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Abstract

Different types of fiber Bragg grating (FBG) such as Type-I,
Type-Ila, tilted and regenerated, are fabricated using the in-
house developed high repetition rate (~5.5 kHz), high quality
ultraviolet (UV) (255 nm) beam. These FBGs have been used
in development of customized single point/multipoint
temperature sensors, strain sensor and refractive index sensor
for their operation in high electromagnetic interference (EMI)
and radiation environment. A novel concept of only amplitude
dependent refractive index sensing using regenerated FBG is
also presented.

1. Introduction

The conventional temperature or strain sensors are likely to
malfunction, transform or drift in high EMI, nuclear radiation
and chemical environment [1-2]. In such situations, fiber optic
sensors provide an alternative approach for measurement of
different parameters, including temperature, strain, pressure,
vibrations, force etc. [3-4]. FBG represents a periodic
modulation of the refractive index (RI) in a fiber core over a
fixed length. The RI modulation of submicron period is
imprinted in the photosensitive fiber core by exposing it to the
CW/ns pulses of UV interference pattern, or by fs pulses (IR
and UV) in non-photosensitive fiber. The pitch, strength of RI
modulation and grating length decide the spectral and
reflection/transmission characteristics of a FBG.The
advantages of FBG sensor over competing technologies are
high spatial resolution, single point as well as distributed
sensing capabilities, high sensitivity, fast response time,
accessibility to difficult and remote locations and capability to
work in harsh environment such as high EMI and radiation
field [5]. In the present theme article, inscription of different
types of FBGs using indigenously developed high repetition
rate (~5.5 kHz), highly coherent UV radiation at 255 nm is
presented. The article presents design, development and
deployment of FBG based sensors for temperature sensing in
acidic, high radiation and high EMI environments. The article
also discusses the development and deployment of strain and
refractive index sensors.

2.Resonant mode coupling in fiber Bragg gratings

In FBG, the coupling takes place between two counter
propagating identical modes i.e. forward propagating core
mode to backward propagating core mode, as shown in Figure

T.1.1. The resonant Bragg wavelength is given by,
Ay =2n., A

co,eff (l)
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Where n,, . is the effective refractive index of core mode and A
is the period of the FBG
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Fig. T1.1: Light coupling between forward and backward
propagating core mode in FBG.
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Fig. T.1.2: Transmission spectrum of FBG.

For uniform grating, the reflectivity of the FBG is given by [6]
R=tanh’(kL) (2)

The coupling coefficient, k, for the sinusoidal variation of
index perturbation along the fiber axis is given by

T Ann
K=——mf, 3
N A3)

where An is change in the refractive index, n=1-1/V°, V>2.4,
and is a function of the fiber parameter V, which represents the
fraction of the integrated fundamental-mode intensity
contained in the core. Figure T.1.2 shows the typical
transmission spectrum of FBG fabricated at RRCAT. The
reflectivity of the fiber Bragg grating is calculated from the
observed transmission dip (T, in dB), given as[7]

R=1-10""°

3.Development of FBG writing set-up

In RRCAT, a FBG inscription set-up is developed using high
repetition rate, low peak power, highly coherent 255 nm
radiation. Figure T.1.3 shows the combined experimental setup
for the second harmonic (SH) generation of copper vapour
laser (CVL) and FBG fabrication using phase-mask [7].
Highly coherent UV laser beam (A ~255 nm) is generated from
the SH conversion of CVL [8,9]. Finally, UV beam
interference pattern of submicron period is created by either
phase-mask, as shown in Figure T.1.3 or by bi-prism [10].
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The experimental set-up for FBG writing using bi-prism was
similar to Figure T.1.3, except phase-mask is replaced by the
bi-prism. The apex angle of used bi-prism was 24° for C-band

[11].

FBGat 1550 nm

FBG
Inscription setup
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Fig. T.1.3: Experimental set-up for phase-mask based FBG
writing set-up using 255 nm beam.

