
cladding, that is: 4 [1[1h; for r<a.

The solution for ordinary differential equation 2.14 and 2.15 for 4 O0hAs

that is in the core, are Bessel functions.

R(r)=CyJ, (hr)+C,N, (hr) for r<a (2.15)
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Function Jn is a Besse e first kind, Nu is a Bessel function of

the second kind and m order ann function. Figures 2.7 and 2.8
depict Bessel functions of fi or 710 Nm function approach minus
infinity, and has no physi

Cs=0.

ided only if it was assumed that

-E_ = J, (hr
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Figure 2.8 Bessel f econd kind and m order [3]

5) Bessel equations (2.14) fo

d’R 1dR m*
—+—— = +—)R=0
ar*  rdr (hy r2)
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Bessel function of the second kind and m order. Figure. 2.9 shows Bessel
functions of the first and the second kind. For »[ 1 [/[Jm N function approach infinity,

and has no physical meaning.

2.1.3 Fiber Bragg Grating introduction [4]

Fiber Bragg Grating was discovered by Ken Hill ez al. He use argon ion laser
to expose the light pass through Germania-doping silica fiber. The refractive index of
fiber core was increased from that experiment. Therefore, the periodic refractive
index change is the Fiber Bragg Grating. There are two phenomenons when light from
multi wavelength pass through FBG. First phenomenon is reflected spectrum at
specific wavelength. Reflected wavelength is depended on refractive index change of
FBG area. Another phenomenon is the rest of light that not include reflected
wavelength that is called transmitted spectrum. On this research, reflected spectrum is
studied. The important parameters of reflected spectrum FBG consist of four
parameters. Wavelength, reflectivity, bandwidth, and side mode suspension ration.

FBG wavelength given by Bragg wavelength (As) as follow equation (2.19) [4].
AB=2neftA (2.19)

where nefr is the modal index and is the grating period. Each reflection from a crest in
the index perturbation is in phase with the next one at , as shown in Figure2.10, and
any change in fiber properties, such as strain, temperature, or polarization which

varies the modal index or grating pitch will change the Bragg wavelength.

Ap refl A- g trans,
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Figure 2.10 A schematic of refractive index pattern of fiber Bragg grating [4].
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Figure 2.11 The schematic of the changing of refractive index of FBG [5].

Reflectivity is an important parameter of FBG. The definition of reflectivity is

expressed by equation (2.20) [6].

p | = tanh® (KL) (2.20)

Where ’ Yo, ris reflectivity, K is coupling coefficient, and L is grating length. K

is defined by equation (2.21).

_ 411nAn
/,i’b

K 2.21)

Where 7is an Eta, An is refractive index change as shown in Figure2.11,
and A, is Bragg wavelength.

The definition of FBG bandwidth is expressed by equation (2.22).
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AA LJ(KL)Z +T° (2.22)

" 20n,L

Where AAis bandwidth from the peak to the first Zero, A,is Bragg

wavelength, n_, is effective index, K is coupling coefficient, and L is grating length.

eff

From equation (2.22).

2.1.4 Fiber Bragg Grating types [7].
There are several different categories of fiber Bragg gratings which result
from different processes. Recently a new classification system was proposed which is

based on the formation mechanism. Type I Gratings are studied on this research

2.1.4.1 Type | Gratings [7]

Type I gratings were initially formed in germanosilicate fiber, at least
for small index changes, by a single UV photon absorption process that excites
oxygen deficiency defect centers (ODC) with absorption bands around 244 nm. For
large index changes, it is likely that defect formation is also accompanied by
densification of the glass matrix.

Type I gratings exhibit a positive change in the refractive index and a
temperature dependent decay which can be characterized using a power law. This
decay is the result of the thermal depopulation of trapped excited states that are
created during the grating formation. At elevated temperatures, carriers in the
shallowest traps can absorb enough energy to escape and return to the ground state.
The remaining carriers are thus associated with more stable states which can also
relax to the ground state if the temperature is elevated further. As the most unstable
carriers decay at lower temperatures, type I gratings are typically annealed at
temperatures higher than their designed operating temperature in order to obtain long

term stability in their reflectivity.

2.1.4.2 Type Il Gratings [7]
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Using high peak power pulsed ultraviolet laser sources, such as
Krypton Fluoride-based excimer lasers, high reflectivity gratings (<99%) have been
inscribed with a single laser pulse. These gratings result from a threshold dependent
multiphoton ionization process similar to laser induced damage in bulk optics, hence
the gratings are often referred to as ‘damage’ gratings. Such gratings are stable at
temperatures over 1,000 °C and have been used to fabricate grating arrays while the
fiber is being pulled on the draw tower. The single shot exposure tends to produce
grating structures which can suffer from significant scattering loss. The damage like
process also has the tendency to reduce the reliability and mechanical strength of the

fiber.

2.1.4.3 Type 1A Gratings [7]

When UV-laser induced gratings are written in highly stressed Ge-
doped core fibers, it is observed that under certain conditions, a Type I grating will
grow and then decrease in strength as the grating saturates. Continued exposure
results in secondary grating growth that exhibits a steady blue shift in the spectral
response hence a negative refractive index change. With optimized fabrication
conditions grating Type In grating structures can be fabricated that are stable up to
700 °C. The mechanism associated with the final index change is generally agreed to

involve some sort of stress relief within the fiber.

2.1.4.4 Chemical Composition/Regenerated Gratings [7]

The photosensitivity required for Type I grating formation can be
enhanced through a process called hydrogen loading, where the optical fiber is
exposed to high pressure hydrogen gas at room temperature. Hydrogen gas permeates
the glass matrix until the glass is saturated. Once the fiber is loaded, UV irradiation
results in the hydrogen dissociation and the formation of Si-OH or Ge-OH defects
resulting in increased levels of achievable index change. After UV inscription and out
diffusion of unreacted hydrogen from the fiber, careful annealing of the grating at an
elevated intermediate temperature of 600—700 °C results in interstitial diffusion of
hydroxyl groups to form water molecules within the glass that become highly stable

thermally. The annealing at intermediate temperatures results in the erasure of the
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Type I seed grating however further heating at higher temperatures generates a new
grating structure at a longer wavelength. The index modulation of this new grating is
significantly less than the original seed grating by about an order of magnitude. It is
stable at high temperatures however and can be repeatedly cycled to temperatures
above 1,000 °C. The remnant index modulation is typically less than 10—4 which
results in a low reflectivity grating if its length is less than 1 cm. Because of its low
index modulation, it is less susceptible to scattering losses that are often associated
with Type II gratings. Recently it was shown that hydrogen need not be present
during the laser inscription of the grating but during the thermal regeneration. So it is

still unclear as to what is the exact mechanism that is responsible for the process.

2.1.5 Method to inscribe FBG on fiber.

There are several methods to make FBG which lead to the varied of fiber
bragg grating type. The method to make FBG such as The bulk interferometer, The
phase mask, and The Lloyd mirror and prism interferometer. In this research, Phase

mask technique is used for inscribing FBG on fiber.

