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ABSTRACT

The primary goal of this study was to examine experimentally 

the particle contaminant contribution to the scattering of visible 

light from front surface mirrors. The results show that this con

tribution can be significant even for carefully prepared and handled 

mirrors, and that surface particulate scatter can qualitatively explain 

discrepancies that have been observed by other authors between the . 

shapes of measured scattering profiles and those of profiles predicted 

for scattering from smooth surface microroughness. Scattered light 

distributions are also recorded and discussed for several diffuse 

reflectors.

A careful description is given of the operation and limitations 

of a device used to measure the angular distribution of light scattered 

from nominally flat, reflecting optical surfaces. The sample illu

mination angle and polarization of the incident beam can both be varied 

with this instrument, and orthogonal polarization components of the 

scattered light can be independently measured.

The scattering levels of most of the studied mirrors are shown 

to be in good agreement with their photographically recorded degree of 

particulate contamination. The shapes of the scattering profiles 

measured for a few of the samples are also in general agreement with 

the overall sizes of their particulate contaminants. Further insight 

into the nature of surface particulate scattering is derived from



XV

several experiments involving deliberately altered or contaminated 

samples.

The polarization state of light scattered from both smooth and 

rough reflecting surfaces is determined experimentally and discussed. 

Results obtained for the smooth samples are shown to be qualitatively 

explained by a simple model for scattering from surface particulates. 

Invariance properties are also empirically determined for the scattered 

light profiles of several samples.



CHAPTER 1

INTRODUCTION

There has been considerable interest over the past twenty years 

in the angular distribution of light scattered from several types of 

reflecting optical surfaces. Scattering from conventionally polished 

mirror surfaces is often an important contributor to the overall problem 

of stray light rejection in complex optical systems like the large Space 

Telescope (Young 1975). Scattered light that reaches the image plane of 

such an instrument can significantly reduce its resolution and image con

trast. Several computer programs have been developed (Breault, 1979; 

Likeness 1978) to analyze the stray light problems in these systems 

that require the scattered light profiles measured for the system 

mirrors as inputs. The scattering properties of diamond turned mirrors 

used in high energy lasers have also received recent attention, as 

have the scattered light distributions for several diffuse reflectors, 

such as aluminized ground glass and MgO. Most of the work in this field 

has been deveoted to the determination of theoretical surface models 

that could explain and predict the scattering behavior of these 

surfaces. A general description of the problem is given below, to

gether with an overview of the work that has been done on optical 

surface scattering and a brief summary of the content of this disser

tation.



Background

Light is scattered from any surface defect that causes the local 

surface profile to deviate from perfect flatness. The kinds of defects 

that are common to optical surfaces have been identified and classified 

by several authors (Lindsey and Penfold 1976, Elson, Bennett, and 

Bennett 197 9). Pits, scratches, and microsleeks are unavoidably 

generated on polished surfaces by particle abrasion and chemical attack 

during the polishing process. A residual, uniform microstructure of the 

type depicted in Figure 1.1 is left on these surfaces due to the periodic 

movements of the polishing lap or abrasive disk and periodic structure 

in the polishing or abrasive compounds. The rms surface height devia-
o

tion of this random microroughness is typically 10 A to 20 A for 

polished surfaces (Bennett 1976) and 0.3 f j m  to 2 u m  for ground glass 

surfaces (Kwon 1980).

Most optical surfaces are also contaminated with isolated parti

cles, and some are covered with films consisting of denser concentra

tions of fine sized particulates. These contaminants are either left 

on the substrate by an inadequate cleaning procedure, deposited on the 

surface while it is being coated with a reflecting metal film, or they 

collect on the reflecting surface while it is being handled or stored. 

Rayleigh (1907) first suggested that scattering from surface particulates 

could be modeled as shown in part (b) of Figure 1.1. He claimed that 

the scatter from any particle resting on a reflecting plane was 

equivalent to the scatter from the particle and its mirror image 

illuminated by both the incident and specularly reflected beams.



r

Fig. 1.1. Optical surface defects.
(a) Surface microroughness.
(b) Particle contaminants.



