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ABSTRACT 

The entire sixteen element scattering matrix for two parallel dielectric 

fibers over angular range of 8=5°-170° as measured from the forward 8=0 direction 

has been experimentally measured using the polarization modulation technique. 

Experimental results were in good agreement with theory for light scattering from 

two parallel fibers. Measurements were made for both ends ide and broadside 

illuminations at normal incidence for fibers at various separations from 2 flm to 70 

flm. Laser wavelengths used were 632.8 nm and 441.2 nm and fiber radii were 

0.400±0.002 flm, 0.370±0.002 flm, 0.428±0.002 flm, and O.406±O.002 flm. A special 

care was taken to measure the fiber radii, fiber separation and to establish the 

parallelism between the two fibers. Electrostatic attraction between the fibers 

prevented the investigation for separations below 2 flm. A vibration detection 

device based on two fiber light scattering has also been suggested. 
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CHAPTER I: INTRODUCTION 

Light is seldom observed directly from its source. With the exception of 

the sun and the stars. and light bulbs. virtually everything seen is via scattered 

light. Everything visible in the whole universe scatters part or all of the visible 

electromagnetic spectrum. Everyone engaged in the study of light. its industrial 

applications. spectroscopy or astronomy has to deal with the problem of scattered 

light. 

In order to understand the scattering by complex scatterers such as rough 

surfaces. clouds. atomic or molecular clusters. bio particles. liquids. gases etc.. it is 

often necessary to start with the scattering from a single particle when possible. 

This single particle information can then be extended to two (or more) particles and 

then finally to a collection of particles (Bickel 1976). Small particle scattering has 

been the subject of extensive experimental and theoretical work. (Bohren & 

Huffmann 1981). 

Scattering is a mechanism which cau:;es a beam of light incident on an 

object (a particle or a surface) to emerge in different directions. This can be 

considered as a redistribution of the incident radiation. The necessary condition for 

scattering to occur is to have a refractive index difference between the object and 

the surrounding medium. Light scattering can be subdivided into two catagories 

based on the change of energy of the incident light wave. One is elastic scattering 

where the scattered wavelength is the same as the incident wavelength and the 

other is inelastic scattering where the scattered wave undergoes a wavelength (or 

frequency) shift. 

Further classification of scattering of light into sub fields. namely. 



1. Thompson's scattering (Jackson 1975) 

2. Rayleigh scattering (Jackson 1975) 

3. Mie scattering (Van de Hulst 1969) 

4. Brillouin scattering (Hopf & Stegeman 1985) 

5. Raman scattering (Demtroder 1982) 

shows the diversity of the field. 

14 

The first three are examples of elastic scattering while the last two are 

examples of inelastic scattering. All scattering processes depend greately on the 

geometry and optical properties of the scatterer. 

Thompson's scattering is the scattering of light from free electrons. the 

smallest possible scatterers. Scattering of light from particles with dimensions much 

smaller than the the wavelength of light is called Rayleigh scattering. Blueness of 

the sky. ocean water. ice bergs. cigarette smoke and the redness of the sunset are a 

few examples where Rayleigh scattering affects the color of natural bodies. Mie 

scattering is the scattering of light from particles of sizes comparable or larger than 

the the wavelength. Scattering from fibers. bacteria. aerosoles and colle ids are few 

examples. 

Phonon interaction with light in solids is the origin of Brillouin scattering. 

Acousto-optic devices are based on this type of interactions. Interaction of light 

with local modes of a material such as vibrational modes of molecules give rise to 

Raman scattering. This inelastic process which produces frequency up or down 

conversion is well explained by quantum mechanics. Classical treatments based on 

Maxwell's eqations. Stoke's vectors and Mueller matrices are sufficient to describe 

elastic scattering. 

Experimental and theoretical investigations of Mie scattering have 

generally dealt with particles that are highly symmetric such as spheres and 
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cylinders. Such particles have well defined mathematical boundaries and make 

simple models for theoretical calculations. The elastic scattering of these particles 

can be predicted exactly by applying Mie theory to solve Maxwell's equations for a 

particular boundary value problem (Bohren & Huffmann 1981). 

Among the early work done in the field of Mie scattering. the first 

reported study has been done by Lord Rayleigh in 1881. He obtained an analytical 

solution for the scattering of plane electromagnetic waves from an infinitely long 

dielectric cylinder illuminated at normal incidence. Mie (1908) solved Maxwell's 

equations for a sphere of size comparable to the wave length of the incident 

electromagnetic wave. Wait (1955) derived the solution for scattering of 

electromagnetic waves from an infinite cylinder at oblique incidence. Twersky 

(1952) and Adey (1956) were the first to provide theoretical calculations for the 

scattering of electromagnetic waves from a system of two or more parallel 

cylinders. Row (1954) and Miller (1960) studied the same problem either with 

different mathematical approaches or with different properties of the cylinders. All 

these studies deal with TE and TM polarization of the incident and scattered 

electromagnetic waves. 

In the case of normal incidence TE and TM polarization!.: are uncoupled. 

However. for oblique incidence (Kerker 1966) the two modes are coupled. Yousif 

(1987) analytically studied the light scattering from two parallel cylinders at both 

normal and oblique incidence. He calculated the polarization content of the scattered 

signal by obtaining solutions for all 16 Sij elements of the scattering matrix as a 

function of the scattering angle. 

material and for all illumination 

measurements to check his solutions. 

fibers. 

The solutions were valid for any arbitrary 

angles. We will use our experimental 

Hereafter we will refer to the cylinders as 
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Previous experimental work measured the extinction and all Sij matrix 

elements for light scattered from single micron sized dielectric fibers (Bell 1981) as 

well as from conducting fibers (Padmabandu 1989) at wavelengths of 632.8 nm and 

441.2 nm. Scattering from a fiber on a highly reflecting surface (fiber on a 

conducting plane) has been studied by Bickel at el (1986) who measured all sixteen 

matrix elements. The scattering matrix for a dielectric fiber as a function of fiber 

perturbation by twisting. stretching. bending and coating has also been measured. 

Schlicht et al. (1987) experimentally investigated the light scattered from a 

fiber placed very close to front surface gold and silver mirrors and measured the 

total intensity for TE and TM polarized light as a function of the distance between 

the mirror and the fiber. They used Lloyd geometry to determine the fiber-mirror 

separation. They compared the experimental results with analytical solutions for 

two parallel dielectric fibers even though the two cases are not identical. Surface 

plasmon coupling and the phase change in reflection from the mirror make the 

fiber-surface case fundementally different from the two fiber case. Even now no 

theoretical solutions predict the entire scattering matrix for a fiber on or near a 

conducting plane. 

So far it appears that no direct measurement of the scattering matrix has 

been made for two parallel dielectric fibers illuminated at normal or oblique 

incidence. Precise alignment and maintaining parallelism as the two fibers are 

brought closer together is a major experimental challenge at visible wavelengths 

(Schlicht 1987). Electrostatic attraction between the two fibers always occurs and is 

large for small fiber separations. This prevenled us from experimenting with 

separations below two microns. The experimental work overcame these difficulties 

and has yielded all sixteen elements (Sij) of the scattering matrix for two parallel 

dielectric fibers. The results are compared with and verify the most recent 
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analytical solutions available to date (Yousif 1987). 

This dissertation is organized as follows. Chapter 2 presents the general 

introduction of the Stoke's vectors. Mueller matrices and their importance to light 

scattering. Chapter 3 discusses the experimental techniques which we used to 

measure the four components of the Stoke's vector and the sixteen elements of the 

scattering matrix. Chapter 4 presents a review of the theory of light scattering 

from a single fiber and from two parallel fibers. Chapter 5 describes the 

preparation of submicron sized dielectric (quartz) fibers and their calibration using 

the microscope and the nephelometer. Chapter 6 completes the discussion of the 

alignment procedure for two fibers and the determination of the fiber separation. 

Chapter 7 shows the results of the measurements of all 16 Sij matrix elements and 

their comparison with theory for the two parallel fibers. Chapter 8 reviews the 

experimental uncertainities. Applications of light scattering from the two parallel 

fibers and further research are discussed in Chapter 9. Chapter 10 completes the 

conclusion. 
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CHAPTER 2 

DESCRIPTION OF POLARIZATION 

Any given electromagnetic wave is completely described by stating its 

frequency. amplitude. direction. phase and the state of polarization. Our work will 

emphasize polarization measurements which are required to understand the complete 

behaviour of the electric field vector of the electromagnetic wave and its interaction 

with a scatterer. The polarization state of a wave can be linear. right or left 

circular. or elliptical. In general. any state of polarization can be written as a 

superposition of two orthogonal polarizations. A beam of light is polarized if all 

waves in the beam preserve the state of polarization and it is unpolarized 

otherwise. 

In a beam of unpolarized light the electric vector at a fixed point in 

space changes randomly in time. Therefore. unpolarized light can be considered as 

the average effect of a large variety of random polarizations. 

Any light beam can be put into any desired polarization state by sending 

it through the proper polarizing element such as a linear polarizer. linear retarder. 

quarter wave plate etc. 

Stokes Vector 

Stokes vectors are convenient symbols to facilitate the description of 

different kinds of polarized light especially with regards to scattering. A complete 

treatment by electromagnetic theory shows that any beam of light can be completely 

described by a Stokes vector with only four components called Stoke's parameters. 

They are denoted by a column vector and written as (Van der Hulst 1969). 
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For convenience they are sometimes written as (I.Q.U.V). Each Stokes parameter is 

an intensity of a particular kind of polarization state. 

For electromagnetic plane waves in homogeneous media. a given state of 

polarization can be written as a combination of two orthogonal polarizations 

(Jackson 1975). In terms of E vector amplitudes we have; 

E = Eo exp[i (kz-wt)] 

Eo = Etl ell + El el 
(2.1) 

where ell and el are mutually perpendicular unit vectors and are perpendicular to 

the direction of propagation. 

