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The proposed work is a partial assembly of the technologies of the birefringence-reduced copoly-
mer and the plastic optical fiber (POF). POF with P(MMAMA) (copolymer of methyl methacry-

late and benzyl methacrylate) core was experimentally investigated in terms of birefringence af-
fection to the multimodal fiber optic waveguiding of polarized light. This dissertation investigates
the unique application of P(MMMzMA), as a suitable material for fabricating a polarization-
maintaining multimode fiber (MMF). As a result, extinction ratio of 14 dB was measured from 1

m P(MMA/BzMA)POF. The polarization-maintaining principle of the new fiber was discussed in

the aspects of fiber mode and Gaussian beam. As a phase retarder, clear optical axis was observed
when the fiber was bent and was under a vertical stress. Based on the properties mentioned above,
a pressure sensor with a novel principle was proposed using the P{BRWA)POF. Structure
simplification of the interferometric fiber optic sensor was succeeded by replacing the conventional
dual SMF structure with an employment of one P(MM&MA)POF. The preliminary model had

demonstrated polarimetric sensitivity ab6x 10~° (MPa 1) and dynamic range up to 0.45 MPa.
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Chapter 1

INTRODUCTION

1.1 Preface

While transparent plastic is capable for various applications in optical devices, an optical property
called birefringencehas been a sensitive factor that had needed to be reduced[1, 2]. Several in-
novations regarding birefringence elimination such as polymer blending, molecule doping, crystal
doping, and copolymerization have been reported[3, 4, 5, 6, 7]. Currently, the main application
of the birefringence-free plastics are the displaying panels and pickup lens for the memory device,

which are typically in geometries of film, tablet, or bulk.

On the other hand, plastic optical fiber (POF), that is know by its extremely large core diameter
compared to the glass fiber, has been developed for the application of telecom cablegnmichort
distance wirings[8, 9]. There has been reports mentioning about improvement in bandwidth, loss,

and environmental stability by modifying the structure and the material[10, 11, 12, 13].

This dissertation summarizes the achievements from a partial combination of the above two
technologies, namely, phase control in a POF using the birefringence-controllable polymer, and its
application to a sensor. The concept of phase control of the POF led us to two targets, which are
polarization-maintainingand phase retarderSome of the backgrounds of the similar products in

the market, and some more detail about the research motivation is explained in this section.

Birefringence: optical anisotropy that changes the incident polarization state. Birefringence typically exhibits during
the processing of the raw material.

2Polarization-maintaining (general): to conserve the vibration plane of either electrical or magnetic field of the light.
Polarization state refers to the oscillation direction itself.

3Phase: the position of repeating sinusoidal of a lightwave.



1.2 Glass-based PMFs and their applications

The definition of the conventional polarization-maintaining fiber (PMF) is that it is an optical fiber in
which the polarization of linearly polarized light waves launched into the fiber is maintained during
propagation with little or no cross-coupling of optical power between the polarization modes.

A typical singlemode fiber (SMF) has core and cladding that are nearly circular. The fundamen-
tal modé (LPo) consists of mutually perpendicular polarization modes, namelyf, ld&d HE”11
modes. Each are linearly polarized ilk@ndy directions (both in radial), respectively. Thetdi-
ence in propagation constants of these modgs< gy — Sy) are zero if the core and cladding are
perfectly circular and completely stress-free, however, it is veffjcdit to achieve such structure
even with the latest fabrication technology. Because of this intrinsic birefringence in which orig-
inated from geometry and stress anisotropy, Hand HE’11 modes that is propagating in slightly
different speed are likely to cause mode coupling. This mode coupling occurs periodically, which
is expressed by beat lengthy(= 27/AB). Even with the SMF fabricated with the most sensitive
care in geometry and stress, the achievable beat length is still around 15 m[14]. Hence, ordinary
axially symmetrical SMFs hardly be able to maintain state of polarization because/iteioée is
subject to the considerable fluctuation such as temperature, pressure, or vibration changes that are

given only in slight changes in ambient conditions[15].

1.2.1 Large birefringence PMF

The fluctuation of the Lix mode had been prevented or reduced in two ways[16]. One is to devise

an axially asymmetric structure in which one of the two modes is ffutAmother method is have

the AB very large so that the mode coupling hardly occurs. In order to obtain these property(ies),
polarization maintaining fibers (PMFs) with axially asymmetric cross sections were invented. The
left part of Figure 1.1 shows the variety of the structure of the highly birefringent type PMFs.

Existing types of highly birefringent type PMFs are described below.

“Fiber modes: a specific solution of the wave equation that satisfies the appropriate boundary conditions. Its spatial
distribution does not change with propagation. Structure of SMF has only one solution, which is called fundamental
mode. Refer Section 2.3.2 for stricter explanations.
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Figure 1.1: Structures of conventional PMFs

PANDA style fiber
PANDA (Polarization Maintaining and Absorption Reducing Fiber) type was produced by NTT
(Nippon Telegraph and Telephone Co.) and Fujikura Ltd.[17]. It maintains polarization using round
and symmetrical stress rods on either side of the core. Typical PANDA fiber has the polarization
maintaining performance of 23 dB extinction ratio (ER) and 6 mm beat |&ng@higinally de-
veloped for the telecommunications industry, PMFs including the PANDA type filled the need for
low-cost, high-volume, high-reproducibility fiber. Recently, specialty-fiber companies have intro-
duced a variety of product developments aimed at diverse markets such as fiber-optic gyros and
high-power fiber lasers. The technology is now being applied outside telecom to a new family of
fiber products, which includes high-birefringence fibers for fiber optic sensors, such as the fiber

gyro, as well as polarizing-fiber designs for linearly polarized fiber lasers.

Bow-tie
Bow-tie (sidepit) type is known as the PMF produced from Furukawa Denki Co., Ltd.[18]. ER of
-25 dB and beat length of 6.3 mm is reported from this type. Those properties are said to be similar

to the PANDA.

SExtinction ratio and beat length: parameters used to evaluate polarization-maintaining property of conventional SM-
PMFs. Details are explained in Sections 2.4.2 and 3.5.1.



Elliptical cladding
Elliptical cladding type was produced by Hitachi Wire Ltd.[19]. Elliptical cladding type had a
feature of lowest loss ever reported (0.8kiB at 1.55um) at the time when it was first reported[15],
however, it isn’t true anymore. This feature was precious at the time when PMFs were dragging
attention as a telecom medium. ER of 30 dB and beat length of 2 mm were reported from this type.
It has higher polarization-maintaining property compared to PANDA and bow-tie types.

Non-circular core
A high AB could also be obtained by deforming the optical fiber into an elliptical shape. Some nu-
merical modeling of the birefringence distribution and phase retardation of this type were reported[20,
21]. Experimental studies on the birefringence measurement of elliptical core SMF was also reported[22].
However, this type was not popularly used in the practical application than the other types.

PCF
The same function as the above types can be obtained using a photonic crystal fiber (PCF)[23]. PCF
is a class of optical fiber based on the properties of photonic crystals[24]. Because of its ability
to confine light in hollow cores or with confinement characteristics not possible in conventional
optical fiber, PCF is finding applications in telecom, fiber lasers, nonlinear devices, high-power
transmission, highly sensitive gas sensors, and other areas.

PCFs have holes arranged regularly in the claddings as shown in Figure 1.1. Light propagates
on the defect, missing air-holes, through the core by total internal reflections. The guiding mode of
PCFs change drastically by the air-hole structure, such as hole diameter and pitch, therefore, optical
properties of PCFs, such as dispersion and nonlinearity, are more controllable than the conventional
fibers[25].

Another noteworthy characteristic of PCFs is their strong birefringence, which is induced by the
size and arrangement of the air holes. Theoretical analysis[26] and experiments [27, 28] showed
high birefringence of the order ofx1L0~3, which is three times larger than that of conventional

PMFs.

Suzuki had demonstrated excellence of stability in polarization maintaining property under

twisting and macrobending using PM-PCF compared to the conventional types[28]. ffEbe a



of temperature is similar compared to the other fibers.

1.2.2 Low birefringence PMF

A new type of PMF that covers several inconvenience of the large birefringence type is also in the
market. A low birefringence spun fiber [29, 30, 31] is a PMF that is commercialized by IVG Fiber
Ltd.. The polarization-maintaining mechanism of the spun fiber is described precisely in Section
2.4.3. This fiber has its internal birefringence averaged out by intentionally creating geometrical
dissymmetry. Therefore, it performs as a low birefringence core that can transmit any state of polar-
ization. Because of this unique design, the low birefringence PMF has several additional functions
that the large birefringence PMFs could never have, such as the one mentioned above. However,
because the preform-spinning technifjigeonly developed in the glass based fibers, the core diam-
eter is still small as to require a highly accurate light coupling technique. Furthermore, because the
position of core distributes fierently in the fiber cross section depending on the fiber length, the
spun fiber may have an extremefdiulty in ferruling and cabling procedure, which should require

an extra éort of securing the light path. Despite such unsolved inconveniences, the application of

the spun fiber is dramatically large in especially the sensor field such that uses dfafihgs

1.3 Characteristics of plastic optical fibers

Although it has nothing to do with the earlier topic of polarization-maintaining, background of POF
also needs to be mentioned in this section.

The first POF was first manufactured by DuPont in the late sixties[33]. The expected market of
the POF was shgrhedium length telecom wirings with an expectation to have an optimum balance
of data speed and cost performance compared to the copper wire or the glass fibers. One of the
strength that reduces the cost of a POF network is its ease in light coupling. Because of the elastic

intrinsic of the plastic, fibers made in a large diametelQ00um) is still bendable, whereas the

81t is how the IVG Fiber makes dissymmetrical core structure. "Preform” is a state of fiber before heat drawing
procedure.

"Gratings (optics): a diraction based optical component



Table 1.1: Possible monomers for POF base material

abbreviation full name refractive index
MMA methyl methacrylate al.492
VPAC vinyl-phenylacetate #1.567
VB vinyl benzoate n=1.576
PhMA phenyl methacrylate #1.570
BzMA benzyl methacrylate #1.562

largest glass fiber diameter is Gih. The large core diameter is a powerful factor in making cheep

light connections because it do not require lens and therefore the system is highly robust.

The material most frequently used for POF is the thermoplastics poly-methyl methacrylate
(PMMA). PMMA is an organic compound forming long chains with typical molecular weight
around 16. Essential from the point of view of optical transparency of the material is the amor-
phous structure of the polymerized material. The refractive index of PMMA is 1.492 and the glass
transition temperaturgy lies between 95 and 12&. According to the reference [33], the possible

monomers (and their refractive index n) for the POF is as shown in Table 1.1.

To the advantage of large core, POF is typically a multimode fiber (MMF). The wave propa-
gation of MMF is explained as to the comparison to the SMF later in Section 2.3. The practical
difference is their bandwidths. Because of the mode dispersion [34], MMF cannot transmit as large

amount of information as the SMF.

To attack this bandwidth problem, refractive index modification was done in the MMF develop-
ment history. The graded index (GI) profile was invented in order to enhance the bandwidth than

the classical step index (SI) tyhe

8Refer Section 2.2 for the detail explanation of Gl and Sl refractive index profiles



1.4 Proposal of a multimode PMF using POF technology

Having discussed about the brief backgrounds on PMF and POF, one motivation of the innovation
regarding this dissertation can be now stated.

The typical largely birefringent SM-PMFs have inconvenience in common such are: (1) the
system requires polarization matching (procedure to match the polarization vibration to the optical
axis’ of the fiber), (2) the fiber can maintain only linear polarization state (no circular nor elliptical),
and (3) an expensive lens system is required for the light couplings. These types of PMFs are used
in telecom to enhance bandwidth by avoiding polarization-mode dispé?sion

In this dissertation, a copolymer fiber with a low birefringence core was fabricated at the purpose
develop the first multimode PMF ever reported. The first part of Chapter 3 describes the procedure
to fabricate a POF in which the core birefringence is successfully low. The P(BEMA)POF
transmits polarized light in a similar manner as the spun fiber, but the way of reducing the bire-
fringence is diferent from that. As mentioned in the very beginning of this section, the copolymer
employed in this study was originally developed as a birefringence-free transparent material that is
immune from extrusion or drawing[35]. This pair of monomers, methyl methacrylate and benzyl
methacrylate, are uniquely suited in the purpose of fabricating the POF because, (1) both are in the
list of possible monomers to fabricate a POF (Table 1.1), (2) it makes Gl profile (detail mechanism
is described in section 3.2), and (3) enables birefringence reduction.

Some of the notable characteristics that the P(MBEMA)POF may have as in comparison to

the known PMFs are listed below.

1. Easy to couple light
2. Capable of maintaining any kinds of polarization states
3. Capable in transmitting phase information

4. No need of polarization matching

9Optical axis (in terms of fiber-optics): direction in which one of the{ &mponent vibrates

1%pglarization-mode dispersion: explained in section 2.4.3)



It is already noted that POFs are fabricated into large diameters compared to the glass fibers,
where the P(MMABzMA)POF is not an exception. Hence, capability of easy light coupling is one
characteristic of the P(MMMAzMA)POF-. In the same way as the spun fiber, the P(MBEZMA)POF
uses the polarization-maintaining principle by reducing the core birefringence. Such design allows
the fiber to maintaining any kinds of polarization states during the propagation, whereas the old de-
sign of large birefringence core maintains only linear polarization. Thus, the P(lBEMA)POF
is capable in transmitting phase information and also it do not require the polarization matching at
the input.

Here, the definition of "polarization-maintaining” needs to be clarified.

In the case of high birefringence PMFs such as PANDA and bow-tie, linear polarization that
is matched to the stress axis is successfully maintained. This case, the meaning of "polarization-
maintaining” is to avoid theféection of the unneeded orthogonal mode by avoiding mode coupling
or by intentionally absorbing the orthogonal component.

The polarization-maintaining phenomenon may hav@edint physical meaning for the low
birefringence large-core MMF. First, the likeliness of breakage af;ldegeneracy is different
from the case of SMF. The detailed model when maintaining linear and non-circular polarization
states are explained in Chapter 2 with discussion of LP and hybrid modes.

Second, a large-core MMF is considered not to exhibit a clear optical axis in a small fluctuation
of structure or outer stress, which are of the magnitude that may cause breakage dégiEneracy
in a SMF. Polarization phenomena is considered to exhifiitrdintly when the core is larger since
it is defined as an electric dipole in a unit volume. In other words, when the volume is larger,
the manner of polarization is not uniform along the core compared to the case when it is small.
Especially in polymers, since they have larger molecular unit compared to the silicon-oxygen based
amorphous of the glass, the local dipole exhibits in a coarser manner. When the core birefringence
is reduced, there is even less chance to exhibit optical axis.

To experimentally clarify the above points, polarization-maintaining property of the P(I8iMA)POF

was characterized as follows. Chapter 4 describes the modal characterization of polarization-maintaining

111 Py, is a degeneracy of HE and HE,. Section 2.3.3 tells more.



property since the copolymer fiber is a MMF. In Chapter 5, influence of photoeldigditt & the

polarization-maintaining property was characterized using fiber macrobending.

1.5 Fiber optic pressure sensors

To the another famous application of the optical fiber besides telecom, fiber-optic (FO) sensors are

becoming popular because of some benefits such as listed below[36].

Small and lightweight

Allow access into normally inaccessible areas (often embedded)
Passive (non-electrical)

Inexpensive

Ruggedreliable

Easy to install

Highly sensitive

Accurate over a wide dynamic range

© ® N o g & w NP

Resistant to ionizing radiation

[ =Y
o

. Capable of being multiplexed

11. Capable of distributed measurements

On the other hand, the expressed concerns about the FO sensors are fragility/dgmesss
difficulty, nonlinear output, complexity, reliability, and others. The bottom line is that FO sensors
vary widely in their material and composition in which eadfedng diferent value propositions on
sensitivity, dynamic range, size, shape, and etc[36].

FO sensors can be classified into two groups[36]. The first one is intrinsic sensor group. Intrinsic
FO sensor has the fiber itself acts as the sensing medium, i.e., the propagating light never leaves the
fiber and is altered in some way by an external phenomenon. The second one is the extrinsic sensor
group in which the fiber merely acts as a light delivery and collection system, i.e., the propagating

light that leaves the fiber, is altered in some way, and is collected by the same (or another) fiber.
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Figure 1.2: Schematic of the FO pressure sensor using photoelastic crystal[37]

The area of sensing subject of the FO sensor varies widely. They are used for measuring elec-
tro/magnetic field, temperature, chemical substance, ligagllevel, pH level, spectroscopy, ioniz-
ing radiation, mechanical displacement, vibration frequency, acceleration, pressure, and etc.
Pressure sensing system in which uses the full advantage of FO sensor is becoming popular.
Structure monitoring by the fibers-embedded structure is one example. Since a pressure sensing
using the P(MMABzMA)POF is mentioned in the last part of this dissertation, related backgrounds
on FO pressure sensor also need to be explained in this section. Some typical types of known FO

pressure sensors and their characteristics are explained below.

1.5.1 FO sensor using photoelastic crystal

Photoelastic #ect is a phenomena that a transparent material acts as an birefringent crystal when
stress was applied to one direction. A FO pressure sensor using this phenomenon has been proposed
and already in the market[37].

As shown in Figure 1.2, between the pair of fibers with attached rod lens, a polarizer, a pho-
toelastic material, and an analyzer (another polarizer) are placed. Typically, PYREX (Corning) or

fused silica in 6 mm thickness are used as the photoelastic crystal. In the commercialized model
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from Mitsubishi Electric, glass-based step-index multimode fiber (SI-MMF) is used with.®n82
wavelength light emitting diode (LED) and Si pin-photo diode (PD) as the light source and detector,
respectively.

The detection mechanism is as follows. Coupled light from the LED to the fiber collimates by
the rod lens, then be linearly polarized by the first polarizer. While the polarized light propagates
through the photoelastic medium, the applied pressure that is designed to orietd #te ray
vibration turns to elliptical polarization state depending on the magnitude of the birefringence of the
medium. The output light is analyzed by the analyzer, be collected by the second rod lens, and be
carried through the second MMF to the detector.

The reported performance of this sensor is, dynamic rangé:- 10° Pa; precision:+ 1%;
temperature ffiection: < + 2 % (at -20 to 8C°C). Theoretically, the measurable minimum pressure
is 1.4 Pa[38]. Precision has been improved by a numerical processing using the two powers obtained
at the output (Figure 1.2).

Fluctuation of the LED output or misalignment of the ray path are known to be the noise fac-
tors. In the aspect of device structure, the sensor needs to be designed to have the pressure applied

homogeneously to the photoelastic medium.

1.5.2 Refection-based FO sensor using diaphragm

The types shown in Figure 1.3 are FO pressure sensor using reflected light from the diaphragm.

The first example (Figure 1.3 (a)) consists of three fibers, where the two are used as the input and
the one is for the detection. érently modulated light signals are respectively transmitted through
the two input fibers. The reflected light from both fibers are captured by the detection fiber and be
analyzed separately after the signal detection. The relationship of two signals provides the pressure
value. Sensitivity of ® x 106 ;4 m/mbar P[W] is the input power) is reported from this type[39].

The one shown in Figure 1.3 (b) is another sensor design using diaphragm. The end of fiber
bundle that consists of input and output fibers is placed facing the stainless diaphragm with a small
spacing in between (d 0.12 mm). The applied stress on the probe end deforms the diaphragm and

changes the amount of reflecting light that goes into the detection fiber. The famous application of
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Figure 1.3: Schematic of the FO pressure sensor using diaphragm[37]

this sensor type is fluid level (e.g., blood pressure) measurement. A sensitivity less thel9®.6
Pa is reported from this type[37].

The type described in Figure 1.3 (c) that uses grating as a combination with the diaphragm is
known to be capable in measuring pressure, vibration acceleration, and acoustic vibration. The
grating bar that is placed perpendicularly to the ray path changes position as the pressure is applied
to the diaphragm. As a result, the amount of light that passes through the grating pattern changes.
In practical, minimum 50 dB (@mPa) detection is reported by a hydrophone usingrbpitch
grating[40].

1.5.3 Mach-Zehnder interferometry FO sensors

Phase of the light that is traveling down a SMF is sensitive to the photoel#&tat that is caused
by stress or deformation such as bending. Such phase shift could be detected in a precise manner by
configuring an interferometer.

The one illustrated in Figure 1.4 (a) is a fiber optic hydrophone using Mach-Zehnder interfer-

ometry. Respective beams that are split from a single output are coupled to working and reference
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Figure 1.4: Schematic of the FO interferometric sensor[37]

fibers that are winded into loops. A phase shift generates when an acoustic vibration is applied to
the working fiber. This phase shift is detected in a high precision by homodyne detection of the two
path. The minimum acoustic vibration that could be detected using He-Ne laser with power regu-
lated to provide 1 mW at the detection is 3.9 dB«fa)[41]. Here, 100-m non-jacketed fused-silica
SM-PMF is used.

Figure 1.4 (b) shows the FO hydrophone using heterodyne optical detection. PMEléxtding

diameters= 4.580um, loss= 5 dB/km) is used only for the working arm. The minimum detectable
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acoustic pressure is 20 dB fPa) at 100-1200 Hz frequency range when using a device with fiber
length= 3 m, coil diametee 7 cm, He-Ne laser of AW power and 1 Hz bandwidth, and 11 MHz

optical modulator[42].

1.5.4 Microbending FO sensors

A type of FO pressure sensor using microbending uses microbending loss for the pressure detection.
Figure 1.5 (a) shows the brief mechanism. The amount of loss originated by pushing the periodic

groove responds sensitively to the applied pressure.

Figure 1.5 (b) shows the actual design of a known model of prefssunastic sensor. Two MMFs
are sandwiched between plates with ten metallic cylinders attached in 2 mm pitch. The position of
the plate changes as the pressure is applied to the diaphragm, which practically is the other end of
the plate, resulting the power change at the detection part representing the pressure change.

