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ABSTRACT

LIGHT INJECTION FROM AN ACTIVE CLADDING TO

THE CORE OF A FIBER OPTIC FLUOROSENSOR

Alvin Leon Bryant

Old Dominion University

Director: Dr. Sacharia Albin

A fluorosensor works on the basis of light injection from the clad

into the core of an optical fiber. The sensitivity of such a sensor depends

on the efficiency of light injection. Conditions necessary for a high

injection efficiency are experimentally determined. The refractive index

difference between the core and the clad, ncore-nclad, must be maximized

to achieve a high injection efficiency. Since an air clad has the least

refractive index, a bare core fiber will have a maximum efficiency.

Standard optical fibers used for communication employ a minimum value

for ncore-nclad, in order to reduce modal disPersion and increase the

usable diameter. These fibers do not have a high efficiency and hence they

are not suitable for fluorosensor applications. The injection efficiency is

found to increase with the fiber diameter. The experimental results are in

good agreement with the theoretical models based on a weakly guiding

approximation and an exact field solution.
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CHAPTER 1

INTRODUCTION

In the early 1970's, researchers investigating optical fiber

communication realized that physical perturbations could modulate light

guided in a fiber [1]. The availability of low loss optical fibers with the

associated small size, light weight, and wide bandwidth, has led to the

development of fiber optic sensors (FOS). These sensors can measure a

wide variety of physical and chemical parameters such as temperature,

acceleration, pressure, rotation, displacement, current, electromagnetic and

nuclear radiation, pH, humidity and chemical species [2-7]. Currently,

FOS are actively used in aerospace, medicine, industry, defense and

environmental systems. These sensors exploit the quantum and wave

nature of light. Due to the high speed at which light travels, FOS are able

to respond fast to changes in the sensed parameter. In its simplest form, a

FOS consists of a light source, an optical fiber and a detector. In general,

depending on the role of the fiber, FOS are categorized as extrinsic or

intrinsic.

1.1 Extrinsic Sensor

Extrinsic sensors use fibers strictly as waveguides to carry the

information. The input fiber directs the light to a transducer element which



modulates the light beam and then couples the beam to one or more output

fibers. The transducer is the element which responds to variations in the

physical parameters. An excellent example of an extrinsic sensor is the

pressure sensor based on the photo-elastic effect, as shown in figure 1 [2].

With the photoelastic effect, A transparent isotropic material becomes

anisotropic under applied stress. This stress-induced birefringence can be

related to the applied pressure. Fiber sensors using these materials are

configured so that applied pressure modulates the intensity of the guided

light. Here, the input and output fibers act merely as waveguides. Similar

extrinsic transducer elements can be used to sense other parameters.

1.2 Intrinsic Sensor

In the intrinsic type, the optical fiber itself is the active transducer

element, in addition to being a waveguide. The properties of the fiber

determine the type of modulation. The microbend sensor is an example of

an intrinsic sensor as shown in figure 2. The pressure applied on

deformers alter the guiding condition of the fiber by causing bending

losses. The reduction in signal intensity due to the applied pressure can be

easily measured [8j. In addition to the intensity modulation, phase or

polarization can also be altered. As noted above, common to both types are

the optical sources, detectors and signal processing electronics. Since the

intrinsic sensors make use of the fiber as the transducer, they can be

configured as distributed sensors to yield sensing information from

different points along the fiber.



Light Source
Input Fiber

Applied
pressure

Output Fiber

Detector

Figure 1. An extrinsic sensor based on the photoelastic effect.



Applied Pressure

Fiber

Deformer

Figure 2. Representation of an intrinsic microbend sensor.



