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ABSTRACT

A simple, compact, low cost and eco-friendly pH sensor based on the
multimode interference fiber sensor using simple all-fiber No-core fiber
Mach-Zehnder interferometer as a sensing probe for pH level monitoring
applications was designed.

On the way to fabricate an efficient sensing structure, the sensing head
has been encapsulated with different coating materials including: polyvinyl
alcohol/polyacrylic acid (PVA/PAA) hydrogel, pure silica nanoparticles
embedded in polyvinyl alcohol/polyacrylic acid (SiIO,@PVA/PAA)
hydrogel, and dye of methyl red mixed with PVA (methyl red@PVA),
respectively.

On the other side, eleven different fiber sensing probe based on single
mode-No-Core-single mode (SNCS) structure have been experimentally
demonstrated. The sensor performance with varying No-Core fiber (NCF)
length (1, 2, 3, and 4 cm) and different tuned diameters (100, 90, 80, and 70
um) has been examined to attain the proper dimension of augmented
evanescent waves. The optimum performance of the proposed sensor in
sensing the variation in pH was at the length of 2 cm and NCF diameter of
70 um. Later for more sensing enhancement, three different NCF section
with 70 um have been coated with PVA/PAA hydrogel, SIO,@PVA/PAA
hydrogel, and methyl red@PVA, respectively.

The obtained results exhibit that approximately a threefold augment of
sensitivity has been realized at the planned optimum diameter (70 um) of the
NCF that coated with polymeric composite fabricated by PVA/PAA
hydrogel and pure SiO,@PVA/PAA hydrogel, respectively. Regardless, it
can be observed that the coating of PVA/PAA is an applicant sensing coating
substance for acidic; while, SiO,@PVA/PAA is greater proper for the
sensing of the base state. The experimental results demonstrate a high
average sensitivity of 3.42 nm/pH unit for the 11 w.t. % PVA/PAA coated



iv
sensor in the pH range from 1 to 7, and 3.2 nm/pH unit in the pH range from
8 to 14.

Furthermore, methyl red@PVA coating shows further enhancement
above the aforementioned coating, which can sense both the acidic and base
together. Also, the pH fiber sensor based on methyl red@PV A coating which
this coating shows a high sensitivity of 4.3 nm/pH unit for the pH range from
1to 7, and 4.1 nm/pH unit in the pH range from 8 to 14.

Finally, these coating materials show an enhancement in the sensitivity
above the NCF structure before the uncoated sensor due to more
enhancement of the evanescent field affected by the coating layer. To the
best of the authors’ knowledge, the structure was capable of detecting wide
range of pH level with good sensitivity using SNCS structure coated with

SiO,- NPs thin layer and methyl red.
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Chapter one Introduction and basic concept 1

1.1 Introduction

pH sensor is an important optical biochemical sensor due to the
importance of pH control or monitoring in many areas such as biological
processes, chemical reactions, pharmaceutical, biochemistry, food quality
control, etc.[1-3]. In the last few years, several research efforts have studied

the differences in the optical properties of pH indicators.

Sensors can use such methods to detect the pH of liquids that cause
changes in the color of indicators due to variations in absorption. However,
in the last few years, pH fiber sensors have become a more exciting topic of
research due to their many benefits like being lightweight, small in size,
highly sensitive, possessing a fast response, good repeatability and stability
over that of common sensors. Numerous configurations of optical fiber pH
sensors have been constructed, utilizing thin-core fiber [4], photonic crystal
fiber [5], Fabry—Perot Interferometer [6], and no-core fiber (NCF) [7].

Optical fibers are the main fabrication components for optical
waveguide fiber, optical filters, optical sensor, interferometers, couplers and
circulators [8-12]. In optical fiber sensor, the interference represented the
main principle to measure sensitivity. There are many types of optical fiber
interferometers such as Sagnac interferometer, modal interferometer,
Michelson interferometer, Moiré interferometer, Fabry-Perot interferometer,
and Mach-Zehnder interferometer (MZ1) [13-16] .

Different structure for these interferometers can be implanted. Among
them, all-fiber MZI sensor has many attractive features such as broad
wavelength operation range, low insertion loss, compact and robustness. All-
fiber MZI can be implemented in different ways and different types of fibers,
e.g., coreless fiber, photonic crystal fiber (PCF), nano-fiber, polarization
maintain fiber (PM), Bragg fiber, and multimode fiber (MMF) [17-22].
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MZI based on NCF is extensively investigated by many authors but
still the most promising sensing schemes due to its unique advantages of very

ease of fabrication, low development cost and very high sensitivity [14].

Multimode (MMF) approaches based on NCF splicing between two
single-mode fiber (SMF) sections has gained considerable attention in
sensing applications. Despite MMF-based-NCF sensors showing excellent
repeatability, ease of use, capable to sweep huge atmosphere surroundings

and compactness, they show restricted sensitivity.

So, encapsulating the active sensing part with resonance-assisting
material has for some time been considered a realistic solution and might be
even contribute to improved sensing when these sections are combined with
certain sensor configuration [24-26]. Utilizing different innovative materials,
pH fiber sensors depend on an evanescent field interaction with the
surrounding resonance coating supported by thin film-encapsulating optical

waveguides allows for superb sensitivity [11-12].

Several substances have been considered as sensitive pH materials
[29-32]. Lately, the utilization of hydrogel polymers as sensitive substances
to improve the sensing ability of pH optical fiber sensors has been reported
extensively. Sensitive dyes also play a significant role in improving the
sensitivity of devices, which are used to prepare the pH detecting film due to
the simplicity and cost-effectiveness of this approach. The hydrogel method

was used to incorporate pH-sensitive dyes on the fiber surface [24].

Polymers such as polyvinyl-alcohol (PVA) and poly acrylic acid
(PAA) are often exploited due to their brilliant optical characteristics to
fabricate fiber dependent pH sensors [27,38]. This hydrogel polymer coating
material swells physically when exposed to environmental change, which
this refractive index will be altered noticeably by the surrounding ambient

variation and possesses variable dynamic span and pH sensitivity [30-33].
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While the nanomaterial attracts significant interest in the optoelectronics

proposed studies, which it is inexpensive to produce, easy to prepare.

On the other side, investigation of organic substances indicated their
considerable sensitivity to environmental states such as pH sensing,
humidity, and so on [34-36]. Hence, the study of these substances is high
encouraging with regard to the progress of different sensor types due to their
small hysteresis [36,37], chemical stability and compatibility with various
devices. Some organic compounds show but these compounds dissolve in
water [47-48].

The present work illustrates the construction of a pH fiber sensor using
a structure-based SMF-MMF-SMF. A tuned dimension section of NCF was
spliced between two sections of SMF to configure the SNCS structure; it
expands the multipoint sensing contrasted to other traditional sensor for pH
level to the best of our knowledge. Firstly, the effect of the length of the NCF
on the transmitted wave has been experimentally examined at the stationary
of 125 um diameter. Then, the NCF diameter is reduced via the chemical
etching method, it is considered to be as an efficient method to improve the

sensitivity of the sensing system.

Finally, the optimum parameters of NCF length and diameter were
coated with different materials. The sensitive coating for the pH level has
been syntheses via blending the pH-sensitive material with PVA as a
precursor and dropping it on the sensing probe surface via dip coating
method. Polymers-based matrix coating substrate has been extensively
utilized to enhance the sensing performance in different sensing areas based

on fiber sensor structures.



Chapter one Introduction and basic concept 4

1.2 Optical Fiber:

Optical fibers are flexible, transparent mediums used to transfer
optical signals, usually; these fibers are made from silica or plastic, which
consists of three parts: the buffer coating, the cladding, and the core as shown
in Figure (1.1). Optical fibers principle work based on total internal
reflection which their structures contain core with higher Rl while the

cladding at the lower RI to maintain light confinement inside the core [40].

Figure (1.1): optical fiber structure [40].

1.3 Types of optical fiber
1.3.1 Single-Mode Fiber (SMF):

SMF is composed of a small diameter core (8-10 pm) that permits
a single mode of lunched light to propagate through it considered as single-
mode fiber as shown in Figure (1.2(a)). These fibers consist of highly doped
silica as a core and with lower doping silica as cladding. The core refractive
index can be denoted as n, , while the refractive index n, is the cladding

where (n, > n, ) [41].

1.3.2 Multi-Mode Fiber:

Multimode fibers are optical fibers possess large core diameters of
about (50-60 pm), which permits multi-modes of lunched light to propagate
through it as shown in Figure (1.2(b)). There is a sub-division of multi-mode

fibers based-on the how RI changed among core and cladding of fiber [41].
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There are many types of MMF; the most important types of this fiber are

listed as following:

a= 8-10 um ’ |d=125pum a=50-60 MLJ '

Figure (1.2): (a) Schematic of SMF, (b) Schematic of MMF [41].

I- Step index multimode fiber: is the type of MMF whose refractive index
of core (n,) is greater than cladding refractive index (n,) by one step [41].
The light rays propagate in a zigzag manner inside the core as meridional

rays.

Ii- Graded-index multimode fiber: in this type of multimode fiber the RI
of core (n,) is highly RI at the center and decreased gradually changing up
to (n,) [41]. The light rays propagate in the helical or skew form. (Figure

(1.3)).

Figure (1.3): (a) Schematic of Step-index MM fiber, (b) Schematic of
Graded-index Multimode fiber [41].



Chapter one Introduction and basic concept 6

iii- No-Core Fiber (NCF): NCF is considered a special commercialized
fiber with uniform RI. NCF has only a cladding with 125 um diameter as
shown in Figure (1.4 (b)) usually from fused silica which is the same as
conventional fibers outer diameter [42]. NCF fabricated by different
companies with various operation temperatures (-65x300 C°), various
diameters range (125-480 um) and a wide range of operating wavelengths
(400-2400 nm) for numerous applications. The ambient medium of NCF acts
as cladding, when the surrounding medium has RI lower than the fused silica
the total internal reflection is specified and the NCF behaves as a multi-mode

waveguide [43].

[
|
|
|
I
I
|
I
T

la) (b)

Figure (1.4): (a) Schematic of single-mode fiber, (b) Schematic of No-core
fiber [43].

