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The development and transition of optical fiber sensors from experimental stage to
practical applications largely depends on manufacturing cost and simplicity. To date, in-
fiber grating sensors are largely manufactured by ultraviolet lasers despite higher
fabrication cost and complexity. Besides, ultraviolet radiation can only write gratings in
doped fibers. Therefore, reaping the benefits of existing fibers such as pure silica fiber,
photonics crystal fibers etc. cannot be achieved using this technique. In contrast, uses of
ultra-fast lasers have the potential to eliminate or minimize those drawbacks. However,
extensive fabrication and packaging research is required for ultrafast laser technology to
mature and offer grating based sensors fabrication in industrial scale.

This dissertation presents design and fabrication of fiber optic sensors using
femtosecond laser for measurement of ambient refractive index and temperature. The
femtosecond laser operating at 780 nm with pulse duration of 172 fs and pulse repetition
rate of 1 kHz is used to study bulk index modification and fabricate fiber long period and
short period gratings. Effective and reliable fabrication of in-fiber gratings requires
spatial control of refractive index written in optical fiber. With an aim to better control
spatial index modulation in direct ultrafast writing, primary focus of this work is given to
write single-shot submicron periodic voids in bulk glass. Femtosecond pulse
filamentation in glass is studied to understand the morphology of bulk index change

written by ultrashort pulses. Laser writing parameters (such as beam diameter, pulse



energy, scanning speed, depth of focus, etc.) are then further tuned to write pulse
filamentation induced refractive index change in optical fibers suitable for fiber grating
fabrication. In order to design and tailor grating’s spectrum, measurement of in-fiber
index is introduced in this work. We propose fiber Bragg grating based Fabry-Perot
cavity structure (cavity length, L= 10 mm) to characterize femtosecond pulse
filamentation induced refractive index change in the core of standard SMF. In addition,
Mach-Zehnder interferometer (MZI) is proposed as an alternative yet effective and low
cost tool to measure in-fiber index change. Comsol simulation is used to validate the
quantification of index change. Measured index change is used in Optiwave simulation
to design fiber long period gratings in standard telecommunication and pure silica core
fibers. To increase fabrication reliability, we introduce inscription of helical long period
gratings using a custom made rotary stage. Tapered photonic crystal and microfiber based
Mach-Zehnder interferometer is also investigated for ambient refractive index
measurement. Miniature fiber Bragg grating written in microfiber Mach-Zehnder
interferometer is used in this work for multi-parameter sensing as well as temperature
compensated refractive index sensing. Microfiber Bragg gratings buried in materials of
higher thermal expansion coefficient is also proposed to significantly enhance

temperature sensitivity.
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Chapter 1 — Introduction

The rapid advancement in fiber sensing systems has accelerated the pursuit of developing
sensors to overcome the existing shortcomings and push forward to bring innovation in
measurement technologies. In-fiber gratings and interferometers are widely used sensors
for temperature and refractive index (RI) measurement applications. The commercial
success of in-fiber sensors essentially depends on their performance reliability and
design/fabrication simplicity. This chapter provides an overview of fiber optic sensors,
challenges that are commonly faced in grating based optical sensor fabrication, potential

solutions, and an outline of this dissertation.

1.1 Optical sensing technology

A sensor where optical fiber is used as the key sensing element is commonly called fiber
optic sensor. One or more optical fibers are used in a generic optical sensor to carry light
from source to detector. When a fiber optic sensor is exposed to a quantity (such as
temperature, ambient refractive index, strain, pressure, etc.) to be measured, it modifies
the fiber and modulates properties of light in it. The change in light properties at the
detection end is used to measure that quantity. Depending on sensing head location, fiber
optic sensors are classified as intrinsic or extrinsic. In Intrinsic sensing, the environmental
change alters the internal properties of the fiber itself and modulates the properties of
light at the detection end. Unlike intrinsic sensors, an optical fiber is used in extrinsic
optical sensors only as a carrier of modulated light information to the detector to measure

a quantity. Based on operating principle, fiber optic sensors may broadly be categorised



as intensity based or phase based. Intensity modulation of light is utilized in intensity
based optical sensors to measure a quantity and they offer simple signal processing to
achieve absolute and real-time information about a measurand [1]. One example of
intensity based refractive index measurement is provided in Appendix A. The intensity
based sensors have limited applications due to random variable losses (e.g. losses at
connections and splice points, bending of fiber etc.) in the sensing system, which may not
happen in the environment. Phase based or interferometric fiber optic sensors have been
drawn immense attention due to their miniature size and high sensitivity to temperature,
and ambient refractive index sensitivity [2-8]. Several methods can be employed to
construct phase based optical sensors such as gratings and interferometers which will be
discussed later in details. Femtosecond laser based fabrication of fiber gratings and
interferometric sensors along with their applications in ambient refractive index and
temperature sensing are studied in this dissertation.

A fiber Bragg grating (FBG) is constructed by inscribing periodic refractive index
in the fiber core that results in particular wavelength of light to be reflected towards the
source due to its phase matching property. A typical grating has a period of the order of
hundreds of nanometers (hence called short period grating). The fabrication of fiber
Bragg grating (FBG) using a visible laser was first demonstrated by Kenneth O. Hill in
1978 [9]. Unlike FBGs, long period fiber Bragg gratings (LPG) have grating periods on
the order of 100 micrometers to a millimeter and they couple light from a guided core
mode into forward propagating cladding modes where it is lost due to absorption and
scattering. LPGs, first demonstrated by Vengsarkar et al. in 1996 [10], are fast gaining

approval as simple yet versatile devices for multitude of sensing applications. Fiber



interferometric sensors employ interferometry of two beams propagating along different
optical paths in a single optical fiber or two different fibers to measure a quantity. Hence,
beam splitting and recombining technique is necessary in an interferometric sensor [11].
In optical interferometric sensors, one of the optical paths is available to be exposed to
external perturbations. The temporal and spectral information available in interferometric
sensors offer direct measurement of a quantity by detecting the changes in intensity,
wavelength, phase, frequency, etc. These diversities of sensing indicators have made
fiber interferometers to operate over large dynamic range with high sensitivity and
accuracy [8].

Fiber optic sensors have shown great potential as practical and commercial
measurement systems due to their inherent small size, good ageing characteristics, and
immunity to external interferences [12]. In-fiber gratings and interferometers have been
demonstrated as efficient tools for wide varieties sensing applications including
temperature [13-17], and refractive index sensing [18-24]. Novelty of fiber grating
sensors depends on their performance characteristics and their transition from laboratory
to field scale deployments depends on fabrication simplicity and scalability. There has
been a lot of progress, yet more work needs to be done to promote and develop their uses

in specific and advanced applications.

1.2 Fabrication of in-fiber gratings and interferometric sensors

After the invention of photosensitive optical fiber, ultraviolet (UV) laser based
fabrication of fiber Bragg grating has been a substantial commercial success [2].
Historically, Bragg gratings were first fabricated using the internal writing [9] and the

holographic technique [25]. Both these methods have been largely superseded by the
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phase mask techniques [26, 27] which brought reliability in short period grating
fabrication. A great varieties of methods have been developed to fabricate long period
gratings, including the use of ultraviolet [28-30] and CO, laser radiation [31, 32],
exposure to electric arcs [33], mechanical pressure [34], and periodic corrugated structure
[35, 36]. Out of various existing methods, the fabrication of gratings in photosensitive
optical fiber with UV radiation has dominated the grating based optical sensors
manufacturing. Refractive index modulation can be written in the core of photosensitive
optical fiber by the influence of an electric field following the Pockels effect [37].
According to the Pockels effect, an incident light generates free charge carriers (electrons
or holes) by excitation of impurity energy levels at a rate proportional to optical power
[37]. The carriers diffuse to the locations where the incident electromagnetic radiation
has low intensity leaving behind fixed charges of opposite polarity. The free carriers are
then trapped by the impurity ions (like Ge ions in fiber core) leading to recombination
and deposition of charge [37]. The overall effect creates an inhomogeneous distribution
of space-charge that exists permanently unless any strong radiation or high temperature
destroys it. The spatial charge distribution results in an index modulation in the core of a
photosensitive fiber [37]. Hill et al. were the first to discover photosensitivity in optical
fiber [9], and this technology has been largely used to fabricate fiber Bragg gratings.
Later on, it has been demonstrated that germanosilicate glasses when treated with hot
hydrogen show increase photosensitivity [38] and this phenomenon was used to write
periodic index in germania-silica waveguides [39]. The addition of hydrogen to Ge-doped
glass breaks the Si-O-Ge bonds and forms Si-OH bonds and germanium-oxygen

deficiency centers. Both of these effects lead to the increase of refractive index. To load a



photosensitive fiber with hydrogen, the fiber is exposed with gaseous hydrogen at high
pressure (100- 700 atm) and temperatures ranging from 20 °C to 100 °C [40]. After the
completion of UV radiation based gratings fabrication in fiber, typically some excess
hydrogen remains in the fiber. The post fabrication residual hydrogen enhances local
index of refraction, and any further diffusion to retain equilibrium may cause grating
instability. Therefore, it is necessary to get rid of excess hydrogen from the fiber before
using it in a particular application. Annealing the fiber at high temperature for a short
period of time provides better stability for operation at lower temperatures [40].

Since the UV radiation based grating fabrication techniques can be applied only to
doped optical fibers, most FBGs and LPGs have been written in photosensitive
germanosilicate fibers. Because the index change relaxes below 100 °C, the gratings
fabricated by UV radiation suffer from aging instability especially in long term
applications. Besides, doped fibers require extra processing such as hydrogen loading at
high pressure to enhance photosensitivity prior to grating fabrication. Inscription of
FBGs/LPGs with UV radiation even requires post processing such as short time
annealing of the fiber at an elevated temperature. These extra pre- and post-processing
steps increase fabrication complexity and heighten manufacturing cost. In contrast, uses
of ultra-fast lasers have the potential to eliminate or minimize those drawbacks. Focused
femtosecond laser pulses cause permanent refractive index increase in various glasses
and these short pulses demonstrated novel techniques to fabricate fiber Bragg gratings
[18, 41-44] and long period gratings [3, 45, 46]. High pulse intensity is common for
available femtosecond laser systems due to their short pulse duration, which is four to

five orders of magnitude less than that of UV excimer lasers [43]. Light intensity is



highly localized at the focal point, and hence a femtosecond laser can induce periodic
refractive index modulation in the core of fiber without affecting cladding or polymer
coating. A major advantage of femtosecond laser fabrication is that the fabricated
gratings have higher temperature resistance; hence they have greater aging characteristic
[47]. The superiority of femtosecond laser based fabrication is its capability to inscribe
gratings in various types of fiber including pure silica fibers and photonic crystal fibers.
Aside from direct inscription of index modulation, diverse infrared (IR) laser based
techniques have been reported that include LPG fabrication by drilling micro-holes [48]
and filling of air-holes [49] in photonics crystal fibers (PCF).

Fabrication of interferometric fiber optic sensors depends on their types. For
instance, a Fabry-Perot interferometer is made of two parallel mirrors separated by a
certain distance and the interference happens from the super-positions of reflected and
transmitted beams at two parallel surfaces [8, 50, 51]. So, these sensors can be designed
and fabricated by creating reflectors either inside or outside of optical fibers [50, 52]. The
formation of Fabry-Perot cavity is demonstrated by various techniques including
micromachining [53, 54], use of two FBGs [55], chemical etching [56], and thin-film
deposition [57]. Fabrication of Mach-Zehnder interferometers depends on involved
mechanism used in splitting of incident light and recombining of light at the detection
end. Construction of MZIs using a pair of LPGs has been reported for both temperature
[58] and ambient refractive index measurements [59]. Besides, MZI based fiber optic
sensors have also been demonstrated using core offset by fusion splicing [60], splicing of
different fiber types [61], using double cladding fibers [62], micro-cavities [17], and use

of a twin-core fiber [63].



1.3 Significance of the problem

Application dependent design and reliable fabrication of fiber optic sensors are ultimate
challenges to overcome in fiber sensing technology. This section focusses on the
common limitations of existing methods used for fiber optic sensor fabrication. As stated
in the previous section, the widely used technique: UV laser based writing is limited by
few drawbacks. UV laser method requires a phase mask for creating light interference
pattern necessary to write in-fiber index modulation [26, 27]. The phase masks are highly
expensive, hence the use of masks increases the fabrication cost of the gratings. This
technique requires pre and post processing steps such as hydrogen loading to increase
photosensitivity and annealing at high temperature for short time to get rid of access
hydrogen from the fiber [64]. Therefore, UV laser fabricated gratings are not suitable
where greater ageing characteristics and ability to survive in chemically contaminated
environment is required. In long-term and high temperature applications, the UV gratings
are in particular vulnerable due to natural hydrogen loading and subsequent
disappearance of in-fiber periodic indices. In addition, gratings can only be inscribed in
photosensitive fiber using UV radiation which excludes the use of many existing optical
fibers such as pure silica fibers or photonic crystal fibers that have great inherent
characteristics suitable for many sensing applications.

Use of ultrashort pulsed infrared lasers for in-fiber grating fabrication eliminates or
lessens many of the adverse effects observed in UV laser based grating fabrication. Direct
and fast writing of permanent index modulation in optical fibers is easily achievable in
ultrafast laser inscription [3, 41, 42, 44, 65, 66]. Also, ultrafast laser offers gratings

fabrication in numerous fiber types including dopant free fibers [67], doped and pure



silica core fibers [46], and photonic crystal fibers [48]. However, it is challenging to
achieve controlled and confined in-fiber index modification in ultrafast inscription which
is the key to reliable grating fabrication with minimum insertion loss. Detailed study of
ultrashort pulse induced index modification and understanding of laser bulk damage
morphology is vital. In addition, consistency in fiber alignment with respect to beam
focal point is crucial for grating fabrication in ultrafast writing. Therefore, to develop an
ultrafast inscription technique that is forgiving to minor fiber misalignment is critically
important.

Inscription of adequate periodic RI in the core of an optical fiber is important in
fabrication of optical grating devices such as FBGs and LPGs. Hence, the quantification
of laser induced in-fiber index modulation is essential to design and reliably fabricate
grating devices in optical fibers. There are few techniques (details provided in chapter 3)
available to measure fiber index profile such as Refracted near-field (RNF) method [68],
and multi-wavelength interferometry [69]. They are either expensive and/or require a
complex reconstruction method. Therefore, it is necessary to have an on-site simple and
cost effective techniques to measure laser induced index medication prior to grating

fabrication.

1.4 Novel contribution

Ultrashort pulse filamentation induced bulk index modification is employed in this study
to improve and diversify in-fiber gratings fabrication. Pulse filamentation offers
controlled delivery of pulse energy in the bulk glass and write in-fiber refractive index
modulation. Quantification of in-fiber refractive index change is necessary to design fiber

gratings. Even though there are several methods available to measure index profile in an



optical fiber, they are either expensive or require a complex reconstruction procedure.
We propose fiber Bragg grating based Fabry-Perot cavity structure (cavity length, L= 10
mm) to characterize femtosecond pulse filamentation induced refractive index change in
the core of SMFs. In addition, Mach-Zehnder interferometer (MZI) is proposed to be an
alternative yet effective and low cost tool to measure in-fiber index change. Femtosecond
laser based fabrication of long period gratings in both standard telecommunication fiber
and pure silica fiber is demonstrated for ambient index measurement. Highly sensitive
tapered PCF and microfiber based MZlIs are also presented as alternative approaches for
ambient sensing. To demonstrate ambient temperature measurement with enhanced
sensitivity, fabrication of miniature Bragg grating in microfiber and subsequent molding
with materials of higher thermal expansion coefficients is reported in this work. For
simultaneous refractive index and temperature sensing, and temperature compensated
refractive index sensing, an integrated structure of fiber Bragg grating and Mach-Zehnder

interferometer is also described in this study.

1.5 Content summary

A brief outline of this dissertation is as follows. Chapter 2 introduces ultrashort pulse
filamentation based bulk index modification in transparent dielectric materials. Focusing
conditions of femtosecond pulses to control pulse filamentation in bulk glass is studied in
this chapter. The filamentary bulk voids discussed in this chapter are later used to write
in-fiber index modulation. Chapter 3 of this dissertation presents measurement of in-fiber
refractive index change inscribed by femtosecond laser radiation. Fabry-Perot cavity and

MZI sensor based quantification of core index change is explored in this chapter. Ultra-



short pulse filamentation induced writing of long period gratings in Ge-doped and pure
silica core fibers are investigated in Chapter 4. Inscription of in-fiber helical index
modulation is demonstrated in Chapter 5 to write long period grating. Writing of helical
index modulation demonstrates higher tolerance in fiber alignment and greater reliability
in LPG fabrication. Chapter 6 describes two simple configurations of fiber optic Mach-
Zehnder interferometer for enhanced refractive sensing. Chapter 7 includes microfiber
based fiber Bragg grating and interferometric sensors for enhanced temperature and
multi-parameters measurements. Finally, Chapter 8 provides overall conclusion and

future works.
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Chapter 2 - Near-field modification of femtosecond laser beam to

control single-shot pulse filamentation in glass medium

When intense light is focused in the bulk of a transparent dielectric material, it induces a
change in local optical properties. Some recent studies show that ultrashort femtosecond
pulses when focused inside fused silica glass can inscribe modified structures in the bulk
[70-73]. Permanent index change in standard single mode fiber has also been
demonstrated using ultra short pulses [74]. Laser radiation induced increase in refractive
index as high as 0.01 to 0.035 has been demonstrated in Ge-doped bulk silica glass [73].
Capability of index modification in bulk glass has stimulated interest to using ultrashort
pulsed lasers for fiber optic device fabrication. However, controlled deposition of
femtosecond pulse energy is essential to inscribe photonic devices in glass. The ultrashort
pulse filamentation property of femtosecond lasers has enhanced the guided delivery of
pulse energy for permanent refractive index change in glass materials [75]. This chapter
provides a detail study on femtosecond laser pulse filamentation based void inscription in
glass and a potential mechanism to control void morphology. Ultrashort laser writing of
bulk voids offers a unique means to inscribe higher refractive indices in transparent

dielectric medium.

