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(ABSTRACT)

All-fiber optical sensors have established themselves in the market for a decade.
Among different categories of these sensors is the intensity-based type whose advantages
make it suitable for many practical applications. Frustrated Total Internal Reflection (FTIR) is
a phenomenon that shows a great potential to be used as a transduction mechanism in this
type of sensors.

Although physical interpretation of the phenomenon itself is rather complicated, it
can be mathematically formulated in a nbn-extensive manner. The first attempt is to build a
physical understanding of the phenomenon as well as a simple mathematical model based on
planar waves. Then, it will be expanded it to waves inside a waveguide structure like optical
fibers in a concrete way based on computer simulations and actual experiments, a task that
has never been done before. This would make it possible to address the practical issues
involved afterwards. Again, the obtained experimental results as well as simulations help
analyze advantages and disadvantages of our basic structure and move on to design a
practically viable all-fiber FTIR sensor.

A prototype vacuum pressure sensor has been designed and tested to show the
potential in this category of optical sensors. Some other applications are also briefly discussed
to give us a good feeling of the restrictive problems and future prospective of the ongoing

related research.
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& Chapter 1. Introduction

1.1 FTIR in fiber-based optical sensors

Fiber sensors have established themselves in sensor instrumentation during the past
two decades. They have certain advantages over many conventional sensors in their
immunity to electromagnetic interference (EMI), achievable ultra-high sensitivity, basic low-
cost components, and last but not least, their capability to transmit the measurement signal
efficiently through their fiber link to remote places where the necessary signal processing
can be carried out.

Fiber-based sensors are classified as being extrinsic and intrinsic, referring to the
sensing region of the fiber sensor being outside or inside the fiber, respectively. In intrinsic
sensors the optical waves in the fiber are affected directly by the incident perturbation (the
parameter being measured), and changes in the output intensity give an indication of the
magnitude of the disturbance. Such fiber sensors include the sapphire fiber-based Fabry-
Perot interferometric sensor (IFPI) [1]{2], which has been successfully implemented for
high temperature measurements. In extrinsic sensors the fiber only serves to carry optical
power to, and the sensing information from, an extemal region. Such sensors are often
immune to vibration and temperature fluctuations. Extrinsic sensors based on the extrinsic
Fabry-Perot interferometric (EFPI) scheme have been implemented using circular core
singlemode [3] and elliptical core two-mode optical fibers for the measurement of strain,
temperature [4], and vibrational mode analysis in smart structures [5].

Fiber sensors are also classified according to the transduction mechanism which
brings about a change in some property of optical waves propagating in the fiber, such as
intensity, phase, polarization, modal content, etc. Hence the corresponding sensors are

known as intensity-based, phase- or interferometric-based, polarimetric-type, and modal



content-based. Intensity-based fiber sensors offer the advantages of ease of fabrication,
robustness, and simplicity of signal processing. Frustrated-total-internal-reflection (FTIR)
is one such transduction mechanism and its investigation is the main objective of this thesis.

When light is incident from a higher towards a lower index of refraction material,
there is total intenal reflection when the angle of incidence exceeds the critical angle.
Although there is no power transferred to the second medium, an evanescent field exists in
it. If now there is a boundary to a third medium optically denser than the second, and if the
thickness of the second medium is insufficient for the evanescent field to decay, then the
total internal reflection is “frustrated” and there is now power coupled from the first to the
third medium. This phenomenon is known as FTIR and is analogous to the quantum
mechanical tunneling of the electrons across narrow potential barriers [6][7]. As the coupled
power is extremely sensitive to separation between the two media, it is clear that by
translating the change in the measured parameter to a change in the separation of the two
media, the intensity of the coupled power can be detected to obtain the information about the
measurand.

This idea has several significant inherent characteristics, which if used up to their
potential, would lead to a distinct category of optical sensors with indispensable advantages
over the conventional ones. FTIR transduction mechanism is basically intensity-based; the
amplitude of the signal carries the measurand information. Therefore, it eliminates certain
restrictions on the type of the optical fibers used in the sensor that exist in polarimetric and
interferometric categories. At the same time, its sensitivity surpasses that of many other
methods. For instance, using a 630nm He-Ne source and a fiber polishing angle of 75°, a
gap displacement as small as 60nm from the initial state causes no less than 50% change in
the measurand signal amplitude. Moreover, this significant sensitivity is accessible with the

minimum required signal processing to retrieve the measurand information, compared to



other methods; all that is needed in most cases is a simple and cheap intensity detection
circuit. Absolute measurement and self calibrating properties of the FTIR-based sensors are
of major importance in sensor instrumentation. The gap separation in FTIR sensors can
theoretically be obtained with intended resolution independent of power fluctuations of the
source in general.

Therefore there is no need to emphasize the significance of this and further research
on FTIR applications in sensor instrumentation as well as other related areas where the

above mentioned characteristics make the FTIR perhaps the most viable choice.



1.2 History

FTIR phenomenon has been observed and applied in bulk optics for quite a while.
However, previous work in FTIR applications, particularly fiber-based FTIR is relatively
scarce. As a matter of fact, there are no commercially available sensors or switches based on
the FTIR phenomenon and it was not until recently that a practical FTIR optical switch was
successfully designed (patent pending with the details unknown). There are also few patents
and papers regarding the application of FTIR for sensor instrumentation. Taking a brief
look at these previous work will shed some light into the problems involved and results
obtained.

Two general approaches have so far been investigated to utilize FTIR as a
transduction mechanism in optical fiber sensors. The first approach is to use the evanescent
field produced at the end of a properly polished optical fiber. This was demonstrated by
Spillman and McMahon [8]. They fabricated a hydrophone using an all-fiber FTIR sensor
in which a narrow variable air gap separated two angular-polished (76°) multimode optical
fibers (lead-in and target fibers). Both fibers were bonded into brass ferrules to increase
rigidity with Epoxy. The FTIR gap was put inside a sealed chamber filled with air. The lead-
in fiber was kept stationary as the acoustic wave moved the target fiber via a neoprene
diaphragm. In this way, the separation of the two fibers was directly a function of the
instantaneous outside pressure. Although they obtained a reasonable sensitivity, their results
were very different from theoretical predictions. As we will see later, theory predicts that in
their particular setup, a Transmission of ~0.2 could be achieved when the gap distance is
about 0.lum (the used wavelength was ~630nm). However, in their experiment they
obtained the same Transmission at a gap distance of 4um which is incredibly beyond the

effective range of the FTIR phenomenon. The other problem they faced was losing 90% of



their initially obtained Transmission after they used Epoxy to keep the critical alignment in
position because of the Epoxy contractions.

Palmer et al. proposed a different version of the sensor using a glass flat instead of
the second fiber (target fiber) to solve the practical problems in the previous model [9].
Following this idea, Grattan et al. constructed a pressure sensor [10]. A multimode fiber
was polished at 55°, mounted inside a steel structure with its polished tip parallel to a flat
glass. The light coming through the fiber would tunnel the gap and be coupled into the glass
flat which itself transferred it to another fiber connected to a detector. The surface quality
(smoothness) of both the glass flat and the lead-in fiber was about A/10 (using laser source
at 630nm). A diaphragm determined the gap separation in such a way that a certain pressure
would displace the diaphragm which in return cause the glass flat to move toward or away
from the surface of the fiber. Thus, similar to the first work, the air gap corresponding to a
certain Transmission was indirectly obtained using a secondary mechanism, which makes
the results less accurate. Still, the experimental prototype yielded results reasonably close to
theoretical prediction. The drawback in their work was the use of a relatively complex
fixture that is not very practical when considering high temperature applications.

Hull theoretically proposed using the change in the refractive index of the
intermediary medium or fluid instead of the change in the length of the gap as the variable
parameter to sense the pressure fluctuations [11]. In this way, the problem of maintaining
the critical alignment would be reduced dramatically as the two fibers can be kept in a fixed
position with respect to the other. A fluid capable of conducting acoustic waves (pressure
fluctuations coming from the signal source) and transmitting light would fill the gap
between two fibers. The local change in the refractive index of the fluid material caused by
the acoustic signal (or any other mechanism including the inhomogenity of the material

itself) can be detected by measuring the coupled power through the fluid from one fiber to



another. Although the advantage of this method was in its high sensitivity, small detection
region, and its longevity, there were shortcomings in their theoretical design, and there was
no practical sensor fabricated using this proposed method.

The second approach that has been proposed and demonstrated is to use the
exponentially decaying transverse fields that are produced outside the core of the optical
fiber. By a similar concept, these fields produce no net power flow out of the conducting
fiber. But when these fields are disturbed by any means, then there is a flow of power out of
the fiber. The amount of disturbance can be detected by measuring the power fluctuation in
the conducting fiber or by measuring the amount of light coupled into the medium which
caused the perturbation. E. F. Carome and K.P. Koo designed an acoustic sensor in which
two pieces of multimode fiber were stripped off their jacket in the middle, twisted around
each other, and put inside a fluid where the acoustic waves were to be measured. The waves
changed the refractive index of the fluid which acted as the cladding for both fibers and
therefore transferring power from one fiber to another. By detecting the outputs of the two
fibers, one could get information about the acoustic wave inside the fluid [12]. Sometimes it
is necessary to remove part of the cladding to obtain stronger evanescent fields. Two other
patents by Altman [13] and Beasley [14] use the same basic idea while different in
mechanical design. These type of sensors do not usually bear the name of the FTIR but are

rather called evanescent field coupling type sensors.