Radiative surface plasmons have been shown to make significant 

contributions to the scattered light distributions measured for rough 

metal surfaces (Beaglehole and Hunderi 1970). This scattering mechanism 

is claimed (Elson and Bennett 1979a, Elson et al. 1979) to be of 

secondary importance under normal circumstances for smooth reflecting 

surfaces measured at visible and longer wavelengths, but several 

authors (Kretschmann 1972, Kretschmann and Kroger 1975, Hornauer 1976) 

have measured plasmon scattering profiles for these surfaces using a 

special illumination technique. Surface plasmon scattering is theo

retically linked to the surface microroughhess and is discussed in 

detail by Ritchie (1973) and Elson and Bennett (1979b).

The light scattered from reflecting optical surfaces can be 

attributed to diffraction from the various randomly distributed surface 

defects just described. Hence, sharp edges and steep surface gradients 

on any of these defects scatter light into large angles from the specular 

direction, while coarse surface structure is responsible for the light 

scattered into near-specular directions. Quantitative diffraction 

theories have been developed for only the surface microroughness 

scattering mechanism, and the literature dealing with these theories 

comprises the vast majority of all the work that has been done on sur

face scatter. Both scalar and vector theories have been developed, 

and most of them are reviewed by a number of authors (Beckmann and 

Spizzichino 1963, Noll 1977, Ishimaru 1978, Elson et al. 1979). A 

very extensive bibliography of both theoretical and experimental work 

on scattering from surface microirregularities is also provided by 

Richmond and Hsia (1976).
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There are apparently several reasons why this scattering 

mechanism has been so intensively studied, while the others have been 

virtually ignored. Talystep profilometer and FECO interferometer data 
on optical surfaces show them to have randomly irregular surface 

profiles. Hence, most of the optical scattering theories were taken 

from earlier work done on the reflection of radar waves from lunar and 

rough sea surfaces (Davies 1954, Fung and Moore 1964, Hagfors 1964) 

for which a similar surface model was used. Although these theories 

are generally quite complicated, they are mathematically tractable in 

the important limiting cases of very smooth or very rough surfaces. In 

these cases, they yield closed form results that depend on lower order 

statistical properties of the microstructure which can be directly 

measured by independent means. The experimental evidence given to 

support the claim (Bennett 1977) that the microroughness mechanism 

dominates the scattering from reflecting optical surfaces primarly 

involves total integrated scatter (TIS) measurements. The smooth sample 

rms surface roughness values theoretically derived from these measure

ments when made at visible wavelengths were found by several authors 

(Harvey 1976, Bennett 1976, Elson and Bennett 1979a) to be in general 

agreement with Talystep or FECO measurements on the same samples.

Elson et al. (1979) also found that the TIS values recorded for a 

slightly dusted smooth sample showed the theoretically predicted 

dependence on wavelength for ultraviolet, visible, and near-infrared 

illumination. These findings were taken to indicate that surface 

particulate scattering was important only for infrared wavelengths.
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There has been far less effort applied toward the. measurement of 

scattered light distributions than there has been on their theoretical 

prediction. The data that have been obtained are very limited in all but 

a few cases, consisting of single profiles measured at near normal 

incidence for a small number of samples. Scattered light profiles have 

been measured for well polished reflecting surfaces at visible wave- 

lenghts by Semplak (1965), Hostetter, Patz, Hill and Zanoni (1968),

Edwin (1973), Harvey (1976), Noll (1977), Heitman and Permien (1977), 

Williams and Lockie (1979), and Elson et al. (1979). Leinert and 

Kluppelberg (1974) and Eastman and Baumeister (1974) have recorded very 

low angle scatter for these surfaces, while deKorte and Laine (1979) 

and Church (1979) have measured the low angle x-ray scatter from tele

scope mirrors illuminated at near grazing incidence. Scattering profiles 

have been measured for dielectric laser mirrors by several authors 

(Blazey 1967; Gloge, Chinnock, and Earl 1969) and for diamond turned 

mirrors by Stover (1975) and Church, Jenkinson, and Zavada (1977). 

Heinisch (1971), Heinisch and Young (1974), Gunderson (1977) and Breault, 

Lange, and Fannin (1980) have recorded scattered light distributions 

for mirror surfaces as X = 10.6 ym. Finally, scattering profiles have 

been measured for rough reflecting surfaces and MgO deposits by 

Gorodinskii (1964), Semplak (1965), Polyanskii and Rvachev (1966) , 

Torrance, Sparrow, and Birekebak (1966), Carmer and Bair (1967), Harvey 

(1976), Hsia and Richmond (1976), Gunderson (1977), and Toporets (1979). 