2.1 Introduction

Elevated intensity of laser pulses confined in the vicinity of focal point continues to
uncover amazing physical phenomena. Intense femtosecond pulses, in particular,

introduce interesting phenomenon like pulse filamentation which has been investigated
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extensively by many researchers [76-80]. Controlled femtosecond pulse filamentation
offers numerous potential applications including fabrication of optical devices and
circuits in transparent medium. Employing the filamentation of ultrashort pulses, we
previously demonstrated the capability of femtosecond laser to cut glass plates [75].
Controlled and uniform progress of filament plasma column provides better control to
write refractive index in transparent dielectric materials. Tuning of underlying factors that
influence pulse filamentation is essential to control the length and width of plasma
column in a medium. Couairon has demonstrated an analytical estimation for filament
length in air as a function of pulse duration and beam energy [81]. Self-guided
filamentary propagation in fused silica over several Rayleigh lengths has been achieved
as a result of balance between self-focusing and multi-photon ionization (MPI) [82]. By
increasing power density at focal volume and minimizing losses (per unit length of
filament) due to MPI, enhanced filamentary pulse propagation can be achieved in a given
medium. However, to achieve ultra-high power density remains a challenge due to
longitudinal and radial spreading of light at focal volume. In case of focusing in a dense
transparent medium, it is harder to uplift peak power because of the dominating effect of
optical aberration. Nonlinearity and accompanying optical effects like aberrations in
dispersive glass mediums make pulse filamentation a complex process. Thus, it is
important to better understand this phenomenon.

Intensity distribution at focal point is one of the major parameters to determine
filamentation length of a femtosecond pulse in an optical medium. Along the propagation
axis of a filament, the balance between alternative Kerr self-focusing and self-defocusing

of self-generated plasmas continue to add up regularly spaced plasma spots until pulse
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peak power remains higher than the critical power required for pulse filamentation [78-
80, 83]. Figure 2.1 depicts basic mechanism involved in ultrashort pulse filamentation.
The energy spent in ionizing the medium weakens the pulse and the self-focusing
gradually declines and is eventually overcome by diffraction and plasma defocusing,

resulting in the termination of the filament.
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Figure 2.1 Ultrashort pulse filamentation mechanism in transparent dielectric medium

Liu et al. demonstrated that an additional diffraction induced by the plasma
accelerates premature termination of filament, although the power is much higher than
the critical power [84]. Therefore, it is expected that the intensity distribution at focal
point characterizes the primitive plasma volume at focus and thus impacts successive
plasma spots and filament length. As shown in Fig. 2.2, for a focused beam, we
demonstrate that a glass plate placed next to objective lens at right angle to beam axis
increases the effective NA and squeezes the laser energy into a tiny focal volume at an
extended depth. Energy confinement in a tiny volume yields a narrow filament ionization

column in Corning glass. An ionization column when confined in a narrow channel
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undergoes low MPI loss per unit length, compared to a wider ionization column.
Minimizing energy leakage in MPI process, the pulses retain peak power greater than the
critical filamentation power for an extended length. Long and narrow filamentary void
structures are written in corning glass by sustained filament propagation resulted from the
balance between alternative Kerr self-focusing and plasma induced defocusing. Although
the glass plate is expected to introduce some optical aberration in focal region, the narrow
void (height: 700 um) found in our experiment may result from the elevation of power

density in a tiny volume and the reduction of MPI loss per unit length of filament.

Thinner slice

spot

@ 1|6
S () Thicker slice
' .\
- —— . B <
g = Compressed focuses
2 S
3 £
& x s
= =
£ °
G =
-0 — - ’; Original focal

"“"'

Soda-hme glass

-'—._ E——

Figure 2.2 (a) Simple illustration of near field compression of focal point before it hits the

sample, and (b) experimental setup

14



2.2 Experiments

A femtosecond laser system operating at 780 nm with pulse duration of 172 fs and pulse
repetition rate of 1 kHz was used to carry out the experiments. Focusing was done with
an achromatic lens (NA: 0.70) under an incident angle of zero degree onto the sample. As
depicted in Fig. 2.2(a), soda-lime glass (Refractive index: 1.52) plate of variable
thickness (1 mm ~ 6 mm) was horizontally placed right after the objective lens to
gradually tighten the focusing of beam at focal point. The experimental setup is shown in
Fig. 2.2(b). The beam was focused beneath the front surface to fabricate single-shot void

at rear surface of the sample glass (Corning Eagle?®®

, thickness: 700 pm). The samples
were mounted on a computer controlled 3-axis stage to inscribe voids at suitable depth.
Mechanical cleaving of the samples revealed the morphologies of the void structures

imprinted on the sample cross sections. The samples were analyzed using an optical

microscope (OM) to study filamentary void morphology.

2.3 Result and discussion
2.3.1 Solid immersion to elevate pulse energy
Elevation of peak power turned out to be the primary requirement to enhance
filamentation in optical medium. As stated earlier, filamentation is essentially a chain of
hot plasma spots along the propagation axis resulted from alternative focusing and
defocusing of the pulse until the peak power remains higher than its critical power
necessary for filamentation. Critical power for self-focusing is given by

P. = 3.77A% /8mn,n, (2.1)
where A is the central wavelength of the pulse, ny is the linear index of refraction, and n,

is the coefficient of the Kerr nonlinear index of refraction [85]. The numerical aperture of
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an objective lens is defined as NA = n sina,,, where « is one-half the angular aperture of
the objective, and n is the refractive index of the medium between the objective front lens
and sample (=1 for air). An increase of effective NA up to 2.0 has been demonstrated
using gallium phosphide solid immersion technique [86]. In our experiment, when the
object space between the lens and sample is filled with a high refractive index solid such
as soda-lime glass, it works as a solid immersion lens with higher effective NA. Tightly
focused laser beam elevates power density in a very tiny focal volume. Figure 2.3 shows
cross-sectional images of the evolution of focal volume as the focused beam passes
through a dense medium of gradually increasing thickness. Thicker mediums essentially
enhance the focusing of objective lens and confine the light in spatially reduced focal
volume as shown in Fig. 2.3. Optical aberration effect is evident toward the right hand
side of Fig. 2.3, yet focusing seems to get tighter when pulses pass through thicker glass
plates. A thicker medium impedes radial spreading of pulses due to stronger focusing and

thus elevates power density at focal volume.

. l, Focal shift

Figure 2.3 Evolution of focal volume when a dense medium (soda-lime glass) is placed after

objective of NA 0.4: (a) without any medium, (b) with medium thickness of 3 mm, (c) with
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medium thickness of 5 mm, (d) with medium thickness of 6 mm, (e) with medium thickness of 8
mm. Relative to the original focal point (a), the amount of downward linear focal shifts from (b)

to (e) are 428.3 um, 1041 um, 1401.40 um, and 2123.90 um respectively

2.3.2 Pulse filamentation induced void morphologies

2000

Figure 2.4 Single-shot filamentary damage morphology in Corning Eagle™" glass when no glass

is placed after the objective lens (a), and when 1 mm soda-lime glass is added after the objective
lens (b)

Figure 2.4 shows the single-shot voids written with average pulse energy of 40 pJ in
Corning glass at scanning speed of 10 mm/sec. Filament length is longer when the pulses
are focused deeper inside the sample glass. Thus, for a focused beam, we consider that a
bulk transparent medium (1~ 6 mm thick soda-lime glass) located just after objective
lens, right angle to the beam axis, plays a significant role to augment pulse filamentation.
Figure 2.5 shows a series of longest possible single-shot void structures micromachined

near the rear surface with average pulse energy of 30 pJ. In absence of glass plate after

17



the objective, the void height is noticeably small (Fig. 2.5a), whereas, void height keeps
on increasing significantly as the thickness of glass plate gradually increases. With an
increase in glass thickness, stronger focusing lifts up power density in a tinier region and
thus gradually increases the height and decreases the width of voids in Fig. 2.5 (b-f). In
addition, a narrow ionization column initiated by squeezing a modest amount of laser

energy into an extremely small spatial region likely to undergo low MPI losses per unit

length compare to a wider ionization column formed in loosely focusing condition.

|
==

Rear surface

Figure 2.5 Cleaved surfaces of longest possible single shot voids fabricated at rear surfaces when
(a) no glass plate, (b) 1 mm glass plate, (¢) 2 mm glass plate, (d) 3 mm glass plate, () 5 mm glass

plate, and (f) 6 mm glass plate are placed after objective lens

The single shot voids in Fig. 2.5 appear as a result of nonlinear-focusing and
defocusing induced series of discrete hot plasma spots formed in Corning glass along the
propagation axis. Consequently, the most primitive hot spot at focal point manipulates the

successive plasma spots. For a tiny focal volume, the resulting small plasmas in
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propagation axis are likely to have insignificant extra diffraction. Therefore, repetitive
plasma induced uniform de-focusing and nonlinear re-focusing take place in a shorter
period all the way to the end of propagation axis for least energy loss. Consequently, the
filaments are steadier, narrower, and longer towards the right hand side of Fig. 2.5. In
contrast, power density is low in loosely focused volume and the ionization of bulk
molecules in a wider plasma column likely to increase MPI induced power loss per unit
length. Consequently, filament length decreases while width increases as exemplified in
Fig. 2.5(a). Typical trend of filamentation morphology observed in our experiment is
shown in Fig. 2.6. The quadratic curves fitted in Fig. 2.6(a) and 2.6(b) show significant
dependency of filament length and width on the thickness of soda-lime plate placed after
the objective lens. Thus, for a given laser energy, the length and width of pulse
filamentation in dielectric medium can be controlled simply by varying the thickness of

the soda-lime glass plate.
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Figure 2.6 Geometrical characteristics of filament voids written in bulk glass with average pulse
energy of 30 uJ measured after objective. The filament height (a) and width (b) are plotted as a
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Figure 2.7 Single-shot voids in Corning Eagle™" glass written with pulse energy of 30 pJ when a

6 mm soda-lime glass plate is placed after objective lens
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As shown in Fig. 2.7, the single shot narrow waveguides having diameter of 3.8 um
fabricated in our experiments are highly repeatable, which is vital for reliable optical
device fabrication. Elevated pulse peak power confined in tiny spot ionizes relatively few
dielectric atoms. As a result, the produced plasma spots generated by focusing and
subsequent self-defocusing align closely along the propagation axis. So, the single-shot

waveguides written in Fig. 2.7 have uniform morphology along its length.

2.4 Conclusion

This work aims to propose an experimental study to demonstrate enhanced and

controllable single-shot ultrafast pulse filamentation in Corning Eagle?®®

glass. When a
dense transparent medium (soda-lime glass) is placed after the objective lens, strong
focusing elevates power density in a tiny transverse region and likely to reduce ionization
induced power loss per unit length as the pulse filament progresses. Filamentary void
height increases from 100 um (in absence of soda-lime glass layer) to 700 um when a
pulsed laser beam is allowed to pass through the soda-lime glass layer of 6 mm before it
hits the sample. Single ultrashort pulse induced fabrication of uniform and highly
repeatable long waveguides of diameter 3.8 um is also demonstrated in this study. We

believe that, the proposed study has potential applications in fast and reliable fabrication

of photonic devices and circuits.

21



Chapter 3 - Measurement of in-fiber refractive index change induced by

ultrafast laser radiation

Accurate, efficient and cost effective measurement of the refractive index profile of an
optical fiber is a significant job to design and manufacture in-fiber photonic devices and
communication systems [87, 88]. In particular, to design in-fiber gratings, it is required to
estimate the refractive index modulation to be inscribed by the fabrication apparatus such
as ultraviolet or infrared lasers. Characterization of refractive indices written in standard
single mode fiber and micro-fiber by femtosecond laser radiation is presented in this
chapter. Bragg grating based Fabry-Perot cavity structure (cavity length, L= 10 mm) and
microfiber based Mach-Zehnder are used to measure refractive index change in standard
telecommunication fiber and microfiber, respectively. Demonstrated methods provide

simple yet very effective on-site measurement of index change in optical fibers.

3.1 Introduction

Inscription of adequate periodic RI in the core of an optical fiber is crucial in fabrication
of optical gratings. Hence, the quantification of in-fiber index modulation is essential to
design and reliably fabricate grating devices in optical fibers. Several techniques are
available to measure refractive index profile (RIP) of optical fibers. One of the popular
techniques is the Refracted near-field (RNF) measurements [68, 89, 90]. This method
offers Rl measurements with high index resolution [68, 91], but RNF technique involves
cleaving and subsequent polishing of the cleaved face. In addition, this method cannot
map the RIP along fiber axis. The multi-wavelength interferometry (MWI) approach

permits direct measurement of RIP of an optical fiber employing Fourier-transform
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spectroscopy [69, 92]. A microscopy approach called differential interference contrast
(DIC) measures RIP using image contrast from the phase variation in optical fiber [93].
Another method called computerized tomography (CT) that enables three-dimensional
measurement of RIP in optical fiber, for instance, at a grating [94]. Most of the reported
techniques are either expensive and/or require a complex reconstruction method. Bragg-
grating Fabry-Perot interferometers have been reported as effective tools to measure UV
radiation induced index change [95] and ultra-fast laser made index variation as a
function of exposure time [74] in standard telecommunication fibers.

In this study, we propose the fiber Bragg grating based Fabry-Perot cavity structure
(cavity length, L= 10 mm) to characterize femtosecond pulse filamentation induced
refractive index change in the core of SMF. To demonstrate the process, higher RI is
inscribed in the core length of 100 pum within the cavity of in-fiber Fabry-Perot cavity
sensor, and the corresponding spectral shift of the cavity interference fringe is utilized to
measure the change in RI of the core. The reason of choosing 100 um length of fiber is to
later simulate long period grating’s index modulation using OptiGrating. ldentical index
modulation is then inscribed by femtosecond laser pulse filamentation in pure silica fiber
to write LPGs (next chapter). The resulted transmission spectrum of the fabricated LPG is
also validated using OptiGrating simulation software.

In order to measure femtosecond laser induced index modification in microfiber
(core dia: 3.75 um and cladding dia: 40 pum in this case), the same microfiber is used to
construct Mach-Zehnder interferometer. The microfiber is fusion spliced between
standard SMFs to form a sandwiched configuration of MZI (Fig. 3.7). The input light is

split at first splice point and guided through both core and cladding and finally
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recombined at second splice point. Therefore, when Rl modification is written in the core
of microfiber, the index measurement can be performed from the spectral shift of MZI’s
transmission valley. Positive and negative index inscription provide red or blue shift,

respectively.

3.2 Experimental procedure

Schematic of experimental setup is shown in Fig. 3.1 (a). The femtosecond laser system
operating at center wavelength of 800 nm, pulse duration of 120 fs, and repetition rate of
1 kHz, was used to carry out the in-fiber index characterization. A computer controlled
half-wave polarizer was used to tune laser output power suitable for writing index
modulation. Using an iris diaphragm, the laser beam’s diameter was reduced to 1.5 mm
(initial diameter: 6 mm). Then the beam was focused by an achromatic objective lens
(Numerical aperture: 0.55) into a small focal volume to elevate pulse peak power
necessary for writing filamentary voids in fiber core. An electronic shutter was used to
selectively turn on/off the laser beam in a scanning trajectory and write index changes at
desired location in the fiber core. A computer controlled 4-axis stage was used to align
and scan the fiber with laser radiation. With the aid of rotational stage shown in Fig.
3.1(a) fiber is align along the X-axis of the stage with submicron precision. The fiber was
coupled with a broad band light source (AFC BBS-1550) and a spectrum analyzer
(PHOTONETICS Walics) to monitor and record both the spectral shifts of Fabry-Perot
cavity fringe when RI was modified within the cavity structure and MZI when RI was
modified in the core of microfiber. An index change over a length of 100 pum within the
cavity structure of standard SMF provided a reasonable shift in the fringe pattern. Figure

3.1(b) shows a detail scanning of core length of 100 um where the fiber was scanned with
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a period of 1 um to achieve the index modification in the core. To measure RI written in
microfiber, the microfiber MZI is scanned with the femtosecond laser pulses for a length

of 200 pm. The shift in MZI transmission spectrum is then used to calculate the amount

of written RI.
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Figure 3.1 Schematic of the experimental setup (a), and the magnified image of refractive index

modified region by laser radiation (b)

3.3 In-fiber Rl measurement: results and discussion

3.3.1 RI characterization in standard SMF

Femtosecond laser is an effective tool to modify index in transparent dielectric materials.
Permanent refractive-index can be efficiently inscribed in glass medium using focused
IR-radiation of femtosecond laser pulses [96, 97]. Ultra-short pulses of femtosecond laser
exhibit unique filamentation property which has been investigated extensively [76, 80].
Filamentary propagation of femtosecond pulses provides the opportunity to write index
change only in the filament region. Tuning laser parameters, it is possible to control the

width and length of filament [98], which offers a unique way to spatially control index
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modification in the core of fiber. The width and the length of the filamentary voids found
in this study were about ~1 um and 10 pm, respectively. When the pulses are tightly
focused in the transparent dielectric, due to pulse filamentation, filamentary void
structures of higher index appear at the focal point. This provides an opportunity to
spatially control local index modification in the core of an optical fiber. Quantification of
in-fiber index modification was achieved in this work using a fiber optic Fabry-Perot

cavity sensor.