The minimum detectable pressure is 42 dB #18* Pa) using MMF of NA=0.2, He-Ne laser
of 1 mW power, 1 Hz detection bandwidth, and 15°atetection area. Another model with 20 mm
groove pitch, 10 time microbending, 1.3 £aetection area had reported minimum sensitivity of 95

dB (1uPa) for 1.1 kHz acoustic signal[43].
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strain sensor from FISO Tech. Inc.[36], (c)Pressure sensor model FOP-MH from FISO Tech.
Inc.[36], (d)Metal canister instrumented with Fabry-Perot strain gauges attached[36].

1.5.5 Fabry-Perot interferometry FO sensors

Fabry-Perot interferometry uses the lengtfiatence of two beams. As shown in Figure 1.6 (a), a
design of FO pressure sensor which uses the Fabry-Perot interferometry based on the change in gap
length has been reported. The pressure (or strain) is obtained by the interference of the reference
path and reflected light at the gap. This structure could be also applied for sensing temperature by
changing the gap design.

Figure 1.6 (b)(c) shows the design of the commercially available Fabry-Perot FO strain sensor
produced by FISO Technologies Inc.. This model has advantage for size reduction as to be applied
for biomedical applications[44]. Performance of;, dynamic range: 020.7 MPa, resolution: 0.1% of
full scale, and accuracy; 1% of full scale is reported from model FOP-MH (FISO Tech. Inc.)[44].

Fabry-Perot type is capable for monitoring deformation of a large strycam&iner by being
embeddefinstrumented shown in Figure 1.6(d). Although typical fiber type used for the Fabry-

Perot FO sensor is SMF, some using MMF are also being reported recently[44].
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wavelength shift (from point A to B) as a result of strain on FBG sensor[36].

1.5.6 Fiber Bragg grating (FBG) pressure sensor

As shown in Figure 1.7, corresponding wavelength component reflects back depending on the grat-
ing pitch. By having the grating to be changeable depending on the applied pressure, magnitude of
the pressure and also its position can be detected from the spectrum and pulse broadening, respec-
tively.

The fiber Bragg grating (FBG) sensor as such has advantage such as multipoint in-line measure-
ment capability, high sensitivity, low-cost sensors, syiight weight, linear response, and others.
On the other hand, there is a concern that FBG is sensitive to more than one parameter such as tem-

perature in this case. Another concern is that it requires relatively expensive processing equipment.
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Figure 1.8: Schematic of OTDR strain detection[36]

1.5.7 Optical time-domain reflectometer (OTDR) pressure sensor

An optical time-domain reflectometer (OTDR) injects a series of optical pulses into the fiber. From
the same end of the fiber (input side), it extracts light that is scattered and reflected back from points
in the fiber where the refractive index changes (as shown in Figure 1.8). The strength of the return

pulses is measured and integrated as a function of time, and is plotted as a function of fiber length.

Brillouin and Raman scatterings (stimulated) are the causes of back scattering that commonly
be the subject of detection in the OTDR sensors. Brillouin scattering is the interaction between the
photon and quasiparticles such as phonon and magnon that have lower frequency compared to the
light. Changes in stress (acoustic mode) or temperature reflects back the input with sideband(s)
with slight shift of frequency (wavelength). Raman scattering, on the other hand, occurs with the
change in vibrational, rotational or electronic energy of a molecule. This phenomenon relates to
the excitation in energy level that do not have the frequency exactly same as the incident (usually
lower than) , which is commonly called as the inelastic scattering. Even though stimulated Brillouin

and Raman scatterings are very similar in their origiffedént dispersion relations for acoustic and
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optical phonons lead to some basiffelience between the two. A fundamentdtatience is that
Brillouin scattering in optical fiber occurs only in the backward direction whereas Raman scattering
can occur in both directions[46].

In OTDR sensor, timing and broadening of the continuous pulses fed at the input tell when
and where, respectively, did the deformation occurred (as shown in the time versus output graph
in Figure 1.8). The Brillouin scattering OTDRs (BOTDRSs) designed to monitor civil structures are
reported with &ective detection of strain in concrete and soil structures[47]. Strain measurement
in a 10 km long sensing fiber with high accuracy is reported using the BOTDR[48]. Typically, a
BOTDR can detect in a resolution of 1 m period as an average strain in that length. A Raman OTDR

is typically used in a temperature monitoring of the civil structures.

1.5.8 summary

Table 1.2 summarizes the essential points of the various FO pressure sensors. First, it is noted
that the MMFs tend to be used for extrinsic sensors, whereag$\WH- are used mainly for in-

trinsic sensors. Those extrinsic sensors using MMF tend to have issues with linearity of LED (or
any other light source) and PD, which may require some circuit modifications for further enhance-
ment. The intrinsic sensors that uses FSMF tend to have problem with temperatuiféeation

and cost performance. However, they have strength for the capability in structure monitoring. They
use pulses in order to know the position information in addition to the pressure magnitude. Em-
bedded type sensors have benefits in general such are: embedded rather than attached, satisfactory
sensitivitydynamic range, high durability (in some cases), and compact size. On the other hand,
they have concerns in common such ardialilty in connectivity, dificulty in fabrication, strength

degradation, and cost.
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1.6 POF sensors

Various FO sensors based on POF have also been reported. This section summarizes designs and
performances of the reported POF sensors. Advantages and disadvantages of the POF at sensor

application are summarized at the end.

1.6.1 Extrinsic POF sensors

The most straightforward reason of using POF for as an extrinsic FO sensor is the ease in light
coupling since POFs can be fabricated into core diameters around/h®@Mere the core of glass
MMFs are 50 or 62im.

Reflection-based liquid level sensor using 1000 SIPOF is being reported[49]. Crack moni-
toring using two POFs with displacement in the axial distance that uses similar mechanism, a ruby

florescence based temperature sensor using POF, are also being reported[50, 51].

1.6.2 Chemical POF sensors

The another characteristic of POF in the sensor point of view is the reactivity to moist and organic
substances whereas the glass is highly immune to it. This sensor type typically uses the refractive
index change or light leakage due to the absorption (or removal) of these substances to the POF.
Thus, the sensor structure tend to be simple, which is mostly based on a simple power monitoring
using DC input.

Muto’s group in University of Yamanashi has developed moisture sensing system using500
core SIPOF for applications such as multipoint gas sensing and health monitoring system[52, 53].
It should be noted here that the POF has a great advantage on the area of biomedical application
because of its elasticity while the glass remains a concern of making wounds when broke. Some
other types of POF moisture sensors with the similar principle have been reported ffatierdi
designs[54]. An antibody biosensor using a microstructured POF made in TOPAS (Topas Cyclic
olefin copolymers) is another example of chemical POF sensor, which uses the characteristic that

the TOPAS surface can be treated to trap the antibodies[55].
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1.6.3 POF pressure sensors

Two POF pressure sensors are being reported. One is POF-OTDR developed by BAM (Federal
Institute for Materials Research and Testing, Berlin)[56, 57, 58, 59] and another is elongation sensor

that uses two fibers with a gap in axial distance[60, 61, 50].

A POF-OTDR uses Fresnel reflection and Rayleigh scattering that are caused by the refrac-
tive index changes and microscopic inhomogeneities, respectively, as the informative backscattering
light. As the spatial information is the main advantage of the OTDR, strain can be measuftst-at di
ent locations along a single POF over distances of some 100 m. A real-timé¢eltnagation mon-
itoring was demonstrated using SIPOF, PMMA-based GIPOF, and PF(perfluorinated)-GIPOF[59].
OTDR of POF network that is woven in a textile structure has been also developed by the same
group[56]. Although a comparison with the typical OTDR fabricated with glass-based fibers in-
cluding the sensitivity, temperature resistance, and others is not available from their publications,
some of the advantages (in addition to some famous benefits such as easy light couplings and system
robustness) of the POF-OTDR could be suggested as follows. First, because POFs can be used in
a bare state or with a thin-jacketing compared to the glass fibers, the outer pressure do not scatters
away to the jacket, which makes the sensor more senSitif®F-OTDR may be suitable in struc-
ture monitoring of a human or animal body, or a deformable liquid container (such as silicone gel
embedded at breast enlarging implant for women), which conflicts with the brittle intrinsic of the
glass fibers. As a drawback in terms of sensitivity, in the case of using a large diameter POF, it
makes the Fresnel reflection and Rayleigh scattering less observable because the stress is averaged
out through the fiber volume. When using a thin POF such as 50 oufd?06ore PF-GIPOF of

Chromis Fiberoptics, may the sensor provide higher sensitivity than the typical glass-based.

A stress monitoring method that uses the distance change between two POFs in series has been
developed for detecting elongation, i.e., pressure in the waveguiding direction[50]. In the same way
as the OTDR, the sensor mechanism itself was already existing with the usage of glass fibers[62].

POF was used at the purpose to enhance the old fatigue and damage detection system with glass

1’Bare SMF are used in some sensors, but that means the sensor is highly fragile, which isn’t good indeed:(
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optical fibers which require expensive equipments (fiber-splicing kit) and expertise for installation
that limit their widespread application. Since the sensor mechanism is intensity-based, it is claimed
that it is simpler (thus inexpensive) than other pressure sensing systems such as Fabry-Perot or FBG,
which is agreeable that the POF could further enhance such strength of the design. The transducer
exploits the variation of light transmitted between two facing POFs with their axial distance. They
have used 100Q@m SIPOF with NA=0.5 that provides a superior light collecting capability com-
pared to a standard MMF. Peradt al.uses a parallel series of this two-POF sensing set to monitor

a large structure. The challenging factor of this sensor type is the temperfiaatéoa that the POF

has, which is far serious compared to the glass-based fibers.

1.6.4 Summary

Types and characteristics of the known POF sensors are summarized in Table 1.3. POF extrinsic
sensors are developed to enhance light couplifigiency of those old models of glass fibers. Us-

ing the reactivity of plastic, POF chemical sensors have been originally developed. POF chemical
sensors that uses the full strength of POF in medical use (safe from being stabbed) are also being
reported. A POF OTDR has been developed to enhance the cost performance that the glass models

had as a problem.
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1.7 Proposal of a pressure sensor based on multimode PMF

In this dissertation, a pressure sensor using the P(WBAMA)POF is proposed. The proposed
sensor is an interferometric type that uses a polarized DC light and is an intrinsic seifayeridie
between the old types of FO pressure sensors are as described below.

First, by examining Table 1.2, the advantage of interferometric sensors (Mach-Zehnder and
Fabry-Perot) are the high sensitivity with relatively lofieztion of fluctuation of light source and
detector. In addition, Fabry-Perot type is showing capability for structure monitoring by using pulse
modulation. The proposing sensor is also an interferometric type that all the above benefits are also
expected.

As a draw back of the conventional interferometric sensors, they tend to have complex structure
or high temperaturefgection that need to be treated adequately. In addition, those structures of
known interferometric pressure sensors are considered to be fragile and sensitive that may be easily
broken. Both Mach-Zehnder and Fabry-Perot types require more than one fiber for working and
reference paths (Figures 1.4, 1.6). The another uniqueness of the proposing sensor is that it replaces
these paths by ordinary and extraordinary modes that exist within one fiber. Thus, the proposing
sensor requires only one fiber.

The structure is similar to the sensor using photoelastic crystal (Figure 1.2), but the function of
crystal is replaced with the fiber itself. This design is possible only with the P(MBAMA)POF,
because of the relationship of twdl@irent types of birefringence that may exhibit in plastic (detail
discussed in next chapter). Therefore, the proposing sensor is an interferometric sensor with the
simplest design ever reported. From the aspect of intrinsic sensor, plastics are more elastic (opposite
of brittle) than the glas$® ; thus, employment of POF may result in enhancement of the sensor
sensitivity.

The attempt to alternate glass MMF with POF has been showing a successful enhancement of
the light coupling simplicity of extrinsic sensors (Table 1.3), whereas the POF OTDR may also have

the this strength in comparison to the glass OTDRs. The proposing sensor also has this benefit of

B3[Young’s modules] PMMA: 2.3, glass: 50-90 (LB/m?,GPa)
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light coupling and robustness, in addition to the capability in biomedical application.

The another novelty of this work is that the sensing principle is based on the birefringence change
in multimode POF. To the best of author’s knowledge, reports regarding birefringence in multimode
POF is so far not existing. Although topics regarding POF FBGs that may care of birefringence are
being reported[63, 64, 65], they all uses SM-POFs in which the properties are somewhat predictable
(principles are same as the glass-based). The main interest in FBG researchers wiffenese di
material is the processing of the gratings, in which polymers are interesting because of the variety
in processing method such as UV solidification using lithography techniques and so on.

In order to achieve such pressure sensor that has both benefits of interferometry and POF, a
preliminary model was built using the P(MMBzMA)POF. Details of the fabrication procedure

and tests on polarimetric sensitivithynamic range are described in Chapter 6.
1.8 Conclusions

This chapter summarized the motivation of the research. Known designs of PMF and FO pressure
sensor that are developed in glass-based fibers were explained. Recent development of POF sensors
and their characteristics were described. Based on these background information, uniqueness of
P(MMA/BzMA) based PMF and the pressure sensor based on this fiber was explained.

Following is the overview of this dissertation. Chapter 2 explains the conceptual theories that
the work had been based on, namely, about concepts of fiber modes, polarimetry, and birefringence
generation model in polymers. Chapter 3 explains all the techniques used for measurements and
sample preparations. Chapter 4 explains the basic fiber optic properties of the PEAMA)POF
in comparison to some other MMFs. Chapter 5 discusses the modal dependence of the polarization-
maintaining property of the P(MMBzMA)POF. Chapter 6 discusses the phase retarding phe-
nomenon induced by fiber macrobending. Chapter 7 discusses about the pressure sensor fabrication

using the P(MMABzMA)POF. Chapter 8 concludes the essentials of the dissertation.
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Chapter 2

CONCEPTUAL THEORIES
2.1 Preface

The first part of this section explains the waveguiding mechanism and the concept of mode of the
optical fibers in which helps the reader to understand this dissertation. Waveguiding principle re-
garding polarization state and birefringence of optical fiber is explained as well. In the latter half,

the way how the birefringence exhibits in general plastic material is explained.

2.2 Geometrical-optics of optical fibers

Waveguide in general can be classified into two groups, namely, such that have rectangular cross
section and the ones that have circular cross section. The basic structure that those two have in
common is that they are both structured with a é@errounded by claddifg Ray propagation

in such structure can be understood straightforwardly by geometrical optics, in particular, the total

reflection.

The geometrical-optics description[66], although approximate, is valid when the core aadius
is much larger than the light wavelengthWhen two become comparable, it is necessary to use the
wave-propagation theory of Section 2.3. In its simplest form an optical fiber consists of a cylindrical
core surrounded by a cladding whose refractive index is lower than that of the core. Because of an
abrupt index change at the core-cladding interface, such fibers are called step-index (SI) fibers. In
a different type of fiber, known as graded-index (Gl) fiber, the refractive index decreases gradually

inside the core.

1Core: higher refractive index region

2Cladding: lower refractive index region
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2.2.1 Step-index fibers[34]

Consider the geometry of Figure 2.1(a), where a ray making an gngith the fiber axis is incident
at the core center. Because of refraction at the fiber-air interface, the ray bends toward the normal.

The angled; of the refracted ray is given by

NgSing; = N1Sing;, (2.1)

wheren; andng are the refractive indices of the fiber core and air, respectively. The refracted
ray hits the core-cladding interface and is refracted again. However, refraction is possible only for

an angle of incidence such that si < ny/n;. For angles larger than a critical angle defined by

Singe = ny/ny, (2.2)

wheren; is the cladding index, the ray experiences total internal reflection at the core-cladding
interface. Since such reflections occur throughout the fiber length, all rayspwithp. remain
confined to the fiber core. This the basic mechanism behind light confinement in optical fibers.

One can use Egs. (2.1, 2.2) to find the maximum angle that the incident ray should make with
the fiber axis to remain confined inside the core. Noting that n/2 — ¢. for such a ray and

substituting it in Eqg. (2.1), we obtain

nosing; = n1cospe = (N2 — n3)Y/2, (2.3)

In analogy with lensesypsing; is known as the numerical aperture (NA) of the fiber. It represents

the light-gathering capacity of an optical fiber. Far=~ n, the NA can be approximated by

NA = ni(2A)Y2, A= (n - )/, (2.4)

whereA is the normalized fractional index change at the core-cladding interface. Claarly,

should be made as large as possible in order to couple maximum light into the fiber.
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Unguided ray
Ho :

0r

Guided ray
Core index 1,

Cladding index n:

Figure 2.1: Ray trajectories in (a) Sl and (b) Gl fibers.

2.2.2 Graded-index fibers[34]

The refractive index of the core in Gl fibers is not constant but decreases gradually from its max-
imum valuen; at the core center to its minimum valug at the core-cladding interface. Most Gl
fibers are designed to have a nearly quadratic decrease and are analyzed by using g-profile, in which

the refractive index as a function of radial positionis expressed by,

(r) = { n[l-A(r/a)?f; r<a 2.5)

Ni(1—A) = ny; r>a
wherea is the core radius. The parametedetermines the index profile. A Sl profile is ap-
proached in the limit of largg. A parabolic-index fiber correspondsdo= 2.
Figure 2.1 (b) shows schematic paths for threedént rays. Similar to the case of Sl fibers,

the path is longer for more oblique rays. However, the ray velocity changes along the path because
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of variations in the refractive index. More specifically, the ray propagating along the fiber axis
takes the shortest path but travels most slowly as the index is largest along this path. Oblique rays
have a largest part of their path in a medium of lower refractive index, where they travel faster. It
is therefore possible for all rays to arrive together at the fiber output by a suitable choice of the

refractive-index profile.

2.2.3 Concept of mode[67]

As mentioned in the preceding section, in a primitive Sl structure, light propagates by the sequence
of total reflection. When core diameter is large enough compared to the wavelength of the light,
any incident beam satisfying)> ¢. is permitted for propagation. However, when the core diameter
becomes small as to be comparable with the wavelength, because @etteélight interference,

some discrete angle only be permitted for propagation. This is the idea of "mode”.

Concept of mode is explained in a slab waveguide in a geometrical-optics point of view. Con-
sidering a TE wavespropagating along the waveguide (thicknegs;: r2fractive indices of core and
cladding:n; andny) as shown in Figure 2.2. The black and red rays both have same wavefront as
drawn in broken lines in the figure. The black ray reflects at point A and arrives B while the red ray
leaves point C and arrives D as both rays are treated as the same plane wave. Hence, the change in
phase while black ray propagates AB needs to be in the relatiot®ah (mis an integer) to the
phase change of the red ray propagating CD.

Such relation in phase is said to be satisfying the equation below.

knilo + 20 — kmly = 2mrr (26)

[1 andl, are distances between AB and CD, respectivieig. wave number (2/1). ® is Goos-

Hanchen shift. Those are expressed as,

STE: Transverse electric; this case, the oscillating direction of the electric-wave is perpendicular to this page

4Goos-Hanchen shift: phase shift generated at the total reflection of a TE mode
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cladding
core

__| cladding

Figure 2.2: Explanation of mode in geometrical-optics point of view.

¢ = —2tan? -1 2.7
Sir? ¢ 27
1 =2d i—25in (2.8)
2d
and by substituting them in Eq. (2.6),
4kmdsing + 20 = 2mr (2.10)

tan(knld sing — %) =, /SIZTA(/) -1 (2.11)

is obtained. By Eqg. (2.4), one particular valuegathat corresponds tm can be obtained if the
dimensional structure and wavelength are given, i.e., inputs with particular angles can only be prop-

agated. Such devision of lightwave that satisfies the phase conditions are called mode (trjnsverse

STransverse mode: need to be distinguished with longitudinal mode that is often used in the area of lasers
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Propagation constants that corresponds to z-axis and x-axis are expressed usagftiows.

B = km cos¢ (2.12)

x = kmsing (2.13)

The fundamental mode refers to mode that satisfies Eq. (2.4) with minimum angle (corresponds

tom = 0). Higher order modes refers to modes satisfying Eq. (2.4) with conditiom>ofl.
2.3 Wave-propagation theory of optical fibers

2.3.1 Maxwell's Equations in optical fiber geometry[34]

Like all electromagnetic (EM) phenomena, propagation of optical fields in fibers is governed by
Maxwell’s equations. For a honconducting medium without free charges, these equations take the
form[68]

V x E =0B/dt, (2.14)
V xH =9dD/édt, (2.15)
V-D =0, (2.16)
V.B=0, (2.17)

whereE andH are the electric and magnetic field vectors, respectively,2ahd B are the
corresponding flux densities. The flux densities are related to the field vectors by the constitutive

relations[68]

D = E + P, (2.18)

B = uoH + M, (2.19)

whereg is the vacuum permittivityy is the vacuum permeability, aftlandM are the induced
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electric and magnetic polarizations, respectively. For both glass-based and plastic-based optical
fibers,M = 0 because of the nonmagnetic nature of these materials.

Evaluation of the electric polarizatidhrequires a microscopic qguantum-mechanical approach,
but nonlinear &ects in optical fiber is ignored in this discussion of fiber modkeis. then related to

E by the relation

P=e f Y.t = O)E(r, t)dt. (2.20)

Linear susceptibility is a second-rank tensor, but we reduces to a scalar for instance by assum-
ing an isotropic medium such as silica glass. Optical fibers become slightly birefringent because of
unintentional variations in the core shape or in local strain; such birefringiente are considered
in Section 2.4.1. Equation (2.20) assumes a spatially local response.

