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ABSTRACT 

A system consisting of a sphere sitting on a clean mirror was 

modeled as a two particle system: the real sphere and its image sphere, 

treating the mirror as a conducting plane. When the system was 

irradiated with a plane-polarized collimated laser beam with varying 

angles of inCidence, the scattering from each particle was assumed to 

follow Mie's solution for light scattering by a sphere. Phase 

difference between the scattering by the real sphere and the one by its 

image sphere was assessed by the geometry of the model. The far field 

solutions from each of the spheres were added to yield a phase 

dependent intensity function. Another model assumed no phase 

correlation between the two and the intensities from each spheres were 

added. Also discussed is the Double Interaction Mode, which takes the 

mirror-sphere separation into consideration. These theoretical results 

were converted to Bidirectional Reflectance Distribution Functions 

(BRDF). The theoretical as well as the empirical surface scattering 

from a good quality optical surface was introduced. The BRDF values 

thus calculated were added to the background scattering by the mirror 

since no interaction was assumed between the spheres and the rough 

metallic surface of the mirror. The test sample was prepared with 

polystyrene spheres with the nominal diameter of 0.984 ~m on a high 

quality aluminum mirror. The BRDF data from this sample with 6328~ 

and 4416~ were compared with the one obtained with the model described 

above. The comparison strongly indicated that there existed no phase 

x 



xi 

correlation between the scatterings by the two spheres. Determination 

of the sphere size and practical applicability for estimating the sphere 

number density on the surface are also discussed. 



CHAPTER 1 

INTRODUCTION 

A natural phenomenon that we are always exposed to, but seldom 

aware of, is the scattering of light. We see the world around us by 

detecting light which is diffusely scattered from objects, but it is 

very rare that light is observed directly from its source. For 

example, the whiteness of clouds, when they are not too thick and not 

too dense, is due to the scattering of the impinging sunlight. The sky 

appears to be blue because blue light is more strongly scattered by air 

molecules than the rest of the colors in sunlight. Tree leaves 

diffuselJ, reflect selected wavelengths, which yield colors that are 

characteristic of that species. 

Light scattering is the result of the interaction of light with 

something else. In this sense, the absolute vacuum is the only medium 

that provides no potential scattering source. With all other media we 

should expect some degree of scattering, or stray light, depending on 

the pertinent parameters involved. 

The essence of all light scattering is the interaction of 

electromagnetic waves with charges, particularly molecules. An 

electric dipole is induced in a molecule when the molecule is exposed 

to a static electric field. If the field were to oscillate in harmonic 

fashion, so would the direction and the magnitude of the induced dipole. 

The harmonic motion of the dipole involves acceleration and 

1 



2 

deceleration of charges, and it is well known that radiation is emitted 

when a charge is subject to a change in velocity according to the 

classical model. When a large number of such radiating dipoles are 

separated by small distances, each molecule is affected by the dipole 

fields radiated from neighboring molecules. In a perfect crystal at 

absolute zero temperature, the molecules are arranged in a very 

regular way. The waves scattered from each molecule interfere in such 

a way as to cause no scattering, but rather, just a change in the 

velOCity of the propagation. On the other hand, in gases and liquids, 

statistical fluctuations in the arrangement of molecules causes a real 

scattering. In other words, the final result of an aggregation of 

molecules is a cooperative effect of them all. Other examples of 

statistical fluctuation are density fluctuation, concentration 

fluctuation; and orientation fluctuation for non-spherical molecules. 

Another type of scattering, that differs from the one due to 

statistical fluctuation of physical quantities, is the scattering by 

particles. Though they often have similar mathematical formulations, 

it is necessary to distinguish the difference between these two. 

Scattering by density fluctuations in an ideal gas has the same 

functional form as scattering by suspension of small particles, i.e., 

small compared to the wavelength of the incident radiation. However, 

light scattering by fluctuations involves statistical and thermodynamic 

arguments, whereas scattering by particles does not. 

Historically, the problem of light scattering by particles 

traces back to Tyndall (1869) and Lord Rayleigh (1871). The problem is 
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to l"elate the angular' distribution of the scattered light to the 

properties of the scatterer. A complete description of the scattel"ed 

light requires full knowlege of its wavelengths, phase, amplitude, and 

polarization of the radiation scattered by the scatterer in all 

directions. Based on simple reasoning, Rayleigh derived what was later 

known as Rayleigh scattering. He considered the possible pal"ameters 

that might be involved in determining the ratio of the scattered ligh~ 

from small particles to the incoming beam. By demanding dimensional 

consistency, he concluded that 

"When light is scattered by particles which are very small 

compared with any of the wavelengths, the ratio of the 

amplitude of the vibration of the scattered and the incident 

lights varies inversely as the square of the wavelengths and 

the intensity of ligt'1ts themselves as the inverse fourth 

power." 

Twenty years after Rayleigh introduced his theory, Maxwell 

developed his electromagnetic theory. His four equations linked 

electromagnetic and optical phenomena. Maxwell's equations have been 

the backbone for solving most electromagnetic problems. Solutions could 

be obtained by demanding the continuity of tangential components of the 

electric field across the boundaries. 

Around the turn of the century, the problem of light scattered 

by a homogeneous sphere was typical test ground because a sphere has 

such simple geometrical boundaries. It was still one of the most 
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dif'ficul t problems and, though many special cases had been solved 

bef'ore, its complete solution was not formulated until Mie (1908). [It 

was later discovered that Clebsch (1863) had already published this 

solution in terms later known as vector wave functions.] 

The problem of unif'orm spheres on a conducting plane looks much 

like a single sphere scattering problem in that the conducting plane may 

be ignored by placing an image particle below the plane. Unfortunately, 

there has been little study about this system composed of two 

subsystems, each of which has very good solutions available. Levine and 

Olaofe (1968) showed that descriptive solutions are available for two 

close, homogeneous, nonabsorbing spheres when they are irradiated by a 

plane parallel polarized harmonic waves. However, their system differs 

from the one discussed above in that their spheres are illuminated by 

the same beam while in the above case, one of the spheres is illuminated 

by a real beam and the other sphere (imagi!'lary) is illuminated by an 

imaginary beam propagating in a different direction. 

The only theoretical attempt to describe uniform spheres on a 

conducting plane was made by Young (1976). He predicted the scattering 

from silver particles sprayed on a low-scatter mirror by assuming that 

the scattering pattern follows Mie's relation and that the radiation 

scattered in the forward direction is scattered by the mirror unaffected 

by the presence of the spheres. He obtained reasonable agreement 

between his model and the experiment out to an angle of 40 degrees from 

the specular beam. More recently, Schlicht, Wall, and Chang (1984) 

showed by experiment that such a system is not equivalent to Rayleigh's 
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model of placing an image on the other side of the plane (1907). They 

placed an optical fiber at various distances from the front surface 

mirror to observe the scattering pattern. They observed characteristic 

interference effects and possibly the interaction effects of the 

metallic mirror on the morphology-dependent resonances as the mirror

fiber distance was decreased. This led them to conclude that, since the 

propagating surface plasmon mode is induced in the conducting mirror by 

the normal-to-surface electric field component, the mirror-fiber system 

is not equivalent to a two-fiber configuration when there is an electric 

field component perpendicular to the mirror surface. Thus, Young's 

claim that Mie's formula can still be utilized to explain the scattering 

from spheres on a mirror contradicts Schlicht's. 

Several objectives were pursued in this investigation. The basic 

objective was the establishment of an appropriate scattering model based 

on Mie theory and the geometry of the spheres and the beams. The 

objectives for applications was the development of a technique for 

relating the scattering from a contaminated mirror to the physical 

parameters of the particulate contamination. 

Contents of the Dissertation 

Mie's solution of sphere scattering is reviewed in Chapter 2. It 

should be noted that Mie's solution is limited to a homogeneous sphere. 

No general mathematical description about the scattering from an 

inhomogeneous sphere with arbitrary size is available. Also, the 
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calculational result is presented for the configuration of parameters 

used in the experiment. 

Chapter 3 deals with the theories describing light scattering 

from a bare mirror, i.e., a mirror without any protective overcoating. 

An ideal mirror would scatter no light; however, in practice, such a 

mirror does not exist. Hence, there exists a need to estimate the 

amount of light that is diffusely scattered from a mirror surface whose 

surface irregularity is assumed to be much less than the wavelength of 

the light being used. 

Chapter 4 includes a discussion of the combination of the above 

two geometrical arrangement. A phase difference method between the 

real particle and the image partic~e, similar to that used in 

interpreting the interference pattern from the Lloyd mirror, is 

introduced. The far field is approximated to be the result of the 

interference of the two fields originating from two different but 

coherent sources. Young's approach of unobstructed reflection, the 

Double Interaction Method and the Simplistic Method are also discussed. 

A brief description of the experimenatal apparatus is given in 

chapter 5. Two different calibration methods are introduced. Sample 

spheres are also described in this chapter. 

Chapter 6 contains the comparisons between the two theories and 

the empirical data. The background by the mirror itself is shown to 

explain seemingly singular behavior around the specularly reflected 

direction. Scatterings forward and backward of the specular beam are 

shown separately, under the names of forward scattering and backward 
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scattering, respectively. 

Special comments about the general results are discussed in 

chapter 7. The comparability of the Mie theory with the geometrical 

approximation, the approximate size of the spheres estimated from the 

data, are discussed. Also included is the practical applicability of this 

method toward particle counting on clean optical surfaces. Additional 

speculation about the secondary interaction is also introduced. 