FBG 2
FBG 1

Light /
input E> L

Figure 3.2 Schematic of a Fabry-Perot cavity structure constructed from a pair of fiber Bragg

gratings in standard telecommunication fiber

Fringe shift of a grating based in-fiber Fabry-Perot cavity structure was employed
to quantify the RI inscribed in the core of a Ge-doped standard SMF. Two identical FBGs
with very low spectral noise are required to form in-fiber cavity. Figure 3.2 shows the
schematic of a Fabry-Perot cavity structure in an optical fiber. In this study, the cavity
structure was constructed by writing twin FBGs 10 mm apart in standard Ge-doped SMF
by UV radiation. The FBGs have reflectivity of ~15% and center wavelength of 1541.9
nm with a tolerance of £0.2 nm. The interference fringe of the Bragg grating cavity is

shown in Fig. 3.3. A magnified image of the fringe pattern is shown in Fig. 3.4. In a
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Fabry-Perot cavity, resonances occur when the round-trip of the light is a multiple of the

wavelength:

2nL = mA

(3.1)

where L is the spacing between the mirrors (gratings), n is the refractive index of the

core, A is the center of the reflection spectrum of the FBGs, and m is an integer.

Therefore, a change in the refractive index n, over a distance d (which can be shorter than

L), will shift the wavelength of a resonance fringe by:
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Figure 3.3 Interference fringe pattern of the fiber Bragg grating based Fabry-Perot cavity

interferometer in standard telecommunication fiber

27



-50

60+
c% Magnified
= |
S
©
2 70 £
& é -55

5

2

& -60

-80 15418 1542.0 15422 1542.4
Wavelength (nm)
T T T T T
1540 1542 1544

Wavelength (nm)
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the magnified fringe pattern

Figure 3.5 Femtosecond laser induced Index modification in the fiber core for a length of 100
micron. The fiber core is scanned transverse to its propagation axis with a period of 1 um at the

speed of 50 um/ Sec
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Figure 3.6 The plot showing a fringe shift of 9.57 pm of the cavity spectrum for femtosecond
laser induced index change over a length of 100 um in the core within the cavity structure

Prior to index inscription in the cavity region, the fiber was firmly fixed on the 4-
axis stage as shown in Fig. 3.1(a), so that the tension on the fiber remains constant for the
duration of entire experiment. At this point, the initial fringe spectrum was recorded.
Next, a core length of 100 um within the cavity was periodically (period: 1 pm) scanned
with 1 kHz ultrashort pulses (pulse energy: 0.96 pJ) at the speed of 50 um/Sec. The
femtosecond pulses inscribe an array of closely packed filamentary voids (width: 1 pum)
in the core and enhance the local RI. Any change of RI in the cavity region is expected to
shift the resonance spectrum according to Equation 3.1. When higher R1 was inscribed in
the core for a length of 100 um within the cavity as shown in Fig. 3.5, a spectral shift was
observed. At this point, the fringe spectrum was recorded again. As shown in Fig. 3.6, the

spectrum before and after index change is plotted to examine the total spectral shift. The
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index inscription over the length of 100 pum fiber core provides 9.57 pm spectral shift of
the cavity fringe. For A= 1541.9 nm, 6A= 9.57 pm, n= 1.4470, L= 10 mm, and d= 100 pm,
the Equation 3.2 provides an approximate RI change of 4.49x10-4. Identical RI was later

(Chapter 4) periodically inscribed in pure silica core fiber to write LPGs.

3.3.2 RI characterization in microfiber SMF

Mach-Zehnder Interferometers have been widely used in different sensing applications
[7, 8,99, 100]. Typically, a MZI has a reference and a sensing arm. A fiber coupler splits
an incident light into two arms which are then recombined by a second coupler. The
recombined light interferences with each other and produces interference fringe
depending on the optical path difference (OPD) between the two arms. For sensing a
quantity, the reference arm is kept isolated while the sensing arm is exposed to the
measurand. The signal deviation in the sensing arm induced by a measuring quantity
changes the OPD of the MZI that can be sensed by examining the variation in the
interference pattern. This sensing mechanism offers a unique approach to measure any
refractive index change in optical fiber core. More details on MZI sensors will be
discussed in chapter 6 and 7.

Figure 3.7 (a) shows the microscope image of the MZI which is constructed by
splicing a microfiber between standard single mode fibers. The Fujikura (FSM-40PM)
splicer set at arc power of 10 bit, and arc exposure time of 1000 millisecond, was used to
splice the microfiber with standard pure silica core SMFs. To measure the RI written by

infrared femtosecond laser, 200 pum blocks of higher RI was written in the core one after
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another. As the higher index were written in each 200 um blocks shown in Fig. 3.7 (b),

MZTI’s transmission spectrum followed red shift.

Microfiber

{

(a) Microscope image of the microfiber MZI

Rl change regions

200 pm

(b) Microfiber MZI schematic
Figure 3.7 (a) Microscope image of microfiber sandwiched between SMFs that form the MZI,
and (b) schematic of operating principle of MZI and the blocks index change to be measured by

the MZI sensor

The transmission spectral mode spacing was found to be ~35 nm when the MZI has
a length of 3.25 mm as shown in Fig. 3.8. In response to the core index change over a
length of 200 um, the MZI showed a constant spectral red shift. This spectral shift can be
used to calculate the amount of RI change inscribed by the femtosecond irradiation. As
showed in Fig. 3.9, for each bock of laser written refractive index change, the MZI
spectrum shift was recorded to be ~0.80 nm. The index change was written over 10

blocks to observe the consistency of MZI’s corresponding spectral responses. As shown
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in Fig. 3.10 and Fig. 3.11, using Comsol simulation, the value of index change required

for MZI spectral shift of ~0.80 nm is found to be 0.00038.
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Figure 3.8 Spectral shift of the transmission spectrum of the microfiber MZI due to refractive

index change over a length of 200 um in the core. As the blocks of higher Rl change add up, the

spectrum experiences a steady red shift
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Figure 3.9 For each higher refractive index block in the microfiber core, a consistent ~0.80 nm

positive spectral shift was observed as demonstrated by the slope of the characterization plot
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Figure 3.11 Simulation results showing optimization of core RI change required over a length of

200 pm to cause a spectral shift of 0.796 nm

33



3.3.3 Conclusion

In-fiber Fabry-Perot cavity structure is employed to quantify the amount of RI inscribed
in standard SMF by femtosecond pulse filamentation induced voids. For the specified set
of laser inscription parameters, the index change of 0.000449 is measured over the core
length of 100 um in the standard SMF using the cavity sensor.

MZI based in-fibper Rl measurement technique also provides an in-situ
measurement of refractive index change written by the inscription device (such as laser).
Since MZI can be constructed in diverse fiber types, this technique offers flexibility to
quantify index change in various optical fibers. For the specified set of laser inscription
parameters, the index change of 0.00038 is measured over the core length of 200 um in

the microfiber SMF using the microfiber MZI sensor.
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Chapter 4 - Ultrashort pulse filamentation based LPG fabrication in

Ge-doped and pure silica core fibers

The discovery of fiber optic long period grating (LPG) has noteworthy influence on
research and development of fiber sensing technologies. The LPG operates by
wavelength dependent coupling of light from core mode into forward propagating
cladding mode where it is lost via absorption and scattering. Therefore, these intrinsic
devices can manipulate the properties of light propagating within the fiber. External
environmental conditions such as ambient refractive index and temperature perturb the
light propagation properties within long period gratings. This opens up wide-range
studies of LPGs and their applications as sensor devices. This chapter discusses basic
properties of long period gratings and application dependent manufacturing challenges
and proposes femtosecond laser based fabrication of LPGs as a potential solution to

overcome limitations of UV laser based gratings manufacturing.

4.1 LPG refractive index sensing
The condition for phase matching between forward propagating core mode and cladding
mode in an LPG is given by [10]:

Aew = [nSZ7e () — nSP (D)4, (4.)

cl(m)

err  Is the effective index of the

where ng?® is the effective index of the core mode, n

mth- order cladding mode, and A, is the period of the grating. The cladding modes can
escape from the fiber into the atmosphere due to absorption and scatterings. For this

unique property, LPGs are excellent tools for refractive index sensing.

35



The coupling mechanism of wavelengths between fundamental core mode and
forward propagating cladding modes (known as phase-matching condition), explains the
LPG’s refractive index sensing principle. According to the Equation 4.1, the coupling
resonant wavelength is a function of the effective indices of the guided and cladding
modes as well as the grating period. The effective indices are dependent on the indices
and radii of core and cladding. The effective indices of the cladding modes are strong
functions of the ambient RI (n3). A change in ambient index modifies the effective index
(ng;f) of the cladding modes, with the higher order modes experiencing greater index
variations. The coupling wavelength corresponding to a particular cladding mode is
dependent on ng;f. Hence, a change in ambient index (n3) will shift the value of Ap,,. Let
us restrict the Rl measurements to a region where the ambient index (ng) is less than the
effective index of cladding mode (nglff). For a typical single mode fiber, the fundamental
mode is well guided into the fiber core and is not altered by ambient index modulation.
In case of a constant strain and temperature, the grating period is expected to remain
unchanged. Hence, the shift of resonance cladding mode under the effect of ambient

index n3 (dA;/dns= 0) is given by [47]:

1
dipm _ dipm dngyy
dn3 dng?f dn3

(4.2)

For the operational band in normal region, an increase in effective index of the cladding
mode causes a negative shift of the coupling wavelength(dA/dn.;) < 0. Hence, a typical
RI response of LPG shows a negative spectral shift of transmission dip when it comes in

contact with higher ambient R1 than air.
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4.2 LPG temperature sensing
Temperature characterization is crucial for a LPG based refractive index sensor because
any temperature variation in test chamber may alter the RI sensing. The phase matching
condition of a long period grating is given in Equation (4.1) as a function of the mode
index of core and the cladding. There are two factors that affect the temperature
sensitivity of wavelength of attenuation band, d Ap,,/dT:

e the change in effective indices due to the temperature dependence of the material

refractive index;

¢ the change in the periodicity of LPG due to thermal expansion of fiber.

The temperature dependency of the long period gratings is given by [101]:

L
dipm _ d(ng??e—”gff) + (ncore — e aa (4.3)
ar dar eff eff/ ar '

4.3 Fabrication of LPG in Ge-doped fiber

4.3.1 Introduction

The rapid advancement in fiber optic sensing systems has accelerated the quest to
develop devices that overcome the existing limitations and offer solution to specific
applications. Fiber optic sensors have shown great potential as practical and commercial
measurement systems due to their inherent small size and immunity to external
interferences [12]. LPGs have grating periods on the order of 100 micrometers, to a
millimeter, and they couple light from a guided core mode into forward propagating
cladding modes where it is lost due to absorption and scattering. LPGs, first demonstrated
by Vengsarkar et al. in 1996 [10], are fast gaining approval as simple yet versatile

devices for multitude of sensing applications. In-fiber long period gratings have been
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demonstrated as effective and efficient tools for RI sensing [14, 18, 21, 45, 58, 102-107].
Novelty of fiber optic grating sensors depends on their performance characteristics and
the transition from laboratory to commercial market depends on their fabrication
simplicity. There has been a lot of progress, yet more work needs to be done to promote

and develop their use in specific and advanced applications.

Various methods have been developed to fabricate long period gratings, including
the use of ultraviolet [28, 30] and CO, laser radiation [32] exposure to electric arcs [33],
mechanical pressure [34] and period corrugated structure [36]. Currently, the LPG
fabrication method with UV radiation in photosensitive optical fiber is the most typical
method used in in the grating fabrication. RI modulation can be written in the core of
photosensitive optical fiber by the influence of an electric field. It has been demonstrated
that germanosilicate glasses when tread with hot hydrogen show increase photosensitivity
[38] and this phenomenon was used to write permanent periodic index in germania-silica
waveguides [39]. The addition of hydrogen to Ge-doped glass breaks the Si-O-Ge bonds
and forms Si-OH bonds and germanium- oxygen deficiency centers. Both of this effect
leads to the increase of RI. To load a photosensitive fiber with hydrogen, the fiber is
exposed with gaseous hydrogen at high pressure (100- 700 atm) and temperatures ranging
from 20 to 100 °C [64]. After the completion of UV radiation based gratings fabrication
in fiber, typically some excess hydrogen remains in the fiber. The post fabrication
residual hydrogen enhances local index of refraction, and any further diffusion to retain
equilibrium causes grating instability. Therefore, it is necessary to get rid of excess

hydrogen from the fiber before using it in a particular application. Annealing the fiber at
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high temperature for a short period of time provides better stability for operation at lower

temperatures [64].

Because LPGs fabricated by UV radiation requires these extra pre- and post-
processing steps, use of UV radiation increases fabrication complexity and heightens
manufacturing cost. In contrast, femtosecond laser has brought simplicity and innovation
to in fiber grating fabrication. Focused femtosecond laser pulses offer permanent RI
increase in various glasses and these short pulses demonstrated a novel techniques to
fabricate fiber gratings [41-44, 65, 66, 108, 109]. High pulse intensity is common for a
femtosecond laser system due to its short pulse duration, which is four to five orders of
magnitude less than that of an Excimer laser [43]. Light intensity is highly localized at
the focal point, and hence femtosecond laser can induce period Rl modulation in the core
of fiber without affecting cladding or polymer coatings. A major advantage of
femtosecond laser fabrication is that the fabricated gratings have higher temperature

resistance; hence they have a greater aging characteristic [47].

4.3.2 Femtosecond laser system

sourced

—_— L.nﬁﬂ‘T‘LrG’ 3

Figure 4.1 The femtosecond laser system (Spectra-Physics, U.S.A) (a) and the computer-

controlled 4-axis stage to align fiber along x-axis (b)
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The femtosecond laser (Spectra-Physics ultrafast Ti: Sapphire laser) shown in Fig.
4.1, was used to write Rl change in the fiber core. The kilohertz ultrafast laser has a pulse
width of 120 femtosecond with the center wavelength of 800 nm. A computer controlled

4-axis stage was used to align and scan the fiber with laser radiation.

4.3.3 Experimental setup

The schematic of experimental setup for the fabricating long period gratings is shown in
Fig. 4.2. A set of neutral density (ND) filters was used to primarily tune down the pulse
energy. After the ND filters, a computer controlled variable attenuator (based on a half
wave-plate and polarizer combination) was used to further adjust laser output power to
the desired level. A computer controlled electronic shutter was used to selectively turn
on/off the laser beam and write index at desired location in the fiber core. An iris
diaphragm was used to reduce beam diameter to 1.5 mm. Then the laser beam was guided
into a microscope and focused by objective lens (Numerical aperture: 0.55) into the core.
The features fabricated during focused irradiation of femtosecond pulses were observed
through a CCD camera mounted above the dichroic mirror. Fiber jacket was removed and
cleaned with acetone before writing LPGs in bare fiber. The optical fiber was fixed on a
computer-controlled 4-axis stage that allows aligning it along x-axis with submicron
precision. Laser beam focusing was done with an achromatic lens under incident angle of
zero degree onto the sample. Line-by-line technique was used to fabricate LPGs. The
software, GOL3D was used to generate scanning path of the laser head. The schematic of
in-fiber RI inscription for long period gratings fabrication is shown in Fig. 4.3. The
period of refractive index modulation in fabricated LPGs is 435 pum. In the index

modified area of Fig. 4.3, the RI was written for a length of 100 um by the laser scanning
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(period: 2 pum) at the speed of 50 um/sec. The fiber was coupled with a broad band light
source (AFC BBS-1550) and a spectrum analyzer (PHOTONETICS Walics) to monitor
the growth of LPG during fabrication. The high index periods are gradually added one
after another until LPG’s transmission valley reached at its maximum value. Once an
individual LPG’s transmission dip reaches its highest and optimum value, any further

increase in length of index modulation degrades transmission spectrum.
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Figure 4.2 Schematic of experimental setup for writing fiber gratings
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Figure 4.3 Schematic long period in-fiber grating fabrications
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4.3.4 Pulse filamentation to write RI

Femtosecond lasers are effective tools to write index in transparent dielectric materials.
Permanent refractive-index can be efficiently increased in glass medium using focused
irradiation of femtosecond laser pulses [96, 97]. Intense femtosecond pulse when tightly
focused reaches high enough intensity to ionize the medium in its path and leave behind a
narrow column of plasma. Along the filament axis, alternative Kerr self-focusing and
self-defocusing of self-generated plasmas continue to add up regularly spaced plasma
spots in a narrow channel until pulse peak power remains higher than critical power for
pulse filamentation [80]. In its progression, the pulse losses it’s energy due to ionization
so that the self-focusing gradually weakens. Eventually the filament terminates because
the self-focusing is overcome by diffraction and plasma defocusing. The plasma column
quickly solidifies and creates a void of higher refractive index in the transparent medium.
Filamentary propagation of femtosecond pulses provides the opportunity to write index
only in the filament region. Tuning laser parameters, it is possible to control the width
and length of filament, which offers a unique way to better control index modification in

the core of fiber.

