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Abstract

This thesis is mainly concerned with the development of single crystal
fibre interferometric sensars. By studying the functional relationship between the
angle of wedge-shaped air gap and the separation of consecutive fringes of equat
thickness, results shows Lhat the percentage difference of angles between the
method of interference fringes and the direct calculated method is about 3.99%.
Thus, a procedure of prototype was established to monitor the process of
tabrication of a Fabry-Perot cavity.

An intrinsic sapphire fibre-optic Fabry-Perot sensor was fabricated, and
the functional relationship between the cutput of interference signal of the intrinsic
sapphire fibre-optic Fabry-Perot sensor and temperature was deduced. The fitting
equation, the functional relationship between temperature and the output of the
number of interference fringes of the intrinsic sapphire fibre-optic Fabry-Perot
sensor, was obtained by data fitting. There is a near linear relationship between
the temperature measured and the output signal of the intrinsic sapphire fibre-
optic Fabry-Perot sensor for the range of temperature 75 °C - 435 °C.

An exitrinsic sapphire fibre-optic Fabry-Ferot sensor was fabricated, and
the functional relationship between the output of interference signal of the
extrinsic sapphire fibre-optic Fabry-Perot sensor and temperature was deduced.
High temperature ceramic adhesive based on aluminum oxide was presented to
solve the problem of unmaiched thermal expansion between the suppont
materials and the extrinsic sapphire fibre-optic Fabry-Perot sensor. Theoretical
analysis showed that during the process of the fabrication of the interferometer

cavity, the length of Fabry-Perot cavity for fabricating should be tightly controlled.




Phase relationships between the output of the interference signal of a
monolithic sapphire fibre-optic Fabry-Perot sensor and the angular frequency of
sound wave was deduced. Some monolithic sapphire Fabry-Perot cavities were
fabricated, and their internal surfaces were cbserved. The optical quality of the
internal surface of the melted end of the sapphire Fabry-Perot cavities was
assessed by Michelson interferometric testing. The experiments showed that
interference fringes of equal inclination could be achieved if the internal surface of
the monolithic sapphire Fabry-Perot cavilies were approximately planar surface.
Obviously, there is the polential to fabricate a monolithic sapphire fibre-optic
Fabry-Perot sensor by the sapphire tube sheath method. Four problems are
presented to discuss which should be solved in future in consideration to the
structure and assembly of the monolithic sapphire fibre-optic Fabry-Perot sensor:

This study in this thesis bas elucidated the problems associated with
procedures in fabrication, assembly, and test of sapphire fibre-optic Fabry-Perot
sensor, and achieved greater insights into fabrication of the moneolithic sapphire
fibre-optic Fabry-Perot sensor which shows the market potential of such an

approach in Aerospace and Automobile applications.




81 introduction

During the pasl several decades, the measurement of temperature and
vibration has always been a prorninent aspect in the field of engineering; for
variations of temperature and strain are vital indicators of changes in chemical,
physical and hiological processes. Therefore, temperature and strain are the
important parameters of sensing and instrumentation.

To date, rapidly developing optical fibre senscr technology has emerged
as replacements of existing measuring iechniques, or extensions of
measurement capabilities. The use of optical fibre methods offers added flexibility
in comparison with traditional methods, and vields a number of characteristic
benefits over electro-magnetic approach [1,2,3,4].

Additionally, current advances in iechnology have made demand for
materials that can support mechanical loading under high temperature, high
pressure and high strain environments. Recent progress in this field has
quickened the development of these kinds of materials such as ceramic, metali
and ceramic composite materials which have found increasing uses in design and
fabrication of high performance structures in military, civil and industrial
applications.

The structures constituted by these materials can be exposed to
temperatures in excess of 1000 °C in aerospace and combustion engines, as well
as experience continuous cyclic loading or high magnitude static loading.
Therefore, it becomes necessary to monitor and test their performance under

conditions that exceed those expecied in practical applications.




Conventicnal sensors are generally unable to survive under high
temperature environments {> 1000 °C). Thus, for effective detection of strain and
/ or vibration in high temperature and electromagnetic environments, we reguire
new kinds of sensors such as fibre-optic sensors [5].

A wide range of fibre-optic sensor designs is available. We have chosen
to investigate and desigh a new kind of fibre-optic Fabry-Perot sensor to detect

pressure and vibration waves under high temperatures.




§2 Background and Theory

§2.1 Interferometers

§2.11 Michelson Interferometer

A schematic of the Michelson Interferometer is shown in Figure 2 - 1. A
beam (1) of light, from an extended source of light S, is split by a beam splitter
into reflected beam (2) and transmitted beam (3), of roughly equal amplitudes.
They all continue to be reflected by Mirror 2 and Mirror 1, respectively and retum
to the beam splitter so that they come together again and demonstrate the
interference. One of the mirrors is equipped with tilting adjustment screws that
ensures the surfaces of two mirrors are mutually perpendicular. One of the

mirrors is also movable along the direction of the beam as a sensing arm.

|:‘:l Mirror 2
2
S 1 3
Beam splitter Mirror 1
Y
4
v

Figure 2 -1 The Michelson Interferometer




Michelson Interferometer is easily adaptable to measurement of thin

films, the determination of index of refraction of a gas, vibration, etc.

§2.12  Fabry-Perot Interferometer

Although simple in structure, the Fabry-Perot Interferometer is a high-
resolution instrument that has proved to be a powerful tool in a wide variety of
applications such as precision wavelength measurements, analysis of hyperfine
spectral line structure, determination of refractive indices of gases, the calibration
of the standard meter in terms of wavelength, etc [6].

A lypical setup is shown in Figure 2 - 2. Twao glass, semi-silvered plates
are used to form a plane parallel air gap between plates, within which the beams
are muitiply refiected. A narrow, menochromatic beam from an extended source
with an angle 0 with respect to the optical axis of the system produces multiple
coherent beams. These parallel rays are brought together at a focus P in the
focal plane of lens L. The output of Fabry-Perot Interferometer will be a series of
sharp concentric fringes on the screen.

The adjusiment of the Fabry-Perot Interferometer is similar to that of the

Michelson interferometer in many ways.
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Screen

v Lens

Figure 2-2 Febry-Perot Interferometer




§2.2 Overview of Fibre-optic Sensors

Fibre optic sensors are widely used for measuring temperature,
displacement, speed, acceleration, angle, pressure, rate of flow, and so on. They
have been shown to be equally effective and in some cases exceed existing
kinds of sensors. They are especially suitable to be installed in harsh
environments such as radiation, corrosion, electromagnetism, eic. Moreover, they
are easy to fabricate, have miniaturized sizes and light weight, and can realise
remote sensing by connhecting with large-scale optical fibre communication
networks.

Conventional silica-based optical fibres can be used in medium
temperature environments up to 800 °C limited by the softening point of the silica
glass fibre material and thermal diffusion of impurities which graduaily degrades
the waveguide modal properties of the fibre {7]. However, in some applications,
higher temperatures may be encountered. Therefore, new materials tolerant of
high temperatures to substitute for the glass materials are needed o make
sensors. The first sapphire rod-based high temperature sensor was demonstrated
hy Dils [8] ef al. in 1982, in which the sapphire-based materials high temperature
melting point of 2048 °C was exploited. In this sensaor, a metal with a high melting
point was deposited onto the fibre tip to serve as a blackbody radiator, and the
measured temperature information was exiracted by taking the ratio of twao
specifically selected wavelengths emitted by the blackbody. The measured range
of temperatures is from 600°C to approximately 2000 °C. Later, Murphy [9] et al.
first described a single crystal sapphire rod-based fibre Fabry-Perot

interferometric sensor for measurement of acoustic waves and temperature, a




2.25MHz acoustic wave was detected and the phase shift was shown as a
function of temperatures from 20 °C to 100 °C. In 1992, an intrinsic sapphire fibre
based Fabry-Perot interferometric sensor was demonstrated by Anbho Wang for
the measurement at temperatures up to and above 1500 °C, which a resolution of
0.1 °C was obtained [10]. Wang further developed the extrinsic sapphire fibre
based Fabry-Perot interferometric senser in 1994 [11] to detect hoth strain and
temperature measurement, with 10 microstrain resolution over a range of O -
1150 microstrain, and 3.5 “C temperature resoclution over a range from 150 °C to
650 °C. Recently, a ruby fibre for fluorescence-based temperature sensor was
produced by Sharp, ef a/ [12] using the miniature pedestal growth technique.
Fluorescence lifetime taken over the range from 0 °C to 600 °C was presented
and the measurement deviations of the entire temperature region were less than

a temperature change of 0.2 °C.




§2.3 Fibre-optic Sensors

Fibre-optic sensors can be made to be highly sensitive to strain,
temperature, pressure and acoustic waves [13, 14, 15]. Since such sensors offer
the advantages of simple configuration, single-ended operation, high resolution
and potential low cost, different methods for the construction of interference
cavities of fibre-optic sensors and output signal demodulation have been
developed over the past few years. Fibre-optic sensors can be generally

classified into two types, intrinsic and extrinsic interferometric sensars.

§2.31 Fibre-optic Intrinsic Sensors

Intrinsic fibre-optic sensors rely on the properties of the optical fibre
itself to convert an environmental action into a modulation of the light beam
passing through it. Furthermore, They may be further divided into subclasses by
considering the type of modulation impressed on the light beam such as phase,
polarisation modulation, intensity, etc [16].

In intrinsic sensors, the fibre construction materials are deliberately
chosen in order to give sensitivity to one or more parameters. Often it is not cost
effective to make highly specialized fibres for sensing applications. Therefore,
intrinsic sensors may utilize readily available fibre in specialized configurations

and in conjunction with sophisticated instrumentation.




Mach-Zehnder fibre interferometer first reparted by G. B. Hocker [17] in
1979 is the iypical intrinsic fibre sensor, which was used to detect pressure and
temperature, etc. Figure 2 - 3 shows an all-fibre Mach-Zehnder interferometer. A
beam splitter splits the light from the source into two beams which will be coupled
into two monomode fibres. The two guided beams will be combined to produce a
set of bright and dark interference fringes observable if the optical path difference
of the two arms is within the coherence length of the source. If one fibre is
subjected to chanhges in strain, temperature, etc., the phase of the light leaving
the fibre will be changed due to the dimensional or index of refraction changes in
the fibre. As a result, the difference of pressure, temperature, etc, will appear as a
displacement of the fringes which can be measured.

However, the system is also subject to two problems in spite of its high
resolution. First, the fringe number is lost when it is switched off. Second, it
requires calibration for it is not an absolute device. Many methods have been
used to recover the value of the measurand without resort to recalibration such as

white light interferometry, etc [4].




Beam expander Beam splitter

Laser =S
i § Microscope
<4——» Obijectives
Single-mode Fibre
Pressure,
Temperature /
Interference fringes l]>
Figure2 -3 Single-mode Fibre- optic Mach-Zehnder Interferometer

Fibre-optic Fabry-Perot-type interferometric sensors, as shown in Figure
2 - 4, involve a type of intrinsic sensor. Two endfaces of a length of single mode
fibre are optically polished by the same angle and coated with the multilayer of
thin dielectric films to form a low-finesse Fabry-Perot cavity, which the typical

length of cavity is, generally, a few centimetres. A transmitting fibre was
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connected by fusion splicing the length of Fabry-Perot cavity. Very high resolution
over a temperature range of ~ 80°C can be achieved [18, 19].

Obviously, this type of sensor is very compact, and thus can be used for
the applications where the traditional sensors with a bigger size can not be used.
However, it suffers from some problems such as the polarization fading, the

effects of temperature cross sensitivity, etc.