1.3 The theory of the FTIR phenomenon

In this section, the goal is to study the basics of FTIR phenomenon. The first step is to
investigate the ideal case of infinite, isotropic, homogeneous media where pure plane waves
can exist. First, formulae governing FTIR phenomenon will be developed in these ideal
conditions. Then it will be expanded into the real world to see how things change when the
- light is transversely limited rather than infinite. This is necessary since, in addition to get a
better understanding of the phenomenon in a physical sense, one would be able then to

further observe to the FTIR in optical fibers which will be discussed in chapter 3.



1.3.1 Formulation for the infinite isotropic homogeneous media

As mentioned in the introductory section, FTIR is similar to quantum mechanical
tunneling of the electrons across narrow potential barriers and results when two dielectric

media sandwich a sufficiently narrow strip of a third optically less dense medium. When
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Ptanes of corstant phase/smpitude

Optically denser
medium

Figure (1.1)
The schematic diagram of total internal reflection
of a plane wave

light is incident upon such an interface below the correspondent critical angle, it is partially
transmitted to the less dense medium. This part of the light is then subject to multiple
reflections back and forth between the two interfaces and therefore it is partially transmitted
into the third medium in its every reflection off the second interface. The summation of all

the transmitted power into the third medium is called Transmission T and is precisely



calculated following the same procedure. In the case when the angle of incidence is greater
than the critical angle, there is no such multiple reflections as before simply because there
are no traveling waves in the second medium and no directional path can be designated to
the existing waves inside it. All that exist are perturbed evanescent waves with initially pure
complex Poynting vectors perpendicular to the interface and therefore no flow of power.
Figure (1.1) depicts the situation before perturbation.

Surprisingly, the formulation obtained using multiple reflections keeps its validity
beyond the critical angle. If the three dielectric media are glass, air, glass, the resultant
transmission 7T of the glass/air/glass interface (simplified for the case of larger than the

critical incidence angle) may be expressed by [15]

T=1-|(Z2+8)P[(7Z-6F +478 coth(B/2)]"] (1.1)

where

ﬂ=(47rx//l)1/(nzsinze—1), (1.2)

and

z=1/(ncos8),

1.3
6=—-1/\/(nzsir126-—1) (1-3)

for light with its polarization perpendicular to the plane of incidence (s-component). For

light polarized in the plane of incidence (p-component)

z=cos0/n,

(1.4)
S=+(rsif6-1)



Here n refers to the refractive index of the glass material, x is the gap distance between the
two dielectric media, and @ is the angle of incidence. The reflectivity is complementary to
the transmission when the possible scattering and absorption loss at the interface is
negligible. Figure (1.2) shows the Transmission as a function of normalized gap distance
(d/A, d is the air gap) for four different angles of incidence. The steeper the incidence angle
gets, less penetration of the field occurs in the gap, which results in less overall
Transmission. It should be reminded again that these formulae are valid only when we are
dealing with infinite isotropic homogeneous media where pure plane waves exist. The case
is different when the light travels through finite dimension waveguides or when the incident

light is a concentrated beam (like a laser beam).
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Figure (1.2)
Transmission vs. normalized gap distance
for four different angles of incidence
(Glass/air/glass, n=1.46, s-polarization)
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It is seen that the optical power transmitted through the interface is extremely
sensitive to small changes in the air gap. When the air gap vanishes, the incident power is
transmitted through the interface without loss, while there is virtually no transmission when
the air gap is more than a certain value dictated by FTIR. Moreover, because of the
polarization dependence, there is an inherent self-calibrating property in FTIR that can be

very important in practical applications. This will be discussed in Section 2.3.7.

1.3.2 The effect of narrow light beams on FTIR

In section 1.3.1, we discussed the case of pure plane waves causing FTIR. In reality
however, that is not the case in practical applications. The reason is that we usually deal with
situations in which the incident light has a finite numerical aperture and its angle of
incidence is not clearly defined as before. Furthermore, the light can be in the form of a
beam of light as produced by a laser source or conducted through a fiber waveguide. In
both cases the total internal reflection is an average of infinitely many plane waves with
different incident angles. When this happens, the center of reflection for the totally reflected
beam is displaced from the incidence point both in the plane of incidence and normal to it.
Although it has never been analytically studied or experimentally proven, it is safe to assume
that the transmitted beam is also displaced at the same order of magnitude. The beam is also
blurred when the incidence is close to critical. We will briefly discuss this case which can
give us some useful insights about the physical mechanism of the flow of energy into the
second medium.

A beam of light can be defined as a polarized inhomogeneous plane wave whose
amplitude in nonzero in a limited radius perpendicular to its propagation direction. Debye

showed that such a beam can be decomposed into an integral over pure plane waves with
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certain phase dependencies and directions [16]. Imagine a Gaussian beam incident on the

surface z=0. The intensity profile of the beam can be written as [17]:

+y
s

where s is called the spot size of the beam. In order to decompose the beam into plane wave

I(x,y,0) =exp(—xz ) (1.5)

components, two dimensional Fourier transform of (1.5) can be taken which is in a
Gaussian form itself. After simple calculations and using a 10% error margin, the angular

span of a beam with a spot size of s can be approximated by:

6 = 2sin”!(A/10s) (1.6)

For instance, a beam at a wavelength of A=1300nm with a spot size of s=1pum will have an
angular span of about 12°. This is a huge range in the case of total internal reflection. When
each of these plane waves is totally reflected, both reflected and transmitted parts are subject

to considerable Fresnel phase changes 8, and §, respectively [18]:

\/sin‘?e-—n?)

8, =26,=2tan”'(
cosf

(1.7)

where 6 is the angle of incidence of the component and n is the refractive index of the first
medium. Here, the gap is assumed to be air without losing generality. Picht used this
procedure to calculate the resultant beam displacement caused by the different phase shift
each component plane wave undertakes. The calculation is very complex and involved [19].

Wolter clearly pointed out that to establish the physical mechanism under which the power

12



is transmitted to the less dense medium one have to consider at least six plane waves; two
incident (with slightly different angles), two reflected, and two refracted evanescent waves)
[20]. Lotsch used the same concept with a different approach and found analytical
representation for the Poynting vector inside the optically less dense medium [18]. Unlike
the case of the pure plane wave formulation, it predicts a real positive flow of energy into
the second medium starting at the start of the incident beam’s contact with the interface
while the beam’s intensity increases dramatically (the first phase). Then the flow of energy
becomes parallel to the interface when the beam’s intensity reaches its peak point and so
becomes constant in amplitude. Thus, the amount of the energy transferred keeps constant
in this region. This phase creates a related phenomenon called Goos-Hanchen shift and is
the same displacement in the reflected and transmitted components that we mentioned early
in the chapter. This displacement could be important when the beam spot size is comparable
to the wavelength (like the case using singlemode fibers with relatively small mode diameter
in place of a beam of light). As depicted in Figure (1.3), the displacement in the reflection

center X can be written as [18]:

S =£ tan@ P(6.6) where P(6.6,)= 1-sfrfe
”\/sinZG—sinzec 1-sir 8,

X (1.8)

for s-polarization. A similar formula is valid for the p-polarization. In the last phase, the
Poynting vector turns back towards the interface and displays a transfer of the energy back
to the first medium until all the power injected in would reappear there. This is of course
when there is no third medium to perturb the situation and capture part of this injected
power. The pictorial interpretation in Figure (1.3) by Schaefer and Pich sheds some light

into the matter [21].
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Wolter states that injected energy into the second medium in the first phase is
necessary to create the evanescent field there and that disappears in the third phase [20].
Thus, the only way to get the physical interpretation of how the energy or power is injected
into the gap area is to consider the case of a beam of light; Pure plane wave approach can be
considered then as a limiting case of an infinitely wide beam of light. The experimental
study of the power flow inside the second medium proves to be very hard and there is not
much data published about it. There is virtually no analytic formulation or theory for beams
with spot sizes comparable to the wavelength of light (all the references cited above are
involved in the region where s>>A). Recently a numerical simulation by Madrazo and
Nieto-Vesperinas produced reasonable data about the power flow into the less dense
medium using incident beams with spot sizes as small as 44 [22]. Also, it is nice to mention

that in the case of

Tranversely limited gaussian beam

\§:\ Goos-Hanchen shift /7/;4'/?

X A

/><\

I\ | |l
I\l —_— |f|Poynting vector direction
[ b
Phase 1 Phase 2 Phase 3

Optically denser

Interface

Figure (1.3)
The pictorial interpretation of the creation of the evanescent field and lateral
displacement when a light beam is subject to total internal reflection
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unpolarized light or arbitrary polarization in general, there is also a displacement of the
reflected and refracted beam perpendicular to the plane of incidence as proposed by
Fedorov [23]. This is negligible compared with the lateral shift we discussed and so far has

not been detected.
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& Chapter 2. FTIR phenomenon in optical fibers

2.1 Introduction

As we pointed out before, due to the elusive characteristic of the FTIR phenomenon,
both experimental and even theoretical research on it are relatively scarce. This is due to
problems such as critical alignment, need for high quality polished surfaces, and difficulty
of designing a viable structure for it, to name a few. There is only one all-fiber experimental
work by Spillman and McMahon [8] on using FTIR (excluding the evanescent field
coupling concept) for sensing pressure. Although they were able to test their pressure
sensor with relative success, the basic FTIR concept remained obscure. Their obtained curve
for FTIR Transmission vs. gap distance is of little value from theoretical point of view as the
gap distances involved are at least an order of magnitude larger than what it should be for a
certain FTIR Transmission. This can be among other reasons due to the fact that the
detected Transmission was indirectly related to the gap distance by the mechanical
characteristics of the used neoprene chamber itself which might have produced errors. The
work is also less concerned with optical constraints and tradeoffs of the FTIR structure like
the pivotal choice of the polishing angle. Grattan et al. were able to fabricate a more
sustainable FTIR sensor [10]. Their fabricated structure is more elaborate though using a
extremely fine polished glass flat instead of the second fiber to reduce the alignment
problems. This could be a problem when dealing with high temperature or pressure
environments. Their work gives no directly obtained correlation between the gap distance
and FTIR Transmission. So as before, the phenomenon itself remains obscure. The work
by Hull [11] is purely theoretical in which he examines the sensitivity of FTIR sensors

categorically. Still, there are basic theoretical shortcomings in his proposed method like
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using plane-wave approach for singlemode fibers and disregarding the multiple total
reflections off the polished tip.