Pulse self-focusing is a crucial parameter for its filamentation to occur. An ultra-
short laser pulse can self-focus in an optical medium due to 3" order nonlinear process
called Kerr effect explained in Chapter 2. In such case, medium shows pulse intensity

dependent index of refraction and is given by [76, 110]:

ny =ng +nyl(r,t) (4.4)
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where n, is the linear RI, n, is the nonlinear RI, and I(r,t) is the intensity profile of the
ultrafast pulse. When pulse focusing occurs, the photons start to gather towards the center
of the pulse and enhance pulse intensity. The intense pulse creates plasma in the central
region of the pulse due to multi-photon ionization as shown in Fig. 4.4. Excess electron
densities decrease the susceptibility of the medium and reduce the local index of
refraction. So, the central part of the pulse tends to de-focus while the peripheral region
continues to self-focus. This leads to interesting energy dynamics within the pulse at it
propagates [110]. The balance between self-focusing and de-focusing leads to a sustained
filamentary propagation of ultrafast pulse. However, pulse losses energy when ionizing
the medium. So, the filament terminates as soon as the pulse peak power becomes less
than the critical power required for pulse filamentation. Because the ultrashort pulses
carry limited energy, the pulse propagation medium almost immediately re-solidifies
leading to a change in RI. Consequently, with the proper laser parameters, it is possible to
control the local RI in the bulk of glass materials. Inscription of waveguides using
filamentary propagation of ultrafast pulse is demonstrated in several studies [111, 112].
That specifies that the RI is highest at the center of the filament and gradually decreases

toward the periphery.

Outer energy Inner ionization
. — .
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Figure 4. 4 Transverse profile of ionizing region of a filament
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Spatial control of RI modification in the core is one of the key requirements to
efficiently write fiber gratings. When the pulses are tightly focused in the transparent
dielectric, due to pulse filamentation, higher index of filamentary void structures appear
in the focal point. This gives an opportunity to spatially control local index modification
at focal point. With the elevated pulse intensity confined in a tiny focal volume, we have
employed ultra-fast pulse filamentation technique to inscribe submicron void inside the
core of single mode fiber. Prior to working with single mode optical fiber, we
investigated the index morphology written by femtosecond laser radiation in the bulk of
borosilicate glass. Figure 4.5 shows the femtosecond laser induced single-shot voids
inscribed in borosilicate glass of thickness 150 um. Average pulse energy of 10 pJ was
used to inscribe the voids. The period of horizontal scan, the amount of index change and
their location relative to the core of fiber determine the location peak attenuation band in

transmission spectrum.

Laser pulse

|

—_—
Scanning direction

Figure 4.5 Periodic index change written in borosilicate glass (thickness 150 um) by single-shot

femtosecond pulse filamentation with pulse energy of 10 pJ
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4.3.5 Fabrication results and discussion

Figure 4.6 shows the growth of LPG’s transmission spectrum. Both LPGs were written
for a period of 435 um but the total lengths of index modulation were different. The LPG
written in Figure 4.6 (a) was relatively short (total length: 22.62 mm). The transmission
spectrum shows an attenuation dip of 20dB at 1552 nm. The first 30 periods of the LPG
shown in Figure 4.6 (a) were written with average pulse energy of 24 puJ. Periods from 31
to 52 were written with average pulse energy of 26 pJ. The index modulation was written
for a total length of 34.8 mm with average pulse energy of 24 pJ for the LPG shown in
Fig 4.6 (b). The transmission spectrum has a smaller attenuation dip (~18 dB) at 1537
nm, but the spectrum valley is narrower than the previous one which is better for sensing
applications. The FWHM of the attenuation band is 5 nm and the sharp transmission dip

can offer high resolution in Rl measurement.
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Figure 4.6 Gradual growth of LPG in Ge-doped fiber for different number of periods. The total
length of LPG in (a) and (b) are 22.62 mm and 34.8 mm give the transmission dip at 1552nm and

1537 nm respectively
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4.3.6 Refractive index characterization

For the operational band in normal region shown in Fig. 4.7 and Fig. 4.8 (a), an increase
in effective index of the cladding mode causes a negative shift of the coupling
wavelength (dA/dn.;) < 0. For a grating operating at dA/dn. = 0, the transmission
valley disappears and the LPG fails to work as a RI sensor near that index value. This
property is demonstrated in Fig. 4.8 (b). When the ambient index equals the effective
index of cladding mode, the outer cladding interface disappears and the coupling of the
guided mode is expected to occur to a continuum of guided modes [47]. Since each
cladding mode has a unique effective index, the corresponding resonance bands should
disappear at different values of the ambient index. For grating operation in the region
where (dA/dn;) > 0, the grating exhibits opposite behavior as shown in Fig. 4.8 (c). An
increase in ambient index n3 near the value of the effective index boosts (dn.;/dn; > 0)

and thus results in shifts in opposite directions.
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Figure 4.7 Refractive index characterization of LPG fabricated with femtosecond laser radiation
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Figure 4.8 Shift of transmission valley and attenuation height when the LPG is exposed to
solutions of different RI. Regular blue shift is observed for the attenuation band enclosed in
rectangular box (a). The attenuation band is flattened for the ambient Rl value of 1.4613 (b).

Further increase in ambient RI results in a red shift of the transmission band (c)

4.3.7 Conclusion

Ultrashort pulse filamentation induced writing of refractive index modulation in the core
of standard SMF is demonstrated to fabricate LPGs. Reported RI inscription technique
shows steady growth of in-fiber long period gratings. The proposed method exhibits
negligible insertion loss in LPG fabrication which is a vital to many sensing applications.
LPG’s sharp transmission valley (FWHM of 5 nm) offers better resolution in RI
measurement of a test solution. The position of transmission dip can be tailored relatively

easily simply by varying the period.
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4.4 Fabrication of LPG in pure silica fiber
4.4.1 Introduction
As mentioned in section 4.3, ultraviolet excimer lasers are mostly used to inscribe LPGs
in standard SMFs. In UV laser based techniques, Rl modulation is written in the core of a
photosensitive optical fiber by UV radiation and photo-mask [10, 67]. The UV laser
based gratings fabrication can only be used in photosensitive optical fibers (e.g. Ge-
doped core) and this process requires pre and post fabrication steps. To increase
photosensitivity of the core, the germanosilicate fibers are treated with hot hydrogen [38]
prior to writing periodic index modulation in UV laser based fabrication. Hence, a post
fabrication annealing at high temperature for a short period of time is necessary to get rid
of excess hydrogen from the fiber and provide better grating stability [64]. In addition,
the performance of UV LPGs degrades over time due to hydrogen darkening in harsh
environmental conditions, a phenomenon that occurs when hydrogen gas diffuses into the
Ge-doped fiber and darkens the core through chemical reaction [113, 114]. Photo
insensitive pure silica fibers are considerably more resistant to ionizing radiation
environments compared to Ge-doped fibers. Therefore, gratings inscribed in pure silica
fibers are good candidates for sensing applications in hazardous environments. Hindle et
al. have demonstrated fabrication of LPG in pure silica fiber, however, the reported
grating has weak rejection band and wider full width at half maximum (FWHM) [46].
Besides, the weak focusing condition of ultrashort pulses reported in that study may
account for higher insertion loss due to material darkening.

In this work, identical index modulation measured in section 3.3.1 is inscribed in

pure silica fiber to write LPGs. The resulted transmission spectrum of the fabricated LPG
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is also validated by the grating simulation software called OptiGrating. The simulation
and experimental results of LPG fabrication show that for the same laser inscription
parameters, the written index change in pure silica fiber is identical to the RI
modification measured in Ge-doped standard SMF using Fabry-Perot cavity.
Demonstrated line-by-line gratings fabrication exhibits simple and flexible writing of
LPGs in pure silica SMF with an attenuation dip of 22.22 dB in the transmission
spectrum. The LPG sensors are also characterized for temperature and refractive index

sensing.

4.4.2 Fabrication results and discussion

Prior to LPG fabrication, the ‘OptiGrating’ simulation software was used to optimize
grating parameters such as period, index modulation, grating length etc. For index change
of 0.000449 over core length of 100 um found in the cavity based characterization
(Section 3.3.1) and period of 435 um, the OptiGrating simulation was used to predict
LPG’s transmission valley in pure silica fiber (more OptiGrating LPG simulation can be
found in Appendix B ). Figure 4.9 shows a comparison between LPG’s transmission
spectra obtained in simulation and femtosecond laser fabrication. Both the transmission
spectra (simulation and fabrication) have a common valley at ~1534.67 nm which was
achieved for the period of 435 um (total number of periods: 62) and the index modulation
of 0.000449 found in RI characterization process. The transmission spectrum of
fabricated LPG shows an insertion loss of 0.54 dB. The simulation and experimental
results show that the femtosecond pulses write index change in Ge-doped standard

telecommunication fiber and pure silica fiber to identical magnitude.

49



In line-by-line inscription, the index modified area was achieved by scanning the
fiber transverse to its propagation axis with the speed of 50 um/ sec and sub-period of 1
pm as shown in Fig. 4.3. The pulse energy of 0.96 uJ was used to write total 62 periods
and the gradual buildup of the transmission spectrum was monitored and recorded in-situ
in the optical spectrum analyzer. To investigate the growth behavior of LPG’s
transmission valley, the spectrum was recoded at period number 30, 40, 45, 50, 55, 60,
and 62 then plotted as depicted in Fig. 4.9. When the total number of period reached to
62 (grating length: 26.97 mm), the transmission spectrum showed highest dip of - 22.22
dB centered at 1534.674 nm. Any farther increase in grating length causes a reduction of

the depth of transmission valley. The FWHM of the attenuation band is 7.5 nm.
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Figure 4.9 Comparison between the transmission spectra of the gratings simulated in OptiGrating
software and actually inscribed by femtosecond laser pulse filamentation based index modulation.
Both simulation and fabrication spectra of the long period grating are in good agreement. The
spectrum of the fabricated grating shows as insertion loss of 0.54 dB which is very low in ultra-

short laser inscription
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Figure 4.10 Growth of LPG’s transmission spectrum during fabrication process. Height of the

transmission valley is maximum when the total number of periods reaches to 62

4.4.3 Refractive index characterization

The experimental results show good Rl measurement capability of LPG. The experiments
were done at room temperature. The grating was immersed in a custom made small
container fillable with difference concentration of glycerin solutions. The LPG was
firmly supported on two sides of the container by fiber holders to subside any bending or
strain induced spectral shift. Then the grating was separately immersed in difference
concentration of glycerin solutions of variable RI ranging from 1.3325 to 1.4615. After
interrogating the LPG with particular glycerin solution, the container was cleaned
carefully to remove the residual solution. The typical refractive index dependence of the
loss peak wavelength in transmission spectrum for the LPG written in pure silica core
SMF is shown in Fig. 4.11. The spectral shift of the transmission valley increases non-
linearly with increasing RI. The overall spectral shift of -13.96 nm was measured for RI

range n3 = 1.3325 to 1.4615. When the ambient RI approaches to 1.4615, the
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transmission valley gradually flattens as the coupling from the guided mode to the
corresponding cladding mode weakens. As shown in Fig. 4.11, the LPG’s index
sensitivity is fairly low for ambient index values from 1.33 to 1.39. Sensitivity in that RI
window can be considerably increased by reducing cladding diameter in grating region

[23] or depositing nanoscale overlays on LPGs that have higher Rl compared to the

cladding one [115].
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Figure 4.11 Refractive index characterization of the pure silica core in-fiber LPG sensor

Unlike UV laser, ultra-fast laser based grating fabrication offers permanent and
stable RI modulation in core of SMF, and does not require any pre or post processing.
Compared to UV LPGs, they can stand higher temperature which is often required for
many industrial applications. Hydrogen diffusion in photosensitive fiber can darken the
fiber core through chemical reaction and can erase the index modulation of the grating in
long term sensing applications. In contrast, femtosecond LPGs written in pure silica
fibers, are suitable for long term environmental monitoring since they do not experience

any significant hydrogen darkening.
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4.4.4 Temperature characterization

For temperature characterization, the grating was immersed in a water bath (n; = 1.33)
and the water was progressively heated from 28.50 °C to 96.80 °C. The shift in resonance
band as a function of temperature is shown in Fig. 4.12, where a positive temperature
induced spectral shift was observed. A total spectral shift of ~ 1.98 nm (measured
at n; = 1.33) was observed for the temperature variation of 68.30 °C. The linear curve fit

in Fig. 4.12 shows a temperature sensitivity of ~30 pm/ °C.
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Figure 4.12 Temperature response of the LPG written in pure silica core fiber

445 Conclusion

Fabrication of LPG is demonstrated with very low insertion loss. The LPGs fabricated in
pure silica fiber are potentially promising in contaminated/ down-hole sensing
applications because unlike doped fibers, pure silica fiber are immune to ionizing
radiation environments. The ultrafast laser written index modulation would likely to
withstand higher temperature compare to UV laser written gratings in doped fibers.
Therefore, the pure silica fiber LPGs are also expected to cope well in higher

temperatures.
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Chapter 5 — Fabrication of helical LPGs in pure silica fiber

A comparative study of LPG fabrication in both doped and pure silica fibers using UV
excimer laser and infrared femtosecond laser is provided in chapter 4. Until recently, the
UV laser based fabrication is commercially viable, even though they have few limitations
such as poor ageing characteristics, unreliable in extreme environmental conditions such
as high temperature and chemically hazardous atmosphere, excess pre and post
fabrication steps that increase production cost, etc. Femtosecond laser based fabrication
may bring solution to these problems; however, femtosecond gratings are still not
commercially available because of high fabrication cost and/or due to the lack of
reliability in manufacturing. This chapter proposes fabrication of helical LPGs using

femtosecond laser to improve reliability in long period grating fabrication.

5.1 Introduction

As revealed in chapter 4, besides UV laser inscription, there are several methods
available up to date for manufacturing LPGs [29, 32-36, 43, 48, 49, 65-67]. The ultrafast
laser inscription is reported to be the most popular and viable technique after UV laser
based method. In fact, compare to UV radiation, gratings fabricated by infrared radiation
have superior properties such as better ageing characteristics, potentially suitable to
operate in higher temperature and chemically hazardous environments that are key
requirements for many industrial applications. Direct, rapid, and permanent in-fiber RI

writing capabilities of ultrafast pulses also make femtosecond lasers suitable for large
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scale grating fabrication. Nevertheless, the femtosecond laser manufacturing has far to go
before it becomes a commercial success in gratings manufacturing.

Asymmetric index inscription and Low tolerance on fiber alignment are two
common sources of unreliability in direct writing of long period gratings in ultra-short
laser manufacturing. In ultrafast direct writing, typically the refractive index is written in
the core along the direction orthogonal to the fiber propagation axis. The length of a LPG
can be as long as few centimeters. Thus in ultrafast laser fabrication, confinement of
index modulation in the core for the entire grating length is unforgiving to fiber
misalignment. Therefore, for the same laser inscription parameters, the transmission
spectra of two LPGs may differ if the fiber alignment changes. In contrast to
conventional gratings, the core index modulation of a helical grating has the helical
structure like a screw. Therefore, compared to conventional LPGs, the helical LPGs
(HLPG) are expected to be more forgiving of pre-fabrication fiber alignment which is
vital for mass production.

Polarization dependent loss (PDL) in optical components can degrade overall
system performance in long-haul communication [116]. Wavelength dependent loss and
longer grating length (few cm) of long period grating make it vulnerable to PDL.
Asymmetric index change in transverse plane is reported to be one the main reason that
accounts for PDL in LPGs and grating inscription by multiple exposure or rotating
exposure are proposed to overcome it [117, 118]. HLPG was first demonstrated by
helical micro-bending induced by winding wire around a two-mode fiber [119]. The
period of that grating is hard to control as it is determined by the thickness of the wire.

Oh et al. reported fabrication of HLPG in single mode fiber by using CO; laser [120]. To
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be best of our knowledge, fabrication of HLPG is not yet been reported using any ultra-
fast laser. In this study, we present pulse filamentation based helical long period grating
inscription in pure silica fibers using femtosecond laser radiation. Reliability of gratings

fabrication has also been demonstrated in this work.

5.2 Experimental setup

To rotate the fiber at constant speed with minimal rotating run-out, a custom fiber fixture
was developed. As shown in Fig. 5.1, the fiber fixture is mainly composed of a tilt &
rotation platform (Newport), a miniature optical rail (Newport), two mini rail flat carriers
(Newport) and a DC motor. To hold the fiber while in rotation, the fiber was guided
though two close fit channels (sitting on rail flat careers) that were machined using
femtosecond laser. The channels were created by machining slots (width: 125 um, length:
15 mm, depth: 130um) on a microscope slide and letting a second microscope slide to
firmly sit on it when the fiber is rested on the slots. As shown in the figure, between the
two rail careers, the fiber jacket was removed. One rail career is fixed on the rail while
other can travel back and forth. Therefore, adjusting the position of moveable rail career,
an adequate tension is applied on the fiber to keep it straight while allowing it to rotate.
The fiber is coupled with a DC motor that runs at 45 RPM for 12 VDC. The measured
run-out while the fiber rotates was less than 1 um. The fiber fixture assembly was
mounted on a computer controlled 3-axis stage. A computer controlled polarization based
attenuator was used to tune down the laser power suitable for grating fabrication. The
laser pulses were focused with a microscope lens (Numerical aperture: 0.55) on to the
fiber core. To inscribe the LPGs, the rotating fiber was moved at constant speed (10 pm/

s) along its propagation axis, while an electronic shutter was selectively turned on and off
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to write higher refractive index at desired location in the core to create grating period.
The transmission spectra of the fabricated LPGs were examined using a spectrum
analyzer (PHOTONETICS Walics) connected to broad band light source (AFC BBS-

1550).