2.1.5.1 Phase mask technique [6].

A major step toward easier inscription of fiber gratings was made
possible by the application of the phase mask as a component of the interferometer.
Used in transmission, a phase mask is a relief grating etched in a silica plate. The
significant features of the phase mask are the grooves etched into a UV-transmitting
silica mask plate, with a carefully controlled mark-space ratio as well as etch depth.
The principle of operation is based on the diffraction of an incident UV beam into
several orders, m = 0, =1, £2. ... This is shown schematically in Figure2.12. The
incident and diffracted orders satisfy the general diffraction equation, with the period

Apm of the phase-mask,

A — mﬂ’uv

pm 0 (2.23)
(sin(z’”j —siné)
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where 6, /2 is the angle of the diffracted order, A1, the wavelength, and 6, the angle
of the incident UV beam. In instances when the period of the grating lies between 4,
and 4,/2, the incident wave is diffracted into only a single order (m = -1) with the

rest of the power remaining in the transmitted wave (m = 0).

With the UV radiation at normal incidence, 6, = 0, the diffracted radiation

is split into m = 0 and £1 orders, as shown in Figure 2.13. The interference pattern at
the fiber of two such beams of orders + 1 brought together by parallel mirrors has a

period A, related to the diffraction angle 6, /2 by

A A
g = 0 - (2.24)

Figure 2.12 A schematic of the diffraction of an incident of an incident beam from a

phase mask [6]

Normally incident UV beam

m=0

Figure 2.13 Normally incident UV beam diffracted into two +1 orders. The remnant
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radiation exits the phase-mask in the zero order (m = 0) [6].

The period A, of the grating etched in the mask is determined by the Bragg
wavelength 4, . required for the grating in the fiber and using equation (2.24) to

arrive at

N ﬂ’Bmgg _ A pm

A, = = (2.25)
& 2n,, 2

where N > 1 is an integer indicating the order of the grating period.

2.1.6 Photosensitivity in fiber optics [6].

The nature of fabrication of glass is ideally suited to promoting defects. The
chemical reactions that take place in a modified chemical vapor deposition (MCVD)
process are based on hot gases reacting to form a soot deposit on the inside of a silica
support tube or on the outside in outside vapor phase deposition (OVD). The process
allows the ratio of reactive gases such as silicon/germanium tetrachloride and oxygen
to be easily changed to arrive at a nearly complete chemical reaction, depositing a
mixture of germanium and silicon dioxides. It is not possible to have a 100% reaction,
so the deposited chemicals have a proportion of suboxides and defects within the
glass matrix. With sintering and preform collapse, these reaction components remain,
although further alterations may take place while the fiber is being drawn, when
bonds can break. The end result is a material that is highly inhomogeneous on a
microscopic scale with little or no order beyond the range of a few molecular
distances. The fabrication process also allows other higher-order ring structures to
form, complicating the picture yet further. There is a possibility of incorporating not
only a strained structure, but also one which has randomly distributed broken bonds
and trapped defects. This is especially true of a fiber with the core dopant germanium,
which readily forms suboxides as GeO (x = 1 to 4), creating a range of defects in the
tetrahedral matrix of the silica host glass. Given this rich environment of
imperfection, it is surprising that state-of-the-art germania-doped silica fiber has

extremely good properties—low loss and high optical damage threshold—and is a



22

result of better understanding of defects, which lead to increased attenuation in the
transmission windows of interest. Among the well-known defects formed in the
germania-doped silica core are the paramagnetic Ge(ra) defects, where n refers to the
number of next-nearest-neighbor Ge/Si atoms surrounding a germanium ion with an
associated unsatisfied single electron, first pointed out by Friebele et a/. These defects
are shown schematically in Figure 2.14. The Ge(l) and Ge(2) have been identified as
trapped-electron centers. The GeE', previously known as the Ge(0) and the Ge(3)
centers, which is common in oxygen-deficient germania, is a hole trapped next to a
germanium at an oxygen vacancy and has been shown to be independent of the
number of next-neighbor Ge sites. Here an oxygen atom is missing from the
tetrahedron, while the germania atom has an extra electron as a dangling bond. The
extra electron distorts the molecule of germania. The GeO defect was shown in Figure
2.14, has a germanium atom coordinated with another Si or Ge atom. This bond has
the characteristic 240-nm absorption peak that is observed in many germanium-doped
photosensitive optical fibers. On UV illumination, the bond readily breaks, creating
the GeE' center. It is thought that the electron from the GeE' center is liberated and is
free to move within the glass matrix via hopping or tunneling, or by two-photon

excitation into the conduction band.

Oxygen-deficient

NBOHC Ge (divalent bonding)
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Figure 2.14 A schematic of proposed Ge (or Si) defects of germania-doped silica [6].
However, the photosensitivity is limited at 240 nm and requires shorter
wavelengths, such as 193-nm radiation. Other defects include the nonbridging oxygen
hole center (NBOHC), which is claimed to have absorptions at 260 and 600 nm.
However, photosensitivity in fiber optic had improved from several technique such as
Boron and tin as a codopant in germanosilicate fibers, hot hydrogenation and cold,
high-pressure hydrogenation, and flame-assisted low-pressure hydrogen. On this
research, Hydrogen loading technique is implemented to enhance photosensitivity of

fiber optics.

2.1.7 Hydrogen loading technique [6].

Hydrogen loading is a general technique to enhance photosensitivity fiber for
FBG fabrication. Hydrogen molecule physical bonding with fiber core when UV light
expose to fiber core which lead to the dissociation of germanium-silica bonding.
Therefore, Hydrogen molecule can react with silica or germanium. This effect to GeO
molecules increasing that bleaching of the absorption at 240 nm partly
contributes to the index change. The process may occurs as follows in Figure 2.15 (a).
On the other hand, Molecular hydrogen reaction is the formation of GeH and OH ions
from the defect. The GeH is responsible for the change in the refractive index via the

Kramers-Kronig rule. The possible route may be show as Figure 2.15(b.)

| | | |
(a) —Ge—O0—Si— +1pH, — —Gesm + OH —Sli——
| | |
H
| i | I
() —Ge—O—Ge— +H, — —Gesse + H-HO—Ge—
| | | |

Figure 2.15 A schematic of hydrogen molecules react to germanium dope silica (a.)

GeO molecules enhance photosensitivity, (b.) GeH enhance photosensitivity [6].

However, hydrogen loaded into fiber optic, this lead to loss increasing. The

types of loss can be categorized into two main groups. The first group that are
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unreacted hydrogen and another group due to absorptive defects that form by the

reaction of hydrogen with defects in the light-guiding portion of a fiber.

2.1.7.1 Losses due to unreacted hydrogen [8].

When hydrogen gas is dissolved in silica-based glasses, it appear to
loss peaks in the 1070 to 1240 nm region. The effects of hydrogen on the loss
spectrum of a GeOz-doped single-mode fiber as show in Figure 2.16 , which
compares representative spectra for a fiber before and after hydrogen treatment at

150°C.
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Figure 2.16 Loss spectra for a GeO2-doped single-mode fiber, before (a) and after (b)
exposure to 1 atm of Hz at 150°C for about three days [8].