It is very important therefore to establish the behavior of FTIR in optical fibers first
and see how light is transmitted from one fiber to another as a function of gap distance.
This is what we are going to do in this chapter. Then we would have a concrete basic
knowledge about the phenomenon in fibers that can be used to develop ideas to apply the
concept. Despite its difficult nature, it is a surprise that it has not been done yet. We will
also discuss the practical issues involved in application of FTIR as a transduction
mechanism in fibers. That would lead us to Chapter 3 in which we consider some practical
applications based on FTIR.

The work in this chapter is based on both theoretical and experimental work. The
theoretical part includes computer simulations which greatly help us to obtain very useful

information that can hardly be obtained by experiment.
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2.2 Theoretical study of the evanescent fields at the tip of optical fibers

As mentioned before the light transmitted through the fiber cannot be represented by
a plane wave so the equations (1.1) through (1.4) cannot be directly used for FTIR-based
fiber devices. These equations do however give a reasonable first degree approximation for
multimode fibers. More accurate results can be obtained by using the ray optics approach
and by considering the incident light as an average of rays with different directions
distributed evenly inside a conical surface defined by the fiber’s numerical aperture. For
each ray, equation (1.1) through (1.4) is used to calculate the coupled power. The sum of
the optical power carried by the rays approaches the actual amount of power coupled into
the target fiber when the number of the modes becomes infinitely large (assuming a uniform
modal power distribution). This ray tracing method works very well for multimode fibers or
in general, waveguides whose dimensions are sufficiently larger than the wavelength of the
light used. Therefore, using near infra-red light sources in fibers with core diameters in
excess of 15 microns would enable us to safely apply the results of such a ray tracing
method mentioned earlier.

Using the concept of ray tracing method, a MATLAB code has been developed to
simulate the behavior of rays at the end of an angularly polished fiber. With some
modifications, the code can both provide the intensity pattern of the scattered traveling-wave
field off the polished tip into the air (or the second optically less dense medium in general),
and also the intensity pattern of the unperturbed evanescent field produced at a certain gap
distance from the polished tip (the code including some detail notes have been included in
the Appendix section at the end of this thesis). The common part of the code in both cases
is the part which produces the rays, and follows them through their multiple reflections over

the surrounding cylindrical surface and the polished tip of the fiber itself. This continues
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until the light starts to change its direction along the fiber’s axis. The simulation includes
both meridional and skew rays. Care has been taken to reduce the number of calculations
because the ray tracing method consumes computer’s processing time as it requires a good
deal of floating point operations for every simulation. In this particular case because of the
inherent symmetry of the problem, the operation time can be reduced further but not in
general. Still, to get a reasonably good improvement in resolution of the output one has to
expect a dramatic increase in the simulation time.

Almost all of the parameters in the program can be easily changed to fit our actual
values. In our case, if not mentioned otherwise, the parameters used are for a fiber with core
and cladding diameters of 84pum and 125pm respectively. The numerical aperture is 0.2, and
the core refractive index is 1.46 (the gap region is considered to be air).

In this section the results of the simulations will be discussed to examine the created
evanescent field at the end of lead-in fiber. The contour plots for four different polishing
angles (59°, 65°, 70° 76°) are shown in Figures (2.1),(2.2),(2.3), and (2.4). To
understand the behavior of the field, plots are shown in both frontal and side views. For
every angle, the created evanescent field has been simulated at two different gap distances of
0.1pm and 0.3um.

It is clear that each ray in the lead-in fiber is subjected to multiple reflections before
it loses its amplitude, scatters, or is reflected back. Figure (2.5) is a rough schematic of
these multiple reflection trajectories that could help us understand better our simulation
results. It shows a semi-infinite dielectric slab waveguide which has a polished end at an
angle 6. As can be seen, each ray will be reflected intermittently by the slab’s outer surface
and its polished tip. It can be proven easily that when the rays are launched in this condition,
the consecutive angles of incidence may be represented by an arithmetic sequence as shown

in the figure. If the polishing angle is chosen properly, the second incidence on the endface
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Figure (2.1)

The contour plot of the intensity of evanescent field pattern parallel to a fiber tip
polished at 59°: (a) and (b) (frontal and side view) at 0.1 um gap distance. (c) and

(d) the same plots at 0.3 um gap distance
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Figure (2.2)

The contour plot of the intensity of evanescent field pattern parallel to a fiber tip
polished at 65°: (a) and (b) (frontal and side view) at 0.1 um gap distance. (c) and

(d) the same plots at 0.3 um gap distance

21



micron
« ’- “wf
40
zﬂ -
o
2}
-40 -
o, . L . -“of R L
~£0 =40 =20 20 . 4 [{] -40 -43 =20 ] 26 4Q (L]
micron micron
(a) (c)
Arbitrary unit Arbitrary unit
seC " ar
asOf - —_
sl _ -
6ot - [
I 100f
300 — -
260 [ —_—
200} -
sl
16Q
100 B P
sof- -
o . . . A N 0 . g
-50Q -43 -20 20 i 4 [ [ =50 -4 -20 ] 20 . 4Q €3
micron micron

Figure (2.3)

The contour plot of the intensity of evanescent field pattern parallel to a fiber tip
polished at 70°: (a) and (b) (frontal and side view) at 0.1 um gap distance. (c) and
(d) the same plots at 0.3 um gap distance
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Figure (2.4)

The contour plot of the intensity of evanescent field pattern parallel to a fiber tip
polished at 76°: (a) and (b) (frontal and side view) at 0.1 um gap distance. (c) and

(d) the same plots at 0.3 um gap distance
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will be subject of a secondary total internal reflection. Notice that this diagram is based on a
dielectric slab for simplicity, but still it gives a good approximation of the meridional rays’

behavior in a cylindrical structure such as an optical fiber.

Area of concentrated deep Polishing
penetrating evanescent field angle l

Figure (2.5)
Multiple reflection of the rays inside a dielectric slab with an
angular polished edge
Figure (2.1) clearly shows that the evanescent field produced at 59° is uniform and
rather shallow. This can be noted by comparing the side views. The small patches that are
seen in frontal views are areas of “initial” total internal reflection and selected to reduce the
number of unnecessary calculations but enough to accurately represent the existing field
pattern. The small spike at the edge of the fiber cross section is the effect of the skew rays,
which are as shallow penetrating as the rest. Referring to our simple model in Figure (2.5),
we see that there is no considerable secondary total internal reflection because all the other
incidence angles are larger than 43° (critical angle for glass, n=1.46). Figure (2.2) has
basically the same diagnostics as the first one, although it can be seen that the effect of skew
rays increases with respect to the evanescent field produced by the initial total internal

reflection of the rays as they penetrate deeper into the gap area.
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In Figure (2.3), we start to see a secondary total internal reflection off the fiber’s
polished tip at 70°. Comparing to our simple model and considering the nonzero numerical
aperture, this can be predicted. The second peak just at the edge of core/cladding interface
can be attributed to this effect. The skew rays’ effect is there as before.

In Figure (2.4) however, the dominance of the evanescent field produced by the
secondary total internal reflection is plainly seen. It can be also observed that they penetrate
considerably deeper into the gap region (using the arithmetic sequence, the secondary
incidence angle is 48°). The spikes produced by skew rays may have more penetration but
the effect will not be critical as they carry far less power. Moreover, it can be seen from the
patterns that they couple power into the cladding region of the target fiber and therefore
have no critical effect. This gives a reasonable feeling about the best approach. If the fiber is
polished at an angle such that the total internal reflection only occurs in the first incidence of
the rays with the polished tip of the fiber, and for any reason the target fiber’s polished tip
misses to interact with the produced evanescent field (like insufficient quality of the surface
polish), then it might not be possible to observe the FTIR phenomenon effectively. But if
the polishing angle is chosen so as to get the rays “totally reflected” off the polished tip
again, then there is a much better chance to couple the power into the target fiber via FTIR.
Moreover, because the light tends to get concentrated in a relatively small area of the
polished tip as can be seen in the figures, less modal noise and misalignment problems are

encountered.

25



2.3 Direct measurement of FTIR in all-fiber system

To directly observe FTIR phenomenon experimentally the basic setup in Figure

(2.6) was implemented.