Fiber with jacket

Miniature Optical Rai

Figure 5.1 Schematic of rotational stage used for ultra-short laser based HLPG fabrication

5.3 Fabrication results

The schematic of in-fiber helical index modification is illustrated in Fig. 5.2. For a given
RPM of the fiber, the period of the helix can be selected simply by changing the linear
speed of the fiber along its core axis. This allows adjusting the index modification over a

distance to achieve a desired index modulation in the core.
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Figure 5.2 Schematic of the helical index change in the core of standard SMF

57



Figure 5.3 shows details of index modification over a period length of 435 pm. As
mentioned in ‘experimental setup’ section, the electronic beam shutter was open for a
length of 100 um for the whole period of 435 um to achieve the periodic index. Length of
index modified region was varied by allowing the laser to radiate over a projected length
of the core. The effect of the length of index modified region on spectral growth of
LPG’s transmission dip is also examined in this work.

435um

A
v

100pm
—

Figure 5.3 Schematic of index modulation proposed in HLPG fabrication

Figure 5.4 Filamentary index alterations over a core length of 100 um in pure silica core fiber

Femtosecond pulse filamentation induced core index modification over a length of
100 pum is presented in Fig. 5.4. As shown in the figure, voids written by pulse
filamentation technique allows even index alteration without significant material
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darkening. Index modification without substantial material darkening enables inscription

of fiber gratings with minimum insertion loss.

5.3.1 Test of fabrication reliability

Helical index modification turned out to provide greater fabrication reliability of fiber
gratings. Figure 5.5 shows the transmission spectra of three different LPGs fabricated
with same writing conditions (pulse energy: 25 pJ, beam diameter: 2 mm, and grating
period: 450 um) but different number of periods. In absence of rotational stage, the
gratings are usually inscribed by scanning the fiber with laser pulses orthogonal to its
propagation axis. It is challenging to confine asymmetric index modification (written in
conventional technique) within the fiber core when the fiber is not aligned precisely. The
helical index modification seems to improve consistency in writing of index modulation
and thus writing of reliable LPGs. A maximum spectral deviation of 0.22 nm is
overserved in Fig. 5.5, which may also appear due to the tension manually applied on the
fiber prior to grating fabrication. It is worth noting that we aimed to apply a constant pre-

fabrication tension on the fiber in this experiment.
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Figure 5.5 Transmission dips of three different LPGs fabricated with same writing parameters

(i.e. radiation conditions, periodic length, etc.) for different number of periods. The maximum
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fluctuation of spectral locations of transmission dips appears to be 0.22 nm which is

overwhelmingly good for ultrafast laser based grating fabrication.

Figure 5.6 shows spectra of four different LPGs fabricated using identical laser
writing conditions (pulse energy: 25 pJ, beam diameter: 2 mm, period: 450 pm, number
of period: 100). A maximum spectral deviation of 3.78 nm was observed between the
transmission dips of the LPGs which is fairly satisfactory in LPG fabrication. It is worth
to mention here that the spectral fluctuation may appear due to the manual strain applied

on the fiber before laser index inscription.
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Figure 5.6 The fluctuation 3.78 nm among the center wavelengths for 4 consecutive LPGs
fabricated with rotational inscription method. The authors believe the wavelength deviation

results from variable tension applied prior to fabrication

5.3.2 Effect of index change length on spectral dip

Effect of index modification length (within the period) on LPG’s spectral location and
attenuation loss is investigated in this section. Figure 5.7 shows how the transmission

spectra of three different LPGs evolve when length of index modified region was chosen
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to be 50 um, 100 pum, and 200 um. As shown in the figure bellow, it requires fewer
numbers of periods to reach a specific attenuation loss in LPG’s transmission spectrum
when the length of index modified region increases. Also it is apparent that the

transmission dip experiences a red shift when length of index modified region increases.
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Figure 5.7 The effects of RI change length (in a period) on spectral location of attenuation loss.
For the fixed period of 450 um, longer index change length (IL) provides more attenuation loss

for less number of periods (NP)

5.4 RI and temperature characterization

The refractive index dependence of the loss peak wavelength in transmission spectrum
for the HLPG written in pure silica core single mode fiber is shown in Fig. 5.8. The fiber
optic sensor was first firmly fixed horizontally on an aluminum fixture to subside any
effect of strain on the grating. All the measurements were taken at room temperature. To
measure the shift of transmission spectrum with refractive indices, the LPG was

immersed in different concentration of glycerin solutions ranging from 0% to 80%. As
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the ambient refractive index increases, the HLPG shows blue spectral shift which is

typical for long period gratings.
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Figure 5.8 Ambient refractive index characterization of HLPG using different concentration of

glycerin solutions
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Figure 5.9 Temperature calibration of HLPG for temperature range between 25 °C to 125 °C. The

HLPG shows a temperature sensitivity of ~6.8 pm/ °C
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Fig. 5.9 shows the temperature characteristic behavior of the in-fiber HLPG sensor.
Linear temperature dependency of the HLPG’s attenuation valley is observed for
difference temperature range. For the temperature range: 25 to 125 °C, the sensor shows a

sensitivity of 6.8 pm/ °C.

5.5 Conclusion

As demonstrated in this chapter, employing in-fiber rotational index modification
technique, long period gratings can be fabricated using ultra-short pulses more reliably
and effectively. In contrast to conventional transverse scanning technique, LPGs
inscribed in the helical index modification reduce polarization dependent loss when used
in optical communications. The ambient refractive and temperature response of the

HLPG seems to follow typical behaviour of long period gratings.
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Chapter 6 — Fiber optic Mach-Zehnder interferometers for improved

refractive index sensing

The interference of light in optical fibers has been used in precision measurement
systems and sensors. Optical fibers can be configured to allow splitting and
recombination of light, and to control their optical paths. Creating optical path difference
between two modes in an optical fiber that eventually undergo recombination, it is
possible to construct sensor devices in optical fibers that are extremely compact and
economic. The fiber optic Mach-Zehnder interferometers (MZI) are simple yet effective
tools for measurement of ambient refractive index. MZIs are very simple to fabricate
compare to fiber grating but in general they show high sensitivity to ambient refractive
index changes. This chapter demonstrates microfiber and tapered photonic crystal fiber

based MZI sensors for ambient refractive index measurement.

6.1 Introduction

The distinctive properties such as miniature, light weight, immunity to electromagnetic
wave, and ability for high resolution detection of fiber optic interferometric sensors have
made them superior candidates over conventional sensors for environmental monitoring
applications. In-fiber Mach-Zehnder interferometers, in particular, offer high sensitivity
not only to temperature, strain and pressure, but also to ambient refractive index changes.
A typical MZI has a reference and a sensing arm. A fiber coupler is used to split the
incident light into two arms which are then recombined by a second coupler. The two

lights recombine at the second coupler and produces interference fringe depending on the
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optical path difference (OPD) between the two arms. For MZI based ambient RI sensing,
the reference arm is kept isolated while the sensing arm is exposed to solutions of
variable RI. The signal deviation in the sensing arm induced by ambient RI changes the

OPD of the MZI that can be sensed by examining the variation in the interference pattern.

The long period gratings are the widely used RI sensors where the shift in
transmission spectrum generated by intermodal coupling between forward-propagating
core modes and cladding modes is used for sensing applications [23, 45, 65, 121]. To
further enhance RI sensitivity, MZI has been constructed using a pair of LPGs [59].
However, the LPGs are often expensive and working only in a limited band(s) of
wavelengths due to phase matching phenomenon of fiber gratings [122]. In addition, both
LPGs in two arms are required to be identical for maximum performance. Considerable
research work has been conducted to achieve alternative MZI configurations including
core mismatch, use of multimode fiber segments or small core SMF in standard SMF, air-
hole collapsing of PCF and fiber tapering [8]. Sensors based on PCL are attracting
considerable attention because photonic crystal fibers show unique optical properties due
to their periodic microstructure along fiber length [123]. The modal and light guidance
properties of PCFs are appealing for ambient refractive index sensing. Fiber optic MZI
sensors in diverse structural configurations have been used in many sensing applications.
MZI sensors in SMF-PCF-SMF configuration have been demonstrated for RI sensor [61,
124, 125]. Li et al. have proposed MZI sensor with tapered PCF for high RI sensing,
however, the sensor has a length of 2.4 cm [126]. In many applications, sensor with
smaller dimension and localized sensing are required. To keep the sensor length

considerably small, acid etching of the PCF also has been reported [61, 127]. Chemical
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etching using hydrofluoric acid is probably not the best method for many laboratory
setups. So, alternative approaches are required to achieve miniature MZI that has

considerable sensitivity for ambient RI sensing.

In this work, we propose microfiber based MZI interferometer, which shows good
surrounding RI sensitivity. The sensor is built by splicing a stub of small diameter SMF
(core diameter: 3.75 um, cladding diameter: 40 um) between two standard single mode
fibers. Small fiber diameter allows the cladding modes to extend much closer to the
surrounding solution; hence, the sensor shows high sensitivity to any change of RI in the
surrounding environment. We also present a simpler and cost effective method for the
construction of a taper PCF based in-fiber core-cladding inter-modal interferometer that
shows high ambient RI sensitivity. The sensor is built by splicing a stub of PCF between
two standard single mode fibers. The PCF is then tapered using a custom made tapering
machine. The core mode is confined in the core while the propagation characteristic of
the cladding modes depends on the RI difference at cladding-ambient interface. Smaller
diameter of the PCF allows the cladding modes to extend much closer to the ambient
solution; hence, the sensor shows high sensitivity to any change of RI in the ambient

environment.

6.2 Microfiber Mach-Zehnder interferometer

6.2.1 Device fabrication

Figure 6.1 shows the schematic of the sensor configuration and the fusion splicing of
standard SMF with reduced diameter SMF. As pointed out in Fig. 6.1 (a), the incident
light when interacts with the first interface (SMF and small diameter SMF), it spreads
into both core and cladding of small diameter SMF and then recombine at the second
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interface (small diameter SMF and SMF). The core mode is confined in the core while
the propagation characteristic of the cladding modes depends on the RI difference at
cladding-surrounding interface. Figure 6.1 (b) shows the splicing of standard SMF with
microfiber. The Fujikura (FSM 40PM) fusion splicer was used to splice standard SMF to

microfiber with an arc power of 10 bit exposed for 1000 millisecond.

Small diameter SMF

4

SMF SMF
(@ (b)

Figure 6.1 Schematic of the proposed fiber optic MZI interferometer (a), and the microscope

image showing fusion splicing of a regular SMF with a reduced diameter SMF (b)

6.2.2 Output spectral response

The spectral response of the interferometry sensor was recorded using an ASE broadband
light source and an optical spectrum analyzer (Photonetics 3650 HR 15). Figure 6.2
shows the transmission spectrum over 200 nm spectral window, the transmission dips
appear at periodic spectral locations. The total length of the MZI was 5.25 mm. Modal
spacing of the MZI’s transmission spectrum varies with device length. The fringe spacing
as a function of the length of the microfiber single mode fiber is also given in Fig. 6.3.
Mode spacing exponentially decreases as the length of small diameter SMF gradually
increases. FWHM of the individual dip of microfiber MZI goes down as the sensor length

gradually increases.
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Figure 6.2 Transmission spectrum of the in-fiber MZI interferometer sensor (left), and the

magnified image showing three major transmission valley (right)
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Figure 6.3 Small diameter fiber length dependent modal separation of the output spectrum of the

MZI sensor
6.2.3 Sensing results and discussion

The shift of interference fringe as a function of the ambient refractive index change was
observed for device length of 6 mm. The sensor was characterized with difference
concentration of glycerin solutions at room temperature. To achieve characterization data,

the device was immersed in different glycerin solutions of gradually varying
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concentration. After each test, the sensor was thoroughly cleaned before immersing it in
subsequent higher concentration glycerin solution. Figure 6.4 shows the wavelength
shifts due to the change of surrounding refractive index between the values of 1.3327 to
1.4408. As the surrounding RI increases, the dip wavelength of the transmission wave
experiences a blue-shift. The sensor demonstrates average sensitivity of -38.91 nm/RIU
for ambient refractive index value between 1.3327 ~ 1.4063 and -98.85 nm/RIU for
refractive index value between 1.4133 ~ 1.4408.

To examine the temperature sensitivity, the MZI sensor was immersed in a
temperature controlled water bath. The sensor was tested by increasing temperature of the
water bath between 25°C to 95°C with a step of 10°C. Prior to taking wavelength shift
readings, a waiting time of 10 min was allocated for the system to stabilize at set
temperature. The temperature response is shown in Fig. 6.5. The temperature sensitivity

of the MZI sensor is 51.65 pm/°C.
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Figure 6.4 Refractive index characterization of microfiber MZI sensor

69



1585.5 1

® Data points iIJ
1585.0 4 - - - - Linear fit I
/0
1584.5 L7
—_~ 9,
E 158401 ) .’
Z ) Sensitivity: 51.65 pm/°'C (% ’
g 1583.5 L
T>J 1583.0 i’ o
© s P
; , o g:::ru:sl Sum of 0.03135
15825 - , 4 Adj. R-Square 0.99674 - I
¥ . e
1582.0 e
O ’
1581 5 T T T T T T T T T T T T T T T

—
20 30 40 50 60 70 80 90 100

Temperature (OC)

Figure 6.5 Temperature characterization of microfiber MZ1 sensor

6.2.4 Conclusion

We have fabricated and tested a simple and cost effective fiber optic MZI based RI
sensor by fusion splicing a small diameter SMF between standard SMFs. Refractive
index sensitivity of the sensor is -38.91 nm/RIU and -98.85 nm/RIU for ambient
refractive index value between 1.3327 ~ 1.4063 and 1.4133 ~ 1.4408, respectively. The
microfiber MZI shows higher ambient RI sensitivity than commercially available LPGS.
The temperature sensitivity of the sensor is 51.65 pm/°C for operating temperature range

of 25°C to 95°C.
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6.3 Tapered photonic crystal fiber Mach-Zehnder interferometer

6.3.1 Device schematic

Figure 6.6 illustrates the two step process of the sensor fabrication. As shown in Fig. 6.6
(@), the basic MZI interferometer is constructed by splicing a small stub of PCF between
standard SMFs. In the second step, the PCF is tapered while the SMFs on both sides
remain unchanged. During splicing, a small segment of PCF collapse that diffracts the
fundamental core mode. As pointed out in Fig. 6.6 (b), the incident light when interacts
with the first interface (SMF and PCF), it spreads into both core and cladding of PCF and

then recombine at the second interface (PCF and SMF).

Standard SMF Standard SMF

H_%

Tapering

Collapsereglon
@ dueto splicing
Light input —_— K" Light output
— —‘*%ﬁ
(b} :

Tapered PCF

Figure 6.6 Schematic of the PCF interferometer (a), and tapering of the PCF to enhance ambient

refractive index sensitivity (b)

6.3.2 Sensor fabrication and spectral response

A small piece of single mode PCF is spliced between a lead-in and a lead-out SMF-28
fiber. Both the standard SMF and PCF are stripped off from polymer coating before
fusion splicing. In such case, the surrounding air acts as a low index cladding and
confines the higher order modes within the PCF. The Fujikura (FSM 40PM) fusion

splicer was used to splice standard SMF to PCF with an arc power of 10 bit exposed for
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1500 millisecond. Fig. 6.7 (a) shows the splicing of SMF with PCF where a small
segment of the PCF collapses due to the applied arc heat. At the first splicing, the input
light splits into core and cladding modes while the modes recombine at the second
splicing to construct the MZI structure. The PCF is tapered down to ~ 60 um using a

custom made equipment to enhance RI sensitivity.

Fusion splicing

124.8 pm

Collapseregion

Tapered PCF

Figure 6.7 Fusion splicing of PCF with standard SMF (a) where the hollow structures of the PCF

collapse that splits the incoming light from the SMF. The PCF is then tapered down to ~ 60 pm

(b)

The holey structure of the PCF has much lower softening point than that of SMFs,
and thus at each splicing point the air holes of the PCF entirely collapse over a short
length. In a typical splicing machine, the intensity and arc exposure duration of the fusion
process can be tuned. This allows controlling the collapse length in the PCF at the
splicing point. As shown in Fig. 6.7 (b) the collapse length in our experiment was found
to be 156 pum for arc power of 10 bit and exposure time of 1500 ms. Let’s consider the
evolution of propagating beam shown in Fig. 6.6 (b) as it travels from the lead-in SMF,
through the PCF and finally to the lead-out SMF. When the fundamental SMF mode

reaches the collapsed region of PCF it starts to diffract, and thus the mode broadens. For
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a beam centered at wavelength A, the initial spot size Wy (at the first SMF-PCF interface)
broadens to a new size of w when it propagates a length I; of the collapse region and is

given by [61]:

AL\
w = w, 1+< 12> (6.1)
TNFWy

where, n; is the refractive index of the collapse region of PCF. When the center
wavelength 2 = 1.577 um, collapse length of PCF I; = 156 um, index of collapse region n;
= 1.444 and initial spot size wp =5 pum, the new spot size at the end of collapse region of
PCF will be w = ~12 um. Therefore, at the end of collapse region, the PCF will be
excited with a Gaussian beam of diameter 2w = 24 um which is much larger than its core
size. The combine effect of mode field mismatch and the modal characteristics of the
PCF [128] excite certain core and cladding modes in the PCF that have difference
propagation constants [129]. Both modes propagate along the PCF and enter the second
collapse region of the PCF. The collapse region causes further diffraction and finally the
core and cladding modes recombine due to the filtering of the subsequent SMF. The core
and cladding mode interfere and provide transmission spectrum given by [130]:

I = I+ I+ 2101 cos(6 + ¢@g) (6.2)

(Mer—nco)

5= n/A) f dz (6.3)
L

where 1 is the intensity of the interference signal, ¢, and I are the intensities of the core
and cladding modes, ¢ is the phase difference of the two modes, n,, and ng are the
effective indices of the core and cladding modes. L and A are the length of the PCF and
wavelength, respectively. Typically the MZI sensors are very sensitive to fiber bending,

so the sensor was firmly fixed on a fiber holder. Then the fiber was coupled with a broad
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band light source (AFC BBS-1550), and a spectrum analyzer (PHOTONETICS Walics)
to analyze the optical characteristics of the tapered PCF MZI. Figure 6.8 shows the
transmission spectra that have a single notch for the given spectral window (1550~1600
nm) with an attenuation dip centered at ~1577 nm. The waist diameter of the PCF was
~60 pm. The intensity of the cladding mode decreases with decrease in waist diameter

because the transition region of the taper PCF is nonadiabatic [126].
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Figure 6.8 Transmission spectrum of the in-fiber MZI in SMF-Tapered PCF-SMF configuration.