1.4 Waveguide Light in the Optical Fiber:

The coupling ray of the light into the optical fiber can be explained
by the theoretical ray, it is substantial to observance the reason for the RI of
the environmental matter. The RI of the medium is a value calculated from
the relative amount of the velocity of light in a vacuum to the velocity of
light in the medium of greater density.

The light ray is traveling faster through optically minimal dense
medium than through optically which is denser, where the refractive index
profile describes this influence [44]. When a ray of light incident on the

boundary between two different isotropic like glass and air, the refraction
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phenomena happened. The total internal reflection (TIR) phenomenon
happens when light ray travels from a matter of Rl n; and is at an angleq,,
approaches the other side of the smallest refractive index n, at an angle o,
greater than the incident angle ¢, which is estimated concerning the normal.
The refraction ¢, and the incidence angles ¢, are related to each other and
to the refractive indices, where given by Snell’s law refraction [45]:

nysing@; = n,sing, (1.1)

low index n;,
(air) V

low index n;

air i,
(air) b1 1 partial
%, internal P
% reflection
A

incident ray '
a i b

L]

ny

Figure (1.5): Light confinement in optical fiber. (a) The refraction (b) The
refraction case explaining the critical angle ¢c, and (c) The TIR where ¢

greater than oc [44].

From Figure (1.5 (a)) when a light incident at the medium with
refractive index n, to another medium with a lower refractive index n,, the
refraction depends on the angle of the refracted which is always greater than
the incidence angle. The critical angle o is the angle of the incidence ray
when the angle of refraction ray is 90° as shown in Figure (1.5 (b)) and could
be given by [44]:

Q. =sin" 122 (1.2)

ny
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If the angle of light incident is larger than the critical angle ¢, then
all the light beams will be reflected into one medium as illustrated in Figure
(2.5 (c)). TIR occurs where np,<n; [44]. Figure (1.6) illustrate the light ray
enters the optical fiber and reflected at the first interface of the core-cladding
at the angle 6. This signal beam enters core of the fiber at an angle of
incidence 0in that is term the acceptance angle for which the ray undergoes
TIR at the interface of the core-cladding and propagates through the fiber
[45].

T
refracted
fmy / Mgy cladding

reflected ray

cladding

Figure (1.6): Transmission of light through an optical fiber [45].

The sine of the fiber of acceptance angle represented by the numerical
aperture (NA) which for signal beam launched a fiber from the air (n,=1) is
given by[55-[47]:

NA = (n2 — n2) 2 (L3)

1.5. Types of optical fiber Interferometers

1.5.1 Sagnac Interferometer (SI)

Sl contains an optical fiber loop. Two beams propagate in which fiber
with different polarization. The 3 dB-coupler utilize to split the input signal
and the two beams recombined in the same coupler. The optical path

difference is determined by propagation speed dependent on the polarization.
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Birefringent fibers are used in the sensing part to increase the polarization.
A polarization controller (PC) is used to adjust the polarization [48]. Figure

(1.7) shows the schematic design of the Sagnac interferometer.

QOutput

Transmitted

Figure (1.7): Schematic of Sagnac fiber interferometer [48].

1.5.2 Fabry-Perot Fiber Interferometer:

This type of optical interferometer consists of two optical parallel
reflectors based on the Fabry-Perot effect, with a cavity of length L between
those reflectors [44]. Reflectors can be the interface of two dielectrics
mirrors, or two fiber Bragg gratings, or two internal mirrors achieved by
splicing of polished fibers, or by coating the cleaved end side of the optical

fiber [49]. Figure (1.8) displays the schematic of the Fabry-Perot

interferometer.
Input Output
o
—_—
«— —l»l
FBG 1 or FBG 2 or
Reflector 1 Reflector 2

Figure (1.8): Schematic of Fabry-Perot fiber interferometer [49].
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1.5.2 Moiré Fiber Interferometer:

This type of optical interferometer is based on the Moiré fringe
pattern when two or more gratings lie in contact at a small angle 6 to form
the Moiré fringes. By suitable arrangement of two or three optical fibers,
Moiré fringe pattern could be designed based on the generation of the
interference grid pattern. Three polarization-maintaining fiber (PMF)
connected to a 1x3 optical fiber coupler at the input side and the output side
are inserted into a glass tube and glued with epoxy [50]. Figure (1.9) shows

the schematic of the Moiré interferometer.

Figure (1.9): Schematic of Moiré fiber interferometer [50].
1.5.4 Mach-Zehnder Interferometry:

Mach-Zehnder interferometers (MZI) have attracted a lot of interest
for various sensing applications due to their flexible structure, ease to
fabricate, the capability of responding to a surrounding variety, and low cost
[1]. All-optical MZI by constructed in two methods, first method by using
two outer couplers connected in series with two fibers. The first coupler
splits the input signal into two parts, the sensing arm, and reference arm,
another fiber coupler is used to recombine the signal. The rejoined light has

the interference into element regarded to the Optical Path Difference (OPD)
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among the two parts [51-52]. Figure (1.10) shows a schematic of MZI using

outer couplers.

Reference arm

Input Output

Sensing arm

Figure (1.10): Schematic of MZI fiber interferometer with outer couplers
[52].

The second method is achieved by one optical fiber using the splicing
technique and it has the same principle. In such a method splicing region
between two similar or different fibers acts as an inner coupler [53].

In the splicing region, the refractive indices of both core and cladding
of identical or hybrid fibers fused resulting in a new area with attributed
variation in refractive index. There are two splicing regions, first region act
as a beam splitter coupler where the entry beam will split into two beams,
the reference beam and the sensing beam.

The fundamental modes guided through the core acts as the reference
beam and high exited order modes which are guided through cladding can
act as sensing beams since they influence with surrounding environment
variation. While the second splicing region acts as a combiner coupler and
the two-beam will recombine. The two-beam has interference and can be

given by[53]:

ITOt = 11 + IZ + 21/1112 COS(91 - 92) (14)
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Here, 1; and I, are intensities of the light core and cladding modes at
the end of the MZI[53].
AB = (0, — 0,) is the optical path difference(OPD) among the core
and the cladding modes and can be expressed as:
2
AO = kAneffLMZ, = T‘ﬂf AneffLMZ, (15)

where, Lyz; is the physical length of MZI is, An,¢f = ng;z;e — ng}‘}d

is the difference between the effective RI of the core and RI of cladding.
Equation (1.5) plays a very important role to determine whether the
interference pattern is constructive or destructive. When A0 satisfies
AO=2mm, where m= 0, £1, £2... is constrictive of the interference. While, if
AB = (2m—1) n, where m=0, £1, £2... is destructive of the interference.

If the optical path difference among the core and the cladding modes

varies continuously, it will result in an interference pattern and the measured
intensity will change from a maximum I, = I; + I, + 2,/1;1,, (if A6=0)
to a smallest of (I.,i, = I; + I, + 24/1;1, ). Therefore, the fringe visibility

constant or fringe modulation depth can be defined as:

Imax_lmin — 2\/ I112 (1 6)
Imax"‘lmin I1"'12

The spacing AL between adjacent constructive peaks (or the free
spectral range FSR) can be described as[54][55]:

2
Ah=—2 (1.7)
Angss Lyzi

The various configuration of MZI in the second method such as
single mode-multimode-single mode (SMS) MZI, mismatch core MZI,
transition PCF MZI, reflection MZI, Tapered Fiber MZI, and NCF MZI as
display in Figure (1.11).
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Figure (1.11): Schematic of different kinds of MZI (a) a pair of Long
Period Grating (LPG), (b) core mismatch, (c) PCF air-holes collapse
region, (d) Multi-Mode fiber, (e) SMF small core, and (f) fiber tapered
[56].

All types above depending on the extremely interference principle
and can be expressed by equation (1.6). The present work will be attended
to fabricate NCF-MZI. This structure of the interferometer can be formed by
fusion splicing two segments of standard SMF to the two ends of NCF
(Figure 1.11 (f)). The discrimination of modes here based on the MMI effect
in SNCS fiber structure.
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It can be divided the modes into two categories, according to the
modes involved in the interference. One is the interference among
fundamental core and higher-order modes (core—core intermodal
interference), another is the interference among fundamental core and
cladding modes (core—clad intermodal interference). Depending on the self-
imaging effect the MMI can occur between modes [57].

The self-imaging (also named lensless imaging) means that an input
field distribution repeats itself in periodic repetition in a certain distance
without any helped device between object and image [58]. The mismatch
modes among SMF and NCF permit the essential mode in SMF to join into
an NCF. Then, the fundamental mode begins to diffract within the NCF.
Excited and propagated of the high order modes are independently through
the NCF section.

These high order modes are interfered with each other and appeared
as a superposition of their mode field. Generally these high-order modes
construct a complex field distribution owing to MMI consequence. However,
bright images or what is termed self-imaging of the input field can be created

at special positions where the modes which that excited are in phase [59].

155 Michelson Interferometer:

Michelson interferometers optical fiber sensors are similar to MZIs
sensors, both of them contain two arms and the sensing depends on
interference between these arms. The difference between them is that
Michelson interferometer sensors have a reflecting mirror at the end of each
arm. The configuration of the Michelson interferometer like half of MZI
[21,61,62]. Figure (1.12) shows the schematic of the Michelson

interferometer.
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Output
Mirror 2

‘J—H Mirror 1

Input

Figure (1.12): Schematic of Michelson fiber interferometer [62].
1.6 Optical Fiber Sensor (OFS):

In recent years OFS have played a significant role in scientific study
because of their numerous benefits like slight size, electromagnetic
immunity, compact, electrically isolated, and wide dynamic range. The
optical fiber sensors are categorized depending on the operating principle,
their application, and the sensing location. Many kinds of optical fiber pH
sensors (OFpHS) are manufactured to detect the pH levels [64-65].