(2.2) 

are complex field amplitudes of the E-field. 01 and 02 are the phase angles of the 

two complex amplitudes. 

Each Stoke's parameter in the vector O.Q.U.V) is defined in terms of the 

electric field components in the two orthogonal directions. They are (Jackson 1975) 
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where 

<5 = <5 1 - <5 2 is the phase difference between the two field components. 

Experimentally measured Stokes parameters can provide enough 

information to completely determine the state of polarization of a given beam of 

light. Conversely, the Stoke's parameters can be calculated if the state of 

polarization of the wave is known (Bohren & Huffman 1981). 

The first Stoke's parameter I is the total intensity or the irradiance. 

Other three parameters are related to the degree of polarization. For example, Q is 

a measure of horizontal polarization. U is a measure of 450 polarization and Y is a 

measure of circular polarization. Since the four Stokes parameters are functions of 

only three independent element.s, namely, the two orthogonal electric field 

amplititudes and the phase angle between them, they are not all independent. In 

general f2 ~ Q2 + U2 + y2, where the equality holds when the light is 100% 

polarized. The inequality holds if part of the total intensity is unpolarized. 

Stokes parameters can be calculated. from first principles for the light 

transmitted through perfect linear optical elements such as polarizers. retarders and 

quarter wave plates. For example, if the two orthogonal polarization directions are 

horizontal and vertical the Stoke's vectors for these polarizations are respectively, 

I 
I 
o 
o and 

I 
-I 
o 
o 
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Note that the intensity (irradiance) is normalized to unity. 

The degree of linear polarization in terms of the Stoke's parameters are 

given by (Bohren & Huffman 1981) 

Imax - Imin 
Imax + Imin 

where Imax and Imin are the maximum and the minimum values of the irradiance 

when a linear polarizer is rotated through 90 degrees in the beam. Stokes 

parameters can be determined experimentally by systematically measuring all 

intensities for various proper orientations of the input-output polarizers. This 

procedure will be discussed in Chapter 3. 

Mueller Matrices 

When light defined by a Stokes vector (Ii .Oi . Ui • Yi .) is transmitted through 

or scattered from a surface or a particle. it can end up in a new polarization state. 

A new set of Stokes vectors (lr.Or.Ur.Yr) is needed to characterize the new state 

(Fig. I). The two sets of Stokes vectors are related through a 4 x 4 matrix called 

the Mueller matrix. The transformation is written as 

If 

[ S" 
S12 S13 

Sui 
I-I 

Of S21 S22 S23 S24 Oi 

Uf S31 S32 S33 S34 U-I 
(2.5) 

Yf 
.. 

. S41 S42 S43 S44 Y-I 

The first element S II of the Mueller matrix is unique. It is called the 

total intensity matrix element because it relates the output intensity to the intput 
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intensity irrespective of the degree of polarization. The other elements relate the 

input and the output light according to their polarization and are therefore called 

polarization matrix elements. The resulting Stokes vector for light passing through a 

set of optical elements is obtained simply by multiplying the input Stokes vector by 

the proper Mueller matrices 

For linear flat optical elements. where only transmission and no scattering 

occurs the Mueller matrix is independent of angle and the sixteen matrix elements 

are constants. For example. the Mueller matrix for a linear horizontal polarizer and 

for a right hand circular polarizer can be respectively written as. 

I 
'2 

I 
I 
o 
o 

o 
o 
o 
o 

(Bohren and Huffman 1981). 

o 
o 
o 
o 

o 
o 
o 
o ~ 1 

The case is entirely different for complex objects and scatterers. In this 

case the Mueller "scattering" matrix has angular dependence since light is 

redistributed into all 47T steradian by the scattering processes. In addition. the 

complexity of the scatterer can increase the number of non zero matrix elements 

due to increased mixing of various polarizations states. 

Since all four Stokes parameters are not independent. the Sij elements of 

the Mueller matrix are not all independent. Even for a complex scatterer. the 

number of independent matrix elements may be reduced from the 16 possible by 

the symmetry properties of the scatterer. 

For systems which have spherical or cylindrical symmetry such as fibers 

and spheres. all sixteen angular dependent scattering matrix elements can be exactly 



23 

calculated using Mie theory. Each matrix element for this situation will have a 

value dependent on the scattering angle (J and will be represented by (J- dependent 

curve instead of a constant. 
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CHAPTER 3 

EXPERIMENTAL DETERMINATION OF THE STOKES VECTORS 
AND MUELLER MATRICES 

25 

The Stokes vector which characterizes the polarization state of a given 

beam of light and the Mueller matrix which characterizes the scatterer can be 

determined experimentally by a series of systematic intensity measurements. As 

seen from the derivations in chapter two. the first element of the Stokes vector and 

the Mueller matrix is proportional to the total intensity. All other elements are 

related to the degree of different polarizations and are measured using various 

combinations of input-exit polarizers. A detailed discussion on this subject can be 

found in Bohren and Huffman (1981). and Bickel and Bailey (1985). 

Stokes Vectors 

Determination of the four Stokes parameters for a given beam of light is 

straight forward and can be done with a power meter. one linear polarizer and two 

circular polarizers. It requires a set of intensity measurement with polarizers at 

certain orientations. 

First Element: The total intensity (I) 

Measure the intensity of the beam with no polarizers. This gives the 

total intensity which is equal to 
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Second element: Horizontal or vertical linear polarization (Q) 

Place a linear polarizer in front of the detector. Measure the intensity 

that falls on the detector with the polarizer first at the horizontal and then at the 

vertical position. The difference of the two measurements III and 11 yields the 

second Stokes parameter 

Third Element: ±45° Polarization (U) 

Place a linear polarizer in front of the detector first at +450 and then at 

_450 to the horizontal and measure the output intensities 1+ and L The amplitude 

transmitted through the +450 polarizer is EtI± [E1/J2] that transmitted through the 

_450 is Ell ± [E1/J2]. The measured intensities are 

The difference between the two intensities gives the third Stokes vector. 

Fourth Element: Left and right circular polarization (V) 

Place a right circular polarizer in the beam and measure the intensity. 

The transmitted amplitude is ER '" 1/2 (Ell - iE1) giving the intensity 
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Similarly a left circular polarizer placed in the beam gives an intensity 

The difference gives the fourth Stoke's vector 

Experimental Determination of the Mueller Matrix 

Experimental determination of all sixteen matrix elements of the scattering 

matrix is also straight forward and can be done by systematic intensity 

measurements using various combinations of input and output polarizers. However. 

this procedure is slightly more complicated than for the case of Stokes vectors 

because of the large number of elements to measure. We will see that each 

intensity measurements couples two or more matrix elements. 

As an example we show how to measure the matrix element S12' The 

only optical element needed is a linear polarizer. First measure the output intensity 

with a horizontal polarizer in the input beam and no polarizer in the output beam. 

The output Stokes vector is the product of Mueller metrix Sij with the Stokes vector 

(Vin ) of the input light which is (1,1,0,0) and can be written as 
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[ S" 
S12 813 

S .. ] 
I Sl1+S12 

I I Vout I = S21 S22 S23 S24 I S21+S22 
S32 S33 S34 0 S31+S32 

Q 
S31 

0 U 
S41 S42 S43 S44 S41+S42 V 

The intensity (Ih) measured is proportio?al to the first Stokes parameter 

(Sl1+S12)' Second. rotate the input polarizer to the vertical and measure the total 

intensity with no polarizers in the output beam. The corresponding Stokes vector 

for the output beam is again Sij Vin but for this case Vin is (1.-1.0.0). Therefore 

the measured intensity (Iv) is proportional (Sl1-S12)' 

The difference of the two measurements (Sl1+S12)-(Sl1-S12)=2S12 is 

proportional to the matrix element S12' The matrix elements in the first row and 

the first column are measured in a similar manner, using only two intensity 

measurement for each matrix element. However, four combinations of different 

input and output polarizers are needed to determine each of the remaining nine 

matrix elements. This procedure is discussed in detail by Bickel and Bailey (1985). 

The instrument used to experimentally determine the Mueller matrix 

elements Sij is called the polar nephelometer. For a detailed discussion of its 

design and operation. refer to Hunt & Huffman (1973), Bickel et al. (1976), Bell 

(1981), and Iafelice (1985). We discuss only the essential parts of the instrument. 

The polar nephelometer consists of: 

I) a laser (or any light source), 

2) input optics - (polarization modulator. pin hole. neutral density filters 

etc.). 

3) sample mount, 

4) exit optics - (polarizers, spectral line filters and slits) 

5) detector and electronics. 
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Figure 2 shows the top view of the essential parts of the nephelometer. 

For the experimental work presented in this thesis. two CW lasers were used. One 

was a 45 mW He-Cd laser of wavelength 441.2 nm and the other was a 5mW He

Ne laser of wavelength 632.8 nm. Anyone of the two lasers could be used by 

adjusting a plane mirror mounted on a X - Y translation stage to divert its beam to 

the scatterer. 

The intensity of the input beam is controlled by sending it through a 

variable neutral density filter. The input beam is then sent through a spatial filter. 

a linear polarizer-photoelastic polarization modulator combination (to be described in 

the next section) to prepare the input polarization of the laser beam and finally 

through a small circular aperture. At this point the beam is prepared into its 

desired polarization state and has proper intensity. 

The sample mount is a small stage. placed on an X. Y. Z. 0 and ¢ 

adjustable mechanism at the center of the nephelometer (Fig. 2). Rotation and X. 