CHAPTER 2 

SCATTERING BY A SPHERE - MIE'S SOLUTION 

2.1. Amplitude Scattering Matrix 

When dealing with the light scattered from a spherical particle, 

it is convenient to work in spherical coordinates with the origin located 

at the center of the sphere, and with the z-axis defined as the direction 

of the beam propagation (Fig. 2.1). In this case, z and the scattering 

direction r define a scattering plane, which can be uniquely described by 

the azimuthal angle <t> except when r • z = 0, in which case any plane 

containing the z-axis can be the scattering plane. This <t> may be chosen 

to suit the experiment. For a given <t>, we can resolve the incoming 

field, which has components in the x-y plane, into components parallel 

and perpendicular to this scattering plane (Fig. 2.2). Disregarding the 

. i(kz - wt) 
harmomc term e Of the electric field, we obtain 

E. = Ei x + Ei ... (2.1) 
~ x y y 

x = cos <t> e + sin <t> e (2. 2a) 
p n 

y sin <t> e <t> 
... (2.2b) = - cos e 
n' p 

where superscript i indicates incident fields. With (2.2), (2.1) may be 

rewritten as 

8 
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e 
n 

(2.3) 

In a similar fashion, when Irl is much greater than the particle 

size and the wavelength, we can easily repeat the above steps for the 

scattered field, since the far-field solution is approximated as a 

tangential vector. When this condition holds, the radial component of 

the electric field is negligible compared to the tangential component; 

therefore, according to Jackson (1975) [also, see Fig. 2.3], 

E ==: 
S 

ikr e 
-ikr A 

... 
e = 

... s ... s ... 
e x e = e n p r 

From these, we get 

(2.4) 

(2.5a) 

(2.5b) 

(2.5c) 

(2.6) 
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Fig. 2.3. Relations among unit vectors. 
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It is evident that there should exist a certain relation between 

E and E.. By considering the linearity of the standard boundary 
s J. 

con di tio ns , 

(E2 - E,) x n = 0 

(H2 - H,) x fi = 0, (2.7) 

and considering the similarity of expressions of (2.3) and (2.6), it is 

reasonable to assume a linear relation between E. and E. The relation 
J. r 

between these fields is conventionally written in matrix form: 

:M) 
( S, 

S'l (::1 -ik(r-z-wt) e . 
= ikr 

Sit Sl (2.8) 
ps 

In (2.8), S _(S2 
- Sit 

S3 ) 
Sl is called the amplitude scattering matrix, 

and each component depends on the scattering angle e and the azimuthal 

angle.:\>. In many cases, the amplitude scattering matrix is utilized to 

calculate the scattering matrix. The scattering matrix combines Stokes 

parameters of the incoming and the scattered beam, and for special 

symmetries some of its ,6 elements vanish. In the case of sphere 

scattering, S3 and Sit vanish and the scattering matrix is left with eight 

non-zero elements, which may be expressed in terms of Sl and S2: 
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I S11 S12 0 0 r' s 

Q
s S12 S11 0 0 

\:: 1 =-, 
U (kr) 0 0 S33 S3~ (2.9) 

s 
v 0 0 -S3~ S33 V. 

S ~ 

where S11 
1 (I S212 + I Sl12) = 2 

S12 
1 (I S212 - I Sl12) = 2 

S33 
1 * * = 2 (S2S1 + S2S1) 

S3~ 
i * * = (SlS2 S2S1) 2 

2.2. Mie Theory 

There are several different approaches to Mie's theory that 

eventually lead to an identical result, but we will follow the approach 

of Bohren and Huffmann (1983). Other approaches are given by: Born 

(1933), Stratton (1941), Shifrin (1951), van de Hulst (1957), and Born and 

Wolf (1980). These methods are equally good, and references are made to 

them. 

In a homogeneous medium, E and B both may be deduced from the 

vector potential A that satisfies the Helmholtz equation: 

(2. 10) 

Introducing the new quantities M and 1\J, which have the properties 
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M = V x r\jJ (2.11) 

and 

V • M = 0, (2. 12) 

we obtain 

V x M = V x V x r\jJ 

= V(V • r\jJ) _ V2r\jJ ( 2.13) 

Using the vector identity 

(2. 14) 

we can rewrite (2.13) as 

(2. 15) 

Performi~g the operation V x on both sides of (2.15), we get 

V x V x M = V(V·M) - V2M 

=V x V(V·r\jJ + 2\jJ) - V x rV2\jJ 

Using the fact that V x VU = ° and the relation (2.12), this is reduced 

to 

(2. 16) 
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Adding k2 K = V x rk2\fj to both sides of (2. 16), we find that 

(2.17) 

If \fj is the solution of the scalar wave equation, 

then M is a solution of the vector equation. Another vector associated 

with M that also satisfies the same vector wave equation can be defined 

as 

H = v x M 
k 

N is chosen in such a way that the relation 

v x H = kM 

(2. 19) 

(2.20) 

is satisfied. If H is defined as indicated above and \fj satisfies (2.18), 

then by comparison we see that M and N have all of the required 

properties of an electromagnetic field: 
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V x E = iwllH V x N = kM 

V x H = -!wEE V x M = kN 

V • E = 0 V • M = 0 

V • H = 0 V • N = 0 (2.21 ) 

Suppose that u and v are two linearly independent solutions of 

(2.18). If M , N ,M and H are vector fields derived from these 
u u v v 

solutions, then we may choose the following set of linear combinations: 

E=M +iN 
v u 

H =-M + iN • u v 
(2.22) 

Substituting (2.19) into Maxwell's equations, we get 

V x E = V x M + iV x N 
v u 

=-ik (M - iN) 
u u 

=-ik H 

and 

VxH = -V x M + V x iN 
u v 

= ik (M +iN u' v 

= ik E 

As the potential flIDction in the electromagnetic wave equation 

is preferred to E's and H's for its simpler scalar nature, W in (2.18) is 

more convenient to work with than the vector wave equation (2.17). Once 
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\jJ is obtained, it should be possible tc, reconstruct E and Busing (2.11), 

(2.12), (2.19), and (2.22). 

The scalar wave equation in spherical coordinates follows the 

standard form: 

1 a ( 2~) 1 a ( . e ~) 1 a2w k 2,10 0 
? ar I' ar + r 2sine ae s~n ae + r 2si;re W + 'I' = • (2.23) 

We are seeking the solution of (2.23) in the form 

\jJ(r, e, ~) = R(r) s(e) ~(~) (2.24) 

The boundary conditions represented by (2.7) may be rewritten in 

component form: 

Eie + Ese = E1 e' 

Hie + Hse = H1 e' 

Ei~ + Es~ = E1 ~ 

Hi~ + Hs~ = H1~ 

at I' = a, where i stands for the fields inside of the sphere and s 

scattered field. After going through a series of mathematical steps 

involving a plane wave expansion in ,:rector spherical harmonics the 

following solutions are obtained: 

ikr 
E E 

_e_ 
se 

~ o -ikr 



or 

where 

Es<l> 

E ps 

E 
ns 

S1 = 

S2 = 

a = n 

b = n 

cx = 

1T -n 

T -n 

ikr 
::! -E e 

sin<l> S1(00s8) 
0 -ikr 

ik(r-z) S2 0 E 
e p 

= -ikr 

0 S1 E n 

L 2n+1 (a 1T + b T ) 
n(n+1 ) n n n n 

L 2n+1 (a T + b 1T ) n(n+1 ) n n n n 

m 1\! (mex)1\!' (ex) - 1\! (ex) ljJ' (ma) 
n n n n 

m1\! (mex)E;;' (ex) - E;; (cx)1\!' (mcx) 
n n n n 

1\! (mex)1\!' (cx) - m1\! (ex)1\!' (mex) 
n n n n 

1\! (mex)E;;' (ex) - mE;; (ex)1\!' (ma) 
n n n n 

2rra 
A-

p1 
_n_ 
sine 

dP1 
~ 
d8 

a = radius of the sphere, 

m = the relative index of refraction of the sphere, 

1\! (x) = x j (x) n n 
E;; (x ) = x h ( 1) (x) 
n n 

19 

( 2.25) 

( 2.26) 

( 2.27) 

(2.28a) 

(2.28b) 
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The last two equations are Ricatti-Bessel functions, where j (x) 
n 

and h(1)(x) are, respectively, the spherical Bessel function and the n 

Hankel function of the third kind. The prime means differentiation with 

respect ot the argument. 

From the result of (2.27), it is straightforward to compute 

Stokes parameters to obtain physically significant quantities [see Eq. 

(2.7)]. Fig. 2.4 to Fig. 2.5 show the expected scattering pattern for the 

parameters involved in this experiment. 

2.3. Special Cases of the Mie Theory 

Before the large-capacity digital computers were available, many 

approximations for various special cases were made. Each special case 

was characterized by two parameters m and the size parameter a = 2TIa/A, 

where a is the radius of the sphere. The size parameter can have values 

from zero to infinity. The refractive index, neglecting the imaginary 

part contributing to absorption, can have values between one and infinity 

unless the index of refraction of the surrounding medium is higher than 

that of the sphere. Special cases for which classical approximations 

are possible are given below. 

2.3.1. Rayleigh-Gans Scattering Region 

A sphere scattering system characterized by m-1« 1 and a(m-1) 

« 1 defines the Rayleigh-Gans scattering region. This leads to 
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ik3 
(m-1) v fee,<\»~ = 2lT 

ik3 
(m-1) v fee,<\»~ cose = 2lT 

where the form factor is 

'0 fee,<\»~ =f e~ dv 
v 

=~ (sin u -u cos u) 
u 
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(2.29) 

(2.30) 

e 
with U=2CL sin (2')' for a homogeneous sphere and Sl and S2 are obtained 

as follows: 

1 

Sl(e) = ik3a 3(m_1)( ~p J 3(U) 
\.l "'2 

1 

S2(e) = ik3a 3(m_1) (~P J 3(U) case 
\.l "'2 

2.3.2. Rayleigh Scattering Region 

The Rayleigh scattering region is defined by a«1 and a(m-1)«1. 

Under these conditions, the scattering intensity is given by 

I = s 

for the unpolarized incoming light with irradiance I .• 
~ 

(2.31) 
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2.3.3. Anomalous Diffraction Region 

The region defined by a.> 1 and m-1< 1 constitutes the anomalous 

diffraction region. Al though this region is a limiting case, it has again 

two limiting cases depending on the mignitude of the term 0 = 2a.(m-1). 

The same solutions for Rayleigh-Gans (2.29a) are applicable for very 

small o. However, for very large 0 ( a large sphere), geometrical optics 

and diffraction phenomena occur. Usually the diffraction term prevails. 

2.3.4. Optical Resonance Region 

The optical resonance region is defined by 0.« 1 and m-1 > 1. 