L4 Fluorosensor

A new form of an intrinsic sensor which is well suited to sensing

chemical and biological species is the fluorosensor. The name fluorosensor

has been coined to describe a sensor that employs an optical fiber with a

fluorescent core or clad. A fluorescent core can be excited by the bound

modes of light propagating in the fiber or by external radiation penetrating

the clad. For active cladding fluorosensors, as represented in figure 3, the

excitation can be achieved by the evanescent field of the guided wave in the

core or by external sources directly exciting the cladding sources. The

spectral properties of the fluorescence will be affected by external

parameters. For example, Lieberman et. al., have developed an oxygen

sensor based on the fluorescence quenching of 9,10-diphenylanthracene

incorporated into the cladding [9]. Excitation of the fluorescent material

was achieved by externally pumping the fluorescent region. A thirty

percent reduction in fluorescence intensity was observed when the ambient

surrounding the clad was changed from nitrogen to oxygen. Similarly, a

radiation sensor is under development in our laboratory using a stimulated

electronic transition (SET) material in the cladding [10j. Here, external

radiation excites the SET material and the fluorescence emitted is coupled

to the core and guided to a detector.



Light
Sources

Figure 3. Representation of an active cladding fluorosensor.



1.5 Goals of this Stud

Optimum performance of the cladding fluorosensors described above,

depends on the injection of light from the cladding to the core. There have

been a few theoretical studies on this coupling efficiency; however, no

systematic experimental work has been reported so far. In this work, the

main topic of investigation is the effect of refractive index difference

between the core and the cladding on the coupling of cladding fluorescence

into the fiber core. The numerical aperture (NA) of the fiber depends on

the refractive index difference between the core and the clad. In the case

of the fluorosensor, the NA is investigated at the sensing region rather than

the ends of the fiber. In addition, the effect of variation of the core

diameter on the coupling is investigated. For a given NA and a fixed

wavelength, the V-number depends on the core diameter . Hence this part

of the study is to determine the effect of V-number on the injection of light

from the clad. Finally, a comparison will be made between the existing

theory and our experimental results.



CHAPTER 2

THEORY OF LIGHT INJECTION FROM CLAD TO CORE

Although some details and principles of evanescent wave fluorosensors

have been established, a complete and quantitative theory is not currently

available [11-14]. The system to be studied, a bare fiber core coated with a

thin film of fluorescent material, involves two processes. The first process

is excitation of the fluorescent sources. This can be achieved by the

interaction between the fluorescent molecules and the evanescent

component of a wave travelling within the fiber. External excitation such

as chemiluminescence and laser induced fluorescence can also be used. The

second process is injection of the fluorescence into the core. This process

is key to the operation of a fluorosensor. Therefore, our primary aim is

how to best launch cladding fluorescence into the fiber core. In this

chapter we discuss the theoretical models governing active cladding

fluorosensors. We first examine the interaction of light at a plane

boundary of two dielectric medium. The fundamentals of evanescent

waves at planar interfaces are then extended to cylindrical geometries.

Next, the principles of the weakly guiding approximation, a model so

commonly used for communication fiber, is discussed. This chapter

concludes with a discussion on a theoretical model for the power injection

efficiency of an active cladding fluorosensor based on exact field solutions.



2.1 Planar Wave uide

When an optical high-index dielectric is sandwiched between a low-

index substrate and a low-index top layer, a planar slab waveguide is

formed. For simplicity, we shall consider the case of a symmetric

structure where the indices of the substrate and top layer are identical,

denoted as n2 These low-index surrounding layers are termed the

cladding regions of the waveguide. Let the refractive index of the guiding

layer or core be nl, where nl & n2 is a necessary condition for guiding.

figure 4 shows that light rays incident at the interface of two dielectric

medium will be totally internally reflected when the ray angle exceeds the

critical angle, 6,. The critical angle is given by Snell's Law:

0, =sin '(—„")

A more detailed examination of the rays interaction at the interface reveals

that for distances very close to the interface there is a nonpropagating or

evanescent wave present in the cladding region. figure 5 illustrates the

trajectory of the evanescent wave in the interface region. In the cladding,

the amplitude of the evanescent field is given by [11, 15]:

Zan„) y
E Ep exp j mt - zsin 0)

- — (2.2) '!

P
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Figure 4. Light rays at a dielectric interface. Rays incident at

angles exceeding the critical angle are totally internally

reflected.