Y. Z translations of the stage and the scatterer are measured with the vernier and 

micrometer scales built in to the platform. In general. light scattered from the 

sample goes into all space (r.O.¢). For fibers illuminated at normal incidence the 

scattered light is distributed in a plane perpendicular to the fiber. Some of the 

scattered light is intercepted by the exit slit and then goes through a set of 

analyzing optics to a photomultiplier tube. The analyzing optics consist of various 

combinations of linear polarizers. quarter wave retarders and laser spectral line 

filters. These are mounted together with the PMT on an arm which can scan from 

0=00 to 1700 around the scattering sample. The scattering angle 0 is measured from 

the forward direction (Fig. 2). The exit slit width is 0.5 mm and located 29 cm 

from the scattering center. Therefore the angular spread (.6.0) of the light collected 

into the PMT is 0.10. The choice of input-output optics (polarizers. quarter wave 
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retarders etc.) is determined by the matrix element to be measured. 

The DC power SUPPlY 'gives a maximum of 1100 volts to the PMT. For 

relative total intensity measurements. the DC signal from the PMT is fed directly to 

a logarithmic picoammeter. The PMT voltage is then adjusted to raise the output 

current to a "desired value". The DC signal from the logarithmic picoammeter is 

sent through an analog to digital converter (ADC) to the Motorola VME-IO computer 

for analysis and storage (Fig. 3). The same procedure is used with the appropriate 

combination of exit polarizers to mea:sure the other matrix elements in the first 

column of the scattering matrix. 

All other matrix elements are polarization signals and for these. lock-in 

techniques were used. The polarization modulated AC signal is frequency filtered 

and amplified by a lock-in amplifier (PAR-HR-8). The amplitude of the AC signal 

seen by the lock-in is proportional to the percent polarization of a particular 

polarization state. When polarization measurements are being made. the DC portion 

of the PMT signal is sent to the constant current servo (ccs) which controls the 

voltage on the PMT. 

Measurements of the Polarization Matrix Elements 

The polarization modulation technique is the key to the experimental 

determination of the scattering matrix. The technique effectively modulates the 

input polarization. so that certain harmonics of the detected signal are proportional 

to the matrix elements. 

The birefringent photoelastic modulator is a vibrating block of amorphous 

quartz which is driven at its natural frequency (50 kHz) by a piece of crystalline 

quartz of similiar proportions. The amplitude of the oscillator circuit is adjustable 

to select the desired stress to be applied to the quartz block. The stress applied 
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induces a periodic birefringence which modifies the polarization of the incoming 

light from linear to alternatively left and right circularly polarized light. The light 

input to the modulator is prepared to be linearly polarized at 45° with respect to 

the modulator axis. This polarizer and modulator can be rotated as a unit. about the 

laser beam axis. The time dependent phase retardance introduced by the modulator 

can be written as (Hunt & Huffman. 1973): 

o(t) '" 

A 

27Td S sinwt ;: A sinwt 
X 

27Td S 
X 

(3. I) 

where w = frequency of the electric field driving the modulator. d '" thickness of 

the quartz block. X = wavelength of the incident light and S '" stress coefficient 

which is proportional to the stress- optical constant (Born and Wolf 1965). 

The linear phase retarder can be adjusted to "filter out" the various 

matrix elements Sij which contain polarization information. When light passes 

through a set of optical elements. the Stokes vectors of the emerging light is the 

product of the Mueller matrices of all optical elements with the input Stokes vector 

and is written as 

For a linear phase retarder oriented with the fast axis at 90°. the Mueller 

matrix. (MpR ). can be written as: 



o 
I 
o 
o 

o 
o 

coso 
sino 

where 0 is the phase retardance (Bohren & Huffman). 
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(3.2) 

For the light transmitted through a linear polarizer at 45°. the Stokes vector (Vin ) 

can be written as: 

I 
o 
I 
o 

where I '" total intensity after the linear polarizer. This is the polarization state of 

the beam that enters the linear phase retarder. The light emerging from the 

combination will have the Stokes vector. (V OUll)' given by: 

I VOUll1 

I 
o 
I 
o 

I 
o 

coso 
sino 

This Stokes vector describes the state of polarization of the light that leaves the. 

retarder and is incident on the scatterer [S]. 

Finally. the Stokes vector V oUl2 of the light that leaves the scatterer will 

be. 

I V OUl21 '" [Ssca] . I Yin I 

Sll+SI3COSo+S14sino 

SI2+S23COSO+S24sinli 

S31 +S33COso+S44sino 

S41 +S43COSo+S44sino 

(3.3) 
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Since in the most general case light is scattered into all 4rr steradians. all 

Sij elements and hence (V out2) are functions of the scattering angle e and the 

azimuth cp. 

Different combinations of the four elements of the V out2 are detected by using 

different orientations of the exit optics placed before the photomultiplier tube. 

Consider. for example. the case where a +450 analyzer is placed in the 

scattered beam. The Stokes vector (V det) of the light that reaches the PMT is 

I Vdet I = 1/2 

St 1 +S31 +(SI3+S33)COSO+(S 14 +S34)sino 
o 

Sll +S31 +(S13+S33)COSO+(-S14 +S34)sino 
o 

The PMT detects only the total intensity which is always the first 

element of the Stokes vector. Therefore. the detected intensity will be: 

(3.5) 

Now we show that certain combinations of matrix elements are modulated by the 

photoelastic modulator at frequency w. 

Coso and sino can be expanded using Bessel's functions of the first kind 

as (Jasperson 1969) 

sino c sin(A 'sinwt) .. 2 J I(A) sinwt + 2 J3(A) sin3wt + ... 

coso = cos(A-coswt) .. Jo(A) + 2 J2(A) cos2wt + .... 
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Inserting these functions into equation (3.S),and dividing by (Sll +S31) we have 

+ .. .J (3.6) 

provided that Jo(A)=O. 

C 1 is a constant which includes the light collection efficiency and the detector 

response. 

Equation (3.6) shows that the polarization modulation driven at fixed 

resonant frequency w gives rise to two AC components in the signal. One is the 

linear polarization which occurs at the 2w frequency and the other is the left or 

right circular polarization which occurs at the w frequency. The two components 

can be separated and amplified by tuning the lock-in amplifier to the desired 

frequency. 

When the lock-in frequency is tuned to the value w=SOkHz the amplified 

signal is proportional to the third term of the equation (3.6). 

When tuned to 2w (= 100 kHz), the amplified signal S;3 is proportional to the 

second term of equation (3.6): 

Here S;3 is defined to be the fraction. 

We see that the lock-in signal does not produce individual matrix 
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elements. This coupling always occurs except for the matrix elements of the first 

row and the first column. The combination of the four matrix elements measured 

above will be different if the modulator is placed on the exit beam instead of the 

input beam but the number of matrix elements in the combination is not reduced. 

For instance. the S34 matrix element combination is (S14+S34)/(SIl+S31) for the 

modulator in the input and (S31+S34)/(SIl+S14) for the modulator in the output. Note 

the interchange of S31 and Sl4' The element measured in a particular combination 

is always the element that does not contain i or j= I. In this case it is S34' 

However. for symmetric scatters S31=S13=S14=O. Therefore. for two cases 

discussed above the amplified lock in signals are proportional to 

The optical-electronic system is calibrated to select the proportionality 

constants so that the lock-in (percent polarization) signal is identically equal to the 

normalized matrix element. AIl other matrix elements are measured this way by 

using different sets of input-output polarizer combinations. The orientation of the 

input and output optics required to measure each matrix element is shown in Fig. 4 

along with the combination of the elements measured. These orientations are 

grouped together in a 4x4 array which can be compared to the scattering matrix. 

The number in each box is the corresponding photoelastic modulator frequency 

needed to measure that component. 

The SII normalization is accomplished with a constant current servo (ccs). 

The ccs controls the voltage applied to the PMT so that the DC current read in the 

logrithmic picoammeter (Fig. 3) is maintained at a constant pre-selected value over 
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the entire e scan. The normalization to SII eliminates the noise and signal 

variations due to long term drifts and short term fluctuations in the light source. 

This is an advantage over the substractive techniques where the matrix elements are 

determined by adding and substracting several intensity measurements. The 

polarization signals filtered and amplified by the lock-in amplifier are sent to the 

computer through the analog to digital converter as they were for SIl' 

Normalization could also be done by having the computer record the AC and DC 

parts of the signals simultaneously. The division by the DC component can then be 

done in the computer. 

Calibration of the Polar Nephelometer 

For total intensity measurements. the logarithmic picoammeter signal is 

directly proportional to the intensity that falls on the PMT. The voltage on the 

PMT for all total intensity measurements was kept below 600 volts. Neutral 

density filters were used with the He-Cd laser (45mW) to reduced the input 

intensity to the PMT. This was necessary to avoid possible damage to the sample 

and to the PMT. The He-Ne laser being weaker (I m W) did not need its intensity 

reduced. For all experiments the optical power input to the sample ranged from 

0.8mW-6mW 

To measure polarization matrix elements it is necessary to calibrate the 

instrument to produce full scale deflection for a particular 100% polarization. To 

do this the laser beam. attenuated with sufficient neutral density filters is sent 

directly into the PMT set at the e = 0° position. No scatterers are in place. A 

linear polarizer (+45°) for $33 for example or a quarter wave retarder for S34 is 

then inserted into the exit beam. The modulator amplitude and lock in frequency 

are then adjusted to produce a full scale deflection of the lock-in. 
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To simplify the data interpretation it is convenient to make Jo(A) equal to 

zero. In practice this is done by rotating the analysing polarizer through 900 and 

adjusting the modulating voltage to get a full scale (+100) swing in the lock-in. For 

example. when a +450 polarizer is placed in the exit beam. and the lock-in 

amplifier is tuned to the frequency 2w. the current will be: 

I = I ±}oo(A) [I ± 2J2 (A)cos2wt] 

The ± sign corresponds to the orientation of the exit polarizer at +450 or -450 • If 

Jo(A) is zero. rotating the exit polarizer from +450 to _450 will not affect the 

magnitude of the signal but it will change its sign from plus to minus. If 

magnitude changes do occur electronic and optical adjustments are made to set them 

equal. The the calibration is done at a certain PMT voltage which is kept constant 

throughout the entire e scan. 