When certain conditions are satisfied, the resonance or the self-

sustained vibrations occur on the sphere. This would happen when the 

denominators of the expressions for a and b , (2.28), have values of n n 

zero: 

m$ (mx)E,:'(x) 
n n 

- E,: (x)$' (mx) = a 
n n 

Electric 2n pole vibration (2.32) 

$ (mx)E,:'(x) - mE,: (x)$' (mx) = a n n n n 

Magnetic 2
n 

pole vibration (2.33) 

This implies that a solution of Maxwell's equations can be found in 

which vibration and scattering occur without any incident '-laves. 

Equations (2.32) and (2.33) have complex solutions. If the solution 



25 

should be a real or very close to a real value, a self sustained 

vibration or oscillation occurs for the sphere of the exact size given by 

the size parameter Ct. If the solution should contain imaginary term, the 

oscillation would decay rather fast. Equations (2.32) and (2.33) are 

rather easily solved for special cases when certain approximations are 

applicable. For very large m (or infinite conductivity), (2.32) and (2.33) 

may be reduced to 

F,;' (x) = 0, 
n 

F,; (x) = o. 
n 

electric mode 

magnetic mode 

A few solutions for (2.34) are shown in Table 2.1. 

Table 2.1 Solutions for the oscillating modes in 
a sphere with large conductivity. 

-ix 
1 

-ix 
2 

-ix 
3 

Magnetic mode 

-1 

-1.50 + 0.86 i 
-1.50 - 0.86 i 

-2.26 
-1.87 + 1.75 i 
-1.87 1.75 i 

Electric mode 

-0.50 + 0.86 i 
-0.50 - 0.86 i 

-1.60 
-0.70 + 1.81 i 
-0.70 - 1.81 i 

-2.17 + 0.87 i 
-2.17 - 0.87 i 
-0.83 + 2.77 i 
-0.83 - 2.77 i 

(2.34a) 

(2.34b) 
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As can be seen above, there exists no real or close-to-real 

solutions under the condition of infinite m or conductivity. Hence, no 

self-sustained oscillation occurs. 

For very large but not infinite m, and for a« 1, t;;'(x) :: _!!t;; (x) 
n x n 

and (2.32) and (2.33) are reduced to 

1\J'(mx) + !!!!!1\J (mx) = 0, 
n x n (2.35a) 

1\J'(mx) + ...!l.1\J (mx) = 0. 
n mx n 

(2.35b) 

Solving Eqs. (2.35), one can obtain real solutions of x, and for 

the combination of proper A and the sphere radius corresponding to this 

x, there occurs virtually undamped oscillation. For the table of these 

x values, see van de Hulst(1981). 

None of above special solutions were applicable to the system 

chosen for this work. The size of the sphere was too big to be des cribed 

by Rayleigh or Rayleigh-Gans scattering formula. Also, the index of 

refraction, 1.59, did not belong to any of above special cases. Thus the 

computer program written by Bohren and Huffmann was used to evaluate 

scattering matrix. 



CHAPTER 3 

SCATTERING FROM OPTICAL SURFACES 

3.1. Methods of Describing Light Scattering from Surfaces 

3.1.1. Geometrical Optics 

Geometrical optics can be applied to light scattering when the 

dimensions of the surface roughness are large compared to the 

wavelength of light. Typically, one assumes some kind of distribution of 

small flat surfaces facing various directions, and the light is assumed 

to be reflected from these surfaces following geometrical optics. It 

doesn't explain interference, diffraction or polarization, and is 

therefore seldom used to explain light scattering from rough surfaces. 

3,1.2. Scalar Theory 

Scalar theory is based on the Helmholtz-Kirchhoff diffraction 

integral. This integral relies on the fact that the solution to the wave 

equation can be found if the solution is known at all of the points on 

the surface. Evidently, this cannot be satisfied when applied to a rough 

surface, and approximations are required. It is cus tomary to use 

Kirchhoff's boundary conditions; but this approximation limits the 

validity of the theory near the specular direction, and no polarization 

is taken into consideration. 

27 
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The scalar theory has been applied to a surface whose roughness 

was much less than the wavelength of the incoming light (Davies, 1954; 

Bennett and Porteus, 1961; Porteus, 1963). Usually the surface is 

assumed to have Gaussian height distribution function. Davies (1954) 

predicted the near specular angular dependence of the scattered light by 

such a surface near the specular direction, and Bennett and Porteus 

(1961) experimentally verified Davies' relation. 

On the other hand, this theory was applied to surfaces with a 

roughness much greater than the incident wavelength (Davies, 1954; 

Chandley and Welford, 1975; Chandley, 1976). When the surface was 

assumed to have a Gaussian autocovariance function, Hagfors (1966) 

showed that the limit of the scalar diffraction theory yields the 

correct geometrically expected scattering result. 

3.1.3. Vector Scattering Theory 

Vector theory has two different approaches, each of which 

includes the vector nature of light. The first approach is the vector 

version of the Stratton-Chu-Sil vel" integral (Silver, 1947). This theory 

utilizes the surface current, which is a vector quantity, and predicts 

the radiation from each surface current element. Since the exact 

surface current on a rough surface is not known, this approach is 

limited to the surface with roughness much smaller than the wavelength 

of light. 

The other approach is based on a perturbation technique, which 

was first used by Rayleigh (1945) to explain acoustical scattering when 
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the surface roughness was assumed to have a small influence on the 

perfectly smooth situation. With this assumption, it is justifiablE! to 

approximate the surface field as the field by the smooth surface plus a 

small perturbation term due to the surface roughness. These assumptions 

imply that this theory will be applicable only to surfaces with small 

surface roughness; however, the first order soul tion can be re-iterated 

successively to get higher order solutions. There have been several 

variations of the perturbation technique: plane wave expansion (Peake, 

1959), Dirac-o function current model (Kroger and Kretschmann, 1970; 

Maradudin and Mills, 1975), coordinate-transformation (Elson and Ritchie, 

1974) and a quantum mechanical perturbation approach (Elson and Ritchie, 

1971) are exampl es. Treated properly, these lead to the same result. 

3.2. Vector Scattering Theory 

According to Elson and Bennett (1979), who adopted the technique 

of transforming a rough surface into a plane by coordinate 

transformation, the general expression of the scattered power is given 

by 

where 

\)\)OCOs <I> + kkoe: 
Xe = cos<l>o - i 

\)0 - iqoe: 

(~ ) \) sin<l> sin<l>o 
c 

\)0 - iqo 

IX 12 
-j?--) (~ 1) I \)-iq IL ,.,. 



= (~) (Vo sin <I> sin<l>' 
c V-iqo€ 

+ i 
(~)cos<l> sin 

c 
V-iqo 

where <I> and 8 are for scattered fields, <1>' and 8' for incident fields, 

ko 
27T 

sin 80 = T 
27T 

80 qo = A cos 

k 27T sin8 =T 

27T 
cos8 q = T 

Vo =,Ik02 € (~)2 
C 

V =,Ik0
2 - € (~)2 

c 

g(k - ko) = surface height spectrum 

We may rewrite (3.1) as 

30 

dP =(~)'+ F F dn c • o· s (3.2) 

where F = g(k - ko), and the first term (w/c)'+ is Rayleigh's wavelength s 

dependence factor. Fo includes the remaining terms in (3.1) and is 

called the optical factor. For an in-plane measurement (<I> = 0) and a 

metallic surface, the expression of Fo is greatly simplified (Wang, 1983) 



to g:i. ve 

Fo = 11-sinso sinS 12 
cos 60 cos8 

= 

for pp 

for ss 

where pp stands for a TM-TM scattering geometry and ss for a TE-TE 

scattering geometry (p for "parallel", s for "senkrecht"). 

Wang (1983) showed, for the surface factor F for his sample 
s 

mirror with the surface roughness rms value about a.8nm, that the one-
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dimensional Lorentzian model fits data more satisfactorily than the two-

dimensional model; thus, F becomes 
s 

F s 
<3.4) 

where p= surface rms heignt, ~= surface heignt autocorrelation function 

length, p (surface spatial frequency) = 27T/A (sinS - sin80) = 

27T/A (13-130). With this, the scattering formula may be written as 

dpsS 
2 

k 3cos 80 cos 28 
2p2 ~ 

-dn = 1 + pZ~2 7T 
2 

dpPP 2 
k 3cos 80 cos26 11-sin80 sinS 1 2p2 ~ . 

<3.5) dQ = cos8 cos80 + pZ ~2 7T 
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3.3. Concept of BRDF and Spatial Frequency 

3.3.1 Spatial Frequency 

Figure 3.1 shows the typical pattern expected by Bennett's 

theory and Fig. 3.2 shows Wang's data in terms of BRDF and spatial 

frequency. The abscissa of Fig. 3.2 is related to the surface spatial 

frequencies. An analogy to a diffraction grating should clarify the 

concept (Fig.3.3). The optical path difference in Fig. 3.3 is given as 

the grating equation 

d (sine + sine. ) : nA 
s ~ 

(3.6) 

where d is the grating spacing and n is the order number. 

Then the frequency of the grating rulings is given in term of the first 

order (n: 1) as 

sine + sine. 
s ~ 

d = A 

The radian or circular frequency then is 

21T 
P = d = 21T (13 - So) 

A 

since the reflection angle is the negative of the incidence angle. 
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<3. 6a) 

(3.7) 



path difference 

\ 

= d (sine -sine.) 
s ~ 

Fig. 3.3 Diffraction grating for non-normal incidence. 
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Assume the grating has continuous distribution of "d"s in 

analogy to roughness distribution in actual mirrors. Equation (3.7) 

shows that the larger d renders smaller S-So values, which in turn can 

be interpreted as stating that the scattering for small B - So is from 

the surface roughness component with long periodic structures. On the 

other hand, small d or roughness with short periodic structures 

increases S - So and contributes to the scattering at the larger S - Bo. 

Therefore,it should be possible to estimate the composition of the 

surface roughness distributionby studying the plot like Fig. 3.2. 