Essentially, OFS are depends on intensity or wavelength modulation.
The intensity sensor senses the variation of the light intensity transmitted
through the fiber by using a detector placed at the end of the fiber. The
evanescent wave sensor can be considered one of the intensity-based sensors
which use evanescent field created whenever light transmitted between two
dielectric media and total internal reflection occurs[65-67]. This type of
sensor is used in chemical sensors that useful in measuring chemical
concentrations. The sensing process is achieved by shedding the cladding
from a piece of the optical fiber and a signal ray has been exhibits a
wavelength absorbed by the chemical that is to be detected.

Intensity-modulated methods suffer many fluctuations in the
intensity of light which reasons errors in pH measurements [68]. While,
wavelength modulated methods have been described for better and their

response was stable sensing [69-70], so wavelength modulated fiber optic
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sensors use for detection of the variations in the wavelength of the source.
Bragg grating sensors (FBG), Fluorescence sensors, and black body sensors

are models of wavelength-modulated sensors.

1.7 pH Sensing:

The power of Hydrogen (pH) is a significant parameter because it is
used in several significant areas like medicine, environmental, and
biotechnology. So, the litmus paper considers the simplest technique to
measure pH solution, but it doesn’t know the exact pH value it can only
distinguish either base or acid condition. The other paper which can be used
for measuring pH value is a universal indicator paper which has better
sensitivity to distinguish the pH value until 0.5 pH scale.

The next generation in pH measurement is pH electrode after the
invention of glass membrane which sensitive to pH. It is known with the pH
meter after equipped with a special electronic system whose sensitivity could
reach 0.01 pH scale. The pH meter principle is dependent on (Nernst’s law)
which involves the balance of the concentration of H* from the central
mixture and H* from the outward mixture, and in turn, it generates a specific
potential among the anode and the cathode. The pH electrode has a
measurement range that is from 0.0 to 14.0. The faintness of this type of pH
sensor has a stiff shape, comparatively big (it requires reference electrodes),
and brittle (the glass membrane part) [71-74]. Figure (1.13) shows the
developed of pH sensors.

In recent days, various attempts have been made to the developed
instrument to measure the pH of the solution. One of them being developed
is a pH sensor dependent on optical fiber. Optical fiber was widely studying
for many applications including sensors [75-79]. This kind of pH

measurement method is still developed since the research started [80-82].



Chapter one Introduction and basic concept 17

Reference
wleactrode

pH meter

Figure (1.13): The developed of pH sensors.

The popular one is a pH sensor based on optical fiber that is coated
with active materials which sensitive to H* activity in solution by using sol-
gel or hydrogel technique. The active material is used to replace the cladding
layer on the fiber optic. The hydrogel technique can immobilize active
materials on fiber optic when the porous matrix layer is formed. Then this

layer will trap the active materials [81].

1.8 Operating Principle of the pH Sensor:

The SNCS structure contains an NCF spliced by a fusion splicer
between two SMFs. When the incident light propagates from the input SMF
to NCF, the higher-order modes will be excited when incident light was
propagation from the input SMF to the NCF. These modes will interface
during spreading along the NCF part, that which leads to a multimode

interference (MMI1)[82]. The NCF length has to be exactly chosen to have a
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self-image right at the SMF output. The MM effect has been studied and the
length of the NCF can be given according to equation (1.8) [9,84].

Lycr =m (3Z) Withm=1,2,3 (1.8)
Where m refer to self-imaging number and L, is the beat length,

L, = 4 nxcr Dner/340 (1.9)
According to MMI theory, the interference wavelength can be given

from the following formula [83]:

Ro = m (M Dice) (1.10)

Lncr

Where m Lycr. Dner, and ny o are interference number, length of

NCF, the diameter of NCF, and the effective refractive index, respectively.

The planned sensor performance is essentially associated with the
difference in the refractive index between NCF and surrounding medium.
The change in pH levels, the change RI around the NCF region, thus would
change in the output wavelength [84].

1.9 Multi-Mode Interference (MMI) Optical Fiber Sensors:-

Multi-mode interference (MMI) Optical Fiber sensor within a segment
of multi-mode fiber (MMF) provides a useful basis for emerging a variety of
optical fiber devices and sensors, filters, RI sensors, temperature sensors, pH
sensors [85]. These sensors have properties of operating over moderate
distance with good optical power, cost-effectiveness, and high sensitivity
[86].

To use multi-mode interference devices in sensing systems, the
physical variable capable of either modifies the multi-mode fiber parameters
or interacts with the modes of propagating. MMI sensor is usually fabricated
by a splicing piece of MMF between two single modes fibers [87]. The
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length and diameter of MMF play an important function in the formation of

propagation modes.

Environmental changes affected the effective refractive index and
resulted in variation in central wavelength which is the key parameter in
MMI sensor detection. The incident field from SMF higher-order modes will
be excited together with the fundamental mode of the NC fiber. These modes
interfere along the NCF length and are subject to the multimode interference
effect then these modes are recombined in the other end of SMF at the second
splicing point [87]. Therefore, that the length and diameter of NCF plays

important role in the formation of these multimode interference phenomena.

1.10 Coating Material:

In this work, several coating materials have been used such as
polymer, nanoparticle, and dye, which are used to enhance pH sensor
sensitivity.

Consider polyvinyl alcohol (PVA) is biocompatible, non-toxic, and
can be straight handled with biological membranes. Also, it has promising
features such as a water-soluble polymer, easy to form, cost-effective, and
has good flexibility, with good thermal properties, excellent sensitivity, and
exhibits fast dynamic response [38,95,96].

On the other side, Silicon Dioxide (SiO,) has been a topic of intense
research due to its stellar chemical and physical features. SiO, attracts
significant interest in the optoelectronics proposed studies, which it is
inexpensive to produce, easy to prepare, and are used as additives or modifier
in the formulation of plastics, paints, and rubber [90]. Generally, PVA has a
good capability for film-forming with SiO, which has a refractive index
comparable to that of silica material. Also, SiO; based-polymer films have
excellent thermal stability with promising strength features of the resulting
composites [92-93].
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While, PAA accepts a compact (but not fully collapsed) spherical
conformation. the ionization occurs when pH increase and the polymer
swells into a fully solvated open coil conformation [93]. PAA is a significant
manufacturing polymer, with a mainly significant role in dispersants, larger
molecules are less effective so, smaller molar mass polymers are regularly
used [93].

Methyl red (MR) is an organic semiconductor material, specifically
an azo dye indicator, which has acid dissociation constant (pK,) of 5.1, and
sampled as 2-(N, N-dimethyl-4-aminophenyl, and is a dark red crystalline
powder. MR is is a dark red crystalline powder that exhibits insoluble in
water, but it shows to be a high response to humidity and acts as a pH
indicator dye. It is usually utilized as an indicator for acid-base solutions, in
which its color is red in acidic solutions, and yellow in basic solutions; it has
been explored as a promising enhancer of (sonochemical) damage

of chlorinated hydrocarbon pollutants [94].

1.11 Literature Review:

All-fiber interferometers sensors have played an important role in
both fundamental and applied research during the past ten years. Fiber
interferometer has been proposed and constructed experimentally with
different optical fiber types and configurations. The survey will be focused
on this approach. The most significant published works are listed in the Table
(1-1).

Table (1-1): List of the Published Works in OFHS

Author Structure and illumination source pH range and ef

and coating the Sensitivity

The SMFE-small core of SMF-
2013 Shao. etal single-mode fiber structure pH ranged o5
ao, etal.
(SMF-SCSMF-SMF), from 4.66-6.02

Broadband source (1500-

Year



https://en.wikipedia.org/wiki/Acid_dissociation_constant
https://en.wikipedia.org/wiki/Chlorinated_hydrocarbon
https://en.wikipedia.org/wiki/Pollutant
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1600)nm coating with (PDDA) | Sensitivity 117
Poly diallyldi methyl arbitrary unit
ammonium chloride) and (PAA) | (a.u.)/pH unit
PH ranged
Dece. Bastien PMMA optical fibers Broadband from 3-9.
Schyrr, et | source (400-700) nm with coat [96]
2013 . Sensitivity 0.2
al. Tetraethyl orthosilicate (TEOS), '
pH unit
Polymer clad silica (PCS) fibers
Jakub Zaii coated with three types of pH ranged from
akub Zajic, _ o 3
February Cal absorption pH indicators, 3.1-76 [97]
etal. e
2015 namely, methyl, light source Sensitivity
pH ranged
PCF coating PVA/PAA from 2.5-6.5
March Pengbing hydrogel by using 1500-1600 Sensitivity [21]
ensitivi
2015 Hu, etal. nm Super Luminescent Diode.
0.9 nm/pH
(HCPCF) Hollow-core photonic pH ranged
APRIL Yangzi crystal fiber coated from 4.1- 6.9.
ot | €M% € | (PVA)(PAA)hydrogel, Sensitivity (6]
al. Broadband source (1500-1600nm), | 11 nm JpH
H ranged
Satyendra ) P :
(LPFG) coated with hydrogel, from 2-12.
2016 Kumar [22]
] Broadband source (1500-1600nm), o
Mishra, Sensitivity 0.66
nm/pH
pH ranged
May vanita | SNC. broadband source (140010 | ¢0m 2-13
2017 Bhardwaj 2000) nm coated with tetraethyl Sensitivity 7]
etal. orthosilicate (TEQS). 1.02 and —0.93
nm/pH
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Akhilesh | NCF sensor using hydrogel pH ranged
Sept. Kumar coating for pH measurement from 3-10.
: ; 23
2017 | Pathak, et | White LED, light (1400- Sensitivity 23]
al. 1600nm). 1.94 nm/pH
pH ranged from
A K. MMF coating with hydrogel over 3-11
Aug. Pathak, et | Zinc Oxide (ZnO) micro
al flowers, white Light S ith Sensitivity (98]
2018 . s g ources wit
Wavelength range (500-600 nm) | 2-29nM/pH
and. 70nm/pH
SNCS fiber structure coating with pH ranged from
Sept. JanXin- | tetraethyl orthosilicate (TEOS) 25 11 [99]
2018 Zhang, et and cellulose acetate, Broadband Sensitivity
al. source (300-600 nm) 0.2 nm/ pH
Mach-Zehnder based on thin pH ranged
Dec. E/lnaghnulin . | core fiber spliced between two from 1.95-
gnoim, € dard sinale mode fib 11.89 [1]
2019 | al. standard single mode fibers, T
coated with 1.3-BDDA and PIp | Sensitivity
3.5 nm/pH
PCF sensor based on surface
M. plasmon resonance using gold PH ranged
July Hussayeen layer as plasmonic metal along from 2.51-1.90 [100]
2020 ot al with a TiO2 layer, Broadband sensitivity
source (1500-1950 nm) 229.2 nm/pH
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1.12 Aim of the Work:

1. Fabrication a simple, low cost, ecofriendly and compact optical fiber pH

sensor based on tuned length and diameter of No-core fiber as a pH sensor.