Transmitting Single Mode Fibre

D

Fabry-Perot Cavity (sensing head) Optical Coupler Light Source

Optical Detector

Figure 2 -4 Schematic of the Fibre-optic Fabry-Perot-type Intrinsic

Interferometric Sensor
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§2.32  Fibre-optic Extrinsic Sensors

The fibres may be used strictly as information carriers that lead to a
black box which impresses information on a flight beam that propagates to a
remote receiver through a second, or in some cases, the same fibre. That black
box may contain mirrors, gas or liquid cells, or dozens of other mechanisms that
may generate, modulate, or transform the light beam [20].

Fibre-optic Laser Doppler Velocimetry [21] is one type of exttinsic
sensor commercially available from many manufacturers. Figure 2 - 5 shows the
arrangement of fibre-optic laser Doppler velocimetry. The input beam from a laser
source is divided by a coupler into two beams which are guided into two fibres.
The measurement range is formed by the region of intersection of two coherent
output beams of the two fibres. The scattered beam from the measurement range
is then collected by a lens and combined with the reference beam. These two
beams are independent and Doppler shifted. The different frequancy shifts for the
two beams beat together to form a frequency A v which is a function of the
velocity of the scattering particle.

Fibre-optic Laser Doppler Velocimetry is often used for surface
vibration analysis and calibration. Nevertheless, the application of vibration
measurement is limited by the general requirement of a same direct line between
the target and laser, and a good environment. Therefore, various fibre-optic
interferometers have heen investigated as a choice, such as fibre-optic
Michelson-type interferometric  sensors,  fibre-optic Fabry-Perot-type

interferometric sensors, etc.
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Coupler

Measurement l:!

Signal Detector
processing

Figure2-5  Sketch of Fibre-optic Laser Doppler Velocimetry

Laser Single-mode fibre Seniﬂp

=
[ D] coupler 7

Oscilloscope  Detector Reference arm

Figure 2 -6 Schematic of Fibre-optic Michelson-type Interferometric Sensors




Fibre-optic michelson-type interferometric sensor is alsc a type of
extrinsic sensor. lts basic principle is the same as that of Michelson
interfercmeter discussed in section 2.11 above. The schematic of the sensor is
shown in Figure 2 - 6.

The fibre-optic Michelson-type Interferometric sensor is often widely
used to detect acoustic waves, microdisplacement, etc. Its sensing arm and iis
reference arm are physically laid on different sites, hence a tiny change in
temperature in the reference arm may affect the phase difference detected at the
oulput of the sensor. Many methods have been proposed o solve the problem
such as Y junction method [22], active feedbhack method in the reference arm
[23], etc.

An improved configuration of the fibre-optic Michelson-type
interferometric sensors [22] has been described as is shown in Figure 2 - 7.

A fused-biconical tapered coupler was constructed from a single-mode
fibre. The two ouiput arms of the coupler were cleaved immediately after the
coupling length. The coupler was attached to Invar strips with epoxy and
polished. One core with a mirrored end is used as the reference arm and the
uncoated core served the purpose of the sensing arm.

This sensor is highly stable, and virtually insensitive to temperature
drifts in comparison to a classic Michelson-type sensor. It can be used for the
measurement of microdisplacements, magnetic fields, and surface acoustic
waves in high temperature (T>=700°C) environments. However, its performance
depends on the reflectivities of the reference reflection, the fibre coatings, and the
packaging material of the fibre coupler. Therefore, it is not suitable to be

employed in contaminative and low reflectivity environments,




Sensing Arm Reference Arm

A4

Miniature FOIS

x Sy

Vibrating surface

Figure 2 -7  Details of Michelson-type Interferometer Experiment Setup of
SAW Detection

Fibre-optic Fabry-Perot-type interferometric sensors can also involve
the extrinsic type of sensor.

In general, the tilt of the reflection surface in the classic bulk Fabry-
Perot interferometer or etalon will make the light beam off normal and, as a result,
cause the loss of light power. The loss increases with an increase in the length of
interferometric cavity. Therefore, it is difficult to construct long-distance bulk

Fabry-Perot interferometers. On the contrary, due to the capability of optical




fibres to trap light, it is much easier to fabricate the fibre-optic Fabry-Perot
extrinsic sensor than to build the traditional bulk Fabry-Perot interfferometer.

A fibre-optic Fabry-Perot extrinsic interferometric sensor is
schematically shown in Figure 2 - 8. The sensing Fabry-Perot cavity of the sensor
is formed by two lengths of single mode fibre, a cleaved end of lead-in fibre and a
cleaved end of a short section of reflected fibre. The endface of the reflected fibre
is coated with thin high-reflection layer to form a mirror. Both fibres, are held
within a sheath by a small gap. A temperature resolution of 0.001°C was proved

for the type of the extrinsic sensor [24].

Fabry-Perot Cavity Optical Coupler

-

Transmitting Fibre Light Source

Sheath Lead-in Fibre
R i \

N

N

Reflected Fibre Optical Detector

Figure 2 -8 Schematic of the Fibre-optic Fabry-Perot-type Extrinsic

Interferometric Sensor




Compared with the fibre-optic Fabry-Perot intrinsic interferometric
sensor, the extrinsic sensor aveids the defects discussed in section 2.31. Another
advantage of the extrinsic sensor is that the Fabry-Perot cavity of the extrinsic
sensor is much shorter than that of the intrinsic sensor so that the thermal

stability of the extrinsic sensor was strengthencd.

§2.33  Single Crystal Fibre Sensors

8ingle crystal fibre is a new kind of functional material with high
performance such as high strength, high transparent to light, etc and has been
widely used in fibre optic sensors, laser materials and nonlinear optic devices
[25,26,27]. AlLOs; fibre optic sensors are the most successful application of single
crystal fibre, which possesses extracrdinary properties such as high temperature
resistant, anti-radiation, and chemical erosion resistant, etc. which can noi be
achieved by conventicnal devices. Many kinds of single crystal AlLO; fibre
sensors were presented during the past twenty years based on the different
theories, such as sapphire fibre thermometers, sapphire fibre Fabry-Perot

sensors, single-crystal ruby fibres for flucrescence-based sensors, etc.




§2.33.1 Blackbody Radiant Emission Sensors

The technology to measure the temperature by blackbody radiant
emission is the one of the most effective methods under the high temperature. Its
basic principles is Plank’s theorem, in which the radiation intensity is temperature
dependant. The typical blackbody sensor [8] is composed of three parts: the head
of sensor, the transmitting fibres, and optical detector, as shown in Figure 2 - 9.
The head of sensor is a blackbody cavity, which is created by coating a thin
iridium film on the surface of the sapphire fibre. The Al,Os films on the iridium film

are used to protect the metallic films.

Sapphire Fibre Optical Fibre Lens Filter

AlL,O3 Film

Figure 2-9 Schematic of Sapphire Fibre Blackbody Radiant Emission Sensor
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The range of temperatures measured by the sapphire fibre biackbody
radiant emission sensor is from 600°C to approximately 2000 °C, and it has a
high resolution in the high temperature region. However, considering the fact that
the radiance intensity distribution is almost exponential form related to
temperature, the signal intensity will be so weak during the low temperature field
that the output signal of the sensor can hardly be detected. Therefore, it is
unsuitable to be used in lower temperature region. In addition, when the metallic
film is exposed to high temperatures for a long time, it will volatilize and be
oxidized, and the psrfermance of the sensor will decrease quickly. The protective
action of the Al,Os film can exiend operation. Nevertheless, ceramic materials wili
be a good choice for the fabrication of blackbody cavities because ot their

extraordinary chemical stability.

§2.33.2 Fluorescence-Based Temperature Sensors

Since the first fluorescence-based temperature sensor was reported by
Sholes in 1980 [28], considerable progress has been made from the biomedical
application region to the industrial region in the past decades. The most of
investigations on the single-crysial fibre flucrescence-based temperature sensors
were focused on the sapphire fibre doped with Cr*' ion sensors in recent years
[29,30]. The fluorescence decay time is an exponential distribution and there is a
clear corresponding relation between the temperature and the fluorescent
lifetime. As a result, the temperature can be estimated by measuring the

fluorescence decay time. Generally, there were two different probe structures of

()
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the fluorescence-based temperature sensors. The one reported by Gratten, as
shown in Figure 2 - 10, consists of three parts [31]: the fluorescent crystal (ruby
crystal), the transmitting fibres, and optical detector. The ruby crystal was directly
contacted and coupled with the transmitting silica fibre. All the crystal and the
silica fibre were protected by a sheath. Apparently, the upper temperature limit of
the type of sensor is constrained by the silica fibre and the sheath. Therefore, the
second type of probe structure of the sapphire fibre doped with Cr®* ion sensors
was developed to overcome the problem above-mentioned, as shown in Figure 2
- 11. The ruby fibre was grown by laser heated pedestal growth for temperature
sensing applications in recent years [12]. The integration ruby fibre sensor can
withstand temperature near to the melting point 2030°C of the ruby fibre and

have a broader measuring temperature region.

\

\

Bulk Ruby Crystal Sheath Gold-coated Silica Optical Fibres Optical Detector

Figure 2 -10  Schematic of the Ruby Crystal Fluorescence-based Sensor
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Figure 2 - 11 Schematic of the Sapphire Fibre Doped with Cr** lon
Fluorescence-based Sensor

Because the fluorescence lifetime is intrinsic, and thus the lifetime
detection will be intensity independent, there will be the long-term stability
inherently for the fluorescence-based temperature sensors. In addition, the
fabrication of the fluorescence-based temperature sensors in a single fibre will be
simple by a single fibre, and the system will also be self-calibrating [32].

However, for the sapphire fibre doped with Cr®* ion sensors, the output
of the fluorescence intensity will be affected considerably by the strong
background of blackbody radiation under the high temperature. Therefore, the
sensor just applied to the range of temperature from room temperature to 600°C
[12]. How to improve the situation above-mentioned will be the further research

work in the future.




§2.33.3 Intrinsic Sapphire Fibre-optic Fabry-Perot Sensors

Fibre splice Sapphire optical fibre

Guage Length

Figure 2 - 12 Schematic of the intrinsic sapphire fibre-based
Fabry-Perot interferometer

Apart from those sensors above-discussed, the sapphire fibre-optic
Fabry-Perot sensors also were presented in the past ten years. From Figure 2 -
12, a length of multi-mode sapphire fibre is connected by fusion splicing to a
single-mode silica fibre to form the FP cavity. A laser beam is launched into the
single-mode silica fibre and propagates to the sapphire fibre. Owing to the
difference in the refractive index between the silica and sapphire fibres, part of
the incident laser power is reflected. The light transmitted into the sapphire fibre
excites propagation modes. The propagating light in the sapphire fibre is reflected
at the free endface in air. A metal film with a high melting point may be deposited
onto the free end face of the fibre to increase the reflection of light. The
interference of the two reflections gives rises to the interference fringe output.
Since the optical phase of the light travelling in this sapphire fibre is highly

sensitive to temperature and longitudinal strain, intrinsic fibre Fabry-Perot
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interferometric {IFP1) sensors are currently used to measure temperature and
these parameters [10].

However, this arrangement lacks flexibility in the control over gauge
length, and another possible problem for long-term operation of the sensor is the

degradation caused by oxidation of its deposited film at high temperatures.

§2.33.4 Extrinsic Sapphire Fibre-optic Fabry-Perot Sensors

Figure 2 - 13 is the sketch of extrinsic sapphire fibre-based Fabry-Perot
interferometer [11].

The extrinsic Fabry-Perot interferometric (EFPI) optical fibre sensors
consist of two optical fibres, a reference fibre with two polished endfaces and a
reflector fibre with one polished endface enclosing a low-finesse cavity inside a
sapphire capillary. The other end of the reflector fibre is left unfinished to prevent
secondary reflections. The propagating light in the sapphire fibre is pattiaily
reflected at the first sapphire/air interface. Transmitted light projects onto the
endface of the second sapphire fibre and is also partially reflected at the
air/sapphire interface. Interference between these two reflecied waves will
happen. Such sensors are used in axial strain and temperature measurement.