To summarize. combinations of the elements of the scattering matrix that 

can be measured using the combinations of polarizers and analysers are given in 

Fig. 4. For experiments reported in this dissertation these measurements yield 

individual matrix elements normalised to Su' For a circular cross section fiber 

illuminated at normal incidence the sixteen matrix elements reduce to four 

independent elements. These are Su S12 S33 and S34' Other nonvanishing elements 

are S22=Sll' S21=S12' S43=-S34 and S44=S33' These equalities can be inferred without 

detailed mathematics by considering how a fiber treats polarized light. For 

example. the total intensity scattered in a given direction from a single fiber 

illuminated with left or right circular polarized should be equal. In such a case 

the matrix element S14 is zero. (This is not the case if the scatterer has optical 

activity). Similar considerations can be given to all matrix elements and discussions 

are found in Van de Hulst (I981) and Bohren & Huffman (I983) and Bickel (1985). 
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CHAPTER FOUR 

THEORY OF LIGHT SCA TIERING 

The Single Fiber 

Light scattering from dielectric fibers and conducting fibers has been 

studied extensively in both theory and experiment. It has been shown that light 

scattering measurements can determine the size of a single fibers to an accuracy of 

one nanometer in a micron. For our two fiber experiment we used the well tested 

and proven results of single fiber light scattering techniques to determine the fiber 

radii. Therefore. for completeness we briefly outline the theory for the single fiber 

light scattering and discuss the practical aspects of beam diameter. fiber size. 

perfection. orientation. etc. that must be considered before we compare the 

experimental results with theory. 

Before we look at the theory it is instructive to look at the experimental 

set up used to measure the light scattering from the fiber. Scattering geometry for 

a single cylinder at normal incidence is shown in Fig. 4.1. When the radius (a) of 

the fiber is much smaller than the length (I) so that the end effects of the fiber are 

neglected. the fiber is treated as an infinite cylinder. The length of the fiber 

should also must be much larger than the wavelength of the light used. The 

diameter (D) of the laser beam should be large enough to have a uniform 

illumination across the fiber. The angular resolution ~e of the intensity scattered 

into e depends on the slit width wand the distance R between slit and the 

scatterer. The numerical values of these parameters. a. I. A. w. Rand t..e are given 

in Chapter 5 along with other experimental details. 

For fibers illuminated at normal incidence it is convenient to resolve the 
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E - field of incident and scattered light into components parallel and perpendicular 

to the plane of incidence which contains the fiber axis and incident wave vector 

(see Fig. 5). Solving Maxwell's equations, the scattered field can be written as 

(Bohren and Huffman 1981) 

where 

E11 
5 

E1ls and Els are components of the scattered field. 

E1li and Eli are components of the incident field. 

00 

T( = boI + 2 L bnI . cosn9 

n=l 

00 

T2 = aoll + 2 L anlI . cosn9 

n=l 

Expressions for an and bn are given by (Van de Hulst), 

In(mx) J~(x) - J'(mx) In(x) 
bnI = I n (mx) W~)'(x) - I n (mx) W~)'(x) 

m J~(x) In(mx) - In(x) J~(mx) 
anII =- m J~(mx) W~)(x) - J~(mx) W~)(x) 

(4.1) 

x=ka and m is the index of refraction of the fiber. I n (x) is the cylindrical Bessel's 

function of order n. A complete discussion of the derivation of these expressions 

are found in Van de Hulst (1969). 



where 

The scattering matrix that corresponds to equation (4.1) is 

2 
= rrkr 

all other Sij = 0 . 
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(4.2) 

The form of the matrix is similar to that of a single sphere and here too. 

most of the elements have vanished due to symmetry. T[. T2 . and all Sij are 

functions of the scattering angle e. In order to see what these matrix elements look 

like. we ploUed each Sij in Fig. 6 as a function of the scattering angle for a fiber 

of radius 0.600 f.Lm. The wavelength used for the calculation was 441.2 nm. and 

the real part of the refractive index of the fiber was 1.466. The computer 

program used to calculate Sij was assisted by the subroutines given in Bohren and 

Huffman (1981). 
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Theory for the Light Scattering From Two Parallel Fibers 

The problem of scattering of plane electromagnetic waves from two 

infinitely long. closely-spaced parallel cylinders has been considered by several 

authors. Twersky (1952). Row (1954). and Miller (1960) obtained analytical solutions 

for this problem with different mathematical approaches. 

However. a complete solution was not available until Yousif (1987) 

completed the calculation of all 16 Sij matrix elements for two parallel fibers. He 

considered two parallel fibers of arbitrary material illuminated at both normal and 

oblique incidence. The following section outlines Yousif's results for the light 

scattering from two parallel fibers illuminated at normal incidence. 

Consider two parallel. infinitely long circular cylinders C1 and C2• The 

radius of each fiber is aj (i=1.2). The permitivity. conductivity. permeability of 

each cylinder are Cj. (Jj. flj and of the surrounding medium are Co' (J o' flo' The 

two cylinders are located in two separate parallel cylindrical coordinate systems 0 1 

and 02' The coordinates of each system are Pj. ¢i' Zj. The distance between the 

centers is d. Z axis is chosen to be parallel to the axes of the two cylinders (Fig. 

7). 

Consider only the normal incidence. eo is the angle between the fiber 

axis and the incident wave vector. eo = TT/2 for normal incidence. ¢o is the angle 

between the propagation vector of the electromagnetic wave and the positive x axis. 

¢o .. 0 or ¢o .. TT represents ends ide illumination since fibers are chosen to lie in 

the XZ plane (Fig. 7(a». ¢o" TT/2 represents broadside illumination (Fig. 7(b». 

In the far field approximation. the electric fields scattered from the two 

fibers can be written as (Yousif 1987): 
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(4.3) 

where ko ThiS e
the in~ide[n~ ~~3e] ~ector and Xo-koSi~8 

matriX T4 T2 IS called the ampiltude scattering matrix and it can 

be written as: 

Tl .. L im [a~l~ + a~2~ eihodCOScP] e-im(cP-cPo) 

m 

m 

m 

m 

(4.4) 

where ko = propagation constant in vacuum; Xo =ko sin8o; and 80 '" ~ for normal 

incidence. ~I" Eli are components of the incident field. 
I 

For normal incidence the coefficients born and dom are zero and the 

above four expressions can be reduced to a simpler form. For this case the the TE 

and TM polarizations do not mix and the coefficients aom and com can be obtained 

by matching boundary conditions on each cylinder and will be of the form (Yousif 

1987), 



where j I. 1 = 2 for cylinder I and j .. 2. 1 = I for cylinder 2. 

A~m = L (_I)(m+nXl-l) a~n H~-m(kod) ei(n-m)¢ 

n 
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(4.6) 

(4.7) 

where Jm. F-f~ are Bessel functions of the first kind and Hankel functions of the 

second kind. and ko is the wave number in free space. kj is the wave number in 

cylinder j. which is related to the electric constants by kJ = -iJLj w(rrj + iEj w). The 

prime (') in equation (4.5) is the derivative with respect to the argument. Eo is the 

amplitude of the incident electric field. 

C(l) _ 
om 

The complex refractive index of cylinder j can be written as: 

k· m. = .:.:..L 
J ko 

(4.8) 

The scattering coefficients of cylinder j for the T.E. polarization (cbm) are 

where Ho is the amplitude of the incident magnetic field. C~m has the same form 

as eq.(4.6) if a~n is replaced by c~n' 
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The only nonvanishing elements of the amplitude scattering matrix are Tl 

T( = L (-i)m[a~m + a~m e-ikdcos("'+ct»] e-im", 

m 

T2 = L (-i)m[c~m + c~m e-ikdcos("'+ct»] e-im", 

m 

(4.10) 

(4.11) 

The relation between the incident and scattered Stokes vectors can be 

obtained using the equations (4.3), (4.4), and (2.3). We now end up with Sij for 

scattering from two parallel fibers. 

[ S" 
SI2 SI3 

2 S21 S22 S23 

1TP"Xo S31 S32 S33 
S41 S42 S43 

(4.12) 

The subscript s stands for scattered field and i for incident field. 

The only nonvanishing Sij can be written in terms of T ( and T 2: (Yousif 1987). 

(4.13) 



48 

Re and 1m represent the real and imaginary parts respectively. 

The TI and T2 calculated from equations (4.10) and (4.11) can be applied 

directly to the expressions for Sij. giving numerical values for all sixteen Sij (9). 

Yousif examined some special properties of the matrix elements for this 

double fiber configuration. He found that Mueller matrix elements Sij are very 

sensitive to changes in the fiber separation especially when the two fibers are very 

close to each other. This sensitivity decreases with the increasing separation. The 

analytical solutions also show that for separations much larger than the fiber 

diameter. the Sij matrix elements for the two fibers approach that of a single fiber 

provided the radii of the two fibers are nearly equal. 

With these theoretical results available we posed the following questions: 

"Is it possible to set up an experiment to check these predictions". Can these 

matrix elements be used as diagnostic tools when the separation is small?"; "Does 

the large sensitivity of Sij (e) to changes in separation destroy or enhance the 

possibilities of carrying out such experiments and checking theory? In order to 

find out we had to see how accurately we could measure the fiber separation and 

its changes. This important problem is discussed in Chapter 6. 
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CHAPTER 5 

SAMPLE PREPARATION AND TESTING 

Fused silica fibers for single fiber and double fiber experiments were 

made in our laboratory. We chose fused silica because submicron sized fibers 

could be made free from distortions over a considerable length. The optical 

constants of fused silica are well known. It is a dielectric with negligible 

absorption over the visible spectrum. 