Leader (1979) has made an extensive theoretical and experimental study 

of the angular scattering properties of rough dielectric 'surfaces.



In every case where the measured profiles for polished smooth 
samples were compared to theoretically predicted ones, discrepancies 

were observed especially in the, large scattering angle regions of the 

profiles. The measured scatter always exceeded the theoretical scatter 

in this angular region, sometimes by a factor of two or more. The 

profiles reproduced in Figure 1.2 showed an additional disagreement in 

overall scattering level and in shape over the low scattering angles. 

Harvey (1976) also found that his measured profiles did not change with 

illumination angle as predicted by his scalar theory for surface micro

roughness scattering. Several authors have claimed that these discrepan

cies could be blamed on either faulty assumptions concerning the nature 

of the surface height autocovariance function (Elson and Bennett 1979a) 

or certain errors and statistical uncertainties in direct measurements 

of this function (Noll 1979). Elson et al. (1979) hypothesized that 

the differences in the scattering levels of the theoretical and measured 

profiles might be due to scattering from Rayleigh sized particles on 

their sample surfaces. Only one author (Edwin 1973) has suggested that 

scattering from surface contaminants other than the microroughness might 

explain the discrepancy between the shapes of these two profiles even 

for well polished and carefully handled mirror surfaces. Neither of 

these authors gave experimental verification of their claims.

Some experimental work has been done to study the effects of 

particulate contamination on the scattering behavior of mirror 

surfaces. Several studies (Breault et al. 1980, Heinisch 1971,

Heinisch and Young 1974, Edwin 1973) have shown that the scattering



0° 20° 40° 60°
SCATTERING ANGLE, 6

80°

Fig. 1.2. Calculated (solid) and measured (dashed) 
curves showing the angular scattering for 
two polished fused quartz samples 
(from Elson, Bennett, and Bennett 1979).



level of a mirror in either the visible or the infrared depends on the 

technique used to clean it. Williams and Lockie (197 9) have studied 

the changes produced in a mirror's scattered light profiles by its 

deliberate contamination. The sample scattering level was found to 

generally increase as a result of contamination especially over the 

large scattering angle region. These experiments together with those 

conducted by Young (1976) on mirrors contaminated with Mie-sized silver 

spheres also implied that the shape and level of the low angle portion 

of a smooth sample's scattered light distribution could be affected by 

particulate contaminants that are large compared to the illuminating 

wavelength.

The only theory that has been developed explicitly to deal with 

scattering from three-dimensional particulate contaminants on a reflect 

ing surface was a specialized one by Young (1976). He predicted the 

scattered light profiles from his carefully controlled spherical con

taminants by adding the forward and back scatter dictated for silver 

spheres in free space by the Mie scattering theory and averaging over 

the sphere size distribution known to be present. He thus did not 

strictly adhere to Rayleigh's proposed method of images, but he found 

his measured and theoretically predicted profiles to be in good general 

agreement for scattering angles out to 45° from the specular beam. 

Several theories have been developed (Biot 1957, Twersky 1957, Krill 

and Farrell 1978, Church, Jenkinson, and Zavada 1979) to explain the 

scattering from Rayleigh sized bosses on a reflecting plane. This 

type of scattering surface was proposed as an alternative model for
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smooth sample surface roughness rather than as a model for surface 

particulate scattering. Each of the theories predicted that the 

scattered light profiles for random distributions of bosses having the 

same shape and size would be proportional to the pattern produced by a 

single boss, and some discussed the effect that a distribution of boss 

sizes would have on the profiles predicted for bosses of uniform size.

