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ABSTRACT
Photonic Crystal Fiber Based Chemical Sensors for

Civil Structural Health Monitoring

Shijie Zheng

A photonic crystal fiber (PCF) long-period grating (LPG) humidity sensor has been
developed with high sensitivity and selectivity for nondestructive detection of moisture
ingression into structures that can potentially lead to corrosion. We have proposed two types of
nanofilms to be coated on the surface of air channels in the grating region of the fiber using
electrostatic self-assembly deposition processing. The primary nanofilm does not affect LPG
properties such as resonance wavelength or transmission intensity which can impact sensing
characteristics; however it increases the sensitivity by changing the refractive index of the
surrounding material. The secondary nanofilm is used for selectively adsorbing analyte
molecules of interest. The experimental results reveal that, compared to the conventional fiber
LPGs and exterior nanofilm-coated PCF-LPG, the interior nanofilm-coated PCF-LPG humidity
sensors have higher resonance intensity change of 0.00022%/10”dBm at relative humidity (RH)
of 38% and average wavelength shift of 0.0007%/pm in range of 22% to 29%. The proposed

sensor shows excellent thermal stability as well.

Keywords: fiber-optic sensors, fiber Bragg grating gratings, long-period gratings, photonic

crystal fiber, nanostructure material and film.
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Introduction

Corrosion affects our society on a daily basis, causing degradation and damage to civil
structures including highway bridges, tunnels, power plants, buildings, and much more. One of
the most critical reasons for such damage is the corrosion of reinforced concrete; NACE
International (The Corrosion Society) estimates the cost of corrosion damage to concrete
structures (in the USA) at approximately $125 Billion per year [1]. And world-wide, the annual
cost of § 2.2 trillion of corrosion related damage is over 3% of the world’s GDP [2].

Corrosion typically happens in components reacting with its environment in which water
plays an important role for initiating and sustaining electrochemical damage. The ingress of
water acts as a transporting vehicle for aggressive agents, such as chloride and sulfate ions, to be
penetrated into the concrete by capillary force. Water is also a reaction medium in destructive
chemical processes, causing the corrosion of the concrete rebar. In general, the concentration of
water in ambient air, which is expressed by relative humidity (RH = P,/Ps X 100%, where RH
stands for relative humidity; Py, is the partial pressure of moisture; and Pps is the pressure of
moisture in saturation), has a significant effect on the corrosion mechanism. Therefore, it is
important to develop a sensing tool such as a humidity sensor that can be easily integrated into
the structure and which enables early detection of moisture ingression within reinforced concrete
structures to remediate the situation before serious damage occurs.

Fiber optic sensors, with several advantages over traditional sensors such as light weight,
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small size and strong immunity to electromagnetic interference, have been playing an important
role in chemicals detection, including humidity (moisture). Fiber-optic grating refractometers
have been increasingly explored for the interrogation of refractive index change of gas or
aqueous solution [3], and long-period gratings (LPGs) as optical fiber humidity sensors have also
been reported for applications in structural concrete condition monitoring to determine moisture
ingress [4]. Other technology, such as light absorbance fiber optic sensor used in liquid PH or
concentration detection, has been widely explored as well [5, 6]. In this work, we have
developed an innovate sensing platform, a combination of Photonic Crystal Fiber (PCF) and
Long Period Gratings( LPG) with enhanced evanescent field sensing providing a pathway to
achieve high sensitivity and selectivity.

A photonic crystal fiber (PCF) consists of regularly spaced air channels running along the
fiber cladding. Significant research work has been carried out recently towards the development
of evanescent wave sensors using index-guiding photonic crystal fibers (IG-PCFs), also termed
holey fibers or solid-core microstructured optical fiber [7-11]. The IG-PCFs are pure silica fibers
with a two-dimensional fine array of air channels whose diameters range from sub-microns to
tens of microns running axially along the fiber length [12, 13]. The IG-PCF retains the
high-index core and low-index cladding contrast. It can trap and guide light in the core along the
fiber via total internal refraction at a shallow enough angle of incidence but will refract light at
steep angles on the core cladding boundary, as in conventional optical fibers. IG-PCFs possess

many unique optical characteristics that can be tailored due to their intricate and versatile
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air-silica cladding structure. Examples of IG-PCF applications include endlessly single mode [14]
large mode area with high power transmission [15] high non-linearity [16] and broadly
controllable dispersion [17]. As a new fiber-optic research frontier, IG-PCFs are being
increasingly explored for a multitude of scientific and technological applications that range from
novel optical and photonic devices to multi-modality sensors that take advantage of a light
waveguide and a vapor/aqueous transmission cell [18, 19] permitting intensity-analyte
interaction over long path length without the removal of fiber cladding. This is a very attractive
feature for chemical detection without loss of mechanical integrity.

Long-period gratings (LPGs) [20], which are periodic index perturbation fabricated in a fiber
with a periodicity typically ranging from 100 to 1000 pm and total grating length of several to
tens of millimeters, provide an excellent means of coupling the forward-propagating linear

polarization cladding modes (LPyy,, m >1) under the phase-matching condition [21]:

ﬂ’r(m) = [njg (nco s ncl > ﬁ’)_ ngf—m (ncl s nsur’ A)]ALPG (1)
Where, Aot is the coupling resonance wavelength of the m™ cladding mode,
n"’ff (n N l’ﬂ’) and nce‘lfim (nc/’n:ur’ﬂ’)

are the effective refractive indices of the fundamental core mode and the m™ cladding mode; n,,
ng, and ng, are the respective refractive indices of the core, the cladding, and the surrounding
medium; Appg is the grating periodicity; and A is the wavelength in free space. The guided core
mode to cladding mode coupling in an LPG results in resonance at discrete wavelengths, which

can be theoretically predicted by coupled-mode theory in conjunction with transfer-matrix
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method [22]. The LPGs are fundamentally different from the well-known fiber Bragg gratings
(FBGs) in that an FBG has an index perturbation period of half the irradiation wavelength (thus
also termed short period grating), and in that it can couples light from the forward-propagating
core mode to a backward-propagating core mode [23]. LPGs both in conventional fibers and in
IG-PCFs are increasingly being developed for use as telecommunication components [24, 25] as
well as for physical and chemical sensors [26-28].

LPGs in PCFs have been exploited for physical [29] and chemical sensors [30]. To date,
documented PCF-LPG sensing schemes exclusively rely, at the fundamental level, on response to
the changes in effective refractive indices of the core mode and coupled cladding mode through
measurements of the transmission spectrum of the core mode. To take advantage of the unique
microstructural and optical characteristic of PCFs and utilize the enabling feature of LPGs for
cladding mode generation, we inscribe LPGs in PCFs to undertake core mode to cladding
coupling for evanescent field sensing. The coupled cladding mode of low confinement loss at a
prescribed resonance wavelength propagates in the air cladding along the fiber length and a
transmission spectrum of the core mode is directly measured, which allows long interaction path
length of the evanescent field of the cladding mode with analyte. The change of effective
refractive index of cladding mode through evanescent field absorption by analyte shifts the
resonance wavelength, offering excellent prospect of high detection sensitivity when
implemented, but no selectivity in analyte of interest.

Our idea is to utilize the advantages from both PCF and LPG for chemical detection. In
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order to fully explore the potential of PCF-LPG for evanescent field sensing with high sensitivity
and selectivity, we have used two types of polymers as the nanofilm materials to be coated into
air channels of the PCF cladding for coupled cladding mode transition. Two nanostructured
polymer films are deposited at the surfaces of air channels in the PCF cladding by electrostatic
self-assembly (ESA) deposition technique [31]. The primary nanofilm (the first coating) does not
have a significant effect on PCF-LPG parameters such as grating resonance wavelengths and its
intensity that can be used for sensing, but it increases the sensitivity to refractive index of
chemical analytes in the air channels. The secondary nanofilm (the second coating) is used for
selective absorption of analyte molecules of interest. These two nanofilms significantly modify
the cladding mode distribution of PCF-LPG and enhance the evanescent wave interaction with
the external environment, which builds a high sensitive and selective chemical sensor. As such, it

is a good candidate as a humidity fiber sensor for applications in corrosion detection of SHM.
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Chapter 1--Numerical Calculation for PCF Design

An optical fiber is a flexible, transparent fiber made of silica or plastic, with diameter of 250
um with a plastic jacket. Functioning as a wave guide, optical fibers typically include a
transparent core surrounded by a transparent cladding material with a lower index of refraction
(the typical refractive index for the cladding and core are 1.52 and 1.62 respectively), which
keeps the light confined in the core by total internal reflection. With the features of low signal
loss and immunity to electromagnetic field interference, it has been widely used as a waveguide,
to transmit light between the two ends of the fiber. Fibers that support many propagation paths or
transverse light rays (modes) are called multi-mode fibers (MMF), while those that only support
a single light ray (mode) are called single-mode fibers (SMF).

Photonic-crystal fibers (PCF), compared with traditional optical fibers, have the same
external diameter with a plastic jacket, but contains rings of air channels in the cladding. This
new generation of optical fibers not only has ability to confine light in hollow cores as a wave
guide, but also can let gas or liquid chemicals pass through. With this feature, PCF is now
finding applications in many application areas, especially in highly sensitive gas sensors.

For sensing purpose, a well-designed Index Guided- Photonic Crystal Fiber (IG-PCF) could
directly improve sensitivity and optical requirements of guided-light systems by providing low
loss and high mode intensity overlap with air channels in fiber cladding. The mode calculation
gives us the mode intensity distribution in the fiber cross-section and the propagation constant 3

= ner271/A, indicating the optical phase (real ) and attenuation (imaginary f) that accumulates as
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light propagates. For a given IG-PCF geometry, modal analysis needs to be performed so as to
achieve necessary understanding and control of excitation with low-loss cladding modes at a
desired resonance wavelength. To predict cladding modes that are likely to be coupled with the
fundamental core mode for the IG-PCF LPG sensor, the basic criteria will be (1) large mode field
overlap, (2) high coupling coefficient, and (3) minimum confinement loss for propagation in the

grating region of the cladding.