The main advantages of EFPI over the IFPI are the avoidance of
polarization problems, and the detection of axial strain components only. EFP1 is
more suitable than IFPI fibre sensor and other electromechanical sensors to
monitor matertal and structure health in both embedded and surface-mounted

configurations.
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Figure 2 - 13 Sketch of the extrinsic sapphire fibre-based Fabry-Perot
interferometer

§2.33.5 Monolithic Sapphire Fibre-optic Fabry-Perot Acoustic Waves and

Pressure Sensors

To simplify the design of EFPI sensor, one can conceive a new design
of Fabry-Perot high temperature sensor to test pressure and acoustic waves.

Figure 2 — 14 shows its scheme of structure.




Adhesive Sapphire tube  Sapphire diaphragm

el

>

Light
:> \ L ¢ Pressure input or
' \F Acoustic waves
Sapphire fibre
Figure 2 — 14 Schematic diagram of pressure and acoustic waves sensor

heads

The sensing cavity is formed between the polished endface of a
sapphire fibre and the surface of a very thin sapphire diaphragm. The light from
the broadband source is coupled into the lead-in sapphire fibre. It is partly
reflected at the first sapphire-air boundary. The transmitted light travels through
the air gap and is also partially reflected at the surface of sapphire diaphragm. An
interference signal is generated by these two reflected waves and the phase
difference depends on the length of air gap, L. Consequently, the acoustic waves
and pressure signal will be detected if we choose a suitable signal processing

method.
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§3 Experimental Design and Results

§3.1 Wedge interferometer

As far as the Fabry-Perot cavity formed by the air-sapphire interfaces at
the fibre endfaces, the minute lilt of the reflection surfaces will make the light
beam off normal, as a result, cause the loss of light power, and the fringes of the
sensor output will decrease highly. Therefore, this is a key problem in fabricating
the Fabry-Perot cavity. The goal of this experiment is to establish a procedure to
monitor the process of fabrication of a Fabry-Perot cavity in the future work.

In this experiment, the angle of a wedge-shaped air gap between two
slightly inclined opftical flats was investigated as a function of separation. The
angle of a wedge-shaped sheet of glass was calibrated by this method.

Two methodologies were used io check the consistency:

A. Mseasuring the separation of the interference fringes to calculate the
wedge angle (MIF)}
B. Direct calculation by measuring the thickness of the separating shim

(DC)




§3.11 Functional relationship between the angle of wedge-shaped air gap

and the separation of consecutive fringes of equal thickness (MIF)

For a thin wedge of small angle @, the optical path-length difference

(O.P.D) between two reflected rays may be approximated by Eq. (3 -1) [20]:

OPD =2n ,d cos(r) (3=1)

where ris the angle of refraction of the beam, d is the thickness at a particular

point, nyis the refractive index, which light spreads in the medium, as Figure 3 —

1 is shown, that is,

d =500, it o, <1 (3=-2)

e —————— el [} omIE
T i | No
d X
Figure 3 -1 Fringes from a wedge-shaped thin plate




Therefore, we have:

OPD = 2n .d cos(r) = 2(!\;'[17. J,.z —ng sin® (i) (3-3)

where f is the incident angle of the ray. nr and rp are the refractive indexes,
respectively which light spreads in the different medium.

For an interference maximum,

(m= -12-:)/11_, =2n,d, cos(t) = 2n X, 0. cos(r) (3-4)

5 m

Therefore, the separation of two consecutive fringes is,

1 I
(m+D+— et 1
Ax = xJ.‘r-!-! - ‘XW = ( 2 . );"I') _( = . )‘3’0 = - ( 3 . 5 )
2n, 0y cOS(r) 211, &y COS(1) 21, gy COS(F)

Finally, we have

A,
O e = e 3—-6
i Ax2n, cos(r) ( )

or, in degrees:
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360° A,

oy = 5 X .
2w Axln, cos(r)

(3-7)

Obviously, if the width of two consecutive fringes of egual thickness, Ax,

is measured, the angle of wedge could also be calculated exactly.

§3.12 Experimental Design

The schematic of this experiment is shown in Figure 3 — 2. In this
experiment, light from a HeNe laser with wavelength 632.8nm passed through a
spatial filter with 25 um diameter of pinhole. [t is then divided by a beam splitter,
and then incident on the surface of optical flats. The two flats have the same
thickness of 13.56mm and diameter of 25.,72mm {fabricated by Edmund Industrial
Cptics) and are laid together with a thin strip of A4 paper along one edge and
bound tightly by adhesive tape so as t¢ obtain a wedge-shaped film of air. The
optical flats were then fixed on the angle vernier by a clamp in order that the
incident angle 7/ of the laser beam could be adjusted at will. A travelling
microscope with vernier scale was used foc measure the separation of
consecutive interference fringes of equal thickness produced by the two reflected
beams from the two surfaces of wedge-shaped air gap.

The quality of the interference pattern depends on the coherence of light.
There are large varieties in the choice of appropriate laser sources. He-Ne laser

{(* = 632.8 nm) is a very good selection as a source for it is inexpensive, stable,
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and emits continuously in comparison with other laser sources. The coherence

length of the laser is expressed by [33]

where, AA = 107 A, and is the linewidth of He-Ne Laser.

8o, the coherence length of He-Ne Laser is

2

L= 632_§;>< 107" m = 4.00x 10" m
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Figure 3 -2 Schematic of the Wedge interferometer
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§3.13 The acquirement of wedged film of air and the calculation of its

angle (DC)

§3.13.1 The acquirement of wedged film of air and the calculation of angle

of wedged film of air

A thin air wedge was fabricated using the two optical flats according to
the method above-mentioned, where the strip of paper was tailored rectangle

shape with the 4.1 mm width, as is shown in Figure 3 — 3.

A strip of paper

e o -
""""""" : _>,_,<_: : 4.1 mm

!
)
. ge——_
I

25.72mmMm

Figure 3 -3 Schematic of wedged film of air

A screw micrometer was used to measure the thickness of the paper, d,

according to the method shown in Figure 3 — 4.

The overall thickness d; was equal to 27.19 mm, and that the thickness

of optical flat d»is 13.56 mm. As a result, the thickness of A4 paper

d=d —-2d,=d,—2%13.56=27.19-27.12=0.07mm
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Figure 3 - 4 the measurement of thickness of A4 paper

As it is shown in Figure 3 — 3, we have the angle of wedged film of air

{ 0.07 . .
Gy = ¢ ~ = 324 %10 " radian
25.72—-4.1 21.62

§3.13.2 Angle Vernier

The Angle Vernier was not only used to acquire the necessary incident

angle of the laser beam J, but also to control the angle of the reflected light from

surface of optical flat. As a result, the background noise caused by that reflected

light could be decreased considerably.
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§3.13.3 Travelling Microscope with Vernier

Generally, the interference fringes produced by the reflected besams
from the two surfaces of wedge-shaped air film are so small that they can hardly
be distinguished by naked eyes. Thus, a travelling microscope with vernier scale
was used to observe the interference fringes and measure the separation of

consecutive interference fringes of equal thickness.

§3.13.4 The measurement and calcuiation of the separation of consecutive

fringes of equal thickness

Since the resulting fringes are formed in the thin film itself ( position Z
shown in Figure 3 - 2 ) and the fringe pattern is diverging, the separation of
consecutive fringes of equal thickness we measure at position Z; or Zy is unlikely
to be equal to the width of consecutive fringes of equal thickness at position 2.
Thus the method of triangle formula was introduced to calculate the separation of
consecutive fringes of equal thickness at position Z, as is shown in Figure 3 — 5.

we have assumed that the true width of consccutive fringes of equal
thickness is 4Xz at position Z the separation of consecutive fringes of equal
thickness is AXz; at the position Z;, and the separation of consecutive fringes of

equal thickness is AXz; at the position Z;, as a result, we have

—— (3-9)
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AXZ(} _ m+

L()

AX .,

Combined formula ( 3 -9} with (3 — 10 ) above-mentioned, that is

m- Ly =L, (AX

0

Therefore, the true width of consecutive fringes of equal thickness

(1-
AX, = AX 5o (1 —
ax

where,

Lo is the distance from position Z;to position Z (the air film)

and ais the distance between position Z; and position Z;

AXZ'I)
AX )L“,

X, milL,ta

_ A
~AX

Bl

AX

71

-)

7

)

(3-10)
(3-11)
(3-12)




AXz Z4

Figure 3—5 The calculation of the separation of consecutive fringes of equal

thickness

44




§3.14 Errors and Elimination of Errors

§3.14.1 Percentage Differences of results

From §3.11 and §3.13, the percentage differences between the two

different methods can be calculated by

Kpgr — X e
Ofnc

PercentageDifference,% =

x 100% (3-13)

§3.14.2 Errors and Elimination of Errors

i) Error of Angle of incident Light

From formula ( 3 — 3 ), a change in the angle of incident light, /, will

cause a variation in the angle of refracted light, r, because the relationship

between the angle of incident light, /, and the angle of refracted light, #, is
n, sin(i) = n, sin(r) (3—14)
Therefore, the original position of incident light should be determined at
the beginning of experiment, as it is shown in Figure 3 — 6. That is, the angle

vernier should be turned carefully to make the reflected light from the optical flat
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coincide with the incident light. As a result, the angle of incident light, /, at this

time is zero. Thus the Error of Angle of Incident Light can be eliminated.

Optical Flat 1

A4 Paper %’
/ Incident light

Optical Flat 2

]

HeNe L.aser
Beam Splitter
T Reflected light
v
Microscope
Figure 3 -6 The Skeich of Original Angle of Incident Light

i) Error of Position

Limited by the setup itself, the distance Ly and a, in fact, could not be

measured exactly because of the error in estimating the position Z, as is shown in
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Figure 3 — 2 and Figure 3 — 5. The position Z,, therefore, should be determined

first. Thus the distance a could be chosen to suit.

iii) Error of Quality of Interference Pattern

Obviously, the unclear nature of the edge of interference fringes will
produce the different values of separation of interference fringes. Hence the

method of mean values was iniroduced to allow for this error. That is,

13

> AX;

AX, = (3-15)
n
where,
AX’, is the separation of consecutive fringes measured at positionZ,, i =
1, 2.
n is the numbers of consecutive fringes measured.

AX, s the mean of separation of consccutive fringes at position Z..

A spatial filter was employed to improve the quality of the interference
pattern. In addition, the background noise caused by spurious reflected light
could be significantly decreased when the angle vernier was usad to adjusi the

angle of incident light.

iv) Error of Instruments




Generally, these types of error are due {o the limitation of precision and
tolerance of instruments. For instance, the travelling micrascope gave a precision

of +£0.01 mm.

§3.15 Experimental Results and Discussions

§3.15.1 The Spatial Filter was not used in the setups

The first results were obtained without the use of the spatial filter to give

a clear, uniform incident beam.

i) Interference fringes

The fringes, which their edges are obscure, could be observed in the
setups shown in Figure 3 - 8 only when the incident beam is almost perpendicular
to the surface of optical flat 2. The fringes were observed to die away gradually
with the increase of incident angle, and four bright points also are seen finally,

which could be the light points reflected from optical flats.

ii) Value of Angle

At position Zg, only two clear fringes among the group of fringes were

visible, we have the separation of fringes:

AX = 0.65 mm,

AX; =0.64 mm,




Because parts of the fringes except the clear fringes are

unrecagnizable, the mean of these separation of fringes:

A_XZ = &;Q@i = 0.645mum

At positioen £, similarly, we have the separation of fringes:

AX, =0.72 mm,
AX; =0.73 mm.