FTIR sensar

=
[ =

L T

Precision translation system

Figure (2.6)
The basic structure of a fiber-based FTIR sensor setup

A coherent light source was coupled into a multimode 84/125 pm silica fiber with a
connector. Using multimode silica fiber (when dealing with high temperatures, sapphire
fiber can be incorporated with little modification) instead of singlemode is mainly because it
is even harder to align small size singlemode fibers together. As pointed out in section 1.3.2,
it is also desirable to avoid the tricky problem of the Goos-Hanchen shift particularly in
cases where the core size is comparable to the wavelength of the light. The source can be of
any wavelength of interest as long as the roughness of the polished tip of the lead-in and
target fibers is less than the operating wavelength. As an approximation, the roughness of
the polished tip was kept below half of the wavelength used. This was to make sure that the

FTIR phenomenon is kept in observable range. The obtained results demonstrate that this
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criterion is a practical estimate. It is clear that longer wavelengths can greatly reduce the
requirement on fiber polishing and alignment. Wilner and Murarka have used CO, lasers at
10.6pm in their proposed FTIR switch [24]. However, the choice here was practically
bound to wavelengths below 1500nm because of volume restrictions on the laser module,
and other practical considerations.

The source can be a light emitting diode (LED) or any laser source. Using an LED
is recommended in practical cases to avoid modal noise although FTIR sensors are not
affected critically by this type of noise. The reason is that FTIR-based sensors are intensity
based unlike the interferometric or phase-modulated sensors where the basic interference
signal can be severely affected. Moreover, as it was discussed in Section 2.2 because of the
concentrating property of the angular polished tip, the speckle pattern that is created by
launching a narrow band light into a multimode fiber is squeezed in a very small proportion
near the sharp edge of fiber’s tip. Hence lateral misalignment is not critical.

In the experiment, the ends of the lead-in and target fiber were polished to a
roughness of less than 0.3 microns using Logitech precision polishing machine CP30.
Using the criterion mentioned before, wavelengths of more than 600 nm could be used in
the experiment. The polishing angle was the same for both of the fibers. The chosen angle
in the experiment was 76°. The choice of the angle depends both on the geometry of the
sensor head, dynamic range and resolution. Other concerns like using micropositioners with
limited resolution and the sensitivity to longitudinal and transverse vibrations are also
important in this tradeoff. The selection of the angle came after a long and near fruitless
effort with smaller angles. The development of the simulation code discussed in previous
section helped in understanding the importance of the secéndary reflections. As it turned

out, and it will be discussed in Section 2.4, using a 76° angle considerably reduces the
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alignment problems as well as the requirement on fiber polishing (due to the secondary
incidence at 48°).

The power coupled into the second fiber is detected as a micrometer-translator stage
moves the target fiber away from the lead in fiber in certain longitudinal intervals. The
results are shown in Figure (2.7) for 1300nm wavelength and Figure (2.8) for 850nm

source.
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Figure (2.7)
Theoretical and experimental values of the FTIR setup at 1300nm

The experimental results in Figure (2.7) and Figure (2.8) are shown along with
the theoretical predictions. The theoretical curves are first order approximations considering

only the meridional rays using plane wave calculations (Equation (1.1) through (1.4)). The
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curves show clearly that the secondary rays and the evanescent field they produce play the
dominant role in coupling the light through the target fiber; the experimental results at both
wavelengths closely fit the curve for the secondary FTIR effect as had been anticipated
before. As a matter of fact, the primary total internal reflection (at 76°) and the evanescent
field it produces is superseded by the deeper penetrating and concentrated evanescent field
generated by the secondary reflection (at 48°). The picture would be clearer if one considers

the imperfections in the flatness of the fiber tip as well as its surface quality.
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Figure (2.8)
Theoretical and experimental values of the FTIR setup at 850nm

It is plausible to assume that only a fraction of target fiber’s polished surface is

elevated enough to be in the effective range of the shallow evanescent field produced by the
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initial total internal reflections. These peaks get into contact with the surface of the lead-in
fiber and prevent the two fibers’ surfaces to get close enough to each other. So, it is
practically impossible to perturb the evanescent field but its peak in Figure (2.4)b, and that
is produced by the secondary rays. Another equally important reason is that the points of
incidence for the primary rays (which are subject to total internal reflection) are distributed
evenly across the polished surface. Therefore, assuming the surface is not ideally flat, only a
very small fraction of the primary rays can be captured through the FTIR effect. The
situation is different for the secondary rays. As mentioned before, they are squeezed in a
relatively small portion of the tip’s surface and their fields penetrate more into the air gap
and the third medium. As a result, it is possible to couple the power into the second fiber
with very low loss by proper initial alignment of the tips (although it takes a good deal of
time). In actual experiments, initial alignments with losses of less than 0.3dB have been

obtained.
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2.4 Practical considerations

During the time spent on the experimental observation of all-fiber FTIR setup of
Figure (2.6), several practical issues were faced. In fact, a lot of time had been spent before
any power coupling could be observed into the second fiber by FTIR mechanism. In this
section these issues will be briefly discussed as well as some other issues important to the
future developments. Categorically nine different issues are included, the first two of which
are the most important. Unless these two problems are practically eliminated, it could be
hard for FTIR-based sensors to be used up to their potential in an established market of

optical sensors.
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2.4.1 Electrostatic attraction and pressure induced forces

Study of Figure (2.7) and (2.8) reveals a deviation from the theoretical line when
the surface of the second fiber gets to a certain vicinity of the first fiber. In real time
observation it can be seen that at this distance the behavior of the fibers becomes
unpredictable. A slight vibration to the set up switches the coupled power from zero level to
a considerable amount. Also, when the fibers’ surfaces are in touch with each other and the
target fiber is moved away from the lead-in, the detected power stays almost the same and
suddenly drops to zero or negligible amount. This is a serious problem that prevents us
from achieving a continuous gap variation when the intended measurand changes.

The reason for the first problem is strongly believed to be due to the coulombic
forces produced between the two polished surfaces. The study of the surfaces is a whole
separate field and we do not intend to get involved. It is however important to remember that
in the process of polishing and cleaning the fiber with different materials a considerable
amount of unwanted charge can be introduced on surfaces of the fibers. The molecular
structure of the silicon oxide is in such a way that the oxygen atoms are gathered at the
surface and act as strong acceptors of electrons. Even small amount of impurities like
sodium acts as donor to these oxygen atoms. As a result, there is always an electric field
produced by this double layers (impurities and surface oxygen atoms) at the surface of
silica [25]. This double layer can be etched off by certain acidic solutions to obtain a neutral
surface but it is only a matter of time before the electric field is reproduced again. This
coulombic force between the fibers’ tips can interact with each other. The most of the
damage though is done by an indirect phenomenon in which the negative oxygen atoms at
the surface of the fibers tend to absorb ubiquitous polar water molecules. Even in near

vacuum environments (i.e. 200mtorr) there is a layer of 5 to 20 water molecules covering the
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surfaces [26]. Water molecules on the other hand tend to exert a strong attractive force on
themselves as they reach a certain distance from each other. As a result, the fiber surfaces
are attracted to each other. This problem has been observed by many groups. Hansma’s
research group at University of California, Santa barbara had trouble with this strong
capillary forces which moved the samples under atomic force microscope probes. They
reduced the problem by an order of magnitude by submerging the whole thing in water to
avoid this force spikes [27]. This of course is not a solution for us. It is believed that doping
the surfaces using proper cation solutions can reduce this field.

The second problem is caused by the air pressure. The exaggerated view of Figure

(2.9) can help understand the situation better.

Ambient air pressure

0

target fiber lead-in fiber

N\

Direction of movement

" Surface void
Figure (2.9)
An exaggerated schematic of pressure-induced forces
When the surfaces are pressed against each other (which happens during the alignment), it
causes air to escape from the area sandwiched between the two surfaces. Now, to move the
two fibers away from each other one has to overcome the considerable resistive force from

ambient pressure as the created voids (resulting from pulling away of the fibers) between
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the two fiber tips tend to have less than ambient pressure. This resistive force due to
pressure difference has been observed by other groups as well {28]. One method to get rid
of this problem is to somehow guide the air back into the area between the two tips.

Microetching tiny groves on the fibers’ tips may be considered as a solution.

2.4.2 Misalignments

Alignment is very important in FTIR-based sensors. The effective range to perturb
the evanescent field produced by total internal reflection is in the same order of magnitude
as the wavelength of the light used. Therefore it is essential that the two fibers’ end faces be
completely in front and parallel to each other and kept in that way even as the gap changes.

The sensitivity to misalignments largely depends on polishing angle as well as other
parameters. If the polishing angle is chosen so that the evanescent field is created by the
primary total internal reflection, the setup is severely dependent on both lateral and angular
misalignment. The reason is clear, observing Figure (2.1); the field intensity is distributed
evenly across the surface and any lateral or angular misplacement will have a strong
unpredictable change in the sensor output; the slightest lateral or angular movement of the
fibers with respect to each other can obliterate the sensing signal irreversibly. This might be
the basic problem Spillman and McMahon faced in their design [8].

The design presented here on the other hand, is relatively immune to lateral
misalignment. Referring to Figure (2.4), it can be seen that the secondary evanescent field
is concentrated in a small fraction of the fiber’s endface (about 4%) and lateral
misalignment is negligible as long as the surfaces stay parallel. Angular misalignment is
important as before. For instance, an angular misalignment as big as 1° in worst case will be

almost equivalent to more than 1.5um gap change in our setup which can be detrimental to
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the observation and quantitative measurement of FTIR phenomenon. Thus, it is vital that the
physical structure and the geometry of the setup be carefully designed so as to reduce these

adverse effects.