Equations (2.14)-(2.20) provide a general formalism for studying wave propagation in optical
fibers. In practice it is convenient to use a single field vari&l®y taking the curl of Eq. (2.14)

and using Egs. (2.15),(2.18), and (2.19), we obtain the wave equation

1 6°E ’p
VxVxE:——a— 9

— el 2.21
2o Mo (2.21)

where the speed of light in vacuum is defined as usuat by(uoe) /. By introducing the

Fourier transform oE(r, t) through the relation

E(r,w) = f B E(r, t)exp(wt)dt, (2.22)

as well as a similar relation for Bt), and by using Eq. (2.20), Eq. (2.21) can be written in the

frequency domain as

VxVxE = —€(r, w)(w?/c?)E, (2.23)

where the frequency-dependent dielectric constant is defined as
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e(r,w) = 1+ 3(r, w), (2.24)

andy(r, w) is the Fourier transform of(r,t). In generalg(r, t) is complex. Its real and imagi-

nary parts are related to the refractive inageand the absorption céiicienta by the definition

e = (n+iac/2w)?. (2.25)

By using Egs. (2.23) and (2.25), n andare related tq as

n= (1+ Rey)Y?, (2.26)

a = (w/no)imy, (2.27)

where Re and Im stand for the real and imaginary parts, respectivelyniBwithy are frequency
dependent.

Two further simplifications can be made before solving Eq. (2.23). Rrsgn be taken to
be real and replaced by because of low optical losses in silica fibers. Second, sifice) is
independent of the spatial coordinaten both the core and the cladding of a Sl fiber, one can use

the identity

VxVxE=V(V-E)- V% = -V°E, (2.28)

where we used Eq. (2.16) and the relatidr: €E to setV - E = 0. This simplification is made
even for Gl fibers. Equation (2.28) then holds approximately as long as the index changes occur

over a length scale much longer than the wavelength. By using Eqg. (2.28) in Eq. (2.23), we obtain

V2E + n*(w)K3E = 0, (2.29)
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where the free-space wave numkgis defined as

ko = w/C = 2n/A, (2.30)

and A is the vacuum wavelength of the optical field oscillating at the frequenc§quation

(2.29) is solved next to obtain the optical modes of Sl fibers.

2.3.2 Fiber modes[34]

The concept of the mode is a general concept in optics occurring also, for example in the theory of
lasers. An optical mode refers to a specific solution of the wave equation Eq. (2.29) that satisfies the
appropriate boundary conditions and has the property that its spatial distribution does not change
with propagation. The fiber modes can be classified as guided modes, leaky modes, and radiation
modes[69]. As one might expect, signal transmission in fiber-optic communication systems takes
place through the guided modes only. The following discussion focuses exclusively on the guided
modes of a Sl fiber.
To take advantage of the cylindrical symmetry, Eq. (2.29) is written in the cylindrical coordinates

P, P,Zas

0°E, 10E, 106°E, &°E,
— t =+ —— +
dp?>  pdp? p dp? 97

+N?k3E, = 0, (2.31)

where for a Sl fiber of core radius a, the refractive index n is of the form

ni, <a
A (2.32)
n; p>a

For simplicity of notation, the tilde ove has been dropped and the frequency dependence of
all variables is implicitly understood. Equation (2.31) is written for the axial compdBgaof the
E(electric)-field vector. Similar equations can be written for the over five componeliisaofi

H. However, it is not necessary to solve all six equations since only two components out of six
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are independent. It is customary to cho@&seandH; as the independent components and obtain
E,. Es, Hy, Hy in terms of them. Equation (2.31) is easily solved by using the method of separation

of variables and writinde; as

Exo. ¢.2) = F(p)@($)Z(2). (2.33)

By using Eq. (2.33) in Eq (2.31), we obtain the three ordinaffedential equation:

¢z

d’®

d—¢57+mzc1>=0, (2.35)
?*F 1dF ,,, , NP
— -p2-=)F=0. 2.36
OIpzpdp+(nko B pg (2.36)

(2.37)

Equation (2.34) has a solution of the foin= exp(s2), wheres has the physical significance
of the propagation constant. Similarly, Eq. (2.35) has a solubichexp(meg), but the constann
is restricted to take only integer values since the field must be periodiwith a period of Z.
Equation (2.36) is the well-known flierential equation satisfied by the Bessel functions[70]. Its

general solution in the core and cladding regions can be written as

F (o) = AJn(pe) + A'Ym(pp);, p<a (2.38)
CKm(qo) + C'Im(go); p>a

whereA, A, C andC’ are constants ant, Ym, Km andl, are diferent kinds of Bessel functions[70].

The parameterp andq are defined by

p? = nZkd — 2, (2.39)
qF = g% — n3kg. (2.40)
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Considerable simplification occurs when we use the boundary condition that the optical field for
a guided mode should be finite@t 0 and decay to zero pt= . SinceYny(pp) has a singularity
atp = 0, F(0) can remain finite only i\ = 0. Similarly F(p) vanishes at infinity only iC’ = 0.

The general solution of Eq. (2.31) is thus of the form

AJ expime)exp(s2); <
@) - m(Po)expime)exp(B); p < a, (2.41)
CKm(ap)exp(ma)exp(sz); p>a
The same method can be used to obtairwhich also satisfies Eq. (2.31). Indeed, the solution

is the same but with flierent constantB andD, that is,

") - { BJn(pp)exp(ima)exp(2); p < a, 2.42)
DKm(dp)expime)exp(B2); p > a.

The other four components,, E4;, H, andH,; can be expressed in termsiBf andH, by using

Maxwell’'s equations. In the core region, we obtain

L ) (2.43)
H, = #(ﬂa(;z - eonZ%%—iz : (2.45)
He = é g% v eonzw%—iz | (2.46)

These equations can be used in the cladding region after replpeing—g?.

Equations (2.41) to (2.46) express the EM field in the core and cladding regions of an opti-
cal fiber in terms of four constant, B,C andD. These constants are determined by applying
the boundary condition that the tangential components ahdH be continuous across the core-
cladding interface. By requiring the continuity B&f, H,, E4, andH, atp = a, we obtain a set of four

homogeneous equations satisfieddy, C, andD[71]. These equations have a nontrivial solution
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only if the determinant of the cdigcient matrix vanishes. After considerable algebraic details, this

condition leads us to the following eigenvalue equation [71, 72, 73]:

In(Pa) 1 Kiga)
PIn(Pa)  n2 qKm(ga)
ns 1
né o

J(pa) N Km(gd)
PIn(pa)  qKm(qa)

] (2.47)

[ Il

- g(é + q—lz)(é r 22 (2.48)
where a prime indicates fiiérentiation with respect to the argument.

For a given set of the parametd€s, a, n; andny, the eigenvalues equation (2.48) can be solved
numerically to determine the propagation consfarin general, it may have multiple solutions for
each integer value aoh. It is customary to enumerate these solutions in descending numerical order
and denote them bgn, for a givenm (n = 1,2,...). Each valug3nn corresponds to one possible
mode of propagation of the optical field whose spatial distribution is obtained from Eqgs. (2.41)-
(2.46). Since the field distribution does not change with propagation except for a phase factor and
satisfies all boundary conditions, it is an optical mode of the fiber. In generalBya@hdH; are
nonzero (except fom = 0), in contrast with the planer waveguides, for which one of them are
denoted by HE or EHny, depending on whethetl, or E; dominates. In the special case= 0,

HEqn or EHo, are also denoted by BEor TMh®, respectively, since they correspond to transverse-
electric E; = 0) and transverse-magnetid{= 0) modes of propagation.

A mode is uniquely determined by its propagation conggaltitis useful to introduce a quantity
n = B/ko, called the mode index offfective index and having the physical significance that each
fiber mode propagates with affective refractive inderR whose value lies in the range > n > n,.

This can be understood by noting that the optical field of guided modes decays exponentially inside

the cladding layer since[70]

Km(ap) = (1/2g90)Y?exp(-qp) for qo>> 1. (2.49)

5TE: transverse electric, TM: transverse magnetic
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Whenn < np, ¢? < 0 from Eq. (2.40)p = ko(n — n3)Y/2 whenq = 0. A parameter that plays an

important role in determining the cuttof condition is defined as

V = koa(n? — nd)Y2 ~ (21/)any/2A. (2.50)

It is called the normalized frequency (x w) or simply theV parameter. It is also useful to

introduce a normalized propagation constaast

b:ﬁ/ko—nz_ n-m

= . (2.51)
N —n2 np—nz

A fiber with a large value oV supports many modes. Below a certain valud/p&ll modes

except the HE; modes reach cufb Such fibers support a single mode and are called SMFs.

2.3.3 Weakly guiding approximation[34, 67, 74]

Before moving on to the discussion of SMF, species of mode and mode degeneration need to be

explained. Using Eq. (2.48), TE and TM modes can be written as

Jn(Pd) | Kn(ad)
PIn(pa)  gKm(qa)
In(pa) M Ki(ga)
PIn(pa) ~ n2 qKm(ga)
On the other hand, at the condition of,

=0 :TE mode (2.52)

=0 :TM mode (2.53)

2_ 2
n-n m-m
2~
2n; ny

<1, (2.54)

B = kony works. With this approximation, Eq. (2.48) can be rewritten as below.

Jn(pa) N Km(gd)
PIn(pad)  gKm(ga)

m1l 1

(2.55)
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Then, TE and TM modes in Eq. (2.53) become identical. In addition, plus (corresponds to EH)

and minus (corresponds to HE) of Eq. (2.56) can be rewritten as below.

C%(pa)  Ki(ad)
ph(pa)  qKo(qa)
_‘]F1+1(pa) _ Kr,1+1(qa)
pdh(pad)  gKa(ga)

paJ ,(pa) qaK| ,(qa)
pIh-1(pa) - gKn-1(qa)

:TE, TM modes (2.57)

:EH mode (2.58)

:HE mode (2.59)

By replacing the notation in the way below,

1; (for TM and TE modes)
m=4 n+1; (for EH modes) (2.60)
n-1; (for HE modes)

an overall expression can be obtained as below.

pal, ,(pa) qaK! ,(qa)
pIn(pa)  Km(gd)

Therefore, TM, HE, EH modes can be mutually degenerated. This mode group after degenera-

‘HE mode (2.61)

tion is called LP (Linearly polarized) modes[75].
Examples of degenerated mode groups are listed in Table 2.1. Some examples of the distribution
of E-field of each modes are shown in Figure 2.3. Figure 2.4 shows the relationship of the strict

classification of modes and the degenerated LP modes.
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Table 2.1: Degenerated modes

LP mode original mode degeneration
LPo1 HEj; x 2 X 2
LP11 TEp1, TMo1, HEz1 X 2 X 4
LP2q EHi; x 2, HE3; X 2 x 4
LPo2 HE;2 x 2 X 2
LP13 TEg3, TMos, HE»3 X 2 X 4
LP modes | original mode E-field Ex magnitude

EH 11 mode HE13 mode

Figure 2.3: E-field distribution of mode[74]

LPu

a=]
HEy | m=0
=1

LFu

n=0
TEsy { m=1
=1

LPy

DOO0K

\/
o:o
O

Figure 2.4: Categories of mode fields[74]
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2.3.4 Singlemode condition[34]

The singlemode condition is determined by the valu¥ af which the Tl; and TMy; modes reach
cutaf. The eigenvalues equations for these two modes can be obtained by seting in Eq.

(2.48) and are given by

pJo(pa)Ky(ga) + qJy(pa)Ko(ga) = O, (2.62)
preJo(pa)Kg(aa) + ansJy(pa)Ko(ga) = O. (2.63)

A mode reaches cufibwhenq = 0. Sincepa = V whenq = 0, the cutdf condition for both
modes is simply given byy(V) = 0. The smallest value of for which Jp = 0 is 2.405. A fiber
designed such that < 2.405 supports only the fundamental HHEnode. This is the singlemode
condition.

We can use Eq. (2.50) to estimate the core radius of SMFs used in lightwave systems. For the
operating wavelength range 1.3-18, the fiber is generally designed to become singlemode for
A > 1.2 um. By takingd = 1.2 um n; = 1.45, andA = 5x 1073, Eq. (2.50) shows that < 2.405
for a core radius < 3 x 1073, Indeed, most telecommunication fibers are designedavitium.

The mode index at the operating wavelength can be obtained by using Eqg. (2.51), according

to which

N =n+b(ny =ny) ~ ny(1+ bA) (2.64)

as a function o¥ for the HE 1 mode. An analytic approximation fdx[76] is,

b(V) ~ (1.1428- 0.996Q/V)? (2.65)

and is accurate to within 0.2% f&f in the range 1.5-2.5.
The field distribution of the fundamental mode is obtained by using Eqgs. (2.41)-(2.48). The axial

components o, andH; are quite small foA < 1. Hence, the HE mode is approximately linearly
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polarized for weakly guiding fibers. Hence, it is also denoted ag,L#Bllowing an alternative
terminology in which all fiber modes are assumed to be linearly polarized[75]. One of the transverse
components can be taken as zero for a LP mode. If wg,set0, theEx component of the E-field

for the HE; mode is given by

J Jo(pa)) exp(B2); <a,
E(X) = Eo (Jo(po)/ Jo(Pa)) expB2);  p (2.66)
(Ko(dp)/Ko(aa)) exp(s2); p>a
whereE is a constant related to the power carried by the mode [76]. The dominant component
of the corresponding magnetic field is giventy = no(eo/ o) ?Ex. This mode is linearly polarized
along thex axis. The same fiber supports another mode linearly polarized alornyggtkis. In this

sense a SMF actually supports two orthogonally polarized modes that are degenerate and have the

same mode index.

2.4 Stress-induced polarization-maintaining fiber

2.4.1 Fiber birefringence[34]

The degenerate nature of the orthogonally polarized modes holds only for an ideal SMF with a
perfectly cylindrical core of uniform diameter. Real fibers exhibit considerable variation in the
shape of their core along the fiber length. They may also experience nonuniform stress such that
the cylindrical symmetry of the fiber is broken. Degeneracy between the orthogonally polarized
fiber modes is removed because of these factors, and the fiber acquires birefringence. The degree of

modal birefringence is defined by

Bm = [Nx — ﬁy|, (2.67)

whereny andny are the modes indices for the orthogonally polarized fiber modes.
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2.4.2 Beat length[34]

Birefringence leads to a periodic power exchange between the two polarization components. The

period, referred to as the beat length, is given by

Lg = A/Bm. (2.68)

Typically, By, ~ 1077, andLg ~ 10mfor 1 ~ 1um. From a physical viewpoint, linear polarized
light remains linearly polarized only when it is polarized along one of the principal axes. Otherwise,
its state of polarization changes along the fiber length from linear to elliptical, and then back to
linear, in a periodic manner over the lendth. Figure 2.5 shows schematically such a periodic
change in the state of polarization for a fiber of constant birefring8nd#e fast axis in this figure
corresponds to the axis along which the mode index is smaller. The other axis is called the slow

axis.

2.4.3 Polarization-mode dispersion[34]

In conventional SMF, birefringence is not constant along the fiber but changes randomly, both in
magnitude and direction, because of variations in the core shape (elliptical rather than circular) and
the anisotropic stress acting on the core. As a result, light launched into the fiber with linear polar-
ization quickly reaches a state of arbitrary polarization. Moreovéerint frequency components

of a pulse acquire flierent polarization states, resulting in pulse broadening. This phenomenon is
called polarization-mode dispersion and becomes a limiting factor for optical communication sys-
tems operating at high bit rates. It is possible to make fibers for which random fluctuations in the
core shape and size are not the governing factor in determining the state of polarization. Such fibers
are called polarization-maintaining fibers (PM£sA large amount of birefringence is introduced
intentionally in these fibers through design modifications so that small random birefringence fluctu-

ations do not fiect the light polarization significantly. Typicall@, ~ 10~ for such fibers.

"PMF here refers to those of typical glass-based SMF. It has to be noted tiEarardidefinition needs to be applied
for the PMF of MMF.
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Slow axis

Fast axis

Beat length

Figure 2.5: State of polarization in a birefringent fiber over one beat length[34]. Input beam is
linearly polarized at 45with respect to the slow and fast axes.

2.5 Low birefringence spun polarization-maintaining fiber[29, 30, 31]

Low birefringence spun PMF is produced by spinning fiber preform during drawing. That way, all
preform non-uniformities are spread out around all directions. As a result, all polarization errors
(retardations) accumulated by the propagating signal cancel each other out. The spun BidF is di
ent from the stress-induced PMFs because of the following reasons. Highly birefringent fibers, such
as Panda or Bow-tie maintain only linear polarization, while low birefringence spun fiber maintains
both linear and circular polarization states. Also, because of the spun fiber’s uniformity, there is no
need to align the fiber when coupling light in our out. It is also convenient for the fiber splicing,
because proper fiber orientation is not critical to polarimetric accuracy when using low birefringent
fiber.

The high local (internal) birefringence is created in spun fiber by applying internal stress to
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the cladding or employing elliptical core. This high birefringence negates other pressure or bend-
induced polarizationféects, but since its axis is rotated uniformly it introduces virtually no error
into output signal. The dlierence between spun fiber and twisted fiber is that the spun fiber preform
is rotated during drawing, so the fiber cools down without residual torsional stress. Twisting the
fiber after drawing results in similar polarization-maintaining qualities, and both types of fiber can

be used to produce fiber optic components, such as chiral fiber polarizers.

2.6 Beam propagation in nonrestrictive space[77]

A model for expressing light propagation in homogeneous medium without a core-cladding restric-
tion is explained here. Lightwave in such condition is often expressed with planer or spherical wave,
but such case is not realistic for highly coherent lightwave such as the output from laser diodes (LD).
Such lightwaves that transmit along a particular axis is called beams.

Imaginary part of the E-field of an axis-symmetrical beam is expressed using cylindrical coor-

dinate systemr(y, 2).

E = EcU(r, 2 exp(jwt — jk2) (2.69)

Equation ofU(r, 2) is obtained by substituting the above in Eq. (2.23).

1d d . d
FaraU(r,z) - 2]kd—ZU(r, 2 =0, (2.70)
where |d?U/k?dZ| << |dU/kd2 (2.71)

To solve this using separation of variables, imaginary terms are expresg amdq(z).

U(r,2) = ex (—'[ (z)+k—r2) (2.72)
2) = exp| ~i[P@) + 5 :

By substituting this in Eq. (2.70), equations&) andq(z) are obtained.
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dpz ] _
iz + @ 0, (2.73)
dg2 .
Nz 1=0 (2.74)
Solutions of the above is,
) z
p(2 =-jinl+—+po (2.75)
o
(2 = z+ Qo (2.76)

Solutions of Eq. (2.70) is expressed by four equations shown below by hawirg 0 and
Go = jmwd/A substituted in Eq. (2.72).

U(1.2) = () expl-(-)) expi6) expt (o)) @77)
(@) = wo, [1+ (2L )2 (2.78)
7T(1)0
2
R@) = 21+ (%)z) (2.79)
#(2) = tan}( AZZ) (2.80)
7T(l.)0

The lightwave corresponding to the first solution (Eq. (2.77)) is called Gaussian beam. The
power distribution of z-cross section is described by Gaussian functions, such ag(exp)?].
The beam diameter is defined by@), which is the region that has intensity higher thae?lof
the center.

As shown in Figure 2.6, the beam takes the minimum diarfiefetwg atz = 0. After this point

the beam diameter expands with angle of,

A 21
20 = 2tami(—) ~ —. (2.81)

TTwo TTwo

8called the beam waist
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E amplitude of intensity [W/m ]

electric field [V/m

position x

Beam Diameter (D)
D=Do D=Dox V2

Laser

Beam WWaist Rayleigh Length
Z=0 Z=7_Rayleigh

Divergence, Beam Waist, Rayleigh Length

Figure 2.6: Gaussian beam[78, 79]

It is noted that thevg/w term in Eq. (2.77) is expressing the conservation of power regardless
to the change in beam diameter. In addition, exgk/2R)r?) is expressing a bend of wavefront,
whereas such bend is expressed by curvature radiR&pfThe wavefront is therefore planar at the
beam waistZ = 0), R(0) = . It starts to bend after this point, where at the farther pd)(~ 2),
the wavefront start to picture a spherical wave with the point of origin at the beam waist. Such
change in beam diameter and wavefront surface is a matteffrdation, which never occurs in a

waveguide-style propagation.
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2.7 Polarization-maintaining model of a low-birefringence large-core MMF

Based on the theoretical background regarding fiber modes in the earlier sections, hypotheses of
physical model of polarization-maintaining phenomenon in a low-birefringence largg{t&eC)

MMF that is investigated in this dissertation is discussed here.

Effect of low birefringence
The diference in physical meaning of LP mode degeneracy breakage between SMF and MMF needs
to be clarified. In SMF, disturbance of polarization state refers to the mode coupling betwggn HE
and HE{1 modes. This occurs only when there is a structural irregularity that breaks theridée
(identical to HE;) degeneracy. At the same time, the fiber is said to have an optical axis. The
breakage of degeneracy is said to be rarely occurring in a low birefringence medium, because of the

absence of optical axis.

Effect of large core
Mode coupling in a MMF typically refers to interactions between HE, EH, TM, and TE modes,
instead of indicating the breakage of degeneracy. In addition, an irregularity in a same magnitude
affects a large core MMF in a less significant manner than the case of SMF, because fEthe di
ence in total volume. Hence, it may be harder to induce an optical axis with an outer irregularity
in a similar magnitude. Still, however, it is natural to consider some chances of LP breakage in
a MMF. Even in such case, the tremendous amount of modes that @anb@dre MMF supports
would always have some mode level that the beam could couple into without changing the original
polarization state. When a linear polarization was coupled to a LBLC MMF, dominant portion of the
energy propagates along the HEnode. Here, a structural irregularity cannot split the wholg HE
components to two orthogonal modes unless the irregularity is so large and consistent throughout
the core that the whole core exhibits an optical axis. Hence, dominant portion arrives the other
end without sffering a huge trouble. In the case of large-core MMF with certain amount of bire-
fringence, the breakage of LPdegeneracy could be avoided to some extent in the volume aspect

(same as the low birefringence case described above), however, the intrinsic birefringence causes

SLarge core here refers to over 5001 in diameter.
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the breakage of LR in a significant manner. It therefore cannot maintain the initial polarization
state.