Content of Dissertation 

The general lack of agreement that has been observed between 
scattered light profiles measured for mirror surfaces in the visible 

and infrared and the profiles predicted for those samples by scattering 

theories based on surface microroughness suggests that a second scatter

ing mechanism, such as surface particulates, might be responsible for 

the discrepancy. Though scattering data taken for deliberately con

taminated mirrors does imply that the observed discrepancies could be 

qualitatively accounted for by scattering from surface particles, the 

influence of naturally occurring mirror contaminants on measured 

scattered light distributions has never been experimentally verified or - 

analyzed. There also have not been any studies done to determine which 

surface contaminant features are responsible for the particulate con

tributions to the scattered light profiles measured for either "clean" 

or deliberately contaminated mirrors. The primary goal of the work 

described in this dissertation was therefore to explore empirically 

the particulate scattering mechanism.
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The next chapter describes the calibration, alignment, operation, 

and limitations of an instrument designed to measure profiles of 

scattered light distributions for reflecting optical surfaces at visible 

wavelengths. The samples could be measured at any angle of incidence up 

to 45° using this apparatus. The polarization azimuth of the illumina

ting beam could also be adjusted, and orthogonal linear components of 

the scattered light could be independently measured. Nominally flat 

front surface mirrors, aluminized ground glass samples, and a smoked MgO 

sample were all studied with the aid of this instrument.

Chapter 3 describes how the measured data were reduced and plotted. 

The basic character of the resulting sample profiles and the degree to 

which these profiles could be reproduced are also discussed.

Techniques used to prepare and handle the samples are given in 

Chapter 4 along with the data collected for the original mirror samples. 

Forward-,back-,and side-scattering profiles are presented for most of 

the samples at three different illumination angles together with dark 

field illumination photographs taken of the sample surfaces at two 

magnifications. Scanning electron microscope photographs of some of the 

surface particulates are also given1 The results of several experiments 

devised to study the scattering from particles on the mirror surfaces 

are described in this chapter.

Chapter 6 contains similar data taken for specially contami

nated mirror surfaces, while Chapter 5 gives the data obtained for the 

diffuse reflectors. The experimental results obtained for all of the 

samples are interpreted in Chapter 7. Scattering phenomena discovered
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for smooth surface contaminants are summarized in this chapter, and a 

study of the polarization state of the light scattered from all of the 

samples is detailed. The results.of an empirical effort to discover 

plotting axes on which the.measured scattered light profiles were 

invariant with changing illumination angle are also given for several 

samples.



CHAPTER 2

EXPERIMENTAL TECHNIQUE

The measurement of the angular distribution of light scattered 

from reflecting surfaces requires the use of a carefully designed 

apparatus. A description of the one used for obtaining the scattering 

measurements for this work is given in this chapter. Procedures for 

calibrating and aligning the apparatus and for obtaining the actual 

data are detailed. Techniques used to photograph the samples whose 

scattering behavior is studied are also described at the end of the 

chapter.

Measurement of Scattered Light Profiles

Apparatus

The apparatus shown in Figure 2.1 is a modified version of the 

one used by Harvey (1975). Its principal parts are a rotating arm that 

carries the optics required to steer the light beam onto the sample, 

the sample holder itself, a compact radiometer that can be rotated 

about two independent axes by a worm gear and a precision rotary table, 

and a PAR Model 124 Lock-in Amplifier for the display of the detected 

signal. The light source is a Spectra Physics Model 165 Argon Ion 

laser located 15 ft. from the scattering instrument. A wavelength of 

0.5145 i/m and an output power of 220 mw were used for all measurements.
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Fig. 2.1. Photograph of scattering apparatus.
(1) Rotating optics arm
(2) Sample holder
(3) Radiometer
(4) Lock-in amplifier
(5) Worm gear
(6) Rotary table



The linearly polarized beam from the laser was chopped at 670 Hz by a 

PAR Model 125 light chopper before passing through a rotatable A/2 

plate. These two components are shown in Figure 2.2 along with a small 

reference detector that was used to monitor laser output by intercepting 

some of the light scattered from the A/2 plate. Figure 2.3 shows the 

rotating arm optics in greater detail. The beam leaving the A/2 plate • 

was folded by three mirrors before passing through an analyzer, a 
spatial filler, and a focusing lens. A neutral density filter was 

placed in the optical path at the location indicated in the figure only 

when the power in the incident or specularly reflected beam was to be 

measured. All samples were illuminated with a slow (F/no-19) converging 

spherical wave as shown in Figure 2.4. At normal incidence, the illu

minated area on the samples was a circular patch of 4 mm diameter.