The rest can not be distinguished. So, the mean of separation of fringes

0.72+0.73 .
z = —-—-—-——7—- = . 125mum

e

The distance Ly between optical flat and 2 is equal to 327.04 mm, a
between Z; and Z; is 181.00 mm. All these were measured by long vernier
calliper with a precision of £0.02 mm. Consequently, we have the mean

separation of fringes on the film of air gap is

Xz

=) = 0.50mm

»
s

ax

“
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Considering the equation 3 - 6, the angle of wedge film of air gap is:

-

=1
X pir = A = 63_2,:'8X]0 — = 6.32%10 " radiun
Ax2n, cos(r)  0.50X107" x2x X cas{()
i} Percentage Differences of results between the Method of interference

Fringes (MIF) and the Direct Calculated Method (DC)

PercentageDifference % -

w O ~ 6. “+3.24%107
Coir ~ %ol ongp = ~032X10 ~ +#324XN107 1m0 - 20479
O 3.24%107

iv) Discussion

From the results obtained, the separation of fringes calculated by the
method of interference fringes has shown the clear difference in comparison with
the direct calcuiated method. The percentage difference of results between the
two methods is 80.47%. The inconsistency could be attributed to the following

reasons:

a) the incident angle of light beam

Because the incident light beam is aimost perpendicular to the

surface of the optical flats, all the reflected light from the surfaces of the flats are
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almost projected to the same areas in the field of view. The interference fringes
observed, as a result, could be a type of mixed interference fringes formed by the
reflected light from the four sutfaces of two optical flats, instead of those only
produced by the reflected light from two interfaces of wedge-shaped film of air, as

it is shown in Figure 3 - 9.

Figure3 -9 the mixed interference fringes formed by the reflected light
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b} the intensity of light beam
The intensity of light beam is so strong, though part of light
had been reflected by beam splitter, that the true interference fringes produced by
the reflected light from two interfaces of the wedge-shaped film of air were

obscured by the reflected light {rom other surfaces of optical fiat.

§3.15.2 The Spatial Filter was introduced into the setups

To improve the quality of the interference pattern, the spatial filter was

introduced.

i) Interference fringes

In comparison to the experiment above-mentioned, the fringes are very
clearly observed after using the spatial filter. However, four sets of fringes are
seen which interweave each other when the beam is nearly perpendicular to the
surface of optical flat, as is shown in Figure 3 - 10. Each fringe set appeared to
have the different width. This made fringes unclear. As a result, it is difficult to
measure the separation of consecutive interference fringes. In order to eliminate
the phenomenom as far as possible, the incident angle of laser beam was
adjusted. At incident angle of 20°, the number of fringes sets decreased from
four to two, as ts shown in Figure 3 - 11. The set with the larger width of fringes
was still a little unclear. However, it was clear enough to demarcate the position

of the edge of bright and dark fringes visualiy.
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i Value of Angle
At position Zy, only two clear fringes among the group of fringes were

visible. We have the separation cf fringes:

AX, =0.10 mm,

AX, =0.10 mm,

Because paris of the fringes except the clear fringes are

unrecognizable, the mean of these separation of fringes:

_0.10+0.10

AX 7, = = 0. 10mm

At position Zy, similarly, we have the separation of fringes:

AX =0.10 mm,
AX ; = 0.10 mm.

The rest can not be distinguished. So, the mean of separation of fringes

AXZ] = 0—10%012 = 0. 1Qmm
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The distance g between optical flat and Zp is equal to 289.20 mm, the
distance a between £, and Z; is 113.26 mm. All these were measured by vernier
calliper with a precision of +£0.02 mm. Consequently, we have the mean of

separation of fringes on the film of air gap is

Considering the equation 3 - 6, the angle of wedge film of air gap is:

A 28x10" !
o = 632.8x10 = 3.37%x 107 radian
’ AxZn, cos(r)  0.10x10 "X 2xIxcos(20°)
ifi) Percentage Differences of results between the Method of Interference

Fringes (MIF) and the Direct Calculated Method (DC)

PerceniageDifference % =

i — O pe

aDC

3.37x107" =3.24x10™

x 100% - -
324x10

*100% =3 .99%




iv) Discussion

What we had observed in the experiment showed that the background
noise in the field of view was cut down by the use of spatial filter with a 25 um
diameter pinhole in spite of the remarkable attenuation in power, The edges of
the interference fringes were far clearer using a 25um pinhole than for a 100 um
pinhole, Obviously, the percentage difference of results between the method of
interference fringes and the direct calculated method decreased considerably
from 80.47% to 3.99% after the spatial filter was introduced into the setups.

However, there are still some other factors except for the errors above-

mentiched of which affect the exactness of wedge-shaped angle.

a) optical flat
Theoretically, if the thickness of oplical flat is more than the
coherence length of source, the interference will not appear caused by the
reflected light FP, AP, and EP, as it is shown in Figure 3 - 9, which could result in
strong background noise as it was mentioned in above experiment. Therefore,
the thicker optical flat should be used to improve the situation in the future if the
laser with shorter coherence length is used to replace the HeNe laser at the same

time.

b) limitation of the viewing system
Limited by the dimensions of the equipment such as travelling
microscope with vernier scale, it is difficult to move the travelling microscope with

vernier from position Zg to position Z; along the same axial line of reflected light,
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as it is shown in Figure 3 - 2, despite best efforts had been taken. The minute
deflection from the axial line could result in the errors of the separation of
consecutive interference fringes. It could be the reason why the width of
interference fringes cbserved at position Z; was the same as the one observed at
position Z; Therefore, there is necessary io re-design the viewing system to
guarantee that Travelling Micrascope with Vernier move along the same axial line

of reflected light in the future work.

c) subijective
Estimation of the fringss is, to some extent, subjective.
Consequently, the separation of consecutive interference fringes measured by
different people will show variations. In view of the fact that the light of laser is
extremely dangerous for human eyes, some other methods such as image

capture will be considered to eliminate this error in the future.

d) instrument
If the angle of wedge-shaped film of air is so small that the tiny
interference fringes could not be discerned by common travelling microscope with
vernier scale. A high resoiution travelling microscope with vemnier scale should be
employed to improve this situation. Also, it is a good choice fo add some other

instruments such as magnifying lens in the viewing system.

In conclusion, it is a good method to detect the angle of wedge-shaped

film. Mareover, in consideration of the fact that intiatization and setup of the

extrinsic Fabry-Perot sapphire fibre sensors could be quite time-consuming, it will

57




also be a potential methed to be utilized to fabricate the Fabry-Perot cavity of

SEeNsors.

§3.16 The measurement of angle of a wedge-shaped sheet of glass

§3.16.1 Setup

The schematic of this experiment is shown in Figure 3 — 13. In this
experiment, a light from a HelNe laser with wavelength 632.8nm was allowed to
pass through a Spatial Filter with 100um diameter of pinhole, be divided by a
beam splitier, and then be incident on the surface of glass. The glass was fixed
on the Angle Vemier by a clamp in order that the incident angle / we need of laser
beam could be adjusted. A Travelling Microscope with Vernier was used to
measure the separation of consecutive interference fringes of equal thickness

produced by the two reflected lights from the two surfaces of wedge-shaped

glass.
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Beam Splitter | | HeNe Laser
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Travelling Microscope with Vernier Spatial Filter
Figure 3 -13 Schematic of the measurement of angle of a wedge-shaped

sheet of glass

§3.16.2 Experimental Results

i) Interference fringes
Two different kinds of fringes could be observed clearly when the
incident angle of laser light is about 22.5 , as it is shown in Figure 3 -14. The two

kinds of fringes appeared along the glass slide to and fro periodically, which could
be caused by the different situation of surfaces of glass. The fringes could hardly

be observed when the beam is nearly perpendicular to the surface of glass slide.
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(a) (b)

Figure 3 - 14 Interference Fringes by reflection with surfaces of glass slide

i) Value of Angle

At position Zp, we have the separation of fringes:

AX, =0.29 mm,
AX ; =0.29 mm,
AX} =0.31 mm,
AX, =0.28 mm,

Because parts of the fringes except clear fringes are unrecognizable,

the mean of these separation of fringes:

0.29+0.29+0.31+0.28
AX, = ;

=0.2925mm
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At position Z;, similatly, we have the separation of fringes:

AX! =0.36 mm,
AX 5 =0.37 mm.

The rest can not be distinguished. So, the mean of separation of fringes

_ 0.36+0.37

AX, = = {).305mm

bw

The distance L between Optlical flat and Z, is equal to 343.38 mm, the
distance a between Zp and Zy is 175.41 mm. All these were measured by vernier

caliber. Consequently, we have the mean of separation of fringes is

AX,
(1 '"—“"“‘_I)Lu
AX,
AX, =0X, (| - ————L ) = 0. 4] 9mm

°x=
AX,

Za

Considering the equation 3 - 6, the wedge angle of glass is:

Ao B 632.8% 10
Ax2i, cos(r) 0.1419x10 *x2xfnt —1xsin’(22.5%)

. -
~ 632.8x10 e = 1.52% 107 radian

0.1419%107 x 2x4/1.52% —sin*(22.5°)

0]




§3.2 Intrinsic Sapphire Fibre-optic Fabry-Perot Sensors

Based on the experiment done in section § 3.1, the aim of the
experiment is to establish a procedure which could be exploited to observe the
interference fringes from an intrinsic sapphire fibre-optic Fabry-Perot sensor, and

to infer the temperature from this signal.

§3.21 Functional relationship between the output of interference signal

of intrinsic sapphire fibre-optic Fabry-Perot sensors and

temperature

When a length of sapphire fibre is heated from temperature T4 to
temperature T,, there is a corresponding linear change from V; to Vs in volume.
Here, the expansion of single crystal sapphire fibre along the c-axis (across its a-
axis) is only considered because the change of sapphire fibre along the a-axis is
unrelated to the variation of the optical path difference. Therefore, the coefficient,
am, of volumetric thermal expansion of the substance on heating from T, io Tz is

expressed as [34,35)

I oV [ oL
(), = 1 - 16
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where, L is the length of sapphire fibre, P means that the thermal expansion is at
constant pressure.

Assuming constant atmospheric pressure, we have

_ldL

e 3-17
al" L dT ( )

Generally, the condition for multi-beam interference in parallel plate is

2nlcos8 = NA (3-18)

where, n is the index of refraction of the sapphire between the surfaces, € is the
angle between the direction of the incident rays and the perpendicular to the
surfaces, N is the order of interference, and A is the wavelength of the light in
vacuurm.

Therefore, differentiating equation 3 -18, we have

ﬂ; . A.mdh'_ﬁ:ﬂ_@ (3-19)
. 2nl.cos@ i N n

where, dN is the number of intederence fringes, and dn is the change of
refractive index.

Combining equation 3 - 17 with equation 3 - 18, we have
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N d
a ar =N _dn (3 - 20)
N n

Obviously, the variation of temperature could be translated into the
output of the number of interference fringes. As a result, we could obtain the
change in temperature by counting the number of interference fringes with some

instruments such as oscilloscope, etc.

§3.22 Experimental Design

Figure 3 -~ 15 shows the schematic of sctup for the experiment. In this
experiment, two endfaces of a length of multimode unclad sapphire fibre with a
diameter of 425 um, is polished to form the Fabry-Perot cavity of 70 mm in
lengths. Light from a HeNe laser with wavelength 632.8nm passes through a
spatial filter with a 25 pm diameter pinhole and is expanded by a beam expander.
It is then divided by the first beam splitter which is used to separate the input and
output light of the sensar, and then launched by a 10X microscope cbjective into
the muitimode sapphire fibre. A special holder, which can adjust the angle easily
between the principle axis of the microscope objective and the axis of the
sapphire fibre, was used to align the fibre. The soldering iron with ten different
temperature settings is used to heat a small length near the end of the sapphire
fibre. The interference fringes generated by the two reflections from the intetface

of air - sapphire and the end face of sapphire - air is divided again by the second
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beam splitter into two parts, one of which is processed in the oscilloscope or chart
recorder, and another is observed directly by the frame-grabber system which is
composed of travelling microscope with vernier scale, JVC digital colour video

camera, and computer.