From Figure 2.16, fiber loaded hydrogen show sharp peak of hydrogen
molecule on wavelength range 1070 to 1240 nm and some peak around 1600 nm that
indicate from loss spectra(b). In contract, there are no any sharp peak on those
wavelength from loss spectra(a). From this report, hydrogen absorption loss at 1240

nm which can use for indication the hydrogen concentration in fiber optics.
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The result from Figure 2.17 shows molecular Hydrogen loss increases for a
GeOz-doped fiber exposed to high-pressure hydrogen. The magnitudes of the
Hydrogen losses scale linearly with pressure, indicating a linear increase of the
Hydrogen solubility with Hydrogen pressure. This loss mechanism is reversible
because the Hydrogen is not chemically bonded within the glass. If the hydrogen
source is removed from around the fiber, the molecular hydrogen losses will slowly

diminish as the hydrogen diffuses out of the fiber.
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Figure 2.17 Loss increases due to molecular hydrogen dissolved in a single mode

fiber at Hydrogen loading pressure 110 atm and a temperature of 150°C [8].

2.1.7.2 Losses due to chemical reactions [8].

In contrast to molecular hydrogen losses, there are several types of
hydrogen-induced losses that are due to reactions of hydrogen at defect sites present
in the light-guiding region of a fiber. These reactions generally lead to permanent loss
increases .An example of such a loss change is the increase in the OH content of a
fiber when it is exposed to a source of hydrogen. This can be clearly seen when the
OH overtone absorption increases, around 1 .4 um. Hydroxyl, which is bonded to

silicon sites, will give rise to an overtone centered at 1.385 um, while OH associated
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with germanium sites will have an absorption peak centered at about 1 .42 pm. These
two types of OH growth can occur simultaneously, resulting in an overtone that is the
sum of losses due to two peaks. In addition, there can be OH growth that is not so
easily identified. For instance, it has been suggested that certain types of OH may be
responsible for a relatively featureless long wavelength loss "edge," which is actually
the wing of fundamental OH absorptions that occur at longer wavelengths, around 2.7
pm.

Hydrogen loss is the function of temperature, time, and hydrogen pressure.
In this research, Hydrogen pressure was controlled and hydrogen loading temperature

was assumed to same as environment temperature.
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Figure 2.18 Changes in loss at 1.24 um. due to the Hydrogen overtone as a function
of time, for 21°C and hydrogen pressure 1 atm. Also shown in terms of hydrogen
concentration, where 1 ppm is defined as 10° moles of Hydrogen per mole of

SiO> [8]
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Figure 2.18 shows a calculated curve for the increase in the concentration of
Hydrogen and for the loss increase at the 1 .24 pm. Hydrogen overtone as functions of
time , for hydrogen pressure 1 atm and hydrogen loading temperature 21°C. Thus, for
the 125 um cladding diameter single-mode fiber, at 21°C, the molecular hydrogen
losses will be within 95% of their equilibrium values in about 13 days, as the
hydrogen approaches its equilibrium solubility of 116 ppm (where 1 ppm is defined as
10" moles of Hydrogen per mole of SiO2). At higher temperatures, the equilibration is
considerably faster. For instance, at 150°C the fiber will reach equilibrium in about 2
hours. From the test report of Paul J. Lemaire in Figure 2.16, There are four items
which relate to this research. The first, hydrogen loss an proportional to hydrogen
loading time. It mean, hydrogen loss is high when hydrogen loading time is long. The
second, hydrogen loading temperature is high can accelerate hydrogen loss reach to
saturated condition faster than the lower of hydrogen loading temperature. The last,

hydrogen loss represent to hydrogen concentration.

2.1.7.3 Molecular-Hydrogen Diffusivity into the Fiber [9].

The molecular hydrogen penetrate phenomenon into the fiber optics
which is expressed by a diffusion equation. Hence the time dependence of the loss
increase due to molecular hydrogen is obtained by solving the diffusion equation. At a
constant temperature, hydrogen concentration at the center of the fiber core exposed

to hydrogen gas is expressed as equation (2.26)
C=C,[1-exp(-2D,t/p*) (2.26)

where C is the hydrogen concentration at the fiber-core center, Csat is the saturated
value of C, A, is the ith root which satisfies the zeroth order Bessel
functionJ(4,) =0 , Dg, is diffusivity of hydrogen into silica, ¢ is exposure time, and
b is the fiber radius.

The temperature dependence of D is described by Arrhenius expression in

the equation (2.27)
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D, =A-exp(-E,/RT) (2.27)

where A is the frequency factor, R is the gas constant, 7 is the absolute temperature,
and Ep is the activation energy for the hydrogen diffusion into silica fiber. The
Arrhenius plot for evaluated D is shown in Figure 2.19. The Du values are closely fit
for a straight line. The frequency factor and activation energy are evaluated from the

fitting line and are 1.42 » cm?/s and 10.8 kcal/mole, respectively.
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Figure 2.19 The evaluation for Diffusivity of fiber optics [9]

2.2 Literatures review

Y. Masuda et al perform two experiments to confirm FBG wavelength shift
of hydrogen loading optics fiber during annealing process. There are two experiments
which use to confirm wavelength shift of FBG during annealing process due to
hydrogen gas out-diffusion. The first result compare the wavelength shift of FBG
during annealing process at different annealing temperature with hydrogen diffusion
theory. Wavelength shift pattern of LP-FBG was well consistent with hydrogen

diffusion theory. The second result was comparison of FBG wavelength shift before
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and after Re-H2 loading. The wavelength shift pattern of both conditions follow the
same trend. Therefore, it was confirmed that FBG wavelength shift due to hydrogen
out-diffusion [10]

P. L. Swart and A. A. Chtcherbakov perform experiments about hydrogen
diffusion in Boron/Germanium codped optical Fiber. The result of their experiment
reveal that no chemical interaction between hydrogen molecule and silica during
hydrogen loading process. They measure hydrogen concentration from refractive
index changem [11].

K. Noguchi et al. They studied loss increase for optical fibers exposed to
hydrogen atmosphere. Optical-fiber loss-increase characteristics due to hydrogen
were investigated from the loss spectrum change for the fibers exposed to hydrogen
gas at the 15-200°C temperature range. Loss increase due to molecular hydrogen was
investigated from the loss peak height, which appeared at the 1.24 pm wavelength in
the loss spectrum. They found that physical solubility equation that the 3.4 dB/km
loss increase at 1.24 pm is caused by 1018 molecule/cm3 hydrogen permeation into
optical fibers. The diffusivity of the hydrogen molecule into fibers which depend
temperature and hydrogen pressure [9].

P. J. Lemaire studied research about reliability of optical fibers exposed to
hydrogen: prediction of long-term loss increases. He reported that there are two kinds
of loss mechanisms. Unreacted hydrogen loss and reacted hydrogen loss. Unreact

hydrogen loss appear sharp peak at 1.24 um from hydrogen molecule. On the other
hand, reacted hydrogen loss that show peak around 1.4 pm from OH molecule.