3.3.2 B R D F 

(Bidirectional Reflectance Distribution Function) 

Light scattered from surfaces is usually described by the term 

"reflectance." When directions are involved in the definition of the 

reflectivity factor p(e.,<I>.; e ,<I> ), we find the relation 
~ ~ s s 

d<I> = p(e.,<I>.; e ,<I> ) d<I>. s ~ ~ s s ~ 
(3.8) 

where <I> = radiant flux [watt]. In most cases, scattered radiation 

propagates in a radial direction. The power density or irradiance 

(W/m2) decreases as inverse r2; thus, a detector will detect a weaker 

signal at greater distances from the scatterer. Since the value of p 

in (3.8) depends on the scatterer-detector distance, which is supposed 

to be constant in a given direction, it would be more reasonable to use 

a radiometric quantity that is independent of the distance. Since it is 
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well-known that the radiance L (W/m2sr) is conserved throughout the 

radiometric system, a new definition of reflectance, BRDF, is introduced 

(Nicodemus, 1970): 

f (9.,4>.; 9 ,4> ; A ) 
s ~ ~ s s s 

dL (9 ,4> ) 
s I" I" = L. (6. ,4>.) dQ.) 

~ ~ ~ ~ 

dL (9 ,4> ) 
I" I" I" 

= dE. (9.,4>.) 
~ ~ ~ 

(3.9) 

where subscripts i and I" stand for incident on the plane sample and 

reflected beams, respectively. The term "bidirectional" is employed to 

indicate that this is a function of two directional variables, i.e., 

incident and scattered angles. 

Since the detector detects the power, <I>, it becomes necessary 

to express (3.9) in terms associated with experimentally measurable 

quantities. Suppose that we have a uniform irradiance E. over an 
~ 

effective scattering area A. Using a detector with sensitivity R, the 
s 

Signal read will be 

Vo = R E. A 
~ s 

From this, E. is derived as 
~ 

Vo 
Ei = R A 

s 
(3.10) 
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Now, consider the scattering term. According to the transfer law of 

radiometry, the flux on the detector at a ,cI> is given as (see 
s s 

Fig. 3.3) 

= L( 8 , cI> ) A n cos 8 
s s s d s 

where cI> = 0, n = A IR~ and the assumption that L(8 , cI> ) does not 
s d d s s 

vary much over nd were used. The signal from the detector is 

hence, 

L(8 ,cI> 
s s = 

= R L(8 , cI> ) A nd cos8 s s s s 

v 
s 

RA cl>dcos8 s s 
(3.12) 

From (3.9), (3.10) and (3.12) we see that we may express f in terms of 
r 

directly measurable quantities: 

f (9.,<1>.; e ,4> ) = 
r ~ ~ s s 

L (8 , cI> ) 
s s s 
Ei (8

i
, cl>i) 

V R A = s __ s 
R As n d cos8 s Vo 



v , v , nd and e can be measured experimentally and f can be s 0 s r 

calculated by (3.13). 

redefined as 

Expressed in more familiar terms, f may be 
r 
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(3.14) 

where P. = incoming power, 
~ 

dP 
dn

s = power scattered into the solid angle dn. 



CHAPTER 4 

SPHERES ON A CONDUCTING PLANE 

A sphere on the surface of a conducting plane, in this case the 

mirror, can be modeled as a sphere and its mirror image with the mirror 

removed. Then there are several ways to model the geometry and the 

superposition of the scattered fields. The superpo::)ition can be by the 

addition of amplitudes keeping account of phase, as in Young's double 

slit experiment, or by the addition of intensities. The following 

sections describe some of these variations. 

When two identical particles are close to each other and 

irradiated by the same incoming plane harmonic radiatiori, there will be a 

phase difference, 84>, between the two fields sC'attered by each sphere. 

Denoting the two fields by E 1 (r) and E 2(r), and neglecting any possible 
s s . 

interactions between the two particles, we can expect a relation like 

(4.1) 

where 

8<1> = k [ r12 • ( z - r) ] (4.2) 

and we have assumed E 's were far-field solutions of the Mie scattering 
s 

theory (see Fig.4.1). For a lar~ collection of such identical particles 

randomly sepc::.rated in space, there will be a random distribution of 

phase differences among the many scattered fields. Thus, scattered 
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Fig. 4.1 Scattering by two identical spheres. 
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radiation will be incoherent and the intensity of each field will add. 

Near the specular direction, however, we have r + z and the phase 

difference approaches zero ; thus the scattering becomes coherent. On 

the other hand, if Ir121 is comparable to the particle size and if all 

r12's should lie in the same direction, we may get relations similar to 

(4.1). It is in this light that an attempt is made to explain the light 

scattered by a sphere on a conducting plane; i.e., by using an analogy 

similar to the one discussed above. 

4.1. Phase Difference Method 

Suppose the mirror, a conducting plane, is perfectly smooth so 

that the surface contributes no stray light other than that from its 

molecular structure. To simplify the calculation, we may substitute the 

plane with an image of the sphere which lies the same distance from the 

plane as the real sphere but on the opposite side. Also, it is assumed 

that the real sphere is illuminated by the real incoming beam and the 

image sphere by the image of the real beam propagating in the direction 

of the specu1arly reflected beam of the real beam. According to van de 

Hulst (1957), particles separated by more than 3 times their diameter 

may be considered to be independent of each other. Therefore, if 

neighboring spheres were to lie at a distance satisfying this 

reqUirement, the coherent scattering would occur only between the 

particle and its corresponding image particle. It is then possible to 

assess the phase difference between two "spheres" (see Fig. 4.2). 
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It is assumed that the incoming beam at 0 and the imaginary 

incoming beam at 0' have the identical phase so that only the path 

difference from 0 and 0' to the detector needs to be considered in 

estimating the phase difference between the two scattered fields. 

Mie theory takes advantage of the spherical symmetry by using 

spherical coordinates with the origin at the center of the sphere. For a 

two-sphere system, real sphere and image sphere, it will be convenient 

to place the origin of the spherical coordinates at the center of the 

line segment connecting the centers of two spheres. From Fig. 4.2, we 

extract the relation, 

r, = r - h 
:'.~ 

1", = 11"2 + h2 _ 2 1" h cos9, 

1" I, 2h h2 

= - -;-cos (9,) + ? 
~ 1" - h cos 9 , (4.3) 

In a similar fashion, we obtain a relation for r 2: 

(4.4) 

Since 9, :::: 9
2 

for 1" » h, (4.3) and (4.4) are transformed into 

r, = r - h cos 9 (4.5) 



j 

specular reflection 

27T 
TOrN 

Fig. 4.2 The phase difference generated by two point sources. 
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I" 2 = I" + h cos a • (4.6) 

where a = a
1 

=a
2

• Substituting r
1 

and r
2 

for I" in equation (2.25), and 

neglecting the negligible term hlr in the denominator, we find the 

relation 

1 
-ikr 

1 
-ikr 

eikr e-ikhCosas S2(COS e
s

) 

eikr e ikhcos as S2(COS as') 

(4.7) 

(4.8) 

where, a' is the scattering angle in the image sphere coordinates, h may 

be chosen as the radius of the spheres and <!> = 0 is assumed. In Fig. 

4.2, a' = rr-a -2a .• s s J. 
At a scattering angle a in the real sphere 

coordinates, the resultant Ese is given as 

Esa ~ Esa1 + Esa2 

1Esel2 ~ 1Ese112 + 1Ese212 + Ese, Es~2+ Es*ai Esa2• (4.9) 

The Mie scattering program by Bohren and Huffmann (1983) was 

modified to accomodate the phase variables into the calculation (see 

Appendix A). A typical result of this program is shown in Fig. 4.4, 

where a homogeneous polystyrene sphere on a low scatter mirror is 

irradiated with a 0.6328 J.lm laser beam, and it is assumed that the 

diffuse scattering from the mirror surface is negligible compared to 

that of the sphere. 
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4.2. Unobstructed Reflection Method 

If phase correlation terms in (4.9) should vanish, i.e, if 

<E - E * 2> = <E * 2- E 2> = 0, then the res ul tant intensity in a given sr1 sr sr sr 

angle is the simple sum of two independent intensities. Young (1976) 

presented a light scattering theory that predicts the scattering from 

spheres on a low scatter mirror based on such assumptions. He assumed 

no interaction between the sphere and the mirror or the image sphere. 

He further assumed that the radiation scattered in the forward direction 

is reflected from the surface unaffected by the presence of the sphere. 

His experimental and theoretical results (Fig. 4.5) agree reasonably out 

to about 40 degrees from the specular beam. The expected scattering for 

a polystyrene sphere with 0.6328 ].lI!l radiation is shown in Fig. 4.3. 

4.3. Double Interaction Method 

If the spheres are assumed to be separated from the surface, 

they will be illuminated by the specularly reflected beam as well as 

the directly incoming beam if they are in the reflected beam path 

(Fig.4.6). Also, the effect of the image spheres still might be present. 

This model handles more general configuration by incorporating the 

mirror-sphere distance into consideration. The solution of the system of 

spheres on the plane with this model would be found by taking the 

limiting value of zero for the sphere-mirror distance. , It is assumed 

that the existence of the spheres does not affect the beam reflected off 

of the mirror surface. There would be two incoming fields and four 
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scattered fields contributing to readings at the detector and proper 

phase considerations should be given to each of the four scattered 

fields (Fig.C.3). Designating the phase differences caused by the optical 

path differences with respect to the primary incoming beam as 01 and 02, 

the four scattered fields may be written as 

El = E (8 s) s 

E2 = E (1T-29.-9 
s ~ s 

) ei (1T+02) 

Ea = E (8 ) eHOl + °2) 
s s 

Eit = E (1T-28.-8 ) 
s ~ s 

e i(1T + 01) 

The derivation of the expressions for o's is given in Appendix C. The 

resultant scattered field would be the superposition of all four E's as 

To evaluate this model, the program in Appendix A was again 

modified to include additional phase variables. The result expected from 

this model will be compared with the one from the phase difference 

method (Section 4.1). 