1.1 Simulation theories and tools

Commercial software-MODE Solutions, which is a fully-vectorial mode solver combined
with a frequency-domain method, is used to model the structures of IG-PCFs. The main
objective of this work is to calculate the cladding mode overlap with air channels in IG-PCFs,
the definition of which is the modal power fraction (PF) within the cladding air channels (the

ratio of optical power inside the air channels to the total power) that can be calculated using the

expression:
[5.da
_c ()
[s.da
4,
1 ° : :
where  S. =5R6(E x H )'Z, z is component of the Poynting vector, E and H are
the electric and magnetic fields within the fiber cross-section respectively, x  denotes the
vector cross product, 4, is the unit vector along the fiber axis, > 1is defined to be the

infinite transverse cross-section, and C refers to integrating over the air channels.
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1.2 Parameter chosen and numerical analysis

Two types of IG-PCFs, which consist of 5 rings of air-channel round latticed (denoted as
IG-PCF A, see Fig. 1(a)) and hexagonal latticed (denoted as IG-PCF B, see Fig. 1(b)),
respectively, were investigated. The average air-channel diameters (d) of IG-PCF A and B are ~
2.1 ym and ~ 4.2 um, while the center-to-center distances (A) between the air channels in
IG-PCF A and B are ~ 3.3 pum and ~ 6.5 pum, respectively. Defining the core diameter (Dcore)
yields the relation D¢ore = A(2 — d/A) and the values for IG-PCF A and B are 4.49 pm and 8.78
um, respectively. The outer diameters of the IG-PCFs match the typical value of 125 pm. There
are multi modes in the core for these two types of IG-PCFs because their air filling fractions (d/A)
are larger than 0.428 (0.64 for IG-PCF A and 0.65 for IG-PCF B). A single-mode in the fiber is a
necessary condition in sensing applications if the measured properties are interrogated using
phase or wavelength encoding. Taking into account the reduction of propagating modes, we can
tailor the IG-PCF geometries by means of a cladding with small air filling fraction and/or the
decreasing of core size. The requirements for desired optical properties are found by numerical
analysis in terms of a single mode pattern, a high intensity overlap with the air channels in
cladding, and a large effective area in the core to make coupling easy.

The structures are modeled and the characteristics of fundamental core mode and higher
order cladding modes are analyzed for the two geometrical IG-PCFs. Because of rotational
symmetry for IG-PCF A and C6v symmetry for IG-PCF B with arrayed air channels, it is noted

that we can make the computation window in a quarter of the fiber cross-section
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(a) (b)
Figure 1. Cross-sectional optical micrographs of endlessly single-mode Index Guide-Photonic
Crystal Fibers (IG-PCFs) (fabricated by Yangtze Optical Fiber and Cable Company Ltd.) with (a)
5 rings of air-channel round latticed in cladding and (b) 5 rings of air- channel hexagonal latticed
in cladding section with a perfect electric and magnetic conductor boundary condition applied

along symmetrical planes.

For a symmetrical IG-PCF mode, we can achieve accurate predictions in numerical
computation by selecting an appropriate mesh spacing (grid size), which is certainly an important
step. Acceptable results, with respect to the discretization scheme that has been used in the
calculation, can be obtained by keeping the mesh spacing at ~ A/15. The boundary condition is
another critical factor for simulation of mode properties. We have employed an absorbing
perfectly matched layer (PML) boundary condition for the truncation of computation domain
without reflection. After PML parameters are discretized into mesh spacing, effective indices and
field distributions of the fundamental core mode and higher order cladding modes can be

calculated. Numerical results demonstrated the effectiveness of PML boundary condition.
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1.3 Design results and discussion

Due to the fact that the air-channel structure in the cladding of an IG-PCF determines the
optical properties of the fiber, which provides a large degree of freedom in tailoring the
characterizations of the cladding modes through control of the geometries of air-silica cladding,
three parameters are optimized in the simulation, including the number of air-channel rings, the
distance between the consecutive air-channel rings and the diameter of air-channel, for air
channels to provide ingress of analyte to the regions with a strong evanescent wave. The
cladding modes with the maximum overlap rate in air-channel round and hexagonal latticed
IG-PCFs, compared with typical Gaussian beam, have been recorded. The periodicities of LPGs
have been calculated by phase-matching condition through setting the resonance wavelength in
1550 nm, which will be practically considered in the writing of LPGs, and also based on the light
beam spot size using CO; laser for inscription. We have examined the percentage power overlaps
with air channels for linear polarized core mode (LPy;) coupled to cladding modes (LPyy),
assuming that an LPG is inscribed in the IG-PCF, as the function of number of
air-channel rings (4, 5, and 6), d (from 3um to 4 pm with interval of 0.2 pum),

and A.
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Table 1. Optimized parameters and overlaps of IG-PCFs with air channels round and hexagonal

latticed.*
IG-PCF | LP,, Heficiad) d A dIA Number Arpe Overlap
(nm) (1um) of rings (pum) (%)
S| LP,, | 14321 | 26 75 035 4 160.3 2.28
R-2 IP,, | 14399 | 28 7.0 0.40 5 1,230 401
3 LP, | 14320 | 26 75 0.35 6 160.1 2.04
01 | LP,, | 14402 | 28 8.0 035 1 885.7 140
H-2 LP,, | 14383 | 2.8 7.0 0.40 5 5458 6.54
H-3 IP,, | 14399 | 26 75 035 6 870.8 239
* Numerical calculation at 1553.33 nm, refractive index between 1.45 and 1.40, cladding

radius of 62.5 pm, and overlap compared with Gussian beam.

*% IG-PCF with air channels round latticed.

*#%  IG-PCF with air channels hexagonal latticed.

(from 7 pm to 9 um with interval of 0.5 um), based on d/A < 0.42 that is required for the

characteristic of endlessly single mode in the IG-PCFs. Listed in Table 1 are the geometrical

parameters of six optimized IG-PCFs (denoted as R-1, R-2, R-3, H-1, H-2, and H-3) for the

mth-order of LPy;-LP¢n mode coupling with air channels round and hexagonal latticed in

cladding, and for maximum overlaps for different number of air-channel ring. The LPG

periodicities (Arpg) satisfied by phase-matching condition are also listed in Table 1.

We have numerically calculated the first ten orders of cladding modes in a variety of

IG-PCFs, in the claddings of which the air channels are round or hexagonal arrayed with 4-6

rings, and variable air-channel diameter as well as distance between two adjacent air channels.

By adjusting the above-mentioned parameters through calculation, we can obtain a cladding
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mode whose mode field can be excited by the fundamental core mode with a LPG and

maximally overlapped with air channels in cladding.

y (microns)
y (microns)
y [microns)

a
% {rnicrons)

-10 10
% {rnicrons)

(a) (b) (c)
Figure 2. Transverse Ey intensity distributions of symmetric cladding modes with maximum
overlap with air channels round latticed for: (a) 4 rings of air-channel (fiber R-1), (b) 5 rings of

air-channel (fiber R-2), and (c) 6 rings of air-channel (fiber R-3).

Shown in Fig. 2 are the transverse Ey intensity distributions of symmetic cladding modes
that clearly illustrate the overlap with round latticed channels. It is interesting that no matter how
many number of air-channel rings are round latticed in cladding, the larger the air filling fraction
(d/A in the range of endlessly single mode operation) is, the stronger the overlap is. This is
because more coupled cladding mode power is extended to the interface of air channels as d
becomes larger or A becomes smaller.

The confinement loss is another issue for the coupled cladding mode. It can also be seen

from Fig. 2(a) that the lowest-order cladding mode (LPy,) has its mode field distributed over the
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round pattern air-channel in the fiber cladding. In general, we select the LPyp, cladding for
resonance coupling with the LPy; core mode. As will be discussed in greater detail in Chapter 2,
the LP(, mode intensity distribution in the cladding provides the best overlap with the air-holes,
leading to better analyte/light interaction. The LPy; and LPy, modes have the same symmetry and
linear polarization that can maximize their coupling strength, leading to the largest overlap of
intensity profile in terms of coupling coefficient (k1-2) which can be expressed by

K = 27[<A”m >77]_2
J1 (3)

where <Anc,> is the cross-section average core index modulation of the IG-PCF and nl'z is the
overlap integral of LPy; and LPj, modes. As can be seen in Table 1, the IG-PCF with 5 rings of
air-channel round arrayed has its largest overlap for the LPG periodicity of 1,230 pm. Compared
to the overlap (0.11%) of the innermost ring of air channels round arrayed in cladding by directly
using fundamental core mode, the LPG coupled cladding mode has its overlap with air channels
up to 4.01%, improved by a factor of 36. The drawback is the long length of the IG-PCF LPG

resulting from large grating periodicity, limiting their applications in which a short one is needed.

www.manaraa.com



28

y (microns)
v (microns)
y (microns)

-10

N—
s« {microns) % {microns) % {rmicrons)

(a) (b) (c)

-10 10

Figure 3. Transverse Ey intensity distributions of symmetric cladding modes with maximum
overlap with air channels hexagonally latticed for: (a) 4 rings of air-channel (fiber H-1), (b) 5

rings of air-channel (fiber H-2), and (c) 6 rings of air-channel (fiber H-3).

Shown in Fig. 3 are the transverse Ey intensity distributions of symmetic cladding modes
that clearly illustrate the overlap with hexagonally latticed air channels. Note that all LPy,
cladding modes possess maximum overlaps with air channels. On the other hand, the LP,
cladding mode in fiber H-2 has its strongest coupling strength, with the highest overlap that is
highlighted with red color in Table 1. In contrast to what might be expected, more air channels in
cladding, or simply increasing of air-channel ring, cannot provide higher evanescent wave
overlap. The most important parameter to note is the accumulated intensity at the surface of

air-silica, which contributes to the strength of evanescent wave.
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Comparison of maximum overlap in air Comparison of maximum overlap in air channels
channels roundly latticed with 4, 5, and 6 rings hexagonally latticed with 4, 5, and 6 rings
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Figure 4. Comparison of maximum overlap in air-channel with different parameters (d, A, and

number of air-channel rings): (a) air channels in cladding are round arrayed and (b) air channels

in cladding are hexagonally arrayed.