Source Spatial Beam Beam Microscope Sapphire
HeNe Laser Filter Expander Splitter Objective Fibre 1
! !
i

Digitizing Oscilloscope
or Chart Recorder

Solder
Iron

Travelling Microscope with Vernier

JVC Digital Colour Video Camera

Computer

Figure 3-15  Schematic of measurement setup of interference fringes from an

intrinsic sapphire fibre-optic Fabry-Perot sensor

Considering the fact that the propagating light incident onto the first

endface of the sapphire fibre is partially reflected at the first air - sapphire




interface, and the light launched intc the sapphire fibre is also partially reflected at
the endface of the sapphire - air interface, the reflectivity, A, at each of the two

interfaces is equal to

R:(H_IT (3-21)

n+1

where, 1 is the index of refraction of the sapphire and equal to 1.763. Therefore,

we have

R :(."‘ _.1.\}2
n+|

=7.63%

/1763—1)2
L1763+1,

If we assumed that /, is the intensity of the incident light, /; is the
intensity of the light reflected from the first air - sapphire interface, and /> is the
intensity of the light transmitted from the first air - sapphire interface with the
opposite direction of incident light, which is the light reflected from the endface of

the sapphire - air interface, the visibility can be expressed as

I}jm = (3 - 22)
where,
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I =Rx], =763% I,

1, =R(l-RY"xI,
=7.63%-(1-7.63%)" -1,

Therefore, we have

21, %1, 2x7.63%x(1-7.63%)
1, +1, 7.63% +7.63%(1 — 7.63%)"

T

=99.69% =1

For the intrinsic sapphire fibre-optic Fabry-Perot sensor, the signal

received by the detector can be described as

Lo :%(f‘"f'/z)(l-*-vm cos o) (3 - 23)
Hence, we have
[i—‘":i[R+R(1—R'>EI}COS: fi) (3 - 24)
1, 2 2
As a result,
7.

=T 7% cos? (§~)
I, 2
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Obviously, the output signal of the intrinsic sapphire fibre-optic Fabry-
Perot sensor will be considerably weaker than the intensity of light launched into

the sensor though the interference fringes have a good visibility theoretically.

§3.23 Experimental Results and Discussions

i Fringes

From Figure 3 - 16, we could see the two types of interference fringes
output of intrinsic sapphire fibre-optic Fabry-Perot sensors, wherg the circular
fringes are generated by the two reflections from the interface of air - sapphire
and the end face of sapphire - air, and the straight fringes are produced by the
beam splitter. The cross features alsc were observed which are the flaws on the
travelling microscope with vernier scale. The edges of interference fringes are
obscure because the two types of intetference fringes interweave. If inserting a
piece of black paper in front of the microscope objective (position a) or the
sapphire fibre (position b}, respectively, we see only the straight interference
fringes, as is shown in Figure 3 -17, Figure 3 - 18, respectively. Ta ensure that
the circular interference fringes were not produced by the reflections between the
surface of microscope objective and the surface of one end of sapphire, a small
angle between its axis line and the axis line of microscope objective was made by
pasitioning the sapphire fibre, the circular fringes were still observed and
concluded to be due to intrinsic interference in the fibre.

The position of interference fringes was seen to shift with the changes

of temperature when the soldeting iron was used to heat the end of sapphire
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fibre, as it is shown in Figure 3 - 19. The background at the centre of the
interference fringes changes from darkness to brightness in tums during heating
and cooling. The rings of the interference fringes shrink and vanish at the centre
ceaselessly because the length of sapphire fibre changes with the rise of the

temperature of soldering iron.

Cross Features from microscope

\

Round interference fringes straight interference fringes

Figure 3 - 16 Interference Fringes From the Intrinsic Sapphire Fibre-optic

Fabry-Perot Sensors
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Straight Interference Fringes

Figure 3 -17 Straight Interference Fringes when a black paper is at Position a
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Straight Interference Fringes

Figure 3 - 18 Straight Interference Fringes when A Black Paper is at Position b
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Centre of interference fringes(darkness) round interference fringes

(a) Interference fringes before heating

Figure 3 - 19 The changes of Interference Fringes before heating and during

heating




Centre of interference fringes(brightness) round interference fringes

(b) Interference fringes during heating

Figure 3 - 19 The changes of Interference Fringes before heating and during

heating
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Centre of interference fringes(brightness) round interference fringes
{¢c) Interference fringes when heating 5 minutes

Figure 3 - 19 The changes of Interference Fringes before heating and during

heating
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1
Centre of interference fringes(darkness) round interference fringes
(d) Interference fringes when heating 10 minutes

Figure 3 - 19 The changes of Interference Fringes before heating and during

heating
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Centre of interference fringes(brightness) round interference fringes

(e) Interference fringes when stopping heating

Figure 3 - 19 The changes of Interference Fringes before heating and during

heating
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/ \
Centre of interference fringes(darkness) round interference fringes
(f) Interference fringes when stopping heating 5 minutes

Figure 3 - 19 The changes of Interference Fringes before heating and during

heating
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Centre of interference fringes(brightness) round interference fringes

(g) Interference fringes when stopping heating 10 minutes

Figure 3 - 19 The changes of Interference Fringes before heating and during

heating
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ii Chart

a) Oscilloscope

Also, the changes of interference fringes during heating and cooling
could be observed using the oscilloscope, as it is shown in Figure 3 ~ 20 and

Figure 3 - 21.

The output signal varied slowly between 415 mV and 435 mV with the
changes of temperature when the end of sapphire fibre was heated by the

soldering iron and cooled with the soldering iron.
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(a) Qutput signal before heating

Figure 3 -20 The changes of Output signal before heating and during heating
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(b) Output signal when heating from rcom temperature to 70°C (up)
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(©) Output signal when heating from room temperature to 245°C {down)

Figure 3 - 20

The changes of Output signal before heating and during heating
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(d)  Output signal when heating from room temperature to 365 C (up)
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(e) Output sighal when heating from room temperature to 365°C and keeping it

(1) (up)

Figure 3 -2¢ The changes of Output signal before heating and during heating
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(e) Output signal when heating from room temperature to 365°C and keeping it
{2) (down)

Figure 3-20 The changes of Output signal before heating and during heating
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(b) Output signal when cooling for 4 minutes {up)

Figure 3 - 21 The changes of Output signal during cooling
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(c) Output signal when cooling for 7 minutes (down)
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(d) Outpui signal when cooling for 10 minutes (up)

Figure 3 - 21 The changes of Qutput signal during cooling
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(e) Output signal when cooling for 14 minutes (up)
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Figure 3 - 21 The changes of Output sighal during cooling
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b) Chart Recorder

The chart recorder could clearly draw the changes of intensity of
interference fringes from darkness to brightness. Therefore, the optical path-
length difference at different environmental temperatures could be obtained by
totalizing the maxima or minima of the trace of the interference fringes on the
drawing, as it is shown in Figure 3 - 22. The remaining traces of the graphs under
the different temperatures can be found in Appendix. Table 1 shows the value of
the number of interference fringes under the different iemperatures. Thus, we can
acquire the fitting equation, the functional relationship between the number of
interference fringes of intrinsic sapphire fibre-optic Fabry-Perot sensor and
temperature, by data fitting, as it is shown in Figure 3 - 23. A linear output as a
function of temperature was obtained for the measurement range of 75 °C - 435
°C. Obviously, as long as we can record the number of interderence fringes of
intrinsic sapphire fibre-optic Fabry-Perot sensor, we can acquire the
corresponding temperature by the fitting equation.

According to the fitting equation, the output of the number of
interference fringes when the temperature goes up from room temperature 20 °C

to 435 °C should be

dN =031x 269

=0.31x435-26.9 =107

Assuming constant atmaospheric pressure, the eguation 3 -12 will be

expressed as
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dN (3 - 25)

~|

Hence, the change of single crystal sapphire fibre along the c-axis is

32.8%10°°
al =2y = B28X0 7 19.20m

2n 21,763

I
Tem(pl%r)at”re 75 | 95 | 140 | 195 | 240 | 280 | 330 | 375 | 420 | 435
Fringes -
Count 2 4 13 | 31 | 48 | 55 | 73 | 90 | 99 | 117
Table 1 the value of the number of interference fringes under the different
temperatures




Volts
(mv)

Speed ( 2mm/s )

Figure 3 - 22 The output of sensors from the chart record




y=+0.310x' -26.9, max dev:9.09, *=0.988
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100

Fringes ¥is)
Number

50

25
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Temperature (°C)

Figure 3 - 23 The output of intrinsic sapphire fibre-optic Fabry-Perot sensors

as a function of temperature
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Discussions

From the results obtained, the poor optical resolution of the fraveiling

microscope with vernier scale and JVC digital colour video camera was not good

enough to shoot the high quality pictures. Therefore, one with higher resolution

should be employed to improve this situation in the future. There is a linear

relationship between the ten temperatures measured and the output signal of the

intrinsic sapphire fibre-optic Fabry-Perot sensor for the range of iemperature 75

°C - 435 °C. Nevertheless, the output of the sensor could suffer from some

background noise, that is:

1)

2)

3)

The straight interference fringes produced by beam splitter interweave
with the circular interference fringes output by the intrinsic sapphire
fibre-optic Fabry-Perot sensor so that it will lead to a strong noise.
Consequently, the coated pellicle beam splitter should be considered to

be an alternative in the future.

The reflected light from microscope objective was also an important
factor if compared Figure 3 - 17 with Figure 3 - 18. However, it can be

improved by using all fibre-optic system in the future.

In view of the fact that the sapphire fibre is heated by nonuniform way
limited by the shape of the solder iron, it causes the changes of the

output of the sensor. Therefore, further experiment for calibration needs

to be done in the future.
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§3.3 Extrinsic Sapphire Fibre-optic Fabry-Perot Sensors

Based on the method proposed in the wedge interferometer experiment
in section §3.1, the aim of the experiment is to establish a procedure which can
exploit directly the observation of the interference fringe output of extrinsic
sapphire fibre-optic Fabry-Perot sensors, and determine the air gap cavity length

of sensors without initiation.

§3.31 Functional relationship between the output of interference signal
of extrinsic sapphire fibre-optic Fabry-Perct sensors and

temperature

We assumed that the extrinsic sapphire fibre-optic Fabry-Perot sensors
will be fixed to homogeneous plate materials and the adhesive such as high
temperature ceramic adhesive based on aluminum oxide will have the same
coefficient of volumetric thermal expansion with the sapphire fibre at the
temperature Ty, as it is shown in Figure 3 - 24. L, and Ly is the distance between
the attachment point and the endface of sapphire fibre a and sapphire fibre b,
respectively. L is the length of cavily, and Ly is the distance between the two
attachment points.

For the extrinsic sapphire fibre-optic Fabry-Perot sensor, the optical

path difference for maximum fringe brightness can be described as

Az=2nl. =mi (3 -26)
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where n is the refractive index of the interferometer medium. For air, n= 1. So, we
have
A=2L=mA (3 -27)

When the extrinsic sapphire fibre-optic Fabry-Perot sensors is heated
from temperature T to temperature Ts, there is a corresponding linear change of

interference cavity from L to L’in length, respcctively. Therefore, we have

2L~L) = (m'—=m)A = NA (3 -28)

where, Nis the number of interference fringes counted in going from T;to To.