4. Experimental results on inscription of different types of
FBGs

4.1 Inscription of Type-1 FBG

Type-1 FBG is characterized by the monotonous growth of
refractive index modulation with UV fluence. The FBGs of
length ~10 mm are written in non-hydrogenated
photosensitive SM-1500 fused silica fiber (doping: typical Ge
~ 18 mol %, Fiber Core), with 255 nm UV using phase mask.
Figure T.1.4 shows the variation in RI modulation and
reflectivity at different fluences.
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Fig. T.1.4: Variation of RI modulation and reflectivity with
fluence for Type-1 FBG

The refractive index modulation (4n,) is estimated from the
reflectivity of the FBG, grating length L and Bragg wavelength

Ay, using the relation [6, 12]
(VR).

An, =25 tanh™
L

)

The average refractive index change (4n,,) is estimated from
the Bragg wavelength shift 41, during writing FBG [6, 12],

Ay, ©
Ny

An, =
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where 1 is mode overlap integral. For typical fibers used, the
parameter 1 is about 0.85. The estimated refractive index
modulation (4n,) was 2.5x10" at 3.09 kJ/cm’. For
accumulated fluence of 3.09 kJ/cm’, the average refractive
index change reaches to value of 3.25x10™.

4.2 Fabrication of Type-1la FBGs

Type-1la or negative refractive index grating are observed due
to regrowth of the refractive index modulation subsequent to
decay of Type-1 FBG with prolonged UV exposure [13]. After
attaining the maximum value, the refractive index modulation
starts to decrease (full or partial erasure of Type-I grating) and
also the wavelength shifts back to shorter wavelength (blue
shifted) or remains constant [13]. Figure T.1.5 shows the
reflectivity, refractive index modulation (4n,), and average
refractive index change (4n,) for Type Ila grating. From the
Figure T.1.5, it is noticed that the reflectivity and refractive
index modulation (4n,) increases with the UV fluence and
reaches the maximum value 0f99% and 1.63x10™ respectively,
at the cumulative fluence of 5.76 kl/cm’. As the fluence is
increased further, the reflectivity and index modulation
reduced to 2.3% and 0.08x10™ respectively at the fluence of
24.45 kJ/em®. Thereafter, reflectivity and refractive index
modulation again increases and ultimately reaches to 40 % and
0.42x10™, respectively, at the fluence of 37.4 kl/cm’. It has
been observed that the refractive index rollover depends on the
doping concentration of photosensitive fibers [ 14].

- 418
100 4 r.-....._. A
1 . Lwpn Sa q16
80 . \q & Nee 5
o )l 'I R A ]
=) . e
S A48 +412
el —
60 4 /! \ =%
= ) 4110}
E s Al % =
- — L '\\ 1s -'—‘<
§ O Qfa \°. a/._. & “';
% &,&aa ‘\-. -/ ] <
A | ]
o 204 A .\ f,/ |-|ac 4
1 goon-o-0 ‘ooo.g \\‘ _,/ / -2
O‘E B=0n li-c.:_—n—- —o—no do
0 5 10 15 20 25 30 35 40

Fluence (kJ/cm®)

Fig. T 1.5: Variation of reflectivity, index modulation and dc
refractive index change for Type-Ila FBG.

4.3 Inscription of thermally regenerated grating in
hydrogenated fiber

The regenerated fiber Bragg gratings (RFBGs) can be obtained
through high temperature annealing treatment of Type-I seed
FBGs written in hydrogenated fiber [15]. Hydrogen loading at
~100 bar pressure is carried for about 144 hours, keeping the
temperature constant at ~100 °C in an in-house developed H,
loading set-up at RRCAT [16]. The seed Type-I FBG of
transmission dip ~40 dB (reflectivity ~ 99.99%) is written in
hydrogen loaded SMF-28 fiber. The ramp annealing schedule
is applied along the FBG for regeneration. At 900 °C, the
grating erased almost completely within 25 minutes and then
regeneration started. The maximum reflectivity of regenerated
grating ~ 88% (~ 8.8 dB) is observed in about 130 minutes.
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4.4 Inscription of tilted fiber Bragg grating

In a uniform FBG, the grating planes are normal to fiber axis.
However, the Bragg resonant wavelength of a FBG can be
tuned in a limited range by tilting the fiber in the fringe plane as
showninFigure T.1.6 [17].
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Fig.T'1.6: Experimental set-up for writing tilted fiber Bragg
grating.

