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ABSTRACT

Title : Periodically Tapered Long-Period Fiber Gratings by CO, Laser Heating
and Tension Stretching

Pages : 1 Page

School : National Chiao Tung University

Department : Display Institute

Time : June, 2010 Degree : Master

Researcher : Po-Hsuan Lu Advisor : Prof. Yin-Chieh Lai
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In this thesis, we demonstrate a periodically tapered long period fiber grating
and its fabrication method. Not as the same as the asymmetric long period
fiber gratings produced before, we have produced devices with a symmetric
structure tapered by a CO; Laser. The produced LPFG with deep corrugated
surface structure and immersed in higher index media results in high
temperature sensitivity. The/ numerical  results performed by solving
waveguiding modes in three-layer optical fibers agree with the experimental
observation.

The procedure of making a periodically tapered long period fiber grating is
as following: First, let the high power CO. laser beam pass through the
cylindrical lens and focused on the fiber, which is fixed at one end and tagged
with a weight at the other end ( the stress of the fiber equals the weight ). Then,
the melting fiber will be extruded and shaped like a tapered fiber with laser

heating. The fiber is put on a translation stage and a shutter is used to control



the heating time of the CO, laser. We use the Labview software to control the
translation stage and the shutter automatically so that we can set the
parameters like the heating time and period easily. This kind of symmetric long
period fiber gratings is more sensitive to temperature. We have measured the
temperature sensitivity 0.238 nm/°C for one of our LPFG samples, which is
much better than the temperature sensitivity of traditional long period fiber

gratings (0.059 nm/°C).
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Chapter 1
Introduction

1.1 Introduction of Fiber Gratings

Fiber gratings are fiber devices that have already found many applications in
optical communication and optical sensing. They can be classified according
to the grating periods into two types, fiber Bragg gratings (also called reflection
and short-period fiber gratings, denoted as FBGs) and long-period fiber
gratings (also called transmission gratings, denoted as LPFGs). The periods of
FBGs are normally under one micron meter while the periods of LPFGs are
usually several hundred micron-meters. In this thesis, we use a CO; laser to
fabricate LPFGs. Because the focused CO: laser-beam size is much larger
than one micron meter, we can't fabricate FBGs using our experimental setup.

However, the CO; laser is quite suitable for fabricating new kinds of LPFGs.

1.1-1 Various Fabrication Methods

Fiber gratings are first produced. by exposing an optical fiber to ultra-violet
(UV) lights that perturb the refractive index of the core to form a periodic index
modulation profile. The photosensitive phenomenon in optical fibers was first
demonstrated by Hill el al. in 1978 [1-1]. Here photosensitive means that the
refractive index of certain doped glass can be raised by the exposure of UV
lights. The magnitude of the refractive index change depends on the exposure
time and dopant density (such as Germania) in the fiber and is typically
between 10® and 102, The dopants are usually doped only in the core of fibers,

so that the UV induced index change is only in the core, not in the cladding of
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fibers. By using the techniques such as hydrogen loading, an index change as
high as 10 can be obtained.

Since the period of fiber Bragg gratings are usually under one micron meter,
the only way to fabricate such a short period grating is by utilizing either an
interferometer or a phase mask to perform UV exposure. The transverse
holographic method was first proposed by Meltz et al [1-2] in 1989. The UV
interference pattern is imposed on the fiber from the side as shown in figure
1.1. After a few years, the phase mask technique [1-3]-[1-5] as shown in figure
1.2 became widely used tosimplify the fabrication procedure and to more
easily produce fiber gratings with high performance. In order to fabricate long
and complex fiber. gratings-with--advanced characteristics, the systems of

sequential writing have also-been proposed and demonstrated [1-6]-[1-8].
UV Radiation Compensating Plate

UV Mirror UV Mirror

Fig. 1.1 Two coherent UV beams produce an interference pattern in the fiber.

The period of the grating depends on the angle 8 of the two incident beams.
-2



Fiber Cladding
__ WENENNEN  FiberCore

UV Beam
|

Fig. 1.2 The fiber grating is fabricated by a UV beam incident to a phase mask

(PM). The period of the fiber-grating is half of the PM period:

On the contrary, LPFGs have larger period than FBGs. UV illumination is just
one of the methods. In addition, LPFGs have also been designed and realized
by thermally induced methods such as the use .of a CO, laser [1-9] and arc
discharge with a conventional splicer [1-10]. These methods are cheaper and

more available than UV photo-imprinting method.

1.1-2 Characteristics

FBGs couple the fundamental core mode to the mode of the reverse
traveling direction. To inspect a fiber Bragg grating, we can observe the
reflection spectrum while the LPFGs only the core couple to the co-propagated
cladding mode which can only be observed in the transmission spectrum.
Figure1.3 shows the conventional reflection spectrum of FBGs. Figure1.4

shows the conventional transmission spectrum of LPFGs.