Here,

L'=L-AL, ~AL VAL, (3 - 29)

where AL, and AL, is the change of the distance between the attachment point
and the endface of sapphire fibre a and sapphire fibre b, respectively, from
temperaiure Ty to temperature 7o Alg is the change of homogeneous plate

material from temperature Ty to temperature T, From equation 3 - 17, we have

o, LAT = AL, (3 - 30)

ap u

a,, LAT = AL, (3 -31)

N
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o, L, AT = AL, (3 - 32)

where, asay is the coefficient of volumetric thermal expansion of the sapphire fibre,
am is the coefficient of volumetric thermal expansion of the homogeneous plate
materials. AT is the change of temperature due to heating. As a result, the
number of fringes in the output signal of the sensor with the increase of

temperature is described as

2o

i

L,‘: oL, — amgr L/J )AT

vap a

A

INY

(3 -33)

Considering the fabrication of interferometer cavity, the length of cavity

should meet the following condition if ALT™ + AL™ > AL™

A~

o

ALY + AL - ALY € L< =

(3 - 34}

where, AL™ and AL is the maximum change of the distance between the
attachment point and the endface of sapphire fibre a and sapphire fibre b,

respectively, from temperature 7; to temperature T, ALT™ is the maximum

change of homogenecous plate material from temperature 7y to temperature T2




Homogeneous plate materials

Sapphire fibre a

"

Sapphire fibre b

#

Adhesive

Figure 3 - 24 The schematic of extrinsic sapphire fibre-optic Fabry-Perot

sensor

For the extrinsic sapphire fibre-optic Fabry-Perot sensor, if we assumed
that /o is the intensity of the incident light, /; is the intensity of the light reflected
from the first sapphire - air interface, and /2 is the intensity of the transmitted light
from the first sapphire - air interface with the opposite direction of incident light,
which is the light reflected from the endface of the second air - sapphire interface.

where,
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1, = R(l—Ryx 1, =7.63%(1~7.63%) 1,

I, =RU-R)xI,=7.63% (1-7.63%)" -1,

Therefore, the visibility can be expressed as

2y xI, 2% 7.63% % (1= 7.63%)"

et - - ) T = 99.69% =~ 1
' I+1,  7.63%(1-7.03%)+7.03%(1 —7.63%)"

For the extrinsic sapphire fibre-optic Fabry-Perot sensor, the signal

received by the detector can be described as

I. =%(l- RY, +1,)(1+V_, cosd) {3 - 35)

Hence, we have

I - hl
—L = 6,03%cos” ('/é)
" 2

Obviously, the output sighal of the extrinsic sapphire fibre-optic Fabry-
Perot sensor will be weaker considerably than the intensity of light launched into

the sensor though the interference fringes also have a good visibility theoretically.




§3.31.1 Experimental Desigh

Figure 3 - 25 shows the schematic diagram for the experiment. Light
from a HeNe laser with wavelength 632.8nm passes through a spatial filter with a
25 pm diameter pinhole and is expanded by a beam expander. It is first divided
by the coaied pellicle beam splitter which is used to separate the input and output
light to and from sensor. The light then is launched by a 10X microscope
objective into the muitimode sapphire fibre. A special holder, which can adjust the
angle between the principle axis of the microscope objective and the axis of the
sapphire fibre, is used to fix the sapphire fibre a. Sapphire fibre a, whose one
endface of which was polished at an slight angle with respect to the fibre axis
normal to prevent fram intrinsic interference, and Sapphire fibre b, whose far
endface was unpolished. The endfaces forming the cavity were carefully
prepared to ensure flathess and perpendicularity to the fibre axes, and were
aligned face to face along the same axial line to form a tow-finesse Fabry-Perot
cavity. Sapphire fibre b is attached to a translation stage tc produce an accurate
reference distance for experiment and system calibration. A soldering iron with
ten different temperatures setting is used to heat a small length near the end of
sapphire fibre b. The output beam containing the interference fringes is divided
by a bulk beam splitter into two parts: one is processed by the chart recorder, and
the other is observed directly by the frame-grabbing system which is composed of
a travelling microscope, a JVC digital color video camera, a JVC video recorder

and computer.
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To avoid producing interference fringes by the cavity formed between
the end of the microscope objective and the sapphire fibre end, a small angle

between its axis and the axis of microscope objective was used.

Source Spatial Beam Beam Microscope Sapphire Sapphire
HeNe Laser Filter Expander Splitter Objective Fibrea Fibreb

Solder
Iron

-1 Translation
Stage

Digitizing Oscilloscope
or Chart Recorder

Travelling Microscope with Vernier

JVC Digital Color Video Camera

Computer

Figure 3-25  Schematic of measurement setup of interference fringes from the

extrinsic sapphire fibre-optic Fabry-Perot sensor
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§3.31.2 Experimental Results and Discussions

i Fringes

Considering the reflecied signal from the bulk beam splitter is quite
strong and the output of the interference fringes from the extrinsic sapphire fibre-
optic Fabry-Perot sensor can alsc be quite weak, the bulk beam splitter was
replaced by a coated pellicle beam splitter to improve this situation. Inserting a
piece of black paper in front of the microscope objective (position a), we can see
only speckie, which reflected from pellicle itself, instead of the straight
interference fringes previously seen with the bulk beam splitter, as it is shown in
Figure 3 - 26. Removing the black paper from position a, we can see a kind of
mixed-type intetference fringe patierns formed by the reflected light from the
surfaces of microscope objective, and the two endfaces of sapphire fibre a and
the endface of sapphire fibre b, as it is shown in Figure 3 - 27. Obviously, the true
output of the cavity interference fringes produced by the extrinsic sapphire fibre-
optic Fabry-Perot sensor is partially obscured by the background noise, and
therefore can not be easily observed by this experimental configuration. However,
the change of interference fringes can be observed in the viewing system when
we adjusted the translation stage to move the end of sapphire fibre b, as it is

shown in the video cassette.
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bright speckle

Figure 3 - 26 bright speckle reflected from pellicle itself when placing a
black paper at position a
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bright speckle mixed-type interference fringes

Figure 3 - 27 The output of interference fringes of extrinsic sapphire fibre-
optic Fabry-Perot sensors when moving away the black paper at

position a
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ii Chart

The chart recorder could clearly draw the changes of intensity of
interference fringes from darkness to brightness. Therefore, the optical path-
length difference at different environmental temperatures could be obtained by
counting the number of maxima or minima in the trace of the interference fringes
on the drawing, as it is shown in Figure 3 - 28. The irregular output signal of the
extrinsic sapphire fibre-optic Fabry-Perot sensors shows that background noise

was still present in the system.

Volts
(mv)
Speed ( Tmm/s )
Figure 3 - 28 Chart recording of the output of the extrinsic sapphire fibre-

optic Fabry-Perot sensor
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iii Discussions

From observation, the output of the interference fringes of the extrinsic
sapphire fibre-optic Fabry-Perot sensor can not readily be observed by the low
resolution travelling microscope with vernier and JVC digital colour video camera.
Therefore, a system with higher resolution should be employed to improve this
situation in future. The irreguiar output signal of the extrinsic sapphire fibre-optic
Fabry-Perot sensor shows that background noise was prevalent in the system,

that is:

1) Although the coated pellicle beam splitter was used to replace the buik
beam splitier, the interference fringes output by the extrinsic sapphire fibre-optic
Fabry-Perot sensor is still affected by the interference between the microscope
objective and sapphire fibre a. Also, the output of interference fringes of the
exirinsic sapphire fibre-optic Fabry-Perot sensor can be quite weak.
Consequently, an all fibre-optic system should be considered to be an alternative

to the current free space arrangement in future,

2) Because of the coherence length of HeNe laser, the refiected light from
the two endfaces of sapphire fibre a also gave rise o interference fringes and led
to an overlap between the fringe of the intrinsic effect and that of the exirinsic
effect. Therefore, a laser with shorter coherence length could be considered as

an alternative in future work.
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3) The sapphire fibre is heated in a nonuniform way limited by the shape of
the soldering iron. Therefore, further experiment for exact calibration needs to be

dohe in future.

4) In order to fabricaie and calibrate the cavity of the extrinsic sensor, a new
setup which can exactly control the distance and situation of the FP cavity needs

to be built up in future.




§3.32  White Light Interferometric Signal Processing Techniques

In view of the problem of initiation, environmental perturbation, costs,
ete, during the process of the fabrication and measurement of extrinsic fibre-optic
Fabry-Perot sensors, white light interferometric signal processing technigues are
a good choice to improve the situation discussed-above for its high stability and
accuracy [36,37,38].

White light interferometric signal processing techniques utilize a
broadband source such as a super-luminescent diode {SLED) instead of a laser
in the system of extrinsic sapphire fibre-optic Fabry-Perot sensors. A
spectromeler and a personal computer finish the signal processing, as it is shown
in Figure 3 - 29,

It an LED has a Gaussian spectral intensity distribution in their emitted

radiation, this can be expressed by the formula [39]

k"“k[] 5
° 3-36
=08 (3 36)

ra

1(k)y=1, exp[

where ky is the central wave number and o is the half width of the spectra (K~ K)
at which the optical power falls to e of its maximum value at ko.
For the extrinsic sapphire fibre-optic Fabry-Perot sensor, the signal

received by the detactor can be described as

Iy =1, - [1+vk, A)cos[@k, A (3 - 37)
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where v(k, A) is the visibility function of the output of interference fringes, A is the

optical path difference of the interferometer cavity. Here

b
I
[:)
B

(3 - 38)

where 1 is the refractive index of the interferometer medium, L is the length of air

gap of cavity. Ok, A) is the optical phase angle and can be expressed as

.
puk, Ay = T2 (3 - 39)

where A is the wavelength of light in vacuum. So, we have
0k, A) = 3’;5 . (3 - 40)

Consider two different wavelengths from the LED source A; and Az

which can be expressed as

2rA dand,
(kA = i— = ——2 - 41
&.( ) I 0 (3-41)

] |
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where /=1, 2. Therefore, the phase difference between the two spectral lines A®

is

Ap=9, ¢ = 47mL(2/'|__ 4) (3-42)
Ay s
Therefore, the length of cavity L is equal to
_ “f.'.\(,’)" )». “ Ay 3 - 43)
4 A, — A,)

Obviously, the length of interferometer cavity can be calculated by
measuring the phase differcnce A®, and the wavelengths A; and A,, which can

be performed by the spectrometer.
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§3.32.1 Experimental Design

The experiment set-up is shown in Figure 3 - 29.

An LED with a central wavelength %, of 880 nm and a spectral width AL
of 80 nm was used as the light source. The light from the LED is collimated and
expanded by a beam expander, and then passes through a beam splitter which is
used to separate the input and output light of sensor. Light from the LED is
transmitted by a 10 X microscope objective into the sapphire EFPI. A special
holder, which can adjust the angle between the principle axis of the microscope
objective and the axis of the sapphire fibte, is used to fix the orientation of the
sapphire fibre. Sapphire fibre a, whose first endface was polished at an small
angle with respect 1o the fibre axis normal, and sapphire fibre b, whose far end
was left unpolished, cavity forming endfaces were carefully prepared to ensure
flatness and perpendicularity to the axis line of the two sapphire fibres. Sapphire
fibres were inserted face to face into a hollow sapphire tube to form a Fabry-Perot
cavity. Sapphire fibre b was aitached to a translation stage to produce a
reference distance for experiment and system calibration. The interference signal
was detected by optical detector and processed in a computer-interfaced
spectrometer so that the cavity length may be calculated.

1t was found that the spectrum of the LED varied with a change of toad
voltage, that is, if the load voltage varied from 5 V to 9 V, the central specirum of
the LED also rose from 885 nm at 5 V to 899 nm at 9 V, as is shown in Figure 3 -
30 (a), (b). Therefore, we have to choose two fixed values of voltage 5 or 9 Volit
in order to ensure the validity of experimental results. Moreover, with the increase

of load voltage, the intensity output of the LED also enhances. Hence, the




sensitivity setting of the instrument for the load voltage 9 V must be lower than
that for the load voltage 5 V to prevent from the overflow. As a result, the figures
on the graph of the LED for the load voltage 9 V are less than that for the load

voltage 5 V, as is shown in Figure 3 - 30 (a), (b).