Hydrogen loss are function of temperature, time, and pressure [8].

T. Erdogan et al. Their research studied about Decay of ultraviolet-induced
fiber bragg grating. The refractive index changing from UV radiation must decay by a
“power law”. They propose a decay mechanism in which carriers excited during
writing are trapped in a broad distribution of trap states, and the rate of thermal
depopulation is an activated function of the trap depth. They also perform a
decelerate-aging experiment. The result of the experiment found that to preanneal a
grating can remove the portion of the index change that would decay over the lifetime

of the grating [12].



Chapter 3

Research and methodology

This chapter is described the research methodology and technique identify
hydrogen in fiber. There are three experiments in this chapter. The first experiment is
to study the effect of hydrogen loading time at 48, 72, 120, and 192 hours to FBG
parameter with sample size 10 pcs. The second experiment is to select the two
candidate conditions from the first experiment. Then study the effect of these
conditions with sample size 40 pcs. The last experiment is to select only one hydrogen
loading condition for implementation with sample size 100 pcs. The research
methodology flow is shown in Figure 3.1. The standard deviation of wavelength,
reflectivity, bandwidth, and the average of writing time at writing process are

considered as be the judgment factors for all of the experiment.

Experiment 1 : To study the effect of hydrogen loading time at 48,
72,120, and 192 hours to FBG parameters.
Sample size is 10 pcs for each condition

L

Experiment 2 : Hydrogen loading time at 48 and 72 are selected to be
the candidate condition for improvement productivity of FBG
fabrication. Then study the effect of these both loading conditions to
FBG parameter. Sample size is 40 pcs.

41

Experiment 3 : Hydrogen loading time at 72 hours is selected to be
the improvement FBG fabrication productivity condition. Then study
effect of hydrogen loading time at 72 hours to FBG parameters.
Sample size is 100 pcs.

Figure3.1 The research methodology flow
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3.1 The overview of FBG fabrication process.

FBG fabrication process flow consists by these below processes as shown in
Figure 3.2. The first process is hydrogen loading process then FBG is inscribed on
fiber by writing process. To stabilize FBG area from high temperature at FBG thermal
stabilization process. Then FBG is improved the strength by recoat process.
Elimination hydrogen in fiber by heat from oven at hydrogen annealing process.

Finally, evaluation FBG parameter at optical inspection process.

Hydrogen loading | | Writing N FBG thermal
process process stabilization process —‘
FBGrecoating | | Hydrogen annealing| | Optical inspection
process process process

Figure 3.2 FBG fabrication process flow.

3.1.1 Hydrogen loading process.

The purpose of hydrogen loading process is to enhance photosensitivity of
fiber. In this process, fiber bundles are put in the chamber as shown in Figure 3.3.
Hydrogen gas is loaded in the system. The hydrogen loading temperature depends on

environment temperature due to the chamber room is an open system.

Chamber H>
gas
Fiber

Figure 3.3 A schematic of hydrogen loading process
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3.1.2 Writing process.

The objective of writing process is to inscribe FBG on fiber. There are
several techniques inscribe FBG. In this research implement UV light with phase
mask technique to change the refractive index of fiber core. Before FBG will be
exposed to UV light, fiber has to be removed coating polymer for glass area

preparation. The example of FBG inscribing by phase mask technique is demonstrated

in Figure 3.4.
Fs laser
Cylindrical
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Figure3.4 A schematic of phase mask technique to inscribe FBG on fiber at writing

process.

3.1.3 FBG thermal stabilization process.

The objective of FBG thermal stabilization process is to stabilize FBG
parameter in long term by applying high temperature to FBG area. The FBG
stabilization by heat as shown in Figure 3.5.

Heater

Fiber

FBG

Figure 3.5To stabilize FBG by high temperature at FBG thermal stabilization process
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3.1.4 Recoat process.

FBG area is the fiber that remove coating polymer. Therefore, FBG area is a
glass, glass is sensitive to damage. To improve the strength of FBG, adhesive UV-
resin is coated on FBG area. This process is called recoat process. The UV resin is

coated on FBG area as shown in Figure 3.6.

UV-resin recoated

I - Fiber

FBG

Figure3.6 UV resin is coated on FBG area at Recoat process.

3.1.5 Hydrogen annealing process.

To eliminate hydrogen from fiber, we input fiber in the oven that is called
hydrogen annealing process. The heat from oven accelerate hydrogen molecule
diffuse from fiber. Hydrogen is needed to eliminate from fiber due to FBG
wavelength shift to shorter wavelength when hydrogen diffuse from fiber. This

phenomenon is explained in chapter2.

3.1.6 Optical inspection process.
Finally, To evaluate FBG parameters including FBG wavelength, eflectivity,

and bandwidth with the spec before shipping at optical inspection process.

3.2 The research methodology plan
In this research including by three experiments. The explanation of each

experiment is as follow items.

3.2.1 Experiment 1: To study effect of hydrogen loading time at 48, 72,
120, and 192 hours to FBG parameters. Sample size is 10 pcs for each condition.
In this experiment, Single mode fiber are loaded hydrogen at 13 MPa.
Hydrogen loading time were varied at 48, 72, 120, and 120 hours. After finishing

from hydrogen loading process, fiber are storage in the freezer at low temperature.
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The low temperature prevents hydrogen diffuse from fiber. At writing process, UV
laser and phase mask technique are used for inscribe FBG. Laser power, phase mask
pitch, reflectivity target are controlled for all testing conditions.

After writing process, all of FBG is stabilized at high temperature. Then
improve the FBG strength by UV-resin coating. Elimination all of hydrogen in fiber

by input them in oven. Finally, measure FBG parameter at optical inspection process.

3.2.2 Hydrogen loading time at 48 and 72 are selected to be the
candidate condition for hydrogen loading process. Then study the effect of these
both loading conditions to FBG parameter. Sample size is 40 pcs.

From the result of the first experiment, hydrogen loading time at 48 and 72
hours are the candidate. In this experiment, both hydrogen loading time conditions are
selected to study the effect of hydrogen loading time to FBG parameter with sample
size 40 pcs.

Single mode fiber was loaded hydrogen gas at pressure 13 MPa. Hydrogen
loading time are varied at 48 and 72 hours. The other processes flow are similar as the

first experiment.

3.2.3 Experiment 3: Hydrogen loading time 72 hours is selected to be
the best condition. Then study the effect of hydrogen loading time at 72 hours to
FBG parameters with sample size 100 pcs.

The result of the second experiment reveals that hydrogen loading time 72
hour is better than 48 hours. Therefore, hydrogen loading time at 72 hours is selected
to study the effect of hydrogen loading time to FBG parameters with Polarization
maintaining fiber (PMF). Due to there are various type of fiber in FBG manufacturing
for this reason, it is needed to study the effect of hydrogen to fiber type.