-3-
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Fig. 1.4 Conventional transmission spectrum of LPFGs.

1.1-3 Applications

Long-period fiber gratings have been developed into a crucial optical

component in many applications. They are used in optical communication
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systems such as low-loss in-fiber band rejection filters [1-11], gain-flattening
devices in erbium-doped fiber amplifiers (EDFAs) [1-12], highly sensitive
optical fiber sensors, selective mode converters, and polarization-selective
devices. They may provide options to the network designers that should
influence, for example, the deployment of wavelength-division-multiplexed
(WDM) systems, channel selection, and deployment of transmitters in the
upstream path in a network, and should make routing viable.

In sensing applications, the conventional LPFGs have limited wavelength
sensitivity of temperature and' refractive index-due to the tight mode field
confinement. Numerous kinds of LPFGs have been proposed to enhance the
sensitivity, including the short-grating period [1-13], ultra-thin cladding layer
[1-14], asymmetric CO, laser-ablation [1-15]-[1-17], surface-corrugated fiber

[1-18].

1.2 Motivation of the thesis

1.2-1 Previous Work

In the previous work, our lab had produced two kinds of asymmetric
long-period fiber gratings. Our first kind of long-period fiber grating is with
surface corrugated structure which was ablated by focused CO; laser[1-18].
Our second kind of long-period fiber gratings is produced by using a metal
grating side-contacted on tapered fiber[1-19]. The lack of structure symmetry
on the fiber cross section may cause asymmetry mode profiles and
complicated mode coupling, and exhibit polarization-dependent losses. In
particular, since the asymmetric structure is polarization dependent, this may

cause some problems the resonance dips not sharp enough for practical

5.



sensing applications.

1.2-2 Motivation

We want to make a highly symmetric long-period fiber grating which is
theoretically polarization independent. So we choose a cylindrical lens instead
of a circular lens to assure the heating area is more symmetrical along with
respect to the fiber axis. Since it has the waveguide structure to let the
cladding modes spread more out of the fiber, we predict it can be highly
sensitive to the environmental fluctuations. This means that it can be utilized

as a sensor device for different applications.

1.3 Structure of the thesis

The present thesis comprises four chapiers. Chapter 1 is.an introductory
chapter consisted of an introduction to fiber gratings and the motivation of our
research. Chapter 2 describes the principles and analysis of our research work.
We use a three-layer waveguide to calculate the mode refractive indices,
which can be used to predictthe coupling wavelength of the LPFG. Chapter 3
describes our experimental procedures, and shows the measurement results.

Finally, chapter 4 gives the conclusions and discusses possible future works.
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Chapter2
Theory

In this chapter we will introduce the phase-matching condition and
coupled-mode theory at first. Then we use a uniform waveguide model, which
contained three layers of media, including core, cladding, and surrounding
medium, to derive boundary conditions at the interfaces. With the boundary
conditions, we can get the propagating conditions of the waveguide. By solving
the waveguide propagating conditions; we;can calculate the effect refractive
indices of the fundamental ‘core mode and. higher .order cladding modes
propagating in the waveguide with different incident wavelengths. Combining
the phase-matching condition-and the effective refractive indices calculated by
the model, we can figure out how resonance wavelength change as the
temperature increases or the surrounding medium is. changed. In order to
simulate broad-band transmission.spectrum. of LPFGs, we should also
consider the material dispersion. So we will also introduce the dispersion

mechanism at last.

2.1 Phase-matching condition
Figure 2.1 shows a light-wave diffracted by a fiber grating. A light-wave
incident into the grating at an angle 61 can be described by the grating

equation
nsinB, = nsinb; + m%ﬂ (2.1)

where 0, is the angle of the diffracted wave and the integer m is the diffraction

order.
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Fiber Core

Fig. 2.1 A light-wave diffracted by a fiber grating.

Equation (2.1) is‘able to determine the wavelength at which a fiber grating
can most efficiently couple lights between two modes. We can even know the
coupling direction by 65.

For Bragg gratings, 6: is negative, and-the coupling occurs.between modes
traveling in oppesite directions; for transmission gratings, 8z is positive, the
coupling is between modes traveling in the same direction. Since the mode
propagation constant B is simply B = (211/A)neg o Where nes = Neo,SinG, we may
rewrite for guided modes as
B, =B, +m= . (2.2)

For example, first-order reflective diffraction usually dominates in a fiber
Bragg grating, m=-1. Positive and negative B values describe modes that
propagate in the +z and —z direction, respectively. The physical meaning is the

phase-matching condition, and the schematic diagram can be shown as figure

2.2.

-11-
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Fig. 2.2 The schematic diagram of phase-matching condition.