LED Beam expander = Beam Splitter Microscope Objective Sapphire
EFPI

a b

]::::::::::::"'_L:::::::::::::O‘:::::ZJ /P—I—f’

E § Sapphire capillary

i Translation Stage
Focussing Lens >

Chopper *

Spectrometer

Silicon Detector

Signal Processing
System

Figure 3 - 29 Experimental setup of extrinsic sapphire fibre-base Fabry-Perot

interferometer
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70 820 870 920 970

(a) The output spectrum of A=885 nm LED at 5 Volts

770 820 870 920 970
Spectrum (899nm)
9V

(b) The output spectrum of A=899 nm LED at 9 Volts

Figure 3 - 30 output spectra of the LED under varying voltage
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Intensity

(c) output of LED after working a period of time

Figure 3 - 30 output spectra of the LED under varying voltage
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§3.32.2 Experimental Results and Discussions

The experiment result is shown in Figure 3 - 31.
1. When sapphire fibre b is far away the lead-in fibre a, the spectrum
output of the EFPI sensor is shown in Figure 3 - 31 (a). When sapphire fibre b is
quite close to the lead-in fibre a, the output spectrum of EFFI sensor is also
shown in Figure 3 - 31 (b). it is obvious that the intensity of output signal of EFPI
is enhanced with the reduction of the air gap. The same phenomenon was also
demonstrated as it is shown in Figure 3 - 31 (c), (d), (e}, in which the length of the
air gap, measured by a dial gauge with a precision of +0.01 mm, was adjusted
decreasingly by moving translation stage to about 16um, 8ium, 3um, respectively.

However, the situation is not always like this as it is shown in Figure 3 -
31 (f), {9), (h), (i}, which the air gap is 3um, 6pum, 12um, 17um, respectively. The
reason is likely to be due to the undulation of power output of LED after working a
period of time, as it is shown in Figure 3 - 30 (¢). which the output spectrum of
LED transformed if compared with Figure 3 - 30 (a) or (b). The same situation
discussed-above also was encountered at the load voltage 9 V, as it is shown in
Figure 3 - 33 (b), Figure 3 - 33 (¢}, Therefore, we need a light source with a stable

output in future experiment.
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Intensity

(a) The output spectrum of A=899 nm LED at 9 V when sapphire fibre b is

far away the lead-in fibre a

(b) The output spectrum of A=899 nm LED at 9 V when sapphire fibre b is
close to the lead-in fibre a

Figure 3 - 31 The output spectrum of sapphire EFPI sensor at different
lengths of air gap
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Air gap = 16um

(c) The output spectrum of A=899 nm LED at5 V

Intensity

Air gap = 6um

(d) The output spectrum of A=899 nm LED at 5V

Figure 3 - 31 The output spectrum of sapphire EFPI sensor at different
lengths of air gap
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775 825 875 925 975
Spectrum (885nm)

Air gap = 3um
(e) The output spectrum of A=899 nm LED at 5 voltage

The output spectrum of sapphire EFPI sensor at different

Figure 3 - 31
lengths of air gap
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Air gap = 3um

(f) The output spectrum of A=899 nm LED at 9 voltage
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770 820 870 920 970 ’
Spectrum (899nm) ‘
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Air gap = 6um

(g) The output spectrum of A=899 nm LED at 9 voltage

Figure 3 - 31 The output spectrum of sapphire EFPI sensor at different
lengths of air gap
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Air gap = 12um
(h) The output spectrum of A=899 nm LED at 9 voltage
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Air gap = 17um

(i) The output spectrum of A=899 nm LED at 9 voltage

Figure 3 - 31 The output spectrum of sapphire EFPI sensor at different
lengths of air gap
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2.

Comparing Figure 3 - 31 with Figure 3 - 30 (a), (b), the spectra from the

fibres have significantly increased noise level. It means the output signal of the

EFPI sensor includes a large amount of noise so that very low fringe visibility is

obtained, and this leads to the issue that the desired output signal can not be

distinguished by spectrometer.

ifi.

The following works were done in order to determine the origin of noise.
To adjust the translation stage carefully, detect the output sighal by
spectrometer. The result is shown in figure 3 - 31 (®, (q), (h), ().
Obviously, there is no significant difference between the four output
spectra. Therefore, this implies that the background signal received by
the optical detector totally covered the change due to the FP signal.
Clean the endfaces of the sapphire fibres, splitter, and then detect the
output signal again. The curves of output spectrum become less noisy
as is shown in Figure 3 - 31 (¢}, (d), (e) in comparison with those before
cleaning as it is shown in Figure 3 - 31 (a), (b). Consequently, we must
take some special precautions to prevent from the contamination
caused by airberne particulate and man-made faults.

With the increase of load voltage from 5 V to 9 V, the intensity output of
the LED also enhances. As a result, the noise level is correspondingly
enhanced if comparing Figure 3 - 30 (a) with Figure 3 - 30 (b).

If we used the infrared viewer to observe the light directly, we saw a lot
of reflected and scattered light from the splitter, lens, beam expander,
etc. By adjusting the angle of the splitter and the angle between the
principle axis of the microscope objective and the axis of the sapphire

fibre, we can filter a part of scattered light from the splitter. The result is
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as shown in Figure 3 - 32 (a), (b). Apparently, the major factors which
produce the background signal is the reflected light from the splitter, etc.
As Figure 3 - 32 (b) shows, the signal we received is so weak that we
can not distinguish it. We have to change to a more sensitive detector,
the result is shown in Figure 3 - 33 (a). The signal received by new
detector is more evident, but it still includes a lot of noise. So, we add a
lens before the spectrometer to focus the signal. The result is shown in
Figure 3 - 33 (b). However, the remaining background signal is also
strengthened at the same time as the desired signal, as is shown in
Figure 3 - 33 (c). The different spectra between Figure 3 - 33 (b) and
Figure 3 - 33 (c) was contributed to the different positions and angles of

lens. As a result, we still can not extract the signal from the FP cavity.

v

Intensity

775 825 875 925

(a) The Output Spectrum before filtering reflection light from splitter

Figure 3 - 32 Comparison of Output Signal
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( b ) The Output Spectrum after filtering reflection light from splitter

Figure 3 - 32 Comparison of Output Signal
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(b)
Figure 3 - 33 Signal Received by New Detector
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(c)

Figure 3 - 33 Signal Received by New Detector

In summary, the reason why the present set-up used is not suitable for
detecting the interference signal of sapphire EFPI sensor by white light
interferometric signal processing techniques is not only the noise caused by
reflected and scattered light from splitter, lens, etc. but also due to the large loss
of the cavity signal caused by multiple reflections. Therefore, we must change the
present experimental set-up into all-fibre setup to detect the interference signal in

future work.
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§3.4 Monolithic Sapphire Fibre-optic Fabry-Perot Sensors

In order to fabricate an integrated Fabry-Perot sensor, a monolithic
Fabry-Perot cavity structure was designed. Michelson interferometric testing was
also used to assess the optical quality of the internal surface of the melted end of

the sapphire tube.

§3.41 Phase relationship between the output of the interference signal of
monolithic sapphire fibre-optic Fabry-Perot sensors and the

angular frequency of sound wave

From Figure 2 — 14, the output signal of the monolithic sapphire fibre-

optic Fabry-Perot sensors can be expressed as

[=1 41,4211, cosd (3 - 44)

where /; is the intensity of light from the endface of the lead-in sapphire fibre, and
Iz is the intensity of light from the endface of the sapphire diaphragm. & is the total
phase difference arising from the optical path diifference between the fwo

reflections. Here, given that the refractive index of air, n=1, we have

A (3 - 45)

Hence, we have
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45 = 47”(/{.' (3 - 46)

where dL is the total change of the optical path difference of the interferometer

cavity, and equal to

dl=dL, +dL, (3 -47)
where, dLp is the change of the optical path difference of the cavily caused by
pressure change of background, and is the function of pressure P. dLy is the

thermal expansion change of the optical path difference of the cavity generated

by the temperature change. Hence, we have
. 4
dé = %’rdL: f-(dL,, +dL,) (3 - 48)

where, the pressure P is the function of temperalure T and the anguiar frequency

of sound wave w. Finally, we can have

dil, (@, 1) = id(b‘ —dL, (3 - 49)
47




§3.42 The Fabrication of The Head of Sensors

Direct laser melting was used to fabricate the head of the sensors, as is
shown in Figure 3 - 34. A beam of CO; laser radiation is expanded and split into a
hollow cylindrical tube beam with relatively uniform intensity distribution by a
reflaxion, as is shown in Figure 3 - 35, and then reflected and projected by a
coated plane mirror oriented at an angle of 45° onto a parabolic mirror which is
used to focus the cylindrical beam on a small spot to melt the top of the sapphire
tube. Very high temperatures can be achieved rapidly. The sapphire capillary is
clamped by a special holder so that the end of the tube is melted, and then
cooled during a period of time. Finally, this melted top section of sapphire tube

sheath is polished until the head of sensor we need was obtained.

Laser

ﬂ Melted Part

Melt Polish

e aE———""

Sapphire Capillary

Figure 3 - 34 Schematic of procedure of Fabrication of Sapphire Sheath

124




Parabolic Mirror

Reflaxicon

7
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Elliptical -
Mirroe
Holder
Figure 3 - 35

Schematic of procedure of Fabrication of Sapphire Sheath




A microscope was used to examine the internal surface of the melted
end of the sapphire tubc to assess the quality of the surface, and the results are
shown in Figure 3 - 36. The inner face of the sapphire capillary can be sean to be
rough. This situation is likely to be caused by the surface tension of the melting
area on the top of the sapphire capillary when cooling. Although the way to
fabricate the sapphire sheath is controlled deliberately under almost identical
conditions, the shapes of the internal surfaces of the sheaths were found to be
quite different, as is shown in Figure 3 - 37 {(a), (b), (c), {(d}. During production,
there is slight variation in position and angular alignment between the sapphire
tube and the laser axis, which makes the temperature distribution on the meiting
end of sapphire tube nonuniform and results in varying thermal stresses when

cooling.
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Hollow Capillary Cavity Body of Capillary

Melted End Section Roughly Interal Surface of Melted

End
(a)

Figure 3 -36 The Picture of the Inner Face of a Melted End of a Sapphire

Capillary Sheath
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Body of Capillary Hollow Capillary
Cavity

Melted End Section Convexoconcave Inner Surface Face of Fibre
Tube

(b)

Figure 3 - 36 The Picture of the Inner Face of a Melted End of a Sapphire

Capillary Sheath




(a) Sapphire Capillary Sheath 1

Figure 3 - 37 The Picture of the Inner Face of a Melted End of a Sapphire

Capillary Sheath




(b) Sapphire Capillary Sheath 2

Figure 3 - 37 The Picture of the Inner Face of a Melted End of a Sapphire

Capillary Sheath
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(c) Sapphire Capillary Sheath 3

Figure 3 - 37 The Picture of the Inner Face of a Melted End of a Sapphire

Capillary Sheath




Homogenous part

(d) Sapphire Capillary Sheath 4

Figure 3 - 37 The Picture of the Inner Face of a Melted End of a Sapphire

’ Capillary Sheath
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§3.43 WMichelson Interferometric Method Testing

To evaluate the optical quality of the internal surface of the melted end
of the sapphire capillary and its usefulness in being able to form a reflective
cavity, a Michelson interferometric method was used to observe directly the
interference fringes generated by the reflected lights from a mirror and from the
internal surface of sapphire tube sheath.