Effect of multimode
The way in which the linear polarization state is maintained in the LBLC MMF is explained by
the HE 1 mode. The hypothesis of how a circularly polarized beam propagates the LBLC MMF is
as follows. The beam propagates among numbers of modes that spatially matches the polarization
state. Thus, it never stays in a single hybrid mode. Because the fiber supports huge variation of

modes, modes that correspond to any particular components pretty much exist.

2.8 Birefringence in chain polymers

Conceptual explanation of birefringence in chain polymers was done based on empirical evidences
in former studies[80]. Because it is squashed into a chain-like geometry, molecule groups exists in a
random orientation in a chain polymer. Thus, no matter what anisotropy do the mer (periodic molec-
ular unit in a polymer) got, a polymer primarily do not exhibit birefringence. Twtedent causes

that make a polymer birefringent, namely, orientational birefringence and photoelastic birefringence

are explained in this section.

2.8.1 Optical anisotropy[66, 81, 82]

An important characteristic of materials (crystals, ceramics, polymers, and their composites) is that
many of their properties depend on the "direction,” that is materials are generally anisotropic. The
dielectric constantg; depends on electronic polarization which involves the displacement of elec-
trons with respect to positive atomic nuclei. Electronic polarization depends on the crystal direction
inasmuch as it is easier to displace electrons along certain directions. This means that the refractive
indexn of a material depends on the direction of the E-field in the propagating light beam. Conse-
quently, the velocity of light in a crystal depends on the direction of propagation and on the state
of its polarization, i.e., the direction of the E-field. Most noncrystalline materials such as polymers,
glasses or liquids, and all cubic crystals are optically isotropic, that is the refractive index is the same

in all directions. For all classes of materials excluding the above (such as non-cubic crystals and
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Figure 2.7: Word print viewed through a calcite crystal.[83]

draw-processed polymégiasses), the refractive index depends on the propagation direction and the
state of polarization. The result of optical anisotropy is that, except along certain special directions,
any unpolarized light ray entering such a crystal breaks into téereént rays with dterent polar-
izations and phase velocities. When we view and image through a calcite crystal just incase, and
optically anisotropic, we see two images, each constituted by lightfigrdnt polarization passing
through the crystal as depicted in Figure 2.7. Optically anisotropic materials are called birefringent

because an incident light beam may be doubly refracted.

Experiments and theories on "most anisotropic crystalg’,those with the highest degree of
anisotropy, show that we can describe light propagation in terms of three refractive indices, called
principal refractive indicedys, n, andnz, along three mutually orthogonal directions in the crystal,
say X1, X2 and xs called principal axes. These indices correspond to the polarization state of the

wave along these axes.

Crystals that have three distinct principal indices also have two optic axes and are called biaxial
crystals. On the other hand, uniaxial crystals have two of their principal indices the samey)
and only have one optic axis. Polymer birefringence occurring while it is deformed is treated in the

same way as this uniaxial crystals.
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Figure 2.8: Schematic explanation of orientational birefringence in homopolymer made of nega-
tive birefringence monomeric units. Polymer chains are illustrated as the polarizability ellipsoids
of monomeric units. The principal axes of the polarizability ellipsoid correspond to the polarizabil-
ity in those directions. The representation ellipsoid of the polymer refractive index is the averaged
property of each polarizability ellipsoid. The principal axeg &ndny) of the representation el-
lipsoid correspond to the refractive indices in those directions. The directionality of the negative
polarizability ellipsoids is isotropically averaged by polymer chain packing, which exhibits no bire-
fringence 61 = np). When drawn inx; direction, the polymer chain is oriented in the direction of
the polarizability ellipsoids, which induces negative birefringemge<(n,).

2.8.2 Orientational birefringence[84, 83, 85]

Orientational birefringence is caused by the polymer chain orientation while being extruded at a
temperature above its glass transition temperature. The principle of the orientational birefringence
is as explained in Figure 2.8.

We first define the directional representation of how the electrons in the monomeric molecule
vibrates, as in which we call the polarizability ellipsoid (Figure 2.9).

In the geometry of the polarizability ellipsoid, the principle axes have a strong relation to the
polymer chain orientation, because of our common sense that we can assume that the bonding
direction is statistically in the right-angle relationship to any side chains attached to the functional
carbon. A polymer exhibits no birefringence when its chains are randomly oriented even if each
monomer unit has an anisotropic polarizability. This is because small-scale anisotropies do not

predominate in one particular direction; thus, the macroscopic refractive index remains isotropic.
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(a) Generation of positive birefringence

S———S—

polarizability ellipsoid n,

(b) Generation of negative birefringence ny

Figure 2.9: Schematic representation of (a) positive and (b) negative birefringent polymer and the
definition of vertical and horizontal refractive indices; an, respectively are the refractive indices

at the cases when the polarized light enters the substance in the angle matched to the axis parallel
and perpendicular to the polymer chain orientation.

However, the polymer becomes birefringent when its chains are oriented, because the anisotropies
no longer cancel each other out. Using the notation in Figure 2.9, the orientational birefringence is

defined as:

An (orientational)=n,, — n, (2.82)

where the sign of the orientational birefringence is defined as

>0 (positive); n,, >n
An (orientational G ) e (2.83)
<0 (negative); n;, <n,.

In addition to the dependency of orientational birefringence to the monomer species, the magni-

tude of the observable birefringence is linearly dependent to the chain orientation, as in detail,
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Table 2.2: Classification of polymers in orientational birefringence signs[85, 83].

Positive Negative

Poly(benzyl methacrylate) (PBzMA) Poly(methyl methacrylate) (PMMA)

Poly(phenylene oxide) PPO Polystyrene (PSt)
Polycarbonate (PC) Polysulfone (PS)
Poly(vinyl chloride) (PVC) Poly(methyl acrylate) (PMA)
An (orientational)= f - An°, (2.84)
2t W+2P2 p
Al ==—.—_—_= . L.N :
n 5 = M A A (2.85)
ay + az

Aa = ay — > (2.86)
(2.87)

where each notations represent: intrinsic birefringencep: average refractive index for
all directions,p: density of the substanc&a: Avogadro numberM: molecular weight at unit
volume, andr: average polarizability for all directiorAn® is the value wherf is 1, meaning the
potential birefringence value when the chains are perfectly oriented. In the case expressed in Eq.
(2.87), the polymer is assumed to be oriented intoxturection. Such case of having= 1 is
known to be very dficult to be demonstrated in the experiment. Although the vAhfemay give
us a good estimation of the material’'s birefringence property, too many factors such as polymeric
conformation, tacticity, rotation of the functioning group, or the stablest structure at the drawn state,
need to be taken into account when deciding Alae Therefore, experimental approach is more
focused and considered to be practical in the former development in this field[83].

The signs of the orientational birefringence adopted from Dr. lwata’s doctoral dissertation[85] is
shown in Table 2.2. The sign of each molecule is known to be highly related to the structure[84], but

this dissertation may not go too deep in this point. The sign plays an important role when designing
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the copolymer system for a birefringence-control purpose. The monomers involved in this study is

also listed in the table.

2.8.3 Photoelastic birefringence[83, 85, 86]

Photoelastic birefringence is caused either by the outer stress applied while the polymer is solidi-
fied at a temperature below glass transition temperature, or by a nonuniform shrinkage while being
guenched. Molecule groups that consists the polymer chain tilts in a similar direction by the struc-

tural distortion induced by the stress. This tilt appears as a macroscopic matching of mer-scale
polarizability, which as a result causes birefringence. When the deformation is caused by an outer
stress, the plastic is no longer birefringent when the stress is removed. Figure 2.10 describes this

phenomena visually.

) Draw

Pulling i HJ_ﬁ Releasing

Draw

>
14%/4

Figure 2.10: Photoelastically birefringent film sandwiched in a crossed Nicol.[83]
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Table 2.3: Classification of polymers in photoelasticfGognt signs[85].

Positive Negative

BzMA (Benzyl methacrylate)* MMA (Methyl methacrylate)*
CHMA (Cyclohexyl methacrylate) «-MSt (a-Methyl styrene)
PhMA (Phenyl methacrylate)
St (Styrene)

Birefringence in such case is expressed as:

An (photoelastick c- Ao, (2.88)

Ao =01 -0, (2.89)

whereo, 02, Ao andc are principal stresses{ > o), principal stress dierence, and pho-
toelastic co#éficient. We define the sign of the principal stress as plus for expansion and minus for
compression.c is dependent to each polymer specie, whereas polymers<of andc > 0 are
defined to have negative and positive photoelastic birefringence, respectively.

Table 2.3 shows the sign of the photoelasticfioents 't” of different polymers. It is noted by
comparing some polymers listed also in Table 2.2 that there seem to be no correlation between the
signs of the two types of birefringence. Therefore, the recent study is suggesting that the generation

mechanism of the orientational and photoelastic birefringence are quite independent.
2.9 Birefringence reduction using copolymerization[84, 85, 86]

Copolymerization of methyl methacrylate (MMA) and benzyl methacrylate (BzMA) was formerly
reported from our group as arffective method for reducing the birefringence in a polymeric
material[84]. The reduction of orientational birefringence by the copolymerization is described

in Figure 2.11. By copolymerizing two monomers that each has mutually opposite polarizability-
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Figure 2.11: Schematic explanation of reduction of orientational birefringence using copolymer
made of negative and positive birefringence monomeric units. Polymer chains are illustrated as
the polarizability ellipsoids of monomeric units. No birefringence is exhibited even after drawing,
because positive and negative polarizability ellipsoids mutually compensate their anisotrepy (

ny).

ellipsoid, refractive index isotropy is maintained regardless of the polymer chain orientation. Re-
duced birefringence in such copolymer was previously demonstrated in films of 4@to fFickness[35].
Plastic optical fiber (POF) in which its core fabricated using poly-(MB2MA) (P(MMA/BzMA))
copolymer is presented here to explore how the polarization-maintaining property of the birefringence-

reduced copolymer exhibits in meter order waveguiding.

2.10 Polarimetry

This section explains the phase optics of polarizer, birefringent medium(s), and analyzer system.
Although Stokes parameter is the most typical way for describing the polarization state, experimen-
tal analysis that are done in this research is so simple in which do not require such matrix notation.
A basic polarimetry based on Malus’s law is therefore used for phase analysis throughout the dis-

sertation.
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Figure 2.12: (a) A linearly polarized wave having its E-field oscillations defined along a line per-
pendicular to the direction of propagatinnThe field vectoE andz defined a plane of polarization.

(b) The E-field oscillations in the plane of polarization. (c) A linearly polarized light at any instant
being represented by the superposition of the two fi@ldand E, with the right magnitude and
phase.

2.10.1 State of polarization[81]

A propagating EM wave has its electric and magnetic field at right angles to the direction of propaga-
tion. If we place a-axis along the direction of propagation, then the E-field can be in any direction
in the plane perpendicular to tkeaxis. The term polarization of an EM wave describes the behavior
of the E-field vector in the EM wave as it propagates through a medium. If the oscillations of the
E-field at all times are contained within a well-defined line then the EM wave is said to be linearly
polarized (Figure 2.12(a)). The field vibrations and the direction of propaga)idefined a planed

of polarization so that linear polarization implies a wave that is plane-polarized. By contrast, if a
beam of light has waves with the E-field in each in a random direction but perpendicalahém

this light beam is unpolarized A light beam can be linearly polarized by passing the beam through a
polarizer, a device that only passes E-field oscillations lying on a well defined plane at right angles
to the propagating direction.

Suppose that we arbitrarily place th@ndy axes and describe the E-field in terms of its com-
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ponentsEy andEy alongx andy. To find the E-field in the wave at any space and time location, we
addEy andE vectorially. BothEy andEy can individually be described by a wave equation which
must have the same angular frequencynd wavenumbek. However, we must include a phase

differencep between the two below:

Ex = Exo cost — k2), (2.90)

Ey = Eyocost — kz+ ¢). (2.91)

In Eq. 2.91,¢ is the phase dierence betweeBy andEy. ¢ can arise if one of the components
is delayed, which is more familiar to be called as retardation in this dissertation.

The linearly polarized wave in Figure 2.12(a) haskEhescillations at -45to x-axis as shown in
(b). We can generate this field by choosiag = Eyo and¢ = +x in Eq. (2.91). IfX andy are the

unit vectors along andy, using¢ — n in Eq. (2.91), the field in the wave is:

E = XEx + JEy (2.92)

= XEyo cost — k2) — YEyo cost — k2) (2.93)
= Ep coswt — k2 (2.94)

where Eg = XEyo — YEyo (2.95)

There could be many choices for the behavior of the E-field besides the simple linear polarization
as in Figure 2.12. For example, if the magnitude of the field vadet@mains constant but its tip at
a given location oz traces out a circle by rotating in a clockwise sense with time as observed, then
the wave is said to be right circularly polarized as shown in Figure 2.13. If the rotation of the tip of
E is counterclockwise, the wave is said to be left circularly polarized. From Eq. (2.91), it should be
apparent that a right circularly polarized wave s = Eyo = A (amplitude), an@ = n/2. This

means that:
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Figure 2.13: A right circularly polarized light. The field vectris always at right angles tn
rotates clockwise arounziwith time, and traces out a full circle over one wavelength of distance
propagated.

Ex = Acoswt — k2, (2.96)

E, = —Asin(t — kz+ ¢), (2.97)

where the circle shown in Figure 2.13 is expressefZs E7 = A%,

The snapshot of the circularly polarized light in Figure 2.13 shows that over a distantie
field E rotates though an angte= kAz. Linear and circular polarization concepts are summarized
in Figure 2.14 where for simplicit§yg = 1 has been taken and the correspondiygand¢ are

shown.

An elliptically polarized light has the tip of thE-vector trace out an ellipse as the wave prop-
agates through a given location in space. As in circular polarization, light can be right and left
elliptically polarized depending on clockwise or counterclockwise rotation oEtlrector. Figure
2.14 illustrates how an elliptically polarized light can result for @mot zero or equal to any multi-
ple of 7, and wherEyg andEyg are not equal in magnitude. Elliptic light can also be obtained when

Exo = Eyo and the phase flerences is-r/4 or +3r/4 etc.
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Figure 2.14: Types of polarization. (a), (b), (e): linear; (c): right circular; (d): left circular; (f): right
elliptical with tilted major axis; and (g): right elliptical with straight major axis.

2.10.2 Malus's Law[66, 81]

There are various optical devices that operate on the polarization state of a wave passing through it
and thereby modify the polarization state. A polarizer will only permit E-field component along one
particular direction, called the transmission axis, to pass through the device as illustrated in Figure
2.15. The emerging beam from the polarizhy) has its field oscillations along the transmission

axis and hence it is linearly polarized.

Suppose that the linearly polarized light from the polarizer is now incident on a second identical
polarizer (mediums 1 and 2 do not exist). Then by rotating the transmission axis of this second po-
larizer (TA2) we can analyze the polarization state of the incident beam; hence the second polarizer
is called an analyzer. If the TA2 is at an angl® the E-field of the incident beah (= 1, = 13) then
only the componenk cosg of the field will be allowed to pass through the analyzer is proportional

to the square of the E-field which means that the detected intensity varigsassj?. Since all the
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Figure 2.15: Randomly polarized lighg is incident on polarizer with a transmission axis TA1.
Light emerging from polarizer is linearly polarized withalong TA1, and becomes incident on
analyzer with a transmission axis TA2.

E-field will pass wher = 0, (E parallel to TA2), this is the maximum irradiance condition (parallel
Nicol). The intensity of a beam, measured in Wris proportional to the square of the amplitude.
Thus the intensityg of the incident beam is proportional Rg and the intensity of the transmitted
beam is proportional t@% ( = (Agcosh)?). The irradiance at any other anglé is then given by

Malus’s Law. Summarizing in equations,

A = Agcost (2.98)
A? = (Aocog)? (2.99)
= AZcog 6 (2.100)

1(6) = 1(0) cog 6. (2.101)
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Malus’s law therefore relates the intensity of a linearly polarized light passing through a polarizer

to the angle between the transmission axis and the E-field vector.

2.10.3 Light propagation in an uniaxial anisotropic medium[81, 66]

We may now consider the case when medium 1 is inserted between polarizer and analyzer in Fig-
ure 2.15. For our discussions of optical anisotropy, we will consider uniaxial materials such are
drawn polymer and non-drawn polymer. All experiments and theories lead to the following basic
principles.

Any EM wave entering an anisotropic crystal splits into two orthogonal linearly polarized waves
which travel with diferent phase velocities, that is they experien@edint refractive indices. These
two orthogonally polarized waves in uniaxial crystals are called ordir@rar{d extraordinarys)
waves. The-wave has the same phase velocity in all directions and behaves like an ordinary wave
in which the field is perpendicular to the phase propagation direction. These two waves propagate
with the same velocity only along a special direction called the optical axiso-Meve is always
perpendicularly polarized to the optical axis and obeys the usual Snell’s law.

The two images observed in Figure 2.7 are due-teaves andce-waves being refracted fiker-
ently so that when they emerge from the crystal they have been separated. Each ray constitutes an
image but the field directions are orthogonal. If we were to view an object along the optical axis of
the crystal, we would not see two images because the two rays would experience the same refractive
index.

As mentioned above, we can represent the optical properties of a material in terms of three
refractive indices along three orthogonal axes, the principal axes of the material, shaymnxas
andxz in Figure 2.16 (a). These are special axes along which the polarization vector and the E-field
are parallel. In other way to express: the electric displace@€it = ¢E + P) and theE vectors
are parallel. The refractive indices along thegex,, andxz axes are the principal indices, ny,
and n3 respectively for e-field oscillation along these directions. For example, for a wave with a
polarization parallel to the; axis, the refractive index is;.

The refractive index associated with a particular EM wave in a crystal can be determined by
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Figure 2.16: (a): Optical indicatrix (Fresnel’s ellipsoid); (b): An EM wave propagating alifhgt
an angle) to optical axis.

using Fresnel’s refractive index ellipsoid, called the optical indicatrix, which is a refractive index
surface placed in the center of the principal axes, as shown in Figure 2.16(a), wherexhend

X3 axis intercepts arei, ny, andns. If all three indices were the same, = n, = N3 = ng we

would have a spherical surface and all e-field polarization directions would experience the same
refractive indexng. Such a spherical surface would represent an optically isotropic crystal. For

positive uniaxial material$); = n, < nz which is the example in Figure 2.16(a).

Suppose that we wish to find the refractive indices experienced by a wave traveling with an
arbitrary wave vectok, which represents the direction of phase propagation. This phase propagation
direction is shown a®P in Figure 2.16(b) and is at an angleo the x3-axis. We place a plane
perpendicular tdDP and passing through the centerof the indicatrix. This plane intersects the
ellipsoid surface in a curvABA'B’ which is an ellipse. The majoBOB’) and minor AOA") axes
of this ellipse determine the field oscillation directions and the refractive indices associated with the

wave. Put diterently, the original wave is now represented by two orthogonally polarized EM wave.

The line AOA', the minor axis, corresponds to the polarization of the ordinary wave. Its semi-
axis OA' is the refractive index, = ny of this o-wave. The electric displacement and the e-field

are in the same direction and parallelA@A'. If we were to change the direction Gf° we would
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always find the same minor axis, i.@g is eithern; or np, whatever the orientation ddP. This
means that the-wave always experiences the same refractive index in all directions.

The lineBOB’ in Figure 2.16(b), the major axis, corresponds to the electric displacement field
(D) oscillations in the extraordinary wave and its semi-&B is the refractive indexg(d) of this
e-wave. This refractive index is smaller thag but greater tham, (=n,). The e-wave therefore
travels more slowly than the-wave in this particular direction and in this material. If we change
the direction ofOP, we find that the length of the major axis changes with@fedirection. Thus,
ne(6) depends on the wave directién As apparentne = n, whenOP is along thexz-axis; when
the wave is traveling along the optical axis have the same phase velocity whatever their polarization.
When thee-wave is traveling along th&; (or xp)-axis, ne(d) = n3 = ne and thee-wave has its
slowest phase velocity as shown in Figure 2.16(b).

Along anyOP direction that is at an angketo the optical axis, the-wave has a refractive index

ne(6) given by:

1 cogd . Sint 6
ne(6)? - ng n¢23 '

Clearly, forg = 0, ng(0) = ng and ford = 1/x, ne(1/7) = Ne.

(2.102)

The major axiBOBIn Figure 2.16(b) determines tleavave polarization by defining the direc-
tion of the displacement vect® and notE. AlthoughD is perpendicular td, this is not true for
E. The e-field of thee-wave is orthogonal to that of treewave, and it is in the plane determined by
k and the optical axis, as discussed bel@&ns orthogonal td&k when thee-wave propagates along
one of the principal axes.

Figure 2.17 illustrates the cross sections of the indicatrix at various propagation directions. In
the cases of dierent beam angles expressed,i@, andy referring to the optical axigs, the case
creating a 2-dimensional ellipse with the highest aspect nadie, a, ne = b, creates the maximum
retardation between the and thee-waves, because of their velocityfidirence. Clearly, the cases
(b) and (c) are identical for out case treating an uniaxial material.

We now consider a case with such uniaxial material rested between the polarizer-analyzer system

with its optical axis perpendicular to the beam path as illustrated in Figure 2.18. As mentioned in
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Figure 2.17: Cross sections of the indicatrix. Clearly, (b) and (c) are identical for this case treating
an uniaxial material.

the earlier section, a polarizer-analyzer configuratioa at 7/2 blocks the light from the source
to reach the observer. This happens because the polarization component of the beam is mostly
perpendicular to TA2. Therefore, even in this configuration, some portion of the beam could reach
the observer by creating a polarization component that is not perpendicular to TA2.

When the optical axis of medium 1 is either in parallel or crossed configuration to @A10(
orr/2), 11 propagates in the respective speed that it is allowed there correspondingrta.. That
case, polarization state tf is identical tol;. However in the case @f # 0 orzr/2, which as drawn
in Figure 2.18]1 splits to respective components corresponding: @nde-axes. In medium 1, two
polarizations propagate in respective speeds permitted on eaghaathe. In this diagramne is
larger tham,, so that means it travels slower.