PMF fiber is loaded hydrogen gas at pressure 13 MPa. Hydrogen loading
time is controlled at 72 hours. The process flow of this experiment is similar to the
previous experiment. The reflectivity target of this test at writing process is less than
the previous experiment around 50%. The summarize information of each experiment

as shown in Table 3.1.
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Table 3.1 The summarize information of each experiment

Sample H> H> loading ) FBG )
) ) ) Reflectiv Fiber
Experiment size pressure time ) wavelength
ity (%) type
(pcs.) (MPa.) (Hours.) (nm.)
48,72,
1 10 13 120, and 4 980 SMF
192
2 40 13 48 and 72 4 980 SMF
3 100 13 72 1 1480 PMF

Where Hz is Hydrogen gas, SMF and PMF are Single mode fiber and
Polarization maintaining fiber respectively. Reflectivity target and FBG wavelength

belong to optical inspection process

3.3 Hydrogen absorption loss technique.

Hydrogen absorption loss is used to evaluate the amount of hydrogen
molecule in fiber. This technique can install the measurement system as shown in
Figure 3.7. We use the optical light source at wavelength range over than 1000 nm to
measurement hydrogen loss. Due to the transmission loss spectrum of hydrogen
shows at wavelength range around 1240 nm. The Optical spectrum analyzer (OSA) is
an instrument to measure and display the distribution of power of an optical source

over a specified wavelength span. OSA parameter setting as shows in Table 3.2.

Loss

~

Fiber

Light Pig-tail

OSA @

V-groove T /___%
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Figure 3.7 A schematic of hydrogen loss measurement installation

Table 3.2 Optical spectrum analyzer setting parameter to measure hydrogen

absorption loss

Optical spectrum analyzer )
Setting value
parameters
Start wavelength(nm) 1200
Stop wavelength(nm) 1300
Span(nm) 100
Resolution(nm) 1
Sampling rate 501

3.3.1 The method for cal

Hydrogen absorption loss

culation hydrogen loss

is obtained by the different between the maximum

and minimum point from transmission spectrum as show in Figure 3.8.
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Figure 3.8 Hydrogen loss is obtained from the different of hydrogen loss between the

maximum and minimum point

from transmission spectrum.




Chapter 4

Experimental results and Discussions

This chapter is presented the results and discussion of the experiment. In this
research consist of three experiment results. The point of the first experiment result is
to study the effect of hydrogen loading time to FBG parameters and evaluation of
hydrogen concentration in fiber of each hydrogen loading condition. The objective of
the second experiment result is to verify the first experiment result with increasing of
the sample size. The final experiment result is explained the effect of the best

hydrogen loading condition which can improve productivity of FBG fabrication.

4.1 Experiment 1 : To study the effect of hydrogen loading time at 48, 72, 120, and

192 hours to FBG parameters. Sample size is 10 pcs for each condition.

4.1.1 Evaluation hydrogen concentration in fiber in term of hydrogen
loss.

Before discussing the effect of hydrogen loading time to FBG parameters.
The evaluation of hydrogen concentration in fiber at the various of hydrogen loading
time are necessary to be studied. The experiment installation of this experiment was
shown in Figure3.6. The result of this experiment was shown by transmission

spectrum of light at wavelength range around 1240 nm as shown in Figure4.1.
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Figure 4.1 Hydrogen absorption loss peak at 1240 nm at hydrogen loading time

48,72,120, and 192 Hours.

From transmission spectrums in Figure4.1, all of hydrogen loading

conditions shown sharp peak at wavelength around 1240 nm. The peak that shown on

this wavelength was indicated to the hydrogen molecule in fiber. Hydrogen loss

calculation from transmission spectrum reveal that hydrogen loss is high when

hydrogen loading time is long as shown in Table4.1.

Table4.1 The hydrogen loss from the experiment of hydrogen loading time at 48, 72,

120, and 192 hours.

Hydrogen loading time(Hrs.) Hydrogen loss (dB/m.)
48 0.37
72 0.72
120 1.09
192 1.21

In this research, the relation of hydrogen concentration in fiber with

hydrogen loading time was expressed as [9].

C=C,, [1-exp(-#D,t/b)] @.1)
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Where C is the hydrogen concentration at the fiber-core center. Csat is the
saturated value of C. A is the ith root, which depends on the zeroth order Bessel
function, D is diffusivity of hydrogen into silica, t is hydrogen loading time, and b is
the fiber radius.

Kazuhiro and teams were used Multi mode fiber that core size 50 pm and
cladding size 125 um to be material for hydrogen loading process. They used
equation (4.1) to verify the relation of hydrogen loading time to hydrogen
concentration in fiber. In our research, Single mode fiber which core size 5-9 pm and
cladding size 125 um were loaded hydrogen gas. Core and cladding size of single and

multi mode fiber was shown in Figure4.2.

Figure 4.2 Core and cladding size diameter (a.) Common of fiber structure, (b.) Core
and cladding size of single mode fiber, (c.) Core and cladding size of multi mode

fiber [13].

To reach the similar of hydrogen concentration in fiber, multi mode fiber
spend hydrogen loading time shorter than single mode fiber. Due to the distance
between core and cladding is shorter than single mode fiber. This affect to hydrogen
gas penetrate through the coating layer of fiber rapidly. The second layer is cladding
which commonly make from glass. The penetration rate of hydrogen gas from
cladding to fiber core is lower than hydrogen gas penetrate from outside to coating
layer of fiber. Therefore, the different size of fiber core, it lead to the different of
hydrogen concentration in fiber core at the same of hydrogen loading time as shown

in Figure 4.3.
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Figure 4.3 Core and cladding size diameter (a.) Common of fiber structure, (b.) Core
and cladding size of single mode fiber, (c.) Core and cladding size of multi mode

fiber.

In this research, we apply the equation 4.1 to appropriate with our fiber type

as shown in equation 4.2
L= Lsat [1 a exp(_ﬂ’l2 DH (t - tcladding ) / bz)] for t>24 Hrs. (4.2)

Where L is the hydrogen loss at the fiber-core center. Lsat is the saturated
value of L. A is the ith root, which depends on the zeroth order Bessel function, Dn is
diffusivity of hydrogen into silica, t is hydrogen loading that hydrogen molecule
penetrate to cladding area, tcladding is hydrogen loading time that hydrogen molecule
penetrate to core area, and b is the fiber radius. Hydrogen loss is a function of
hydrogen concentration. Therefore, in this research, hydrogen loss was represented to
hydrogen concentration. The effect of core size of fiber, tcladding is add to
equation(4.2) to present that single mode fiber need to include time for hydrogen
penetration from cladding to core area. In this research, tcladding is 24 Hrs. This value
came from the extrapolation of experiment data. Lsa is hydrogen loss at saturated
value. Hydrogen loss 1.3 dB/m to be a hydrogen loss at saturation value in the

equation.
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Figure 4.4 The Bessel functions of the first kind Jo* are defined as the solutions to

the Bessel differential equation [3].

A is ith root, which depends on the zeroth order Bessel function. A is 2.3 that
came from Figure4.4. Du is diffusivity of hydrogen into silica (cm?/sec.) which

obtain from equation (4.3) [9].