The induced index planes in the core of the fiber will be tilted at
angle 0 with normal. The tilt angle can be introduced by
rotating the phase-mask and cylindrical lens in the vertical
plane by same angle so that the line focus remains on the fiber.
For the tilted grating, the resonance condition for the core
mode can be written as

legg - (nw,eff—i_ Mo e )A ®)

The resonance wavelengths of the cladding modes are given
by:
A

& 9
cos@

where 0 is the angle between grating fringe and the fiber cross-
section, n,,,,, is the effective refractive index of i" cladding
mode and 4, is grating period along the tilt. Figure T.1.7 shows
the typical transmission spectra for grating tilt angle of 3° [17].
It is observed that at 3° tilt angle, the main Bragg peak shifted
towards the higher wavelength compared to tilt angle of 0° and
also transmission dip is decreased. However, the transmission
dip of the cladding modes is increased.
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Fig. T1.7: Transmission (upper trace) and refection spectra
(lower trace) for grating tilt angle 3°.
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4.5 Inscription of multiple FBGs in a single fiber
The phase matching condition for the Bragg reflection

wavelength 4,,,.. of a tilted FBG (TFBG) for the core mode can
be expressed as follows:
1 _ an’eﬁA o
Brags cosO (10)

where 0 is the tilt angle, #,, . is the effective refractive index of
the core mode and A corresponds to the normal grating period.
The Bragg wavelength can be changed either by changing the
phase-mask period or tilt angle or both. However, the tilt angle
can be increased to only certain extent since the coupling
coefficient decreases with increase in tilt angle. The Bragg
wavelength can be also tuned by diverging/converging UV
beam and single bi-prism [18]. Figure T.1.8 shows the typical
reflection spectra of 20 FBGs written in single fiber by tilting
the phase-mask and changing the mask period.
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Fig. T.1.8: Bragg wavelength of 20 FBGs written by changing
the phase mask period and tilt angle.

5.Development of FBGs based sensors
5.1 Single point and multipoint temperature sensors
The Bragg wavelength shift with temperature is given by [19]:

dA, 1 dng, 1d
= AT=2,| — — = AT=2A AT
dT B[neff ar +(E+a) an

& A dT

where o is the thermal expansion coefficient of the fiber
(0.55x10° /°C for fused silica). The quantity & represents the
thermo-optic coefficient, which is about 8.3x10°/°C for Ge-
doped silica-core fiber, and AT is the applied temperature
change. Studies carried out on the stability of FBG at high
temperature and radiation dose are described in the next
sections.

5.2 Studies on temperature stability of Type-1, Type-Ila and
thermally regenerated FBGs

The temperature stability of Type-I and Type-Ila gratings is
studied using a home-made PID controller based oven which
can be operated upto 1100°C[13].
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Fig. T.1.9: Variation of reflectivity and shift in 1, vs
temperature.
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The Bragg wavelength shift (solid rectangle: Type-I and open
circle: Type-Ila) and reflectivity (open triangle: Type I and
solid diamond: Type-Ila) of Type-I and Type-Ila FBGs pre-
annealed at 800 °C are shown in Figure T.1.9. The average
wavelength shift (~13.9 pm/°C) is almost same for both Type-I
and Type-lla FBGs. The reflectivity of Type-I grating is
decreased slightly after 800 °C. In contrast for Type-1la FBG,
the reflectivity is almost constant up to 900 °C. Figure T.1.10
shows the variation of A, for thermally regenerated FBGs with
the change in the temperature. It is observed that after 400 °C,
the Bragg wavelength shift is higher. From the Bragg
wavelength shift, the temperature can be estimated as [20]:

T=1+ 4| 1 222 |1
2a, a

For SM-1500 fiber at T, = 31°C, a, = 9.60741 pm/°C,
a,=7.84x10" pm/(°C)".