4.4 Simplistic Method 

For the simplistic model, one may disregard the existence of the 

conducting plane. One would calculate the scattering pattern by a 
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Fig. 4.6 Double Interaction Model (DIM) 



sphere over the all angles of interest, which in this case would be the 

angles on top of the plane. Although the calculation is easier, this 

model fails to explain the scattering behavior. As can be seen in 

(Fig. 4. 7), the scattering level around the specular reflection is much 

lower than the ones for larger scattering angles. Preliminary 

52 

comparison of this with experimental data proved the incompatibility of 

this model. 
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CHAPTER 5 

EXPERIMENT 

5.1. Scatterometer 

The instrument used to measure the surface scattering was 

designed by Brooks (1983). It was designed to integrate multiple 

wavelengths into one system; each wavelength could be chosen by placing 

a flat reflective mirror in the proper location. The schematic block 

diagram and the Y-Y diagram are shown in Figs. 5.1, 5.2, and 5.3. The 

available wavelengths were 0.442, 0.6328, 1.15, 3.39, and 10.6 llm. In 

addition, 118 llm could also be made available. To minimize the possible 

dust contamination on 'the sample, the section of the room containing the 

sample and the detector was enclosed with plastic sheeting, and a 

laminar flow of filtered air was directed across the sample during 

measurements. A Z80 microprocessor monitored and controlled 

electromechanical beam attenuators, data acquisition, and data 

processing. In Fig. 5.1, the system was modified to include a plotter 

interfaced to the controller, that ran concurrently with measurements, 

generating the real-time data plot. All data were stored on floppy 

diskettes for future analysis. 

The sample had three degrees of freedom: it could be rotated, 

til ted (pitch), and/or yawed (angle of incidence). For in-plane 

measurements, the pitch angle is set to zero. Radiation scattered off 

the sample was sampled 100 times and examined for credibility. Every 
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time the relative error exceeded 2.5%, double the previous number of 

data points were sampled; i.e., first 100 points were sampled, then (if 

necessary) 100 additional points, then (if necessary) another 200 points, 

etc. In the worst cases, 800 points were found to be enough to satisfy 

the requirement. This statistical process was necessary because the 

signal-to-noise ratio (SIN) deteriorated considerably far away from 

specular. The background noise by the instrument is shown in Fig. 5.4. 

5.2. Ins trument Calibration 

There are two conventional ways of calibrating the system. The 

first is called the "no reference method." As the name infers, this 

method employs no reference sample, and the beam is shone directly onto 

the detector. One then measures the incoming energy and compares it to 

the scattered energy. The accuracy of this method depends heavily on 

the accuracy in measuring the incoming energy. Since the beam is 

focused on the detector, one has to use attenuators to reduce the signal 

strength below the saturation point of the detector crystal. 

Calibration of the attenuation factor, the size of the pinhole used to 

filter out the noise, and power fluctuation of the source all contribute 

to the precision limit of the measurement. 

The second method is the "single reference method" in which one 

compares the sampled signal to that of a standard sample. When a flat 

surface with hemispherical reflectance P is exposed to an incident beam 

with irradiance E. (W/m2
), a fraction of the incident energy is reflected 

~ 
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by the surface material into the hemisphere surromding the top of the 

surface. As was briefly discussed in Chapter 3, the power transferred 

from this surface to any surface or detector elements may be expressed 

by the power transfer relation 

(5.1) 

Assuming that all of the incident radiation is reflected, the total power 

delivered to the hemisphere (Fig.S.S) is expressed as 

E s 

= I I L(<I>,8) c~f8 R~ sin8 d8d<l> 

= I I L( 8,<1» cos 8 sin8 d8d<l> ( 5.2) 

If the radiance L of the surface material is independent of angular 

coordinates, the equation (5.2) is evaluated to give 

E = 7T L s 

Such a material is termed ''Lambertian.'' The absolute radiant intensity 

from the Lambertian surface varies as the cosine of the angle from the 

surface normal in any direction, but the definition of briS12tness, 

Radiance in radiometry or Luminance in photometry, cancels out the 
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Fig. 5.5 Power transfer from the surface to the hemisphere. 



cosine term to render the same brightness over the entire range of 

angles. 

With the definition of the hemispherical reflectivity given as 

(Wolfe, Zissis, 1978) 

= Total Power scattered into the hemisphere 
P Total Power incident on the surface 

Eq. (5.3) can be rewritten as 

s 
P E. = 1T L 

3. 

where f is BRDF defined as (3.2). Therefore, for a Lam bertian surface, 
r 

the BRDF is given as 
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f = £ 
r 1T 

(5.5) 

Halon (Polytetrafluoroethylene) was used as the reference in the 

visible ra'"lge of the light spectrum because it has a near Lambertian 

reflectance (Grum and Saltzman, 1976; Weidner and Hsia, 1981). This 

material deviates from its ideal behavior only at large angles and its P 

is estimated to be 0.98 (see Fig. 5.6). 
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Since this good-reference BRDF by Halon V?as available, all of 

the measurements were calibrated with respect to it. In the definition 

of BRDF (3.13), Vo and S'2
d 

are shared throughout the measurements. 

Denoting the data for Halon with the subscript ro, the ratio between the 

Halon data and the actual data was taken as 

V 
r 

f 
r Vo S'2

d 
cosS

r 
f = V 

ro ° Vo S'2
d 

cos A 
ro 

V cosS 
r ro 

= Vo cosS 
(5.6) 

r 

Including the pitch angle denoted by p's, (see Fig. 5.7), BRDF is given 

experimentally as 

V cos P cos(D 
s ro ro 

f = f r ro 

- y ) 
ro 

y ) 
s 

(5.7) 

where f is the BRDF of Halon at given coordinates; P ,D and Yare 
ro ro ro ro 

pitch, detector, and yaw angle of the reference, respectively; P ,D and s s 

Y are pitch, detector, and yaw angle of the sample, respectively. Since s 

it was recommended to keep the reference angle parameters as close as 

possible to the specularly reflected direction (Dereniak, Stuhlinger and 

Bartell, 1980), P and P was set to zero for in-plane, D ° to 15° and 
ro s r 
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y to 10° throughout the measurements. 
r 

5.3. Sample Preparation 

The mirror used in this experiment was found to a have very low 

diffuse scattering (See Fig. 6.1). Vector scattering theory predicts the 

slope of the BRDF vs. S - So to be -2 for a good quality mirror. The 

mirror used in the measurement yielded a slope of about -1.8. It is 

very difficult to observe light scattering by a single sphere because of 

its physical dimension. Therefore, an attempt was made to have spheres 

distributed on the surface in a random fashion to prevent phase 

correlations from neighboring spheres. 

Ultra-clean polystyrene/carboxyl latex spheres (Duke Scientific, 

112098) were chosen to minimize undesired contamination from this 

process. These spheres were dispersed in clean water and prepared to be 

free from surfactant. The nominal diameter (provided by the 

manufacturer) of these spheres was 0.984].lm with a standard deviation 

of 0.050].lm. The original suspension contains approximately 7 x 106 

spheres per ml. This thick suspension was diluted in pure ethanol until 

the proper concentration was achieved. 

The diluted suspension was dropped onto the mirror surface using 

a syringe and a hypodermic needle. When the desired area of the sample 

was covered by the liquid, the mirror was given a til t of about 5 • so 

that the liquid could flow off of the mirror, leaving the spheres behind. 

This procedure tended to leave the spheres in a stratified fashion, and 
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Fig. 5.B Microphotographs of the sample. 

The top picture was taken with x200, 
the bottom one with xBOO magnification. 
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many trials were needed before obtaining a satisfactory sample that had 

random distribution of spheres with a homogeneous surface density. 

Microscopic examination revealed a surface density of about 6.35 x 104 

(1/cm 2 ) with a standard deviation of 0.93 x 104 (1/cm2 ) [see Fig. 5.8]. 



CHAPTER 6 

DATA PRESENTATION 

6.1. Background Scattering by Mirrors and the Instrument 

Figure 4.4 was obtained under the assumption that the mirror 

used in the experiment would contribute no significant scattering • 

. Young (1976) adopted the same assumption to compare his theory with 

experimental data. As can be seen in Fig. 4.4, BRDF values calculated 

under such an assumption range over only two decades, while scattering 

by the mirror and instrument noise combined range over four decades 

(Fig. 5.4). However, the desired signal is large enough to overwhelm 

the background noise over the entire range of angles of interest. As 

the detector approached the specularly reflected beam, the noise could 

become larger or be of the same magnitude of order as the desired 

signal. 

The scattering by the mirror (see Fig. 6.1) consists of two 

parts. The section which appears linear in Fig. 6.1 is utilized to 

characterize the surface quality. Vector scattering theory, with Wang's 

one-dimensional surface power spectrum ("1983), predicts the slope of 

this linear section to be -2. The absolute reading on the ordinate is a 

direct measure of the surface roughness rms value [see Eq. (3.5)]. 

Comparing Fig. 6.1 with Fig. 3.2, it can be seen that the mirror for 

this experiment was of comparable quality if not better than Wang's 
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mirror, which had a measured rms roughness < 1nm. 

The curved portion of Fig. 6.1 arises from the instrument 

background noise. As can be seen in Fig. 5.2, the laser beam undergoes 

four (6 for 0.4416 the micron beam) reflections and two transmissions 

through lenses before reaching the sample surface. Most of the stray 

light is spatially filtered, but stray light due to the output spherical 

mirror M1 could not be removed. Furthermore, a polarizer was 

installed between the sample and M 1. The polarizing element is 

essentially a thin layer of metallic film. When the beam passes 

through this film, more stray light is expected. Usually this stray 

background can be approximated by a Gaussian profile. Plotted on the 

semi-log axis, the Gaussian profile appears as a quadratic function. 

The curved portion of Fig. 6.1 could be well represented by one. 
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Since the scattering by the spheres is independent of the 

mirror background, it was required to compensate for the background on 

the final data. There are two available options for this: subtracting 

the mirror background from the scattering data, or adding the mirror 

background to the theoretically expected values. The latter was chosen 

because of the problem associated with error propagation. For example, 

the generally acceptable relative error for a radiometric system is 

10%. Fer the sake of argument, assume that this error, due to 

statistical data processing, is only 5%. Near three degrees off the 

specular direction, the scattering data and the mirror background have 

BRDF values on the order of 10..2. When these two large and nearly 

equal numbers are subtracted, the resul ting BRDF val ue is approximately 



one order of magnitude lower. Suppose that the two numbers to be 

subtracted are 0.024 ± 0.0012 and 0.022 ± 0.0011, where the error bars 

are the 5 % radiometric errors. The difference between these two 

num bers is 0.002 ± 0.0023, which is a relative error of more than 100 % 

and therefore cannot be accepted. 