2.4.3 Scattering at the tip of optical fibers

A very important point to consider is that in order to design an FTIR-based sensor
system one has to make sure the coupled light that carries the signal information be
produced by nothing other than FTIR mechanism. It is very possible that the light escapes
the total internal reflection and produces traveling wave in the gap region. This can
especially happen in multiple reflection that occurs in the first fiber. Consequently, these
waves can re-couple into the third medium (second fiber) and can be considered as noise
affecting the measurand data produced by the FTIR.

In order to evaluate the situation carefully, a MATLAB simulation has been obtained
to show the contour pattern of the traveling wave intensity at planes normal to the fibers’

longitudinal axis as shown in the diagram in Figure (2.10).
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Figure (2.10)
Traveling wave intensity pattern generated by simulation
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Figure (2.11)
The contour plot of the normal intensity pattern in front of a fiber tip polished at
59°: (a) and (b) (frontal and side view) at 450 pm distance from the center of the
fiber. (¢) and (d) the same plots at 550 pm distance
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Figure (2.12)
The contour plot of the normal intensity pattern in front of a fiber tip polished at
65°: (a) and (b) (frontal and side view) at 450 um distance from the center of the
fiber. (c) and (d) the same plots at 550 um distance
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Figure (2.13)

The contour plot of the normal intensity pattern in front of a fiber tip polished at
70°: (a) and (b) (frontal and side view) at 450 um distance from the center of the
fiber. (c) and (d) the same plots at S50 um distance

38



|
400

100 (
“r
P8
ar
20
ar -]
-20
-40
-l
~80
B T a——
Arbitrary unit Arbitrary unit
260 (13- 1
2ot :
200 _
- 190 L . —
150 : « - —
_— ear - —
iaaf e
40F - -
&
29 e
Sao o -iae 0 e 200 200 w0 S0 w0 o0 -we ) T g:;a sa0
micron micron

Figure (2.14)

The contour plot of the normal intensity pattern in front of a fiber tip polished at
76°: (a) and (b) (frontal and side view) at 450 um distance from the center of the
fiber. (c) and (d) the same plots at 550 tm distance
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Same as in section 2.2, the simulation was performed for four different polishing angles.
The code list is included in Appendix. The results shown in Figure (2.11) through (2.14).
Figure (2.11) reveal that almost all the scattered light escapes the fiber from the cylindrical
surface of the fiber and there is no traveling waves anywhere inside the gap area to get
coupled into the second fiber. In Figure (2.12), although most of the scattered light is out
of reach like the previous case, it can be seen that the light is partially scattered in the region
between the two fibers. Figure (2.13) is a case where almost all of the light is scattered in
the space between the two fibers and the side scattering has disappeared. Therefore this
could cause a great deal of problem. In Figure (2.14), side scattering is again very large
and the amount of critical scattering is negligible. Referring back to Figure (2.5), one could
see that optimum angles can be found so that there is minimum inside scattering.

Two things are worth noting. First is that as it is clear from the simulations, the
polished fiber structure has a strong tendency to concentrate the light in the xz plane. This is
due to the fact that the cylindrical side of the fiber acts as a lens. This could have useful
applications when there is a need for a cheap high power concentrated beam. The second
point is that the average refraction angles of these concentrated beams can be calculated
using two intensity patterns obtained at different distances from the fiber. Doing this proves

that the approximate model of infinite dielectric slab in Figure (2.5) is justified.

2.4.4 Effect of temperature on the basic FTIR sensor structure
' I. Expansion/contraction

Using 0.53x10° K™ as the coefficient of thermal expansion (CTE) for Silica based

fibers, and a maximum temperature change of about 500°C, one could calculate that about

3.8mm (overall length) of fiber is needed to produce one micron of gap change, which is the
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same order of magnitude as the dynamic range of FTIR sensor gap (using near infra-red
sources). This is when the measurand is temperature or temperature related parameter.
Therefore it is theoretically feasible to have a gauge length small enough to curb the
misalignment properly and at the same time use the full dynamic range of FTIR sensor.
This can be helpful when designing the shape of the sensor head.

If the parameter being measured is independent of temperature and one intends to
avoid the fluctuations caused by temperature longitudinal expansion or contraction, the
smallness of the gap works again as an advantage. Based on the proposed pressure sensor
prototype in section 3.7, an outer tube of the same material as fibers can be easily used so
that the outward expansion of the tube cancels the inward expansion of the fibers out. In
this way, the net change in the gap due to the temperature is only contributed by a tiny gap
long of silica. Using the same numerical values as above, the temperature induced change in

the gap distance in the worst case is only about 2.7 .& which can be totally neglected.

I1. Change in the refractive index of the optical waveguide
material

When the temperature changes, so does the refractive index of the fiber material.
This change leads to change in the evanescent field produced and could cause noise in the
measurement signal. At temperatures below 1000°C, the change in the refractive index of

fused silica can be modeled by a linear relationship

n=125x10"T +n, (2.1)

where n is the refractive index of silica at temperature T and n, is the index at 7=0. Using

this model, the percentage of change in sensor reading due to a temperature fluctuation of
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about 500°C can be easily calculated as a function of the gap distance. Figure (2.15)

depicts the result for the same polishing angle as the experiment.

Error percentage 2s

1.5F

0.5+

Figure (2.15)
Percentage of change in the sensor reading after 500°C temperature change

As can be seen from the figure, the error percentage is negligible and can be ignored. Just a

reminder that this could change if the polishing angle is very close to the critical angle.

2.4.5 Effect of anisotropic waveguides on FTIR sensor structure

In high temperature applications where silica fibers can not be used, the best choice
is sapphire waveguides. Beside the extrinsic differences between the two (which can be
theoretically eliminated), sapphire is intrinsically a uniaxial crystal and as a result, its
effective refractive index is a function of the direction of the ray as well as its polarization.
Therefore, it is helpful to see how this would affect FTIR mechanism in sapphire fibers for

future developments.
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It is possible to incorporate this effect into the presented simulations but the
processing vyould be very time and memory consuming. This is because every total
reflection produces at least three internal rays. This chain would build up beyond control
very soon. However, considering the fact that the effective refractive indices vary between
two known values in uniaxial crystals, one can obtain a first order approximation by
simulating the multiple reflections using two refractive indices of sapphire (n,~1.754,
n,~1.746) and compare the results (other parameters as before). It should also be noted that
the numerical aperture of the sapphire is equal to unity and in order to reduce the simulation
time, a still large value of 0.5 was used instead. Figure (2.16) contains the intensity pattern

of the evanescent field attributed to ordinary ((a)) and extraordinary ((b)) rays.

Figure (2.16)
Normal evanescent field intensity pattern for sapphire:
(a) ordinary rays, (b) extraordinary rays

The almost identical contours show that the anisotropic nature of the fiber does not affect

the field considerably.
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2.4.6 Numerical aperture

Figure (2.17) shows the results of the simulation with two different numerical
apertures (0.12 and 0.3, other parameters as before). The evanescent field patterns are at a
gap distance of 0.1um. It can be seen that for larger numerical aperture, the power in more
evenly distributed between three different categories of “primary field”, “secondary field”,

and the one created by the skew rays.
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Figure (2.17)
Side view of the evanescent field pattern for (a): NA=0.1, and (b): NA=0.3

Although the bulk of the power is transmitted by the secondary rays, the error percentage
increases as the numerical aperture increases. At any rate, by choosing the polishing angle
in an optimum way, it is possible, as the experiments show, to reduce the problem

considerably using typical mutimode fibers with numerical apertures as large as 0.2.
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2.4.7 Source fluctuations

A crucial property of a sensor is its calibration requirement. It is certainly not
preferred to have a sensor system which needs calibration every time it is turned on or in
short time intervals. One reason to lose calibration is the power fluctuation due to the light
source, and fiber loss variations. This is particularly important in intensity based sensors
where the intensity of the light carries the signal. Fortunately, FTIR-based sensor has an
intrinsic capability of self-calibration and can be made independent of power fluctuations of
the source. The idea is based on the difference in Transmission T of the two different
polarizations s and p. As a result, the coupled power into the second fiber contains two

independent pieces of information.

s/p ratio

- L —

i ; ; i ; ;
o 0.1 0.2 0.3 0.4 o5 0.6 0.7 o8 0.9 1 d/A

Figure (2.18)
Ratio of the detected s- and p- polarization transmitted power
vs. Normalized gap distance

When the power of the source fluctuates, the gap distance can still be found from

the detected coupled power by taking the ratio of the power carried by each polarization.
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Taking the ratio cancels out the source dependency and therefore the need for stabilized
light source is eliminated. Figure (2.18) shows this ratio as a function of gap distance. It is

clear that measuring the ratio can uniquely determine the gap distance.
2.4.8 Back-reflections

In the basic structure of Figure (2.6), the sensor head is double-ended. In some
applications it is ideal to have a single-ended sensor rather than double-ended. Basically it is
easy to coat the other end of the target fiber so that the transmitted light is reflected back
toward the FTIR gap again. What happens is that instead of following the curves in Figure
(1.2), the square of the curve is valid. This will increase the sensitivity. The problem is that
part of the light will be reflected back from the lead-in fiber endface itself and this can be
large enough to obliterate the detected signal. Using the simplified model in Figure (2.5), it
is possible to roughly calculate the polishing angles at which, assuming a long lead-in fiber,
the background reflection would be minimum. After a simple calculation, the optimum

polishing angles can be easily found as

opt = (L—']Lﬂ_sin—l(NA )
2A2k+1) n

k=1.2,..