Figure 5. Light rays penetrating into the clad region.
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where 6p =
z 1/2

2lt[n& sin8 - nz]

(2.3)

the penetration depth, is the distance at which the amplitude falls to I/e of

its value at the interface. Equation (2.2) states that the amplitude of the

evanescent wave decays exponentially away from the interface and its

direction of propagation is parallel to the waveguide axis (z-direction).

The evanescent field can interact with molecules in the cladding

region near the interface, where it can be absorbed and used to excite

fluorescent sources, provided the wavelength is appropriate. Conversely,

the principle of reciprocity gives rise to a finite probability that the inverse

process can occur, ie. the emission of evanescent waves by excited

molecules in the cladding. If the cladding has excited molecules emitting

light near the interface, we should be able to detect radiation propagating at

angles exceeding the critical angle (figure 6). Such high angle emission

corresponds to the evanescent wave of the guided modes.

2.2 C lindrical Wave uide

Although a rigorous treatment of cylindrical waveguides involves

Bessel functions and finding the eigenvalues of all guided modes of the

waveguide, simpler approximations may be valid under certain conditions.

When the diameter of a cylindrical waveguide is large compared to the

wavelength of light, the individual reflections of the guided waves at the

core-cladding interface can be described to a good approximation



n
2 Clad

Figure 6. Light injection into the core due to clad sources.



as reflections from a planar interface [11]. Thus, a cylindrical fiber sensor

can be characterized by summing the contributions from individual rays,

each ray is analyzed as though it interacts with a plane. Using the results

from the planar geometry as a building block, Love et al. have performed

calculations to model the collection of cladding fluorescence from a

fluorosensor [11]. Each ray coupled into the fiber core is considered an

independent producer of fluorescence; the total signal is obtained by adding

the signals generated by each ray. For fluorescent molecules near the

interface, they derived an expression for the total fluorescent signal

available at one end of the fiber. The total signal intensity, STOT, is

reported to be [11]:

1

SrpT fx loLak

(
-

)
z z
core clad j

(2.4)

where lo is the optical source radiance, a is the core radius, L is the length

of the fluorescent region, and nl and n2 are the core and cladding

refractive indices respectively. Throughout this thesis, we shall

interchangeably use ncore and nl to denote the index of refraction of the

core and similarity, n2 and nclad to denote the refractive index of the

cladding region. Equation (2.4) predicts that the fluorescent signal

strength will decrease with increases in index differences, ncore nciad.

figure 7 shows the predicted behavior of fluorescent signal versus NA,

which is defined as~(f — r) . The dashed curves predict the behavior

for a thin-film of sources and the solid curve predicts the behavior for a

bulk distribution of sources.
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lP-3

0. 60

Figure 7. Variation of total fluorescent signal, STpT, with NA

(From reference 11).
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2.3 Weakl Guidin A roximation

The injection of light from cladding sources has also been

theoretically treated by Marcuse [12]. In his approach, the weakly guiding

approximation for guided modes was used to formulate an expression for

the collection efficiency of active cladding fluorosensors. The weakly

guiding approximation greatly simplifies the vectorial analysis of guided

modes in a cylindrical waveguide by allowing a scalar treatment of the

electric and magnetic fields of guided waves. The criterion for this

aPProximation is the core-cladding index difference, ncore - nclad, be

small. The weakly-guiding approximation is based on the observation that

for small ncore — nclad values, the critical angle, O„at the interface is very

large. Hence, guided modes inside the core are almost parallel to the axis

of propagation. Since the total field inside the waveguide may be

considered by summing of similar waves, the combined electric and

magnetic vectors must be almost exactly orthogonal to each other, and to

the fiber axis. Thus, the two dimensional spatial dependence of the fields is

suppressed, allowing for scalar approximations.