The addition of the theoretical values and the mirror 

background was performed by adopting the cubic spline interpolation. 

This interpolation method enabled the mirror background data to be 

approximated at every point. It did this by connecting neighboring data 

points by proper cubic polynomials. This led to a slightly oscillatory 

behavior when the values thus combined were larger than or comparable 

to the theoretical values. 

6.2. Comparison between Experimental Data and Theories 

Figure 6.2(a) is the first comparison of the two theories 

introduced in Chapter 4 and the data. The solid line is the result of 

the phase difference approach, hereafter referred to as the 

interference method. The dotted line is for the approach introduced by 

Young (1976), and will be referred to as the reflection method. Both 

the abscissa and the ordinate are logarithmic. The comparison of BRDF 

plot and Mie plot of Fig.2.4 on a same abscissa scale is shown in 

Appendix B. The logarithmic scale for the ordinate was the only choice 

because the data values usually ranged over 2 to 4 decades. Notice 

that the data points are equally spaced on the abscissa except after 
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30°, where additional points were taken to insure the continuity of 

data points. This detector-angle control routine was adopted from the 

surface scattering control program, and was used to make the 

discrepancy among compared values more visible at small angles. The 

behavior o~ the BRDF values at small angles from the specularly 

reflected direction could be obtained and would render insight about 

the surface characteristics, but that subject will not be discussed in 

this study. 

Note that a ~ew data points are missing inside o~ 5°. This is 

because the detector assembly was about 5 cm in width and when it 

approached the incident beam, a portion o~ the incident beam was 

blocked by the detector assembly. Also, this is near the angle where 

the system background ~pproaches the theoretically expected values. 
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Figures 6.2(a) and 6.2(b) are for normal incidence, and the 

incoming beam was linearly polarized and had a wavelength of 0.6328 ]Jm 

(He-Ne laser). The polarization of the beam with respect to the 

scattering plane could be chosen by rotating the laser head. TE 

polarization yields acceptable agreement between experimental and 

theory out to about 30° and deviates from data points at higher angles. 

Also, there is a significant difference between the TE and TM 

theoretical values from the interference method. Figure 2.4 predicts 

TM values higher than TE values over almost the entire range of angles. 

The data values and the reflection method plots for TE and TM are 

practically identical inside 20°, whereas, the values for the 

interference method for TM falls far below those for TE, against the 
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prediction given by Fig. 2.4. 

Figures 6.3(a) and 6.3(b) were done with an angle of incidence 

of 10° and TE polarization. The former is for the scattering forward 

of the specular reflection (forward scattering) and the latter for 

backward of the specular beam (backward scattering). The agreement in 

Fig. 6.3(a) is quite acceptable over the entire range of angles. 

Considering the not-very-well-known physical parameters of polystyrene, 

Fig. 6.3(b) can be accepted as a reasonable agreement. The section 

from 15° to 25° contains no data points because this is where the 

detector assembly crosses the incoming beam. The data values remain 

larger than the theoretical val ues around this section and this was 

characteristic of 10° incidence backscattering data. Figures 6.4(a) and 

6.4(b) are for the same scattering geometry but the incoming beam was 

TM (p) polarized. For the forward scattering, the first theoretical 

minimum lies at about 10° beyond that of the data values. This 

behavior is observed throughout the measurements for non-normal angle 

of incidences. Thus far, the reflection method has predicted the data 

values more closely than the interference method. 

Figures 6.5(a) through 6.6(b) are comparisons for two 

polarizations each with the angle of incidence of 30°. The forward 

scattering for both cases yielded its theoretical first minima at about 

10° beyond the data minima, with the reflection method gaining more 

credit over the interference approach. Although they both fail to 

describe the scattering exactly, the reflection method gave a result 

which behaved in proximity to that of the actual data points with the 
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angular lag of about 10° [Figs. 6.4(a), 6.4(b), 6.5(a), 6.5(b), 6.6(a), 

6.6(b)]. The failure of the interference method tended to get worse 

wither of metallic film on a substrate and could be considered as a 

conducting plane. With TM polarization, it should be possible to obtain 

the Brewster angle geometry so that the specular reflection vanishes. 

The discrepancies between theories and the experimental data 

for small angles are more distinctive with A = 0.4416 J.lm than with A = 

0.6328 ].lm beam wavelength. For 30° angle of incidence with TE 

polarization, Figs. 6.3 and 6.9, the discrepancies of Fig. 6.3 bet ween 3° 

to 10° is minimal com pared to the ones of Fig. 6.9. In all of them, 

the data values overshoot the theoretical values by as much as 10 

times the latter. This section of the scattering angle still needs 

further study and a third wavelength may help in interpreting the 

general behavior of the data values with respect to wavelengths. 
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The theoretical and experimental comparisons for the Double 

Interaction Model were done for two wavelengths (0.6328 and 0.4416J.lm 

)and two angles of incidence (10° and 30°) from Fig. 6.11 through 

Fig.6.14. They are compared and discussed in the same order. The solid 

line represents the Phase Difference Method (Interference method, PDM) 

and the fine dotted line is for the Double Interaction Method (DIM). 

For the longer wavelength at 10°, the PDM agrees better with 

the data. For forward scattering, the DIM values are almost always an 

order of magnitude different from the data wherase the PDM calculation 

agree quite well except at the minimum at 30°. The DIM fit is better 

for backscatter, but differs markedly at 25°. Here, PDM is a better 



general fit. For 30° incidence, almost the reverse is true. The DIM 

fit for backscatter seems to be better in taking account of the rise at 

50°. 

There is less difference between the models for 0.44l1m 

comparisons. On the average, DIM is a better fit, but its swings are 

more drastic. It is reasonable that the DIM model generates more 

structure. It is, after all, a double interaction model. Why then 

should it vary from the data and from the PDM the way it does? Only 

speculation is possible, but it may lead to a still better model. 

Although the particles are about the size of the wavelength at 

O. 6328l1m, they may significantly obscure both the reflected and the 

incoming beam so that the effect calculateds by the model are larger 

than those measured. This obscuration factor would be more pronounced 

for the larger particles. Based on geometric guidance, the effect of 

the obscuration would be larger for small incidence and forward 

scat ter since most of the beam that would have reflected from the 

mirror is blocked by the sphere when they are in contact with the 

surface, and large for increased angles of incidence and backscatter 

than the converse. Such a factor is only a hyo9thesis. For further 

discussion, see the discussion, §7.5. 
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CHAPTER 7 

DISCUSSION 

7.1. Comparison with the Geometrical Approximation 

In the early sixties, Hodkinson and Greenleaves (1963) claimed 

that the Mie theory could be approximated by the summation of effects 

described by geometrical and physical optics. The intensity contri-

butions brought about by external reflection, transmission, refraction 

and diffraction (assuming the sphere behaved as a circular aperture) 

were all added together to compare with the results obtained with the 

Mie theory. The major contribution around the beam direction was from 

the diffraction phenomenon, and it is well known that this follows the 

Airy disk form ula 

where p is defined as p = k D/2. The first minimum of this pattern 

occurs at the angle described by 

sine 1.22A 
= D (7.2) 

where D is the diameter of the circular aperture and e is the angle 

from the surface normal of the aperture. If the diameter of the 
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sphere (0. 984 }.1m) were used in pI ace of D, t he va 1 ue of e with A. = 

0.6326 }.1m is 51.7°. Comparing this value with the 30° obtained with 

the Mie theory [Fig. 6. 2(a)], it becomes evident that those two are not 

comparable, at least not with the dimensions of the parameters involved 

in this experiment. Such a simplified model of Hodld.nson and 

Greenleaves could be acceptable if, as they specified, the particle size 

was larger than 3 or 4 wavelengt~ "f light. Their model may be 

applicable with environmental particles that are in the range of 10 

microns in size, if those particles are substituted by spheres with 

proper size. 

7.2. Determination of the Sphere Size from the Data 

Since the result from Mie theory strongly depends on the radius 

of the sphere, if the sphere's index of refraction were known, it 

should be possible to deduce its radius by analyzing the light 

scattering from the sphere or a collection of spheres of the same size. 

A good introduction about particle sizing for a collection of particles 

with light scattering is given by Kerker (1969). 

In this experiment, as was discussed in the previous chapter, 

generally there was a lag in the angle for the first minimum of the 

light scattering pattern when compared to theory [Figs. 6.4(a), 6.4(b), 

6.S(a), 6.5(b), 6.6(a), 6.6(b)]. In all of the cited cases, the 

theoretical minima occurred at about 10 outside of the actual minima. 

This indicates that the sphere size used may be incorrect. By trial and 
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error, the sphere radius was increased by 12 % of the nominal val ue 

(0. 984llm, from the manufacturer) and the result from the simple 

reflection approach was compared with the data [Figs. 7.1(a), 7.1(b), 

7.2(a). 7.2(b)]. It is noticeable that the agre\3ments are much improved 

with this diameter of 1.102 llm. Another confirmation for the new size 

was unexpectedly found in the various diagrams. Comparing Fig. 6.5(b) 

and Fig. 7.1(b), one could find that the major difference occurred 

between 30° and 80°. The theoretical line in the latter developed a 

pattern similar to that of the data values instead of the one simple 

smooth peak of Fig. 6.5(b). Similar changes could be observed between 

Fig. 6.8(b) and Fig. 7.2(b). The latter figure more strongly indicates 
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the existence of a correlation between the data and the theory than the 

fomer. Details will have to be worked out to better this agreement. 