The length of the sensor is ~6 mm

6.3.3 Refractive index sensing

The sensor was characterized with difference concentration of glycerin solutions at room
temperature. To achieve characterization data, the device was immersed in glycerin
solution whose concentration was gradually increased. After each test, the sensor was
thoroughly cleaned before immersing it in subsequent higher concentration glycerin

solution. Figure 6.9 shows the wavelength shifts due to the change of surrounding
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refractive index between the values of 1.3327 to 1.4063. As the surrounding RI increases,
the dip wavelength of the transmission wave experiences a red-shift.
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Figure 6.9 The overall refractive index sensitivity plot of the in-fiber MZI interferometer in

SMF-taper PCF-SMF configuration
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ranges of the solutions. The interferometer shows highest sensitivity of 1141 nm/RIU for RI

range of 1.39 17 to 1.4063
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The performance of the taper PCF MZI is evaluated by its sensitivity which is
defined as the amount of resonance wavelength shift divided by the change in refractive
index of the solution that causes the spectral shift. To analyze RI sensitivity, the entire
plot of Fig. 6.9 is divided into subplots for the solution index range of 1.332 to 1.363,
1.364 to 1.392 and 1.393 to 1.406 as shown in Fig. 6.10. The sensor shows RI sensitivity
of 252.50 nm/RIU for RI range of 1.332 to 1.363, 475.50 nm/RIU for RI range of 1.364

to 1.392 and 1141.10 nm/RIU for RI range of 1.393 to 1.406, respectively.

6.3.4 Conclusion

We propose highly sensitive miniature Rl sensor based on tapered PCF MZI. The MZI is
constructed by fusion splicing a PCF between two standard single mode fibers. When the
PCF is tapered down to ~ 60 um, a maximum RI sensitivity of ~ 1141 nm/RIU can be
achieved. Small fiber diameter of the PCF allows the cladding modes to extend much
closer to the surrounding solution; hence, the sensor shows high sensitivity to any change
of RI in the surrounding environment. Similar PCF MZI sensor shows temperature
sensitivity of ~8 pm/ °C [126], which is negligible compare to its RI sensitivity. Low
temperature sensitivity makes it an effective RI sensor. The sensor shows RI sensitivity
of 252.50 nm/RIU for RI range of 1.332 to 1.363, 475.50 nm/RIU for RI range of 1.364

to0 1.392, and 1141.10 nm/RIU for RI range of 1.393 to 1.406.
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Chapter 7- Microfiber FBG and MZI for temperature and

refractive index sensing

Various unique properties of microfibers including their extended evanescent fields,
compactness, flexibility, and configurability offer new opportunities and solutions to
various telecommunication and sensing applications [131, 132]. This chapter reports the
direct ultrafast laser inscription of miniature FBG in microfiber and the integration of
FBG and MZI in microfiber for applications in ambient temperature and refractive index
measurements. Enhancing temperature sensitivity of microfiber FBG and simultaneous

measurement of refractive index and temperature are also proposed in this chapter.

7.1  Fabrication of FBG in microfiber

7.1.1 Introduction

Fiber Bragg grating (FBG) is a band stop filter that works on the principle of Bragg
reflection phenomenon. The property to reflect particular wavelengths of light while
transmit all others is achieved by forming a periodic index modulation in the core of an
optical fiber [133]. An extensive amount of research has been conducted on FBG devices
to uncover their applications in telecommunication and sensing [134-136]. In particular,
FBG sensors have been demonstrated as effective and reliable tools for individual or
simultaneous measurement of temperature and strain [137-140]. Grating embedded in
standard single mode fibers (core diameter: 8um, cladding diameter: 125 um) sensors
have shown great promise in diverse sensing platform because of their accurate
measurement, real time response, and capabilities of multi-parameter measurements.
However, recently there has been a lot of research focus on microfibers [131, 141],
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because the photonics devices fabricated in microfibers have many unique and interesting
properties. The flexibility and configurability of microfibers are expected to provide easy

manipulation of the microfiber based devices such as FBGs and in-fiber interferometers.

Currently, there are two major technologies available for fabrication of FBGs in
single mode fiber: ultraviolet (UV) laser radiation with phase mask method [2, 9] and
ultrafast laser radiation method [142, 143]. Fabrication of FBG in microfiber using UV
laser and phase mask has been demonstrated for diverse sensing applications [144]. The
inscription of fiber grating by UV laser radiation method requires pre and post fabrication
steps. To enhance photosensitivity of the core, the fibers are first treated with hot
hydrogen [38] before writing periodic index modulation. To get rid of excess hydrogen
from the fiber and provide better grating stability, a post fabrication annealing at high
temperature for a short period of time is required [64]. Besides, sensing performance of
UV FBGs may degrade over time due to hydrogen darkening in harsh environmental
condition, a phenomenon that occurs when hydrogen gas diffuses into the photosensitive
fiber and darkens the core or even erases the index modulation [113, 114]. In general, the
phase mask techniques are expensive and they require different phase masks of variable
period to achieve flexibility in Bragg resonance Bragg wavelengths. In contrast,
femtosecond laser based fabrication offers arbitrary resonance wavelength of FBGs
simply by varying scanning speed in point-by-point method and scanning period in line-
by-line method. Fabrication of FBG in microfiber using phase mask and femtosecond
laser for refractive index sensing has been demonstrated in a recent research work [3].
The reported study illustrates FBG fabrication in SMFs of diameter between 2-10 pum and

their resonance spectrum shows higher order modes suitable for refractive index sensing.
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Higher background noise in the spectrum and weaker Bragg resonance reflection are
most likely be an outcome of excess/ inefficient energy deposition by ultrafast laser

pulses.

This work proposes writing of FBGs in microfiber (core diameter: 3.75 um,
cladding diameter: 40 um) by femtosecond laser based point-by-point direct inscription
method. Ultrashort pulse filamentation technique is employed to better control deposition
of femtosecond pulse energy and achieve clean index modulation in the core of
microfiber. The experimental results show strong Bragg reflection even for a grating
length as small as 1 mm. To write a 1 mm long grating in the proposed method takes less
than 2 second. The fabricated FBGs are also characterized for temperature and strain

sensing to evaluate their sensing performance.

7.1.2 System specification and setup

A femtosecond laser was used to write pulse filamentation induced RI change in the fiber
core. The kilohertz ultrafast laser has a pulse width of 120 femtosecond with the center
wavelength of 800 nm. A motorized attenuator was used to tune laser output power
suitable for FBG fabrication. The laser beam was selectively turned on/off by an
electronic shutter to control power delivery in the experiment. An iris diaphragm was
used to reduce beam diameter to 1.75 mm. Then the laser beam was guided into a
microscope and tightly focused by objective lens (Numerical aperture: 0.75) into the fiber
core. Focusing was done with an achromatic lens under incident angle of zero degree
onto the sample. The fiber jacket was removed and cleaned before writing gratings in
bare fiber. The optical fibers were mounted on a computer controlled 4-axis stage to

periodically write index inside the core. Fiber alignment was done using the rotary stage
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and live image feedback from the CCD camera attached to the system. The fiber was
coupled with a broad band light source (AFC BBS-1550), a spectrum analyzer
(PHOTONETICS Walics), and a circulator to monitor the growth of Bragg resonance
reflection spectrum during fabrication. As shown in Fig. 7.1, the index modulation in the
fiber was created by point-by-point inscription method. The scanning speed was chosen
for the kilohertz pulse laser so that the filamentary voids partially overlap to create the

desired index modulation in the core of the microfiber.

Index modulation

Figure 7.1 Schematic of the index modulation written in the core of microfiber by femtosecond

pulse filamentation induced periodic void structures

7.1.3 Grating fabrication

As shown in Fig. 7.2, the microfiber (core diameter: 3.75 um, cladding diameter: 40 um)
was spliced between two standard SMFs prior to grating fabrication. Splicing with SMF
facilitates fixturing of the microfiber prior to FBG fabrication, and temperature and strain

characterization of the grating sensor. A Fujikura (FSM-40PM) splicer set at arc power
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of 10 bit, and arc exposure time of 1000 millisecond, was used to splice the microfiber

with standard pure silica core SMFs.

Figure 7.2 Splicing of the microfiber between two standard SMFs prior to grating fabrication in

order for improve handling of the fiber during modulated index inscription

Typical periods of FBGs written in SMF that have resonance spectrum about 1550
nm are usually around 500- 550 nm. In addition, due to the miniature core size of the
microfiber (3.75 pm), it is necessary to write spatially confined periodic index
modulation in the fiber core. Femtosecond pulse filamentation was employed to write
submicron periodic voids in the core. . Ultra-short pulse filamentation is basically a
serious of hot plasma spots appear along its propagation axis produced due to focusing
and defocusing of pulse until the peak power remains higher than the critical power
necessary for filamentation [76]. An objective lens with high numerical aperture of 0.75
was used to strongly focus the ultrafast pulses into a very small focal volume and elevate
pulse peak power. Elevated pulse intensity confined in a tiny spot forms a filamentation
induced void at focal point in transparent medium. When the microfiber was axially

scanned with the kilohertz pulse train at the speed of 534 nm/ sec, the filamentary voids

81



were overlapped as shown in Fig. 7.1 to create an index modulation period of 534 nm. As
shown in Fig. 7.3, when 1 mm length of the fiber core was scanned with the focused
femtosecond pulses (pulse energy: 42.5 pJ) with the period of 534 nm, it inscribed a FBG

in the microfiber that has a resonance Bragg reflection spectrum centered at 1550.22 nm.
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Figure 7.3 The Bragg resonance reflection spectrum centered at 1550.22 nm for the grating

written in microfiber with a period of 534 nm

7.1.4 Sensing temperature and strain using FBG

Fiber Bragg gratings are suitable sensing elements to directly measure temperature and

strain. The resonance condition of the Bragg wavelength is given by [145]:

Az =2nA (7.1)
where, n is the effective index of the core and 4 is the Bragg grating period. For a given
FBG, a change in its refractive index profile and grating pitch shifts the Bragg resonance
wavelength according to Equation 7.1. These changes generally appear under the

influence of strain and temperature. When a strain is applied on the fiber, the Bragg
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wavelength shifts due to the elongation of the FBG and changes in its refractive index
through photo-elasticity effect [16]. Similarly, a change in ambient temperature alters the
Bragg wavelength due to thermal expansion of fiber material that changes both grating
period and index modulation. A temperature and/or strain induced Bragg wavelength

shift (A/g) caused by applied three dimensional strains (e, &y, and ;) is given by [146]:

n 1
AB =& _?0|:gz P, + E(pll + p12)(8>< + gy ):| (72)

where p1; and p;, are dimensionless photo-elastic constants and have the values of 0.113

and 0.252 respectively. The x-y-z is a right handed Cartesian coordinate systems with z-

axis pointing along the fiber axis.

7.1.5 Temperature response of microfiber FBG

The FBG based temperature sensors have great potential and are promising alternatives to
classical temperature measurement techniques. Temperature sensing using microfiber
FBG with no further modification is demonstrated in this study. The Bragg wavelength of
the FBG sensor experiences linear red shift with ambient temperature. Figure 7.4 depicts
the experimental setup used to measure temperature induced red shift in the resonance
wavelength of the FBG sensor. The broadband light was launched into the port 1 of the
circulator and the reflection spectrum from port 2 is recorded using the optical spectrum
analyzer (OSA) connected at port 3. The water temperature of the water bath was
gradually increased from 22.5 °C to 95 °C with a step of 2.5 °C. The temperature
dependent change of the Bragg resonance wavelength as a function of increasing
temperature is shown in Fig. 7.5. A temperature change of 72.5 °C caused the Bragg

wavelength to red shift 0.72 nm. The data points measured at each temperature interval of
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2.5 °C are fitted with a liner line to measure the sensitivity of the device. The temperature

sensitivity of the unmodified FBG sensor written in microfiber was measured to be 0.01

nm/ °C.

Broadband Port 1

light source
W .

Circulator Port 2 FBG
—— — | [ ———<——>—{ 41
Y ‘Water bath
0OSA
Port 3

Figure 7.4 Schematic diagram of the temperature measurement system. The experiment was

conducted in constant ambient refractive index and atmospheric pressure
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Figure 7.5 Temperature calibration of the FBG written in microfiber. The temperature dependent

spectral red shift of the sensor is measured to be 0.01 nm/ °C
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7.1.6 Strain response of microfiber FBG

Typically, standard FBGs show linear axial strain sensitivity. The schematic of applying
axial strain on the microfiber FBG sensor is shown in Fig. 7.6. Acquisition and recording
of characterization data was done using the similar setup shown in Fig. 7.4, except the
FBG in port 2 was subjected to axial strain as depicted in Fig. 7.6. The microfiber length
of 1.5 mm spliced between two regular SMF accommodates the Bragg grating. One end
of microfiber (spliced to the standard SMF) is secured on the stationary fixture while the
other end is fixed on the micrometer driven linear stage as shown in Fig. 7.6. The axial
strain was applied on the grating using the micrometer attached to the right hand side
fixture. The amount of strain applied on the FBG is easily calculated using its original
length (1.5 mm) of the microfiber and increased length calculated from the micrometer
reading. When a uniform axial strain is applied on the FBG, the Bragg resonance
wavelength red shifts proportionally. The strain characterization plot shown in Fig. 7.7
exhibits linear dependency to the applied strain. The microfiber FBG strain sensor has a

sensitivity of ~ 1 pm/micro-strain.

Standard SMF Standard SMF »

@ / Microfiber FBG
{ ' 4 ‘

. / S R' 7
/ Micrometer screw gauge

Figure 7.6 Experimental setup schematic for applying axial strain on the microfiber FBG. The
experiment was conducted in constant ambient refractive index, room temperature, and

atmospheric pressure
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Figure 7.7 Characterization of the microfiber FBG for strain measurement. The slope of the solid

regression line shows the strain sensitivity of ~1 pm/micro-strain

7.1.7 Conclusion

This study demonstrates direct fabrication of fiber Bragg gratings in microfiber (core
diameter: 3.75 pum, cladding diameter: 40 um) by ultra-fast laser radiation. Femtosecond
pulse filamentation is employed in point-by-point inscription of refractive index
modulation in microfiber to write FBG. For the scanning speed of 534 nm/ sec, the
kilohertz femtosecond pulse stain creates partially overlapping void structures with the
period of 534 nm. The in-fiber index modulation of period 534 nm produces the Bragg
resonance spectrum centered at 1550.22 nm. A variation in resonance reflection spectrum
can easily be obtained simply by changing the scanning speed of the translation stage.
The temperature and strain sensitivity of the microfiver FBG are 10 pm/ °C and 1

pm/micro-strain, respectively.
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7.2 Microfiber FBG based enhanced temperature sensor

7.2.1 Introduction

Fiber Bragg grating based devices has been widely studied for optically sensing diverse
physical parameters such as temperature, strain, refractive index, and pressure [9, 20,
138, 139, 147]. FBGs inscribed in standard single mode fiber (SMF) have great potential
in diverse temperature sensing applications and these fiber optic sensors are functional
over a wide range of temperature [148]. However, the small thermo-optic coefficient and
thermal expansion coefficient (TEC) of silica based optical fibers limit the temperature
sensitivity of FBGs to about ~10 pm/ °C [149, 150] for a Bragg wavelength of 1550 nm.
Temperature sensitivity goes down for shorter wavelengths because it is proportional to
Bragg wavelength. Limited resolution of a sensor may affect accurate temperature

measurement or require a costly detecting device.

Extensive studies have been carried out to enhance FBG’s temperature sensitivity.
Specialty optical fibers doped with heavy metal such as PbO-GeO, have higher TECs and
hence the FBGs inscribed in such fibers show greater temperature sensitivity without any
further modification [151]. However, limited TECs of the reported fibers only able to
improve temperature sensitivity few times compared to FBGs written in regular SMFs.
Different packaging techniques have been proposed to modify FBG sensors in order to
enhance their temperature sensitivity. Higher temperature sensitivity has been
demonstrated by coating the FBG written in standard SMF with metals and metal
compounds of high thermal expansion coefficients [152-155]. Feasibility of using of
polymer coating to enhance temperature sensitivity of fiber grating device has also been

shown promising because applying a polymer cladding layer around the fiber can be done
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simply by a general coating process [156-158]. Coating or molding of the fiber with
materials of higher TECs has been shown very promising to significantly enhance
sensitivity of fiber Bragg grating temperature sensors. The temperature monitoring
systems where the sensor undergoes lots of heating and cooling cycles, the adhesive
strength between the coating material and the fiber may degrade due to the large disparity
in thermal expansion coefficients between them. If the coating material fails to apply

consistent thermal strain on the fiber, the sensor can no longer operate reliably.