1550 =

(12)
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Fig. T 1.10: Bragg wavelength vs temperature.
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5.3 Studies on the effect of gamma radiation on FBGs

The effect of gamma radiation on the performance of Type-I
(FBG1), negative-index gratings such as Type-Ila (FBG 2) and
thermally regenerated FBG (FBG3) are studied upto
cumulative radiation dose of 1 MGy [21]. Type-I and Type-Ila
FBGs were encapsulated in a stainless steel tube and pre-
annealed at 500 °C to eliminate the unstable part of refractive
index change.

Figure T.1.11 shows the typical reflection spectra of all FBGs
before and after irradiation. It is clear that for all FBGs there is
redshift of Bragg wavelength and reduction in bandwidth due
to gamma irradiation.

5.4. Application of FBG temperature sensor

5.4.1 Deployment of FBG temperature sensor in Nuclear
Fuel Cycle Facilities

The end application here demands sustainability of sensors in
high temperature, high EMI and high radiation environment.
The sensor for this application is developed using thermally
regenerated grating. The FBG was encapsulated in a ceramic
tube of length 40 cm, outer diameter 4 mm and inner diameter 1
mm. The top end of ceramic tube was open to insert the FBG
while bottom end of ceramic tube was closed. For
regeneration, the packaged FBG was heated upto 900 °C in a
ramp annealing schedule. The radiation hardness of the
packaged thermally regenerated FBG sensor was tested in high
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radiation environment upto 1 MGy. Bragg wavelength shift of
~ 35 pm was observed after | MGy accumulated gamma
radiation dose.
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Fig. T.1.11:Interrogator traces of all FBGs (before and after
irradiation).
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Fig. T.1.12: Deployed temperature sensor at FF, BARC.

Finally, the developed and characterized FBG temperature
sensor was deployed at Fuel Fabrication (FF), BARC, Tarapur,
to monitor the temperature of microwave (MW) heated
nuclear fuel processing chamber as shown in Figure T.1.12
[22]. The maximum temperature of the process chamber was
recorded with FBG sensor about 650 °C with an accuracy
of £ 1°C.

5.4.2 Deployment of FBG temperature sensor at storage
vaultof SSSFE, NRB, BARC, Tarapur
The FBG based temperature sensor is developed and deployed
for monitoring of surface temperature of canisters containing
vitrified waste product (VWP), placed in storage vault of SSSF,
NRB, BARC, Tarapur.
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The storage vault is located below ground level and the
canisters placed there contain highly active radioactive waste
immobilized in borosilicate glass matrix. Figure T.1.13 shows
the FBG sensor connected with normal telecommunication
fiber and encapsulated in stainless steel (SS) tube of suitable
length to reach the VWP-canister placed in storage vault, and
annealed upto temperature of 200 °C. Figure T.1.13(b) shows
the variation of online temperature of storage vault from
September 4—November 3, 2017 (2 months). The FBG sensor
is placed along with the thermocouple. The temperature of
storage vault varied from 37°Cto43 °C.
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Two FBG sensor inside
—_ Patch cords for normal and
Radiation hardened fiber
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Fig. T'1.13: (a) Deployed FBG sensor and (b) variation of
canisters surface temperature at SSSF (bottom).
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5.4.3 Multipoint temperature monitoring of CuBr laser tube
in high-voltage and high-EMI environment

The CuBr laser operating conditions, such as high-repetition
rate and high-specific power, demand high-electrical power
loading. The high-electrical power loading is a source of high-
electromagnetic noise both at the power supply and laser head.
FBG based multipoint temperature sensor is fabricated and
implemented for this purpose [23]. The maximum operating
temperature of the CuBr laser tube reached about 500 °C.
Considering a measurement range from room temperature (30
°C) to 500 °C and average sensitivity of the FBG ~13.2 pm/°C,
the maximum wavelength shift would be ~ 6.2 nm. Total
wavelength span available for sensing in the broadband
amplified spontaneous emission (ASE) source is ~40 nm
(1525 to 1565 nm). Then the number of distributed point
sensors that can be accommodated over a single fiber will be:

UM@—A_ o
()

\
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Fig. T.1.14: (a) Multiple FBGs at different locations along the
laser tube. (b)Shift in the Bragg peak of FBGs.