D,, = A-exp(—E, /RT) (4.3)

Where A is the frequency factor(cm2/sec), Eo is The activation energy
(kcal/mole), R is a gas constant (cal/mol.K), and T is hydrogen loading temperature
(K). In the hydrogen loading process, hydrogen loading time was 308 K. The R is
1.99 cal/mol.K. The factors A and Eo are 1.42x107°cm’/sec and 10.8 kcal/mole
respectively. After apply these factors value in equation (4.3). Du is expressed by
equation (4.4)

—10.8kcal / mole

D, =142x10"-ex
H p( RT

)em? sec™ (4.4)
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b is a fiber radious, cladding diameter of single mode fiber is 125 pm.
Therefore, b is 62.5 um. The factor tcladding is 20 hours. This mean, if hydrogen

loading time less than 24 hours. The hydrogen concentration in fiber core is zero.
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Figure 4.5 The verification result of hydrogen loss from the experiment and hydrogen

loss from equation (4.2).

Figure4.5 showed the measurement hydrogen loss from the experiment that
represent by red dot. The dash line refers to hydrogen loss obtained from equation
(4.2). The experiment data was consistent to the calculation data. Therefore, hydrogen
concentration is a proportional to hydrogen loading time, hydrogen concentration at

saturated value of this experiment should be 336 hours.

4.1.2 The effect of hydrogen loading time to FBG parameter.
The important parameters of FBG consist of four parameters. In this chapter,
the effect of hydrogen loading time to FBG wavelength, reflectivity and bandwidth

are reported.
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4.1.2.1 The effect of hydrogen loading time to writing time.

The purpose of hydrogen loading process is to enhance
photosensitivity of fiber. Photosensitivity reveal in term of writing time at writing
process. Therefore, writing time is the first priority to evaluate when hydrogen

loading time is changed.

70
*
60
*
S $
— 50 * n
o L = A
3 m n
P 5 N
[ |
g’ [ : [
L ]
s 30 ol 4 .
s A
= 20 r
® 2 days (48 hrs)
M3 days (72 hrs)
10 A5 days (120 hrs)
W8 days (192 hrs)
0

0 24 48 72 96 120 144 168 192 216

Hydrogen loading time (Hours.)

Figure 4.6 The distribution of writing time at hydrogen loading time 48, 72,120, and
192 Hours.

Figure4.6 shown the distribution of writing time for hydrogen loading time
at 48, 72, 120, and 192 hours. The writing time is short when hydrogen loading time
is long. This came from photosensitivity effect. According to the experiment result
from Figure4.5, it was revealed that hydrogen concentration is high when hydrogen
loading time is long. Due to GODC is reacting with UV light also high. This lead to
high of photosensitivity during writing process. To improve FBG productivity, the
cycle time at hydrogen loading process was reduce on the other hand the cycle time at
writing process was increased from the low of hydrogen concentration in fiber.

However, the writing time of the shortest of hydrogen loading time is still under
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control limit of FBG manufacturing therefore, all of hydrogen loading conditions

were accepted.

4.1.2.2 The effect of hydrogen loading time to FBG wavelength

In chaper2 on section of literatures review, Yuji Masuda and team
were described the effect of hydrogen to FBG wavelength shift. The FBG wavelength
shift quantity can imply the hydrogen concentration in fiber. The side effect of
hydrogen molecule penetrate in fiber is to increase refractive index of fiber core. This
affect to FBG wavelength shift to shorter wavelength when hydrogen molecules

diffuse from FBG. The definition of FBG wavelength is expressed by equation (4.5).

Ay =204 A (4.5)

Where A, is Bragg wavelength, n is effective index , and Ais grating
pitch, phase mask technique was used to inscribe FBG therefore the relation of grating

A phasemask

pitch to phase mask pitch is A ), the relation of Ny to refractive

grating = (

index change by hydrogen molecule is expressed by equation (4.6).

neff = average(n fibercore + nhydrogen + nUVinduce) (46)

Where  NyereoredS the original refractive index of fiber core, Nygogen 18

refractive index change from hydrogen molecule penetrate in fiber core, and Ny quce

is refractive index of fiber core changing from UV photo induce refractive index

change.
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Figure 4.7 The schematic of refractive index of FBG changing.
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Figure 4.8 The distribution of FBG wavelength at writing process for hydrogen
loading time at 48,72,120, and 192 Hours.

The result of FBG wavelength at writing process was shown in Figure4.8. It

can be seen that FBG wavelength was long when hydrogen loading time was long.
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The FBG wavelength distribution result was explained by the relation of

refractive index of fiber core with FBG wavelength as shown in equation (4.5) and

(4.6). In this experiment, the phase mask pitch number at writing process was

controlled for all conditions. Therefore, FBG wavelength was long when hydrogen

loading time was long affect from the refractive index of fiber core increasing from

hydrogen loading (Mg )- Therefore the summation of effective index (ny ) was

increased when hydrogen loading time was long. In contrast, FBG wavelength

became similar for all condition at optical inspection process. The experiment result

of FBG wavelength at optical inspection process was shown in Figure4.9.

According to FBG process flow in Figure 3.2 at chapter3. There was two

processes that generate heat to FBG area.
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Figure 4.9 The distribution of FBG wavelength at optical inspection for hydrogen
loading time at 48,72,120, and 192 Hours.

The heat from these two processes accelerated hydrogen molecule diffused

from fiber core. Therefore, the effective index of fiber core reduction (n,; ) from the

elimination of hydrogen (N, ) and unstable portion of refractive index change.
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For judgment of FBG wavelength at different of hydrogen loading time, the standard

deviation of FBG wavelength at optical inspection process at condition 72, 120, and

192 hours were accepted. In case of 42 hours, the standard deviation of FBG

wavelength at optical inspection process was 0.08 nm. This value was higher than

other condition as shown in Table4.2. The fluctuation of FBG wavelength of

condition 42 hours, it might affect from some effect during FBG writing at writing

process. It might not affect from hydrogen loading time. However, to verify the

fluctuation of FBG wavelength at 42 hours. The sample should be increased.

Table4.2 The standard deviation of FBG wavelength at optical inspection process

Hydrogen Standard Specification of Standard
loading deviation deviation of FBG Judgment

time(Hrs.) (nm.) wavelength (nm.)
48 0.08 Accept
72 0.02 Accept

0.12-0.15

120 0.03 Accept
192 0.03 Accept

4.1.2.3 The effect of hydrogen loading time to FBG reflectivity

Reflectivity is an important parameter of FBG. The definition of

reflectivity is expressed by equation (4.7).

o | = tanh? (KL)

(4.7)

Where ‘ P ‘zis reflectivity, K is coupling coefficient, and L is grating length. K

is defined by equation (4.8).

K

_ 4I1nAn
A

(4.8)
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Where 7is an Eta, An is refractive index change as shown in Figure4.7, and

ﬂb is Bragg wavelength.

Figure4.10 was shown the distribution of reflectivity at writing process of

hydrogen loading time at 48, 72, 120, and 192 hours.
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Figure 4.10 The distribution of FBG reflectivity at writing process for hydrogen
loading time at 48,72,120, and 192 Hours.