Beam that comes out from material b)(again propagates through the air. Because air is an
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Figure 2.18: Uniaxial substance sandwiched between the polarizer-analyzer system.

isotropic medium, the two polarizations that once were split in medium 1 interfere back. Taking the

retardationp into account, the beam combination is expressed using Eq. (2.91) as below.

Ex = Eq cost — k2), (2.103)

Ey = Eecost — kz+ ¢), (2.104)

where¢ # 0. This is the expression of circulafliptical polarization that rotates clockwise.
That's why it is drawn as you see there in the figure. The apgie n/4 gives an equal split of
components to the respective axis, so the intensity that the observer observes at the crossed Nicol
(9 = n/2) configuration gives the information abagtthe retardation.

By applying Malus’s law, power at the observer’s point can be predicted by calculation in the

case having an uniaxial material in between. This is demonstrated in the next section.
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2.10.4 Iridescence[87]

A brief mechanism of iridescence is explained here, because it explains why the tint-plate view of
the polarized optical microscope can be viewed by colors (Section 3.4.1).

Iridescence is an optical phenomenon in which hue changes with the angle from which a sur-
face is viewed. Iridescence is caused by multiple reflections from multi-layered, semi-transparent
surfaces in which phase shift and interference of the reflections modulates the incident light (by
amplifying or attenuating some frequencies more than others). This process is the functional analog

of selective wavelength attenuation.

2.11 Conclusions

Physical models of fiber modes were explained in both aspects of geometrical optics and wave-
propagation theory. Numerical expression of Gaussian beam was explained as the model of beam
propagation phenomenon in homogeneous medium. Based on these backgrounds, hypotheses of
polarization-maintaining phenomenon of LBLC MMF (core diameter around /0P was dis-

cussed, in which they are summarized as follows.

(1) Intrinsic irregularity of structure has lesffection to the breakage of LP degeneracy because
the core birefringence is low.

(2) Outer disturbance such as bending has |&&xton to the breakage of LP degeneracy because
those #ects only locally compared to the SMFs.

(3) There is huge amounts of LP modes in a similar energy level that the light can go into without

changing the original polarization state.

In the latter part, some basics on two birefringence types that could exhibit in plastic was ex-

plained. Lastly, polarimetry of one-axis optical medium and iridescence were explained.
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Chapter 3
EXPERIMENTAL METHODS

3.1 Preface

Fabrication and measurement procedures of the P(MBAMA)POF (poly-methyl methacrylateenzyl
methacrylate copolymer plastic optical fiber) are explained in this chapter. Materials, polymeriza-
tion conditions, and heat drawing condition employed for the fiber fabrication are described in the
first section. The second section explains the equipment and procedure used to measure refrac-
tive index profile of the fiber core. The third section describes measurement regarding polarized
optical microscopy used to measure the birefringence distribution of a fiber. Finally, the last sec-
tion explains about the variation of extinction ratio (ER) measurements used to characterize the
polarization-maintaining property of the fiber. Near field pattern (NFP) measurement used to char-

acterize the mode path is explained as well.

3.2 P(MMA/BzMA)POF preparation

P(MMA/BzMA)POF was fabricated as described in Figure 3.1. Materials used to fabricate the fiber
are listed in Figure 3.2 with the structures. Methyl methacrylate (MMA; Mitsubishi Gas Chemi-
cal Company) was polymerized into a tubular geometry with a closed end /onter diameter:
14.722.0 mm, length: 600 mm) as shown in Figure 3.1(a). MMA solution was prepared by adding
polymerization initiator, t-butyl peroxy-2-ethylhexanoate (Perbutyl-O, Wako Pure Chemical Indus-
tries, Ltd.), and chain transfer agent, 1-butanethiol (NOF Corporation), at the composition of 0.5
wt% (percent in weight) and 0.278 wt%, respectively of the whole solution weight. The solution
was placed in a glass container (inner diameter: 22.0 mm, length 600 m) and heat&c &wa iy

bath for 100 minutes until the solution polymerizes to waxy state. Later, the glass container was

span at 2000-3000 rpm for 3 hours undefG®@ven until the content hardens at the container’s
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inner wall. After a 24 hour-heat treatment at’@Q poly-methyl methacrylate (PMMA) tube was

removed from the glass container. This PMMA tube is later used as the fiber cladding.

A solution of MMA and benzyl methacrylate (BzMA; Wako Pure Chemical Industries, Ltd.)
was prepared as the core material of the fiber (Figure 3.1(b)). Core solutions with thezendi
MMA /BzMA ratio was prepared, namely, 77:23, 82:18, and 87:13. Here, 82:18 is the optimum com-
position for eliminating orientational birefringence using this monomer pair[84]. For the core so-
lution, di-t-butyl peroxide (Perbutyl-D, Wako Pure Chemical Industries, Ltd.) and 1-dodecanethiol
(NOF Corporation) were respectively used as polymerization initiator and chain transfer agent. Each
were added at the composition of 0.0159 wt% and 0.278 wt%, respectively. The solution was placed
in the center cavity of the PMMA tube prepared in advance, then polymerized at und€ric 206

MPa nitrogen atmosphere for 48 hours.

The core refractive index was profiled during the process of polymerization. As shown in Figure
3.1(b), when monomer is placed adjacent to polymer, ffelc§88] occurs, which is known to
accelerate the polymerization. The géfket is caused by monomerfidising into polymer at their
interface, so the monomer solution polymerizes from the inner wall of the PMMA tube to the center.
Since MMA has a smaller molecular volume than BzMA (Figure 3.2), it is mofiuglve and
contributes more to the geffect. A large number of BzZMA monomers are displaced into the center
while MMA mainly polymerizes from the interface. This results in the final polymer containing a
higher number of BzZMA monomeric units in the center. Since poly-benzyl methacrylate (PBzMA)
has a higher refractive index than the PMMA,; thus, the polymerized rod has a graded refractive

index.

Achieved preform was heat-drawn in a furnace with a maximum internal temperature°@f 210
(Figure 3.1(c)). While entering the furnace, the preform was simultaneously pulled in the longi-
tudinal direction by the bottom take-up roll. The entering and pulling velocities respectively were
3.66 mmimin and 1.4 nymin. These velocities were chosen to have a draw ratio (pulling veloc-
ity/entering velocity) of 382.5 and the fiber draw tension to be in the range of 2.5-3.0 N. Test fiber
was obtained from the region with 78A25um (or 6671000um) at the cordiber diameter withe

10 um fluctuation.
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(a) PMMA cladding
22 mm
. 14.7 mm,
@ Conversion at water bath at 70 deg. (100 minutes)
\—/ Spun at 2000-3000 rpm at 70 deg. (3 hours)
Heat treatment at 90 deg. (24 hours)
600 mm
Initiator: t-butyl peroxy-2-ethylhexanoate (Perbutyl-O; 0.5 wt%)
Chain transfer agent: 1-butanethiol (n-BM, 0.278 wt%)
(b) POMMA/BzMA) core

P 1.568 b Conversion at 0.6 MPa nitrogen atmosphere at 120 deg. (48 hours)

P = 1492 Initiator: di-t-butyl peroxide (Perbutyl-D; 0.0159 wt%)

Chain transfer agent: 1-dodecanethiol (n-LM; 0.278 wt%)

/'boly;ﬂcrization
/ direction

PMMA
cladding ‘Z‘

(c) Preform drawing

Furnace maximum temp.: 210 deg
Draw ratio: 382.5
Draw tension: 2.5-3.0 N

—|¢— 1000 um

Figure 3.1: Schematic of P(MMBzMA)POF fabrication procedure: polymerization of (a) PMMA
cladding, (b) P(MMABzMA) core, and (c) heat drawing of preform. (b) also describes the interfa-
cial gel polymerization using the geffect of the PMMA cladding and the core solution.
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Molecular weight: 100.12
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Figure 3.2: Structures of the materials used for P(MBAVA)POF fabrication.
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3.3 Measurement of refractive index profile

Refractive index profile of P(MMMzMA)POF core was measured by transverse interferometric
technique developed by Ohtsuka and Koike[89] using an interference microscope (Interphako; Carl
Zeiss) at sodium D line (589 nm).

Standard plot of P(MMABzMA) composition versus refractive index (at D line) was obtained
by measuring refractive indices of copolymers iffelient compositions using prism coupler (Model
2010; Metricon Corp.). The standard plot was obtained at the purpose to correspond the fiber index
profiles to the published optimum values for eliminating orientational and photoelastic birefringence[84].

Figure 3.3 shows the standard plot and the elimination compositions.

1.520
1.515 ¢ y =-0.1052x + 1.5965
o .
'-8 1.4995 @ 82:18
8 1510 pio e
D) 5
2 !
b !
& 1.505 ¢ |
= !
S s
1500 L. 15103 @928 N
1.495

70 75 8 8 90 95 100
Composition (wt% MMA)

Figure 3.3. Standard plot of P(MMBzMA) composition versus refractive index. Elimination
compositions (orientational: 828, photoelastic: 92:8) are shown with the broken lines.
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3.4 Birefringence measurement using polarized optical microscopy

Birefringence in an optical fiber was measured using polarized optical microscopy. Figure 3.4 shows
the basic construction of the polarized optical microscope (BX51, Olympus Corporation)[83]. Fiber

slices in vertical and horizontal directions were prepared as described in Figure 3.5.

3.4.1 Measurement using a sensitive tint plate[90]

The distribution manner of the birefringence was observed by viewing the fiber slices by the polar-
ized optical microscope with a sensitive tint plate (U-TP530, Olympus). Amount of birefringence

that corresponds to each color was estimated from interference color chart provided by Olympus.
Although the chart provides birefringence value in a brief estimate, accuracy is lower than the mea-
surement using Berek compensator (explained in the next section). Sensitive tint plate is useful for

understanding the birefringence distribution from the image. The plate was set at the position shown

A

(a) Analyzer %

N d TT%{,
[, I (b) Tint plate/ | rf/ ~ | ‘
% compensator — |

Eyepiece with crosshair

Centerable revolver

Strain free objective

Rotation stage

(c) Polarizer %

Polarizing condenser

Figure 3.4: Construction of the polarized optical microscope[83].
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(2) Polish the top. | ] (@)
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it up side down and fix it [ ] @
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direction of view ﬁ

thickness

Figure 3.5: Steps to fabricate fiber slices (in horizontal and vertical) for a purpose of viewing the
birefringence using the polarized optical microscope.

in Figure 3.4(b) with its optical axis tilted in 4%0 the ray oscillatory. Analyzer (a) and polarizer
(c) were set in the crossed-Nicol configuration.

A sensitive tint plate can be used to introduce color contrast in polarized light images, and
consists of a slice of birefringent material, usually gypsum, mica or quartz. The slice is cut or
cleaved parallel to the optical axis of the crystal, to such a thickness thatrdyes ande-rays'

for green light (I= 540 nm) are out of phase by exactly one wavelength. The analyzer therefore

lordinary and extraordinary rays: refer Section 2.10.3.
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extinguishes green light, but permits other wavelengths to pass through to some extent. When using
white light this causes the field of view to appear red (white light minus green light). Isotropic, non-
birefringent materials also appear red. The physics of this color exhibition is a matter of iridescence
that is explained in the earlier chapter.

The sensitive tint plate increases the observed birefringence by one wavelength. The path dif-
ference between therays ande-rays emerging from an anisotropic crystal adds or subtracts from
this single wavelength pathfeierence. Individual regions in the optical fiber appear to exhibit dif-

ferences in color, depending on their composition and chain orientation.

3.4.2 Measurement using a Berek compensator[91]

Quantitative value of birefringence at each local point of the fiber was measured using Berek com-
pensator with the polarized optical microscope. Plate was set at the position shown in Figure 3.4(b)
with its optical axis tilted in 45to the ray oscillatory. Analyzer (a) and polarizer (c) were set in the
crossed-Nicol configuration.

An optical compensator is a device that allows one to control the retardation of a wave passing
through it with a wider range freedom than the tint plate. In a wave plane retarder such as the tint
plate, the relative phase changdetween the- ande-waves depends on the plate thickness and
cannot be changed. In compensatgris adjustable.

The Berek compensator is an optical device that is capable of quantitatively determining the
wavelength retardation of a crystal, fiber, mineral, plastic film or other birefringent material. Pro-
vided the thickness of the material can be measured, a Berek compensator can be utilized to ascertain
the birefringence value. The compensator operates by measuring the rotation angle of a calcite or
magnesium fluoride optical plate cut perpendicular to the optical microscope axis.

In a Berek compensator adjusted for zero retardation, the single birefringent uniaxial crystalline
plate is oriented with the-optical axis perpendicular to the surface of the crystal and parallel to the
microscope optical axis. Polarized light passing through the specimen encounters the compensator
at normal incidence () and propagates through the compensator with a velocity that is indepen-

dent upon the direction of polarization. In other words, the Berek compensator acts as an ordinary
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isotropic material when the birefringent plate is perpendicular to the microscope optical axis, and
thus, has noféect on polarized light passing through.

As the compensator plate tilt adjustment dial is rotated (Figure 3.6) with respect to the direc-
tion of incident polarized light (and microscope optical axis), the incident plane coincides with the
refractive index plane of the-axis and alters the velocity of light passing through the crystal. In

general, the polarized wavefront is retarded by a measurable quantity that is dependent upon the
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(a Crystal
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rientation
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L K, Plate Tilt
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c L Retardation
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E 1000 Angle
L)
L:H]
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rame 0 10 20 30
Prism Tilting Angle (Degrees)

Figure 3.6: (a): Berek compensator anatomy[91]; (b): Plate angle and retardation[91].
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angle of tilt and the wavelength of illumination. Simultaneously, light polarized perpendicular to
the incident plane continues to propagate through the compensator plate al@ergxiseand with

a velocity that remains independent upon the tilt angle. As a net result, polarized light exiting the
specimen and passing through a tilted Berek compensator is retarded by an additional amount by
the compensator and accumulates a relative phase shift (dependent upon the tilt angle), which can
be measured with the device. The degree of optical pdirdnce introduced by a Berek compen-
sator is determined by the thickness of the birefringent plate, the wavelength of illumination, the
refractive index dierence between thee ande-axes of the compensator crystal, and the tilt angle.
Most manufacturers compound all of these quantities into a constant that is utilized to calibrate the

retardation vernier scale. Olympus is not an exception.

Max Berek developed this style of polarization compensator in 1913 as a variable waveplate
that can impose a quarter or half-wave retardation at any wavelength between 200 and 2800 nm (5
wavelengths), dramatically reducing the number of compensation plates necessary for quantitative
polarized light microscopy. Subsequent design improvements enable the measurement of retarda-
tion values between a range of zero and 11,000 nm (20 wavelengths) for measurements of very
high retardation values. As discussed above, the original Berek compensator consisted of a single
cut plate of uniaxial birefringent material (calcite or magnesium fluoride) havirgaptical axis
perpendicular to the long dimension of the plate frame (Figure 3.6). The birefringent plate is tilted
about the horizontal axis by means of a calibrated micrometer drum to enable precise measurements

of retardation.

As illustrated in Figures 3.6(a)(b), the Berek compensator is equipped with a tilting calcite plate
housed in a rectangular frame and controlled by a rotating drum kffoledito a vernier scale.
The compensator is positioned in the microscope intermediate tube ataagld with respect to
the polarization directions of the polarizer and analyzer, and the retardation is varied by turning
the compensator knob. Rotating the vernier dial on the compensator inclines the birefringent plate
relative to the microscope optical axis (see Figure 3.6(b)). As the plate is tilted, the retardation value

is increased.

In practice, a birefringent specimen is placed on the microscope stage and rotated until it attains
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the extinction position (where the features of interest become dark). Next, the stage is+dtited
and clamped into place. The compensator drum knob is set to a positiofi (liB0ng the knob
in a single direction to avoid backlash) and inserted into the microscope intermediate tube. Finally,
the compensator knob is rotated to confirm that the black fringe intersects the center of the field
of view. If the fringe does not intersect the center, the stage is rotated’@née-clamped. An
interference filter having a transmission bandwidth between 540 and 570 nanometers will improve
the accuracy of measurements, but also produces multiple black fringes in addition to the one that
is visible in the absence of the filter. A reference table gives the optical péetices for the tilt
angle in which compensation is achieved.

In detail, birefringence value is obtained by dividing retardation by the sample thickness, whereas
the retardation is calculated from the compensator angle between two interference patterns that are

observed at the focal point.

3.5 Extinction ratio measurement

The first part of this section explains the ER measurements with variations of launching conditions
that were used for a fair comparison of polarization-maintaining property among multimode fibers
(MMFs) with different core diameters. Next, methods developed for generating phase shift by the
photoelastic fect are explained. Retarder devices used for determining the amount of phase shift

are explained as well.

3.5.1 Extinction ratio of an optical fiber

Figure 3.7 shows the simplest ER measurement setup. ER is a parameter representing how the
fiber maintains polarization state while the propagation. A He-Ne laser of 633.3-nm output (Melles
Griot) was used as the light source. Wavelength was chosen becausédiufiiith transmission
window of the PMMA based POFs. Output light from the optical fiber passes through an analyzer.
The light from the analyzer was detected by a power meter. The system structure is identical to
Figure 2.15 in the earlier section that discusses Malus’s law.

The diference is that the analyzer rotates overith power detected at certain angle intervals
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Figure 3.7: Extinction ratio measurement of an optical filsgs, is the angle of the light vibration
referring to thex;-x; plane. 8y is the angles of the analyzer. Output light from the test fiber is
measured by the power meter for a total 1&Qation offa.

(in this research, XOnterval is often used). During the full rotation, the polarizer and the analyzer
experiences both parallel and crossed Nicol configurations, once at least. Power curve drawn at
the full rotation should take a sinusoidal form that includes maximigg, and minimum [min)
intensities that respectively corresponds to the parallel and crossed Nicol configurations. With these

values, ER is calculated as below.

ER (dB) = —10Iog( '”“”) (3.1)

Imax
The higher ER means that it has a large contrast betwggrand I,in, which means that the
fiber has a high polarization-maintaining property. On the other hand, low ER means,that
andl i are almost same, which means that the fiber disturbed the polarization regularity in a high
maghnitude.

fpol Shown in Figure 3.7 is the angle of the light vibration referring toxhe, plane in which
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the x3 axis is the light propagation direction. This angle matters when dealing with photoelastic

effect that will be discussed in a moment.

3.5.2 Launching conditions

Schematic diagrams of two launching conditions that are used in this research are shown in Figure

3.8.

3.5.2.1 Pinhole launching

Figure 3.8(a) shows the nearly all-mode excitation measurement apparatus using a pinhole. Light
from the laser was aligned to pass through a polarizer, a half-wave plate @) a pinhole

(spot diameter: 40@m) before coupling to the test fiber. The pinhole was in physical contact to
the fiber end and positioned at the core center in order to launch dominant modes while avoiding
the cladding modes. HWP was used to conigl. Phase optics in HWP is explained in the latter

section that treat retarders.

3.5.2.2 Poaint launching

For differential mode excitation, point-launching setup shown in Figure 3.8(b) was used. Light
from the He-Ne laser was coupled to a custom-made setup (OZ Optics Ltd.) that was assembled
in a sequence of a laser-to-fiber coupler, a singlemode fiber (SMF), a polarizer, and a polarization-
maintaining fiber (PMF). SMF and PMF were typical glass-based types with core diameter less than
10 um. Polarized light from the PMF was butt-coupled to the test fiber. Position of the PMF end
was controlled by a two-axes manipulator (Suruga Seiki Co.,Ltd.) in order to launch vafisets o
points at the core, namely, 0, 25, 50, 75, and 100% of the core ragusias controlled by rotating

the end of the PMF.

2HWP: a kind of retarder plate that is capable in changing oscillation plane of the incident linear polarization by
creating half-wavelengthr] retardation. Refer Section 3.5.4.1 for more detail.
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Figure 3.8: Variations of launching condition. (a) pinhole (diametdi00um) launching, and (b)
point launching using glass based PMF.

3.5.3 Methods to induce phase change in the optical fiber

Photoelastic #ect was induced by applying plane symmetrical stress to the optical fiber. In particu-
lar, macrobending along a plane and single-directional stress are used. Schematic diagrams of each
setups are shown in Figure 3.9. Magnitude of stress, considerable phase shifting factor, was varied
by changing the loop diamefaumber and amount of weight respectively for each of (b) and (c) in
Figure 3.9.

Acrylic cylinder with polished surface was used as the macrobending rod. Bending rod was
rested in thex; — x3 plane with the cylinder circumference intersecting the straitened fiber’s path as
shown in Figure 3.9(b). Fiber was winded along sae x3 plane without making some space in the
X2 direction. Rods of 10, 5, 4 cm diameter were prepared for testing. Using 1-m test fiber, numbers
of loops created along each rods are one (for 10-cm rod), two (for 5-cm rod), and three (for 4-cm
rod).

For the—x; stress, acrylic boards with polished surface was used for both top and bottom plates.
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(a) . (b) Bending rod

(C) X2

Pressure

X1

X3

Figure 3.9: Ways used to induce stress-induced birefringence in an optical fiber. (a) Straight (de-
fault/no birefringence). (b) Macrobending. (cy-pressure.

Dimension of plates and some other specific conditions are mentioned in Chapter 7.

3.5.4 Retarders used at the output

This section explains how and which retarder plates were used for analyzing the phase of the output

light. As shown in Figure 3.10, retarder plate was inserted between the fiber end and the analyzer.