2. Testing the sensitivity of the system by varying coating material like
PVA/PAA, SiO,@PVA/PAA, and MR@PVA.



Chapter Two

Experimental Setup and

Procedures
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2.1 Introduction

In this chapter, all parts of the system were explained. The
experimental setup and work procedure for the fabrication of pH sensors
based on SNCS fiber structure and Multimode Interferometer (MMI) were
illustrated. Many types of interferometers have been established and
investigated. MZI is one of the most promising interferometers used in the
sensing field for monitoring and measuring a parameter of pH. SNCS fiber
sensors were fabricated and constructed by cleaving and splicing different
lengths of NCF (from Thorlabs) with conventional optical fiber (SMF-28).

Sensor sensitivity was enhancement by the etching process which
applied to NCF to tune its diameter or coated the active segment of the sensor

with a nanomaterial.
2.2 System Layout:-

The pH sensor based on the SNCS system layout is shown in figures
(2.2).

Hydrogel coating
SMF ] SMF

Light source r—!i.ﬁ: NCF —>. B> OSA

2cm

pH values

BBS & = 5 U- shape B = 1 OsA

Figure (2.1): The experimental setup for measuring the pH based on SNCS

fiber structure.
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2.2.1 Broadband Source (B.B.S):-

In this experiment, a butterfly-packaged Super-Luminescent Diodes
(Thorlabs SLD1550s-A1) with 1400-1600 nm emission range has been used
as a broadband light source, as shown in figure (2.2). This source has
excellent power, near-Gaussian as well as low-ripple.

This device is constructed into a 14-pin butterfly set with a joint
thermistor and a thermoelectric cooler (TEC) to prove the stability of the
output light. The output is coupled into an SMF that ended with a 2.0 mm
fine knob FC/APC adapter. (Appendix A)

Figure (2.2): Photo-image of Broadband source (B.B.S).
2.2.2 Single-Mode Fiber (SMF-28):-

Single mode fiber (SMF-28) is considered the "standard" optical
fiber for submarine, telephony, cable television, and private network
applications in the transmission of data, voice and \ or video services. The
SMF-28 was fabricated to operate in the 1310 nm and 1550 nm wavelength
region with the lowest dispersion and the highest capacity of information-
carrying. The SMF-28 has robust geometric characteristics such as low
attenuation and high strength. Corning single-mode fiber can be used for
excellent delivery performance and high precision [Appendix B]. The top
view of SMF-28 under a microscope is shown in figure (2.3), which shows
the quality of the cleaved end of SMF.
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Figure (2.3): Top view for the SMF under an optical microscope with

magnification power (4x) magnification.
2.2.3 No-Core Fiber (NCF):-

No-core fiber (FG125LA from Thorlabs Company) has been used in
this experiment. It considers a special type of multimode fiber with an outer
diameter of 125 um could be spliced to the ends of SMF. Moreover, NCF
considers a special type of multi-mode fiber when it's spliced to the ends of
SMF, NCF operated with a wide wavelength range with return loss > 65 dB.
NCF has a different operating wavelength at different refractive indexes,
where NCF has RI about 1.444 at wavelength 1550 nm. The optical

specifications of NCF are given in table (2.1).

Table (2.1): Optical specifications of NCF [from Appendix C]

Wavelength range (nm) 400-2400
The diameter of Glass (um) 125+1
The diameter of Coating (nm) 250+5%
Operating Temperature C° -40 to 85

1.444 @1550 nm, 1.450703 @1020
Glass Refractive index and nm, 1.458965 @ 589.3 nm

operating wavelength
1.467287 @ 436 nm
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2.2.4 Optical Spectrum Analyzer (OSA):-

OSA (YOKOKAWA, Ando AQ6370) has been utilized to monitor

the variation in the interference spectra of the OFpHS. It is a precision tool

used to calculate and displays the power distribution of the optical source

above a specific wavelength span. And it trace displays the wavelength on

the horizontal scale, while on the vertical scale is power. The picture of OSA

which using in the experimental set-up is shown in figure (2.4). Table (2.2)

shows the main characteristic of OSA.

YOKOGAWA @ AQ6370¢ B B -

15
O

‘3 a0
o o o=
o =y o :
LR
S o | oo [

Figure (2.4): Photo-image of the optical spectrum analyzer (OSA).

Table (2.2): OSA Characteristics used to perform this work.

Wavelength range
High wavelength accuracy

Wide Dynamic range
Fast measurement

Wide level range

High wavelength resolution

applicable to

600 nm to 1700 nm
+ 0.01nm

78 dB type.
0.2 sec. (100nm span)

+20 dBm to -90 dBm
0.02 nm

SMF, MMF Patch cable fibers
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2.2.5 U-shaped or U-groove:

U-shape is a homemade container look like U-shaped from the side
which made from plastic material and it used experimentally by filling it with
different pH range and the dipping the fiber in it. It was noted that it was not

affected by the chemicals used in pH range, as shown in figure (2.5).

/ U-Shape
—~
Figure (2.5): U-shape.
2.3 Experimental Procedures

Experimental procedure divided into two steps to fabricate an optical
fiber pH sensor based on SNCS fiber structure. The schematic block diagram

summarizes the experimental work as shown in figure (2.6).

Enhancement pH Sensor Based on SNCS structure

2 v
Without Coating Coating
" v \1,
Fixed Fixed length Fixed length
diameter
(2cm) (2cm)
v . .
Different Different diameter Fixed diameter
length (125. 100. 90, 80. Of NCF (70) um

Figure (2.6): The schematic block diagram of experimental work.
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2.3.1 Singlemode-No-Core fiber-Singlemode (SNCS) Structure:

SNCS sensors have been designed and constructed by cleaving and
splicing NCF (FG125LA Thorlabs, 2 cm in length) between two
conventional optical fibers (SMF-28), as shown in figure (2.7). The SMFs
have core and clad diameters of 9 um and 125 pum, respectively. The NCF
has a cladding diameter of 125 pm, and then the optimum parameters of no-

core fiber length was testing with different NCF diameters.

cladding,
core ‘ < \\ (.)
Sl \L
|
|
|

No core |

Single mode fiber fiber | Single mode fiber

Figure (2.7): Schematic of the SNCS structure.

2.3.2 NCF and SMF Cleaving:

To prepare the NCF and SMF for fusion splicing, firstly cleaving fibers
was done by removing the protective polymer coating before splicing to
minimize splicing loss and obtain good splicing characteristics. Removing
the protective polymer layer could be done by alcohol or mechanical
stripping. In this experiment mechanical Fiber Stripper (JIC — 375 Tri —
Hole) was used to remove the polymer layer. Secondly, the optical fiber cut
with the right angle using the cleaver machine (CT-30) (Fujikura).

The optical fiber cleaving allows the clamping of the fiber into the
specified position, also presented to make an optical fiber flat face and
perfectly smooth. By putting the edge of the optical fiber above the cutting

blade of the cleaving machine, a cleaved end surface of optical fiber with 90°
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angles and flat cleaved surfaces can be obtained. Finally, the fiber was
cleaned with a wet wipe or alcohol or other any solvent. Figure (2.8) Top
view of NCF under an optical microscope, which shows the edges of the

fiber were well-cleaved.

Figure (2.8): Optical microscope images of NCF end after cleaving under
4x.

2.3.3 NCF and SMF Splicing.

Splicing is the process of connecting two segments of optical fibers like
NCF and SMF. In this experiment, a Fusion splicer from Fujikura (FSM-
60S) splicing machine, is used in AUTO_MODE to fusion splice the SMF
has core and cladding refractive index 1.451 and 1.444 respectively. The
NCF has a diameter of 125 with a 1.444 refractive index, so the same
refractive indices and diameter for the SMF and the NCF. This compatibility
made the splicing easier and homogeneous.

The NCF ends with different diameters and lengths are cleaved
according to a certain length range and both ends are spliced with two
standard SMFs-28 using the electric arc technique. A fusion splicer with
automatic mode was used to form SMF-NCF-SMF (SNCS) structure with a
reiterated arc discharge technique to minimize the splicing loss as much as

achievable as shown in Figure (2.9). In general, fusion splicing based on the
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electric arc technique has been most utilized and has been much best created

than the other techniques.

SMF-28 of 125 pum diameter was spliced to the NCF at a diameter of
125 um and length at 2 cm on from both sides. AUTO MODE function is
using in the fusion splicer menu (Fujikura FSM-60S) with a low loss, and
good mechanical strength. For each splicing region the loss of splicing about
0.01 dB, where prepared different lengths of NCF with a fixed diameter, after
study the influence of the length, and then, the best length with different
diameters were tested. The diameters of NCF recalculated to be (100, 90, 80,
and 70) um by using chemical etching.

Figure (2.9): Fusion splicer between NCF and SMF.

2.3.4 NCF Etching Procedures:

One of the mechanisms used to improve the sensitivity of SNCS
structure is the chemical Etching process to decreasing the NCF diameter.
The hydrofluoric acid (HF) was used to reduce the NCF diameter to obtained
different diameters of 100, 90, 80, and 70 um respectively. The purpose of
optical fiber etching to allow more interaction of propagating light with pH.
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Etching time is the important factor which adjusted carefully to
control the diameters of the NCF. The diameter of NCF needed etching time
of about 12 min to decreased the diameter from 125um to 100 pum, and 17,
22, 27 min for each 90um, 80um, and 70um diameter respectively. The rate
of average-etching was ~2.14 um/min at room temperature. From all these

results, a calibration curve can be illustrated as in Figure (2.10).