Two ends of two quartz rods of about 3 mm in diameter were heated in 

an oxygen-gas flame until they became soft. Then the two ends were brought to 

contact while they were in the flame. When the ends were "sufficiently soft" one 

end was pulled apart suddenly in a direction parallel to the flame. A very thin 

fiber was formed and floated up into the air. The fiber was visible under intense 

white light. A rigid C-shaped wooden holder was used to catch the fiber. Many 

fibers of various diameter were made by this technique. The fibers were stored on 

these holders until they were mounted on a special rigid frame for the experiment. . 

We had to check the quality and determine diameters of the fibers used 

in the experiment. First. the fiber was examined in an optical microscope for 

defects over few centimeters of length. Then a rough estimate for the fiber 

diameter was obtained with the microscope. If it was satisfactory the fiber was 

carefully mounted on a adjustable C-shaped aluminum holder to ensure that the 

fiber was neither stretched nor slacked on the mount (see Fig. 8). 

Second. the quality was determined with the light scattering nephelometer. 

The aluminum holder carrying the fiber was mounted on the adjustable X. Y. Z tilt 

and rotation mechanism positioned over the rotation axis of the scanning arm of the 
£t 
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nephelometer. 

The fiber was aligned perpendicular to the laser beam by tilting it until 

the back scattered light intercepted the incident beam at e." 800. The fiber was 

then aligned perpendicular to the plane of the scanning arm by tilting the fiber 

mount until the light scattered at 300, 900, and 1500 bisected the entrance slit of the 

analyzing optics. X - Y translations were made to position the fiber axis at the 

very center of the nephelometer. After all adjustments were made the fiber stood 

vertical at the center of the rotating arm which carried the detector. We could 

now test the fiber for uniform cross section (by rotating the fiber about its Z axis) 

and thickness (by translating the fiber up and down along its Z axis). 

Using the technique explained in Chapter 3, a series of SII curves were 

obtained for the single fiber by illuminating the fiber from different sides, i.e. as a 

function of fiber rotation about its axis. Figure 2 explains the geometry of the set 

up. The angular range for each scan was from 50 to 1700 as measured from 

forward (e=O) direction. The diameter of the laser beam was 1.3mm for the He-Cd 

Laser and 0.8mm for the He-Ne laser. The fiber length was about two inches. 

The exit slit was 1.5mm wide and was located 29 cm from the fiber. 

Consequently, the angular spread of the light collected into the PMT was about 

0.30 • 

Fibers which produced the same SII curve irrespective of the illumination 

direction were considered to be "perfect" fibers with fairly circular cross-sections. 

A second set of SII curves were obtained for different illumination 

positions on the fiber Z axis. This was done by moving the fiber in Z direction 

(raising or lowering the fiber stage). Fibers which had the same diameter over a 

length of few centimeters produced similar SII curves. The SII curves obtained for 

0.400 /lm diameter fiber are shown in Figure 9. 
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Measurement of the fiber diameter 

To determine the fiber diameters four independent marix elements SIl' S12' 

S33' and S44 were measured following the procedure explained in Chapter 3. 

Reproducibility of a particular Sij curve for a given fiber at different points along 

Z axis (and with rotation) was excellent. 

The diameter of each fiber was determined by fitting all non-zero 

experimental Sij to the theoretical ones predicted by Mie theory. Using Mie theory 

a series of Sij curves for slightly different fibers radii was generated in the 

computer. The theory curves were matched with the experimental curve and the 

best fit chosen. Figure 10 shows experimental SIl' S12' S33' and SJ4 curves for one 

fiber with the best theoretical fit. The best fit radius for the fiber is 0.400±0.002 

fJ.m. Figures 11. 12. and 13 show similar curves obtained for other fibers used in 

the experiment. Their radii were found to be 0.370±0.002 • 0.428±0.002. 0.406±0.002 

fJ.m. respectively. The same measurements were repeated using He-Cd laser (}'441.2 

nm). The two measurement were in good agreement. The uncertainty on the fiber 

radius left by the above technique of calibration was only +0.002- fJ.m. The 

numbers given above are the average of the two measurements. 

Scanning electron micrographs of some of these fibers were taken using 

the SEM located in the Material Sciences Department. These micrographs showing 

the detailed structure of the fiber. are given in Fig. 14. The photographs show that 

the fibers had uniform cross sections and were free of distortions. Making a large 

fiber (r > 2 fJ.m) was much simpler and easier than making a small fiber (r < 0.8 

fJ.m). Chances of making a fiber of radius less than 0.5 fJ.m was about one in 

fifty. But fortunately. maybe due to the tiny size of the fiber. about 90 percent of 

all small fibers made were free of air bubbles and uniform in shape. 
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Adjustable Screws. 
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Fig. 8. C-shaped fiber holder. 
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Fig. 14. Photographs of the fibers taken using the scanning 
electron microscope. 
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CHAPTER 6 

DETERMINATION OF THE FIBER SEPARATION 

The main purpose of this research was to investigate the possibilities of 

making a double fiber scattering system "perfect" enough so that it will produce a 

scattering matrix accurate enough to test the theoretical results. The light scattering 

matrix for perfect or ideal systems can be solved exactly using Maxwell's equations 

and Mie theory. Any system to be studied should start from an ideal system which 

undergoes changes as the system is slowly perturbed. These "perturbed scatterers" 

formed the basis of the experiments done in our laboratory over the past 10 years. 

Starting with a "perfect fiber" and a "perfect mirror surface". attempts have been 

made to study the scattering matrix as the mirror surface is "perturbed" by placing 

the perfect fiber on the mirror surface (Iafelice 1985). Another study has reported 

the changes of the scattering matrix as the fiber is perturbed by twisting (Bickel 

1980) 

In this study we investigate the evolution of the scattering of a single 

fiber as a second fiber is brought to its neighbourhood. When the fibers lie close 

to each other the interaction or the multiple scattering produces a new scattering 

matrix different from that of a single fiber. The agreement or the disagreement of 

the experimental results with the theory depends on. in addition to the quality of 

the fibers. the degree of accuracy to which the fiber separation and the orientation 

is determined. Therefore considerable attention was given to find an independent 

method to determine the fiber separation. Optical microscopy or electron 

microscopy cannot be used to make separation measurements in this particular 

experiment. 
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Once the fibers are aligned in the nephelometer. moving the system to 

any other location can cause changes in their separation or alignment. This 

prevented us from using the electron microscope to determine the fiber separation. 

However some photographs of the isolated fiber taken through the electron 

microscope to compare the diameters with those obtained from standared light 

scattering technique were presented in Chapter 5. 

A high resolution optical microscope has diffraction limitations. When the 

fiber dimeters are smaller than the wavelenght of light. coloured diffraction patterns 

overlap producing a blurred image. In addition it is very difficult to determine the 

plane of the two fibers by viewing through the microscope. Also the sophisticated 

mount built for the two fibers made it impossible to place a conventional 

microscope in a position to make a measurement. 

We decided to use diffraction of light from a single slit as modified by 

two fiber scattering to determine the absolute distance between the two fibers. The 

technique was developed after a careful study of the changes in the diffraction 

pattern as a fiber is moved across the slit. The procedure will be described 

following the discussion on the special fiber holder and the alignment process. 

Fiber Holder 

A special fiber holder was made to bring the two fibers as close as 

possible while keeping them parallel. Figure 15 displays a cross section of one of 

the two C shaped fiber holders used in the double fiber experiment. A and A are 

two polished 3mm diameter glass rods. The fiber is mounted on the glass rods A

A. with its axis perpendicular to the two rods. Two fine screws labled X-X on 

Fig. 15 are adjustable to keep the fiber taut and straight without stretching. The 

second holder was identical to the first except it is one inch longer. Figure 16 
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shows the side view of the two fiber holders when they are placed close to each 

other with fibers mounted. 

The fiber holder P was connected to one end of a rectangular aluminium 

rod of cross section 2 cm x 0.5 cm and length 20 cm. The other end of the rod 

was connected (Fig. 17) to a micrometer in such a manner that a larger movement 

in the micrometer head could be transmitted to the fiber as small displacement. The 

micrometer scale measured the fiber displacement with 0.07 11m accuracy. The arm 

and the fiber holder unit rested on three screws which provided tilt adjustments to 

align the fiber perpendicular to the laser beam. The second fiber holder Q was 

connected to a piezoelectric crystal and was mounted on a similar arm which in 

turn was mounted on X-Y micro translation stage. The fiber. together with the 

piezoelectric crystal. could be translated through a few millimeters along X-Y 

directions. The piezoelectric crystal had a linear expansion of 6 I1m/IOOOVOC. 

Voltage was supplied with Keithly 240A high voltage supply with a stability of 

+0.1 volts. Therefore ten volts applied to the crystal produced 0.06 11m travel of 

the fiber with I % accuracy. A Twymann-Green interferometer was used to 

calibrate the PZT and the detail of the procedure will be discussed in Chapter 8. 

The fiber holder and the PZT were rotatable about two mutually perpendicular 

horizontal axes. These two rotations were used in setting the fiber normal to the 

laser beam and to the scattering plane. The entire assembly. the two fiber holders. 

PZT. micrometer and two microtranslation stages were mounted on a 6" x 5" x 1/4" 

aluminium plate converted to the nephelometer stage. 
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Alignment 

Each fiber was separately aligned perpendicular to the laser beam 

following the procedure explained in Chapter 5 and then the two fibers were 

brought together until the separation was about two hundred microns. At this point 

fine adjustments were made to align the fibers parallel to each other. This was 

done by overlapping the two fiber scattering patterns produced on a screen located 

two meters from the scanning center (Fig. 18). The angle between the two fibers 

were measured with an accuracy of 0.1 degrees. Figure 19 shows a series of 

photographs of the total intensity distribution as the fibers were aligned parallel. 

Parallelism remained to within 0.2 degrees as the fibers were translated towards 

each other. The uncertainity of the angle was due mainly to the spread of the 

laser beam and its spot size on the screen. When the separation was decreased to 

a little less than two microns the two fibers moved towards each other and stuck 

together. Therefore no measurements were made for separations smaller than this. 