Displayed in Fig. 4 is the comparison of maximum overlap in air-channel with different fiber
parameters. This figure gives a set of IG-PCF fabrication-oriented geometry parameters that
optimize the coupled cladding mode by a LPG with a suitable periodicity, and give rise to a
strong overlap with air channels in the cladding for evanescent sensing. It can be concluded,
from our simulation results, that the fabrication of IG-PCF is most likely processed with fiber
diameter of 2.8 pum, distance between two air channels (center-to-center) of 7 pm, ring number of
air-channel in cladding of 5, and the periodicity of 545.8 um of the LPG that is inscribed in the
fiber. With these parameters, we note that the overlap of the designed fiber is as high as

6.54% ,which is 50 times higher than that provided by directly using the fundamental core mode.
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Chapter 2--LPG principles and its fabrication on PCF
2.1 Modes in PCF for evanescent field sensing

It is worth noting that other fiber-optic platforms have been explored for vapor phase
and/or aqueous solution sensing with evanescent field of a guided light or direct laser excitation.
While simple design and implementation are carried out, the schemes utilizing conventional
optical fiber with its cladding or even part of its core removed (as in the case of D-shaped fiber)
are typically limited by the probe length (a couple of centimeters due to potential compromise in
mechanical and structural integrity) and mechanical strength. The specific surface is also limited
for evanescent field intensity-analyte interaction in such probe geometries although relatively
high field intensity overlap is possible in some D-shaped fiber designs. Compared to their
conventional optical fiber counterpart, PCFs are a particularly attractive sensing platform
because the vapor/fluid can be entered into the air channels directly and, furthermore the
fiber-optic characteristics can be optimized to improve sensitivity.

The fundamental core mode in the PCF has been used for evanescent field sensing. While
this sensing modality has demonstrated its potential for sub-monolayer measurements, there exist
two inherent limitations. First, the evanescent field extends only a small distance (~ A/3, A is the
operating wavelength) from the guiding core to the surrounding PCF cladding air channels,
restricting the analyte and light interaction region to only the innermost ring of air channels in
the cladding. Secondly, the fundamental core mode is localized mostly in the PCF core and, in

fact, for most designs, less than 1% power of the core mode overlap with the surrounding air
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channels thus providing weak light intensity-analyte interactions for spectroscopic interrogation.
Shown in Fig. 5 are the numerical simulations for the linear polarization (LP) mode field
intensity distributions of a PCF LPy; fundamental core mode and cladding modes from LPy; to
LPy7 at wavelength of 1550 nm, including states of degeneracy, as in Fig. 5(c) and (g) shown. As
shown in Fig. 5(a) in the case of LPy;, the mode field overlap with air channels is limited to only
0.13% of the core mode for the traditional approach of evanescent field sensing using PCF. The
overlap becomes weaker and weaker from LP¢; to LPy; cladding mode, [Fig 5(c) to (g)]. The
LPy, cladding [Fig. 5(b)], however, exhibits the strongest and broadest intensity field overlap, ~
4.40%. Should the LPy, cladding mode be selectively excited using a LPG and utilized for
sensing, it would drastically enhance the sensitivity of evanescent field interaction, and this is the

approach taken here.
(a)

Figure 5. Linear polarization (LP) mode field intensity distributions in a PCF with 4 rings of

air-channels hexagonally arranged, calculated at wavelength of 1550 nm for: (a) LPy,
fundamental core mode, (b) LPy, cladding mode, (c) one state of degeneracy in LPy; cladding
mode, (d) LPys cladding mode, (e) LP¢s cladding mode, (f) LPys cladding mode, (g) one state of

degeneracy in LP(; cladding mode.
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2.2 Phase-matching condition and Coupled-mode theory

A Long Period Grating couples the fundamental core mode to several co-propagating
cladding modes in a single mode fiber, resulting in a sequence of attenuation resonances in the
transmission spectrum. The LPG is an intrinsic and passive device that can be induced by a
periodic refractive index modulation in the fiber core with a typical period of a few hundred
micrometers. Four parameters in a LPG can be described as follows: Aq), the resonance
wavelength of the i linear polarization cladding mode (LPy;); Nefrcore and Nefreradci), the effective
indices of the fundamental core mode and the i™ cladding mode; and A(L), the periodicity of the
grating, and the relationship of which can be expressed by

Miy=(Defr,core-Neff.clad(i)) A (L) 4)

and their transmission spectra are characterized by resonance bends at wavelengths that satisfy
the phase-matching condition. The LPGs in both conventional optical fibers and PCFs have been
used as transducers for environmental sensing such as temperature, strain, vibration, and
chemical measurements.
Coupled-mode theory can be applied to calculate the intensity of resonance in LPGs, which is
determined by the coupling coefficient k¥ and the grating length L [32]. The minimum
transmission is proportional to cos’(kL), while the coupling coefficient is a function of the
effective index change and the mode overlap between the guided core mode and the coupled
cladding mode over the region of refractive index change. The surrounding material will affect

the coupling. In the next section, the resonance spectrum obtained in our PCFs is compared with
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the simulations using coupled-mode theory.

2.3 Fabrication of LPGs in PCF

The fibers which we used to inscribe LPGs are the endlessly single mode PCF (ESM-PCEF,
simply called as PCF). The specifications for PCF used here are: the center-to-center distance
between the air channels (A) is 6.4 um; the average air-channel diameter (d) is 3.1 pm; the d/A is
0.48. The channels are arranged in a hexagonal pattern, extending to a diameter of 65 pm.
Defining the core diameter (Dcore) as Deore = A(2 — d/A) leads to a value of 10.4 um. The outer
diameter of the PCF matches the typical value of 125 um as for most of SMF fibers.

A melt fiber preform is drawn into the size of a normal fiber diameter during the fiber
drawing process. Tension, which is called mechanical residual stress, is accumulated in the fiber
core with frozen silica in the cladding by radial variations of viscoelasticity and thermal
expansion because of temperature gradient in the fiber drawing furnace. The residual stress in the
fiber core influences the refractive index of that area by the photoelastic effect, and it can be
released at the softening temperature of silica by a focused pulsed beam from a CO, laser.
Periodic irradiation of CO; laser beams on the fiber results in the stress relaxation with the
desired grating-pattern. A change of refractive index (~ 10° — 10™) in the core can be achieved to

form the LPGs in the fiber.
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Figure 6. Schematic diagram of experimental setup for LPG inscribed in PCF by focused beam
of CO, laser with a 1-D galvanometer (the insets are the cross-sectional optical micrograph of

PCF and the outlook of PCF-LPQG).

Shown in Fig. 6 is the experimental setup for fabrication of LPGs. The insets of this figure
are the cross-sectional optical micrograph of PCF and the outlook of PCF-LPG, respectively. The
LPG fabrication system includes a CO; laser with a 1-D galvanometer. The laser beam is passed
through a ZnSe cylindrical lens with a focal length of 198 mm, and located on the 1-D
galvanometer that focuses and directs the beam diameter to a ~ 150 um Gaussian focal spot on
the fiber. The fiber is held by positioners whose movement can be controlled by a translation
stage attached to them.

One end of the fiber is connected to a broadband superluminescent light-emitting diode
(SLED) light source with total power of 9.25 mW, while other end of the fiber is connected to an

optical spectrum analyzer (OSA) with wavelength region from 1450 nm to 1650 nm for
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analyzing the transmission spectrum profile of the LPG in situ. A point-by-point technique is
employed to localize the laser heating at periodic intervals on the fiber. As the fiber is moved to
each new position by the translation stage, the CO, laser is turned on and the laser beam is
incident on the fiber for a preset amount of exposure.

The transmission characteristics of the LPG can be measured during grating inscription.
Shown in Fig. 7(c) is the transmission spectrum of the PCF-LPG with 69 periodicities, each

length of which is 420 pm, and resonance wavelength of 1597.10 nm.
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Figure 7. (a) Transmission spectra of the SMF-28-LPG with periods from 40 to 115 at interval of
5-period increase, (b) transmission spectra of the SMF-28-LPG before and after bonded to the
RH testing frame as well as the simulated grating spectrum, and (c) transmission spectrum of

PCF-LPG at resonance wavelength of 1597.10 nm with 69 periods.
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The quality of LPG used as a chemical sensor can be defined by its full-width at half
maximum (FWHM) of transmission resonance profile. The more grating periods the LPG has,
the smaller the FWHM is. In other words, the narrower the resonance dip of the LPG, the higher
the sensitivity of a fiber will be. We have fabricated the PCF-LPGs whose FWHM are around 2
nm. Compared to the PCF-LPGs that Rindorf et al. have inscribed [33], we have smaller value of
FWHM but the property of our PCF-LPG in terms of sensitivity still can be improved through
the following techniques and methods: (1) we can use rotational state that enables us to rotate
PCF for CO, laser three-side exposure instead of one-side exposure, which could uniformly
cylindrical refractive index change; (2) we can design the different geometrical PCFs so that

those PCFs have larger contrast of refractive index between core and air-hole cladding.

2.4 Sensing mechanism

The robust nature of PCFs as a platform for evanescent field sensing and detection of
analytes has been demonstrated, which stems from evanescent field interaction of guided core
mode with the analyte in the cladding air channels over a long path length. In addition, the
accessibility of gas/liquid inside the air channels makes it possible to functionalize the air
channels for higher detection sensitivity and selectivity. Yet, far greater detection sensitivity and
selectivity can be achieved than currently explored core mode evanescent sensing modality if we
can generate and use strong cladding modes that interact with the entire air cladding of the PCF.