The term collection efficiency or power efficiency is defined to be the

ratio of light collected in the fiber core relative to the total amount of light

radiated by the sources in the absence of the fiber core, Pcoie / Pclad Tile

expression for the collection efficiency from a thin-film of sources is

reported by Marcuse as [12]:

(va) J,(Ka)

Pclad 2 k~v~as ~
I Jv-i(Ka) J,+i(Ka) l

(2.5)
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where ACOI'ka A
[ 4

kg 2'Ka 2 ca

is the modal volume, v = ~gt — tt skt is the radial decay parameter,

k = 2n/2 is the wavenumber, K =tr t kt — gt is the radial propagation

constant, P is the axial propagation constant, and Ju is the Bessel function

of order u.

Within the weakly-guiding approximation the solution of the

eigenvalue equation depends only on V. This means the sum terms in

equation (2.5) are universal functions of V [ 12]. Therefore, one can not

perceive the character of the collection efficiency from equation (2.5) by

inspection. If the emission wavelength and the core radius are assumed

fixed, an increase in V-number corresponds to an increase in the core-

cladding index difference. Figure 8 shows a plot based on equation (2.5).

We see the collection efficiency grows with V in a parabolic manner.

Relating V to the index difference, ncore nclad, we see that the

fluorescence collected by the core as guided modes is directly proportional

to ncore nclad. This result does not agree with the theoretical predictions

previously discussed in section 2.2.

2.4 Exact Field Solution

The results of light injection into the fiber core presented above

have made use of the weakly guiding approximation. This approximation

simplifies the analysis of collection efficiency, but can not accurately

predict the behavior of light coupled in a fiber with arbitrary differences
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in refractive indices. Egalon and Rogowski have used the exact field

solution to develop a expression for the power efficiency, Peff, and

analyzed its behavior as a function of ncore — nclad as well as a number of

other parameters [13j. The power efficiency is defined in the same manner

as the collection efficiency in section 2.3. The expression governing the

power efficiency for a fiber coated with a thin-film of fluorescent sources

at the dielectric interface is given as [13,14]:

f le„„l'av p.7),
clad 8a5Lncladk v,P v,v

where L is the length of the thin-film, k is the wavenumber of the

fluorescent light, tl is the film thickness, and P» is a normalization
7

constant E o and lio is the permittivty and permeability of free space and

~

ev „~2 is the modal electric field modulus. For the exact solution, the

integral term in equation (2.7) has to be computed for each type of mode

separately: transverse electric (TE), transverse magnetic (TM), and hybrid

modes (EH and HE). The expressions for integrals of these modes are too

involved and will not be given here; instead the interested reader is

directed to [14l for more details. A plot of the power efficiency of a thin-

film of sources based on the above equation is shown in figure 9. In this

figure the power efficiency is plotted versus ncore In the calculations, the

cladding index was held fixed at, nclad = 1.0, while the core index is

varied. In this case, increases in the core index also increases in the index

difference, ncore — nclad.
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Figure 9 indicates the power efficiency increases almost linearly with ncore

and hence, ncore nclad. This result is in agreement with those obtained

using the weakly guiding model and in direct contradiction with that

reported previously in section 2.2. To validate these theories, no

experimental work has been reported so far. This study is the first attempt

to verify experimentally the theoretical results discussed above.
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Figure 9. Power efficiency of a thin-film of sources versus ncore using

the exact field solution. (From reference 13),



CHAPTER 3

EXPERIMENTAL METHODS

3.1

Fibers of various diameters were drawn from a 6 mm diameter

quartz rod (refractive index 1.459) using glass blowing techniques.

Attenuation curves show high losses for wavelengths above 2 Iim. The

drawn fibers were uniform in diameter for short lengths which were

sufficient for our experiments. The fibers were cleaved to a length of 18

cm. Each fiber was examined under a Leitz microscope. These fibers

were coated with a luminescent thin-film about 2 cm long region at one end

of the fiber using the procedure given below.

3.2 Fluorescent matrix

The fluorescent material consists of Y203:Eu3+ which is a

luminescent powder available from GTE Sylvania (type 41134). It was

incorporated into a polymer precursor PDMS (McGhan NuSil R2615)

which is a viscous liquid in its basic form and can be cured by using an

appropriate catalyst. Xylene was added to this mixture to thin the liquid.