A special holder, which could adjust the angle of the capillary, was used
to fix the sapphire tube sheath. In order to eliminate the reflected light from the
rim of the other endface of the sapphire tube sheath, the rim was covered. A lens
was placed before the screen to magnify the image of the interference fringes.
The interference fringes were captured directly by a digital color video camera

and frame grabber.

§3.44 Results and Conclusion

From Figure 3 - 38 (a). (b), (c). we can see two types of interference
fringes. One is a set of circular fringes, which are likely to be the fringes of equal
inclination generated by the two reflected beams from mirror and the part of
internal homogenous surface of the sapphire tube sheath perpendicular to the
mirror. Another sot are of curved shape, which are likely to be produced by the
two reflected lights from mirror and the part of internal irregular surface of the
sapphire tube sheath. It seems that the phenomenon coincides with the shape of
the internal surface of the sapphire tube sheath on which large parts of light are

reflected along the same direction, as is shown in Figure 3 - 37 (d), (a), (c),




respectively. The same situations also are observed in Figure 3 - 37 (b), the
rough internal surface of the sapphire tube sheath made the light scatter so that
the output of interference fringes is straight or curved fringes, as it is shown in
Figure 3 - 38 (d). Obviocusly, there is the potential to fabricate a monolithic
sapphire fibre-optic Fabry-Perot sensor by the sapphire tube sheath. However,
the following problems should be solved in advance if considering the structure

and assembly of the monalithic sapphire fibre-optic Fabry-Perot sensor:

1} The investigation on the formation and its process of intemal
homogenous surface of the sapphire tube sheath during cooling wili be
an important aspect in future work, for the uneven surface will cause the
light to be highly scattered, as a result, there will be strong background
noise in the output signal of the monolithic sapphire fibre-optic Fabry-

Perot sansor.

2} The internal surface of the sapphire tube sheath produced by melting
should be able to be adjusted easily to keep parallel with the endface of
the sapphire fibre to form a Fabry-Perot cavity. Otherwise, the assembly

of the monolithic sapphire fibre-optic Fabry-Perot sensor will be difficult.

3) Under the high temperature, the thermal! expansion of the internal
surface of the sapphire tube sheath formed by melting can lead to
drifting, distortion, and loss of the output signal of the monolithic
sapphire fibre-optic Fabry-Perot sensor assembled under the room

temperature. Therefore, study of the process of thermal expansion of
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4)

the internal surface of the sapphire tube sheath should be further

finished.

If the transformation of the internal surface of the sapphire tube sheath
produced by outside vibration is asymmetrical, the same situation
discussed in 3) can also appear. Therefore, further research on the
transformation process of the internal surface of the sapphire tube
sheath under the vibration environment outside should be done in

future.

the fringes of equal inclination

(a)




(c)
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(d)

Figure 3 - 38 the interference fringes generated by the two reflected lights

from mirror and the part of internal surface of sapphire tube sheath
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§4 Summary and Conclusion

We have investigated a number of topics related to establish a
procedure of prototype to monitor the process of fabrication of a Fabry-Perot
cavity.

A function of separation between the angle of wedge-shaped air gap of
two slightly inclined optical flats and interference fringes of equal thickness was
investigated and deduced. Two methodologies were presented to check the
consistency:

1.  Experimental method

Measuring the separation of the interference fringes to calculate
the wedge angle {MiF).

2. Theorstical analysis

Direct calculation by measuring the thickness of the separating
shim (DC).

From the results obtained in this experiment, the separation of fringes
calculated by experimental method has shown the clear difference in comparison
with the theoretical analysis. The percentage difference of results between the
two methods is 80.47%. it was found that the inconsistency could be attributed to
the following reasons. First, because the incident light beam is almost
perpendicular to the surface of the optical flats, all the reflected light from the
surfaces of the flats are almost projected to the same areas in the field of view.
The interference fringes ohserved, as a resuli, could be a type of mixed
interference fringes formed by the reflected light from the surfaces of four optical

flats, instead of those only preduced by the refiected light from twe interfaces of
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wedge-shaped film of air. Second, the intensity of light beam is so strong, though
part of light had been reflected by beam splitter, that the true interference fringes
produced by the reflected light from two interfaces of the wedge-shaped film of air
were obscured by the reflected light from other surfaces of the optical flat. The
use of a spatial filter can reduce the inconsistency. The percentage difference of
results between the method of interference fringes and the direct calculated
method decreased considerably from 80.47% to 3.99% after the spatial filter was
introduced into the setups. However, there are still some other factors except for
the errors above-mentioned of which affect the exactness of wedge-shaped angle
such as the thickness of optical flat, the coherence length of source, limitation of
the viewing system, subjective, resolution of the instrument, the corresponding
solutions also were proposed. The angle of a wedge-shaped sheet of glass was

calibrated by this method.

An intrinsic sapphire fibre-optic Fabry-Perot sensor was fabricated, and
the functional relationship between the output of interference signal of the intrinsic
sapphire fibre-optic Fabry-Petot sensor and temperature was deduced. The
variation of temperature could be translated into the output of the number of
interference fringes which can be recorded by oscilloscope or chart recorder.

A theoreticai analysis showed that the output signal of the intrinsic
sapphire fibre-optic Fabry-Perot sensor will be weaker considerably than and
eqgual to the 7.03% intensity of light launched into the sensor though the
interference fringes have a good visibility which is near to 1 theoretically. The

experiment proved the result that the poor optical resolution of the current
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travelling microscope with vernier scale and JVYC digital color video camera was
not good enough to shoot the high quality pictures for interference fringes.
Therefore, one with higher resolution should be considered to improve this
situation in future. An oscilloscope was used to observe the output of the intrinsic
sapphire fibre-optic Fabry-Perot sensor, and a chart recorder counted the number
of interference fringes. The fitting equation, the functional relationship between
the output of the number of interference fringes of the intrinsic sapphire fibre-optic
Fabry-Perot sensor and temperature, was obtained by data fitting. There is a near
to linear relationship between the ten temperatures measured and the output
signal of the intrinsic sapphire fibre-optic Fabry-Perot sensor for the range of
temperature 75 °C - 435 °C. The output of the number of interference fringes
when the temperature goes up from room temperature 20 °C to 435 °C were
calculated, and the change of the length of single crystal sapphire fibre along the
c-axis was 19.2 pym. Nevertheless, the output of the sensor could suffer from
some background noeise, that is:

i) The straight interference fringes produced by beam splitter
interweave with the circular interference fringes output by the intrinsic sapphire
fibre-optic Fabry-Perot sensor so that it wilt lead to a strong noise. Consequently,
the coated pellicle beam splitter should be considered to be an alternative in
future.

if) The reflected light from the microscope chjective was also an
important factor. However, it can be improved by using all fibre-optic system in
future.

ifi)  In view of the fact that the sapphire fibre is heated by nonuniform

way limited by the shape of the solder iren, it causes the changes of the output of
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the sensor. Therefore, further experiment for calibration needs to be done in

future.

An extrinsic sapphire fibre-optic Fabry-Perot sensor was fabricated, and
the functional relationship between the output of interference signal of the
extrinsic sapphire fibre-optic Fabry-Perot sensor and temperature was deduced.
The variation of temperature could be translated into the output of the number of
interference fringes which can be recorded by oscilloscope or chart recorder. The
high temperature ceramic adhesive based on aluminum oxide was presented to
solve the problem unmatched between the different materials and the extrinsic
sapphire fibre-optic Fabry-Perot sensor. A theoretical analysis showed that during
the process of the fabrication of interferometer cavity, the length of cavity should
meet the following  condition i  ALT™ +ALI™ > AL™,  that s,

i

ALY + AL™ = ALY < L<-//\1~i. The output signal of the extrinsic sapphire fibre-

optic Fabry-Perot sensor will be about equal to the 6% intensity of light launched
into the sensor though the interference fringes, theoretically, have a good visibility
like the intrinsic sapphire fibre-optic Fabry-Perot sensor. The experiment proved
the resuit theory predicted thai the output of the interference fringes of the
extrinsic sapphire fibre-optic Fabry-Perot sensor can not readily be ohserved by
the low resolution travelling microscope with vernier and JVC digital colour video
camera. Therefore, one with higher resolution should be ccnsidered to improve

this situation in future. The chart recorder was used to count the number of
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interference fringes up to the temperature 435°C. The irregular output signal of
the extrinsic sapphire fibre-optic Fabry-Perot sensor shows that background
noise was prevalent in the system, that is:

1) The coated pellicle beam splitter was used to replace the bulk beam
splitter, the interference fringes output by the extrinsic sapphire fibre-optic Fabry-
Perot sensor is still affected by the interference between the microscope objective
and sapphire fibre a. Also, the output of interference fringes of the extrinsic
sapphire fibre-optic Fabry-Perot sensor can be quite weak. Consequently, an all
fibre-optic system was proposed to be an alternative to the current free space
arrangement in future.

2) The experiment showed that due to the coherence length of HeNe laser,
the reflected light from the two endfaces of lead - in fibre also gave rise to
interference fringes and resulted in an overlap between the fringe of the intrinsic
effect and that of the extrinsic effect. Therefore, a laser with shorter coherence
length was suggested being considered as an alternative in future work.

3} The sapphire fibre is heated in a nonuniform way limited by the shape of
the soldering iron. Therefore, further experiment for exact calibration needs to be
done in future,

4) In order to fabricate and calibrate the cavity of the extrinsic sensor, a new
setup which can exactly control the distance and situation of the FP cavity needs

to be built up in future.

White light interferometric signal processing techniques were used in
the system of extrinsic sapphire fibre-optic Fabry-Perot sensors for its high

stability and accuracy. It was found that the output signal of the EFPI sensor



includes a large amount of noise so that very low fringe visibility is obtained. The
noise is caused by the unstable output of the light source in the current system.
As a result, with the increase of load voltage, the noise level is correspondingly
enhanced with the intensity output of the LED. The contamination caused by
airborne particulate and man-made faults also led to the higher lavel of noise.
Consequently, some special protective precautions should be taken. Also, the
scattered and reflected light from the splitter, lens, beam expander, elc were the
major factors which produce the background signal. By adjusting the angle of the
splitter and the angle between the principle axis of the microscope objective and
the axis of the sapphire fibre, we can filter a part of scattered light from the
splitter. The experiment showed that using a more sensitive optical detector, and
a focussing lens before the spectrometer to focus the signal does not improve the
noise level because the remaining background signal is also strengthened at the
same time as the desired signal. In summary, the reason why the present set-up
used is not suitable for detecting the interference signal of sapphire EFP| sensor
by white light interferometric signal processing techniques is not only the noise
caused by reflected and scattered light from splitter, lens, etc but also due to the
large loss of the cavity signal caused by multiple reflections. Therefore, we must
change the present experimental set-up into all-fibre setup to detect the

interference signal in future work.

The phase relationship between the output of the interference signal of
monolithic sapphire fibre-optic Fabry-Perot sensors and the angular frequency of

sound wave was deduced. Some monolithic sapphire Fabry-Perot cavities were
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fabricated by laser, and their internal surface were observed. Michelson
interferometric testing was also used to assess the optical quality of the internal
surface of the melted end of the sapphire tube. The experiments showed that the
interference fringes of equal inclination could be achieved if the internal surface of
the monoilithic sapphire Fabry-Porot cavities were a homogenous surface. The
rough internal surface of the monolithic sapphire Fabry-Perot cavities made the
light scattered so that the output of interference fringes is straight or curved
fringes. Obviously, there is the potential to fabricate a monolithic sapphire fibre-

optic Fabry-Perot sensor by the sapphire tube sheath.
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Appendix B

The output of intrinsic sensors from the chart record
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Appendix C

Video Cassette

Available to Dr James H. Sharp, Department of Mechanical Engineering,

University of Glasgow.
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