By using equation (2.2) and_recognizing. B2<0, we find that the resonant
wavelength for the reflection” of‘a mode of index nes4 into another mode of
index Neg 2 is
mA = (Negry + Negrp )/ (2.3)

If the two modes are identical, i.e. ngg; = negr = Nege , WE get the familiar
result for Bragg reflection :
mA = 2nge/\. (2.4)

When light is diffracted by a transmission grating, the first mode is a core
mode while the second one is.a cladding mode. Since here B>>0, the resonant
wavelength for a transmission grating is

mA = (Nefrg — Negr2)/\- (2.5)

2.2 Coupled-mode theory

In the following derivation, for simplicity a perturbation applied to the core

refractive index n¢, will be described by [9]
Ang,(z) = Ang,(z){1 + v cos [27112 + (I)(z)]} (2.6)
where Ang,(z) is the dc index change spatially averaged over a grating period,

-12-



v is the fringe visibility of index change, A is the grating period, and ¢(z)

describes the grating phase.

Since the long-period fiber grating couples the forward propagating guided

core mode of amplitude A,(z) to one of the co-propagating cladding modes of

amplitude A, (z), the coupled-mode equations of long-period fiber grating can

be written as

L0 = iBA°(2) + k(A (2)

cl
L = i6A%(2) + iK' (A (2)

where the amplitudes A%(z) and” A°(z) are

1(011+023)z

A°(z) = A,(z) exp [— —] exp (i06z — i)
2 2
AY(z) = A,(Z) exp [— W} exp (—idz + %)

, and 0;,, O0,,are dc coupling coefficients defined in

0kj(2) = =52 Biigo (2) [f,, Bkt () - € (x,y)dxdy

The mode coupling coefficient functions are defined as

K (2) = >0y5(2) ¢ kj=1.2

(2.11)

(2.12)

where €,(x,y) are transverse mode fields. When j is equal to 1, it refers to the

core mode. When j is equal to 2, it describes the cladding mode.

K=Ky; =Kq2" is the ac cross-coupling coefficient and G is the dc

self-coupling coefficient defined as

~ __ 011—022 ld(b
0=0+— 4

Here the detuning, which is assumed to be constant along z, is

8= 5(B% — BT — 1 = MAng, G~ ).

(2.13)

(2.14)

Here B and B are the propagation constants related to the core and

-13-



cladding modes, Ap = An.,/\ is the design wavelength for an infinitesimally
weak grating, An., is the difference of the core and the cladding effective
indices, and A is the period of the long-period fiber grating. When appropriate
initial conditions A®°(0) =1 and A°(0) =0 are specified, closed form
solutions can be found. The core mode and the cladding mode transmission

coefficients for uniform long-period fiber gratings can be shown to be

Aco(L)|? Py G =
Teo = ACOEO; = cos? (\/ K2 + Gzz) + Kz(iaz sin? (\/ K? + Ozz)
(2.15)
AL(L) 2 K2 o, / ~,
a = imel =g’ (Ve +5%) (2.16)

2.3 Wave guiding conditions

Figure 2.3 depicts the fiber structure considered as a three-layer waveguide,

including core, cladding, and the surrounding medium of the fiber.

€My &1y Egko
NN
e >
I
Y
1

~—

Fig. 2.3 Step profile of three layer fiber.



The modes of such a straight fiber are approximations to the solutions of
Maxwell’s equations within local regions of the LPFGs. The variables ro and r;
are the radius of the core and cladding. The core with constitutive parameters
Mo and g is embedded in the cladding with ys andey, which is surrounded by
the external medium withy, andes. The field distributions and propagation
constants of the modes can be obtained by solving the appropriate
boundary-value problem of the wave-guiding equations. The wave-guiding
equation for longitudinal components of the fields ( E; and H,) in the cylindrical

polar coordinates ( r, @, z) with the z-axis along the axis of the fiber is given by

[ (3 + e i)y = o @17)

where kZ = w?eu — k2.

Inside the core, solutions for E, and H, are Bessel functions, which are

given by
E, = AJ (ko) cos(md) exp (ik,z) (2.18)
H, = BJn (kyor) sin(mda) exp (ik,z) (2.19)

with k7 +kZ, = wgoH,.

In the cladding region, solutions.for E, and H, are

E, = CJ;n (k1) cos(mao) exp(ik,z) + DYy, (kpq1) cos(mo) exp (ik,z) (2.20)
H, = FJ;,(Ke11) sin(m) exp(ik,z) + GYy, (K1) sin(ma) exp (ik,z) (2.21)

with k7 + kZ; = w?ep;.