As the cladding of a PCF has a small and finite area further confined by a solid outer layer,
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cladding modes coupled with the core mode can propagate with low confinement loss.

The cladding modes of PCFs have been theoretically analyzed to predict the coupling
between LPy; core mode and HE;;cladding mode in a PCF-LPG with high accuracy.[10] We
have used the MODE Solutions method to numerically predict cladding modes that are likely to
be coupled with the fundamental guided core mode.

The basic criteria will be (1) high coupling coefficient, (2) large mode field overlap, and (3)
minimum confinement loss for propagation in cladding. As discussed in the previous chapter, we
have conducted a simulation of a LPG on PCF, which has 5 rings of air-channel in cladding, with
a grating periodicity of 670 um and grating length of 14 periods (~ 0.94 cm). The analysis was
specifically performed on LPyscladding mode coupling with LP(; fundamental core mode of the
LPG in the PCF. Shown in Fig. 8(a), (b), (c), and (d) are calculated power distribution in

amplitude and phase of LPy4 in the hexagonal region of two orthogonal degeneracy
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Figure 8. Simulated power distributions of LPy cladding mode in PCF excited by a LPG
(periodicity of 670 um and period number of 14): (a) EX in amplitude, (b) EX in phase, (c) EY

in amplitude, and (d) EY in phase birefringence of EX and EY, respectively.
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The PCF-LPG was calculated to exhibit a resonance of -23 dB at wavelength of 1550 nm
and a confinement loss of 2.4 dB/cm. The analysis indicates that, for a given cladding symmetry,
air-channel size, and channel-to-channel separation, confinement loss of LPys cladding mode
decreases exponentially with the number of rings of the air channels. The confinement loss of
cladding modes is also a function of cladding microstructure. The numerical simulations clearly
offer a powerful means of predicting and understanding the mode characteristics of a given
PCF-LPG configuration and ultimately the design and fabrication of optimal PCF structures for

LPG excitation of cladding mode coupling.
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Figure 9. Schematic diagram of core-to-cladding mode coupling in a PCF-LPG structure (the
top-left inset is the cross-sectional optical micrograph of PCF, and the top-right inset illustrates
that the mode coupling resonance strength depends strongly on the grating design with the

number of grating periods being an important parameter).
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[llustrated in Fig. 9 is the schematic diagram for core-to-cladding mode coupling in a
PCF-LPG structure. The top-left inset is the cross-sectional optical micrograph of PCF that has
been used in the experiments, while the top-right inset displays the mode coupling resonance
strength which depends strongly on the grating design with the number of grating periods. The
working principle of core mode and cladding modes coupling in a PCF-LPG is based on
coupled-mode theory and phase-matching condition. The resonance intensity corresponds to the
amount of power transferred to the coupled cladding mode at the resonance wavelength. It is a
function of number of grating periods. The total power oscillating between the fundamental core
mode and the coupled cladding mode is proportional to the minimum transmission which is

given by:

Tmin=1-sin’(KL) (5)

where, K is the coupling coefficient of the cladding mode and L is the grating length.
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Chapter 3--Nano film coatings and its deposition on PCF
3.1 Nano films and its coating

It is desirable to incorporate nanostructure films into LPG to enhance sensitivity and
selectivity. Indeed, a LPG deposited with high refractive index (higher than refractive index of
fiber cladding) nanostructure material was first reported for a better understanding of dependence
of resonance wavelengths on the optical thickness of the nanofilm [34]. More detailed works
have also been reported on thin nanofilm-coated LPs, describing the effects of high refractive
index coating on sensitivity of coated LPG to the change of external refractive index, and finding
a large resonance wavelength shift that permits the sensitivity of coated LPG sensor to be
significantly improved [35-43].

Improvement of sensitivity and selectivity of the PCF-LPG sensors is a critical challenge in
the field of the detection of chemical analytes. To this end, we have coated two types of
nanostructure polymer films, in which refractive index of the first nanofilm is higher than that of
silica and refractive index of the second nanofilm is lower than that of silica, into the surfaces of
air channels in the PCF-LPG. The new cladding mode is created and bounded within the first
nanofilm that determines the change in the power distribution of cladding modes and their
effective refractive indices. Because of the mode transition, the greater part of light intensity of
the lowest order of cladding mode moves to the first nanofilm, in which the evanescent field is
drastically enhanced and the effective refractive index of the cladding mode is increased. As a

result, the sensitivity of the PCF-LPG can be improved in terms of resonance wavelength shift
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and transmission intensity in response to change of external refractive index. The second
nanofilm is able to interact specifically with water molecule by absorption, and it exhibits high
selectivity. In this work, we use the polymer of PAH+/PAA- as the first nanofilm and
AlLO5/PSS- as the second nanofilm to be coated on the surfaces of air channels in the PCF-LPG
with ESA deposition technique. The developed nanofilm-coated PCF-LPG humidity sensor is

useful for corrosion detection in structural health monitoring (SHM) applications.

3.2 ESA deposition process

We have employed Electro-Static Assembly technique to deposit the nanostructure coating
onto LPGs for the enhancement of sensitivity and selectivity. The ESA deposition is one of the
most powerful processes for assembling of polymer monolayer and/or multilayer because the
thickness can be controlled with nano-scale precision. The operating principle of the ESA
technique is straightforward. In our case, two oppositely charged polyelectrolytes that are
suspended in water will attract. Due to the fact that the electrostatic interactions have a longer
range than that of hydrophobic effects, the assemblies that can be built up electrostatically by

attraction of polyelectrolytes can extend over a substantial range.
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Figure 10. Schematic illustration of ESA deposition processing with PAH+ or Al,O;" (positive

charge) water solution and PAA- or PSS- (negative change) water solution for LPG

nanostructure coatings[44].

Show in Fig. 10 is a schematic illustration of ESA deposition processing by using

polyallylamine hydrochloride (PAH+) or alumina (Al,03") with positive charge in solution and

polyacrylic acid (PAA-) or poly-sodium 4-styrenesulfonate (PSS-) with negative charge in

solution. The first step is that the region of LPG is rinsed with Milli-Q water to have a negatively

charged fiber surface and sequentially immersed into PAH+ solution (5wt% in Milli-Q water) for

3 min, and then it is rinsed with Milli-Q water for 1 min to remove the polymer molecules that

do not contribute to the monolayer nanostructure. The next step is that the rinsed fiber is
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immersed into PAA- solution (3 wt% in Milli-Q water) for 3 min, and then rinsed again with
Milli-Q water for Imin for the same purpose as previous one. After repeating those two steps 10
times, 10 bi-layers of PAH+/PAA- are deposited onto the fiber surface. The refractive index of
PAH+/PAA- is 1.5526, and this coating with higher index than fiber cladding is used for the

enhancement of sensitivity through cladding mode transition.
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Figure 11. SEM images of nanostructure coatings on optical fiber: (a) PAH+/PAA- (10 bi-layers),

(b) Al,05+/PSS- (10 bi-layers), and (c) PAH+/PAA- (5 bi-layers) and Al,O3+/PSS- (5 bi-layers).

The scanning electron microscope (SEM) observations of the nanostructured coatings on
LPG have been carried out in order to investigate their structure and thickness. Shown in Fig.
11(a) is a SEM image of PAH+/PAA- multilayer (10 bi-layers) with thickness of 307.58 nm. The
average bi-layer thickness of this coating is around 30.8 nm. For Al,O3"/PSS- nanocoating, the

thickness of 10 bi-layers is 82.42 nm (see Fig. 11(b)) and one bi-layer thickness is ~ 8 nm. The
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slight roughness of those two nanocoatings reveal that there are some impurities in the polymer
surfaces. Fig. 11(c) shows that two types of nanocoatings (PAH+/PAA- and Al,O3+/PSS-) are
deposited on the optical fiber with total thickness of 166.23 nm that is thinner than the value of
average thichness of PAH+/PAA- plus average thickness of Al,O3+/PSS- because the thicknesses
of multilayers are scaled at SEM with different angles with respect to the facet of optical fiber.
The purpose of PAH+/PAA- nano-film deposited on the LPG section is to increase the sensitivity,
while the ALLO;"/PSS- nano-film is attributed to the water molecular absorption for humidity

sensitivity.

3.3 Deposition on internal air channels of PCF----simulation and experiments

To deposit the nanofilms into the surfaces of air channels in the PCF cladding, we need to
fill the air channels with polymer solution by means of layer-by-layer ESA method. In order to
determine the length of time it takes for the solution to pass through a given length of PCF by
capillary force, we use a capillary filling model to numerically calculate the dependence of time

on length of PCF with a given geometry under different pressure.
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Figure 12. Schematic diagram of capillary tube with liquid inside and contact angle: (a) the
liquid is pushed out of the capillary by capillary force with contact angle large than 90° and (b)

the liquid is pulled into the capillary by capillary force with contact angle smaller than 90°.

Shown in Fig. 12 is the schematic diagram of capillary tube with liquid inside and contact
angle between the rim of the liquid and the wall of capillary. The capillary force can push the
liquid out of the capillary when the contact angle is larger than 90° (see Fig. 12(a)), while the
capillary force can pull the liquid into the capillary when the contact angle is smaller than 90"
(see Fig. 12(b)). The height of a liquid column in capillary by capillary force is given by:[13]

_ 2ycost (6)
pgr

h

where v is the liquid-air surface tension, 0 is the contact angle, p is the density of liquid, g is local
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gravitational field strength, and r is the radius of capillary. For a water-filled glass in air at
standard laboratory condition, y = 0.0728 N/m at 20 0C, 6 = 0.35 rad, p is 1000 kg/m3, and g =
9.81 m/s2, and r = 0.002 mm, the height of the water column is about 3.7 m, but it is impractical
to reach this height because it takes a long time. We therefore use a pressure differential between

the two ends of the PCF to shorten the capillary filling time.
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Figure 13. (a) Diagram of a cross-sectional PCF with 4 rings of air-channel in cladding ( d:
diameter of air-channel and Ad: distance of channel-to-channel separation), (b) numerically
calculated water filling time of air channels in different length of PCF-A with d of 3.76 pm and
Ad of 8.99 um at pressure differences of 2 bar, 3 bar, and 4 bar, and (c) numerically calculated
water filling time of air channels in different length of PCF-B with d of 4.23 pm and Ad of 8.07

pum at pressure differences of 2 bar, 3 bar, and 4 bar.