7.3. Practical Applicability 

From Eq. (2.26), the intensity relations were derived as 

It should be noted that this is the solution for a single sphere. For a 

collection of particles, the intensity expressed by equation (7.3) will 

increase in proportion to the number of particles involved in the 

scattering. If the incoming intensity IE 12 was assumed to be of unit 
p 

magnitude, then for a system with N spheres, (7.3) would be modified as 
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(7.4) 

Expressed in terms of BRDF, the intensity will be divided by A cose/r2
, 

s 

the projected solid angle of the surface to the detector, to give 

(BRDF) 
P 

N 2 

W lS21 
= A cosS 

s 

where D = N/A is the surface sphere number density. According to (7.5), 

the signal level at a given angular position is tmiquely determined by 

two system parameters, D and A, as D/k2 = A2D/4,r. For a given 

wavelength, the signal values can be a direct measure of the surface 

sphere number density. The detectivity of this D value depends on the 

background noise of the instrument. With the _ mirror background 

scattering of 10,-5 at 60 to 80° from specular, the signal is only about 

10 tim es higher than the background. This, in turn, im plies that the 

minimum detectable surface sphere number density would be one tenth of 

the present value 6.35x108 spheres/m2
, which would be 635 spheres/mm2 

or 1 sphere for every 40 j.lm on the mirror surface. Increasing the 

wavelength does not improve the detectivity VAry much. 

contains a and b , which are functions of the wavelength and sphere n n 

diameter, and it keeps the BRDF values from increasing as A2. Young 
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(1976) showed that the signal level would instead deteriorate with 

increasing wavelength. Increasing the size parameter ~ by the proper 

combination of sphere size and wavelength would raise the signal at the 

cost of a more complicated pattern. 

There also exists an upper limit in measuring D. As the 

distance between spheres on the surface decreases, the interaction 

between the spheres increases. In the limit, if the surface were to be 

completely covered with spheres, the Lambertian behavior would be 

observed. The BRDF values would saturate to p/-rr, where P is the 

hemispherical reflectance of the surface, with the increasing surface 

sphere number density. Therefore, the linearity of the BRDF with 

respect to D is limited to a certain range. This range depends on the 

wavelength of radiation, and the radius and physical properties of the 

sphere. For the sphere size used in this experiment, the minimum 

separation for independent scattering, if van de HUlst's claim ( 3 times 

the diameter of the sphere) were used, would be about 311m. This 

separation gives the surface sphere number density of about 1.1x10s 

spheres/mm2
• Hence, the lineal" working range of the system would be 

from 6x102 to 1x10s spheres/mm2
• 

7.4. Stray Light Analysis 

The useful application of this analYSis lies in its potential as 

a means to estimate the amount of optical noise originating from both 

the desired and the unwanted sources. In addition to measuring the 



degree of surface contamination by particulates as was discussed above, 

practical use for such a purpose is clearly visible. In astronomy, for 

example, the large objective of the telescope is always exposed to the 

enviroment, collecting dust. When detecting a faint signal from a 

distant object, the elimination of lmwanted noise becomes essential to 

successful obs~rvatio!i. The accumulation of dust on the collecting 

optics, however, deterioates the signal to noise ratio by scattering the 

already faint signal. Also, the radiation from strong out-of-view 

sources can also be scattered by these contaminats toward the 

detecting optics. If the particulates could be modeled as spheres with 

proper sizes, it should be possible to estimate the amount of stray 

light expected from the contaminated surface. The data can help the 

designer to design such a system to meet the higher standards in the 

presence of contaminants and out-of-view sources. 

7.5 Disagreement Between Theory and Exper:i.ment 
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In spite of the kind of agreement presented in the previous 

.~hapter, one can still find a lot to be desired. For O.6328lJm beam, 

the small angle scattering could be reasonably described by one of the 

models, but the agreement for large scattering angles was not very 

consistent for the chosen model. Even the small angle agreement gets 

worse with O.4416lJm beam. Although this could be improved with DIM, it 

showed too many structures not observed in the measurement at higher 

angles. 
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It should be noted that all the models discussed so far dealt 

with the far-field solutions only, assuming that the fields were 

radiated from the center of the sphere. Upon close examination, one 

may find one assumption tough to justify. The scattered field 

reflected back into the sphere will be another "effective" incident 

field with different phase. In terms of image charge approach, the 

field scattered from one sphere will affect the other. The scattered 

field will have circular wavefront, and a sphere subjected to such a 

wave constitutes a new problem that still has to be worked out. One 

may adopt the two-sphere scattering formula presented by Levine and 

Olaofe (1968) with proper modifications. 

To es tim ate the potential effect of these secondary 

interactions, the strength of the scattered field in the near-zone 

will be examined. The whole system will be assumed to obey dipole 

radiation relations for simplicity. The dipole radiation for the near-

field is des cribed as (Jackson, 1975, p395) 

(7.6) 

The electric dipole moment of a dielectric sphere in an uniform 

electric field Eo is given as 

( e:- 1 ) 3 
P = e:+2 a Eo (7.7) 
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Thus, p behaves approximately as the third power of the sphere radius. 

When this p is inserted in (7.6), one easily finds that the strength of 

the radiated field at r=:a is comparable to that of the incoming field. 

With such strong a field neglected from consideration, it will be an 

uphill battle to describe the scattering at higher angles, where the 

intensity of the scattered light is usually 10 to 100 times lower than 

that at small angles. Therefore, it is necessary to treat this near

zone field as an additional incident field for the other sphere. One 

may need to iterate abpve procedure untill a certain accuracy 

requirement is met. 



CHAPTER 8 

CONCLUSION 

The Mie theory was adopted to explain light scattering by 

polystYl'ene spheres on a high-quality mirror. A phase difference 

approach, similar to that of the Lloyd mirror, was compared with a 

simple reflection approach. The theories used to explain scattering by 

well-polished mirrors were also introduced. The surface scattering 

from the mirror was negligible for angles larger than 6° from the 

specular direction. The results predicted from the two approaches 

were co",pared with 'the data obtained for 0.6328 microns and 0.4416 

microns. 

The final conclusions can be stated as follows: 

(1) The simple reflection approach introduced by Young (1976) 

predicted the scattering more successfully than the phase difference 

approach. 

(2) Based on the comparison and the theoretical results, it is 

possible to make a quantitative judgement about the size of the spheres 

used in the experiment. 

(3) It is possible to estimate the surface sphere number 

density by observing the actual data values. Th~ detectivity, however, 

is limited by the background scattering of the mirror on the lower 

limit and by the saturation effect on the upper limit. 
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(4) The detectivity of the surface particle number density can 

be increased by increasing the size parameter a. The pattern will then 

have more structures in proportion to a. 

Suggested Future Works 

( 1) This work has been limited to spheres on the mirror 

surface. To better understand the interaction of the two boundaries, 

it will be much more informative if the distance between the sphere,.!3nd 

the surface could be adjusted. Placing a layer of transparent coating 

on the mirror is one way of doing this, but it would transform the 

system into one involving three boundaries. Therefore, it is highly 

recommended to use a fiber instead of the sphere. The fiber could be 

placed at selected distances from the surface and will induce less 

concern about the possible effects by unwanted elements that may 

accompany the spheres when the suspension is introduced to the surface. 

(2) An experimental method that could prove more informative 

for small angle scattering could be obtained by replacing the substrate 

mirror with a beamsplitter. Background scattering by the mirror and 

the system optics dominated the readings between 5° - 6° off of the 

specular direction. With a beam splitter in place of the mirror, it 

should be i;ossible to minimize the specular reflection with TM 

~olarization. A beam splitter could be a layer of metallic film on a 

substrate and could be considered as a conducting plane. With TM 

polarization, it should be possible to obtain the Brewster angle 
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geometry so that the specular reflection vanishes. 

The comparison between theory and experimental data 

would be more distinctive if the scattering pattern were simpler. This 

could be obtained from a system with a smaller size parameter a. The 

scattering pattern from such a system produces less variation in its 

pattern, making the comparison simpler. However with smaller spheres, 

it will be harder to count the num ber of spheres because of the 

resolution liinit of the conventional optical microscope. Another 

possibility for making the comparison easier is selecting a longer 

wavelength. In this case some consideration should be given to the 

power rating of the source. The transition temperature of the 

polystyrene latex spheres is only 60°C. Therefore, it would not be 

wise to introduce a beam that is so intense that the spheres melt or 

become deformed. However, a large incoming flux is prefered, because 

such a setup would yield a high signal-to-noise ratio. This would 

require a broad area of illumination. 

(4) To extend this comparison to the infrared, metallic 

spheres could be used. These spheres would be able to withstand the 

intense radiation, and they have the advantage in that most of the 

physical parameters are well known. The problem here is that they are 

not available in uniform sizes; so, a computer program that will 

account for the size distribution is ~equired. This program would also 

be helpflll in evaluating the particulate contamination on optical 

surfaces. 



APPENDIX A 

C ************************************************************* 
C This program evaluates the Mie scattering matrix elements of 
C a sphehere and its mirror image with modified BHMIE. 
C For details, see Bohren and Huffman (1983). 
C ************************************************************* 
C 

PROGRAM KIEB(INPUT ,OUTPUT, TAPE5=INPUT, TAPE6=OUTPUT) 
C CALCULATE SYSTEM PARAMETERS 

DIMENSION THETA(200) ,X 1 (200), Y 1 (200) 
COMPLEX REFREL,S 1 (200) ,S2(200) ,S3(200) ,S4(200) 
WRITE(6,11) 

C DEFINE PARAMETERS 
C THETAI=INCIDENCE ANGLE, 
C SPHENUM=SURFACE SPHERE NUMBER DENSITY(1/SQ. METER) 

THETAI=10. 
SPHNUM = 6.35E8 
REFMED= 1.0 
REFRE=1.59 
REFIM=1.0E-5 
REFREL=CMPLX(REFRE,REFIM)/REFMED 
WRITE(6,12) REFMED,REFRE,REFIM 

C X=SIZE PARAMETERS 
C X2=ANGULAR WAVENUMBER 

C 

RAD=.984/2. 
WAVEL=.4416 
X=2.*3.141592653*RAD*REFMED/WAVEL 
X2=X/RAD * 1.E+6 
WRITE(6,13) RAD, WAVEL 
WRITE(6,14) X, THETAI 
F=.04 
CALL BHMIE(X,REFREL,F,S1,S2,QEXT,QSCA,QBACK,S3,S4,THETAI, 

* THETA,NMAX) 

WRITE(6,17) 
DO 355 J=2,NMAX 
AJ=J 
S 11 =S 1( J)*CONJG(S1( J» 
S11=S11*SPHNUM/X2**2 
S22=S2( J) *CONJG(S2( J» 
S22=S22*SPHNUM/X2**2 

C THE ANGLE IS CONVERTED TO THE LABORATORY REFERENCE FRAME 
ANG=180.-THETA(J) 

355 WRITE(6,75)ANG,S11,S22 
75 FORMAT( 1X,F6. 2,2X,E13. 6,2X, E13. 6) 
11 FORMAT(1H1,1 "SPHERE SCATTERING PROGRAM") 
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C 
C 

12 FORMAT( 5X, "REFMED=",F8. 4, 3X, "REFRE= ",F8. 4, 9X 
* ,"REFIM=",F8.4) 

13 FORMAT(5X, "SPHERE RADIUS= ",F7 .3,3X,"WAVELENGTH=",F7 .4) 
14 FORMAT(5X,"SIZE PARAMETER=",F8.3, ''INCIDENCE ANGLE = ",F5.2!) 
17 FORMAT(! 1 ,2X,"ANGLE", 7X,"S1 SQ", 13X,"S2 SQ") 

94 STOP 
END 
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********** •• *****§************************************************** 
C SUBROUTINE BHMIE CALCULATES SCATTERING MATRICES. 