In the surrounding, the field associated with the guiding wave is evanescent

in the radial direction. By letting k., = ia,,, the solutions in the surrounding are

E, = IHI(I? (ia,,r) cos(mo) exp(ik,z) (2.22)
H, = ]H1(111) (ia,r) sin(md) exp(ik,z) (2.23)

with k7 + kZ, = w?e,H,.
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In the aforementioned solutions, ], and Y, are the Bessel functions of the
first and second kind, respectively, and HSI) is the Hankel function. There are
eight coefficients A, B, C, D, F, G, |, and J, and to be solved by boundary
conditions at interfaces between different dielectric media. The following four

equations at r = r, are obtained:

Al (kr,ro) — Clm(kr, o) — DYy (ky,ro) = 0 (2.24)

BJm(Kr,To) — Flm(kr,To) — GYm(krer) =0 (2.25)
A I (keyro) + Bz e Im (e, r s Ym (ke o) -
Fk‘;‘kg T (Ke,To) — GkaZZY (K, To) = 0 (2.26)

k2 ZIm(krorO) + B - ]m(kroro) Ck2 Zlm(kr1r0) \ D;lkZZY (kr1r0)

= Y (ke To) =0 (2.27)

Iy

and the otherfour are obtained from boundary conditions at'r = ry, as

Clm (kr, 1) + DY (k;,ry) — Hg(iogr) = 0, (2.28)

Flm (kp,11) + GYp(Kpyrs ) — JHp (i0p, 15 ) =0, (2.29)
o L Jon (k) + D 2y (K, 1) + F;‘kg T (Ke(Tr) + GkaZZY (kp,ry) +
1;:‘:1 H, (iay, ;) + ];“Tk:% Hi(igyr) = 0 (2.30)
mk, mk;

Cgrs - (e, 1) + D3 Vi (kr1r1)+Fk2 Ln(ke, 1) + Gzl 2 Yo (e, 1y +

kZ 2 kZ 2

mk, o . iwd, £ . _
Io@r% Hm(larzrl) + ]O(rzrz1 Hm(larzrl) =0 (2.31)

Equations (2.24)—(2.31) resulted from the continuity of E;, H,, and E,, Hg
give rise to the guidance conditions for the waveguide modes. Since the eight
equations are a set of homogeneous linear equations, the determinant of the
coefficient matrix has to be zero in order to have nonzero solutions. This

condition is the final characteristic equation for determining the dispersion
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relation of the modes.

2.4 Dispersion Mechanism

The dispersion property is important for determining the spectral
characteristics of a fiber filter component with its evanescent wave interacted
with the environment. The causes of dispersion can be divided into two
categories, material and waveguide dispersion. In general, the material
dispersion comes from the material dispersion properties of the fiber material
and the external medium<while the waveguide dispersion results from the
waveguiding fiber structure. For the filter fiber devices studied here, the
relative refractive.index difference of the_fiber waveguide changes with the
variation of wavelength through the material and waveguide dispersion.
Therefore, the spectral responses will also vary accordingly.

These influences are important when a wide range of wavelengths are

considered.

2.4-1 Material Dispersion

The material dispersion is defined as the variation of refractive index with the
wavelength of light. The material dispersion of glass can be expressed by
Sellmeier equation. The formula is valid at frequencies far from material
resonance:

2
p AjA

2 _ 1 —

(2.32)

The summation is taken over all the resonance wavelengths. For silica, a
three-term Sellmeier equation is typically used, accounting for the resonances

in the ultraviolet and infrared:
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AN =A%

A,N?
AN —A3

A N?

2
n-—1=
N —A%

+ + (2.33)

Equation (2.42) is plotted in figure 2.4 for pure silica and for 4.1%

Germania-doped silica, using the empirically determined Sellmeier coefficients

given in Table 2.1[2.1-2.2].

Material Al A(um) A2 A(pm) A3 A(pm)
SiO,
0.6961663 0.0684043 0.4079426 0.1162414 0.8974794 9.896161
[1.17]
GGOz
0.68671749 | 0.072675189 | 0.43481505 |0.11514351 | 0.89656582 | 10.002398
[1.18]
Table 2.1 Sellmeier parameters used in Fig. 2:4
1554 — Fused Silica
x ————Ge0 :4.1mol%
-
c
@
> 1.50 -
Jer—
&)
©
—
v
1.45 -
1 1 I
0 500 1000 1500 2000

Wavelength (nm)

Fig. 2.4 Sellmeier and Cauchy’s refractive index dispersion curves.
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2.4-2 Waveguide Dispersion

In contrast to material dispersion, the waveguide dispersion due to the
waveguide fiber structure doesn’t have apparent influence on the spectral
characteristics. In fused-tapered fibers, the length, diameter, strain, bending,
and dopant diffusion at the tapered region are the key issues for waveguide
dispersion. In general, the variation of these parameters will mainly vary the
dispersion slope of the guiding modes. Usually, people discussed the
influences of waveguide dispersion on fiber devices based on special fibers
[2.3-2.6].