The coating consisted of 0.5g of Y203.Eu +, lg of PDMS base, 0.15g of

PDMS cure, and 0.5g of xylene. Each fiber was dip-coated for appropriate

thickness and cured in an oven at 200 oC for ten minutes. For optical

measurements, the fibers were placed in a cell which is described below.

22
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3.3 The fiber cell

The schematic diagram of the fiber cell is shown in figure 10. The

cell was constructed from a transparent plastic cylindrical tube (refractive

index 1.477). A small section was cut away along the axis and a hole

formed so that the cell could be filled and emptied with liquid solutions.

The inside and outside surfaces of the cell were painted flat black except

for a rectangular window region which acted as an aperture. Two annular

rubber discs were inserted into the ends of the plastic tube and two rubber

membranes with a pinhole covered the discs. The fiber was held in place

by the membrane which sealed the cell. The coated region of the fiber was

located between the two discs in the cell. The volume between the fiber

and the inner wall of the cell can be thought of as a cladding. This volume

was filled with air or liquids of different refractive indices.

3.4 Refractive index variation of clad

There are many commercially available liquids which be could be

used to fill the volume of the cell. To achieve better control of the

refractive indices of the liquids used in this work, we used aqueous

solutions of sucrose. Water has a refractive index of 1.333 at room

temperature. By adding sugar to water, refractive indices can be varied

from 1.333 to 1.500 [16j. Figure 11 shows the variation of refractive

index versus percentage of sugar by mass. Tables 1 and 2 list the

refractive indices of the solutions, fibers, PDMS, and fiber cell.
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Figure 10. Schematic of the fiber cell.
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Figure 11. Refractive index change versus sugar concentration.
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Table 1. Refractive indices for cladding solutions.

Cladding Refractive index (ncpre) "core "clad

air

water

solution ¹1

solution ¹2

solution ¹3

solution ¹4

solution ¹5

solution ¹6

1.000

1.333

1.347

1.358

1.369

1.378

1.386

1.394

0.459

0.126

0.112

0.101

0.090

0.081

0.073

0.065
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Table 2. Refractive indices of materials.

Material Refractive index

Cell

PDMS

Fibers

1.477

1.406

1.459
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The refractive indices of the solutions and the cell were obtained using an

Abbe's refractometer whereas the values for the remaining materials were

obtained from their respective manufacturers.

3.5 S ectrosco ic setu

The experimental setup used to measure the spectral properties of the

fluorescence from the fibers is shown in figure 12. The system consists of

a continuous wave argon ion laser (Spectra Physics Stabalite 2011), a 0.64

meter monochromator (Instruments SA HR 640) fitted with a Spectra Link

data acquisition interface module, and a water-cooled photomultiplier tube

(PMT) (Hamamatsu 928s). The laser gives five different lines ranging

from 454.5 to 514.5 nm. The 476.5 line was chosen because it

corresponded to a local absorption peak of Y203iEu3+ [17]. Laser power

was set at 800 mW. The monochromator has a spectral range of 200 nm to

3 Itm with interchangeable gratings. The resolution of the monochromator

is 0.1 Angstrom. The spectral response of the PMT ranges from 200 to

850 nm. The wavelength setting of the monochromator and the PMT bias

voltage were controlled by computer. The monochromator was scanned at

0.1 nm steps over the region corresponding to the emission wavelengths.

The PMT signal was integrated for one second to obtain an average

intensity value at each wavelength.
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Figure 12. Spectroscopic setup used for obtaining fluorescence spectra.