1559

Six FBGs at discrete wave length were written. Out of six
FBGs, five FBGs (from FBG-2 to FBG-6) are placed along the
laser tube as shown in Figure T.1.14(a). Figure T.1.14(b) shows
the typical reflection spectrum of the FBG array at the
maximum operating input power of 4.3 kW. The Bragg peaks
for FBG-2 to FBG-6 are shifted due to the change in the
temperature of the laser tube. However, no shift in peak of
FBG-1 is observed because of constant ambient temperature.
The A, shifted from 1531.031 to 1536.670 nm, 1536.954 to
1542.734 nm, 1542.947 to 1549.037 nm, 1549.464 to
1555.654 nm, and 1555.811 to 1562.041 nm for FBG-2, FBG-
3, FBG-4, FBG-5, and FBG-6, respectively. The estimated
temperature at these points from value of wavelength shift of
these FBGs, was 30 °C, 467 °C, 478 °C, 498.5 °C, 499 °C, and
499.5 °C, respectively.

5.4.4 Distributed temperature monitoring of vacuum
chamber of dipole magnet DP-12 of Indus-2

The Indus-2 ring at RRCAT is operating at 2.5 GeV and 200
mA. The power deposition due to synchrotron radiation on the
wall of vacuum chamber is very intense due to high energy.
This in turn leads to instantaneous localized heating of
chamber material and may lead to opening of brazing joints of
the vacuum components. A twenty point FBG based
temperature measurement system is developed and deployed
for temperature monitoring of vacuum chamber of bending
magnet (DP-12) in Indus-2. The schematic of the distributed
temperature sensor is shown in Figure T.1.15. An array of
twenty FBGs with different Bragg wavelength in a single fiber
is inscribed at the spatial separation of 13 cm, by tilting the
phase mask with respect to the fiber as discussed in section
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4.5[17,23]. The 20 FBGs at spatial separation of ~13 cm and
spectral separation of ~1.4 nm, were written. This FBG sensor
set-up is annealed at 150 °C before installation. The
temperature varied from 18 °C to 35 °C during the operation of
Indus-2. The temperature is displayed online on the computer
screen using in-house developed software.

Dipole Magnet

"4 (DP-12) Indus-2

Fig. T1.15: Twenty point FBG temperature monitoring set-up
installed at DP-12.

5.4.5 Development of prototype FBG sensor for coolant
channel temperature monitoring of Kakarapar Atomic
Power Station 1

A prototype FBG based distributed temperature sensor is
developed for temperature monitoring of coolant channel in
the high radiation environment of a reactor. The temperature of
the coolant channel varies from room temperature (~27 °C) to
300 °C. Total available wavelength span for the sensor
development was 1525 nm to 1565 nm i.e. 40 nm accordingly
total 9 sensors were accommodated in a single fiber, without
spectral overlapping with each other. Type-I gratings at nine
different Bragg wavelengths were fabricated in a single fiber.
The fabricated sensors are packaged in SS tubes after removing
their acrylic coating to avoid any unwanted strain in the sensor
system. The packaged FBG sensors were heated upto 500 °C to
remove the unstable component of refractive index
modulation.

Fig. T.1.16: FBGs encapsulated in SS tube installed on the
mocktest setup in lab.

A mock test set-up comprising nine tubes as per the geometry
of coolant channels of Kakrapar Atomic Power Station 1
(KAPS) was developed as shown in Figure T.1.16. These tubes
were placed at a spatial separation ~ 27.5 cm. FBGs were
placed on the surface of the tube. RTD based temperature
sensors were also placed at for alternative tubes to cross verify
the results obtained with FBG sensor. The temperature data
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was recorded and logged by in-house developed software.
5.5 Application of FBG strain sensor

The shift of the Bragg wavelength could be also written as a
function of the strain knowing the material properties of the
FBG[19]:

Ay =2nA [1-P ]Ae, (14)

2
where P :—25’7 [R,-v(PB,+B,)], P,beingthe strain optic

coefficient, 4, = grating spacing, 4 = change in the applied
strain, P,, & P, =the stress optic coefficient, v=Poisson's ratio,

n,, = the effective index of the core. So, the Bragg wavelength
changes with the applied strain to FBG. For a typical
germanosilicate optical fiber: P, = 0.113, P ,= 0.252, v=0.16
and n,, =1.482. This gives a strain-optic constant of 0.22 for
germanosilicate fiber [19].The strain sensitivity of ~ 1.02 pm/
e is obtained for Ge-B co-doped fiber.