3.5.4.1 Retarding plates: half-, quarter-wave plates[81]

Consider a positive uniaxial crystal such as quamntzX no)® plate that has the optical axis (taken
alongxz) parallel to the plate faces as in Figure 3.11(a). Suppose that a linearly polarized wave is
incident at normal incidence on a plate face. If the fielg parallel to the optical axis (shown as
E,/), then this wave will travel through the crystal as@wave with a velocityc/ne slower than

the o-wave sincene > ny. Thus, optical axis is the "slow axis” for waves polarized parallel to it. If

3ne > Nn,: Refractive index corresponding éaray path is greater than that of ordinary.
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Figure 3.10: Retarder plate in the ER measurement setup.

E is right angles to the optical axis (showns), then this wave will travel with a velocitg/no,

which will be the fastest velocity in the crystal. Thus the axis perpendicular to the opticakaxis (

will be the "fast axis” for polarization along this direction. When a ray enters a crystal at normal
incidence to the optical axis and plate surface ghande-waves travel along the same direction as
shown in the figure. We can resolve a linear polarization at an antgle into E;, andE, . When

the light comes out at the opposite face, these two components would have been phase shifted by
¢. Depending on the initial angke of E and the length of the crystal, which determines the total
phase shiftp through the plate, the emerging beam can have its initial linear polarization rotated, or

changed into an elliptically or circularly polarized light as summarized in Figure 3.11(b)(c).

If L is the thickness of the plate then thavave experiences a phase chakggavel1 through
the plate wherd,_wave IS the wavevector of the-wave: Ko_wave = (27/1)ng), whereA is the free-
space wavelength. Similarly, theewave experiences a phase changgine.L through the plate.
Thus, the phase fierencep between the orthogonal componeBtsandE,, of the emerging beam

is:
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(b) (c)

Figure 3.11: (a) A retarder plate. The optical axis is parallel to the plate faceo-Tdrale-waves
travel in the same direction but atfiirent speeds. Input and output polarizations of light through
(b) a HWP and through (b) a QWP.
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¢ = 2Tﬂ(ne - no)L. (3.2)

The phase dierencep expressed in terms of full wavelengths is called the retardation of the
plate. €.g.a phase dferencep of 18 is a half-wavelength retardation.)

The polarization of the through beam depends on the crystal type,r), and the plate thick-
nessL. We know that depending on the phas&eatiencep between the orthogonal components of
the field, the EM wave can be linearly, circularly or elliptical polarized as in Figure 2.14.

A HWP has a thicknesls such that the phaseftiérences is =, corresponding td/2 of retarda-
tion. The result is that, is delayed byr/2 with respect te, . If we add the emerging, and
E,, with this phase shifg, E would be at an angle« to the optical axis and still linearly polarized.
E has been rotated counterclockwise through 2

A quarter-wave plate (QWP) retarder has a thicknesach that the phaseftérencep is /2,
corresponding ta/4 of retardation. If we add the emergifg andE,, with shift ¢, the emerging

light will be elliptically polarized if 0< @ < n/4 and circularly polarized i = /4.

3.5.4.2 Soleil-Babinet Compensator[81]

Soleil-Babinet compensator is an optical device that is used for controlling and analyzing the polar-
ization state of light. Consider the optical structure depicted in Figure 3.12 which has two quartz
wedges touching over their large faces from a "block” of adjustable heigliding one wedge
over the other wedge alters the "thicknesdf this block. The two-wedge block is placed on a
parallel plate quartz slab with a fixed thickn&ssThe slab has its optical axis parallel to its surface
face. The optical axes in the wedges are parallel but perpendicular to the optical axis of the slab as
indicated in the figure.

Suppose that a linearly polarized light is incident on this compensator at normal incidence. We
can represent this light by field oscillations parallel and perpendicular to the optical axis of the two-
wedge block; these fields afg andE; respectively. The polarizatidg, travels through the wedges

(d) experiencing a refractive index (E; is along the optical axis) and travels through the pl&Xe (
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Figure 3.12: Soleil-Babinet compensator.
experiencing an indew, (E; perpendicular to the optical axis). Its phase change is:

¢ = 277T(ned + ngD). (3.3)

But the E, polarization wave first experiences through the wedgegl) and them, through

the plate D) so that its phase change is,

¢ = 277T(nod + neD). (3.4)

The phase dierencep(=¢, — ¢1) between the two polarizations is:

#2= (e n)(D - o), 35)

Itis apparent that as we can chambntinuously by sliding the wedges (by using a micrometer

screw), we can continuously alter the phaséedencep from 0 to 2r. We can therefore produce
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a quarter-wave or half-wave retardations by simply adjusting this compensator. It should be em-
phasized that this control occurs over the surface region that corresponds to both the wedges and in

practice this is a narrow region.

3.5.5 Calculation of the output intensity

Output intensity at a system consisting of polarizer, phase retarding medium (fiber), and analyzer
can be calculated by the procedure shown below. The basic principal is same as the Mauls’s law
(Section 2.10.2). Here, all kinds of optical losses and temperafig@etian are ignored.

As shown in Figure 3.13, linearly polarized light obtained from the polarizer is n&ped

Einc = ACosp) (3.6)

Aandp are amplitude and phase of this E-wave. When this light propagates through a fiber with
optical axes irx; andx, directiong, projection components @ to the respective directiopsire

expressed as follows.

OALl: E1 = Einc COSOpol = ACOSHpo| COSP) (3.7)
OAZ2: E2 = Einc SiNBpol = ASiNGpo COSP + @) (3.8)
¢ is the phase dierence between the- and epaths at the time when these components are
interfering back at the fiber end. The new polarization state is expressed by Eq. (3.8) and it is not

necessarily linear as the purple wave shown in the figure. After passing through the analyzer, these

components are again filtered out.

EM = E1c0Sda = ACOSHpo| COSHA COSP) (3.9)

E5 = Einc Sinfa = ASiNdpo| SiNfa COSP + ¢) (3.10)

“Directions of optical axes are apparent, because all the conditions shown in Figurex3.9 agelane symmetrical.

Scorrespond to the- ande-waves
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Figure 3.13: Schematic explanation of vectors of the transmitting components.

Intensity measured at the power meter is square of the E-field. By hawng,

| detector= (Eﬁ + E?)z (3.11)
= (ACOSHpo| COSHA + ASiNbyo SINGA COSP)? (3.12)
p p
= (ACOSIpol COSHA)? + (ASiINbpol SINGA COSP)?

+2A% COSHpol SiNbpol COSHA SINGA COSP (3.13)

Eq. (3.13) expresses the intensity magnitude in the rangeAp? to A/2. For convenience,

above equation is rewritten to have a range of A.to

| = (ACOSHpol COSHA)? + (ASiNGpol SINGA )

+2A% COSOpo) SiNBpol COSIA SINGA COSP (3.14)
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Whereg is a function of retardatioR and wavelengti as given in Eq. (3.15).

_A¢
R=2 (3.15)

In Egs. (3.14, 3.15), corresponding values for each variablesharel, 6,0/(°)=decidable, and

A(nm) = 633. Therefore, the only variable that gives the retarde&@mm) is¢.

3.6 Near field pattern

NFP was taken by replacing the optical multimeter by a NFP camera (Hamamatsu Photonics K.K.).
The measurement was done for both parallel and crossed Nicol configuration by ggtimthe
direction of x; and x3, respectively. Image from the camera was converted to one-dimensional
numerical data using Lepas-11 control software (Hamamatsu Photonics K.K.).

NFP camera was set on the position shown in Figure 3.14. Fiber end was positioned at the

focal point of the lens used. Intensity profile was obtained by the contrast between output and dark

SMF PMF
Hpol
k-)

Polarizer Optical fiber
X2 .
X1
Analyzer
X3

Figure 3.14: C5948 NFP optical system combined with polarizers (HAMAMATSU).

images.

Laser beam profiler

NFP camera
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3.7 Conclusions

Fabrication and measurement procedures of the P(MBAMA) POF were explained in this chap-

ter. Materials, polymerization conditions, and heat drawing condition employed for the fiber fabri-
cation were described in the first part of the chapter. Equipments and procedures used to measure
refractive index and birefringence profile of the fiber core were explained. Variation of measure-
ments used to characterize the polarization maintaining and phase retarding property of a MMF was

explained at the end of the chapter.
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Chapter 4
BASIC PROPERTIES OF THE P(MMA /BZMA)POF

4.1 Preface

The first half of this chapter discusses about the optimization of P(VMBAMA) (poly-methyl
methacrylatoenzyl methacrylate copolymer) composition in the birefringence point of view, in
which provides the most favorable property as a polarization-maintaining fiber. The latter half
discusses about the basic transmission characteristics of the obtained PBYMIA) plastic optical

fiber (POF), such as loss, bandwidth, and others.

4.2 Optimization of copolymer composition

Three P(MMABzMA)POFs were fabricated using the method as described in Section 3.2 with
different copolymer compositions. Preforms were drawn to diameter ofibere= 667/1000um.
Compositions of the test fibers are listed in Table 4.1.

Refractive index profiles of Fibers 1-3 are shown in Figure 4.1. Refractive indices of elimination
compositions for orientational (82:18) and photoelastic (92:8) birefringence are obtained by the

standard plot shown in Figure 3.3 (Section 3.3) and marked respectively in Figure 4.1 with broken

Table 4.1: Core composition of the test P(MBXMA)POFs (before polymerization).

Fiber name MMABzMA composition (wt%)
Fiber 1 77:23
Fiber 2 82:18
Fiber 3 87:13
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Figure 4.1: Measured refractive index profile of P(MMB&MA)POF core (solid line). The left

and right axes are the refractive index and the corresponding P(M8kMA) compaosition, respec-

tively. P(MMA/BzMA) compositions for zero-orientational birefringence (82:18 wt%) and zero-
photoelastic birefringence (92:8 wt%) are shown in broken lines. 0% and 1% of the normalized
radius correspond to the guide center and core-cladding boundary, respectively. The fiber is consid-
ered to have anfiective elimination of the orientational birefringence.

lines.

As a result, Fiber 2 has its dominant core region (from centex#0% of the core radius)

matched well on the refractive index of zero-orientational birefringence.

Distribution of vertical birefringence of Fibers 1-3 are shown in Figure 4.2 in logarithmic
scale. Although Fiber 1's refractive index profile was not necessarily matching well on the zero-
orientational line in Figure 4.1, it had shown the distribution with lowest birefringence in Figure 4.2.

In general, test fiber that contains more MMA had got higher birefringence.
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Figure 4.2: Distribution of vertical birefringence in test fiber cores.

4.3 Birefringence comparison between various types of MMFs

Figure 4.3 shows the polarized light microscopy images (using tint plate) of P(lBEMA=82/18)POF,
graded-index (GI)POF (molecule-doped)[8], and step-index (SI)POF (Mitsubishi Rayon, ESKA).
Here, birefringence is larger as the color shifts from purple, blue, white, yellow, to orange.

The horizontal slices shown in Figure 4.3(a)(c)(e) have no birefringence throughout the cross
section, while the vertical slices in Figure 4.3(b)(d)(f) exhibit significant amount of birefringence.
This suggests that the polymer chains are aligned in the vertical direction either by the extrusion or
the heat-drawing procedures.

Vertical views of P(MMABzMA)POF and GIPOF (Figure 4.3(b) and (d)) have gradual color
change in the radius direction unlike the homogeneous distribution seen in the SIPOF (Figure 4.3(f)).
In each photomicrograph, core diameter is marked in a solid line. Orientational birefringence in the
P(MMA/BzMA)POF is observed significantly in its core edge to the cladding (Figure 4.3(b)). This
result suggests that the heat-drawn fibers (P(MBZMA)POF and GIPOF) are considered to have

higher degree of polymer chain orientation in their core edge to the cladding than in their core center.
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Figure 4.3: Photomicrographs of horizontal (left) and vertical (right) POF slices viewed by polar-
ized optical microscope with sensitive tint plate insertion: (a)(b) P(MBEMA)POF, (c)(d) GIPOF
(molecule doped), and (e)(f) SIPOF. Core diameter is marked in solid arrow in each photomicro-
graph. The approximate birefringence values marked in the photomicrographs are obtained from
color chart provided by Olympus.

Core edge of the P(MMMBzMA)POF exhibits minor birefringence that is observed in blue, where
the core edge of the GIPOF exhibits higher birefringence that is observed in both blue and white.
This difference is suggested to be thEeet of the copolymerization.

Birefringence of some other commercially available POFs were also measured using the Berek
compensator with polarized optical microscope. Fibers were chosen to have variety in core diame-
ters, materials, refractive index profile, and fabrication method.

Vertical birefringence at the core center of P(MKBXMA)POF, SIPOF, and PF(perfluorinated)-
GIPOF (Chromis fiberoptics) are shown in Figure 4.4. For the P(VBE#MA)POF, birefringence
distribution throughout the vertical cross section was measured as well. As a result, PBIMA)POF
exhibits very low birefringence compared to the other test fibers in the orderbtd02. How-

ever, birefringence of the P(MMBzMA)POF increases frons75% position of the core radius.
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Figure 4.4 Logarithmic graph of vertical birefringence at the center of the test fibers
(P(MMA/BzMA)POF, SIPOF, and PF-GIPOF) and radial birefringence distribution in the
P(MMA/BzMA)POF.

4.4 Loss, bandwidth, and absorption spectrum of the P(MMABzMA)POF

Bandwidth, loss (at 650 nm), and absorption spectrafthe P(MMA/BzMA)POF were compared

to those of molecule-doped GIPOF and SIPOF. Fibers with similar core diameter were used. Band-
width and loss measured at 650 nm is shown in Table 4.2. Absorption spectra of 450 to 800 nm

region is shown in Figure 4.5. From these measurements, it is apparent that nothing notable was
observed in terms of the basic transmission characteristics of the P{BIAA)POF, in which it

is very ordinary compared to the other POFs.

1All three measurements were carried out referring to [92, 93].
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Table 4.2: Transmission properties of the POFs (measured at 650 nm)

cor¢fiber diameter bandwidth transmission loss

fiber
(um) (50 m) (dB/km)
SIPOF 730750 200 MHz 160
GIPOF 7501125 1.49 GHz 172
P(MMA/BzMA)POF 7501125 1.07 GHz 201
3000
= P(MMA/BzMA)POF
2500 |
/ET — GIPOF (molecule)
=4
% 2000 | SIPOF (ESKA)
(e} 1500 [
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E 1000 |
g
= 500
\\-‘__ ""A‘lg!f _
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Figure 4.5: Spectral attenuation of the test fibers.
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4.5 Conclusions

The optimum copolymer composition for eliminating orientational birefringence was suggested to
be MMA:BzMA=82:18 (weight) in which the refractive index profile of Fiber 2 had shown a good
match to the elimination composition of orientational birefringence than the other fibers fabricated
in different copolymer compositions.

From the images of the polarized light microscopy, in any fiber type, horizontal birefringence
was suggested to be negligibly low compared to the vertical birefringence. By comparing the vertical
birefringence of P(MMABzMA=82/18)POF with other MMFs (Figures 4.3, 4.4), P(MyBgMA)POF
had exhibited significantly low birefringence compared to the other test fibers in the orderof 10
to 10-2. However, birefringence of the P(MMBzMA)POF shifted higher from75% of the core
radius.

Loss, bandwidth, and spectrum of the P(MB&ZMA)POF were similar compared to molecule-
doped GIPOF and SIPOF. Measurement knowhow such as light source, detector, and light coupling
conditions used in former POF researches were therefore suggested to be applicable iBEMWNPOF

measurements.



98

Chapter 5
MODAL ANALYSIS

5.1 Preface

This chapter deals only with the straightened fibers in order to clearly observe the intrinsic polarization-
maintaining property of the modes, while the photoeladfieat is absent. In particular, extinction

ratio (ER) measured at théfset launching and the local orientational birefringence are analyzed in

a parallel manner. ER of mode group that corresponds to the local point of the core cross section

was measured independently. Near field pattern (NFP) was used to help the discussion.

5.2 Modal dependence on extinction ratio

ER was measured using the point launching with 1 m test fiber straightened. Tested fibers (listed in
Table 5.1) are: P(MMMBzMA)POF, SIPOF (Mitsubishi Rayon, ESKA), glass-based M®|Rnd
PF-GIPOF (Chromis Fiberoptics, Giga-POF). Fibers were chosen to have variety in core diameters,
materials, refractive index profile, and fabrication method.

Figure 5.1(a) shows the intensity curve obtained from the test fibers (markers) at center launch-
ing (no dfset). The solid line is intensity measured directly from the PMF without a following
test fiber (blank). As a result, P(MMABzMA)POF shows a similar curve as the case of blank
configuration, while the other MMFs do not show as high contrast between the maximum and the

minimum intensity. Specific ERs obtained from the curves are: 14.0, 0.5, 1.5, 3.1, and 20.6 (dB) for

1poly-methyl methacrylagbenzyl methacrylate copolymer plastic optical fiber
2step-index plastic optical fiber

Smultimode fiber

“perfluorinated graded-index plastic optical fiber

SConfiguration when "Optical fiber” is removed from Figure 3.8(b) (Section 3.5.2.1)
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Table 5.1: Property of the test fibers

fib corgcladding  refractive index fabrication
iber
diameter m) profile method
P(MMA/BzMA)POF 7501125 graded preform drawing
SIPOF 7307750 step extrusion
glass-based MMF 50/125 graded preform drawing
PF-GIPOF 50/490 graded extrusion
(b)
1.0 16.0 T T
> 140 t i - E*
'z 08 of . 5! ®m  P(MMA/BzMA)POF
E 06 % 10.0 % % O SIPOF
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Figure 5.1: (a) Normalized intensity for a 18ftation of 95 at a propagation of 1 m straight

test fiber (wavelength 633 nm): the markers (square, circle, triangle, and cross) represent data
obtained by center launching of the test fibers (P(MBAVA)POF, SIPOF, glass-based MMF,

and PF-GIPOF, respectively). The solid curve is obtained at a blank configuration measured by
removing the test fiber in between the PMF and the analyzer. (b) ER obtained by laun¢rarendi

offset points at the core.

P(MMA/BzMA)POF, SIPOF, glass-based MMF, PF-GIPOF, and the blank configuration, respec-
tively.

Figure 5.1 (b) shows the ER shifting while the laterfiet is created from the core center (0%)
to the core-cladding boundary (100%). Although P(MM&MA)POF has ER of 14.0 dB at the
center launching, the value drastically decreases to 6.6 dB at #5&4.0At 100% éset launch, ER
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is low as the other test fibers.
5.3 NFP at dfset launching

Figure 5.2 shows the one-dimensional NFP of the output light from the P(}8iZDdA)POF. Here,

all intensity values were normalized by the maximum obtained from the 0% parallel Nicol intensity
profile that is shown in Figure 5.2(a) with solid line. Profiles are similar in the cases of 0, 25, and
50% dfset. In these threeffzet cases, the parallel Nicol pattern has the maximum at the center, and
the field radius distributes in the range®290 to+ 310um. However, the profile becomes flatter

and wider (approximately 340um) at the 75% fiset launch.
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Figure 5.2: One-dimensional NFP of the P(MBxMA)POF at parallel and crossed Nicol config-
urations in dfset launching of: (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100% of the core radius.
All intensity values were normalized by the maximum obtained from the 0% parallel Nicol data.
Solid and broken lines represent when the light from the PMF and the analyzer configures parallel
and crossed Nicol, respectively.
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5.4 Discussion

In addition to the data obtained from the ER and NFP measurements, mode-dependent polarization
maintaining property needs to involve the result of birefringence measurement as well.

In the radial distribution of the vertical birefringence shown in Figure 4.4 (Section 4.3), when
comparing the core center, P(M\BzMA)POF exhibits very low birefringence compared to the
other test fibers in the order of 10to 102. However, it is also noted that the birefringence of
P(MMA/BzMA)POF increases in at the 75% position of the core radius.

From the radial distribution of the oriental birefringence (Figure 4.4), the NFP (Figure 5.2), and
the point-launched ER (Figure 5.1), changes are observed commonly at the 75% radius point of the
P(MMA/BzMA)POF. Drastic ER decrement at this point is therefore considered to be the result of
predominant light propagation at the core edge that has the higher birefringence than in the core
center. ERs measured at the center-launching of the PF-GIPOF and the SIPOF were not high as
the value obtained from P(MMBzMA)POF, where the birefringence at the center of these fibers
show significantly high value compared to the P(M}M&MA)POF. The above cases suggest that
the vertical birefringence of the launching point has a strong correlation to the ER.

Because ER measured from the straightened fiber is considered to have no photoelastic bire-
fringence, it therefore should befacted only by the fiber's orientational birefringence and the
waveguiding manner. The reason in which the SIPOF has shown the lowest ER (Figure 5.1) is
explained as follows. Due to the reflection-based waveguiding, light coupled to the SIPOF core at
a certain angle to the guide axis experiences refractive index anis®trdpg initial polarization
state is therefore disturbed. Repeated total reflection at cylindrical interface also disturbs the input
polarization. Hence, the SIPOF output is considered to be practically randomly polarized at even 1
m propagation. Above model may explain why the Gl fibers in general have higher ER than the SI
fiber.

When explaining the polarization-maintaining mechanism of the P(lyB&ZMA)POF, it is

5As shown in Figure 4.3(f), SIPOF has birefringence in the guide axis direction. Only the ray oscillating parallel or
perpendicular to this direction is safe from experiencing this refractive index anisotropy. Thus, all the coupled light
except for the lowest order mode experiences birefringence.
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noted that the NFP profiles of 0 to 75%fset is similar to E-field distribution of the IgP mode
(compare Figure 5.2(a-c) and Figure 2.3, 2.4 in Section 2.3.3). Since the angle of the input is same
among eachfisef, similar mode distribution at eachfeet should have been obtaifedIlthough

these NFPs are also similar to the Gaussian beam profile (now compare Figure 5.2(a-c) and Figure
2.6 in Section 2.6), the actual case is considered to be cledigreht from the propagation in the
homogeneous medium. Figure 5.3 illustrates the two model®gf mode and Gaussian beam. The
obvious reason that do not support the Gaussian beam model (homogeneous medium model) seen
from the laboratory measurement is that the intensity peak position do not move while creating the
offset. In addition, the beam diameter at 1 m position should totally be larger when the laser beam
was released in the air. However, both models could coincide when considering the core diameter

of P(MMA/BzMA)POF.