(2.2)

NA is the numerical aperture of the fiber and n is the refractive index of the core. For
NA=0.2 and n=1.46, (2.2) results in the series 22.12°, 46.12°, 56.41°, 62.12°, 65.76°, .... .

The limit is 82.12°. The higher terms in the series are believed to lose their validity as the
skew rays become dominant (which is not considered in our simple model). The first term

has been roughly tested. The polished lead-in fiber at ~22° showed back reflection of less
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than 3% when left by itself in the air. To get more accurate results the skew rays should be

considered, which is beyond the interest here.

2.4.9 Sensitivity and the polishing angle

The sensitivity is a very important issue when designing a sensor system. In the
typical FTIR-based device this is very dependent on the polishing angle of the fiber itself
which almost determines the angles of incidence for the rays inside the fiber. Sensitivity is
also decided by the geometric design of the sensor head as well as many other parameters.
It should be noted that obtaining highest possible sensitivity may not be desirable
particularly if the critical alignment is a problem.

In order to find out the optimum polishing angle in an FTIR setup like the one
shown in Figure (2.6), in which the two fibers’ only degree of freedom is along their
common axis, it is logical to consider the area beneath the “transmission T vs. longitudinal
displacement” curve for a certain polishing angle as a measure of the sensor’s sensitivity.
These curves look like those of Figure (1.2) with the important difference that the
horizontal axis should be divided by cosine of the polishing angle for every curve to change
it from “gap distance” to “longitudinal displacement”.

The sensitivity of the sensor is inversely proportional to this area. In Figure (2.19),
the reciprocal of this area is plotted as a function of the polishing angle for two different
polarization states and wavelengths. For instance, as the curves show, a 76 fiber tip will
result in a very good sensitivity for p-polarization in both wavelengths. One should
remember that this is for the ideal case with perfect quality of surfaces as well as perfect

alignment. However, it can be a useful criterion for the real conditions.
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Figure (2.19)
FTIR sensitivity indicator
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& Chapter 3. Application of the FTIR phenomenon

3.1 Prototype FTIR pressure sensor

As discussed in Section 2.4, the most critical problem in designing an FTIR sensor
is obtaining and maintaining the proper alignment as well as the problem of attraction
between the two delicately polished tips due to water accumulation and other contaminants
on the surfaces. In order to partially solve this problem in this case, it is possible to partly
sacrifice the extreme sensitivity of the FTIR setup to reduce the alignment problem. The
idea is to keep the alignment by fixing both fibers in place as close as possible to the gap
area. In this way, the unwanted lateral movement of the fibers are decreased. This adversely
affects the desirable longitudinal displacement. Having this in mind, the structure shown in

Figure (3.1) was fabricated.

UV epoxy Silica or sapphire
hollow core

Met ailic capillary t ube

Lead-in Target
{trom the source) FTR sensor gap (To the detector}

Figure (3.1)
Schematic diagram of a prototype all-fiber FTIR
vacuum pressure sensor
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The two fibers were covered first by capillary metallic tubes right to their tips so as
to reduce the spring effect and also to keep them in firm and easy to align shape. The
capillary tubes had a slightly larger diameter than the fibers’ and the remaining space was
filled with epoxy. Then the fibers were properly aligned for the maximum FTIR
Transmission while they were kept clean and dry. In the last step, a larger capillary tube was
slid to cover the gap area. Using UV cured Epoxy, the sensor head was sealed as depicted

(The same fibers were used as in Section 2.3 with 1300nm laser source).

1 ———w— Experimental average

0.99

0.98 =

0.97 -

Normalized sensor output

0.96 =

0.95 =

0.94 T r
0.000 20.000 40.000 60.000 80.000

Vacuum pressure (cmHg below the atmosphere pressure)

Figure (3.2)
Experimental result for the prototype FTIR vacuum pressure sensor
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To test the sensor pressure response, this prototype was put inside a plastic tube
connected to a vacuum pump to measure the vacuum pressure. The pressure inside the
sensor’s cavity was the room pressure (1 atmosphere). The gap between the fibers
increased when the ambient pressure dropped below the room pressure as the cavity began
to expand. This was detected by the built in FTIR sensor. The results are shown in Figure
3.2).

It is obvious that with the configuration of this prototype sensor, the achieved
sensitivity is relatively low and the potential dynamic range that was theoretically anticipated
has not been used. This is because the length of the sealed space was only about 3mm and
therefore the pressure induced expansion was minute. However, it shows the possibility of
maintaining the alignment of the sensor and the technical feasibility of the FTIR-based fiber

sensor for pressure measurement.
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3.2 Other applications

FTIR has been known for quite a while and because of its nature, it has been found
useful in several applications. Despite this, commercial usage of this phenomenon has been
severely hindered by practical problems discussed in previous chapter for more than 30
years and in most cases, the FTIR applications are still in their infancy and experimental
work is going on. It is helpful to briefly mention areas in which the usage of FTIR

mechanism has been strongly proposed.
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3.2.1 FTIR optical switches

The basic idea behind the FTIR optical switch is shown in Figure (3.3). Light beam
from a laser source or an optical fiber is totally reflected at the hypotenuse of a right angle
prism and gets out of the prism perpendicular to the first beam ((a)). If the hypotenuse of a
second prism approaches the first one’s and gets close enough, the light will no longer be
reflected and all of the beam’s power is transmitted via FTIR to the second prism and

continues its straight path ((b)). This is a simple 1x2 optical switch.

utput 2 ‘ utput 2

Cutput 1

Input fiber nput {iber

(a) (b)

Figure (3.3)
Optical switch based on FTIR

It was not until recently that Laughlin, after 1S years of research, could solve the practical
problems involved and produce acceptable results at Omega Technologies [28]. The main
problem was that it was hard for researchers to make the gap distance below 0.1pum and
therefore the initially reflected beam could not be completely eliminated (which resulted in
unwanted crosstalk). The problem could not be handled very well for the reason that once

they managed to reduce the gap distance to decrease the crosstalk, resistive forces discussed
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in Section 2.4.1 would increase dramatically preventing the switch to return back to its initial
state. The details of Laughlin’s work are not known as the concerning technical details are
still pending patents. His solution was based on using a flexible glass plate instead of the
second prism. To separate the glass plate from the first prism, it is “peeled” off rather than
pulled back all together. This helps the air to gradually flow into the trapped spaces and as a
result the two surfaces are separated with far less force than before. Remind that the
surfaces still need to have extremely good qualities. It is believed that the commercial
version of the switch, once made, would cost considerably less than conventional mechanical

switches.

3.2.2 FTIR laser couplers/modulators

High power lasers with continuous or pulse outputs often have problems with their
end reflectors which are usually thin dielectric layers. The power bursts of laser damages
these reflectors or couplers after a short while and they have to be continuously replaced.
This problem can be eliminated by using FTIR couplers instead of the conventional ones to
increase the lifetime of a laser setup. The idea is the same as the FTIR switch with the
difference that in order to partially reflect the light back to the laser cavity (or equally, partial
coupling of light out of the cavity) at a certain percentage, the gap distance of the FTIR
coupler should be a predetermined fixed value. It turns out that fabricating such a structure
is very tricky. Steele et al. proposed and fabricated such a device using a slow chemical
etching process to create the gap [30]. The coupler fabricated showed reasonable
characteristics such as longer lifetime and raggedness. The problem was that after the
coupler was assembled, the actual gap distance showed an increase of more than 20%.

Therefore, although the gap distance is fixed it has its own problems.
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Modulators on the other hand are devices that are put inside the laser cavities to modulate or
control the passage of light. Modulators based on FTIR have variable gap distances
controlled by piezo-electric devices. Although prototypes of these modulators have been
successfully tested for Q-switching of high power infra-red lasers with frequencies up to
500Hz [31], the problem of efficiently changing the gap distance still has to be improved. In

all these cases, using FTTR mechanism has been proposed using bulk optics.

3.2.3 FTIR-based near field microscopy

Near field microscopy is relatively a new approach in the field of microscopy.
Electron microscopes have been used for a while to record minute details of materials. The
drawback is that the sample should be prepared before scanning and should be conductive.
Furthermore, the sample is bombarded with high energy electrons and therefore the material
properties may be irreversibly modified. Near-field microscopy is based on a small tapered
probe that, like a turntable pin, detects the details of the sample without destructively
interfering with it. The major staple to this probe is a feedback system that keeps the probe
tip at a certain distance to the surface. One of these mechanisms is based on FTIR. The
evanescent field created by the total internal reflection can be shallow enough to provide a
detecting and feedback mechanism with very high sensitivity. Although this idea, which is
usually known as Photon Scanning Tunneling Microscopy (PSTM), has been substantially
studied, both the theoretical and experimental data is still needed in order to put it into
commercial use. Recently, Fillard et al. Extensively studied the matter [32]. The probe is
usually a tapered optical fiber. The tapered end can be less than 50nm in thickness. This is
evidently one of the most convenient ways to produce evanescent field. The sample, which

can be a living cell as well, is put on another tip made of silicon or silicon nitride. This
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second tip acts as the target fiber which collects the photons tunneling through the sample
and sends them to a detection and feedback system. The detection system converts the
number of photons into the gap distance, which will be processed as the image of the
sample’s profile, and also used by the feedback system to feed a piezo-electric type
precision translation stage in order to maintain a constant gap distance between the probe
and the sample. It has been observed that with probe thicknesses of larger than 50nm, the
simple model based on plane wave approach can give reasonable results. However, for
smaller tips the mechanism becomes complex and the detected optical power cannot be as

easily converted into image data using the simple plane-wave formulation.
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& Chapter 4. Conclusion and future development

Direct measurement of the FTIR-based Transmission in optical fibers, which had
been missing in all the previous related efforts, has been achieved in this research. This,
accompanied by a thorough theoretical evaluation of the phenomenon including computer
simulation, helped in understanding the fiber-based FTIR mechanism and provided with a
concrete knowledge to address the involved practical issues. The practical considerations
were discussed separately with the help of experimental data as well as computer
simulations. A prototype vacuum pressure sensor was designed, fabricated, and successfully
tested in order to show the feasibility of the practical FTIR sensors. These achievements can
be used as a valuable base to further improve the future generations of all-fiber FTIR
sensors and effectively use their potential advantages.