However, the wayveguide structure can also be locally changed to alter the
waveguide dispersion for light propagation and the spectral responses of the
fiber devices by using standard fibers [2.7, 2.8]. The electromagnetic field
distribution is locally modified to vary the dispersion characteristics or to excite
the higher-order modes [2.9]. Therefore, novel fiber devices can be achieved
based on the variation of waveguide structure of the standard fiber in a small
local area. In this dissertation, since the dispersion‘measurement instruments
are not available in these cases, the influences of the variation of the

waveguide structure on the spectral characteristics are studied instead.
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Chapter3

Experiment setup and results

In this chapter, we will introduce the instruments used in our experimental
setup first. Then, we will describe the steps of producing a LPFG sample. In
the experimental results, we will show the surface structure of the sample with
high resolution CCD camera and the transmission spectrum measured by a
tunable laser. We use a temperature controller to measure the temperature
sensitivity of the LPFG samples. Some samples are also put into the higher
index surrounding media like'water and ethanol for studying their properties in
different operating ‘regimes. At last, we will discuss the effects of periodic
surface corrugation for a single-mode fiber filter (SPF) by experimental results

and simulation.

3.1 Experimental setup

3.1-1 Instruments utilized in fabricating LPFG

We fabricate the studied long-period fiber gratings in use of the
point-by-point writing method by CO; laser. In the following, we introduce the
used fibers and instruments for the fabrication:

1. Fibers

The fiber we use is the standard telecommunication single-mode step-index
fiber (SMF-28) from Corning Corporate. The diameters of cladding and core
are 125/8.2 ym respectively. The numerical aperture of fiber is 0.13. It is

important to mention that this fiber is inexpensive and readily available.
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2. Laser source

The instrument of our laser source is Synrad 48 series COzlaser. The beam
diameter is 3.5 mm and the center wavelength is 10.6 ym. The maximum
power is about 25 watts, but the stability (cold start) is +5%.

Such high power laser can even heat glass to melting state. So we should
be careful when operating this instrument. Before we start to run CO; laser, we
should put on a pair of CO»-laser-protecting glasses for safe reasons. Then we
turn on the cooling first. When the cooling is working at the appropriate
temperature, then we can turn on the laser.

3. Mirrors

These reflective. mirrors—are-utilized in the wavelength of infrared ray
including the wavelength of -CO; laser. We use mirrors to control the laser
beam propagation, and most important of all let the beam propagate
horizontally to avoid the beam reflecting into our eyes.

4. Shutter

We utilize a relay and the aluminum block to form a basic shutter. The relay
is controlled by the voltage of power supply."When the power supply is open
(12 V), the shutter will be closed; when the 'power is closed (0 V), the shutter
will be opened. So we can control the power supply with a transistor which can
be connected with the port of computer by some electric circuit design.

5. Cylindrical lens

The cylindrical lens we used is from Ronar-Smith with its efficient focusing
length 5.08 mm. We can focus the laser beam to about 200 um in the z-axis.
This scale is small enough for producing LPFG with period larger than 200 ym.

6. Translation Stage

Our translation stage is from Physik Instrumente with its minimum
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movement 33 nm. It can be easily connected to the computer with RS-232 port
and controlled automatically.
7. Computer Program

We need to fabricate LPFG automatically by computer programs to avoid

the human errors. We both control the shutter and the translation by program

Labview6.1.

3.1-2 Fabrication process

Figure 3.1 shows the schematic diagram of the experimental setup. Figure
3.2 shows the photography of the experimental setup (a) the overall image (b)
the fiber on the fiber holder with one end tagged with.a weight. First, we turn on
the power of COy laser and use a rock to block the beam. We will wait about
ten minutes to let.the power of CO, laser stable. In the mean time, we remove
the jacket fromra single mode fiber over a section about several centimeters
and clean the section with ethanol. After we have cleaned the fiber, we put it on
the fiber holder whichis set on the translation-stage. The fiber is only fixed one
end on the fiber holder and the other end is tagged with a weight about 10
grams to provide a constant tension on fiber.. Then we set the parameters such
as the time that the shutter opens each time and the length that the translation
stage moves each time. After we have set the parameters and remove the rock,
we could run the programs. When the shutter is open, CO. laser can write on

the fiber; when it is closed, the translation stage will move to the next position.
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CO, Laser
Weight Fiber Cylindrical lens

. —— Translation Stage

Shutter
Mirror . Mirror

Fig. 3.1 Schematic diagram of the experimental setup for fabricating LPFG.

Fiber holder COZ Laser

(b)
Fig. 3.2 The photography of the experimental setup for fabricating LPFG (a)
the overall image (b) the fiber on the fiber holder with one end tagged with a

weight.
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3.2 Results and discussion

3.2-1 The surface structure observed by CCD camera

In our experiment, there are four main factors that will affect the
characteristics of fabricated LPFGs, including the laser power, shutter open
time, distance translation stage move each time, weight tagged on the fiber,
number of the written period. If the open time of shutter is longer or the laser
power is high, the higher energy heats the fiber. The heating time or the laser
power for writing a fiber is related to the depth of corrugated surface structure.
The distance of the translation stage moved each time determines the grating
period. The tagged weight on the fiber reduces the heating time to have the
same corrugated surface structure and also changes the core refractive index
by residual stress relaxation. The number of written period. determines the
coupling length.