CHAPTER 4

RESULTS AND DISCUSSION

With the experimental set up described in chapter 3, the fluorescent sources

in the cladding region of the fibers were excited by the laser at normal

incidence. Some of the radiation emitted by Y203.Eu + was trapped

inside the fiber as bound modes. This radiation propagated to the distal

end of the fiber where it was detected. For each fiber, the emission

spectrum was recorded for air and sucrose solutions in the cell surrounding

the Y203:Eu + sources. The peak emission intensity is proportional to the

amount of radiation coupled into the core as bound modes. To determine

the effect of variation in refractive index between core and clad, the

intensity values were plotted for each of the corresponding core-clad

refractive index difference (ncore-nclad). To comPare the absolute

coupling efficiency of the fibers with different diameters, all the curves

were plotted on the same graph. Then these curves were normalized to

compare incremental changes.

4.f Spectrum of YSOS:EuS+

A typical spectral output of a fiber, due to the emission of

Y203:Eu + is shown in figure 13. The spectrum is characterized by a

strong emission peak at 611 nm with a corresponding narrow linewidth

30
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Figure 13. Spectrum of Europium doped Yttrium Oxide,

Y203.Eu +.
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(FWHM) of 9 Angstroms at room temperature [17,18]. One reason for

choosing this material is its distinctive emission spectrum is readily

detectable. In addition, europium doped yttrium oxide has good thermal

properties. Y203tEu + has a melting point of 2410 C[18]. Its emission

intensity increases with temperature up to 650 C and does not decrease

back to room temperature level until 850 C[17]. Thus, europium doped

yttrium oxide is potentially a good material for high temperature sensing

applications.

4.2 core nclad

Figure 14 shows the variation of intensity with refractive index

difference, ncore nclad for a fiber of 420 Pm diameter . The refractive

index of the cladding, nclad, was varied from 1.0 to 1.394. The gaP in

data points is due to the unavailability of suitable cladding solutions

between 1.0 — 1.333. It is clearly seen that the maximum cladding

fluorescence was collected when the refractive index difference was the

highest. The highest difference corresPonded to an air cladding, nclad =

1.0. The intensity was normalized with respect to the highest intensity (air

cladding). The maximum normalized intensity, Inor = 1, occurs at

ncore-nclad = 0.459, for air. Notice that the normalized intensity does

increase with the difference in refractive index however, we must point out

that as the cladding refractive index changes, the amount of laser power

that reaches the fluorescent sources at the fiber surface also changes due to

Fresnel reflection (see figure 15.).
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This occurs, because the transmission of light across the interface of two

dielectric media is a function of the refractive indices of the two media; for

normal incidence, the transmission coefficient is given by [19]:

4n,n2

(nf+n2)
(4.1)

where nl and n2 are the indices of refraction of media 1 and 2

respectively. Because of this effect, corrections were needed for the data

points of figure 14. In our case, before reaching the fluorescent sources,

the laser light has to pass through the air (n=1.0), the plastic tube

(ncell=1.477), the cladding surrounding the rod (1.0 & nclad & 1.394) and

finally, the fluorescent sources incorporated into the PDMS (npdms ——

1.406). As the refractive index of the cladding is changes, the transmission

changes, as illustrated in figure 15. Because of the additional layers of

dielectric interfaces, the effective transmission coefficient of the exciting

radiation just after the PDMS/cladding interface becomes [19,20.]:

Lf 1 6llcellnPDMS ffclad
2

effca
D (ncell+rfclad) (nPDMS+nclad)

(4 2)

By analyzing equation (4.2) and the calculated Teff shown in figure 16, we

find that Teff increases with nclad and hence, it decreases with the increase

in index difference, ncore-nclad, in the interval 1.0 & nclad &1.394, table

1 shows the values used in this work. So, as nclad decreases (ncore-nclad

increases) the intensity of the exciting radiation reaching the
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fluorescent sources decreases. Therefore,we should expect the corrected

normalized intensity, Icorr, to increase slightly faster with ncore-nclad

than the uncorrected Inor shown in figure 14. Figures 17 and 18 shows

the behavior of Icorr, which is given by the ratio Inor/Teff.