Recently, there has been a considerable research focus on microfibers and the
gratings written in reduced diameter fibers have inherent properties to enable high
resolution measurements. Use of UV laser and phase mask has been reported as the most
common method to inscribe in photosensitive microfibers [159, 160]. However, the
gratings inscribed by UV laser are not always suitable for temperature sensing
particularly in chemically harsh environments because of hydrogen darkening effects
[113, 114]. Stable index modulation of FBGs written in microfibers by infrared radiation
and phase mask [3, 161] has better stability and thus suitable for temperature monitoring.
However, the use of phase mask in the reported studies increases fabrication complexity
and cost. Direct writing of FBGs in microfiber using infrared radiation has not yet been

reported, to the best of our knowledge.

In this work, femtosecond pulse filamentation based direct inscription of FBG in
microfiber spliced between standard SMFs and subsequent molding with materials of
higher TECs are proposed to demonstrate enhanced temperature sensitivity. The
structural configuration of the sensor shown in Fig. 7.8 (b) provides strong grip when

molded with materials of high thermal expansion coefficients. No adhesion is required,
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thus the sensor is expected to be suitable for long term applications. The sandwich
microfiber FBG when molded with Sn-Ag-Cu alloy shows temperature sensitivity of
31.32 pm/ °C. Acetal molding further improves temperature sensitivity to ~ 202.33 pm/
OC for temperature range of 22.5 °C to 60 °C and ~ 479.48 pm/ °C for temperature range
of 60 °C to 95 °C. The authors believe, the bare microfiber FBG sandwiched between
SMFs proposed in this work can be coated or molded with suitable materials to achieve

desired sensitivity with operational reliability.

(a) Standard
SMF

Microfiber
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Figure 7.8 The schematic of a microfiber spliced between standard SMFs and point-by-point
inscription of FBG in microfiber by femtosecond laser radiation (a), and molding of the

microfiber grating with a material of higher thermal expansion coefficient (b)

7.2.2 Experimental procedure

The experimental schematic is depicted in Fig. 7.8. A small stub of microfiber (core
diameter: 3.75 pum, cladding diameter: 40 pm) was first fusion spliced between two
standard single mode fibers as shown in Fig. 7.8(a). The Fujikura (FSM 40PM) fusion
splicer was used to splice standard SMF to microfiber with the arc power of 5 bit exposed

for 1000 millisecond. Detail fabrication FBG fabrication in microfiber is provided in
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section 7.1.3. To achieve a Bragg resonance spectrum at around 1550 nm, an index
modulation period of 500 nm to 550 nm is required. Tight spatial control of core index
modulation is crucial to write such grating in microfiber (core diameter is 3.75 um in this
study). In infrared laser inscription method, even though the use phase mask facilities the
writing of desired periodic index, it increases manufacturing cost. With an aim to better
control spatial index modulation in direct writing, primary focus of this work was given
to write submicron single-shot periodic index change. Femtosecond pulse filamentation
was employed to write submicron periodic voids in the core. When the microfiber was
axially scanned with the kilohertz pulse train at the speed of 534 nm/ sec, the filamentary
voids were overlapped to create an index modulation period of 534 nm. As shown in Fig.
7.3, when 1 mm length of the fiber core was scanned with pulse energy of 425 pJ and the
period of 534 nm, the resonance Bragg reflection appeared at 1550.22 nm. As shown in
Fig. 7.8 (b), the microfiber FBGs were then molded with acetal and Sn-Ag-Cu alloy that
have much higher coefficients of thermal expansion. The molded microfiber FBGs were
placed in a temperature controlled oven and their responses were recorded for both climb
in temperature and fall in temperature. The oven temperature was measured using a

thermocouple located close to the molded FBG.

7.2.3 Enhancement of temperature sensitivity

The reflection wavelength of a fiber Bragg grating relies on its periodic index modulation
and is influenced by a change in ambient conditions (temperature, strain, refractive index,
etc.). The center wavelength of a fiber Bragg grating shifts as a function of the ambient
temperature. Such temperature dependency of a FBG results from change in fiber

refractive index and thermal strain of the fiber. The effects of temperature induced
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change in core effective index and fiber strain on Bragg wavelength shift can be given by

differentiating Eq. (7.1):
AAg = 2AnA + 2ng,A (7.3)

where n is the initial refractive index of the core, An is the change in refractive index, A
is the grating period, and ¢,is the axial strain of the fiber. For a change in temperature

AT, the change in refractive index of the core is given by [162]:

An = <6n) AT + <6n>
T dT/, n/r !
on n3
B (ﬁ)p AT = 2 [(Pr1 + Pro)er + (Pr2e,)] (7.4)

where P;;and P;,are Pockels coefficients of the fiber core, and ¢, is the radial strain in
the fiber. When a bare FBG is subjected to variable temperatures, the Bragg wavelength
shift in Eq. (7.3) happens mainly due to temperature dependent index change An because
the thermally induced strain &, is relatively very small. The value of An in this case can
be calculated by solving the equation that relates stress and strain in the fiber [155]. The
thermal response of the fiber material can be enhanced by molding or coating the fiber
grating. FBG undergoes greater thermal strain when it is molded or coated with materials
that have higher thermal expansion coefficients. Hence, it provides an effective means to
enhance FBG’s temperature sensitivity.

Figure 7.9 shows the proposed structural configuration of the sensor and two
exemplary temperature sensitivity enhancement schemes that involve burying the sensor
in materials of higher expansion coefficients. The sensor can be customized for desired

sensitivity and operating temperature range by choosing the suitable molding material.
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Using point-by-point inscription method, a millimeter long FBG was first inscribed in the
1.5 mm long microfiber spliced between standard SMFs. After the FBG inscription, 150
pm length of standard SMF was cut at the far end of the microfiber by femtosecond laser
micromachining as shown in Fig. 7.9 (a). The edge of the laser cut has a small angle to
minimize any reflection from fiber edge and air interface. The FBG was then molded
with Sn-Ag-Cu alloy and acetal (polyoxymethylene) as demonstrated in Fig. 7.9 (b) and
(c), respectively to demonstrate improved temperature sensitivity. The step structure
shown in Fig. 7.9 (a) provides good grip if the sensor is buried in foreign materials and
requires no adhesion. In addition, the microfibers are likely to show less resistance to
external strain variation compared to standard SMFs. Thus the molded microfiber FBG
sandwiched between standard SMFs, when subject to the axial strain €, in Eqg. (7.3) is

expected to easily follow the thermal response of the molding material.

Figure 7.9 Sandwiched microfiber between standard SMFs where the FBG is inscribed (a).

Photographs of the FBG sensors molded with Sn-Ag-Cu alloy (b) and acetal (c)
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In this study, Sn-Ag-Cu alloy and acetal were used as molding materials. The alloy has a
thermal expansion coefficient of 24x107-6/ °C while the acetal shows thermal expansion
coefficients of 122x10°-6/ °C for temperature range 0 °C to 60 °C and 137x10” -6/ °C for
temperature range of 60 °C to 105 °C. Those coefficients are much larger than that of
silica which has a thermal expansion coefficient of 0.55x10"-6/ °C.

2.5+

—=— Bare microfiber FBG
—{— Temp. increase (solder molded)
- - - - Temp. decrease (solder molded)

2.0 1

1.5

1.0 1

0.5 1

Shift in Bragg wavelength (nm)

0.0 1 o
Temp. sensitivity: ~ 10.42pm/ "C

T T T T T T T T T T T T T T T 1
20 30 40 50 60 70 80 90 100
Temperature (°C)

Figure 7.10 Bragg wavelength shift with temperature for bare and Sn-Ag-Cu alloy molded

microfiber FBG

To calibrate the sensor, the measurement of the temperature dependent Bragg
wavelength shift was conducted using the SmartScan interrogator with wavelength
stability of <5 pm and a temperature-controlled oven with the temperature accuracy of
0.1 °C. Ambient FBG temperature was measured using a thermocouple placed closed to
it. The oven temperature was gradually changed from 22.5 °C to 95 °C with a step
interval of 2.5 °C. Figure 7.10 shows the temperature response of bare microfiber FBG

and when it was molded with alloy. The experimental data of increasing and decreasing
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temperature for the Sn-Ag-Cu alloy molded microfiber FBG are shown in solid line with
unfilled rectangular marker and dotted line, respectively. Alloy molded microfiber FBG
shows a temperature sensitivity of 31.32 nm/ °C. Figure 7.11 shows the Bragg
wavelength shift against temperature variation for bare and acetal molded microfiber
FBG’s. The bare microfiber has an ambient temperature sensitivity of 10.42 pm/ °C.
With acetal molding the temperature sensitivity improves to 202.33 pm/ °C for
temperature range of 22.5 °C to 60 °C and 479.48 pm/ °C for temperature range of 60 °C
to 95 °C. The high thermal expansion coefficient of acetal and corresponding elongation
of the microfiber FBG in response to applied temperature accounts for the sensitivity

enhancement.

»5 | —e— Bare microfiber FBG Sensitivity for temp. range of
—O— Temp. increase (acetal)| 60 °C - 95 °Cis ~479.48 pm/°C ©
F - == Temp. decrease (acetal)

20

15 1

Sensitivity for temp. range of

199 225°% -60 °C is ~ 202.33 pm/ °C

Shift in Bragg wavelength (nm)

Temperature (°C)

Figure 7.11 Bragg wavelength shift with temperature for bare FBG and acetal molded microfiber
FBG. Molding seems to enhance the temperature sensitivity almost 50 times for temperature

range of 60 °C to 95 °C

94



7.2.4 Conclusion

Fabrication of FBG in a microfiber spliced between standard SMFs and molding with
materials of larger thermal expansion coefficients is presented in this study to
demonstrate improved temperature sensitivity. Sandwiched structure of the bare fiber
sensor offers inherent and reliable grip when molded with materials. The characterization
plots shows that in response to ambient temperature variation, the microfiber FBG easily
follows the axial strain applied by the molding materials. Sn-Ag-Cu alloy molding of the
microfiber FBG shows temperature sensitivity of 31.32 pm/ °C. Acetal molding further
improves temperature sensitivity to 202.33 pm/ °C for temperature range of 22.5 °C to 60
OC and 479.48 pm/ °C for temperature range of 60 °C to 95 °C. Obviously, with suitable
molding material, the sensitivity of temperature measurement can be even further

enhanced and tailored for operating temperature range.
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7.3 Integrated Microfiber FBG and MZI for multi-parameter sensing
7.3.1 Introduction
Measurement of ambient temperature and refractive index (RI) is crucial to many in-situ
environmental monitoring applications. Temperature cross-sensitivity in fiber-optic
sensors may lead to incorrect quantification of ambient RI. It is therefore essential to
measure both temperature and RI simultaneously and unambiguously. Novel fiber optic
measurement systems have been constantly offered to achieve application specific
quantification of these parameters. Interferometric fiber optic sensors have been widely
studied due their excellent RI sensitivity and moderate temperature sensitivity [12, 163].
Diverse Mach-Zehnder interferometers (MZI) are constructed using structures such as
core offset [164, 165], tapered fiber [166], multimode microfiber [167] for simultaneous
quantification of temperature and RI. Various configurations of MZI combined with fiber
Bragg grating (FBG) have also been explored to measure ambient refractive index (RI)
and temperature simultaneously, including peanut-shape and core-offset structure [168],
and only core-offset MZI [169]. Formation of MZI has also been illustrated using a pair
of long period gratings [58], and splicing a piece of photonic crystal fiber between single
mode fibers [170]. However, extended sensor length reported in some works may provide
inaccurate sensing location and is undesirable in simultaneous measurement of
parameters.

Miniaturization of optical sensors is highly desirable in temperature and R1 sensing.
A compact femtosecond laser micromachined cavity in single mode fiber is proposed to
form a MZI for sensing ambient RI [171]. A miniature MZI embedded in fiber Bragg

grating is also reported for simultaneous RI and temperature measurement [172].
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Although the sensor demonstrates high sensitivity, the fragile structure and fabrication
complexity make it incomputable for many applications. Besides the narrow in-fiber
cavity makes it difficult to remove solution residue and reuse without hassle. In general,
the key sensing characteristics such as moderate Rl and temperature sensitivity,
compactness and robustness are hard to achieve simultaneously.

In this study, we present a novel in-fiber sensor that incorporates a 1 mm long FBG
in a 4 mm long MZI structure for sensing both Rl and temperature. The MZI is
constructed by simply fusion splicing a single mode microfiber (core: 3.75 um, cladding:
40 pm) between standard SMFs. The FBG is inscribed in microfiber by point-by-point
inscription of index modulation by femtosecond laser radiation. Because of inherent good
RI sensitivity of MZI [171, 173] and insensitivity of FBG to ambient RI change, while
both are moderately sensitive to temperature, a simultaneous and unambiguous RI and
temperature measurement can be achieved. The embedded FBG is also used to

demonstrate temperature compensated Rl measurement using MZI.

7.3.2 Experimental

The schematic and of fabrication of the integrated MZI and FBG sensor is shown in Fig.
7.12. The MZI sensor was fabricated by splicing a stub of small diameter SMF (core
diameter: 3.75 pm, cladding diameter: 40 um) between two standard single mode fibers.
The Fujikura (FSM 40PM) fusion splicer was used to splice standard SMF to microfiber
with an arc power of 5 bit exposed for 1000 millisecond. Afterward, a FBG is inscribed
in the microfiber employing a kilohertz femtosecond laser pulse radiation. The
femtosecond laser system operating at center wavelength of 800 nm, pulse duration of

120 fs, and repetition rate of 1 kHz, was used to carry out the FPG fabrication
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experiment. Using an iris diaphragm, the laser beam’s diameter was reduced to 1.5 mm
(initial diameter: 6 mm). Then the beam was focused by an achromatic objective lens
(Numerical aperture: 0.75) into a small focal volume to elevate pulse peak power
necessary for writing filamentary voids in fiber core. The fiber was coupled with a broad
band light source (AFC BBS-1550), and a spectrum analyzer (PHOTONETICS Walics)
to monitor and record the in-situ growth of transmission valley of FPGs during
fabrication. The 1 mm FBG was fabricated by scanning the fiber with the 1 kHz pulse
train (pulse energy: 42.5 uJ) along its propagation axis with a speed of 0.534 mm/sec to
achieve the index modulation period 534 nm necessary to form its rejection band at
1550.28 nm. Both the transmission spectrum before and after the inscription of FBG in
microfiber MZI is shown in Fig. 7.13. The overall spectral shift appears due to the core

index modification which is explained in Chapter 3

(a)
N L=/ FBG I Femtosecond pulses
I osvE 2 A

Light Microfiber

input

Splicing

(b) (c)

Figure 7.12 Schematic of integrated MZI and FBG sensor (a), splicing of standard SMF to
microfiber (b), and schematic of point-by-point fabrication of FBG in microfiber spliced between

SMFs (c)
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Figure 7.13 Combined FBG and MZI transmission spectrum

7.3.3 Ambient Rl and temperature sensing

In ambient refractive index (RI) measurement, temperature cross-sensitivity plays a
significant role because the RI of most solutions is a function of temperature. Therefore,
it is crucial to measure both RI and temperature of a system to get rid of the temperature
effect on Rl measurement. This work proposes a compact optical fiber sensor integrating
a fiber Bragg grating (FBG) in Mach-Zehnder interferometer (MZI) for RI and
temperature measurement with improved sensing resolution.

As illustrated in Fig. 7.12 (a), the incident light when interacts the first interface
(SMF and small diameter SMF), it spreads into both core and cladding of small diameter
SMF and then recombine at the second interface (small diameter SMF and SMF).
Therefore, the core and the cladding of the microfiber act as the two arms of a typical
MZI. The core mode is confined in the core while the propagation characteristic of the
cladding modes depends on the RI difference at cladding-surrounding interface. Small

fiber diameter allows the cladding modes to extend much closer to the surrounding
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solution; hence, the MZI sensor shows high sensitivity to any change of RI in the
surrounding environment. In contrast, the FBG couples light from forward propagating
core mode to the backward propagating core mode in the microfiber. Therefore, the
rejection band in FBG’s transmission spectrum is also confined in the core. The core
mode cannot reach out to the cladding and ambient interface and that explains FBG’s

very low sensitivity to index change in the vicinity of fiber cladding.

1560 - == FBG
== MZI

1558
1556

1554 4

Wavelength (nm)

1552 4

1550 [ S S S N S T S R

1.32 1.34 1.36 1.38 1.40 1.42 1.44 1.4
Refractive Index

Figure 7.14 Characterization of the sensors to ambient refractive index change. The MZI shows
significant RI sensitivity while the FBG is insensitive to ambient RI change

The shift of interference pattern as a function of the surrounding refractive index
change was monitored for RI characterization of the 4 mm long MZI. The sensor was
characterized with difference concentration of glycerin solutions at room temperature of
22°C. To achieve characterization data, the device was immersed different glycerin
solutions of RI ranging from 1.332 to 1.448. After each test, the sensor was thoroughly
cleaned before immersing it in subsequent higher concentration glycerin solution. Figure
7.14 shows the wavelength shifts due to the change of surrounding refractive index. As
the surrounding RI increases, the dip wavelength of the transmission wave experiences a

blue-shift. FBG’s resonance transmission spectrum shows insignificant index sensitivity
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as shown by the flat line in Fig. 7.14. The ambient RI sensitivity of the MZI and FBG is

summarized in Table 7.1.