After we made our sample with_different parameters mentioned above, we
observe the surface structure by CCD camera. Figure 3.8 shows the CCD
camera we use. Figure 3.4 (a) and (b) show the surface structure of LPFGs
with high resolution so that we could only observe single point. Figure 3.5 (a),
(b), and (c) show the surface structure of LPFGs with low resolution, and we

could see the period of the grating we made.

-25-



Fig. 3.4 Optical micrograph of the periodically tapered LPFGs with (a) shallow
(waist diameter around 104.4 um).and.(b) deep (waist'diameter around 65.3 um)

surface ‘corrugation.

Fig. 3.5 Optical micrograph of the periodically tapered LPFGs with grating

periods of (a) 150 um (b) 200 pm (c) and 300 pum.
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3.2-2 The experiment of measurement

In our measurement, a tunable laser source from Agilent 8164A spanning
from 1500 nm to 1640 nm was launched into the measured LPFG sample for
performing measurement. In order to measure the sensitivity to the
temperature, the LPFG sample was heated by a temperature controller to
stabilize the temperature within 0.1 “C. Also, we change the surrounding
medium of different refractive index to see the effect on the transmission
spectrum. We use a power sensor Agilent 81634B to observe the spectrum.
Figure 3.6 shows the instruments, tunable laser and power sensor. Figure 3.7

demonstrates the transmission spectrum of the background light source.

Fig. 3.7 The transmission spectrum of the background light source.
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The power of background is ranged from -0.5 dBm to -1 dBm. We should
subtract the background light source when we analyze the transmission

spectrum of our LPFG samples.

3.2-3 The transmission spectrum of LPFGs

In the following, we will show two transmission spectrums of LPFG samples,
sample1 with shallow surface corrugated structure (about 10% surface depth)
and sample2 with deep surface corrugated structure (about 20% surface
depth). The period and number of periods are the same for these two samples.
Their period is 700um and period number is 20 points.

We will examine the sample1 first. Figure. 3.8. shows the transmission

spectrum of sample1 in the airwith different temperatures.

0

-3 \
o 6] fis [
S o] =207 \
N e

124 ‘
g | ——35.4% 1
S -15] — 40.5C
— | 46T 0.168nm / C

184 — 51T

| —555TC 0.146nm / C
1505 1540 1575 1610 1645
Wavelength(nm)

Fig. 3.8 The spectral transmission of sample1in the air with tuning temperature
ranged from 20 C to 55.5 C.
As we can see that there are two resonance dips in figure 3.8. The insertion

loss is about -3 dB, but the sensitivity for resonance dip near 1565nm is
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around 0.146 nm/’C and for resonance dip near 1625 nm is around 0.168
nm/°C. Both of them are much larger than conventional sensitivity of LPFG,
which is usually 0.059 nm/‘C. The depths of resonance dips are ranged from
-9.5 dB to -14 dB.

We can observe that the resonance wavelength shift is almost linearly
positive-dependent with the temperature of the environment while the
resonance dip (dB) is linearly negative-dependent with the temperature ranged
from 20 C to 45 C. Figure 3.9 shows the relationship of resonance

wavelength shift and resonance dip to the environmental temperature.

A N\ —— 9
I/. -
e --10

Eqijatioln 'y = 2;1 + t;*x |
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Tlwavelengt Intercep.-1565.86

/é\ 1572 4 wavelengt Slope 0.14686 L %
= 1571- / ! 8

— <+—n 3
2 57000 | g 12
) o
) 1 o
> 1569 18 S
= . —=—\Wavelength D

156841 * —== Resonace dip -14

20 25 30 35 40 45 50 55
Temperature (C)

Fig. 3.9 The relationship of resonance wavelength shift and resonance dip to
the environmental temperature for sample1 in the air.

In the following, we similarly show the transmission spectrum as the
environmental medium changed. When we put sample1 under water, and we
could see the transmission spectrum has much larger resonance wavelength
shift and deeper resonance depth compared with sample1 in the air.

Figure 3.10 shows the transmission spectrum of sample1 under water with
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different temperature. Figure 3.11 shows the relationship of resonance

wavelength shift and resonance dip to the environmental temperature.
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Fig. 3.10 The spectral transmission of sample1 under water with tuning

temperature ranged from 40.1 C to 54.4 C.
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Fig. 3.11 The relationship of resonance wavelength shift and resonance dip to

the environmental temperature for sample1 under water.
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We then show the transmission spectrum of sample2 in the figure 3.12
and the relationship of resonance wavelength shift and resonance dip to the
environmental temperature in the figure 3.12. As we can see that the insertion
loss -18 dB is much larger than sample1 and the spectrum is not perfectly
smooth. However, the sensitivity of the dip near 1510 nm is about 0.238 nm/C
and is more sensitive than sample1. This higher sensitivity is probably due to
the deeper surface corrugated structure. In figure 3.13, we show the
relationship of resonance wavelength shift and resonance dip with respect to

the environmental temperature.
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Fig. 3.12 The spectral transmission of sample2 in the air with tuning

temperature ranged from 30 C to 45 C.
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Fig. 3.13 The relationship of resonance wavelength shift and resonance dip to

the environmental temperature.