SUBROUTINE BHMIE(X,REFREL,F,S1,S2,QEXT,QSCA,QBACK,S3,S4, 
* THETAI, THETA,NMAX) 

DIMENSION AMU(200), THETA(200),PI(200), TAU(200), 
* PI1(200),PIO(200) ,DELTA(200),AMI(200),PIP(200), 
* PIOP(200),TAUP(200) ,PI1P(200) 

COMPLEX D(3000) ,Y ,REFREL,XI,XI1 ,XIO,AN,BN,S 1(200), 
* S2(200),S3(200) ,PHASE(200),S4(200) 

DOUBLE PRECISION PSIO,PSI1,PSI,DN,DX 
THETAF=+265.-THETAI 
DR=3.141592654/180. 
DX=X 
Y=X*REFREL 

C TERMINATING SERIES AFTER NSTOP TERMS. 
XSTOP=X+4.*X**( 1./3.)+2. 
NSTOP=XSTOP 
YMOD=CABS(Y) 
NMX=AMAX1(XSTOP,YMOD)+15 

C THETAS=SPECULAR ANGLE 
C THATA2=BEGINNING ANGLE 

THETAS=180.-THETAI*2. 
THETA( 1)=THETAS 
THETA(2)=100.-THETAI 
N=3 

550 THETA(N)=THETA(N-1)+ABS«THETA(N-1)-THETAS»*F 
815 IF (ABS(THETA(N)-THETAS).GT.2.) GO TO 820 

THETA(N)=THETAS-2. 
N=N+1 
THETA(N)=THETAS+2. 

820 NMAX=N 
IF (THETA(N).GT.THETAF) GO TO 551 
N=N+1 
GO TO 550 

551 DO 555 N= 1, NMAX 
AMU(N)=COS(THETA(N)*DR) 
AMI(N)= COS( (180.-THETAI*2.-THETA(N) )*DR) 
DELTA(N)=X*COS«180.-THETA(N)-THETAI)*DR) 
PHASE(N)=CMPLX(COS(DELTA(N», SIN(DELTA(N») 



55'5 CONTINUE 
C LOGARITHMIC DERIVATIVE OF D(J) 

560 D(NMX)=CMPLX( 0.0,0.0) 
NN=NMX-1 
DO 120 N=1,NN 
RN=NMX-N+1 

120 D(NMX-N)=(RN/Y)-(1./(D(NMX-N+1 )+RN/Y» 
DO 666 J=1,NMAX 
PIO(J)=O.O 
PIOP(J)=O.O 
PI1P(J)=1. 

666 PI1(J)= 1.0 
DO 777 J= 1 ,NMAX 
S 1 (J)=CMPLX( 0. 0, 0. 0) 
S2( J)=CMPLX(.O, .0) 
S3(J)=CMPLX(0.0,0.0) 

777 S4(J)=CMPLX(0.G,0.0) 
C THE RICCATI-BESSEL FUNCTIONS. 

PSIO=DCOS(DX) 
PSI1=DSIN(DX) 
CHIO=-SIN(X) 
CHI1=COS(X) 
APSIO= PSIO 
APSI1=PSI1 
XIO=CMPLX(APSIO,-CHIO) 
XI1=CMPLX(APSI1,-CHI1) 
QSCA=O. 
N=1 

200 DN=N 
RN=N 
FN=(2. *RN+ 1.) I (RN*(RN+ 1.» 
PSI=(2.*DN-1.)*PSI1/DX-PSIO 
APSI=PSI 
CHI=(2. *RN -1.) *CHI1/X~CHIO 
XI= CMPLX (APSI, -CHI) 
AN=(D(N)/REFREL+RN/X)*APSI-APSI1 
AN=AN/«D(N)/REFREL+RN/X)*XI-XI1) 
BN=(REFREL*D(N)+RN/X)*APSI-APSI1 
BN=BN/«REFREL*D(N)+RN/X)*XI-XI1) 
QSCA=QSCA+(2.*RN+1.)*(CABS(AN)*CABS(AN)+CABS(BN)*CABS(BN 

* » 
00 789 J=1,NMAX 
PI(J)=PI1(J) 
PIP(J)=PI1P(J) 
TAU(J)=RN*AMU (J)*PI(J)-(RN+ 1.) *PIO(J) 
TAUP{J)= RN*AMI(J)*PIP(J)-(RN+1.) *PIOP(J) 
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C S1 AND S2 ARE FOR THE REAL SPHERE, S3 AND S4 FOR THE IMAGE SPHERE. 
S 1(J)=S 1(J)+FN*(AN*PI(J)+BN*TAU(J» 



789 

999 

C 
C THE 

300 

310 

S3(J)=S3(J)+FN*(AN*PIP( J)+BN*TAUP(J» 
S2(J)=S2(J)+FN*(ANwTAU(J)+BN*PI(J» 
S4(J)=S4(J)+FN*(AN*TAUP(J)+BN*PIP( J» 
CONTINUE 
PSIO=PSI1 
PSI1=PSI 
APSI1=PSI1 
CHIO=CHI1 
CHI1=CHI 
XI1 =CMPLX(APSI1 ,-CHI1) 
N=N+1 
RN=N 
DO 999 J= 1 ,NMAX 
PI1 (J)=( (2. *RN -1.) I (RN -1.» *AMU(J)*PI(J) 
PI1 P(J) =( (2. *RN-1 .)/(RN-1.»*AMI(J) *PIP( J) 
PI1( J)=PI1 (J)-RN*PIO( J)I (RN -1.) 
PI1P(J)=PI1P(J)-RN*PIOP(J)/(RN-1.) 
PIOP(J)=PIP(J) 
PIO(J)=PI(J) 
IF (N-1-NSTOP) 200,300,300 

AMPLITUDE SCATTERING MATRIX ELEMENTS ARE ADDED WITH PHASE. 
DO 310 J=1,NMAX 
S1 (J)=CONJG(PHASE(J»*S 1 (J)+PHASE(J) *S3(J) 
S2(J)= CONJG(PHASE( J) )*S2( J)+PHASE(J)*S4(J) 
QSCA= (2. I (X*X» *QSCA 
QEXT=(4./(X*X»*REAL(S1( 1» 
QBACK=.5 
RETURN 
END 
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APPENDIX B 

COMPARISON OF BRDF PLOT AND MIE INTENSITY CURVES 

The theoretical curves of Fig.6.2 are compared with the ones 

from Fig.2.4 to demonstrate the correspondence between them. Since the 

data Fig.2.4 is to be compared to are for a sphere on a mirror with 

normal incidence, it is necessary to convert the angles to match the 

ones on Fig.6.2. Hence, angles between between 0 to 90 ° in Fig.2.4 were 

reflected with respect to 90° plane to coincide with the corresponding 

angles, i.e.,100 to 170°, 60° to 120° etc. The new angles were converted 

to read from the direction of the specular reflection, which coindided 

with the incoming direction in this ~ase. The intensities for the two 

overlapping angles were added. The solid line is the replica of TE 

forward scattering data from Fig.6.2 ( interference approach) and the 

dotted line is Fig. 2.4 converted per the method described above. 
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Fig. 6.2 at small angles. 



APPENDIX C 

THE DOUBLE INTERACTION MODEL 

C.1. Path differences 

As was explained in section 4.3, there would be two' incident 

fields on the sphere incoming from two directions. The two directions 

are geometrically related and can be sketched as in Fig.C.1. The 

sphere is centered at C and the incoming beam can be reflected to 

impinge on the sphere. In Fig.C.1, the two incoming beams I and IT are 

assumed to have identical phase relations down to A and C. The beam 

IT, which is reflected from the mirror, propagates a longer distance to 

reach the sphere and has a phase, upon reaching the sphere, which is 

different from the one the beam I has at the center of the sphere. 

Denoting the distance DC as h, which lies on the normal to the mirror 

surface, the path difference is x + y ( = ABC), 

h 
x = cose. 

~ 

y = x sin(90-2e.) 
~ 

path difference = x + y 

= h (1 + cos2e.) cos e. ~ 
~ 

= 2h cose. 
~ 

(C. 1) 

(C.2) 

(C.3) 

It should be noted that this path difference is independent of the 
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scattering angle and is solely dependent on the incident angle and the 

angle of incidence. Another path difference can be found between the 

scattered fields. As one can find in Fig.C.2, the spl~ere located at a 

scatters the incoming beam in all directions. Of those,- the beam 

designated by II is reflected to propagate in the same direction as the 

beam I. It is obvious that they will have definite phase correlations 

and one could expect the interference between the two. The path 

difference in this case would be a'N. With aa'=2h, O'N is given as 

a'N = x' = 2h coSCl 

= 2h cos(180-e -e.) s ~ 

This x' is a function of the scattering angle e and contributes to the 
s 

interference effects among scattered fields. 

C.2. Phase relations 

The beam I in Fig.C.1 is used as the reference in assessing 

phase differences among different beams. The beam I, upon impinging on 

the sphere, already will have phase term of ei
(7T+0 1), where 

(C.5) 

and additional phase shift of 180 0 was introduced upon reflection off 
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E( e ) ei(27T+0 1+02 ) 
s 

Fig. C.3 DIM with relative phases. Phase shift of Tf is introducp.d 
upon reflection fro~ the mirror. 
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of the mirror. In Fig.C.3, various phase relations are introduced along 

with angular variables for each scattered fields, where 02 is defined as 

(C.6) 
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