The expected symmetry of Sij elements about the forward (e=O) direction 

for endside illumination was used to align the light beam parallel to the plane of 

the fibers. Figure 20 shows a series of photographs of the total intensity matrix 

element Sll taken in the near forward direction as the two fibers were rotated 

about their common axis in 0.5 degree steps. The photograph shows the rotation of 

the fibers as a shift in the scattering pattern. This observation gave the angle 

between the plane of the fibers and the laser beam. This angle is zero for endside 

illumination and 900 for broadside illumination. A comparison was done by 

checking the symmetry of the Sij curves in the near forward direction for endside 

illumination. 

The most interesting part was the measurement of the initial separation 

between the two fibers. A single slit diffraction pattern was used to determine the 
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position of each fiber relative to the center of the slit. A single slit (width=lO,um) 

mounted on a micro X-Y translation stage was brought to within 0.2 mm of the 

fiber. The slit was alinged parallel to the fiber by overlapping its diffraction 

pattern with that of the fiber. A series of diffraction patterns of the single slit 

was measured with a PM tube connected to a strip chart as the fiber was moved 

across the single slit. 

A single slit diffraction pattern is symmetric about its axis. The fiber. 

when placed close to the left edge of the slit produced a diffraction pattern that 

was no longer symmetric. The peak intensity of the first secondary maxima on the 

right was higher than that on the left. This was reversed when the fiber was 

moved to the right of the slit (Fig. 21). As the fiber was moved across the slit one 

position of the fiber occured for which the diffraction was symmetric again. This 

happens when the fiber lies at the center of the slit and parallel to it. This was 

confirmed through a detailed study of the variation of the diffraction pattern as 

follows. A series of diffraction patterns of the single slit was obtained as the fiber 

was slowly moved across the slit. In this process the peak intensities of both left 

and right secondary maxima of the diffraction pattern changed gradually and passed 

through a maximum while the peak intensity of the central maxima passed through 

a minimum. In all cases the change in the peak intensity was less than 15 percent. 

These observations are displayed in Fig. 22 (a.b and c). 

Figures 22(a) and 22(b) are mirror images of each other. Symmetry 

demands that the left secondary maxima should undergo the same variation as the 

right secondary maxima when the fiber is moved from one side to the other. When 

the fiber lies on the center of the slit the extinction due to the fiber should cause a 

reduction of the intensity of the central peak. Both of these properties were easily 

observed in the experiment. These measurements were sufficient to determine the 
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exact position of the fiber with respect to the center of the slit. The two positions 

of the fiber that correspond to the peaks in Fig. 22(a) and (b) should lie 

symmetrically about the centre of the slit. Therefore the midpoint between the two 

peaks should be the center of the slit. As seen from Fig. 22(c). this point coincides 

with the minima of the central peak confirming that the position of the fiber with 

respect to the center of the slit can be determined using the technique. Therefore 

the position of the fiber corresponding to the minima of the central peak or the 

midpoint between the two peaks of the left and right secondary maxima was taken 

to be the center of the slit. Extrapolating the micrometer reading and the violtage 

applied to the piezo-electric crystal (PZT). the position of the fiber relative to the 

center of the slit was determined. 

The same procedure was followed for the second fiber. Having 

determined the absolute position of each fiber with respect to the center of the slit. 

it was possible to calculate the separation of the two fibers. For each data set 

presented in the next Chapter the same procedure was followed with the same slit 

to determine initial fiber separation. Widths of both the right and the left maxima 

as well as the central maxima of the diffraction pattern showed small variations to 

changes in the fiber position with respect to the slit. But this was not sufficient to 

produce any deterministic calculations in the fiber position. In the above study the 

parallelism between the fiber and the slit was established by overlapping the two 

diffraction patterns of the fiber and the slit. 
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Fig. 15. The fiber holder used for the two fiber experiment. 
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Fig. 16. The two fiber holders together with fibers mounted. 
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screen placed two meters from the two fibers. The angle 
ex between ~1e two patters is equal to the angle between 
the fi bers. 
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Fig. 21. Position of the fiber relative to the single slit and the corresponding 
diffraction pattern:. 
(a) The diffraction pattern when the fiber is on the left of the slit 
(b) The diffraction pattern when the fiber is on the right of the slit 
(c) The diffraction pattern from a single slit 
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CHAPTER 7 

RESULTS AND DISCUSSION 

All sixteen matrix elements for three sets of two parallel fibers were 

measured for normal incidence following the procedure explained in Chapters 3 and 

6. The radii of the fibers used in the experiment were between 0.3 p.m and 0.5 

p.m and the separation between the two fibers vary from 2.3 p.m to 70 p.m. 

Measurements were made for both endside (¢=OO) and broadside (¢=900 ) 

illuminations. 

Table 7.1 summarizes all the geometrical and optical configurations used. 

All experimentally measured Sij matrix elements along with the best fit theoretical 

curves are presented in Figs. 23-52. Columns I and 2 of Table 7.1 give the radii 

of the two fibers used in each experiment. The radii of all fibers were determined 

using the light scattering technique explained in Chapter 5 and the results were 

checked at both wave lengths>. = 441.2 nm and>. = 632.8nm. 

Column 3 of Table 7.1 gives the values of the separation (d) between the 

two fibers for each experiment. The value of d was obtained using the single slit 

and fiber experiment described in Chapter 6 and using the voltage applied to the 

PZT. For another independent check a hand made microscope with a calibrated 

eye-piece was used to measure the approximate fiber separation. Although this 

measurement is not as accurate as the slit-fiber technique. the two measurements 

agreed favorably. Most of the measurements on two fibers were made for the He

Ne laser wavelength (632.8 nm). Some of these measurements were repeated for 

He-Cd laser wavelength (441.2 nm). They are given in column 4. The type of 

illumination used for each experiment is given in column 5. Column 6 gives the 
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number of the figure in which the corresponding matrix elements are presented. 

The reproducibility of each matrix element was determined by repeating 

the measurement several times. The general shape of each curve did not change. 

However. the small fluctuations in the total intensity and the percent polarization 

could not be reproduced. These were considered as the noise due to mechanical 

vibrations of the entire system including the nephelometer. stage. table. etc. These 

fluctuations were higher for smaller fiber separations. 

The main purpose of this work was to check the theoretical results 

obtained by Yousif (1987) and to test the practicality of the experiment. Yousif 

presents his solutions for the scattering matrix in two major sections. one for very 

small size parameters (2rra/"A < 0.1) and the other for size parameters close to or 

greater than 1. When the size parameter is very small «0.1) the fiber acts as a 

single electric dipole and the scattered intensity distribution resembles that of a 

single electric dipole. To obtain such small size parameters in practice. at the He

Ne laser wavelength ("A632.8 nm). the fiber diameters should be less than 0.01 {J.m. 

We were not able to fabricate fibers of radii smaller than 0.24 {J.m and therefore 

measurements were not taken for size parameters of this range. Experimental 

results presented here are for larger size parameters (> I) and are in good agreement 

with theoretical results. Test is more severe for large fibers. Small (Rayleigh) 

fibers can double in size and show no change in their polarization signals. 

The theoretical matrix element curves were calculated on the University 

of Arizona's CDC Cyber 175 computer. The computer programs used in the 

calculations were written by Yousif (1987) and have been published in his Ph.D 

dissertation. The equations used for these calculations were presented in Chapter 4 

of this dissertation and were taken from Yousif's work which includes a complete 

description of the theory and calculations. We do not reproduce them in this 
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dissertation. 

The theoretical curves generated in the CDC Cyber computer were plotted 

in the same scale as the experimental data and were first compared visually with 

experimental results by overlaying the two curves. The calculated values of Sij 

elements which compared favorably were transfered to the Motorola VMEJO 

computer in our laboratory where the difference between the experimental and 

theoretical values of Sij elements at all angles (00 - 1800 ) were calculated. Due to 

the angular dependence of the sensitivity of the matrix elements to small changes in 

the separation. the difference calculated as above was not the same for all angles. 

However. the theoretical curves which showed an overall minimum deviation from 

the experimental curves were chosen as the best theoretical fit. 

The experimentally determined values of the radii of the two fibers (a t .a2). 

the separation (d). the angle of illumination (CPo) and the wavelength of the light (\) 

are given with each set of curves presented in Figs. 23-52. The number dT in the 

lower right corner of each box is the separation that was used to generate the 

theoretical curve in the particular box. The label in the upper right is the matrix 

element. 

The values of dT used to calculate the best fit matrix elements in Figs. 

23-39 agreed favorably with the experimentally determined fiber seperations. 

The fluctuations in the total intensity and the percent polarization for 

very small fiber separations were higher than those for larger separations. These 

oscillations on the Sij curves was reduced significantly when a 1/2 inch thick piece 

of sponge was placed between the nephelometer stage and the sample mount. The 

noise was therefore attributed to the mechanical vibrations from the building. the 

laser and from the nephelometer. The largest amplitude of these vibrations was 

estimated to be about 0.07.um. We used to the optical heterodyne technique to 
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measure this vihration. The details of the experiment are discussed in the next 

chapter. According to the analytical solutions. vibrations causing amplitude changes 

of this size (0.07 /Lm) can produce very large fluctuations in the polarization matrix 

elements at certain angles when the fiber separation is very small. 

Consequently. finding an exact match with the theoretical values of Sij 

elements for very small separations requires a high degree of mechanical stability. 

To a certain extent the polarization modulation technique and the use of lock-in 

detection has helped to average out some of these noises in polarization matrix 

elements. In the lock-in detection only the vibrations at frequencies which are 

fractions or multiples of the lock in frequency will appear on the measurement. 