3.2-4 Discussion

We have observed that the coupling wavelength increases as the
temperature increases. (This.is due _to the-change of the phase-matching
condition, since the effective refractive indices of the core and cladding modes
are related to the temperature and the grating period is also related to the
linear thermal expansion of the single mode fiber.

The temperature sensitivity of LPFGs has been shown to be related to the
environmental medium. The results show that the sensitivity of LPFG is better
under water than in the air. This can be explained more fraction of field will leak
to the environmental medium when the environmental refractive index is closer
to the cladding refractive index. Since more fraction of field is in the

environmental medium, the influence of the surrounding medium to the field is
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larger. Based on the same argument, we can also explain why the sensitivity
increases with deeper depth of corrugated structure. More fraction of field will
leak to the environmental medium when the corrugation depth is deeper.

We have also observed that the coupling wavelength is shorter as the
corrugated surface is deeper by comparing figure 3.8 with figure 3.12 and the
coupling wavelength is shorter as the surrounding refractive index increases
by comparing figure 3.8 and figure 3.10. According to Equation (2.5), the
resonance wavelength is related to the effective index difference between
fundamental mode and cladding modes, and also related to the grating period.
Since the grating period is fixed for both samples, thus the decreasing
resonance wavelength with—increasing corrugated surface and index of
surrounding media may properly due to the decreasing effective index
difference of two coupling modes. In order to_clarify the effective index of fiber
modes, numerical simulation is performed to analyze the dispersion relation of

fiber modes for specific grating periods.

3.3 Simulation

3.3-1 Assumption

We have observed the LPFG samples by a CCD camera, so the images will
be limited by the resolution and aberration of the CCD camera. We can tell the
diameter value of cladding by the CCD camera, but we can't tell the diameter
value of core. Therefore we will assume the ratio of core diameter and cladding
diameter is the same with the original SMF-28 fiber, so we can predict the
diameters of core in the tapered regions.

For simplification, we use three layers of circular dielectric waveguide as the
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fiber model. We change the parameters such as the indices of core, cladding,
and environmental medium in our simulation. Since we only consider the

modes traveling in straight waveguides, we can only tell the trend of the dips.

3.3-2 Simulation method

We use Mathematica6.0 as our simulation tool. The conditions for wave
propagating in the model have been derived in equations (2.24) to (2.31), and
these equations can be written as a matrix form. Since the equations are all
equal to zero, the matrix is a homogeneous matrix.

We can find out effective refractive. indices of core and cladding by the
following steps. We use a module to calculate-the determinant of the matrix
and return the .determinant value under particular wavelength. Plot the
logarithm of the-module by changing the effective refractive index shown in

figure 3.14.

Logarithm

—190

L.TTO

Fig. 3.14 The logarithm of the module by changing the effective refractive

index.
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The logarithm of roots will form a discontinuous point in the plot, and we can
find out the approximate value of roots by the plot. Then we get the more
accurate value of roots by Newton’s method, which is the built-in command in
Mathematica6.0. These roots represent the effective refractive indices of mode
propagating in the model, including the core mode and cladding modes. Since
the fiber we use is a single mode fiber, there should be only one core mode. In
figure 3.14, we can see that there are one core mode and many cladding
modes, and the effective refractive index of core mode is much higher than the
cladding modes.

As stated in chapter 2, the phase-matching condition describes that

1 _ (Deffcore—MNeffcladding)

N A
We plot 1/A. and (Neffcore — Neffcladding) /A~ Simultaneously and the

coupling wavelength can be determined by the intersection points of 1/A and

(neff,core - neff,cladding)/)\- In order to pIOt (neff,core - neff,cladding)/)\s we need to

find nefrcore AN Neftladding UNAeEr different wavelengths.

3.3-3 Simulation results

Simulation1

We simulate the transmission spectra with different diameters of core and
cladding. Since we assume the diameters of core and cladding are in the same
ratio, we denote only one of them. Figure 3.15 shows the coupling wavelength
with the grating period A =500 pm, 510 ym, and the air as the surrounding
medium, but with different radii of core (denoted as rco) (a) reo = 4.1 pm, (b) reo
= (4.1x0.95) pm.

The slashes are (Nefrcore — Nefrcladding)/A for different cladding modes.

M11-M12 means the fundamental core mode coupling to the first cladding mode,
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Mi1-My3 means the fundamental core mode coupling to the second cladding
mode, and so on. The horizontal line is 1/A with A =500pm and A=
510um.

The intersection points are the coupling wavelengths. In figure 3.15 (a), we
can observe that the wavelength of intersection points is longer when the
grating period increases. The simulation result can be used to explain the red
shift of coupling wavelength when the environmental temperature increases in
the air.