Figure 5.4 shows the speckle patfeof a 50 um-core glass-based MMF and a 7pM-core
GIPOF. The speckles in the glass-based MMF has radial variation, in which more speckles exist
in the center part. On the other hand, radial distribution is hardly seen in the GIPOF image while
the speckles themselves are observed fairly clear. One notable thing is that the speckle of Gaussian
beam tend to be coarser than the fiber speckles at the same length of propagation. Degree of speckle
coarseness is said to be similar among the two fibers, which both actually have fine speckles. Hence,

this statement also conflicts with the homogeneous medium model.

From the above discussion, a fair reason of why high ER can be obtained in a large spot di-
ameter using the P(MMMBzMA)POF is: (1) dominant power is delivered int®p; at non-angular
launching within 75% diameteifkset, and (2) breakage bPp; degeneration hardly occurs because

of the reduced birefringence.

"Launching angle: always parallel to the guide axis, i.e., PMF in Figure 3.8(b) is stuck perpendicular to the core cross
section of the MMF.

8Refer Section 2.2.3 for an explanation about the relationship between input angle and the mode.

%intensity distribution seen across a MMF'’s cross section, interference pattern of modes.
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Figure 5.3: Schematic diagrams of laboratory observation (top) and the two models of Gaussian
beam (middle) andlPp; mode (bottom).

MMEF (50 um) POF (750 um)

Figure 5.4: Speckle patterns of a bh-core glass-based MMF and a 7&@®-core GIPOF. Images
were taken by the NFP camera.
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5.5 Conclusions

At the purpose to clarify the contribution of birefringence reduction to the enhancement of polarization-
maintaining property of a MMF, ER measurement fiset launching was performed. As a result,
drastically high ER was obtained from the P(M¥MB¥MA)POF compared the other MMFs. An
inverse relationship between birefringence magnitude and ER was observed as well. NFP had pro-
vided an evidence of spacial distribution where the light had been propagating down. Polarization-
maintaining property of the P(MMMBzMA)POF was discussed based on the two models of homo-
geneous medium model ahdPy; mode model. As the result, reduced birefringence is suggested to

be avoiding the breakage bPy; degeneracy, where the actual case was considered to be somewhat

different from the Gaussian beam propagation.
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Chapter 6
BENDING ANALYSIS

6.1 Preface

This chapter discusses about the phase shift that is induced by the photoelastic birefringence orig-
inating from fiber macrobending. Figure 6.1 shows the polarized light microscopy images of the
straightened and the bent P(MYBzMA)POF! cross sections. As shown in Figure 6.1(a), the
straightened fiber has a symmetrical distribution of birefringence, which is lowest around the core
center and higher at the cladding in both right and left sides of the guiding axis. On the other
hand, the bent fiber has its birefringence unsymmetrically distributing depending whether on the
inner or outer side of the curvature. Magnitude of photoelastic birefringence depends on the local
MMA /BzMA composition. As seen in the two photomicrographs, the core edge of the inner side
of the curvature that originally had blue coloration is changing to purple after the bending while
dominant part of the core is experiencing increase in birefringence. It is therefore apparent that the
birefringence does not necessarily increase after the bending. In the case of BN, it de-
pends on the point where the copolymer composition lies between the elimination compositions of
the two types of birefringenéén addition to the original birefringence as a result of internal stress
and molecular orientation. Mueller calcufuis a well-known tool that is capable in predicting po-
larization state using such initial and external birefringence changes. In this aspect, the stance of
the laboratory measurements performed here is the basis preparation for quantifying the behaviors
of the birefringence change in P(MMBzMA)POF and other multimode fibers (MMFs).

Setup shown in Figure 3.9(b) (Section 3.5.3) was used. Since macrobending loop(s) are created

along thex;-x3 plane, optical axes of the fiber shouldheandx,. Both pinhole and PMF launching

Ipoly-methyl methacrylagbenzyl methacrylate copolymer plastic optical fiber
2Elimination compositions of two types of birefringence: orientational (MMA:Bz&8R:18), photoelastic (92:8).

3Mueller calculus: calculation of Stokes vector
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smaller larger
birefringence - - birefringence

Figure 6.1: Photomicrographs of the P(M¥BYMA)POF slices viewed by polarized optical mi-
croscope with sensitive tint plate insertion: (a) straightened, (b) bent. Amount of the birefringence
that corresponds to each color is shown in the color bar in the bottom.

were used (Figure 3.8, Section 3.5.2). Based on this hypothesis, extinction ratio (ER) was measured
at variation of90i*. Amount of retardation was estimated using quarter wave plate (Q@f)an

analysis using calculatién

6.2 Macrobending conditions

First, ER measurement was performed at the pinhole-macrobending setup figtierdi bending
conditions. Fiber loop(s) were created on bending rods that varies in diameter, namely, 10 cm
(rod)x1 (loop), 5 cnx2, and 3 cnx3. ERs at three input anglegyg = 0, 45, 90°) were measured

for straightenetbent fibers. Tested fibers were: P(MYBEMA)POF, SIPOF (Mitsubishi Rayon,
ESKA), and GIPOE (molecule-doped). Fiber length was 1 m.

“40p01: Angle between vibration plane of the input light and the bendiagxg) plane. Refer Section 3.5.2 for detail.
SRefer Section 3.5.4.1 for the detail explanation of the usage of QWP.

5Refer Section 3.5.5 for the detail of calculation

step-index plastic optical fiber

8graded-index plastic optical fiber



107

Results are shown in Figure 6.2(a)(c)(e). As shown in Figure 6.2(a), BRat 45 is lower
than the case af,o = 0 and 90 when the P(MMABzMA)POF is under the macrobending, while
there is na9yo dependence in ER measured when the fiber is straightened. GIPOF (Figure 6.2(c))
and SIPOF (Figure 6.2(e)) do not have s#égh dependence throughout all bending conditions.

In situ +1/4
(@) (b)
15 X 15
g :
/
L v
8 3 A
g = e
1.0 m_5 RN m o5 e )
£ 4 ﬂ;g)l (G ‘r///k _ .
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Figure 6.2: ER obtained at each input polarization angleséef = 0,4590: (a)

P(MMA/BzMA)POF in situ, (b) P(MMABzMA)POF QWP, (c) GIPOF in situ, (d) GIPOF QWP, (e)
SIPOF in situ, and (f) SIPOF QWP. In situ is the data obtained before inserting a QWP. "QWP” is the
data obtained after inserting a QWP in the conditiodgf = 45 anddowp = 0. Crosses, filled tri-
angles, open circles, and gray squares are the data obtained fferartimacrobending conditions;
which are straight, one loop on 10 cm, two loops on 5 cm, and three loops on 4 cm, respectively. As
highlighted in broken ovals, ER improvement of P(MKBXMA)POF atf,, = 45° after QWP in-
sertion suggests that the macrobending acts to induce retardation in the PBAMA)POF, which

the improved ERs are consequence to the compensated retardation.
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ER measured dlpo = 45° after QWP insertion is shown in Figure 6.2(b)(d)(f). ER measured
from the P(MMA/BzMA)POF had improved by inserting the QWP as shown in Figure 6.2(b). Mi-
nor ER improvement is seen in the GIPOF under 10«tmacrobending (Figure 6.2(d)), and no
improvement is seen for all conditions in the SIPOF (Figure 6.2(f)).

Intensity curves corresponding to the plots9gd = 45° are shown in Figure 6.3. Here, the
curves in open and filled squares are measured data for each before (in situ) and after inserting the
QWP (+1/4). Retardation in the P(MMMBzMA)POF waveguiding is obtained by fitting Eq. 3.14

(Section 3.5.5) to each in situ curve with an optim&{nm) (Figure 6.3: broken lines). Next,
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Figure 6.3: Intensity curve measured from 1 m P(MMAMA)POF transmission for tlierent
macrobending conditiong){, = 45°, —-90° < 6a < 90°): (a) straight, (b) 10-cm1, (c) 5-cnx2,

and (d) 4-cnx3. Open squares are measured curves without a QWP in the setup. Broken lines are
numerical curves fitted on open square curves. Filled squares are measured curves in Figure 3.7
apparatus afiowp = 0°. Solid lines are numerical curve of the estimated retardation after adding
A/4 to the obtained retardation values for in situ measurements.
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Table 6.1: In situ and predicted retardationdgdy = 45° P(MMA/BzMA)POF waveguiding for
different macrobending condition® &ndR’ are the in situ retardation and the predicted retardation
after passing a QWP, respectivelyis 633 (nm) and n is a positive integer.)

bending condition R(nm) R (nm)

straight 0 N/A
10 mmx 1 122+na2  280.2+nA
5Smmx 2 122+nd  280.2+nA
4mmx 3 136+tn1  294.2-nA

158 nm retardation (quarter of the laser wavelength) is added to Rawalhich is the predicted
retardation after the QWP insertioR’}]. Table 6.1 show® andR’ values for all macrobending
conditions. The curves corresponding e&lare shown in solid lines in Figure 6.3.

As a result, a fairly good match betwe&h and the measurement is obtained for the loosest
bending condition (10-cml) as shown in Figure 6.3. However, prediction does not meet very well
for the other two bending conditions. The harshest macrobending conditionX3}dras its mea-
surement curve even farther to the prediction than the case of&-cifrhis result suggests that the
retardation generated by the bent P(MMB&AMA)POF is intermodal. In the harsher macrobending
condition, photoelastic birefringence exhibits at higher contrast in the fiber, whereas a consequence,
retardation becomes greater between the guided modes that the ER can no longer be restored using

the QWP.
6.3 Mode-selective measurement of extinction ratio under macrobending

Next, mode-selective measurement was performed for straightened and bent FEENBIPOFs.

ERs obtained by the point launching at the conditiomgf = 45° are shown in Figure 6.4(a)(b),
respectively. When the fiber is straightened, the ER gradually decreases from 14 to 1 dB from the
core center (0%) to the core-cladding boundary (100%) ((a) filled circles), i.e., the ER shows an

offset dependence. However, ER measured using the QWP is more consistent ((a) open circles).
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Figure 6.4: ER obtained by point-launchindtdrent dfset points in the P(MMAzMA)POF core
atfpol = 45 (@) straightened, (b) macrobending. Filled circle, open circle, filled triangle, and open
triangle markers represent data obtained for the cases: straightened, straig@iéfiedent, and
bent-QWP, respectively.

When the fiber is at the macrobending, ER value is consistent until T&%#t ¢(b) filled triangles).
The restored ERs obtained using the QWP are consistent among alfsbesas well ((b) open

triangles).

Intensity curves obtained &%, = 45° for different point-launchingfésets are shown in Figure
6.5. Retardation values obtained by the fitting are shown in Table 6.2. When the fiber is straight-
ened, the curve measured without the QWP insertion loses initial contrast wheffisgtgolarger,
whereas the curves measured with the QWP are all similar among afttle¢sqFigure 6.5(a)). The
corresponding retardationR,(Rowe) appear in a similar manner as shown in Table & hcreases
as the dfset increases (38 to 88 nm), R§,» values are similar among all theétsets, which are
ranging within 135 to 140 nm. [erence between the predictioR#158) and the measurement
(Rowe) are therefore inconsistent among thsets. When the fiber is at the macrobending, curves
for both before and after the QWP insertion are similar amongfiéts (Figure 6.5(b)). Similarly,
bothR, Rywe for the bent cases are relatively consistent among allfiisets. The mismatch between

R+158 andR,ws is larger at the straightened cases than the bent cases.
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Figure 6.5: Intensity curves measured from 1 m P(MBAMA)POF @y = 45°, -90° < 6a <

9(") at point-launching fisets of 0, 25, 50, 75% when the fiber was (a) straightened and (b) at
macrobending. Broken and solid lines are numerical curves (Eqg. 3.14) fitted respectively on filled
and open triangles in order to obtain retardatidhandRowp, for each dfset conditions.

Table 6.2: Retardation of the P(MMBzMA)POF atf,o = 45° at different launching fset posi-
tions for the cases of straightened and at the macrobenBiagdRowp are the retardation obtained
from the intensity curves before and after the QWP insertion, respectirelyb8 is a predicted re-
tardation calculated by addingtito R.

Retardation (nm)

Straightened  Macrobending

R, R
R, Ress, (RE"4+158) 42, 135 (200)
RE™, R, (R+158) 45, 138 (203)
R, R, (R™*+158) 88, 140 (246)

(R*+158)

38, 139 (196)

124, 225 (282)
117, 230 (275)
122, 235 (280)
108, 218 (266)
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6.4 Fiber length dependence

Figure 6.6 shows ER at fiierent fiber length that was measured by cutback starting from 20 m.
P(MMA/BzMA)POF, SIPOF, and GIPOF were tested. At the long fiber length, fiber was bent in
arbitrary loops in about 30 cm diameter. Therefore, the test includesflibet ef photoelastic

birefringence, but at a natural bend.

At fiber lengths 1 m and shorter, ER measured from P(MBEMA)POF ranges in 9.0-10.3 dB.
ER measured at 5 m (4.4 dB) and 10 m (3.7 dB) denotes that the P(B&MA)POF still has the
polarization maintaining property at 10 m propagation. At 20 m, it is no longer considered to have
that function (0.8 dB at 20 m). Despite the higher ER measured from the GIPOF than the SIPOF
at lengths 1 m and shorter, they are both below 0.5 dB after 5 m propagation; thus, these two fibers

practically have no polarization maintaining property after 5 m propagation.

12
m m P(MMA/BzMA) POF
10 i. O GIPOF
o | X SIPOF
=)
~— 6 =
&
Ke) u
4 o ]
o}
5 L
[
0 P Q (o4 Q
0 5 10 15 20 25
Fiber length (m)

Figure 6.6: Extinction ratio of the POFs affdirent operating length.
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6.5 Discussion

The greater ER measured from the straightened P(VBaMA)POF compared to the straightened
GIPOF is suggested to be thext of the lower orientational birefringence in the P(M}B&MA)POF

core edge (Figure 4.3(b)(d)). Input angle dependence seen in the ER data measured from the bent
P(MMA/BzMA)POF is not seen in the cases for the other two POFs (Figure 6.2). For the bent
P(MMA/BzMA)POF, similar ERs measured at horizontgdo( = 0) and vertical fpo1 = 90) in-

puts allow us to characterize its macroscopic refractive index anisotropy, which is described in a
representation ellipsoid that hag and x, in Figure 3.7 as its principal (optical) axes. Degraded

ER atfpo = 45° and its improvement after the QWP insertion also support the existence of these
principal axes. This result suggests that the macrobending acts to induce retardation by the local
photoelastic birefringence in the P(MMBzMA)POF, hence, the restored ERs are the consequence
of the added quarter-wavelength retardation, which the QWP improves ER when the retardation of
an incident light is less than 158 nm. The retardation generated by the propagation through the
bent P(MMABzMA)POF is suggested to be the consequence of refractive indlexafice of the

two principal axes, where an incident light oriented irf #bthe principal axes will split to each
components and propagate in respective speeds. When the P@4MA)POF is straightened, the
representation ellipsoid is considered to be a sphere (i.e., isotropic refractive index) as the ER is not
dependent to thé,, (Figure 6.2(a)). The absence in such input angle dependence for the SIPOF
is understandable if its output is randomly polarized, which agrees the earlier discussion on the
straightened SIPOF as well. For the GIPOF, from the slight ER improvement observed at the loosest
macrobending condition (Figure 6.2(d)), polarization state of the guided light in the GIPOF is sug-
gested to be regulated better than in the SIPOF, but not as excellently as in the PN POF.

From the fitting of the P(MMABzMA)POF curves, a fairly good match betwederand the mea-
surement is obtained for the loosest bending condition (1849ras shown in Figure 6.3. However,
prediction does not meet very well for the other two bending conditions. The harshest macrobend-
ing condition (4-cnx3) has its measurement curve even farther to the prediction than the case of

5-cmx2. This result suggests that the retardation generated by the bent P@4MA)POF is
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intermodal. In the harsher macrobending condition, photoelastic birefringence exhibits at higher
contrast in the fiber, whereas a consequence, retardation becomes greater between the guided modes

that the ER can no longer be restored using the QWP.

When launched dierent points of the P(MMMzMA)POF core, the ER decrease observed
in the straightened fiber (Figure 6.4(a) filled circle) has an inverse relation to the magnitude of
orientational birefringence (Figure 4.4, Section 4.3), which agrees the observation in the previous
section that the core center (0%) shows the lowest orientational birefringence and the ER obtained
by launching that point is the highest. Similarly, the other measurement points also show such
inverse relationship among the orientational birefringence and the ER. ERs measured after the QWP
insertion are similar at allfésets. This result suggests that the accumulatedteof the orientational
birefringence in each optical path of the mode is observed in the ER values. For example, the modes
launched at the core edge exhibit low ER, because its optical path distributes to the region with
high orientational birefringence. On the other hand, the modes launched within the core central
region exhibit high ER, because it propagates the region with low orientational birefringence. The
ER degraded by the influence of the orientational birefringence do not restores by using the QWP;
thus, the output is considered to be partially randomized in such cases. Since the light propagates
in a multimode graded-index fiber by refraction, the angle of the optical path changes frequently.
Thus, the orientational birefringence influences the light infiedint manner at each point, so the
polarization of the output light is practically randomized. This principle also explains the lack of
correlation between measured and predicted retardations of the straightene8fipendR+158
in Table 6.2, respectively). On the other hand, ER measured at the macrobending do not have a
notable dependence to the amountiféi$et (Figure 6.4(d)). Both before and after the QWP insertion,
ER values are similar amongtsets 0 to 75%. The retardation values obtained from their intensity
curves are similar as well (Table 6.2). ER measured at 10fi%&tois practically zero, which is
explained by the high orientational birefringence in this region (Figure 4.4). The above results
suggest that the photoelastic birefringence in each local point of the core is similar in the employed
bending condition. Therefore, thé&ect of photoelastic birefringence to the ER is suggested to be

less-dependent on the launched modes than that of orientational birefringence.
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From the discussion of earlier chapter, Figure 6.4 is said to be showing the splitting manner
of LPg; into LPﬁ and LPﬁ. Phase dference and the generation of optical axis agreed thg
model as well. This statement agrees with the mode coupling and bending investigation of POFs by
Ishiyamaet al[94].

At the longer fiber length, P(MMAzMA)POF still exhibits the polarization maintaining prop-
erty at 10 m, but not at 20 m. The GIPOF completely loses the polarization maintaining property
at 5 m, and the SIPOF has none at 0.6 m. Becauseftietian of photoelastic birefringence is
minimized in the cutback measurement (fiber was either straight, or weakly bent), the observed ER

degradation is considered to be largely resulting from the longer distance propagation.
6.6 Conclusions

ER measurement combined with macrobending was performed at the purpose to observe the optical
axis in MMFs. As aresult, optical axis was clearly observed in the P(lyB2MA)POF, which was

the only MMF that shows a regular phase shifting behavior. Quantification of retardation was fairly
successful using QWP and fitting, which is expected to be applicable for numerical expressions and
calculations using Stokes vector notation. Tltset launching measurement had suggested that the

breakage of.Py; degeneracy is creating the optical axes when bent.
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Chapter 7

PRESSURE SENSOR FABRICATION
7.1 Preface

As already explained in Chapter 1, fiber optic (FO) pressure sensor is one of the famous application
of optical fibers. Table 1.2 (Section 1.5.8) summarizes known FO pressure sensors that have been
proposed using silica-based fibers. From this table, it is noted that the extrinsic $emsarsinly

using multimode fibers (MMFs) with DC light, whereas the intrinsic serfsare mainly using
singlemode polarization-maintaining fibers (SM-PMFs). Recently, structural monitoring using FO
sensors is attracting attention, because of its smart design that uses full benefit of the optical fiber's
characteristics[95, 36, 47, 48]. In detail, such FO sensors use reflection and pulse modulation to
provide both pressure and spatial information. For this unique application of optical fiber, intrinsic

sensor structure is a requirement.

Both extrinsic and intrinsic sensors that use glass-based optical fibers have been developed for
years; thus, those models that are available in the market have satisfactory sensitivity for each sensor
purpose. As already noted in the first chapter, FO sensors vary widely in their material and compo-
sition in which each fiering diferent value propositions on sensitivity, dynamic range, size, shape,
and etc. By viewing Table 1.2, it is apparent that the extrinsic FO sensors have concerns regard-
ing laserdetector linearity, while the intrinsic FO sensors tend to have concerns with temperature
affection. Those problems may be taken care by modifying the electric circuit or wrapping up the
fiber with highly insulating (in terms of heat) jacket, but those procedures conflicts with the cost
performance. Hence, the essential point at developing a FO sensor is to have a smart application so

that the €ort for compensating the disadvantages could be minimized.

1Extrinsic sensor: type of FO sensor that has the fiber just for light delivery and collection.

2Intrinsic sensor: type of FO sensor that has the fiber itself acts as the sensing medium
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To the recent popularity of plastic optical fiber (POF) sensors, POFs have smart applications that
cannot be done using the glass optical fibers[50, 51, 49, 52, 54, 56, 60, 61, 50]. Biomedical use such
as structural monitoring of organs, implanted body parts, proportion, and etc is considered to be a
suitable applications of the POF sensor[52, 53]. This is because of the elasticity of POFs compared
to the glass fibers that is brittle and likely to make wounds when broke. In terms of pressure sensors,
several designs using POF are being reported. As shown in Table 1.3, sensing with two POFs with
lateral dfset[60, 61, 50] and POF-OTD%6, 57, 58, 59] are being proposed. The main reason for
the usage of POF is the cost performance (by easy light coupling and so on).

Here, a pressure sensor using the P(MBAVIA)POF* as a phase retarder fiber is proposed.
The proposed sensor is an interferometric type (intrinsic) that uses a polarized DC light. Character-

istic of the proposed sensor is summarized below.