The future is promising. There are several indispensable properties in FTIR
phenomenon that makes it the best choice in quite a few applications, among them the
intrinsic high sensitivity, minimum number of elements required, and the intensity-based
nature. However, practical issues involved have kept it from being used up to its potential. In
almost all of the successful designs so far, the FTIR intricate gap has been produced using
bulk optics. The reason is clear as the critical alignment can be maintained more efficiently
in bulk optics than in fibers. Some of the structures fabricated used microlithography
techniques to créate the FTIR gap. For instance, Mori et al. used this technique to create a
full three dimensional waveguide structure with coupling prisms out of a silica substrate
[33]. The final device was a FTIR substitute for diskette-reader heads.

The bottleneck of almost all the designs so far has been described in Sections 2.4.1
and 2.4.2. Therefore, in order to make the FTIR applications practical, particularly in the all-
fiber systems, these two problems should be addressed properly first. Using lithographic
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methods mentioned above to produce tiny groves on the tip of fibers may help reduce the
pressure induced forces. It is hard to use lithography or similar techniques on the tip of
fibers but it is certainly possible. Other techniques might help deposit high quality
electrically neutral coatings on the fiber tips instead of polishing them. Ion beam deposition
or using special chemical solutions can reduce the built-up electrostatic charge on the
fibers’ endfaces and therefore eliminate the electrostatic attraction. In order to avoid surface
tension forces caused by water, the lab environment as well as the fabrication setup should
be properly ventilated and customized to reduce the accumulation of water molecules on the
tips during the time consuming alignment process.

The optimum design of the sensor head is in itself a deciding factor. The presented
simple but viable design for a prototype pressure sensor can be improved to increase the
potential dynamic range of the FTIR mechanism at the same time as to maintain the critical
alignment. Again, using microlithography techniques to monolithically fabricate the sensor
head as mentioned before is one good direction to follow. Once capable of designing the
sensor head in this optimum way, it can be modified for every specific application for
measurement of different parameters.

Thus, it is very possible to fabricate commercial fiber-based FTIR sensors, although
it requires a variety of ultra-precision devices as well as an equipped clean room

environment.
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Appendix

List of the program codes

Following is the complete list of developed MATLAB code which our simulations are based
on. Please note that some parameter were changed for different simulations. These are
mostly done in the start of the main codes in the initialization stage.

scatter.m

% This is the main code for calculating the scattered light intensity pattern
% on a plane perpendicular to the axis of the fiber.

%The initialization

global R F1 ttac n stack3 v

R=625; %Radius of the fiber

N=10; %Radial resolution parameter for the direction of rays

L=10; -~ %Transverse resolution parameter for the direction of rays

0=8; %Radial resolution parameter for the originating points of the
%rays

P=22; %Transverse resolution parameter for the originating points of
Yothe rays

n=1.46; J%0Refractive index of the core

NA=0.2; %0 Numerical aperture of the fiber

tta=76*pi/180; %Fiber's polishing angle
ttac=asin(1/n); %Critical angle

z=550; %The plane on which the intensity pattern would be simulated
%in microns from the center of the fiber's polished surface

pixel=4; %Smoothing parameter for the visual output

minx=-400; %Transverse dimensions of the final plot

maxx=400;

miny=-100;

maxy=100;

lim=[minx,maxx,miny,maxy];

res=300; %Resolution parameter for the visual output

%Generation of the rays' possible directions in stackl

lat=NA/n;

tmp 1=linspace(0.002 1at,N);
tmp2=linspace(0,2*pi,L);
stack1=[];

for j=1:(size(tmp1,2)-1)
xtmp=tmp1(j)*cos(tmp2);
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ytmp=tmp1(j)*sin(tmp2);

xtmp=xtmp(1:(L-1));

ytmp=ytmp(1:(L-1));

ztmp=sqrt(1-tmp1(j)*2)*ones(1,L-1);

stack1=[stackl;[xtmp',ytmp',ztmp'];
end

%Generation of the rays' originating points in stack2

eps=-R/10000;
rad=0.68*R; %Core's radius

vp=[-sin(tta) O cos(tta)];
arc2=rad/P;
tmp3=linspace(0,rad,O);
stack2=[];

for j=2:size(tmp3,2)
Pi=ceil(tmp3(j)/arc2);
tmp4=linspace(0,2*pi,Pi);
xtmp=tmp3(j)*cos(tmp4);
ytmp=tmp3(j)*sin(tmp4);
xtmp=xtmp(2:Pi);
ytmp=ytmp(2:Pi);
ztmp=eps/cos(tta)+tan(tta)*xtmp;
stack2=[stack2;[xtmp',ytmp',ztmp'];

end

%The core of the calculations. Here, for every ray with the direction in stack1
%and the originating point in stack2, the refelctions are traced until it starts
%o change direction along z axis. The scattered rays are saved in stack3. The
%first three columns are for the originating points, the next three are for
%directions, and the last column is for relative intensities.

Fl=mkf1(vp);
stack3=[];
for i=1:size(stack1,1)
for j=1:size(stack2,1)

vli=stack1(i,:);
O=stack2(j,:);
c=1;

flag=0;

while v1i(3)>0
r01=intrsctnp(vhi,10,vp);
ss=sqrt(rO1(1)*2 +r01(2)"2);

if ss>R | flag==
g=intrsctnrmc(vli,r0);
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0=q(1,:);

vpx=q(2,:);
flag=0;
q=rflcdirc(vli,vpx,c);
else
0=r01;
VPX=Vvp;
flag=1;
q=tflcdirp(vli,vpx,c);
end
vli=q(1,1:3);
c=q(1,4);
q2=q(2,));
if q2(4)~=0
stack3=[stack3;r0,q2];
end
end
end
end
v=zeros(res);
plnprcs(z,res,pixel,lim) %convert the data obtained in stack3 into proper
%graphics data
visual(res,lim) %create the contour plot
intrsctnp.m

%intrsctnp(vli,r),vp) findes the intersection point of a beam with the direction
%vector vli, initial point 10, and a plane with the normal vp. The plane is
%assumed to pass the origin.

function g=intrsctnp(vli,rO,vp)
global F2

b=mkcnst2(vli,r0);

F2=mkf2(vli,vp);
q=fnl2(b);

intrsctnrme.m

%[r;vpcl=intrsctnrmc(vli,r0) gives the intersection point r of a beam with
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%direction vector vli and initial point r0 and a cylindrical surface around
%z axis with radius R ( inside parameter ). It also gives the normal to the
%surface vpc at the point of intersection.

function t=intrsctnrmc(vli,rQ)
global R

A=vli(1);
=vli(2);
C=vli(3);
x=r0(1);
y=r0(2);
z=r((3);

tmpl1=BA2*x-A*B*y,
tmp2=A~2+BA2;
tmp3=B*x-A*y;

r=(tmpl+sqrt(tmp142-tmp2*(tmp3+2-(A*R)*2)))/tmp2;
rl=(tmp1-sqrt(tmp1A2-tmp2*(tmp3+2-(A*R)"2)))/tmp2;
tmp4=B*(r-x)/ A+y;

tmp41=B*(r1-x)/A+y;

tmpS=C*(r-x)/A+z;

tmp51=C*(r1-x)/A+z;

r=[r tmp4 tmp5];
rl=[rl tmp41 tmp51];

q=(r1-r0)*(vli’);
if q > le-6
r=rl;
end
vpe=[r(1)/R r(2)/R 0];

t=[r;vpel;

mkenstl.m

%mkcnstl(vli,vp) creates the constant matrix b for each incident beam with
%the direction vli. vp is the normal to the reflecting plane.

function g=mkcnst1(vli,vp)

A=vli(1);
B=vli(2);



C=vli(3);
a=vp(l);
b=vp(2);
c=vp(3);

g=[a*A+b*B+c*C,a*B-b*A,c*A-a*C];

mkenst2.m

Jomkcnst2(vli,10) creates the constant matrix b for the function "intrsctnp”.
%vli is the direction vector of the beam, and 0 is the initial point of it.

function g=mkcnst2(vli,r0)
A=vli(1);
B=vli(2);
C=vli(3);
x=r0(1);

y=r0(2);
z=r0(3);

g=[0 C*y-B*z C*x-A*z];

mkfl.m

%mkf1(vp) creates the coefficient matrix needed to be used by "rflcdirp”.
%vp is the normal to the reflecting plane.

function a=mkf1(vp)

a=vp(l);
b=vp(2);
c=vp(3);

a=[abc;b-a0;-c0al;

mkf2.m

%mkf2(vli,vp) creates the coefficient matrix F2 for the function
%" intrsctnp"”.
%li is the direction vector of the beam and vp is the normal to the reflecting