Compare figure 3.15 (a) and'(b), one can observe the coupling wavelength
is shorter as the diameter of core decreases. These simulation results verify
that the index difference of-the-two coupling modes at specific wavelength
decreases with ‘deeper surface-corrugated surface; which coincides with the

experimental results shown in figure 3.8 and figure 3.12.
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Fig. 3.15 The coupling wavelength with grating period A = 500um and air as

the surrounding medium, (a) reo = 4.1 um, (b) reo = (4.1x0.95) pm.
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Simulation2

In the above simulation, we consider the changing diameters of core and
cladding. In the following, we subtract the index of core a small number to
study the corresponding changes.

Figure 3.16 shows the coupling wavelength with the grating period A =
500 ym and the core index change Ang, = -5x10™. Comparing figure 3.16 and

figure 3.15 (a), the coupling wavelength is shorter as the core index

decreases.
0.0030 = wirhi2
< M11-M13
— —— M11-M14
— - MA1-M15
E — - M1i-M1g
. \ Mitas
z - M11-M19
%wmi 500y m
=
O
Z 0.0020-
o
&)
<
0.0015

1540 1610
Wavelength (nm)

Fig. 3.16 The coupling wavelength with grating period A = 500 pm and the

change of core index Ang, = -5x10™.

Simulation3
In this simulation we consider both the parameters of the diameter and core

index. We set the diameter of core to be 90% of SMF-28 and the change of
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core index Ang, = -5x10™. Figure 3.17 shows the simulation results with grating

period A = 700um.
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ﬁ 0.0020 -
O
<
8 0.0015+
<
0.0010

1540 1610
Wavelength (nm)
Fig. 3.17 The coupling wavelength with grating period ' A"'= 700um,

foo = (4.1x0.9) pm and Angy=-5x107*,

In figure 3.17, the coupling wavelengths are near 1580nm and 1620nm. It's
quite similar to sample1 even though we use such a simple model.

Next, we set the diameter of core to be 80% of SMF-28 and the change of
core index Ang, = -5x10. Figure 3.18 in the next page shows the results with
the grating period A = 700um. It's also quite similar to the experimental

results of sample2.
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Fig. 3.18 The coupling wavelength with grating period A--= 700um,

reo = (4.1x0.8) pm and Ang, = -5x 107

3.4 Possible improvement of the fabrication

process

The obtained results could be better if we could make some improvements
in our fabrication method. First, the period is not very good under CCD camera
and some of the points are deeper and some of them are shallower. The
non-uniformity may cause large insertion loss in the transmission spectrum.

There are two reasons for causing the non-uniformity of the LPFGs: the
instability of CO. laser and the rough design of shutter. The CO. laser we use
has 5% error, but we can open air conditioners to help laser more stable. The
shutter is designed by a delay, which has problems when the switching time

interval is short. When the heating time is short, this shutter is not accurate
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enough. Also, | have found that the transmission power passing through the
shutter is not equal each time. This may be the main reason that was causing
the non-uniformity. Better results can be expected by using a better shutter

with short response time and the same transmission power.
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Chapter4
Conclusions and Future Work

4.1 Conclusions

The LPFGs with periodically tapered structure have been demonstrated with
higher sensitivity than the conventional LPFGs which are usually 0.059 nm/C.
The sensitivity of sample1 in the air is 0.146nm/°C, and it is almost three times
of the conventional LPFGs. The sensitivity of sample2 in the air is 0.238 nm/C,
and it is about four times of the conventional LPFGs. The main difference of
sample1 and sample2is the ‘depth of surface structure of optical fiber. Since
sample2 is deeper than sample1, we can conclude that this structure improve
the sensitivity of LPFGs. We-can reach higher sensitivity when LPFGs are in
the higher index medium such as water. The sensitivity of sample1 in the water
can reach 0.83nm/C, which is almost six times in the air.

In simulation, we have verified the parameters.such as the diameter of fiber
and core refractive<dindex will"affect the coupling wavelength. When the depth
of surface structure becomes deeper or coreindex decreases, the resonance
dip moves to the shorter wavelengths. The 'simulation results can explain the
trend of the experimental results: the resonance wavelength exhibits red shift
as temperature increases. By considering both the effects of surface structure
and the change of core refractive index, we also can get similar resonance
wavelengths that can be compared to the experimental transmission spectra of

our LPFG samples.
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4.2 Future Work

First we should improve our LPFG performance such as decreasing
insertion loss and increasing the yield rate. In the future, we can apply the
LPFGs as a fiber device, since we know how parameters will change the
transmission spectrum of LPFGs. It is convenient not only to produce the
transmission spectrum we want but also easy to tune the coupling wavelength
finely by utilizing temperature controllers.

For further study of LPFGs, we can try to improve the sensitivity of LPFGs or
produce new structure of LPFGs."We can try to coat a layer of polymer on the

LPFGs or change different surrounding media.
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