Water/solution flow in air channels of PCF is induced by a constant positive pressure
difference, which can be modeled using Poiseuille flow [45]. For an air-channel PCF with

diameter of d, length of 1, water viscosity of 1, and in the presence of a uniform pressures
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difference of Ap, the water flow rate can be expressed by:

_m'-Ap (7)
© 1287l

For example, at Ap of 5 bar, it takes only 1.2 minutes for water to fill in an air channel
(diameter of 4 um) of 1-meter PCF. We have numerically calculated the water filling time of
PCF air channels with the pressure difference of 2 bar, 3 bar, and 4 bar. Two types of PCF
geometrical parameters were used with d of 3.76 um and Ad (distance of channel-to-channel
separation ) of 8.99 pm in PCF-A and d of 4.23 um and Ad of 8.07 um in PCF-B. Shown in Fig.
13(a) is the diagram of a cross-sectional PCF with 4 rings of air-channel in cladding. From Fig.
13(b) and (c), it can be clearly seen that, the larger the diameter of air channel, the longer the

filling length at the same filling time, which is also experimentally confirmed.
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(a) (b) (©

Figure 14. (a) Schematic of compressed air pressure chamber for the filling of water/polymer
solution, (b) picture showing a compressed air pressure chamber that can fill two PCFs

simultaneously, and (c) picture showing a drop of water out of air channels of the PCF.

Depicted in Fig. 14(a) is the schematic of compressed air pressure chamber that houses the
flow entrance end of the PCF and a vial that contains water/solution. Fig. 14(b) shows the
compressed air pressure chamber made with stainless steel, which can fill two PCF with
water/solution simultaneously. The dimension of the chamber is 75 mm X 52 mm % 50 mm. Fig.
14(c) shows a drop of water coming out of the air channels of the PCF, the length of which is 600
mm. Two PCFs (PCF (1) and PCF (2)) with different geometrical parameters are used for
pressurized water filling experiments. The PCF (1) has an air-channel diameter of 3.76 pm,
air-channel to air-channel distance of 7.03 um, and core diameter of 8.99 um, while the PCF (2)

has an air-channel diameter of 4.23 um, air-channel to air-channel distance of 8.07 um, and core
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diameter of 11.94 um. SEM images of cross-sections of PCF (1) and PCF (2) are shown in the
insets of Fig. 8(a) and (b), respectively. Fig. 8(a) and (b) show the respective dependence of
pressurized water filling time on filling lengths of PCF (1) and PCF (2) under pressures of 2 bar,
3 bar, and 4 bar. It can be seen that, at pressure of 2 bar, it takes longer time for PCF (2) than
PCF (1) to fill the water into air channels with the same length because the friction force
dominates the entire flow mechanism. Meanwhile, there is no clear difference of the filling
length below 5 minutes with pressures of 2 bar, 3 bar, and 4 bar in PCF (1). At higher pressure,
much less filling time is needed in PCF (2) than in PCF (1) for filling water into a given length of
air channels. For example, it takes 3 minutes and 11 minutes to fill water into a length of 40-cm
PCF (2) under pressures of 4 bar and 3 bar, respectively, but under the same pressures it takes
about 11 minutes and 15 minutes, respectively, to fill the same length of PCF (1). In this work,

we will use 4 bar or higher pressure for filling of polymer solutions in the experiments.
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Figure 15. Dependence of pressurized water filling time on filling length with different pressure
for (a) PCF (1) with air-channel diameter of 3.76 pm, air-channel to air-channel distance of 7.03
pum, and core diameter of 8.99 um (the inset is the SEM image of PCF (1) cross-section) and (b)
PCF (2) with air-channel diameter of 4.23 um, air-channel to air-channel distance of 8.07 um,

and core diameter of 11.94 um (the inset is the SEM image of PCF (2) cross-section).

(a) (b) (©) (d)

Figure 16 SEM images for (a) cross-section of nanofilm-coated PCF with PAH+ and PAA-, (b)
thickness of 3 bi-layers of PAH+ and PAA-, (c) cross-section of nanofilm-coated PCF with

Al;O;" and PSS-, and (d) thickness of 5 bi-layers of Al,O3" and PSS-.
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3.4 Nanofilms deposition and characterization

To coat the nanofilms on the fiber surface by ESA technique, it needs to be exposed to
cationic and anionic solutions. Since the nanofilms are to be created in the inner surface of air
channels of a PCF, a compressed air pressure chamber, as seen in Fig. 14(b), was used to force
the polymer solution through the air channels. A 60-cm long PCF was inserted into the chamber
with a vial containing Milli-Q water for washing the surface of air channels. After cleaning, the
surface of air channels was negatively charged. The Milli-Q water in the chamber was removed
and replaced by positively-charged PAH+ solution. After seeing a drop of the solution at the end
of the PCF and waiting for 3 minutes, we removed the fiber from the chamber, and replaced
Milli-Q water in order to wash the excess of PAH+ polymer molecules. Then a
negatively-charged PAA- solution was forced into the air channels, and the same deposition
procedure was repeated. The consecutive layers of positively- and negatively-charged polymers
are called bi-layers. Several bi-layers of PAH+/PAA- were deposited first for the primary coating.
Then, another type of bi-layer of Al,03; /PSS- was deposited several times using the bi-layers of
PAH+/PAA- as the secondary coating. Shown in Fig. 16 are the Scanning Electron Microscope
(SEM) images for (a) cross-section of nanofilm-coated PCF with PAH+ and PAA-, in which
some air channels are blocked due to the residue of PAH+/PAA- polymerization; (b) thickness of
3 bi-layers of PAH+ and PAA- (48.3 nm); (c) cross-section of nanofilm-coated PCF with Al,O3"
and PSS-; and (d) thickness of 5 bi-layers of Al,O;" and PSS- (82.0 nm). A slight roughness of

the nanofilms is observed because of the formation of polymer chain. The thickness of the
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nanofilm can be precisely controlled by the number of the deposited bi-layer, while the
polymetric materials of nanofilms are determined by the chemical detection that is based on the
change of a property of the sensing material as a consequence of sorption and desorption of a

specific analyte. The properties of the nanofilms make themselves not only sensitive but also

selective to water molecules.
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Chapter 4-- RH testing results and discussion
4.1 RH response of SMF-28-LPG

We first compared the humidity sensitivity of SMF-28-LPG to that of nanofilm-coated
SMF-28-LPG in a humidity chamber that includes a mini ultrasonic humidifier, a digital
temperature/humidity meter, and the sensor which was fixed on a plastic frame to eliminate
mechanical bending as shown in Fig. 17. Fig. 18(a) shows that when the RH increases from 20%
to 50% at room temperature, the resonance wavelength shifts toward blue side (short wavelength)
from 1549.9 nm to 1547.6 nm while the transmission intensity slightly increase from -60.734
dBm to -59.873 dBm, which are plotted in Fig. 18 (b). The resonance shift to smaller wavelength
is because the larger the RH the higher surrounding refractive index, which causes a smaller
difference of effective refractive indices of the core mode and the coupled cladding mode. The
coefficient of the grating sensitivity to RH with respect to wavelength shift is about 0.0136%/pm,

and the coefficient of sensitivity in terms of intensity difference is 0.0519%/10dBm.

Figure 17: Humidity chamber with the LPG fiber sensor fixed on a plastic frame, the moisture

generator, and the humidity-meter.

—
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Figure 18. (a) Transmission spectra of SMF-28-LPG for various RH from 20% to 50% and (b)

dependence of SMF-28-LPG resonance wavelength and transmission intensity on RH.
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4.2 RH response of nanofilm-coated SMF-28-LPG

Sensitivity of a LPG to refractive index results from the dependence of the phase-matching
condition on the effective refractive indices of the cladding modes that can be changed by the
change of external refractive index. There are three cases which are that (1) external refractive
index is lower than that of cladding; (2) external refractive index is equal to that of cladding; and
(3) external refractive index is higher than that of cladding, all of which can influence the light to
be coupled out of the core mode in a LPG. In the case of nanofilm-coated LPGs, the refractive
index of the nanostructure material is larger than that of the cladding so that the resonance
wavelength and coupling intensity are supposed to change after the nanofilms are deposited on
the LPGs.