Table4.3 The standard deviation of FBG wavelength at optical inspection process

Specification of
Hydrogen loading Standard Standard deviation
. L N Judgment
time(Hrs.) deviation (%) | of FBG reflectivity
(%)
48 0.17 Accept
72 0.29 Not Accept
0.16-0.20
120 0.13 Accept
192 0.06 Accept
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From equation (4.7) and (4.8), the relation of hydrogen to reflectivity were

shown in factor of An and A, . At writing process, reflectivity target was controlled to

be same for all conditions, therefore An of shortest hydrogen loading time should be
higher other condition. In case of 4,, hydrogen loading time was long affect to FBG
wavelength at writing was long. A, is reverse function to reflectivity. This leaded to
reflectivity at writing process should be low when hydrogen loading time was long.
The result from experiment was shown in Figure4.10 consistent to the theory of
reflectivity as expressed in equation (4.7) and (4.8). However, the difference of
reflectivity of all hydrogen loading condition was slightly different. This effect came

from the low of refractive index change by hydrogen loading (N g, ) When it was

compared to refractive index change (An). In case the distribution of reflectivity

result at optical inspection process as shown in Figure 4.11.
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Figure 4.11 The distribution of FBG reflectivity at optical inspection process for
hydrogen loading time 48,72,120, and 192 Hours.

It can be seen in Figure 4.11 that the FBG reflectivity at optical inspection

process were reduced from reflectivity at writing process. This affect from heat at
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FBG thermal stabilization and hydrogen annealing processes. Heat from these
processes eliminated the refractive index change (An) .And refractive index change

from hydrogen (N4 )- Therefore, the final refractive index of fiber core was

reduced when compare with reflective index at writing process. The standard
deviation of reflectivity were similar in case of 42, 120, and 192 hours and it was
under FBG fabrication control level. The standard deviation of reflectivity at 72 hours
was higher than other conditions as shown in Table4.3. This fluctuation of reflectivity
might not affect from hydrogen loading time due to the effect of hydrogen loading
time to reflectivity should be revealed at writing process. Although, the distribution of
reflectivity at 72 hours of writing process was less than 42 hours. It was shown in
Figure 4.11. Therefore, the fluctuation of reflectivity at 72 hours might fluctuate from

the process that eliminates refractive index of fiber core.

4.1.2.4 The effect of hydrogen loading time to FBG bandwidth.
Bandwidth is an important parameter of FBG. The definition of FBG
bandwidth is expressed by equation (4.9).

AL = LJ(KL)Z +IT? (4.9)

~2TIng,L

Where AAis bandwidth from the peak to the first Zero, A, is Bragg
wavelength, n is effective index, K is coupling coefficient, and L is grating length.

From equation (4.9), The effect of hydrogen loading time to bandwidth should be

show in term of A, and n, . These factors were divided to each other and they were

equality in term of refractive index. Therefore, hydrogen loading time unaffected to
FBG bandwidth. The experiment result of bandwidth at writing process of hydrogen
loading time at 48, 72, 120, and 192 hours were shown in Figure4.12.

From the experiment result in Figure4.12, there are on trend of
bandwidth when hydrogen loading time was changed. To verify the unaffected of
hydrogen loading time to bandwidth. It can verify unaffected of hydrogen loading
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time to bandwidth from distribution of bandwidth at optical inspection process. That

was shown in Figure 4.13
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Figure 4.12 The distribution of FBG bandwidth at writing process for hydrogen
loading time at 48,72,120, and 192 Hours
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Figure 4.13 The distribution of FBG bandwidth at optical inspection process for

hydrogen loading time at 48,72,120, and 192 Hours.

FBG bandwidth of hydrogen loading time at 48, 72, 120, and 192 hours at

optical inspection process were less than bandwidth at writing process around 0.01-
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0.02 nm. This revealed that hydrogen loading time unaffected to bandwidth. If
hydrogen loading time affect to bandwidth, the bandwidth value might reduce when
hydrogen was eliminated. The main factor that high impact to FBG bandwidth is
grating length (L). From equation (4.9), bandwidth size is an inverse function of
grating length(L). In this test, the grating length were controlled by UV beam size for

all condition at writing process.

Table4.4 The standard deviation of FBG bandwidth at optical inspection process

Hydrogen | Specification of Standard
. Standard deviation o]
loading (nm) deviation of FBG Judgment
nm.

time(Hrs.) bandwidth (nm.)
48 0.01 Accept
72 0.01 Accept

0.014-0.018

120 0.01 Accept
192 0.01 Accept

4.1.3 Conclusions

The different of hydrogen loading time mainly affect to writing time at
writing process, FBG wavelength, and FBG reflectivity. However, the average of
writing time of all hydrogen loading time conditions was accepted. In case of FBG
wavelength, reflectivity, and bandwidth, standard deviation was considered to be the
judgment factor. The standard deviation of wavelength at 48 hour and reflectivity at
72 hours were higher than other conditions. These fluctuation might not affect from
hydrogen loading time. However, to verify this assumption, the experiment two were

study effect of hydrogen loading time at 48 and 72 hours with sample size 40 pcs.

4.2 Experiment 2 : Hydrogen loading time 48 and 72 were selected to evaluate the
effect of hydrogen loading time to FBG parameter with sample size 40 pcs.

After we understood the effect of hydrogen loading time to FBG parameter
from the first experiment. We found that hydrogen loading time 48 and 72 hours

should be the competitive conditions for improve FBG productivity fabrication as



53

well as, sustain a quality of FBG. However, we would like to verify the fluctuation of
FBG wavelength and reflectivity of hydrogen loading time 48 and 72 respectively by

increasing the sample size from 10 pcs to 40 pcs.

4.2.1 The effect of hydrogen loading time to FBG wavelength.

The result from this experiment was used for verifying the fluctuation of
FBG wavelength at optical inspection process of hydrogen loading time at 48 hours in
the first experiment. Figure4.14 was shown histogram of FBG wavelength at optical
inspection process for hydrogen loading time 48 and 72 hours. The FBG wavelength
distributions of both conditions were similar. This result can verify the fluctuation of
FBG wavelength at 48 hours from the first experiment did not effect from hydrogen

loading time
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Figure 4.14 Histogram of FBG wavelength at optical inspection process for hydrogen
loading time 48 and 72 Hours.
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Table 4.5 Statistical data of FBG wavelength at different of hydrogen loading time of

experiment
Specification of
Standard
Hydrogen loading Standard deviation of
) o Judgment
time(Hrs.) deviation (nm.) FBG
wavelength
(nm.)
48 0.080 Accept
0.12-0.15
72 0.081 Accept

4.2.2 The effect of hydrogen loading time to FBG reflectivity at optical

inspection process.

The result from this experiment was used for verifying the fluctuation of

reflectivity at optical inspection process of hydrogen loading time at 72 hours in the

first experiment. Figure 4.15 shown histogram of FBG reflectivity of both hydrogen

loading conditions. The distribution of both hydrogen loading condition were similar.