5.5.1 Development of wheel impact load detection system for
railway safety

Study on feasibility of utilizing FBGs developed in RRCAT
was carried out for the development of wheel impact load
detection (WILD) system for railway safety. This study is
carried out by Lab-2-Market (a start-up of Indian Institute of
Science, Bengaluru). For measuring the load on the rails, FBG
strain sensor was mounted on the web in the inter-sleeper
region for vertical load as shown in Figure T.1.17(a).

[—— FBG Strain Response|

15445 4

1544 4

ﬂ W
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(b)

Fig. T'1.17: (a) Bare FBG attached to rail. (b) Strain response
for 3 coaches with no defective wheels.

FBG Vertical Straln ()

The strain response of a normal train, without any
irregularities, on the vertically mounted FBG strain sensor is
shown in Figure T.1.17(b). The pairs of down-pointing dips
correspond to the two pairs of wheels of a bogie. The observed
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strain data on strain sensor appeared to be clean without any
out of the order spikes. Now the strain was measured with flat
wheel of 22 mm and 50 mm,respectively. The flats on the
wheels were artificially made as shown in Figure T.1.18 and
were aligned to hit the rail.

(b)

Fig. T 1.18: Wheelflats of (a) 22mm (b) 50 mm.

Figure T.1.19 shows the strain response of the FBG sensors
with wheel flat of 20 mm and 50 mm, respectively. Two sets of
3 peaks corresponds to six wheels of the engine will have
higher strain compared to the rest of the wheels. Since the
weight of engine is higher than the bogie, the strain imparted by
the engine wheels is more compared to the strain imparted by
the bogie wheels. Two out of order spikes were clearly visible
in the data corresponds to the 22 cm and 50 cm wheel flat.
Strain measured on the rail can be correlated to wheel flat.

1600 P2 Strain Sensor Response
1400 -
Z0mm Wheel Flat SOmm Wheel Fiat
1200 - @2IT4s @ 25 81s
1000 - Gt »
g 800
c
8 SO0 -
&» 400 ]
200 -
0 -
=200 =
19 20 21 22 23 24 25 26 27 28 29 30
Time (S)

Fig. T.1.19: Strain sensor response with the flat wheel.

5.6 Application of FBG as refractive index sensor
In FBG, the light coupling takes place between well-bound
core modes and hence it is intrinsically insensitive to
surrounding refractive index (SRI). However, if cladding
diameter is reduced partially or totally along the grating region,
the effective refractive index is significantly affected by the
surrounding medium [24,25]. The wave length shift 44, is
linearly related to changes 4n,, of the effective index n,, of the
guided core mode as given by [25]:
Ay A2,
My A’B
Therelations 44, (n,) and 4n,,(n,) are the sensor characteristics
ofthe refractometer.
5.6.1Studies on the HF based clad etching of FBG
The experimental set-up for HF based etching and chemical
sensing is mentioned in [26]. Figure T.1.20(a) shows the
variation of 4,,,.., with the etching time at constant temperature
of ~25°C. From Figure T.1.20(a), it was noticed that the Bragg
wavelength changes about 44,,,,, ~ 1.12 nm within 65 minutes.

(15)

Bragg
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The etching rate depends on the type of gratings and also on
annealing history of grating [27]. The diameter of the etched
FBGs is measured by optical microscope (Leica DMC 2900).
Figure T.1.20(b) shows the images of the fibers at 50X
magnification for the etched FBGs and their intensity variation
across the diameter. The measured diameter of the etched FBG
isabout~13 um.
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Fig. T.1.20: (a) Bragg wavelength shift during HF etching of
FBG. (b) Microscopic image of the etched FBG and its
intensity profile.