We have monitored the transmission spectra of SMF-28-LPG during the deposition
process. Shown in Fig. 19(a) is the experimental evolution of the resonance spectral profiles of
the grating coated with PAH+/PAA-. A slight shift of resonance wavelength was measured after
the grating was cleaned by Milli-Q water. When the grating is immersed in PAH+ or PAA-
solution, the shifts of resonance wavelength are -5.4 nm and 4.5 nm, respectively. After 10
bi-layers of PAH+/PAA- are deposited on the grating, the resonance wavelength is shifted from
1546.8 nm to 1544.6 nm, and the coupling intensity is reduced from -59.651 dBm to -51.889
dBm. Measured resonance wavelengths of SMF-28-LPG in polymer solutions and
nanofilm-coated SMF-28-LPG are shorter than that of the grating after cleaning by Milli-Q water

because the increase of external refractive index leads to an increase of effective refractive index
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of coupled cladding mode and the resonance wavelength moves toward short wavelength,
consistent with the phase-matching condition. Fig. 19(b) shows the experimental evolution of the
grating transmission intensity deposited with Al;03 /PSS- nanofilm on PAH+/PAA- nanofilm. At
this stage, the resonance wavelength of the grating with 10 bi-layers of PAH+/PAA- nanofilm is
located at 1546.3 nm with intensity of -51.203 dBm. The resonance wavelengths shift to 1541.6
nm and 1539.7 nm, respectively, when the PAH+/PAA- nanofilm-coated grating is put in AL,O3"
and PSS- solutions. The resonance wavelength of the grating coated with those two nanofilms is
at 1544.9 nm with increase of coupling strength at the transmission intensity of -55.696 dBm,
which is due to the fact that the refractive index of Al,0O3 /PSS- nanofilm is smaller than that of
cladding and the transited cladding mode can be confined in the PAH+/PAA- nanofilm as it
becomes a cylindrical waveguide. The final resonance wavelength shift is -1.9 nm from the
grating cleaned to the grating coated with two nanfilms, which is not significant when compared

with the whole wavelength region measured.
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Figure 19. Experimental evolution of transmission spectra of SMF-28-LPG for: (a) the primary
nanofilm before and after cleaned by Milli-Q water, in PAH" and PAA" solutions, and after 10
bi-layers of PAH/PAA™ coated and (b) the secondary nanofilm of the first bi-layer of

AlO;3'/PSS’, in A,O;" and PSS’ solutions, and after 10 bi-layer of Al,O;'/PSS™ coated.
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Next, the responses of nanofilm-coated SMF-28-LPG to change of RH level were
examined. Shown in Fig. 20(a) are the transmission spectra of this grating for different RH, and
shown in Fig. 20(b) is the relationship of RH with resonance wavelength and transmission
intensity. The total wavelength shift is -0.9 nm while total intensity change is -2.697dBm. The
coefficients of nanofilm-coated SMF-28-LPG sensitivity to RH in terms of resonance
wavelength shift and intensity change are about 0.00067%/pm and 0.0022%/10~°dBm,
respectively. From the data processed above, we can see that there is more significant change in

the resonance intensity than in the wavelength shift in humidity response of nanofilm-coated

SMF-28-LPG.
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Figure 20. (a) Transmission spectra of nanofilm-coated SMF-28-LPG for various RH from 19%

to 25% and (b) dependence of nanofilm-coated SMF-28-LPG resonance wavelength and

transmission intensity on RH.
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4.3 Temperature responses of SMF-28-LPG and nanofilm-coated SMF-28-LPG

Temperature responses of SMF-28-LPG and nanofilm-coated SMF-28-LPG were tested at
fixed RH of 20% corresponding to their resonance wavelength and transmission intensity for
identifying cross-sensitivity and thermal stability. It is highly desired that the coupling resonance
of the grating be temperature insensitive when it is used for humidity detection. It can be
expected that the coefficient of PCF-LPG resonance wavelength shift to temperature should be
low because the glass structure of the fiber is adjusted to the original state of the relaxation at
silica transition temperature radiated by the CO, laser such that the grating is thermally stable
under this temperature.

Fig. 21(a) and (b) show the temperature responses of SMF-28-LPG and nanofilm-coated
SMF-28-LPG to resonance wavelength and transmission intensity at fixed RH of 20%. The
dependence of temperature on resonance wavelength indicates that the blue shift of resonance
wavelength in SMF-28-LPG is 1.2 nm from 17.7 °C to 18.8 °C while it becomes thermo stable
from 18.8 °C to 21.8 °C, which shows that the grating inscribed by CO, laser is temperature
insensitive above 18.8 °C at low RH. It is also observed that the resonance wavelength has no
shift from 22.2 °C to 24 °C in nanofilm-coated SMF-28-LPG. It is interesting to note that the
resonance intensity of SMF-28-LPG increases with increase of temperature, while it reduces
when temperature increases in the case of nanofilm-coated SMF-28-LPG, from which it can be
seen that the resonance coupling efficiency between core mode and cladding mode is a function

of temperature. Moreover, as temperature goes up, water molecules trapped in the secondary
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nanofilm can obtain more kinetic energy to get out of this film, leading to a smaller refractive

index of the film and strengthening in the resonance coupling.
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Figure 21. Temperature responses of resonance wavelength and transmission intensity at RH of

20% for: (a) SMF-28-LPG and (b) nanofilm-coated SMF-28-LPG.
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4.4 RH response of exterior nanofilm-coated PCF-LPG

Both effective indices of core modes and cladding modes will change when the PCF-LPG
experiences in a moisture environment, compared to the SMF-28-LPG where only the effective
index of cladding changes. In Fig. 22(a) reveals that the slope of effective index change is larger
in core than in cladding from RH of 20% to 44%, which leads the shift towards larger
wavelength. Fig. 22(b) shows the dependence of nanofilm-coated PCF-LPG resonance
wavelength and transmission intensity on different RH level. The coefficients of both average

RH-wavelength and RH-intensity sensitivities are 0.0034%/pm and 0.0269%/ 10~dBm,

respectively.
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Figure 22. (a) Transmission spectra of exterior nanofilm-coated PCF-LPG for RH spans from 20%

to 44% and (b) dependences of exterior nanofilm-coated PCF-LPG resonance wavelength and

transmission intensity on different levels of RH.
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4.5 RH response of interior nanofilm-coated PCF-LPG

The experimental setup used for testing of interior nanofilm-coated PCF-LPG response to
humidity is shown in Fig. 23. A broadband superluminescent light-emitting diode (SLED) light
source is connected to a single-mode fiber that is clamped with a fiber clamper on a 3-D
translation stage. The single-mode fiber is butt-connected to one end of the interior
nanofilm-coated PCF-LPG, the other end of which is also butt-connected to another single-mode
fiber that is clamped with a fiber clamper on a 3-D translation stage, and finally goes to an OSA.
In this way, the moisture can be diffused through the air channels of the interior nanofilm-coated
PCF-LPG. An optically aligned (within + 1um) single-mode fiber is used to couple light into and
out of the interior nanofilm-coated PCF-LPG for signal collection. A home-made humidity
chamber houses all of the 3-D translation stages, the interior nanofilm-coated PCF-LPG, a mini

ultrasonic humidifier that consists of a digital temperature and the humidity meter.

Nanofilm-coated
' arifc}i;(g © Broadband
Optical light source
spectrum /
analyzer v
3-D Translation stage
Ultrasonic humidifier — B
Humidity chamber

Figure 23. Experimental setup for Relative Humidity test by interior nanofilm-coated PCF-LPG
The responses of interior nanofilm-coated PCF-LPG to changing of RH at room

temperature (24.5°C) have been tested. Shown in Fig. 24(a) are the transmission spectra of
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interior nanofilm-coated PCF-LPG with different RH level, while Fig. 24(b) shows the

dependences of resonance intensity and wavelength on RH. As the RH increase from 22% to
29%, more water molecules are adsorbed on the nanofilm, resulting in stronger light absorption
from transited cladding mode. The transmission power of resonance dip gets significantly low, as
indicated in Fig. 24(b). On the other hand, as indicated in the blue line in Fig. 24(b), when the
secondary nano coating absorbs more water molecules while RH increasing, the effective
refractive index of cladding increases and leads to a significant shift of resonance wavelength.
Table 1 lists the average sensitivity comparison for different patterns of LPGs sensor for RH test.
The average coefficient of RH-intensity is 0.0016%/10” dBm and this level of sensitivity
compares well to conventional LPG, nanofilm-coated LPG, and exterior nanofilm-coated
PCF-LPG. The average coefficient of RH-wavelength is 0.0007%/pm which is also more

sensitive than other three types of LPGs
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Figure 24. (a) Transmission spectra of interior nanofilm-coated PCF-LPG for RH spans from 22%
to 29% and (b) dependences of interior nanofilm-coated PCF-LPG resonance wavelength and

transmission intensity on different level of RH.
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RH-Wavelength Sensitivity* RH-Intensity Sensitivity**
Conventional LPG RH 0.0136%/pm RH 0.0519%/10~dBm
Nano-Coated LPG RH 0.0067%/pm RH 0.0022%/10°dBm
Exterior Nanofiilm- RH 0.0034%/pm RH 0.0269%/10°dBm
Coated PCF-LPG
Interior Nanofilm- RH 0.0007%/pm RH0.0016%/10~dBm
Coated PCF-LPG 3
RH 0.00022%/10°dBm ***
* Shift toward shorter wavelength is for conventional LPG and Nano-Coated LPG, and longer wavelength for PCF-LPG

kk

skesksk

Transmission intensity of resonance is increased with increase of RH

Highest sensitivity from HR 38% to 39% by using tunable Er-doped fiber ring laser as light source

Because the dependence of resonance intensity of interior nanofilm-coated PCF-LPG on

RH is not a monotonic function, we used a tunable Er-doped fiber ring laser as the light source to

tune the laser wavelength on the resonance wavelength of interior nanofilm-coated PCF-LPG

obtaining the highest sensitivity for RH change of 1%. Fig. 25(a) shows the transmission spectra

of interior nanofilm-coated PCF-LPG for RH spans from 21% to 40%, while Fig. 25(b) shows

the dependences of interior nanofilm-coated PCF-LPG resonance transmission intensity. The

highest sensitivity to resonance intensity change is at RH of 38%, which is 0.00022%/10~dBm.

The experimental results are listed in Table 1 for a comparison of average RH sensitivity with
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different sensors
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Figure 25. (a) Transmission spectra of interior nanofilm-coated PCF-LPG for RH spans from 21%
to 40% and (b) dependences of interior nanofilm-coated PCF-LPG resonance transmission

intensity on different level of RH by using a tunable Er-doped fiber ring laser as the light source.
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Chapter 5--Tunable fiber ring laser absorption spectroscopic sensors for gas detection

With the rapid development of fiber-optic telecommunication technology, optical fibers are
also quickly attractive for applications in sensing, controlling, and instrumentation [46-48]. A
light source, some optical fibers, a sensing transducer, and a detector consist of an optical fiber
sensing system. The basic operating principle of an optical fiber sensor is based on the fact that
the transducer modulates the optical characteristics of the optical system, such as wavelength,
intensity, phase, and polarization, which indicates a change in the properties of the optical signal
received at the detector.