. Interferometric design (lessfaction of sourcgletector linearity)
. Intrinsic sensor (potential to be applied for structure monitoring)

1
2
3. Requires only one fiber (existing interferometric sensors require more than two)
4. Robust light coupling (core diameter 6gih, 62um for glass)

5

. Using POF (can be applied for biomedical use)

The most noteworthy point in above is that the sensing requires only one fiber in which no exist-
ing fibers besides the P(MMBzMA)POF can accomplish this. The proposing sensor can replace
the two paths of working and reference fibers by ordinary and extraordinary modes that exist within
one fiber. In other words, modes are distributed into two groups that each corresponds to fast or slow
optical axis that appears with a responding manner to the applied pressure. This way, the phase dif-
ference between two groups of modes interfere to a particular polarization state at the output, so the
phase shift is detectable only by placing a polarizer before the power detector. Thus, the pressure
sensing part is one portion of the fiber itself unlike the design using photoelastic crystal[38] (fiber

itself can act like the crystal). Again, this design works only by using the P(YBaMA)POF,

Soptical time-domain reflectometer

“poly-methyl methacrylagbenzyl methacrylate copolymer plastic optical fiber
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because the absence of orientational birefringeaoel attendance of photoelastic birefringénhce
can be obtained simultaneously from P(M}BXMA) in a certain composition. Therefore, the
proposing sensor has a simple design ever reported in addition to the beneficial characteristics of
an interferometrifntrinsic sensor. In the aspect of intrinsic sensor, plastics are more elastic (oppo-
site of brittle) than the glagsthus, employment of POF may result in enhancement of the sensor
sensitivity.

First, a fiber with an optimum composition was chosen by measuring extinction ratio (ER) re-
sponse to the vertical stress using P(MMBAMA)POF with diferent copolymer compositions. In
the latter part of the section, preliminary design of the FO pressure sensor using the FBENKYPOF

was demonstrated with a discussion of its polarimetric sensitivity and dynamic range.

7.1.1 Extinction ratio measurement under vertical pressure

ER response to the applied pressure of Fibers 1-3 (Section 4.2, Table 4.1) was measured in order
to characterize the behavior of change in polarization state. 1 m test fibers were measured with the
center 0.4 m involved under the applied pressure. Input polarization was tiltdéd @& pressure

vector. Figure 7.1 shows the result.

The figure suggests that Fiber 2 provides a regular change in polarization state responding to
the pressure. This behavior suggests a phase shifting as described in the upper part of the figure.
The other two fibers do not show such periodic shifting of the ER value. Composition of Fiber 2 is
considered to be the optimum as a phase retarder fiber that would be responding to a pressure in a
regular manner, because it is expected to induce photoelastic birefringence in a certain magnitude
while having minor &ection of orientational birefringence. The other two fibers has its compaosition
matching neither to the elimination compositions of the orientational nor the photoelastic birefrin-
gence. These fibers are expected not to be responding to the pressure in a regular manner. This is

because the phase change that occurs while the light propagate down the fiber will be even more

Sorientational birefringence: birefringence that has its origin in polymer chain orientation.
Sphotoelastic birefringence: birefringence that exhibit as a function of stress

"[Young's modules (19N/m?,GPa)] PMMA: 2.3, glass: 50-90
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complicated if the two types of birefringence are bofieeting in a similar magnitude. Therefore,

ER measurement has supported Fiber 2 most favorable as a phase retarder POF for pressure sensing

purpose.
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Figure 7.1: ER versus pressure plotting of Fibers 1-4,a45°. Change in state of polarization of
Fiber 2 is shown in the top.
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7.1.2 Retardation measurement

Soleil-Babinet compensator was used to measure the actual retardation when Fiber 2 is exposed to
the pressure. Compensator scale that gives the highest ER value was considered to be the exact
amount of phase fference that was compensated. Result is shown in Figure 7.2. The circle marker

in the figure is the same data as shown in Figure 7.1.

As a result, ER measured with the compensator is consistent, which suggests that the phase
was restored back in a good accuracy at each pressure. Retardation values are ranging around the

quarter of the wavelength (158.3 nm). However, they are not showing as high periodicity than the

ER values.
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Figure 7.2: ER measurement of Fiber 2 with and without Soleil-Babinet compensator. Retardation
was estimated from the compensator scale that gives the highest ER. Quarter wavelength is shown
by a broken line for reference. Right and left vertical axes are ER (dB) and Retardation (nm),
respectively.
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7.2 Sensor design and fabrication

Pressure measurement setup was designed as described in Figure 7.3. Polarizers in parallel Nicol
configuration that were oriented diagonally {#bx1-x2 plane) referring to the pressure vector were
placed at input and output sides of the phase retarder POF (Fiber 2). A 633 nm polarizéd light
was coupled to the fiber that was rested straight on the bottom plate plane) with a 40Q:m-
diameter pinhole in between. The pinhole was in physical contact to the fiber end and positioned at
the core center in order to launch dominant modes while avoiding the cladding modes. Power was
monitored while changing the pressure. Acrylic boards were used for both top and bottom plates so
that the two substrates have similaffsiess and the pressure from top and bottom will be similar. At
the sides of the phase retarder POF, two more copolymer fibers with the same diametem(1000
were rested for stabilizer purpose in order to uniformly apply the pressure from the plate. Precision
weights were placed by sequence on the top plate. Summation of the applied pressure to Ehe fiber

(Pa) was calculated using the equation below.

P=Wg/(3L)a (7.1)

where each parameters avé(kg): applied weightg (m/s?): gravitational acceleratior, (m):
fiber and stabilizer length involved, amd(m): fiber diameter. Hereg, L, anda are fixed values,
which are, 9.8, 0.4, and 1.0, respectivelyP, L, anda are illustrated in Figure 7.3.
The sensor mechanism is as described below. A phase change is induced by the photoelastic

birefringence that is defined by,

Photoelastic birefringence c - Ao, (7.2)

Ao« P (7.3)

where Ao is difference in principal stressesfo in Figure 7.3(a)), ana is photoelastic

codficient[84]. The fast and slow axes of the phase retarder POF is decided from the refractive

8650 nm is the transmission window of P(MyBzMA)POF (Section 4.4, Figure 4.5).
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Figure 7.3: (a) Diagram of pressure measurement setup using the phase retarder POF. Angle relation
of pressure vectdp, input polarization, and fasiow axes is shown schematically. () xs view.
(c) x1-x2 view. Pressure is applied irxy direction. Parallel-Nicol is aligned diagonally to the

pressure vector.
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index profile relationship to the composition that is shown in Figure 4.1 (Section 4.2, Fiber 2). The
center flat part of the phase retarder POF's (Fiber 2) refractive index profile lays above the zero-
photoelastic line, which means that it if-balance to the side of BzMA rich. The sign relation of
photoelastic birefringence of the PMMA and the PBzMA are negative Q) and positive¢ > 0),
respectively[84]. Therefore, the phase retarder POF’s profile suggests that it responds in a positive
manner to the stress. The second polarizer filters the component that is same as the direction of

input polarization, whereas a result, the phase change is detectable in power.

7.3 Performance

7.3.1 Polarimetric sensitivity

Power obtained for measurement range 0.00 to 0.06 MPa is shown in Figure 7.4. Cases when the
parallel-Nicol orientation to the pressure vector was horizontdlgAd vertical (99 were also
measured. The flat power profiles of these two measurements suggest a clean wavefront of the two
groups of modes corresponding to the fast and slow axes when the parallel-Nicol is in the right angle

(that is 45).

Numerical data is shown in Table 7.1. Phase shidt each measurement plot is obtained refer-
ring to theg = x that is estimated from the minimum point of the curve in Figure 7.4. Birefringence
B is obtained from Eq. (7.4) with values,= 633.3 nm and. = 0.4 m. ¢ andB are listed on Table
7.1.

oyl
B=-. 7.4
Plot of pressure versus birefringence is shown in Figure 7.5. Polarimetric sensityity
the slope of the figure, which is 3.£307° (MPa™l) at the range of 0.00 to 0.06 MPa. From the
similar slope seen at the low and high pressure ranges (Figure 7.5 right), the sensor is considered to

have a fairly linear response to the pressure at 0-0.06 MPa.
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Figure 7.4: Power response to the applied pressure at 0.00 to 0.061¥B&3.3 nm is used. Cases
when the parallel-Nicol orientation to the pressure vector was horizorijar{@ vertical (96) was
also measured.
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Table 7.1: Numerical data of applied pressBreobtained power, phase shift and birefringence
B. ¢ andB are values at= 633.3 nm

P (MPa) PowergW) ¢ (r rad) B
3.27x10703 123.8 0.0662 5.2410°98
8.17x10703 116.5 0.1627 1.2810°97
1.63x10702 92.0 0.3236 2.5&10°97
2.86x10702 47.2 0.5650 4.4%10°97
4.41x10792 10.3 0.8836 6.9910°97
4.82x10702 5.1 0.9511 7.5%10°97
5.23x107°92 4.4 1.0316 8.1%10°97
5.39x107°92 5.4 1.0637 8.4%10°77
5.55x10792 7.1 1.0959 8.6810°77
5.64x1002 8.4 1.1120 8.861097

5.72x10792 9.4 1.1281 8.9%10°77
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7.3.2 Dynamic range

Power obtained for measurement range 0.00 to 0.47 MPa is shown in Figure 7.6. A theoretical
curve calculated simply from the Malus’s Law is superimposed on the plots with a broken line
in Figure 7.6. The curve of Malus’s Law takes the form of Eq. (7.5). Here, all kinds of optical
losses and temperaturéection are ignored. With the input polarization tilteg4 radian refer-

ring to the slow ;) and the fastXy) axes, projection components to the respective directions are
Asin(r/4) andAcosfr/4) in which A is the amplitude of the incident lightwave. Amplitudes of the
two components that pass through the second polarizer (that is alsarfidtéd the optical axes) are
Asin(r/4) singr/4) andAcos(r/4) cosg/4). Phase shifp betweenx; andx, components is calcu-

lated from the polarimetric sensitivity BAdP) that was obtained in the earlier section. The physical
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Figure 7.6: Power response to the applied pressure at the test range of 0.00 to 0.47 MPa. Plot of
filled circle is the measured pressure values. Broken and solid lines are fitting of Eqs.(7.5) and (7.8)
respectively.
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meaning of this curve is a simple polarizer-analyzer system with an anisotropic medium that cre-
ates phase fierence. As observed clearly, in comparison to the the Maul’'s curve, the measured
curve loses the power contrast as the pressure increases. At the same time, a gradual shrinkage of

oscillation pitch (means that the polarimetric sensitivity decreases) is also observed.

Imaius = (Acosr/4) costr/4))? + (Asin(r/4) sin/4))?
+2A2 cosfr/4) sinfr/4) cosfr/4) sinfr/4) cosp. (7.5)
To characterized the measured curve, a curve obtained by modifying the last term of Eq. (eq:fitting)
was superimposed on the graph with a solid line. The fitting curve takes the form of Eq. (eq:fitting2).

Here, an 1exp is multiplied on the last cosine and an expongrg given ong. Both« andg are

function of pressure.

liting = (ACOS(r/4) costr/4))? + (Asin(r/4) singr/4))?

+2A2 cos(r/4) sinfr/4) cosfr/4) sin(;r/4)($ cos¢P), (7.6)
a = a(P) = P(2.5 + P?), (7.7)
B =p(P) =1+ P°% (7.8)

Each of J exp* andg are functioning as the role of decreasing contrast and the oscillation
pitch, respectively. As a result, a fairly good match between the fitting and the measured curve was

obtained.
7.4 Discussion

The optimum composition that eliminates orientational birefringence but still induces photoelastic
birefringence was suggested to be 82:18 by the refractive index relationship. The periodic shift of
ER value observed with the pressure gain had illustrated a clear change in polarization state in the
phase retarder POF, whereas the other test fibers fabricatefieredt compositions did not show

such property. However, birefringence measurement does not agree the above, because it indicates
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that Fiber 1 has the minimum birefringence among the test fibers. Retardation measurement using
the compensator did not provide convincing values.

For the sensor, at 0 to 0.06 MPa, polarimetric sensitivity of 8.187> (MPa!) is obtained
with a high reliability. It suggests that the phase change in the phase retarder POF is as stable as
to be detectable only by using a polarizer. The phase retarder POF with an optimized composition
has a relatively high sensitivity to pressure compared to some reported sensor fibers fabricated in
glass[96, 97]. This result agrees the initial assumption that a polymeric material contributes to
enhance the sensitivity because of its high elasticity.

However, the sensor performance is no longer simple after where the phase shift is larger than
m as seen in Figure 7.6. The terrmgg in fitting (Eq. (eq:fitting2)) are expressing contrast drop
and the inconsistency in power oscillation pitch. These factors are considered to ffethefq1)
multiple inter-modal interference that may be significant in the large-core MMF, i.e., interference
at overs retardation produces multiple states of polarization as an output because the slight phase
variation among the modes becomes greater, or (2) birefringence shift regarding the chapffe in
LP};l mode field diameter due to the fiber deformation. At around 0.45 MPa, the polarization state

of the output light is considered to be practically random.

7.5 Conclusions

An intrinsic type pressure sensor using a P(MMBAMA)POF was fabricated with expectations
of less noise and satisfactory sensitidynamic range in addition to the design benefits such as
simplicity, robustness, and safety.

Noise dfection was considered to befBaiently low. Sensitivity was fairly high compared to the
other glass-based measurements, which agrees the initial expectation for the reason of using polymer
fiber. In terms of the dynamic range, the intensity response is no longer obeying the Malus’s law
after ar retardation. However, a function that can predict the pressure versus intensity relationship
at the high pressure range was obtained by modifying the primitive expression. Hence, an acceptable

performance was demonstrated by the proposed sensor.
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Chapter 8
CONCLUSIONS

The proposed work is a partial assembly of the technologies of the birefringence-reduced copoly-
mer and the POF. The materials that are discussed in the whole dissertation are limited to MMA
and BzMA, which are somewhat well known in terms of their birefringent property at either in
homgcopolymer states. Similarly, POF technology employed here is not very special in terms of
the fiber fabrication. The focusing point of this work is the birefringerBection to the multimodal
fiber optic waveguiding, which was not done in the past. Some of the measurements are originally
built and developed, such as birefringence measurement of optical fibers, ER measurement in vari-
ous launching conditions, and polarimetric pressure sensing setup.

Using the nature of MMF and the twoftirent types of birefringence that could exhibit in the
plastic, polarization-maintaining and phase-retarding functions were proposed and characterized.
Using both functions of the P(MMMBzMA)POF, a pressure sensor design was proposed and char-
acterized in terms of its polarimetric sensitivity and dynamic range. Specs of each of the above

devices are summarized below.

Polarization-maintaining

The P(MMABzMA)POF acts as a polarization-maintaining fiber at the conditions of: (1) fiber
is straightened and (2) orientational birefringence is minimized. POF fabricated in P(BRWA)
demonstrated a drastically high polarization-maintaining property (14 dB) in comparison to the var-
ious kinds of known multimode fibers. At the point launching, ER was suggested to be highly
affected by the local orientational birefringence. When the core center was launched, the output po-
larization was considered to be linear. In the case when the core edge was launched, the optical path

in which the guided modes propagate reaches to the high-orientational birefringence region; thus,
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the initial polarization was considered to be randomized during the refraction-based waveguiding.

In the P(MMA/BzMA)POF waveguiding, ER was found to decrease parabolically from 14.0 dB
to 0.9 dB as the launching position shifts from the core center to the core-cladding boundary. From
the NFP and the polarized light microscopy, a correlation between birefringence of the launching
point and the polarization-maintaining property was observed. With408pot diameter, ER over
13 dB was measured when the 1-m P(MMB&MA)POF was straightened. ER over 12 dB was

ensured at the point-launching up to 50%set of its core radius.

Evidences from all measurements supportedliRg; model as the polarization-maintaining
principle of the P(MMABzMA)POF. The reduced birefringence is suggested to be preventing the
degeneracy breakage. However, the Gaussian beam model still cannot be denied when considering

the huge core diameter of this fiber.

Phase retarder

The idea of phase retarder fiber uses the photoelastic birefringence as the phase retarding mecha-
nism. Macro-bending and vertical stress was suggested to eativee method for characterizing
the photoelastic birefringence in the P(MyBzMA)POF. ER change amongftirent input po-
larization angles was observed in the P(M}M&MA)POF waveguiding, which was clearly in a
correlation to the symmetrical axis of the macro-bending loop(s) or the stress vector. Such phe-
nomenon was not observed at any other known MMFs. Furthermore, the ER restoration performed
using a quarter-wave plate suggests that the ER degradation in P(B®#WE)POF waveguiding
is caused by the retardation, which is generated when the input polarization experiences the re-
fractive index anisotropy caused by the photoelastic birefringence. Such retardation generated in a
benfpressed P(MMMzMA)POF was suggested to be intermodal since such ER restoration was
less-¢dficient at the harsher macro-bending conditions. Notable point is the high regularity observed
in the P(MMABzMA)POF waveguiding of the polarized light, which was not seen for the Gl and
SIPOFs. With 40Q+m spot diameter, ER over 13 dB was ensured when the fiber was bent in a 10-

cm-diameter loop with its input polarization either in parallel or crossed orientation to the bending
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plane.

ER was suggested to be less-dependent on the launching conditions when the fiber was at the
macrobending than the straightened case. The output polarization state after propagating through
a bent fiber was suggested to be ellipticitular, so that it could be restored back towards linear

using the QWP.

Pressure sensor

A preliminary model of fiber-optic pressure sensor using P(MBEMA)POF was demon-
strated. Target application of the proposed sensor is structure monitoring at biomedical scenes,
which uses full advantage of fiber-optic sensor and plastic. While the conventional fiber-optic pres-
sure sensors were using interferometry between the functioning and reference fibers, the proposing
one do not require the reference fiber. Such a smart design was accomplished because of the unique
characteristics of the P(MMBzMA)POF, which can replace the two paths of SMFs by fast and
slow optical axes that exhibit in one fiber. An interferometry requires sensitive installation of coupler
and splitter, but the proposing design using P(MBAMA)POF requires only two sets of polariz-
ers, which is very simple. In addition, the large core diameter (667whereas SMF is less than
10 um) contributes for improving the robustness in terms of the light coupling.

As a result, the measured intensity had a regular response to the pressure at 0 to 0.06 MPa.
Polarimetric sensitivity obtained from that pressure range was<1186° (MPa 1) which was rela-
tively high. At the higher pressure, contrast and oscillation pattern of power had degraded gradually.
This phenomenon was considered to be theot of (1) the interference between multiple wavefront,
(2) change in birefringence slope due to the fiber deformation, (3) or their combination. Despite few
unclear points and fluctuation of repeatability of the first model, the total performance is considered

to be stficient to claim the validity of this design.
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FURTHER WORKS

This final section lists up some of the points that the author still considers to bdiesuly

investigated or improvable.

— 82:18 was claimed to be the optimum for minimizing orientational birefringence, just like films
and tablets, but also for the POF core. Refractive index profile and ER measurements had
shown supporting results to the above statement, however, the birefringence measurement do
not agree this. The comparison of refractive index profile and birefringence (Figures 4.1 and
4.2) clearly tells this concern. The author’s publication in JJAP (full journal paper) slightly
discusses about this point with some emphasis that it is an "assumption,” and there is no
laboratory evidence to support it. Room temperature quenching right after the heat draw is

one factor that is likely to be the answer for it.

— The dfort to measure fiber retardation using Soleil-Babinet compensator is said to be failed. Al-
though it precisely restores the phasgatence, the scales are not trustable. In fact, when the
author was doing this measurement, it had relatively poor repeatability. A recommendation
that might help to improve this point is to turn the scale only in one direction. Switching

clockwise and counterclockwise probably disturbs the crystal overlap in some way.

— The polarization-maintaining property was not investigated enough in terms offtbesdce
in refractive index profile. In particular, polarization-maintaining property was said to be
high because the copolymer fiber is a G| MMF instead of SI. However, actually, the SIPOF of
Mitsubishi Rayon that was used for comparison had some birefringence in the orddr6f
which is too high to compare with the copolymer. Total reflection of straight ray paths and
refraction-based waveguiding were not precisely compared. In order to clarify this point, a Gl

fiber with a similarly high birefringence needs to be prepared. That is said to be challenging,
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because the graded concentration of either the dopant or copolymer is the requirement but
also acts to fiect the birefringence uniformity. Any dopant molecule or copolymers that has

nothing to do with birefringence reduction needs to be chosen for such case.

— The molecule-doped GIPOF that was used for comparison did not show as high ER as the
copolymer fiber, however, the fierence in birefringence values are said to be very minor
compared to the dierence in ER. In addition, a low-birefringent Gl fiber using molecule
dopants could be fabricated if the draw tension was kept very low. Although not included
in this dissertation, some of the experiments that the author carried out in terms of the draw
tension suggested that it is impossible to obtain ER over 7 dB using the Gl fiber with molecule
dopants even with a very loose drawing. This point suggests that birefringence in directions
other than vertical and horizontal may be needed to be characterized. Perhaps, the method to

measure birefringence in the optical fiber might need to be improved.

— When taking images by polarized optical microscope using tint plate, the periodic change in
color may cause misunderstanding to the augierewer about the magnitude of birefrin-

gence. May be convenient if some image processing software could convert all the colors.

— Upto now, amount of phaseftirence is successfully measured using the pressure sensing setup.
It is strongly recommended to find some way to distinguish the "point” where the pressure
was applied. The author used 1 m fiber anfedent kinds of plates (40 x 40, 60 x 40, and
80 x 40 (cm)) to press it, but no specialfdrence was observed in terms of the involved
length (length under the pressure). Some combination of partial mode launching and local
application of pressure (e.g., 10 cm) may lffieetive. Later it is also recommended to use the

pulse instead of DC.
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