Therefore, the difference of hydrogen loading time did not affect to the fluctuation of

FBG reflectivity.
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Figure 4.15 Histogram of FBG reflectivity at optical inspection process for hydrogen

loading time 48 and 72 Hours.



55

Table 4.6 Statistical data of FBG reflectivity(%) at different of hydrogen loading time

for experiment 1

Specification of
Hydrogen
] Standard Standard
loading y . Judgment
) deviation (%) | deviation of FBG
time(Hrs.) .
reflectivity (%0)
48 0.150 Accept
0.16-0.20
72 0.190 Accept

From Table 4.5 and 4.6, the standard deviation of all FBG parameter of both
hydrogen loading conditions were similar and these value was under FBG production
control limit. However, in case of the average writing time and the fluctuation of
writing time, hydrogen loading time at 72 hours was better than 48 hours. Therefore,
to improve hydrogen loading time as sustain the quality of FBG, hydrogen loading

time at 72 hours was selected.

4.2.3 Conclusion

The fluctuation of FBG wavelength and reflectivity of hydrogen loading
time 48 and 72 hours from the first experiment did not effect from hydrogen loading
time. Hydrogen loading time at 72 hours was better than 48 hours in case of the
shorter of writing time and the low fluctuation of writing time.

There are several type of fiber in FBG manufacturing. It is important to
study the effect of hydrogen loading time to another type of fiber. The objective of the
last experiment is to study the effect of hydrogen loading time 72 hours to PMF fiber.

4.3 Experiment 3 : To study the effect of hydrogen loading time 72 hours to FBG
parameters with PMF fiber at sample size 100 pcs.

There are several types of fiber in FBG manufacturing. The different type of
fiber provides the difference of fiber structure. From the experiment result section
4.1.1, the different size of cladding and core fiber affect to hydrogen concentration in
fiber. Therefore, the effect of hydrogen loading time to PMF fiber was studied in this

section.
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4.3.1 The effect of hydrogen loading time to writing time.

Figure 4.16 was shown the histogram of writing time at writing
process for hydrogen loading time 72 hours with PMF fiber. The writing average did
not high different from the writing time of the first experiment. Although, the average
of writing time was better than the experiment result of the second experiment.

Therefore, in case of hydrogen loading time unaffected to PMF fiber.
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Figure 4.16 Histogram of writing time at writing process for hydrogen loading time

72 Hours

4.3.2 The effect of hydrogen loading time to FBG wavelength at optical
inspection process.

Figure 4.17 was shown the histogram of FBG wavelength at optical
inspection process for hydrogen loading time 72 hours with PMF fiber. The standard
deviation of FBG wavelength in this condition were similar to the standard deviation
of the first and the second experiments. It can verify that hydrogen loading time

unaffected to FBG wavelength of PMF fiber.
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Figure 4.17 Histogram of FBG wavelength at optical inspection process for hydrogen

loading time 72 Hours.

4.3.3 The effect of hydrogen loading time to Reflectivity
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Figure 4.18 Histogram of reflectivity(%) at optical inspection process for hydrogen
loading time 72 hours with PMF fiber.
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Table 4.7 Statistical data of FBG parameter at different of hydrogen loading time for

experiment 3

Standard Specification of
Parameters ) Judgment
deviation standard deviation
Wavelengths
0.061 0.12 nm Accept
(nm.)
Reflectivity (%) 0.031 0.16 nm Accept

Figure 4.18 was shown the histogram of reflectivity at optical inspection

process for hydrogen loading time 72 hours with PMF fiber. The standard deviation of

FBG wavelength in this condition were better than the standard deviation of the first

and the second experiments. It can verify that hydrogen loading time unaffected to

reflectivity of PMF fiber

4.3.4 Conclusion

Hydrogen loading time unaffected to FBG parameter of PMF fiber. The

standard deviation of these parameter were considered to be the judgment factor.




Chapter 5

Conclusion and recommendation

The motivation of this research is to improve hydrogen loading time at
hydrogen loading process for FBG fabrication productivity improvement. The
objective of hydrogen loading process is to enhance photosensitivity in fiber. The
photosensitivity reveal in term of writing time at writing process. The writing time is
an important factor for FBG fabrication in case of cycle time and FBG quality. The
side effect of hydrogen loading is refractive index of fiber core increasing. This lead
to FBG wavelength shift to shorter wavelength when hydrogen gas diffuses from
FBG. Therefore, hydrogen loading time is an important parameter to FBG fabrication.
To improve hydrogen loading time, the effect of hydrogen concentration to FBG
parameters are needed to study.

In this research was started from the evaluation of hydrogen loading
concentration in fiber. The evaluation result found hydrogen concentration in fiber
was proportional to hydrogen loading time. The equation to verify this relation was
modified from the equation of Kazuhiro and teams. The modify equation to explain
the relation of hydrogen concentration to hydrogen loading time was expressed by

equation (5.1)
L= Lsat [l_ exp(_ﬂfl2 DH (t B tcladding ) / bz)] (5-1)

The experiment result from hydrogen loss measurement was consistent well
to hydrogen loss calculation in equation (5.1). This was effective for FBG fabrication
to apply this equation to simulate hydrogen loss at various of hydrogen loading
condition.

Writing time at writing process was the main parameter which effect from
hydrogen loading time changing. Writing time was a reverse function of hydrogen
loading time. The writing times of all hydrogen loading condition were accepted for

FBG fabrication. The issue of writing time is long, it would handle by the power of
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UV laser increasing. However, the increasing of power laser should concern to life
time of the optics at writing process.

FBG wavelength was directly effect from hydrogen loading time. FBG
wavelength is long when hydrogen loading time is long. However, the FBG
wavelength will be shifted to shorter wavelength when hydrogen gas was eliminate
from FBG. The standard deviation of all hydrogen loading condition were accepted
for FBG fabrication. From the relation of hydrogen loss with hydrogen loading time
in equation (5.1). The hydrogen loading time at 120 and 192 hours were mostly reach
to the hydrogen loss at saturated value. The hydrogen loading time 42 and 72 were
initial step of hydrogen loss penetration in to fiber. In this point should be
inhomogeneous of hydrogen molecule in fiber. This lead to unstable of writing time
and FBG wavelength at writing process.

FBG reflectivity and bandwidth were unaffected when hydrogen loading
time changing. In case of reflectivity, the refractive index (An) and refractive index

change from hydrogen (n,...,) were eliminate by heat at FBG thermal stabilization

and hydrogen annealing process. In case of bandwidth, the main effect of bandwidth
was grating length.

The effect of hydrogen loading time to fiber type, there are two types of fiber
in this research. Single mode fiber (SMF) and Polarization maintaining (PMF). From
the test result, hydrogen loading time was unaffected to fiber type. This result was
considered from the standard deviation of all FBG parameter.

These experiment result were scoped by hydrogen loading pressure at 13
MPa. FBG wavelength range at 980 nm and 1480 nm. FBG reflectivity at optical
inspection process limit less than 4% and 1% for single mode fiber(SMF) and

Polarization maintaining respectively.
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