Optical fiber gas sensors [49, 50] have some inherent advantages over non-fiber types of gas
sensing techniques, such as freedom from electromagnetic interference; high sensitivity and
selectivity; immunity to combustion and explosion; and capability of sensing without
temperature compensation. In addition, as its waveguide structure, optical fiber gas sensors
provide a means of guiding laser radiation over long distance with minimum losses. The
operating principle of optical fiber gas sensor is based on the absorption spectrum of gas analyte.
Those absorbing wavelengths, like a characteristic fingerprint, result from vibrations and
rotations of the gas molecules caused by the orbital transition of electrons in the visible and
near-infrared (near-IR) spectral range that can be calculated with quantum mechanics. Because
the light from optical fiber propagates through the gas sample with center wavelength close to
the gas absorption line, the intensity of light is decreased and the gas analyte can be detected

with the concentration that can be determined with the attenuation of light, which is abide by the
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Beer-Lambert law that is expressed as:

IV)=Iy(V)exp(-clp) )]

where I and Iy are, respectively, the light intensities at wavelength of A with and without the
presence of gas being detected; o is the cross section of light absorption by a single gas molecule;
1 is the length of the fiber; and p is the gas density.

Tunable diode laser absorption spectroscopy (TDLAS) technologies to detect trace gases
sensitively, selectively, and rapidly in situ in the near-IR spectral region have attracted for
considerable research and development in recent years [51-54]. The advantage of TDLAS over
other gas detection techniques for concentration measurement is its ability to achieve trace
detection limits in the order of parts per billion (ppb). However, this technique has its drawbacks
of bulk architecture and small change of signal on top of large background which decrease the
signal-to-noise ratio (SNR) of the system. The large size of the gas detector can be overcome by
using a tunable fiber ring laser instead of a tunable diode laser while two ways can be employed
to improve the SNR; one is to reduce the noise in the signal, the other is to increase the
absorption. We report, in this work, a tunable fiber ring laser absorption spectroscopic gas sensor
which is based on a special fiber gas cell that is a segment of photonic crystal fiber (PCF) with a
long-period grating (LPG) inscribed by CO; laser. The formation of a sensing head with gas cell
facilitates that the laser light beam can be effectively coupled in to cladding of PCF at resonance
wavelength by the LPG where the gas in air holes absorbs the light. The remaining light travels

along the PCF cladding and is reflected at the end of the fiber where a silver mirror is coated at
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the fiber facet. The distance between the LPG and silver mirror is about 10 mm so that the
attenuation of the light is limited. The reflected light propagates back within cladding of LPG
segment, passing through the gas cell one more time and thus increasing the sensing interaction
length. The light is finally coupled back into the fiber core for intensity measurement that is
inversely proportional to the concentration of gas (ammonia is used in our research work).

The remainder of this chapter is organized as follows: First, we present the design of the
sensor hard where core mode to cladding mode coupling and recoupling by a LPG in PCF is
used with a specific aim of employing the cladding mode for absorption spectroscopic sensing,
we then describe the fabrication of silver mirror on the fiber facet by e-beam evaporator coating
technique. We then present the testing results of this fiber sensor by investigating the absorption
band near wavelength of 1531 nm with NHj3 electron transitions. The chapter also includes a
discussion on the relationship among the parameters of NH; concentration, intensity of tunable
fiber laser, and absorption wavelength. In conclusion, we consider some potential applications of
the fiber sensors in different fields and possible directions of future research and development in

this area.

5.1 Design of Senor Head
The fundamental principle of tunable fiber ring laser absorption spectroscopic sensors is
based on the Beer-Lambert law which is given in Eq.(8). For a particular vapor, such as ammonia

gas, the ratio of transmitted light intensities at wavelength of A with and without the presence of

www.manaraa.com



73

NHj is given by

I(A)/To(A)=exp[-Sy(T)-ov-P-xNH3-L] 9)
Where Sv(T)(cm-2-atm-1) is the temperature-dependent absorption line strength for a

specific transition of v; ¢v (cm) is the line-sharp function with a normalization feature as that

fooo @,(v)dv = 1; xNH;is the mole fraction of ammonia gas; P (atm) that is the total pressure;

and L is the optical path length.

The absorption line strength as a function of temperature can be given by12

1) = .00 212 (%) xp [ 2252 )] x 1.~ (252 1 -

exp—h-cv0,vkT0—1
@gre Q(T) is the ammonia’s partition function, and vO,v and Ev” are the frequency and the
lower-state energy of the transitions, respectively. The total ammonia internal partition function
Q(T) can be expressed by

Q(T)=Qnuctear(T) X Qrotational(T) X Qvibrational(T)

(11)

where Quuciear(T), Qrotational(T), and Qyibrational(T) are the nunclear, rotational, and vibrational
partition functions, respectively.
Table 3 shows the two absorption lines (I and IT at 22.85 °C) of ammonia molecule that we used
in our experiments. Absorption line I is an isolated transition of ammonia whereas absorption
line II is the overtone transition of NH3. The line strength is to be expected to increase up to 4%

at temperature between 26.85 °C and 39.85 °C so that line I and IT can be useful for the
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measurement of ammonia concentration.

Table 3. Ammonia absorption lines.

-

Line strength at 296 K Frequency
Wavelength+
Line (cm?-atm) (cm1)
(nm)«
I 0.057784 6528.76
1548 68+
I 0.0307

6528.89 1548.65+¢

To build a highly integrated optical absorption fiber sensing system for practical applications,
it is desirable to fabricate the silver or gold mirror on the facet of an optical fiber for light
reflection. Shown in Fig. 26 is a schematic diagram of core mode to cladding mode coupling and
recoupling in a PCF-LPG with a silver coating as a mirror at the facet of the fiber. The tunable
laser beam, the intensity distribution and the profile of which are respectively shown in the left
image at bottom of Fig. 26 and Fig. 26(a), is first injected into the PCF core; then light in the
core is coupled to a cladding mode at the resonance wavelength of LPG. The coupled cladding
mode travels along the cladding and the power distribution and profile of this cladding mode are

shown in the right image at the bottom of Fig. 26.
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Figure 26. Schematic diagram of core mode to cladding mode coupling and recoupling in a

PCF-LPG with a silver mirror at the facet of the fiber. The left and right images in the bottom

figure are the simulated power distributions of core mode and cladding mode, respectively.

(©)

(a) (b)
(d) ©)]
\/A/ _JL-—

®
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Figure 27. Expected spectra of core mode and cladding mode coupling and recoupling in the

sensor head with a silver mirror at fiber facet: (a) tunable laser incident in PCF; (b) after LPG in

PCF cladding; (c) after LPG in PCF core; (d) before reflection in PCF cladding; (e) before

recoupling from PCF cladding at LPG; and (f) signal light out of PCF core, respectively.
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When light propagates to the end of the fiber which is ~ 10 mm from the grating with a
small attenuation in the cladding, it reflects back by a silver mirror that is coated on the fiber
facet. The evanescent field of light is absorbed by gas species in the air channels of the cladding
before reflection and the expected profile of light is shown in Fig. 27(d). The reflected light
travels along the cladding of the LPG segment again and passes through the gas species one
more time, thus increasing the absorption length. Shown in Fig. 27(e) is the light profile before
recoupling into core from cladding at the LPG. The light is finally coupled to core for its
intensity measurement and the signal light profile from core is shown in Fig. 27(f). The
PCF-LPG sensing head can easily be constructed in the following way: inscription of one LPG in
PCF by CO; laser and deposition of silver film by e-beam evaporator coating technique on one

end of the fiber which is close to LPG.

5.2 Fabrication of sensor head

The fiber in which we used to inscribe LPGs is the solid core single-mode PCF (type-D)
with the following parameters of optical and geometrical properties: attenuation at 1550 nm of
4.9 dB/km; core, air-channel, and fiber cladding diameters of 9.2 pm, 3.1 um, and 126 pm,
respectively; and air-channel distance of 126 pm.. For the measurements and comparison of
reflectivity with silver coating on fiber facet, we have also used the SMS-28 normal optical fiber
and the solid core single-mode PCF (type-B) with parameters: attenuation at 1550 nm of 1.5

dB/km; core, air-channel, and fiber cladding diameters of 8.5 pm, 2.9 um, and 6 pm,
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respectively; and air-channel distance of 6.4 pm.

(d) (e) ®

Figure 28. SEM images of fiber facets coated with silver coatings: (a) normal fiber, (b) PCF

type-B, (c) PCF type-D, and cleaved fiber cross-sections from 10 mm of silver coated fiber

facets: (d) normal fiber, (e) PCF-type-B, (f) PCF type-D.
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Three types of fibers including SMF-28, PCF type-B, and PCF type-D, have been deposited

with silver on their one end-facet using e-beam evaporator coating technique. The fibers are first

cleaved at one end, and then are loaded on sample plate in the e-beam evaporator (AUTO 500

Edwards). In order to deposit silver on fiber facet uniformly, the fibers needs to be rotated during

the deposition. The coating thickness can be monitored by setting up the thickness monitor. The

evaporation rate is 0.2 nm/s. The thickness of silver coating is about 50 nm. Fig. 28(a), (b), and

(c) present SEM images of normal fiber facet, PCF type-B facet, and PCF type-D facet, which

are deposited with silver coatings, respectively, while Fig. 28(d), (c), and (f) show respective

SEM images of cleaved fiber cross-sections of normal fiber, PCF type-B, and PCF type-D, which

are from 10 mm of silver coated facets. We can see, from those SEM images, that there is no

silver ion diffusion into air channels in cladding during deposition process.

0 r

Intensity ( dBm)
9

Figure 29.