100 -

95 — -

85 -

Diameter ( um)

80 -

70 - -

12 14 16 18 20 22 24 26 28
Time (min)

Figure(2.10): Calbration curve of diameter as a function of time.

In this work, The SNCS fiber structure fixed on both sides and the
NCF segment emerged in the hydrofluoric solution HF (~ 40%) using a
quartz U-shape groove. NCF diameter was reduced to 70um by controlling

the etching time. In this step, the NCF length was fixed on 2 cm.

To see top view NCF after the etching process, a transmission optical
microscope from (Euromex Company, Holland) was used. This microscope
has different magnification power (4 X, 10 X, 40 X, and 50 X). Figure (2.11)
shows microscopic images of NCF etching with different diameters imaged

under an optical microscope.
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a. 100pm b.90pum

c. 80um d.70pum

Figure (2.11): Optical microscopic image of NCF diameter etching (a) 100
pum (b) 90 um (c) 80 pm (d) 70 um with 4X.

2.3.5 Hydrochloric acid (HCI) and Hydroxide Sodium (NaOH) Solution
Preparation:

The testing solution of pH levels from 1-7 was prepared by taking
different concentration values from (Hydrochloric acid). 5 and 75 ml of HCI
diluted in deionized water of 100 ml. By the magnetic stirrer, the
concentration was exactly mixing at room temperature (25 C°). Then 5% was
dilute to obtain the rest of the ranges.

While, the testing solutions of pH levels from 8 to 14 are prepared by
taking different concentration values from Hydroxide Sodium (NaOH). 0.5,
1,5, 10, and 25 mg of NaOH dissolved in deionized water of 100 ml. By the
magnetic stirrer, the concentration was exactly mixing at room temperature

(25 C°). Then these concentrations were diluted to get different values of pH.
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The preparation of different concentrations of pH (1-14) and their refractive

index was showing in the Table (2.3).

Table (2.3): Refractive index and Preparation of pH levels from (1 to 14).

pH1 | 75% Hcl 1.3426 | pH8 |0.01ml from 0.5% | 1.3435

pH2 | 5% Hcl 1.3428 | pH9 |0.03ml from 0.5% | 1.3436

pH3 | 8ml from 5% | 1.3430 | pH 10 |0.06ml from 1% 1.3437

pH4 | 0.8 from5% | 1.3431 | pH 11 |0.1 ml from 3% 1.3438

pHS | 0.1 from5% | 1.3432 | pH 12 |0.5ml from 5% 1.3439
pH6 | 0.02from 5% | 1.3433 | pH 13 |5ml from 10% 1.3440
pH 7 | DI water 1.3434 | pH 14 |25% from NaOH 1.3442

The testing solutions with different concentrations are used as
samples with different RIs. Abbe refract meter (Abbe refract meter is a
bench-top device utilized for refractive index measurement with a high
degree of accuracy. Analogue Abbe Refract meter (AR4) fabricated by Kriiss
iIs used for refractive index measurement. AR4 offers reading via an

eyepiece.

2.4 Optical Fiber pH Sensors based on Multimode Interference Using
SNCS Setup:

The SNCS fiber structure was designed and fabricated. The sensor
was tested by studied the influence of two parameters, the length and the
diameter of the NCF segment. The following procedures to study the effect

of those parameters were illustrated in this section on the optical fiber pH
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sensor sensitivity. The sensor was fabricated using fusion splicing of four
different lengths of NCF: 1, 2, 3, and 4 cm in-between two SMFs. The
resultant SNCS were tested as optical fiber pH sensors when the pH changed
from 1-7 and 8-14 for acid and base, respectively. SNCS structure with 2 cm
of the NCF length was etched from 125 um to 100, 90, 80, and 70 pm by

chemical etching.

The influence of length and diameter on the pH sensor sensitivity of
optical fiber was tested. After testing the sensor, the NCF was coating with
a thin layer from PVA/PAA and SiO,/PVA/PAA for acid and base,
respectively. Then NCF coated with Methyl red@PVA for acid and base,
which these different coating acts as a cladding for NCF instead of air with
optimum parameters of NCF length and diameter for further more

enhancement of the sensitivity.
2.5 Preparation of PVA/PAA and SiO2/PVA/PAA Composite:

After the etching process, two NCF sections were coated with
hydrogel coatings using the PAA/PVA and SiO,@PVA/PAA, respectively.
Both coating composite preparation and structure coating processes are

shown in Figure (2.12).

After fabrication of the SNCS fiber structure with the optimum NCF
length and diameter, the coating process was prepared using the drop-casting
method in three main stages. Firstly, a mixture of PVA and PAA with a
volume ratio of 8:1 [21] was used to prepare a polymeric aqueous solution
with 11 wt. % by dissolving and diluting this mixture in distilled water under
magnetic stirring for 1 h at 90°C. The solution was thereafter left to cool at
room temperature. Then, NCF segments were decorated with PVA/PAA
composite and left to dry at room temperature for 24 h and after that left to

cross-link at 50 °C for 15 min. Finally, the NCF section with the uniform
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coating with 6 um thickness was obtained which measured in optical

microscope.

X

(b) O Add silica in this step
= for second preparation
ﬁ to measure pH at
+5i02 range(8-14)

—_—  — —_—

O pvalPans 8:1 Heating at 90 and mixing Coating by dip fiber in
0 Adding water using magnetic strier to PVA/PAA
(a)
—
Under microscope Heating at 35 C for 15 min Left dry (24 h)

Figure (2.12): The preparation coating process (a) PVA/PAA
coating (b) SiO,@PVA/PAA coating.

While in second coating we add silica (SiO;) which particle size 20-
40 nm as shown in Figure (2.13). Silica based hybrid materials have
demonstrated attractive electronic, optical and chemical properties. The
properties of silica nanoparticles have been carefully investigated to
understand their behavior under different conditions, including the surface
charge density and the aggregation of these particles as a response to pH
changes. Silica has also been utilized as a substrate material for pH
sensing[101].

The process of the preparation of the fiber sensor based on
SiO,@PVA/PAA is as follows. At the first, the SiO,@PVA/PAA solution
was prepared by mixing 5 mg of SiO, nanoparticles with 10 ml of PVA/PAA
solution was prepared above. Then, the mixture was stirred at a moderate
rate with a magnetic stirrer for 1h to obtain a homogenous solution. To

remove the effect of bubbles, the solution was let to them settle for two hours.
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Then, NCF segments were decorated with SIO,@PVA/PAA composite and
left to dry at room temperature for 24 h and after that left to link at 35 °C for
15 min, Finally, NCF section with uniform coating ~8 um thickness were

obtained which measured in optical microscope.

SEM MAG: 330 kx
WD: 4.37 mm BI: 7.00

View field: 0.629 ym Date(m/d/y): 12/09/19

Figure (2.13): SEM images of SiO,-NPs at 100 nm scales.

2.6 Preparation of Methyl red@PVA Composite:

NCEF section of 70 um diameter was coated with hydrogel coatings
using Methyl red@PVA. The coating composite preparation and structure

coating processes are shown in Figure (2.14).

After fabrication of the SNCS fiber structure with the optimum
parameter of NCF length and diameter, the coating process was prepared
using the drop-casting method in three main stages. Firstly, a mixture of SDS

and with 1:1 was used to dissolve methyl red because it’s insoluble in water.

Secondly, a mixture of PVA and methyl red with a volume ratio of
10:10 was used to prepare a polymeric aqueous solution by dissolving and
diluting this mixture in distilled water under magnetic stirring for 1 h at 90.
Then, NCF segments were decorated with methyl red@ PV A composite and
left to dry at room temperature until drying. Finally, the NCF section with

the uniform coating with 8 um thickness was obtained.
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o —

U Methyl red @ PVA _ : 2 el
10:10 Mixing using magnetic Coating by dip fiber in to

. trier for 1h Methyl red @ PVA ti
U Adding water SSRIOE ethyl red @ coating

\
. —

Under microscope Left dry

.IIII %

Figure (2.14): The preparation methyl red@ PVA coating process.

2.7 The Influence of the Coating on the pH Sensitivity:-

The SNCS structure with optimum length (2 cm) and diameter of the
NCF was dipped in the different coating (silica@ PVA/PAA, PVA/PAA, and
Methyl red@ PVA) which acts as a cladding for NCF instead of air then the
SNCS fiber structures were tested as optical fiber pH sensor when the pH
levels changed from 1-7 and 8-14 for acid and base, respectively. The
influence of each coating on the sensor sensitivity was tested for furthermore

enhancement of the sensitivity.



Chapter Three

Results and Discussion
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3.1 Introduction

This chapter includes characteristics of the fabricated pH sensor
probes which are investigated experimentally and presents the results,
discussions, conclusions, and future works of the pH sensor based on
multimode interference. A pH sensor has been designed and demonstrated.
The influence of different lengths, diameters of NCF, and coated with

different pH values were studied.

3.2 Transmission Spectrum and the Stability of SNCS Structure:

The broadband source (B.B.S) transmission stability was tested to
ensure the reliability of sensor measurements. As shown in Figure (3.1), the
black bold curve represents the SMF test while the SNCS is represented by
the red bold curve to tests the function of the structure. This structure consist
of NCF spliced between two pieces of SMFs. The one side of SMF was
connected to OSA and the other side to the B.B.S as shown in Figure (3.2

bold red curves).

The next step was carried out with SNCS fiber structure at NCF
diameter of 125 um and 2 cm length. The SNCS filtered some of the
wavelengths so it acts as a band pass filter due to a multimode interference
where the fundamental mode from the SMF at the first splicing region will
split into multimode and coupled at the second splicing region. The SNCS
structure can be shown in Figure (3.2). These modes propagate along the
direction of NCF and interfere with another, causing the rise in multimode

interference (MMI) and re-emerged into SMF.
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SMF
SNCS
-40 -
m
=
q;, -60 -
o
o
-80 -
14I00 15l00 16l00 1700
wavelength(nm)
Figure (3.1): Output Spectra of B.B.S of SMF and SNCS.
SMF NCF SMF
B.B.S OSA

Figure (3.2): Schematic of experimental setup of SNCS.