Therefore the fluctuations seen on polarizations matrix elements are smaller than 

those on Sll even though the polarization matrix elements are expected to be more 

sensitive to small fluctuations in the fiber separation. This is the reason why Sll 

curves show a larger noise than others in Figs. 23-30. Even with a certain amount 

of noise filtering the measured polarization curves did not match their theoretical 

solutions as well as they did for the Sll curves because of their large sensitivity to 

small changes in the separation. In spite of this the experimental results still agreed 

favorably with theoretical solutions. 

The variation of any matrix element Sij (8) as a function of the fiber 

separation can be used as a diagnostic tool when the separation is small. For 

example. polarization matrix elements (S12 ,S33' S34) can. be used to detect mechanical 

vibrations at specific frequencies. However. it is necessary to pick the correct 

frequency for polarization modulation. Therefore one should use a polarization 

modulation device which can be used over a range of frequencies. One could also 

use the fluctuations of Sll as a vibration sensor but this has the disadvantage of 

reduced sensitivity of Sll at small separations over the other three matrix elements. 
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The details of such a device will be discussed in Chapter 9. 

The situation is entirely different for larger separations. When the 

changes in the separation are small the vibrations have very small effect on the Sij 

curves. As a result. experimentally measured Sij curves showed almost perfect 

agreement with the theoretical curves for larger separations (Figs. 35-39). The 

curves given in Figs. 35-39 show that the difference between experimental and 

theoretical values is much smaller than those observed for smaller separations. 

The scattering pattern seen on a screen was stationary and perfect 

photographs of the pattern could be produced even with 30 seconds exposure. 

These pictures were presented in Figs. 19-20 in Chapter 6. We saw that very 

small change in orientation could easily be detected by the photographic process and 

recorded in the photographs. 

Yousif's solutions show that all matrix elements for two identical fibers 

approach those of a single fiber when the fiber separation is large. The only 

difference between the two cases is the existance of the high frequency phase 

oscillations in the two fiber case. We checked this result by selecting two fibers of 

very similar radii. Experimentally determined values of the Sll' S12' S33 and S 
". 

matrix elements for each of the two individual fibers are given in Fig. 40. The 

radii of the two fibers are 0.428±O,002 /lm and 0.406±0.002 /lm. A set of 

experimentally measured Sij matrix elements for the two fibers together at different 

separations are shown in Figs. 41-52. The two fibers were parallel and. as in all 

other experiments. the matrix elements were measured for illumination at normal 

incidence. In Figs. 41-44. the thick curve is for one of the single fibers used and 

and the thin curve is for the two parallel fibers. At normal incidence. each matrix 

element approaches that of a single fiber for both illuminations. For large fiber 

separations. unlike the case of small separations. the polarization matrix elements are 



81 

poor indicators of the existance of the second fiber or of changes in the fiber 

parameters. However. in this case the total intensity matrix element SII is a better 

probe. 

Both the theoretical solutions predict and experiments show that for larger 

separations. SII for two similar fibers is close to that of a single fiber. The 

existance of the second fiber becomes apparent from the enhanced scattering cross

section and the high frequency phase oscillations. This is shown in Figs. 41-52. 

In addition. as seen in Figs. 45-49. for broadside illumination the number of 

oscillations about e=900 are much less than the number of oscillations per e interval 

in the forward or the back scatter. This is a good probe of the orientation of the 

plane of the two fibers with respect to the laser beam. 

Figures 45-49 show the changes in SII for broadside illumination as the 

fibers are moved towards each other. Figures 50-52 show a similar set of Sll 

curves but for ends ide illumination. In both cases the number of high frequency 

oscillations increases with the increasing fiber separation just as the interference 

pattern does from Young's double slit experiment. This can be seen in the series of 

curves in Figs. 45-52. For large separations (Figs. 45-47) even though the high 

frequency oscillations cannot be seen clearly. important information exists in the 

matrix element. By comparing small sections of these curves with theory the 

separation can still be determined. For more resolution a photographic plate may be 

desirable. 

Therefore the element Sll is a good indicator of the existance of the two 

fibers. However. when the fiber separation is small. SII may not be as good as 

other matrix elements to study small amplitude sustained vibrations because of its 

smaller sensitivity. 
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Radius of Radius of Separac:'on '~a'le len,;:h i::''.!.''Ci:-:ac:'on ::laca ~s 
Fiber 1 Fiber 2 d :.;r.u \ \ CJl1 I ?resen:ed 
Rl (I'm) R2 (,'JmJ an ? i!; .. . 

O. :'00=0.002 0.370::').002 21=').0 i 632. :::-.csice 2J~25 

0.:'00::0.002 0.370::0.00Z .08=<).07 532. 3roacside 2:'·30 

0.400::0.002 0.370::').002 . J::::.Q .07 532.3 ::ncsLce 31· 34 

0. 400::0.002 0.370::0.002 . :0::0 08 632.3 ::ndsLde 35·38 

0.400::0.002 0.370::0.')02 5.:2::0.08 632.3 3roadsice 39 

0.428::.002 0.:'06::0.002 632.3 Indi'lidua1 40 
fibers 

0. 428::0.002 0.406::0.002 :' .23=0.08 632.3 Broadside 41·:'4 

0. 428::0.002 0.406::0.002 66.5::0.5 532.9 Broadside 45 

0. 428::0.002 0.406::0.002 54 .3±0.4- 632.3 Broadside 46 

0.428::0.002 0.406::0.002 46.3::0.4 632. 9 Broadside 47 

0.428::0.002 0.406::0.002 26.1::0.2 532.9 Broadside 48 

0.428::0.002 0.406::0.002 7.23::0.08 632.8 Broadside 49 

0.428::0.002 0.406::0.002 64.5::0.5 632.3 Endside SO 

0.428::0.002 0.406::0.002 52.5::0.4 632.3 Endside 51 

0.428::0.002 0.406::0.002 30.6::0.2 632. 9 E:,.dside 52 
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CHAPTER 8 

ACCURA.CY OF THE MEASUREMENT 

The results presented in Chapter 7 for fibers of radii comparable to the 

wavelength of the illuminating light and for separations of several wavelengths are 

in good agreement with the theoretical solutions given by Yousif (1987). No 

measurements were obtained for very small fiber separations smaller than three 

wavelengths since the two parallel fibers would attract and stick together at these 

separations. 

Since the analytical solutions show that the Sij matrix elements are very 

sensitive to the fiber separation when the separation is very small. both the 

accuracy and any signal variation due to fluctuation will increase at small distances. 

Experimentally we found that even though experimental results matched theory at 

small separations the experimental curves were not as smooth as the theory curve. 

All curves had small fluctuations which are clearly seen in Sll curves for very 

small separations (Fig. 53). We attribute these signal fluctuations to phase and 

intensity fluctuations in the scattered field caused by small building vibrations 

which have been transmitted to the fiber. 

The accuracy of the final result depends on the accuracy to which we 

can measure the fiber radius, the expansion of the PZT, fiber separation, parallelism 

and stability. In this section we examine the experimental procedure used for each 

these measurements and discuss the uncertainities associated with them. 

Calibration of The Piezoelectric Translator 

A Twyman-Green interferometer (Jenkins & White 1976) was set up to 
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measure the expansion of the PZT as a function of the applied voltage (Fig. 54). 

MI and M2 are two plane mirrors and are mounted approximately at the sam"e 

distance from the beam splitter B. The mirror M2 was mounted on the PZT to be 

calibrated. The two mirrors were adjusted to obtain interference fringes on the 

screen S. The PZT was connected to a stable high voltage DC supply. As the DC 

voltage on the PZT was slowly increased fringes moved across the screen. We 

measured the number of fringes that moved past a point as the high voltage was 

changed from OV to 400V. 

We calculated the mirror displacement using the fact that the shift of one 

full fringe corresponds to a 'A/2 translation of the mirror. The mirror displacement 

as a function of the voltage applied to the PZT is given in Fig. 55. The voltage 

was measured to a tenth of a percent so the small separations measured using the 

PZT have the same accuracy. The uncertainity in the measured expansion was 

found to be I A for one volt applied to the PZT. 

Vibrations Of The Table 

In order to measure the table vibrations an open He-Ne laser was used 

with a second Spectra-Physics 155 He-Ne Laser to measure the beat frequencies 

between the two lasers as probe for the vibrations. The experimental set up is 

given in Fig. 56. 

A mirror with 45 cm radius of curvature was mounted on the arm that 

held the C shaped fiber holder in the two fiber experiment. A He-Ne plasma tube 

was used with this mirror to form a stable laser cavity of length 34 cm. The 

plasma tube had highly reflective flat mirror on one end and a Brewster window 

on the other end. A small circular aperture was placed in the laser cavity. The 

laser was set to oscillate at TEMoo mode by carefully adjusting the size and the 
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position of the circular aperture. A fiber optic beam combiner (Fig. 56) was used 

to couple the output of this laser with the output of the Spectra- Physics 155 He

Ne laser. The beam combiner had two fiber ends for beam input and two for 

output. The two laser beams were separately focused onto the two input ends of 

the beam combiner using two 20X microscope objective lenses. The fibers of the 

coupler were single mode for He-Ne laser wavelength (X632.8nm). The two laser 

beams superimposed over the entire length of the output fiber. The output from 

the beam combiner was detected by a fast silicon photodiode (Motorola MRD 510) 

and was analysed by :\ I.SGHz electrical spectrum analyser (Tectronix 2710). Two 

beat frequencies at 440MHz and 550 MHz were observed and identified as the beats 

between the longitudinal modes of each laser. The 550 MHz beat frequency was 

from the modes of the Spectra-Physics 155 laser and the 440MHZ beat frequency 

was from the open cavity laser. These frequencies were stable. Several other beat 

frequencies were observed at IIOMHz. 220MHz. 320MHz when both lasers beams 

were transmitted by the fiber. These beat frequencies were unstable and moved 

across the spectrum analyser screen showing an uncertainity of 100MHz. These 

were identified as the beats between the modes of the two lasers. The amplitude 

of table vibrations was estimated using these results as follows. 