5L

(2)

Wavelength ( nm)

1546.1

1546.2

1546.3

Optical spectra: (a) output of diode laser at wavelength around 1546 nm, (b)

reflection intensity of normal fiber with silver mirror at fiber facet, (c) refection intensity of PCF

type-B with silver mirror at fiber facet, and (d) reflection intensity of PCF type-D with silver

mirror at fiber facet.
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The reflectivities of fibers with silver coating as an optical mirror on their facets have been
measured with normal optical fiber, PCF type-B, and PCF type-D, the experimental setup of
which can be described as follows: the light power at wavelength around 1546 nm from a laser
diode is directed into the 20% arm of 20:80 1 x 2 optical fiber coupler at wavelength of 1550 nm,
then the light is coupled to the other end of the coupler where the fiber coated with silver on its
facet is connected, finally the reflected light goes back to the coupler and an OSA is used to
measure the reflectivity of the fiber at the 80% arm of the coupler. Fig. 29(a) shows the optical
spectrum of diode laser output, and Fig. 29(b), (c), and (d) shows the reflected optical spectra of
normal optical fiber, PCF type-B, and PCF type-D with silver mirror on the fiber facet,
respectively. Listed in Table 4 are reflection parameters of those three types of fibers, of which
the reflectivities are 20.09%, 73.91%, and 28.51, respectively. Different refractivity is attributed
to the factors that are coating thickness, roughness of fiber facet, and coating uniformity as well
as splicing losses between PCFs and FC/APC connectors. We will use the highest reflectivity of

PCF-LPG in the experiments for gas detection.
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Table 4. Reflection parameters of normal fiber, PCF type-B, and PCF type-D with silver mirrors

on the fiber facets.

Thickness of mirror Incident intensity 80% incident intensity Reflected intensity
Reflectivity+
(50 nm) mW mW

mW (%o}

Normal fiber 0.2604 0.2083
0.042 20.09«

PCF type-B 0.2604 0.2083
0.154 7391 @

PCF type-D 0.2604 0.2083
0.059 2851«

5.3 Tunable Er-doped fiber ring laser

Due to the fact that the absorption lines of ammonia transitions are located at wavelength
around 1531 nm, we perform the absorption spectroscopic sensing of ammonia gas by employing
a low noise Er-doped fiber ring laser that can be continuously turned over 40 nm in the C-band
and measuring the absorption spectrum of ammonia transition with a PCF-LPG gas cell of sensor
head.

Shown in Fig. 30 is a schematic layout of the tunable Er-doped fiber ring laser with a fiber
Fabry-Perot tunable filter (FFP-TF) and a fiber Sagnac loop. A 7-m long Er-doped fiber is
pumped with a 160 mW continuous wave (CW) diode laser at wavelength of 980 nm through a
wavelength-division multiplexing (WDM) 980 nm/1550 nm fiber coupler that mixes signal with
pump power. As the pump light propagates along the Er-doped fiber, it inverts the population of
erbium ions and results in the generation of forward and backward propagating amplified

spontaneous emission (ASE) in the C-band.
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Figure 30. Schematic diagram of tunable Er-doped fiber ring laser with the FFP-TF and the

Sagnac loop.

The insets show the tunable ring laser device box (left) and the interior components of the
tunable ring laser (right) absorption. One optical isolator is placed at the output of the Er-doped
fiber to ensure the unidirectional lasing operation and prevent any feedback that could cause
instabilities in the tunable Er-doped fiber laser cavity. A FFP-TF provides a first-stage
wavelength selection. A fiber polarizer is installed in the tunable Er-doped fiber ring laser cavity
to suppress the competition between polarization modes in the fiber ring. By using a 50% - 50%
fiber coupler and 3-port optical fiber circulator, a Sagnac loop is introduced with an unpumped
I-m long Er-doped fiber. Through local gain saturation of the unpumped Er-doped fiber caused
by the interference standing wave and resultant spatial hole burning, the all-fiber long intensity
pattern leads to a periodic modulation of the fiber gain, This gain modulation behaves as a Bragg

grating that
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Figure 31. (a) Optical output power spectrum of tunable Er-doped fiber ring laser, and (b) the
entire optical output power spectra of tunable laser with wavelength turning range from 1530.54
nm to 1559.64 nm acts as a spectral filter with an estimated full-width at half-maximum (FWHM)

of about 75 pm, corresponding to frequency of ~ 100 MHz.

The two-wave mixing fiber filter efficiently suppresses the multiple longitudinal modes
created in the laser cavity, thus allowing for the creation of a single longitudinal mode laser
source with lower noise level. The optical output from the tunable Er-doped fiber ring laser is
obtained by tapping off a portion of light directed to a photo-detector and an OSA using an 80% -
20% fiber coupler. The total length of the ring cavity is about 16 m, resulting in a longitudinal
mode spacing of 9.7 MHz. All fiber components are fusion spliced to reduce back-reflection and
increase transmission between the components. The tunable Er-doped fiber ring laser is packaged
in an aluminum box with dimensions of 35 cm X 25 ¢m X 10 cm, which is shown in the left inset
of Fig. 31. Shown in the right inset of Fig. 31 are the optical components of the laser inside the

box.
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5.4 Experimental setup

Schematic diagram of sensing measurement setup is depicted in Fig. 32. It consists of a 980
nm diode pump laser, two optical isolators at 980 nm and 1550 nm, respectively, a 980 nm/1550
nm WDM coupler, an Er-doped fiber around 25 m, a 3-port optical circulator, a pigtailed FFP-TF,
a polarization controller, a 80%-20% 1 x 2 optical coupler, and a sensing head (gas cell) whose
effective length is about 12 cm. One end of the sensing probe is connected to the optical
circulator with FC/APC connector, which enables the sensing head with more favorable
performance such as longer working distance and lower insertion losses. In this setup, one end of
sensing head is used as both an analyte inlet for direct “sniffing” and a port for reentry of the
transmitted light upon reflection from silver mirror at the fiber facet. The attenuation of the
signal induced by the gas is proportional to the gas concentration and to be determined by the
system which includes an OSA for absorption intensity measurement. The performance of the
gas sensor is closely influenced by the output signal power, tuning range, and sensitivity which
are determined by a number of critical parameters: ring-cavity loss, length of Er-doped fiber,
output coupler ratio. With the use of a compact tunable ring laser, this arrangement can be made

portable for field evaluation.
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Figure 32. Experimental setup for the absorption spectroscopic ammonia gas sensing.

An important achievement through the measurements is that the sensing capacity relies upon
the spectroscopic approach that is a rather general detection method applicable to a broad variety
of gases and is in addition highly selective due to the specific vibrational-rotational states
(fingerprint) for every gas. Er-doped fiber is used as the gain medium in the tunable fiber ring
laser because its broad gain bandwidth covers absorption lines of gases of interest and permits
multi-gas detection without changing light source. Specifications of sensing device, such as
sensitivity, resolution, and response time for gas diffusion, can be optimized by appropriate fiber
design, the cladding mode selected for recoupling process, mode coupling mechanism by

external perturbation, and characteristics of the tunable fiber ring laser.
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5.5 Testing results
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Figure 33. (a) Optical spectrum of diode laser at wavelength of 1548.4 nm and (b) dependence of

absorption laser intensity on ammonia concentration.

Two types of laser sources, diode laser and tunable fiber ring laser, have been used in the
measurements of absorption intensity. Shown in Fig. 33(a) is an optical spectrum of diode laser
that is employed for detection of ammonia via overtone transition of NH3 at wavelength around
1548.4 nm by absorption of laser intensity. Several different concentrations of NH3; have been
tested. The reflected light from PCF-LPG sensor head is about — 23.618 dBm (~ 4.347 uW), and
measured intensity is about — 28.255 dBm (~ 1.494 uW) when NHj; concentration reaches 165
ppm from O ppm in the gas chamber. The rate of power absorption is 65.7% while absorption
sensitivity is about 17.3 nW/ppm at linear range of concentration. Shown in Fig. 33(b) is the

relationship between absorption intensity and NHj3 concentration. It can be clearly seen that the
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absorption intensity decreases linearly with increase of NH3 concentration in the range between 0
and 165 ppm. The NH; molecules are saturated and condensates on the surface of air channels in
PCF cladding, after its concentration is larger than 165 ppm so that the resultant sensing head

possesses high sensitivity at low NH; concentration.
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Figure 34. (a) Optical spectrum of tunable fiber ring laser at wavelength of 1563.6 nm and (b)

dependence of absorption laser intensity on ammonia concentration.

The measurement of ammonia has been also conducted with tunable fiber ring laser. Shown
in Fig. 34(a) is an optical spectrum of tunable Er-doped fiber ring laser at wavelength of 1563.6
nm which is one of six harmonic and combination bands at wavelength of near-IR range and
selected for monitoring of NH;. The reflected intensity from sensor head without ammonia
absorption is about — 25.127 dBm (~ 3.071 uW). As NH3 concentration goes up, the absorption

intensity goes down. The absorption intensity of — 28.238 dBm (~ 1.5 uW) correspond to
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ammonia concentration of 125 ppm, below which the absorption intensity also decreases linearly.
In this case, the absorption rate is about 51.2% and the sensitivity is 12.6 nW/ppm which is
slightly less than that in the diode laser case. Shown in 34(b) is the dependence of absorption
laser intensity on ammonia concentration. The trend of relationship between absorption intensity
and NHj concentration is almost the same in both diode laser source and tunable fiber ring laser
source, but tunable fiber ring laser source has its broad gain bandwidth that covers absorption
lines of different gases of interest and permits multi-gas detection without changing the light

source.

5.6 Conclusion

We designed and fabricated a sensing head that is a segment of PCF induced with a LPG on
it and can be integrated with a tunable Er-doped fiber ring laser for an absorption spectroscopic
sensor for gas detection. The wavelength of the fiber ring laser can be continuously tuned in
C-band so that the absorption spectra of transition lines of different gases can be obtained with a
high SNR without changing laser sources during the operation of detection. The experiment to
measure the concentration of NH3 gas has been conducted and the results reveal that this gas

sensor system could realize high sensitivity and selectivity for gas tracing.
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