3.3 The Influence of NCF Length on the pH Sensor Sensitivity:

In this work, the influence of the NCF length on the pH sensor
sensitivity was studied by using an NCF fixed diameter of 125 um with
different NCF lengths (1, 2, 3, and 4 cm). Herein, the wavelength shift as a
function of the refractive index of pH solution was clarified by the
experimental result.

Table (3.1) shows the sensitivity and the polynomial fitting
coefficient for different lengths of bare NCF at fixed diameter of 125 pum for
both acid and base which the pH changed from (1-14).
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Table (3.1): The sensitivity and the polynomial fitting coefficient for

different lengths of bare NCF at fixed diameter of 125 pum for both acid and
base which the pH changed from (1-14).

NCF Sensitivity . Sensitivity .
: Adj. R? of

length (nm/pH) of (nm/pH) for

. base
(cm) acid base
lcm 0.4 0.93 1.1 0.96
2cm 1.19 0.93 1.02 0.93
3cm 1.62 0.85 1.1 0.98
4cm 0.66 0.96 0.73 0.89

From these results, it can be noted that increases in length lead to
increases in sensitivity of pH sensor until reach to 4 cm length its decreases.
It can be concluding that increasing in length must be limited. While R? for
lengths from (1-3) for acid it can be noted that R? its highest possible at
length at 2 cm, so the optimum length of our proposed structure placed at 2
cm length of NCF.

Figure (3.3) and (3.4) show the transmission spectra response of the
proposed pH sensor for the acid (1-7) and base (8-14) range, respectively for
the different NCF lengths. The evanescent waves that are excited will react

with the environmental pH and introduce the output spectrum changing
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Figure (3.3): Transmission spectra response of the OFpHS as a function of
pH for (a) 1cm, (b) 2cm, (c) 3cm, and (d) 4cm NCF length for acid.
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Figure (3.4): Transmission spectra response of the OFpHS as a function of
pH for (a) 1cm, (b) 2cm, (c) 3cm, and (d) 4cm NCF length for base.

From these figures, it can be noticed that the transmission spectra
shifted towards longer wavelengths (red shift) at each increase in pH.
Because increasing in concentration of HCL for acid range from 1-7 lead to

increase in RI of acid so, it’s shifted toward longer wavelengths. On the other
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side, Figures (3.5) and (3.6) show the linear response for both pH levels 1-7
and 8-14 for acid and base, respectively. The sensitivities of the proposed

sensor are calculated by linear fitting.
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Figure (3.5): Linear fitting plots of the shifted dips against pH change in
the function of wavelengths shift for (a) 1cm, (b) 2cm, (c) 3cm, and (d)
4cm length of NCF for acid.
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Figure (3.6): Linear fitting plots of the shifted dips against pH change

in the function of wavelengths shift for (a) 1cm, (b) 2cm, (¢) 3cm, and
(d) 4cm length of NCF for base.

Figures (3.5) and (3.6) indicate that the better performance of the pH

sensor based on NCF structure detected at a length of 2 cm, which possesses
sensitivity of 1.19 and 1.02 nm/pH, and R? of 0.93, for acid and base

respectively. Additionally, the relationship between the pH and the

wavelength shift can be seen in Figure (3.7). There was a slight variation in
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the wavelength shift and sensitivity for different NCF lengths and fixed
diameter 125 um, because of the self-imaging on the MMI principle.
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Figure (3.7): The response sensors to variations in pH from (1-14) with
different NCF lengths for (a) acid and (b) base.

3.4 The Influence of NCF Diameter on the pH Sensor:

The influence of the NCF diameter on the pH sensor sensitivity was
investigated by using different diameters of NCF with fixed length of 2 cm.
The etching process executed by emerging the NCF in HF acid to decrease
the outer diameter of NCFs from 125 pm to 100, 90, 80 and 70 pm,
respectively. The response of transmission spectra of the etched NCF with

the change of surrounding pH was recorded.

Firstly, the response without etching of the SNCS fiber structure at
125 um of NCF diameter to the variations of the pH was investigated as
mentioned in the previous section. After that, the fabricated sensor was
placed in a U-shape equipped with different pH levels for observing the pH
changes from 1-7 and 8-14 for acid and base, respectively.

Figures (3.8) and (3.9) show the transmission spectra for SNCS fiber
sensors for different diameters (100, 90, 80, and 70 pm), which are depicted
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when changing in pH levels from 1-7 and 8-14 for acid and base respectively.

It shows that the NCF diameter will directly affect the sensor sensitivity.
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Figure (3.8): Transmission spectra response of the OFpHS as a function of
pH for (a) 100 um, (b) 90 pm, (c) 80 um, and (d) 70 um NCF diameter for
acid.
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Figure (3.9): Transmission spectra response of the OFpHS as a function of
pH for (a) 100 um, (b) 90 pm, (c) 80 um, and (d) 70 um NCF diameter for

base.

In the case of 100 um, when the pH increased from 1-7 (acid range)
the dip in the spectrum shifted from 1525 to 1531 nm. While the spectrum
shifted from 1526 to 1533 nm in the base range from 8-14. But in the case of
90 and 80 pum, as the pH varied from 1-7 the dip in the spectrum shifted from
1481 to 1493 nm and from 1530 to 1537 nm, respectively. And the
transmission spectra shifted from 1488 to 1496 nm; and from 1530 to 1545
nm, respectively in the base range from 8-14. But in the case of 70 um, the
wavelength shift was from 1490 to 1507 nm for acid and from 1499 to 1513
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nm for the base. From these results, the transmission spectra shifted towards

red when the pH increased from 1-7 and 8-14 for acid and base, respectively.

The wavelength shift was continued in a red shift when the pH was increased.

For more examinations, linear response for both pH levels 1-7 and 8-14 for

acid and base have been graphed as shown in Figure (3.10) and (3.11),

respectively.
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Figure (3.10): Linear fitting plots of the shifted dips against pH change in

the function of wavelengths shift for (a) 100 um, (b) 90 pm, (c) 80 um, and
(d) 70 um NCF diameter for acid.
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Figure (3.11): Linear fitting plots of the shifted dips against pH change in

the function of wavelengths shift for (a) 100 pum, (b) 90 um, (c) 80 pm, and
(d) 70 um NCF diameter for base.

The sensitivities of SNCS fiber structure for different NCF diameters
are illustrated in Table (3.2). The reduction in NCF diameter from 125 to 70
KUm contributes to an enhancement of the sensor sensitivity that due to the

enhanced evanescent field. The best sensitivity of the proposed sensor is

calculated to about 2.8 nm/pH and 2.2 nm/pH for acid and base, respectively
at NCF diameter of 70 pm.
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Table (3.2): The sensitivity and the polynomial fitting coefficient for
different diameters of bare NCF at fixed length (2 cm) for both acid and base

which the pH changed from 1-14.

NCF Sensitivity Adj. Sensitivity :
. Adj. R?
diameter (nm/pH) of R? of (nm/pH)
. . of base
(um) acid acid for base
100 pm 0.96 0.98 1.17 0.95
90 pm 1.99 0.98 1.30 0.90
80 pm 1.1 0.97 2.2 0.98
70 pm 2.8 0.99 2.2 0.98

Hence, the obtained result shows that the fabricated sensor can be
used effectively in both high and low pH ranges. On the other hand, SNCS
fiber configuration with 70 pm diameter and 2 cm length reveals excellent
pH-sensing characteristics of the SNCS-based sensor. It possesses a good
polynomial fitting coefficient (R?) of more than 0.99 and 0.98 for both acid
and base, respectively.

The average error bar in the figure shows the maximum fluctuations
during the examination. Error bar (standard deviation) for both acid and base
have been evaluated also, as shown in Figure (3.12). The results show that

the acid and base have a standard deviation of 6.1% and 4.8%, respectively.
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Figure (3.12): wavelength with an error bar, of the proposed sensor for
(@) acid and (b) base.

From these results, the wavelength as a function of refractive index

possesses wavelength dips shifted toward a longer wavelength (redshift)

when the pH increases from 1-7 and 8-14 due to the increases of the

refractive index of pH solutions. The relationship between the pH and the
wavelength shift can be seen in Figure (3.13). There was a slight variation in
the sensitivity and wavelength shift of different diameters of NCF at a fixed

length, because of self-imaging on the MMI principle.
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Figure (3.13): The response sensors to variations in pH from (1-14)
with different NCF diameters for (a) acid and (b) base.



Chapter three Results and Discussions 53

3.5 The Influence of the Coating on OFpHS Sensitivity:
3.5.1 The Influence of both PAA/PVA and SiO,@PVA/PAA Coating on
OFpHS Sensitivity:

To enhance the sensitivity of the fabricated sensor further, Both
PVA/PAA and SiO,@PVA/PAA were selected as the sensitive film coating
for 70 um diameter of the NCF. The interaction of strong light with coated
was enhanced remarkably at reduced diameter waist, thus, the pH sensor
becomes more sensitive to pH variations.

In addition, considerable effort has been made to further enhance the
performance of fiber sensors such as by utilizing a combination of
interferometric structure (e.g. MZI) with resonance-assisting material
supports. Pure polymer, conductive polymer and polymer composited
coatings are widely utilized as hydrogel to enhance the pH-sensing
performance in optical-fiber-based sensors. So, we firstly use PVA/PAA
hydrogel composite coating which these polymer materials have excellent
goo permeability and a high swelling ratio also adopts a compact (but not
fully collapsed) globular conformation, which these make it as a good acid
sensor and consequently it assists to enhanced the sensitivity of pH range
from 1-7.

On the other side, SiO, has attracted significant interest in
optoelectronics-proposed studies, as it is inexpensive to produce, easy to
prepare, and used in many industries and application including the pH
sensing. Also, these nanomaterials add more surfaces to volume ratio to
coating to enhance the sensitivity. Additionally silica it’s more interaction
with range 8-14 of pH sensor. Generally, PVA has good capability for film-
forming with SiO,, which has a refractive index comparable with that of
silica material. Also, SiO,-based-polymer films have excellent thermal
stability with promising strength features of the resulting composites. So, the
silica in PVA/PAA coating represents a candidate coating material for

enhancing the pH sensing performance.
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Figure (3.14) shows the images under the optical microscope of the
PVA/PAA and SiO,@PVA/PAA. From this figure it can be observed that
the coating layer exhibited a smooth behavior.