Designate the open He-Ne laser as laser I and the Spectra Physics 155 

He-Ne laser as laser 2. Let VI and v2 be the frequencies of lasers I and 2. The 

beat frequency vbeat can be written as 

and the uncertainity of the beat frequency can be written as. 

t.vbeat = ((t.v 1 )2+(t.v2)2)1/2 

(8.1) 

(S.2) 

where t.vl and t.v2 are the uncertainities of the frequencies VI and v2 and are 
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independent of each other. 

The end mirrors of the Spectra-Physics 155 laser are rigidly glued to the 

plasma tube of that laser and are stable. Therefore the uncertainity .!lvbeat comes 

from laser I and is due to the vibrations of the external cavity mirror mounted on 

the mechanical arm. Therefore one can write 

.!lv, .!lL, 
v, .. ~ 

.!lv, 
.!lLI 

VI (8.3) -r;-

where L, is the cavity length of the laser I and .!lL, is its uncertainity created by 

the vibrations. 

Using the equations (8.2) and (8.3) we obtain 

For He-Ne laser AI = 632.8 nm; v, .. ~, .. 4.7x10'4Hz, L, = 34.0 cm and .!lvbeat 

= 100MHz. This gives .!lL, .. 70nm which is about a tenth of the wavelength (X = 

632.8 nm) of the He-Ne laser. 

For fibers separated by only 2 Ilm, this vibration can cause a 7% 

variation on the separation if it is equally shared by both fibers. The theoretical 

solutions for small fiber separations show large changes can occur in the Sij for 

very small variations of the fiber separation. Therefore the fiber vibrations as 

small as 7% can affect the total scattered intensity and polarization ratio. The 

vibrations can be reduced by working in a vibration free place or mounting the 

experimental apparatus on an ultra stable optical table. 
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Even with very' small vibrations we still have the electrostatic attraction 

between the two fibers which becomes a problem for separations as small as X for 

He-Ne laser wavelength. Since the scattering geometry scales measurement of the 

scattering matrix of the two parallel fibers at separations such as ( X. X/2 )could be 

done using large wavelength lasers such as 10 f.lm CO2 laser and larger diameter 

fibers. Fiber vibrations become insignificant for larger separations. 

Other Uncertainities 

As discussed in chapter 6 the parallelism between the two fibers was 

established by overlapping the two fiber scattering patterns on a screen located 2 

meters from the fibers. In the vertical plane which contain the laser beam. the 

angle between the two scattering patterns (Fig. 18) in the back scatter is twice the 

angle between the lwo fibers. In a plane perpendicular to the laser beam the angle 

between the two sl:altering patterns is equal to the angle between the two fibers. 

Both these angles were adjusted to zero to align the two fibers parallel. The 

uncertainity of the angle between the two fibers come from the two distance 

measurements. This uncertainity was 0.10. However. as the parallel fibers were 

translated towards each other the scattering pattern slightly expanded in vertical 

direction on the screen and the uncertainity increased to 0.20. 

The four separate patterns a. b. c. d in Fig. 20 show a series of 

photographs of the two fiber scattering pattern in the near forward direction ( () < 

120 ) taken as the two fibers were rotated through 0.50 steps about the vertical axis. 

The shift of the pattern on the screen was measured using a millimeter scale. The 

uncertainity in the measurement was 0.10. 
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CHAPTER 9 

OUTLOOK 

Study of light scattering and the Mueller matrices from fibers can be 

expanded in several directions which are important to fundemental research and 

applied problems. The nephelometer can be modified to include two dimensional 

measurements. 

Need for a Two Dimensional Detection 

The photographs taken in the near forward direction for two parallel 

fibers (presented in Chapter 6. Fig. 19) show a larger sensitivity to small changes in 

the orientation and in the parallelism of the two fibers. The photographs show 

variations in the total intensity as functions of both e and r/J but they provide no 

information about the polarization mixing. In contrast. the PMT-vertical slit 

arrangement does provide polarization information but only as a function e because 

of the vertical slit. 

Two dimensional measurements of Sij give two sets of information and a 

more complete efficient light scattering discription. To do this the PMT -vertical slit 

arrangement should be replaced by vertical linear array of micron sized detectors 

(CCD device). The combined signals from each detector will form a two 

dimensional map as the detector array is e scanned. This arrangment would be 

useful to study light scattering from irregular particles and complex scatterers which 

are difficult to solve theoretically. 
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Further Research 

A fiber with r«h represents a single dipole. Two such fibers can be 

used to study the coherent interaction of two dipoles placed at the desired 

orientation. 

Studies of polydispersive many-particle systems should start with the 

simple two parallel fiber system and then proceed to systems with more fibers of 

slightly different radii and/or orientation until the phase information in the scattered 

light washes out. These experiments will show the limits of light scatterring as a 

tool for analysing complex systems. This situation for fixed fibers is quite different 

from a collection of mobile polystyrene spheres in a solution. Because of constant 

Brownian motion the phase distribution of the light scattered from each particle in 

solution is completely random and can have phase differences from 0 to 21T. The 

collection of fixed parallel fibers will be random in position whereas the phases in 

the far field will be fixed. 

Polarized light scattering has yet to be fully applied to include nonlinear 

interactions of light with small particles. Nonlinear optical phenomena such as 

optical second harmonic generation have not yet been formulated in the Stokes 

vector Mueller matrix representation. The resulting matrix elements can be fit into 

a three dimensional array. 

Applications in Technology 

The two parallel micron sized fiber system itself is a powerful diagnostic 

tool. The polarization matrix elements are very sensitive to small changes in the 

separation when the fiber separation is small. This sensitivity can be used to 

detect or measure small mechanical vibrations or distance changes. 

To discuss the device in detail. Figures 57-60 show the scattering matrix 
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elements Sij for the two-fiber system (rl.0.400 p.m. r2.0.370 p.m) and changes that 

occur in the Sij as small changes occur in the fiber separatiGii. Fir:;t consider Fig. 

57. The three separate curves (solid line. dotted line. dotted solid line) in each box 

corresponds to the fiber separations (d) 1.I2 p.m • 1.I7p.m and 1.22 p.m. respectively. 

The curves are for normal incidence ends ide illumination at wavelength 632.8 nm. 

The change of Sij for a 0.05 p.m change in d as d increases from 1.17 p.m to 1.22 

p.m is plotted in Fig. 58. This change depends on the scattering angle and matrix 

element. SI2 in box 2 shows the lagest percent polarization change of -140% (70% to 

-70% ) and it occurs at 520 for this fiber separation. Figure 59 shows the Sij 

matrix elements for same separations for endside illumination. Again. the three 

separate curves (solid. dotted. and dotted solid) in each box are for d .. 1.I2 p.m. 1.17 

p.m. 1.22 p.m respectively. Figure 60 shows the change of Sij for this situation as 

d changed from 1.17 to 1.22 p.m. The largest change (70% for S12) for this case 

occurs between 1200 -1500 and is smaller than that for broadeside illumination. The 

change is always larger for polarization matrix elements whereas the most sensitive 

angle depends on fiber rad ii and the separation. 

The fact that the polarization differences as small as 0.1 % can be routinely 

measured predicts an extremely high sensitivity for the technique. Therefore. the 

two parallel fibers with a very small separation can be employed as a 

interferometric device to detect small vibrations. 

A small portable nephelometer could use a small laser diode as the light 

source and silicon photo cell as the detector. Several detectors placed around the 

two fibers would monitor variations in Sij simultaneously. The two fibers. the 

diode and the detectors can be packed into a small container making it easy to 

transport and set up. When properly calibrated. an audio or electrical spectrum 

analyser can be used to determine the amplitude and the frequency of the 



125 

vibrations. 

This method has several advantages over other optical techniques such as 

optical heterodyne detection. In optical heterodyne detection a laser beam is 

devided into two beams (this case homodyne) or two lasers are used. One beam is 

modulated by the vibrating system under investigation and is combined with the 

other. which in general is a strong beam called the local oscillator. The large 

electric field in the strong beam amplifies the weak signal. The resulting beam is 

detected and analysed using a spectrum analyser. Although very small signals can 

be amplified through heterodyne gain. it is necessary to match the curvatures of the 

two wavefronts (of the two beams) in order to obtain a good result. In most cases. 

fiber optic beam combiners are used to get noise free coupling of the two beams. 

Microscope objectives or high power lenses are needed to couple light into such 

beam combiners. In addition high quality of the optical surfaces is a must in 

optical heterodyne technique. Finally. a complete alignment of the optical system is 

needed each time the system is used to study a new situation. Therefore the two 

fiber device for determining the vibrations will be much simpler and easy to use. 
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CHAPTER 10 

CONCLUSION 

All sixteen elements of the scattering matrix have been experimentally 

investigated for two closely spaced parallel dielectric fibers. The results were in 

good agreement with the analytical solutions provided by Yousif (1987). 

The results show that the Mueller matrix elements are very sensitive to 

the change in separation between the two fibers when the fibers are close to each 

other. This sensitivity varies with the scattering angle (e) for a given fiber 

separation. 

The elements of the scattering matrix for two parallel of fibers separated 

by a large distance become that of a single fiber when the fiber radii are nearly 

equal. All matrix elements m~asured for large fiber separations have high 

frequency phase oscillations in the envelope of the single fiber matrix elements. 

This observation confirms Yousif's conclusion that the Mueller matrix elements are 

additive for larger separations. In effect. they are poor diagnostic tools for this 

situation. However. for large separations. changes in the Sl1 matrix element are 

more prominent. 

Mueller matrix elements are sensitive to the change in orientation of the 

two fibers with respect to the incident light and to each other. A very small 

rotation of the two parallel fibers about a direction parallel to the fiber axis or a 

very small deviation from the parallelism can be easily determined using a 

photograph of the Sl1 matrix element since the photograph contains information in 

two dimension. 
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