5.6.2 Ethanol detectionin petrol

The ethanol proportion in commercially available petrol was
monitored using etched FBGs. Figure T.1.21 shows the
spectral shift of Bragg peak with different ethanol percentage
[28]. As the concentration of ethanol is increased, the peak
shows blue shift. It is also noted that the sensor shows higher
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peak shift per percent change in ethanol proportion in range of
0—10 %. It is evident from the figure that a minimum ethanol
concentration of 5 % can be detected.
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Fig. T1.21: EFBG reflection spectrum for various ethanol
content (%) in petrol.

5.6.3 Determination of methanol content in ethanol
Methanol is very toxic for humans especially when
inadvertently got mixed with ethanol. An etched fiber Bragg
grating (EFBG) based sensor is developed to perform in-situ
measurement of methanol content in ethanol [29]. The
estimated refractive index varied from 1.3417 to 1.3386 as the
methanol concentration changed from 0 to 10%. Figure T.1.22
shows the Bragg wavelength shifted from 1523.086 nm to
1523.016 nm as the methanol concentration is changed from 0
% to 10 %. The sensitivity of this EFBG is also shown in
FigureT.1.22. It shows that the sensitivity of this chemical
sensor is almost constant in the range of 6.3 pm to 7 pm per %
methanol content in alcohol. The sensitivity of the developed
sensor in terms of refractive index unit (RIU) is about 30
nm/RIU. The minimum change in refractive index that can be
measuredis 2x10™,

\ .,/::
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1523.07 4

1523.05 4
1523.04 4

1523.03 4 412

Bragg wavelength (nm)

1523.02 4

Sensilivity (pm/% methanel content)

40

1523.01 45 T T T T T
0 2 4 & 8 10
Methanol content in Alcohal (%)

Fig. T.1.22: Bragg wavelength shift and sensitivity of EFBG
Jfor methanol content in alcohol for 0% to 10%.

5.6.4 Refractive index sensitivity enhancement using
graphene oxide coated etched FBG

A small portion of the cladding of the fiber around FBG is
removed and coated by graphene oxide (GO), a single layered
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material made up of oxidize graphite [28]. Figure T.1.23 shows
the change in reflection amplitude with change in ethanol
percentage in petrol. From this figure, it is clearly evident that
0.5% ethanol can be easily detected using GO coated EFBG
sensor, whereas normal etched FBG based on wavelength shift
measurement only detected a minimum of 5% (Figure T.1.21).
An etched FBG coated with gold nano-shell particles has
shown high refractive index sensitivity for the SRI[30].
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Fig. T.1.23: Change in amplitude with ethanol percentage in
petrol.
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5.6.5 Refractive index sensitivity of etched thermally
regenerated FBG

HF etching of regenerated grating shows unusual behavior
compared to that of Type-I gratings [27]. Bragg wave length
shift for regenerated grating was 44, < 5 pm. Figure T.1.24
shows the Bragg reflected peak for air (n ~1), methanol
(n~1.3194), ethanol (n~1.3417) and ethylene glycol
(n~1.4219).
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Fig. T.1.24: Variation of reflected power of etched FBG with
the surrounding refractive index.

As clear from Figure T.1.24, the shift in Bragg wavelength 1,=
1546.972 nm is almost insensitive to the surrounding medium
refractive index. However, the reflected power is Rp = -44.7
dBm, -45.06 dBm, -45.56 dBm and -47.61 dBm for air,
methanol, ethanol and ethylene glycol, respectively. Thus
using thermally regenerated HF etched FBG, where no change
in wave length occurs with different surrounding media, an
intensity dependent sensor can be made to measure to
refractive index sensor.
S
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6. Conclusion

In conclusion, technology for inscription of different types of
FBGs such as Type-I, Type-Ila, tilted and thermally
regenerated, is developed. The in-house fabricated FBGs were
applied for the development of temperature, strain, and
refractive index sensor. The sensor developed using RRCAT
fabricated FBGs have been successfully deployed in nuclear
radiation environment and in the development of railway
safety equipment. Using etched thermally regenerated FBGs,
only intensity dependent refractive index sensor can be
developed. The FBG based sensors, due to their multiplexing
capabilities, high immunity to extreme environment, compact
topology, all optical integration on internet platform, offers
wide possibilities for deployment in measurement of multiple
parameters in difficult and critical situations.
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