(a) PVA/PAA coating (b) silica/PVA/PAA coating

Figure (3.14): Optical microscope image (a) PVA/PAA coating (b)
silica/lPVA/PAA coating under 4x.

Additionally, Figure (3.15) (a, b) field scan electron microscopy
(FESEM) images of the etched NCF was coated with Both PAA/PVA and
SiO,@PVA/PAA at a diameter of 70 um, the coated layer is homogeneous

with little aggregations in some points.

EHT= 5.00kV Signal A= SE2 Date :9 Nov 2020 EHT= 500kV Signal A=SE2 Dafe -9 Nov 2020
W= 8.5mm Mag= 700X Time :12:55:01 WD = 86 mm Mag= 700X Time :12:41:20

Figure (3.15): The FSEM images for NCF coated with (a) PVA/PAA,
and (b) SIO,@PVA/PAA.
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The performance of 70 pm diameter of NCF sensor head coated with
PAA/PVA and SiO,@PVA/PAA have been examined for both the acid and
base. Figure (3.16) shows the wavelength shift dependence on the pH based
on the PVA/PAA coating of 70 um diameter of NCF segments for both acid
and base. The position of the transmission dip was blue-shifted as the
surrounding pH increases from (1-7) pH level. While in the base range the
position of the transmission dip was red-shifted as the surrounding pH
increases from 8-14 pH level. This phenomenon can be explained as when
the sensor head was exposed to an increase in the surrounding pH, the
effective refractive index of PVA/PAA and SiO,@PVA/PAA coating was
modulated and increased in the same way as the pH increased. This results
in an increase in the leakage evanescent light from the etched core and an
increase. Output spectra of the proposed sensor when the pH changes from
1-7 and 8-14 for acid and base with an etched NCF.
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Figure (3.16): Transmission spectra of 70 um NCF coated with PVA/PAA
for sensing different pH values for (a) acid and (b) base.
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The blue shift of the dips in transmitted spectra suggests that the
refractive index (ny) of the cladding material PVA/PAA decreases with an
increase in pH. While the red shift of the dips in transmitted spectra suggests
that the refractive index (np) of the cladding material SiO,@PVA/PAA
increases with an increase in pH. While Figure (3.17) shows the wavelength
shift dependence on the pH based on SiO;@PVA/PAA coating of 70 um
diameter of NCF segments for both acid and base.
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Figure (3.17): Transmission spectra of 70 um NCF coat with
Silica/PVA/PAA for sensing different pH values for (a) acid and (b) base.

From this figure, it can be found that the position of the transmission
dip has been red-shifted as the surrounding pH increases from 8-14 pH level.
Also, these results indicate that PAA/PVA coating encapsulated the fiber
head possesses a good enhancement of sensitivity which has been raised to
~3.42 nm/pH for acidic range, and 2.1 nm/pH for base range[21]. While, as
coated the fiber head with the other coating (SiIO,@PVA/PAA), the response
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of the sensor shows the sensitivity of about 2.5 nm/pH acidic range and about
3.2 nm/pH base range[101]. So, the PAA/PVA coating is a candidate coating
material acidic sensing [21]while, SiIO.@PVA/PAA is more appropriate for
the base sensing, which these coating materials show an enhancement in the
sensitivity above the NCF structure before uncoated sensor due to more
enhancement of the evanescent field affected by the coating layer. The
strength of the light interaction with both coated has been remarkably
enhanced at reduced waist diameter, and consequently, the sensor became
more sensitive to pH changes. Herein, the obtained spectra at different
wavelength dips are observed corresponding to each pH which takes place
due to the swelling property of uses hydrogel. The fitted curve and the error
bar of the proposed sensor based on PVA/PAA coating for 1-7 pH are shown
in Figure (3.18). While Figure (3.19) shows the fitted curve and the error bar
of the proposed sensor based on SiO,@PVA/PAA for a range from 8-14 pH

level.
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Figure (3.18): (a) Linear fitting plots of the shifted dips (b) wavelength
with an error bar, of the proposed sensor based on PVA/PAA for acidic pH

range.
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Figure (3.19): (a) Linear fitting plots of the shifted dips (b) wavelength
with an error bar, of the proposed sensor based on SiO,@PVA/PAA for

base pH range.

From these results, R? is calculated for both of the fabricated coating
sensor structures, which is more than 0.998 and 0.991, for acid and base,
respectively. Also, it can be noted that the acid and base have a standard

deviation of 7.4% and 6.99%, respectively.

Reproducibility is an essential property required to measure for
practical usages. To check the reproducibility, the same experiment was
performed in reverse order at room temperature. Initially, to check the
reproducibility, the fabricated sensor was immersed in agueous solutions of
varying pH in ascending order from 1-14 and the transmission spectra were
recorded by the spectrum analyzer. In the second step, we repeat the same
experiment with aqueous solutions of varying pH in reverse order starting
from 7-1 and then 14-8. Figure (3.20) represents the wavelength dip of the
sensor with varying pH solutions in both ascending and descending ways
which show the very small fluctuation in output spectra with maximum
hysteresis of about 0.06 nm and 0.26 nm, for acid and base range,
respectively. Also, the standard deviation for both ascending and descending

pH has been evaluated, which the results indicate that both ascending and
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descending pH are almost similar with a standard deviation of 7.4% and
6.99% acid and base, respectively.
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Figure (3.20): Wavelength reproducibility of the proposed sensor for (a)
acid and (b) base.

3.5.2 The Influence of Methyl red@PVA Coating on OFpHS Sensitivity:

The SNCS structure was coated with another material namely Methyl
red@PVA for more enhancement of the sensitivity of the fabricated pH
sensor at 70 um diameter NCF. Also, the interaction of strong light with
coated was enhanced remarkably at reduced diameter waist, thus, the pH
sensor becomes more sensitive to pH variations. Figure (3.21) shows the
images under the optical microscope of the methyl red@PVA. From this
figure it can be observed that the coating layer exhibited a smooth behavior

and it’s appear in red color that return to color of methyl material.

Figure (3.21): Images under the optical microscope of the methyl
red@PVA under 4X.
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The performance of 70 pm diameter of NCF sensor head coated with
Methyl red has been examined for both the acid and base. Figure (3.22)
shows the wavelength shift dependence on the pH based on the Methyl
red@PVA coating of 70 um diameter of NCF segments for both acid and
base. The position of the transmission dip was blue-shifted as the
surrounding pH increases from 1-7 pH level. While the position of the

transmission dip was red-shifted as the surrounding pH increases from 8-14

pH level.
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Figure (3.22): Transmission spectra of 70 um NCF coat with Methyl
red@PVA for sensing different pH values for (a) acid and (b) base.

From these results, Methyl red@PV A coating encapsulated the fiber
head, a good enhancement of sensitivity has been obtained which is raised
to about 4.3 nm/pH for acidic range, and about 4.1 nm/pH for base range.
So, the Methyl red coating is a candidate coating material acidic and base

sensing, which these coating materials show an enhancement in the
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sensitivity above the NCF structure before uncoated sensor due to more
enhancement of the evanescent field affected by the coating layer. The
strength of the light interaction with coated was remarkably enhanced at
reduced waist diameter, and consequently, the sensor became more sensitive
to pH changes. Herein, the obtained spectra at different wavelength dips are
observed corresponding to each pH which takes place due to the swelling
property of uses hydrogel. It is known that with an increase in pH the
deposited hydrogel will swell under electrostatic repulsion available due to
the ionization of hydrogel. The ionization leads to more absorption of
aqueous solutions by coated hydrogel causes a decrease in the Rl of the

hydrogel [].

The fitted curve of the proposed sensor based on Methyl red coating
is shown in Figure (3.23). From these results, R? is calculated for both of the
fabricated coating sensor structures, which is more than 0.991 and 0.96, for

acid and base, respectively.
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Figure (3.23): Linear fitting plots of the shifted dips against pH change in

the function of wavelengths shift for (a) acid, and (b) base of the proposed

sensor based on methyl red@PVA coating.

Finally, Table (3.2) summarizes the performance of 70 um before

and after coated sensors. The response time of the seeded sensor was
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estimated by real-time observation from the OSA spectra when the pH was

increased from 1-14.

Table (3.3): The performance of the proposed sensor before and after
coating the NCF.

Sensitivity (nm/pH) without coat 2.8 2.2
Sensitivity (nm/pH) with coat PVA/PAA 3.42 2.1
Sensitivity (nm/pH) with coat SiO2@PVA/PAA 2.5 3.2
Sensitivity (nm/pH) with coat Methyl red @PVA 4.3 4.1

Table (3.3) shows a comparison of the performance of the present
proposed sensor in various cases including: bare 70 um etched NCF, and the
same etched NCF based different coating materials (PVA/PAA,
Si0,@PVA/PAA and Methyl red @PVA). From these results, it can be noted
that the best structure is that coated with the Methyl red @PVA shows
enhancement in the sensitivity above the NCF structure before an uncoated
sensor of more than 1.5 times due to greater enhancement of the evanescent

field affected by the coating layer.

Also, the performance of the proposed fiber pH sensor based on the
different hydrogel coating has been compared with a recently reported pH
sensor based on different MZI configurations. The coating materials,

sensitivity, and the pH range are listed in Table (3.3).
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Table (3.4): Comparison of Sensitivity for different optical fiber pH sensors.

PVA/PAA 0.9 nm/pH 2.5-6.5 [21]
Smart hydrogel 0.66 nm/pH 2-12 [22]
1.02 nm/pH for acid
tetraethyl
- and 0.9nm/pH for 2-13 [7]
orthosilicate
base
Polyacrylamide 1.9 nm/pH 3-10 [23]
PVA/PAA
3.42 nm/pH 1-7
silica/lPVA/PAA Present
3.2 nm/pH 8-14

work

4.3 nm/pH and 4.1 for
Methylred@PVA ) 1-14
acid and base

From Table (3.3), our proposed sensor is superior in terms of
sensitivity compared to the previously published work. We expect that the
sensitivity could be enhanced further by reducing the waist diameter of NCF

and using another hydrogel coating.