4.3 Diameter effect

Three intensity vs ncore-nclad curves are shown in figure 19. These

curves are not normalized, therefore the intensity, Ieff, is defined as I/Teff,

where I is measured in counts/sec. We have plotted actual intensity values

to see the effect of modal volume on the light collection for the different

diameter fibers. As given in equation (2.6) the modal volume is given by:

v 2zailn2 -n2core clad (4 3)

where a is the core radius and X is the wavelength of interest. As one can

see from equation (4.3), the V-number is directly proportional to the

diameter. One would expect, the amount of light trapped in the fiber as

bound modes to increase as the number of available modes increase. This

is indeed what figure 19 indicates.
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4.4 Normalized Curves

The curves shown in figure 19 were normalized with respect to the

highest intensity for each fiber. Figures 20 - 22 show the normalized

curves. These graphs better shows the incremental changes in light

injection than figure 18. Except for the 500 pm fiber, at larger ncore-

nclad values the diameter effect is still seen, but at small refractive index

differences the incremental changes in intensity are much smaller and the

data points are scattered. The scattering and crowding of data points in

some instances cause the curves to cross one another at small ncore-nclad

values. We discuss below some possible sources of the scattering of the

data and the difficulties encountered in performing this research.

4.5 Sources of Errors

One major difficulty in performing the experiments in this work was

the optical alignment of the cell and the collecting lens. In using a bulk

optical lens to collect the fiber emission we were not able to collect all the

radiation exiting the fiber. Probably, the most efficient way to collect the

emission from the fibers is to use a fiber-optic coupler which attaches to

both ends of the fiber and feeds directly to the monochromator. Egalon

and Rogowski, and Marcuse [12,13j have indicated that their models were

based on the collection of radiation for forward propagating modes only.

Thus, equations (2.5) and (2.7) do not take into account the backward

propagating modes.
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Since the signals detected in this work were small in magnitude,

background noise was another major problem. Fiber impurities and

parasitic emission from the cell wall were the two main sources of noise in

the system. The emission from fiber impurities were overcome by side

pumping. Initially, we tried exciting the fluorescent sources by axial

pumping. While axial pumping did provide the evanescent field needed to

excite the sources, it also excited the impurities along the fiber which had

emission in the wavelength region of interest. The result was a very low

signal to noise ratio, SNR, or a signal that was lost in the noise. With side

pumping, we excited only a small fraction of the impurities in the fiber

while exciting the entire luminescent region. Side illumination yielded

much better results with a minimum SNR of 4:1. To overcome the

impurities problem in the future, improved optical quality fiber is

required. The other source of noise was light scattered from the cell wall.

To reduce this noise, we painted the inside and outside of the plastic tube

with flat black paint as previously mentioned in chapter three. Prior to

painting the cell, signal detection was almost nonexistent, even for side

pumping. Figure 23. shows a typical spectrum from an uncoated fiber.

Notice the intensity (counts/sec) is small compared to those of figure 19.

The source of the data scattering for the small ncore nclad value is

most probably due to the slight differences in the thickness of the

luminescent material. The PDMS coatings were about 10 p,m. The theory

only address the cases of a bulk (thick) distribution and thin distribution of

sources. It does not consider the case where the thin distribution criteria is
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met but the source thickness is slightly varied. It is our belief that the

scattering of the data points at small ncore-nclad values is due to slight

differences in source thickness. Obviously a fiber with a slightly thicker

coating will have a greater volume of sources. Thus, if the 500 p,m fiber

had a slightly thicker coating than 650 Itm fiber, the 500 Nm fiber may

inject more light into the core at low ncore nclad values because it has

more sources emitting. Since there are so many variables involved in the

coupling of light into bound modes, it is difficult to know with certainty

why the data point are not smooth. At present there is no general theory

encompassing all the parameters involve in coupling light from the

cladding of a fiber into the core of the fiber. Since a great deal of FOS use

standard communication fiber which has a small core-clad refractive index

difference, additional theoretical and experimental work is needed to verify

that slight changes in thin film distributions are of great concern for these

sensors.



CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Effect of index difference, ncore nciad

The most significant conclusion drawn from this experimental study

is that the greater the refractive index difference, ncore-nclad, the better

the coupling efficiency. This result is in contradiction to the requirements

of a standard optical fiber for communication. A standard step index fiber

has a very small index difference, ncor{ nclad. The maximum index

difference is obtained for a bare core fiber with air as the clad. As stated

earlier, the V-number of a fiber is given as:

~ a~
1 2 (5.1).

The TE0 1 and TM0 1
modes cut off when V & 2.405, which is the

condition for a single mode operation of a fiber. For a given wavelength,

the radius of the single mode fiber can be increased to a maximum when

n~ = ns. As an examPle, for k = 1ltm, the radius of a single mode fiber is

2.21 pm when nl = 1.5 and n2 = 1.49, and this radius reduces to 0.34 pm

when nl = 1.5 and n2 = 1. For mechanical stability of the fiber, it is better

to have a larger diameter which requires a smaller index difference.

Another advantage of a smaller index difference is the reduction in mode

dispersion.

48
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The signal pulse width broadening due to modal dispersion is given by [21]:

dt = 'nf nz),
Az c

(5 2)

where L is the propagation distance and c is the velocity of light in

vacuum. For the values of n2 = 1 and L49 given above, the pulse width

broadening is 2500 and 74.5 nsecfkm, respectively. Hence a smaller index

difference is preferred. For fluorosensors in which collection of the

fluorescent radiation is paramount, our results suggest that standard

communication fiber may not be the best choice for the design of optimal

sensors. One solution to this problem is to attach (splice) communication

fibers to the sensing fiber for simply guiding the signals.

While the power injected into the core increases linearly with the

increase in index difference ncore Ilclad, the penetration depth of the

evanescent field decreases, as given by (2.3)

5p = tz.z z)i~z
2ti[n& sin 8- nz]

(5 3)

Therefore the volume excited by axial pumping decreases with increase in

index difference, which in turn decreases the signal available for coupling

into the core. This problem can be overcome by increasing the length of

the sensing region.
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5.2 Effect of fiber diameter

It is also found that a larger diameter fiber has the ability to collect

more cladding fluorescence. Obviously the total number of possible guided

modes will increase with the diameter of the fiber; but for small

ncore nclad values the increase in injected Power is small. This suggest

that for good coupling efficiency, a large difference in refractive index

between core and cladding, and a moderate large diameter fiber are

needed. This will require proper transitions from the ends of sensing fiber

to the standard guiding fibers.

5.3 Com arison with theoretical results

As discussed in chapter 2, Marcuse's theory uses the well known

weakly guiding approximations to predict the injection efficiency of light

from the clad to the core. This is applicable mainly for communication

fibers. However, Egalon and Rogowski used exact field solutions for any

arbitrary values of refractive indices of the core and clad. Our

experimental results are in good agreement with their theoretical

predictions that the injection efficiency of cladding sources increases

linearly with index difference nco«-nciad as Presented in chaPter 4.

However, Love's theory predicts a decrease in injection efficiency with an

increase in ncore-nclad, which is contrary to our experimental results.
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5.4 ~Alications

A fluorosensor employing the active cladding configuration has a

wide range of applications. Any material which produces fluorescence

could be used for sensing. Since any changes to the fluorescence

properties of the material caused by external perturbations such as

temperature, pressure, pH, radiation, can be monitored by using a

fluorosensor configuration. Therefore, fluorosensors will found

applications in medical, industrial, and environmental systems.

Since the injection efficiency depends on the refractive indices of the core

and clad, the experimental setup employed in this study could be used to

measure refractive index of an optical fiber. In addition, refractive indices

of liquids and solids deposited on a reference fiber could easily be

measured.

5.5 Future work

This work employed external excitation to study the injection

efficiency. Experiments using axial excitation by the bound modes of the

fiber will provide a complementary extension to this work. It is also

beneficial to study the differences between sources distributed throughout

the bulk of the clad and those at the interface. Also, suitable materials

which have refractive index values between 1 and 1.33 are needed to get

more range for the data on ncore Ilclad.
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