%plane.
function f2=mkf2(vli,vp)

A=vli(1);
B=vli(2);
C=vli(3);
a=vp(l);
b=vp(2);
c=vp(3);

f2=[abc;0 C -B;C 0 -A];

plnprcs.m

% This function converts the geometric and optical data from stack3
%into data in v which can be plotted graphically. The data processed is
Yofor scattering simulation.

function a=plnprcs(z,res,pixel,lim)
global stack3 v
for k=1:size(stack3,1)

x0=stack3(k,1);

yO=stack3(k,2);

z0=stack3(k,3);

A=stack3(k,4);

B=stack3(,5);

C=stack3(k,6);

u=(z-z0)/C;

x=A*u+x0;

y=B*u+yO0;
i=ceil((x-lim(1))*res/(lim(2)-lim(1)));
j=ceil((y-lim(3))*res/(lim(4)-1im(3)));

tmp=pixel-1;

ql=i-tmp;

q2=i+tmp;

q3=j-tmp;

g4=j+tmp;

ifql>=1&g2<=res & q3 >=1 & q4 <=res

for m=ql:q2
for n=q3:q4
v(m,n)=v(m,n)+stack3(k,7);

end

end



end

end

rfledirp.m

%[q1;w]=rflcdirp(vli,vp,cx) finds the direction vector of the reflected and
%refracted beam off a surface (plus their relative magnitudes.)

%vli is the incident beam direction.vp is the normal to the reflecting plane.
%cx is the relative power coefficient of the ray.

%q1 is the direction of reflection plus a relative power coefficient appended.

%w is the direction of refraction plus a relative power coefficient appended.

function g=rflcdirp(vli,vp,cx)
global F1 ttac n

b=mkcnst1(vli,vp);
tmp1=fnl11(b);
a=vp(l);

b=vp(2);

c=vp(3);

A=vli(1);

B=vli(2);

C=vli(3);
tmpO=sum(vli.*vp);
tta=acos(abs(tmp0));

if tta>ttac
w=[0000];
q=[tmpl,cx;w];

else
tmp2=sqrt(1-(n*sin(tta))"2);
tmp3=n*cos(tta)+tmp2;
al=cx*(abs((n*cos(tta)-tmp2)/tmp3)"2);
a2=cx*(abs(2*cos(tta)/tmp3)*2);

ttal =acos(tmp0);
tta2=asin(n*sqrt(1-tmp0"2));
F=[A B C;a b ¢;(B*c-C*b) (C*a-A*c) (A*b-B*a)];
b=[cos(tta2-ttal);cos(tta2);0];
tmp4=RF\b;
tmp4=tmp4';
w=[tmp4,a2];
g=[tmpl,al;w];
end
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rfledirc.m

%[q1;w]=rflcdirc(vli,vp,cx) finds the direction vector of the reflected and
%refracted beam off a surface (plus their relative magnitudes.)

%vli is the incident beam direction.vp is the normal to the reflecting plane.
%cx is the relative power coefficient of the ray.

%q]l is the direction of reflection plus a relative power coefficient appended.
%w is the direction of refraction plus a relative power coefficient appended.

function g=rflcdirc(vli,vp,cx)
global F12 ttac n

F12=mkf1(vp);
b=mkcnst1(vli,vp);
tmp 1=fnl12(b);

a=vp(l);

b=vp(2);

c=vp(3);

A=vli(1);

B=vli(2);

C=vli(3);

tmpO=sum(vli.*vp);

tta=acos(abs(tmp0));

if tta>ttac
w=[0000];
gq=[tmpl,cx;w];

else
tmp2=sqrt(1-(n*sin(tta))"2);
tmp3=n*cos(tta)+tmp2;
al=cx*(abs((n*cos(tta)-tmp2)/tmp3)"2);
a2=cx*(abs(2*cos(tta)/tmp3)"2);
ttal=acos(tmpQ);
tta2=asin(n*sqrt(1-tmp("2));
F=[A B C;a b ¢;(B*c-C*b) (C*a-A*c) (A*b-B*a)];
b=[cos(tta2-ttal);cos(tta2);0];
tmp4=F\b;
tmp4=tmp4’;
w=[tmp4,a2];
q=[tmpl.al;w];

end

visual.m

%This function produces the contour plot from the data in v. The plot can be
%for the scattering simulation or for the evanescent field evaluation.
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function a=visual(res,lim)
global stack3 v

ql=(lim(2)-lim(1))/res;
q2=(lim(4)-lim(3))/res;
x=lim(1):q1:1im(2);
=lim(3):q2:1im(4);
x=x(1:res)+ql/2;
y=y(1:res)+q2/2;

contour3(x,y,v',15)

evanescent.m

% This is the main code for calculating the evanescent field intensity pattern
% at a certain gap distance from the fiber's polished surface.

% The initialization

global R F1 ttac n stack3 v

R=62.5; %Radius of the fiber

N=10; %Radial resolution parameter for the direction of rays

L=10; %Transverse resolution parameter for the direction of rays

0=8; %Radial resolution parameter for the originating points of the
orays

=22; % Transverse resolution parameter for the originating points of

Jothe rays

n=1.46; %Refractive index of the core

NA=0.2; %Numerical aperture of the fiber

tta=76*p1/180; %Fiber's polishing angle
ttac=asin(1/n); %Critical angle
lambda=1.3; %Wavelength of the light in microns

d=0.3; %Gap distance in microns

pixel=2; %Smoothing parameter for the visual output
minx=-102;  %Transverse dimensions of the final plot
maxx=102;

miny=-102;

maxy=102;

lim=[minx,maxx,miny,maxy];

res=400; %Resolution parameter for the visual output

%Generation of the rays' possible directions in stackl

lat=NA/n;
tmp 1=linspace(0.002 lat,N);
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tmp2=linspace(0,2*pi,L);
stack1=[];

for j=1:(size(tmp1,2)-1)
xtmp=tmp1(j)*cos(tmp2);
ytmp=tmp1(j)*sin(tmp2);
xtmp=xtmp(1:(L-1));
ytmp=ytmp(1:(L-1));
ztmp=sqrt(1-tmp1(j)*2)*ones(1,L-1);
stack1=[stack1;[xtmp',;ytmp',ztmp];

end

%Generation of the rays' originating points in stack2

eps=-R/10000;
rad=0.68*R; %Core's radius

vp=[-sin(tta) O cos(tta)];
arc2=rad/P;
tmp3=linspace(0,rad,O);
stack2=[];

for j=2:size(tmp3,2)
Pi=ceil(tmp3(j)/arc2);
tmp4=linspace(0,2*pi,Pi);
xtmp=tmp3(j)*cos(tmp4);
ytmp=tmp3(j)*sin(tmp4);
xtmp=xtmp(2:Pi);
ytmp=ytmp(2:Pi);
ztmp=eps/cos(tta)+tan(tta)*xtmp;
stack2=[stack2;[xtmp’,ytmp’,ztmp']];

end

%The core of the calculations. Here, for every ray with the direction in stack1
%and the originating point in stack2, the refelctions are traced until it starts
%o change direction along z axis. The created evenescent field is saved in
%stack3. The first three columns are for the originating points, the next three
%are for directions, and the last column is for exponential intensity factor.

Fl=mkfl(vp);
stack3=[];
for i=1:size(stackl1,1)
for j=1:size(stack2,1)

vli=stack1(i,:);
rO=stack2(j,:);
c=1;

flag=0);

while v1i(3)>0 & (flag==01c==1)
rO1=intrsctnp(vli,r0,vp);
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ss=sqrt(r01(1)*2 +101(2)A2);

if ss>R | flag==1

g=intrsctnrmc(vli,i0);
0=q(1,:);
vpx=q(2,:);
flag=0;
g=rflcdirc(vli,vpx,c);
else
=101,
VpX=vp;
flag=1;
g=rflcdirp(vli,vpx,c);
end
vli=q(1,1:3);
tmp10=sum(vli.*vp);
ttai=acos(abs(tmp10));
c=q(1,4);
if flag==1 & c=
tmp 10—sum(vh *vp);
alpha=-4*pi*sqrt((n~2)*(1-(abs(tmp10))*2)-1)/lambda;
stack3=[stack3;r(,vp,alpha];
end
end
end
end
v=zeros(res);
plnprcs(z,res,pixel,lim) %convert the data obtained in stack3 into proper
Yographics data
visual(res,lim) %create the contour plot
pinprcsl.m

Z%This function converts the geometric and optical data from stack3
%into data in v which can be plotted graphically. The data processed is
%for evanescent field simulation.

function a=plnprcs(d,res,pixel,lim)

global stack3 v tta

for k=1:size(stack3,1)
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end

x0=stack3(k,1);

yO=stack3(k,2);

z0=stack3(k,3);

A=stack3(k,4);

B=stack3(k,5);

C=stack3(k,6);

u=d*cos(tta)/C;

x=A*u+x0;

y=B*u+y0;
i=ceil((x-lim(1))*res/(lim(2)-1im(1)));
j=ceil((y-lim(3))*res/(lim(4)-1im(3)));

tmp=pixel-1;
ql=i-tmp;
q2=i+tmp;
q3=j-tmp;
q4=j+tmp;
ifql>>=1&q2<=res&q3>=1&qd <=res
for m=ql:q2
for n=q3:q4
v(m,n)=v(m,n)+exp(d*stack3(k,7));
end
end

end
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