Sensor RI(1.332-1.1.384) | RI(1.384-1.420) | RI (1.420-1.448)
FBG sensitivity (nm/RIU) ~0 ~0 ~0
MZI sensitivity (nm/RIU) -10.65 -58.13 -166.30

Table 7.1 Ambient RI sensitivity of MZI and FBG sensors

The temperature response was examined by placing the sensor in an oven with
temperature control range of 30 °C -95 °C. The spectral responses with temperature for
both FBG and MZI are illustrated in Fig. 7.15 and 7.16, respectively. The MZI shows
clearly dominant temperature sensitivity compared to that of FBG. A linear fitting to the
measured data gives the temperature sensitivities ( dA / dT ) of 11.80 pm/°C and 51.10
pm/°C, for FBG and MZI, respectively. Therefore, the experimental results show that the

MZI is 4.33 times more sensitive than FBG for temperature measurement.
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Figure 7.15 Temperature calibration of fiber Bragg grating written in microfiber
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Figure 7.16 Temperature calibration of microfiber MZI

7.3.4 Simultaneous measurement of Rl and temperature

Based on sensing characteristics of the MZI and FBG sensors demonstrated in section
7.3.3 above, the RI and temperature can be measured simultaneously using the following

matrix equation [173]:

[AT _ 1 kyzin kFBGn] % AAFBG] (7.5)

Anl "~ keperxkmzin—krpenxkmzir |Kyzir  kpperl © 1AAyz:
where, AT is the variation of ambient temperature, An is the variation of ambient RI,
AAppe and A7, are the wavelength change corresponding to the FBG and microfiber
MZI, respectively. kyzm and k. are the index and temperature coefficients of the
microfiber MZI sensor, respectively, while kgge, and kgger are the index and
temperature coefficients of the microfiber FBG, respectively. Now let’s consider the
kyzim = —58.13 and kppg, = 0 (RI range: 1.384 - 1.420) from the table 7.1. From Fig.
7.15 and 7.16, we see that kyyrand kpger are 0.0511 and 0.0118 respectively.

Therefore, the Eq. (7.5) can be rewritten as bellow:
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[AT 1 [—58.13 0 ][AAFBG] (7.6)

Anl ™ 068l0.0511  0.01181 42y
If the resonance wavelength shift of the FBG and the MZI are known, then the

temperature and RI coefficients can easily be calculated using Eq. (7.6).

7.3.5 Temperature compensated RI sensing

For temperature compensated refractive index measurement using point sensors, it is vital
to achieve both temperature and ambient RI information at a particular point of interest.
Often an FBG connected parallel or series is used to quantity the temperature. It raises
operation cost, and increases system complexity. In addition, due to the lack of close
proximity, it may require the temperature of the whole chamber to stabilize before
obtaining temperature reading. The miniature FBG embedded in microfiber MZI appears
to minimize the issues explained above. Temperature compensation using embedded

microfiber Bragg grating is exemplified in Fig. 7.17.
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RI: 1.3327 RI: 1.3767 RI: 1.3767 RI: 1.4063 RI: 1.4133 RI: 1.4483
at 30 °C at 30 °C at40 °C at 50 °C at 65 °C at 85 °C

RI and temperature variation
Figure 7.17 Exemplification of temperature compensation using an embedded miniature FBG for

ambient Rl measurement of microfiber MZI interferometer
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Temperature compensation job in the Fig. 7.17 was done following the simple steps
provided bellow:

1. Check the FBG response. No shift in FBG spectrum dip indicates constant
temperature and no need for compensation. Read the temperature change from
FBG if there is any, and go to step 2.

2. Temperature sensitivity of MZI is 4.33 times higher than that of FBG. So, if there
is any shift in FBG spectrum in step 1, the MZI’s temperature reading can be
achieved easily taking FBG as the reference.

3. As shown in characterization plots, the MZI spectral dip displays blue and red
shift with increase in ambient Rl and temperature, respectively; while the FBG
dip shows red shift with increase in temperature and no shift for Rl change.
Therefore, the following two step observation can be made to isolate temperature
effect in MZI based RI measurement:

a. If both the direction and amount of spectral shift in MZI and FBG are
equal to the proportion of their sensitivity, it can be stated that the ambient
RI was constant.

b. If MZI’s spectral shift does not correspond to the spectral response of
FBG, then the individual spectral shift for both MZI and FBG has to be
calculated. Using the following equation the MZI index response
(temperature compensated) can be calculated:

MZI (RI response) = MZI (Total response) — MZI (Temperature response)
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7.3.6 Conclusion

A novel optical fiber sensor based on FBG implanted in a MZI of SMF-microfiber-SMF
configuration has been proposed for ambient RI and temperature measurement. The MZI
is constructed by fusion splicing a 4 mm long microfiber between SMFs. FBG is then
fabricated in microfiber by the femtosecond pulse radiation in point-by-point inscription
technique. The integrated miniature sensor is demonstrated as a suitable device for both
simultaneous RI and temperature measurement, and temperature compensated RI

measurement applications.
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Chapter 8 - Overall summary and future work

8.1  Overall summary

Development of fiber optic sensors (long period gratings in Ge-doped and pure silica
fiber, fiber Bragg gratings in microfiber, and Mach-Zehnder interferometers using
microfiber and taper photonic crystal fibers) for ambient refractive index and temperature
measurement is presented in this dissertation.

Since the inscription of in-fiber periodic index modulation is the fundamental step
to fabricate fiber gratings, the primary focus of this work is given to write positive
refractive index in the bulk of transparent dielectric medium. Filamentary propagation of
ultra-short pulses in transparent dielectric medium is used inscribe filament voids in
corning glass plate. Focusing conditions of femtosecond pulses in glass is investigated in
this work to control the morphology of the bulk voids. Quantification of in-fiber
refractive index change written by an inscription device is necessary to design a fiber
grating sensor. Therefore, two simple and economic yet effective methods are reported in
this dissertation to directly measure positive refractive index changed inscribed by
femtosecond laser pulses. Both the methods can be configured in various fiber types for
refractive index measurement in a particular optical fiber. Then, femtosecond pulse
filamentation induced fabrication of long period grating in Ge-doped and pure silica core
fiber using asymmetric index inscription. However, asymmetric RI inscription in core is
sensitive to fiber misalignment and shows PDL in light propagation. To minimize PDL
and enhance reliability in grating fabrication, helical index modulation is introduced. The

experimental results of helical long period gratings fabrication show greater consistency
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in grating inscription. Writing of fiber Bragg grating in microfiber is demonstrated for
enhanced temperature sensing. Finally, sandwiched structure of microfiber MZI and FBG

is presented for multi-parameters sensing.

8.2 Future work

Fiber gratings to dominate the existing sensing technologies, the fabrication process
needs to be both reliable and cost effective. Even if helical index modification brings
reliability in grating fabrication, a single long period grating inscription may take up to
30 minutes. To reduce grating inscription time, the rotary stage needs to be operating at
higher RPM without significant vibration and run out. The reported laser system operates
at 1 kHz pulse repetition rate which may limit the seed up of grating fabrication using
rotary stage. Therefore, it would be worth investigating the use of an ultrafast laser
operating at higher pulse repetition rate. Also, a detail study is planned to compare
fabrication flexibility and performance characteristics for LPGs fabricated by both
asymmetric and helical index modulation.

In order to speed up fabrication as well as enhance ambient refractive index
sensitivity of the long period gratings, we aim to inscribe higher index modulation with
shorter period and subsequently taper the fiber by applying heat and elongation to match
the grating period and reduce cladding diameter. This process is also expected to offer
annealing of the fiber that is necessary to minimize micro-crack introduced (if any) in
index writing phase.

To confine and strengthen cladding mode field at cladding/air interface, coating the
fiber cladding with higher refractive index materials has been demonstrated in numerous

research works. Coating the long period grating with higher index materials greatly
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enhances the ambient index sensitivity over a specific Rl window. However, overlay
bonding strength to the fiber and the aging characteristics of the coating materials are not
well understood for long term applications. Moreover, to overcome the possibility of any
chemical reaction happening between the coating materials and the solution to be
measure is a challenge. Therefore, we propose to write a thin layer of higher index at
cladding/air interface with laser radiation that would work as a coating overlay.

The detail study on aging characteristics and endurance in chemically hazardous
environment of the long period gratings fabricated in pure silica fiber are yet to be
achieved. Therefore, future works also include the study of ultrafast laser written
grating’s survival in high temperature (~ 1000 °C) and their performance in high pressure
and hydrogen rich environment in comparison with gratings inscribed by ultra-violate
radiation.

Finally, as discussed in this dissertation, the feasibility and reliability of grating
fabrication depends on inscription of adequate RI in the fiber core. Ultrafast laser has the
capabilities to inscribe grating based sensors in immerging new fiber types. Since, the
fabrication reliability depends on both efficient delivery of ultrafast energy into the bulk
glass and alignment of optical fiber, further study in this area would have a great impact

on manufacturing of fiber optic sensors.
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Appendix A - Femtosecond laser machined V-grooves on SMF to

measure ambient refractive index

Femtosecond laser fabricated V-grooved fiber-optic sensor and long period grating are
presented in this work for ambient refractive index measurement. The grooved sensor is
constructed by laser micromachining of V-grooves at 500 pm interval on a pure silica
single mode fiber. The tips of grooves partially penetrate the fiber core and thus perturb
the light transmission. Variation in intensity of transmission light when the grooves are
filled with liquid is used to measure ambient index. A potential application of grooved
sensor in liquid level measurement is also demonstrated in this study.

Figure A.1 shows the schematics of the sensors proposed in this work. The RI/
liquid level sensor was fabricated by engraving V-grooves on SMF so that the groove
notch partially penetrates the core. Fiber grooved sensor is characterized with ambient
refractive index. The sensor works in transmission mode. So the sensor was coupled with
a broad band light source (AFC BBS-1550) and an optical spectrum analyzer (OSA)
(PHOTONETICS Walics) and tested with liquid and glycerin solutions of variable

indices for sensor calibration.

Light
Output

Figure A. 1 Schematic of fiber VV-grooved sensor for Rl measurement
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The V-grooved fiber sensor (for ambient refractive index and liquid level sensing)
is constructed by micromachining grooves using femtosecond laser radiation. Fig. A.2
shows a femtosecond laser machined groove. Initially a small pocket is milled out using
transverse laser scanning process. Subsequently, a small V-groove is fabricated that
penetrates the fiber core as shown in the figure below. The groove cut into the fiber core

facilitates perturbation of light with external solutions when comes in contact.
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Figure A. 2 Micromachining grooves on optical fiber using femtosecond laser

Figure A.3 shows a cluster of VV-grooves fabricated on a standard single mode fiber.
Prior to groove inscription, the fiber was fixed on a microscope slide using epoxy glue.
As shown in the figure, the fiber is then coupled with a light source and an optical

spectrum analyser. The fiber grooves were immersed in different concentration of
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glycerin solutions for ambient index measurement. For liquid level sensing, the grooves
were successively immersed in water and corresponding transmission intensity was

measured for sensor characterization.

Figure A. 3 Grooves micromachined on standard single mode fiber with

femtosecond laser radiation

The refractive index characterization of the fiber grooved sensor is demonstrated in
Fig. A.4. To characterize the sensor with ambient refractive index, all the grooves were
immersed (at a time) in different concentration of glycerin solutions (RI ranges from
1.3327 to 1.4483). For each ambient RI, the transmission intensity is measured at 1600
nm wavelength. The measured light intensity is then plotted against refractive indices to
achieve the characterization plot. As shown in Fig. A.4, for low concentration of glycerin
solutions, the fiber remains lossy due to sudden index mismatch and light scattering in
the grooves. As the concentration of glycerin solution increases, light that previously was
lost in the grooves couples back to the core due to index matching. This explains the

gradual increase of transmission intensity with the increase in ambient index in Fig. A.4.
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|

e

{(b) 6 slots are immersed in water {c) 10 slots are immersed in water

Figure A. 5 Gradual immersion of slots (micromachined with laser) with water

Ambient refractive index dependent potential liquid level sensing using the fiber V-
grooved sensor is demonstrated in Figs. A.5 and A.6. The fiber grooves were gradually
immersed in water and corresponding transmission intensity was monitored at 1600 nm
wavelength. Fig. A.5 shows three scenarios, where 3, 6, and 10 grooves were immersed
at a time to observe output light intensity. The results are plotted in Fig. A.6 that shows

increase in light intensity with greater number of slots (grooves) immersed in water. This
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illustrates the possibility of using the grooved fiber as a liquid level sensor. The
resolution of the sensor can be varied simply by adjusting the relative distance between

the grooves and changing the penetration depth of the grooves into the fiber core.
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Figure A. 6 Change in transmission intensity at 1600 nm when the fiber slots are gradually

immersed in water one after another

In conclusion, this work presents femtosecond laser assisted fabrication of fiber-
grooved sensor for ambient refractive measurements. The intensity based V-grooved
sensor works according to fiber-optic index matching phenomenon. The sensors show
high sensitivity to ambient refractive index. The grooved fiber sensor has the potential to
be used for liquid level sensing. Primary data on water level sensing shows potential

applications of VV-grooved fiber in liquid level sensing.
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Appendix B - Simulation of long period grating in single mode fiber to

understand their characteristics

B.1  Considered simulation parameters:
Primarily objective of this study is to understand the impact of the grating parameters on
its transmission spectrum. As shown in Fig. B. 1, LPG’s characteristic behaviors are
analyzed by manipulating the following grating parameters:

1. Scanning length in a period

2. Periodic length of the LPG

3. Refractive index modulation
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Figure B. 1 Schematic of long period grating index modulation

B.2  Characteristic behavior of LPG’s transmission spectrum
Efficient design and fabrication of in-fiber long period grating depends on the accurate
spectral allocation of its transmission valleys. Hence, it is critical to understand grating
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parameters that govern the characteristics of long period grating’s transmission dips. For
a fixed index modulation, the writing of long period grating is optimized as a function of
the total number of periods. The key parameters such as scanning length, periodic length,

and RI modulation are also investigated in this study.

B.2.1 Growth of long period grating

Fig. B.2 shows the growth of transmission spectrum of long period grating. As the
number of period gradually increases, the grating’s rejection spectrum gets stronger;
consequently, a profound dip appears in its transmission spectrum. For an optimum
number of periods, the transmission spectrum exhibits strongest attenuation at a certain
wavelength. A farther increase in period results in weaker attenuation. Shown in Fig. B.3,

the transmission valley is deepest when the grating has 46 periods.
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Figure B. 2 Growth of long period grating as a function of total number of periods
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Figure B. 3 LPG’s growth optimization for its deepest transmission valley

B.2.2 Scanning length in a period

The scanning length in a period (shown in Fig. B.4) turns out to be a significant
parameter that tailors LPG’s transmission spectrum. Each mode of a long period grating
has characteristic behavior. The attenuation and spectral location of transmission dip
varies with scanning length in a period. The higher order modes extend closer to the
cladding-ambient interface and more sensitive to ambient RI change, thus, this study
focuses primarily on higher order modes as shown in Fig. B.4 (a). For mode 5 and 6, a
scanning length of 80 um provides strongest attenuation of ~22 dB below zero. All
cladding modes experience linear spectral red shift with an increase in scanning length.
Therefore, to design a long period grating with a significant attenuation dip (transmission
spectrum) and desired spectral location, a corresponding scanning length in a period can

be picked up from Fig. B.4 (a) and (b).
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Figure B. 4 Scanning length dependent behaviors of LPG’s transmission valleys. Each mode

exhibits highest transmission dip for a particular scanning length (a), while all the modes show
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Figure B. 5 Impact of LPG’s periodic length on the height and spectral location of attenuation

valley in transmission spectrum. Maximum attenuation is observed at period length of 440 um (a)

and the transmission dip shows linear red shift with periodic length (b) for 1450 nm to 1750 nm
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B.2.3 Periodic length of the LPG

Similar to scanning length, the periodic length has identical effect on LPG’s transmission
spectrum. In search of a greatest attenuation valley, the periodic length of 440 um offers
optimum/maximum attenuation as shown in Fig. B.5 (a). Spectral window of interest for
fiber optic sensing operation spans between 1500 nm to 1600 nm. The linear spectral red
shift (between 1450 nm to 1750 nm) with periodic length is illustrated in Fig. B.5(b).
B.2.4 Effect of period on FWHM of the transmission dip

The FWHM of transmission valley of a long period grating determines the resolution of
sensing as the resolution is inversely proportional to FWHM. Fig. B.6 shows how the
FWHM of the transmission valley changes with a gradual increase in LPG’s periodic
length. Simulation results show that the FWHM reaches to its minimum (highest sensing

resolution) value when the LPG has a period of 440 pm.
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Figure B. 6 Periodic length dependent FWHM of transmission valley
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B.2.4 Refractive index modulation Tuning

For the period of 440 pm, Fig. B.7 (a) shows the dependency of amount of transmission
loss on index modulation. An index modulation of ~ 0.00039 provides highest attenuation
loss for the LPG. Spectral location of the grating shows blue shift with an increase in

index modulation as shown in Fig. B.7 (b).
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