3.6 Conclusions:

In summary, an SNCS pH sensor based on wavelength interrogation

technique is fabricated and successfully demonstrated. Fabrication of SNCS

structure involves only splicing short pieces of NCF (FG125LA from Thorlabs)

between two standards SMF (Corning-28).The conclusions obtained from this

work are:
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1.

The sensor sensitivity of the pH depends on the NCF length, and the
sensor with (2cm) NCF length is more sensitive to pH variations, in the
pH ranges of 1 to 14 are 1.17 and 1.02 nm/pH for acid and base
respectively, however for more or less than of NCF length the sensitivity
decrease.

The obtained sensitivity has been improved when the diameter of the
NCF etched from 125 pum to 70um and obtained wavelength shift will
increase toward the redshift.

A maximum obtained sensitivity at 2.8 nm/pH and 2.2 nm/pH for acid
and base respectively when the diameter of the NCF decreased to 70 pum
with 2 cm length when the PH changes 1 to 14.

The optimum NCF length and diameter of sensor structure was coating
firstly PAA/PVA and SiO,@PVA/PAA.

The maximum wavelength sensitivity of 3.4 nm/pH and 3.2 nm/pH for
acid and base respectively, was attained for the PH range altering from
(1-14).

pH sensor was improving by coating NCF with a Methyl red@PVA coat
which enhances the sensitivity of 4.3 nm/pH and 4.1 nm/pH for acid and

base respectively.

3.7 Future Works:

1.
2.

Decreasing the NCF diameter by chemical etching below 70 pm.
Recalculating the NCF length with the reduced diameter according to
MMI theory to decrease the losses.

Can try different concentrations of coating PAA/PVA,
SiO,@PVA/PAA, and Methyl red@PVA.

Adding more layers of coating PAA/PVA, SIO,@PVA/PAA, and
Methyl red@PVA.

Sensing enhancement of PH sensor based on bending NCF.
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Description

Superluminescent Diode
1550 nm, Butterfly Package

SLD15508-A1 ;4

The SLD1550S-A1 is a 1550 nm, low-power, broadband Superluminescent Diode (SLD) with a near-
Gaussian spectral profile and low ripple. This SLD is housed in a standard 14-pin butterfly package with
FC/APC-connectorized, nonpolarization-maintaining fiber. An integrated thermistor allows for
temperature control, thus stabilizing the power and spectrum.

Specifications

CW; Tewp = 25°C, Tease =010 65° C

-
o

o
o

o
o

o
>

o

Optical Power (mW)

o
o
o

100 200 300 400 500
Current (mA)

Symbol Min Typical Max
Center Wavelength Ac 1520 nm 1550 nm 1580 nm
Operating Current lop - 450 mA 500 mA
ASE Power* Pase 0.75 mW 1.0 mW -
Optical 3 dB Bandwidth* BW 100 nm 110 nm -
RMS Gain Ripple * AG - - 0.1dB
Forward Voltage* Ve - 1.6V 20V
TEC Operation (Typical / Max @ Tease = 25 °C/ 65 °C)
- TEC Current lrec - 0.35A 1.5A
- TEC Voltage Vrec 0.5V 3.5V
- Thermistor Resistance R 10 kQ -
*@lop
Performance Plots
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Drawings
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Note: Output isolator and monitor photodiode are available options for butterfly-packaged diodes.
Please contact Technical Support for more information.
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Corning® SMF-28€® Ultra Optical Fiber

Product Information

CORNING L] lvlu.!!l'l.lﬂ' H I _

mwmnm r i m.‘l ;— | —

Corning® SMF-2 8® Ultra optical fiber is an ITU-T Recommendation G.652.D compliant optical fiber with
Corning's enhanced low-loss and bend fiber technologies. This full-spectrum fiber has bend performance
that exceeds the ITU-T Recommendation G.657.A1 standard and still splices the same as the installed
base of standard single-mode fibers such as SMF-2 8e+ fiber. SMF-2 8 Ultra fiber offers industry-leading
specifications for attenuation, macrobend loss, and polarization mode dispersion values, which provide
a solid foundation for new network deployments as well as upgrades to existing networks. Since
Corning brought the first fiber to market more than 40 years ago, Corning’s leadership in single-mode
fiber innovation has been unparalleled.

Optical Specifications

Maximum Attenuation Point Discontinuity
Wavelength Maximum Value* Wavelength Point Discontinuity
{nm) (dB/km) (nm) (dB)
1310 <0.32 1310 <0.05
1383** <0.32 1550 <0.05
1490 <0.21
1550 =0.18 Cable Cutoff Wavelength (2. )
1625 <0.20 1< 1260 nm
* Alternate attenuation offerings available upon request. Mode-Field Diameter
** Attenuation values at this wavelength represent post-
hydrogen aging performance. Wavelength MFD
(nm) {pm)
Attenuation vs. Wavelength 1310 92+04
Range Ref. A Max. « Difference 1550 10.4+0.5
(nm) (nm) (dB/km)
1285-1330 1310 0.03 Dispersion
1525-1575 1550 0.02 Wavelength Dispersion Value
The attenuation in a given wavelength range does not (nm) [ps/{nm.km}]
exceed the attenuation of the reference wavelength 1550 <18.0
How to-Grddar {%) by more than the value a. 1625 <22.0
Contact your sales Macrobend Loss Zero Dispersion Wavelength (2.0): 1304 nm<i5< 1324 nm
reprasentative, or call Mandrel Number Wavelength Induced Zero Dispersion Slope (Sg): Sg < 0.092 ps/(nm? - km)
the Optical Fiber Customer Radius of {nm)  Attenuation®
Service Department: (mm) Turns (dB) Polarization Mode Dispersion (PMD)
Ph: 1-607-248-2000 (U.S. and Canada) 10 ] 1550 Z0.50 Value (ps/vkm)
+44-1244-525-320 |Europe) S PMD _Link Design Value =0.04*
Email: cofic@corning.com 10 1 1625 £1.5
2 s imum_Individual Fiber PMD <0.1
Plasie spacity e bar tjos: 15 10 1550 <0.05 Maximum | _
attenvation, and quantity ] s 1 0 ] 625 <0‘30 *Complies with IEC 60794-3; 2001, Section 5.5,
? Method 1, (m = 20, @ = 0.01%), September 2001.
when ordering. 1310, 1550, <0.01
25 100 1625 i The PMD link design value is a term used to describe
*Theinduced attenuation due to fiber wrapped around the PMD of concatenated lengths of fiber (also known
a mandrel of a specified radius, as PMDg). This value represents a statistical upper limit

for total link PMD. Individual PMD values may change
when fiber is cabled.

SuPERSEDES: July 2014

PI1424 Issuep: NovEMBER 2014 TLO000/SO001 CERTIFIED | 19"
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Dimensional Specifications

Glass Geometry Coating Geometry

Fiber Curl = 4.0 m radius of curvature _Coating Diameter 242+ 5pm
Cladding Diameter 125.0 £ 0.7 pm Coating-Cladding Concentricity <12 pm
Core-Clad Concentricity = 0.5 pm

Cladding Non-Circularity =< 0.7%

Environmental Specifications

Induced Attenuation

Environmental Test Test Condition 1310n0m, 1550 nm, and 1625 nm
{elB/km)
Temperature Dependence -60°C to +85°C* = (.05
Temperature Humidity Cycling -10°C to +85°C upto 98% RH =0.05
Water Immersion 23°C+ 2°C =0.05
Heat Aging 85°C + 2'C <0.05
Damp Heat 85'Cat 85% RH =0.05

*Reference temperature = +2 32C
Operating Temperature Range: -602C to +852C

Mechanical Specifications

Proof Test

The entire fiber length is subjected to a tensile stress = 100 kpsi (0.69 GPa).*

*Higher proof test levels available.
Length
Fiber lengths available up to 63.0 km/spool.

Performance Characterizations

Characterized parameters are typical values,

Core Diameter

8.2 um

Numerical Aperture

0.14

NA is measured at the one percent
power level of a one-dimensional
far-field scan at 1310 nm.

Effective Group Index
of Refraction [Mey)

1310nm:1.4676
1550nm: 1.4682

Fatigue Resistance

Parameter (Ng) 20

Coating Strip Force Dry: 0.6 Ibs, (3N)
Wet, 14-day room temperature:
0.6 Ibs. {3N)

Rayleigh Backscatter

Coefficlent 1310 nm: -77dB

(for 1 ns Pulse Width)

1550 nm:-82 dB

Corming Incorporated

One Riverfront Plaza

Corning, MY 14531 USA,

P G0 - 24 8- 2000 (1.5, and Canada)
+44-1244-525-320 [Europe]

Emiil: cofic@carning.com

www carning.comfaplicalfiber

Coening, SMF-28 and SMF-28e+ are registered frademarks
al Corming Incorparated, Carming, NY.

@ 2014 Corning Incoeparated. AN Rights Reserved,
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Description

FG125LA

FG250LA
FG400LA

Coreless Termination
Fiber

These coreless siica termination fibers can be spliced to the ends of standard fiber to reduce back
reflections or prevent damage to the fiber end face, A return loss of greater than 65 dB is achieved by
splicing 0.25 m of coreless fiber to the desired component.

Specifications
item # " FGB0LA
Wavelength Range 400 - 2400 n
Return Loss »65d8 with 0.25 m
Glass Diameter 125+ 1pm 250 4 10 pm 400 £ 15 pm
Coating Dlameter 250 ym ¢ 5% 400 ¢ 20 pm 550 ¢ 20 pm
(oating Acrylate
1467287 @ 436 nm
3 1.458965 @ 589.3 nm
Glass Refractive Index 1450703 81020 nm
1. 444 @1550 nen
Operating Temperature -40t0 85 °C
Proof Test Level »100 kpsi
Recommended StrIpping | ngcys o FTS4 TI2516 TIES25

Tool
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