Since all of the folding mirrors were attached to the rotating 

arm, the incident angle of the illuminating beam with respect to the 

sample normal could be varied by simply rotating the arm to the desired 

position. The arm was mechanically counterbalanced and thus required no 

locking device to hold it in position. The maximum illumination angle 

attainable was 45°.

One of the primary modifications made to the old apparatus was 

the inclusion of additional optical components for the control of the 

polarization of the incident beam and the measurement of selected polar

ization components of. the scattered light. The illuminating beam was 

linearly polarized for all measurements by the analyzer mentioned 

above. It was mounted so that its azimuth could be rotated in precise



Fig. 2.2. Detail photograph of light chopper and rotatable 
A/2 plate.
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Fig. 2.3. Detail photograph of rotating arm optics.
(1) First folding mirror
(2) Neutral density filter holder
(3) Second folding mirror
(4) Third folding mirror
(5) Focusing lens



1 2 3 4

Fig. 2.4. Path of light leaving third folding mirror.
(1) Analyzer, (2) spatial filter, (3) focusing lens,
(4) sample holder, (5) radiometer.

CO
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45° increments. The polarization was then determined by placing the 

analyzer, at the desired azimuth, moving the rotating arm to the desired 
incidence angle, and then rotating the X/2 plate to maximize the power 

incident to the sample. A second analyzer placed immediately in front 

of the radiometer as shown in Figure 2.5 permitted the measurement of a 

single linear component of the scattered light at a time. The mounting 

of this analyzer allowed its rotation through exactly 90° so that 

orthogonal components of the scattered light could be measured at each 

detector location.

The irradiated samples scattered light into all directions in 

the reflected space, and the detector could be moved to sample the light 

at any point in that space. However, only three profiles of the entire 

scattered light distribution were measured for each sample at each angle 

of illumination. These profiles and the measurement procedure that was 

used to obtain them are described in detail in a later section.

Radiometer Design and Calibration

The quality of the scattering data obtained with the apparatus 

described in the previous section depended greatly on the design and 

characteristics of the radiometer. A photograph of the one used in 

this study is shown in Figure 2.5, and a diagram of its construction is 

given in Figure 2.6. The optics were designed to have' a total angular 

field of view of approximately 4°. With the radiometer positioned 

225 mm from the center of the scattering sample, the properly aligned 

detector therefore "saw" a central portion of the sample that was



Fig. 2.5. Detail photographs of radiometer.
(a) Analyzer in place
(b) Diffuser in place
(c) With collection lens exposed



to sample 
center collection f ield

lens lens detector

Lock-in
amplifier

Fig. 2.6. Radiometer schematic.
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4.5 times larger than its illuminated region. This arrangement was 

chosen to minimize data errors due to slight radiometer pointing errors 

and potential stray light sources outside of the sample area.

An important goal of this study was to measure profiles of the 

speckle-averaged irradiance distribution scattered by several different 

reflecting optical surfaces. For this reason, the collection lens 

aperture diameter was chosen large enough to intercept a large number of 

speckles and collect as much light as possible without being so large 

as to cause significant smoothing of the scattered light profiles. These 

proved to be slowly varying functions of observation angle for all but 

one of the samples measured. The collection lens was imaged onto the 

detector so that it would be illuminated the same way for every reading.

The detector system used was a relatively simple one consisting 

of an EG&G Model UV-040B photovoltaic detector connected directly to a 

parallel combination of a 94 k^ load resistor and the Lock-in input.

This particular detector was attractive not only for its simplicity and 

compact size, but also because it met the performance requirements of 

this application. Its frequency response was adequate for the chopping 

rate being used, its NEP was quite low and comparable to most photo- 

conductive detectors or photomultiplier tubes, and it had a linear 

response over a sufficiently wide dynamic range of signal levels. The 

detector was checked for possible polarization sensitivity using the 

setup in Figure 2.7. The detector output was found to be constant 

as the A/2 plate was rotated indicating that the radiometer was inherent

ly polarization insensitive as desired.
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N.D.
filter

A/2
plate

incident
linearly
polarized

beam
radiometer

(a)

collection field
lens lens

detectorincident or 
specular beam

Fig. 2.7. Radiometer diagrams.

(a) Setup for determining inherent polarization 
sensitivity of detector.

(b) Radiometer configuration when positioned 
to intercept incident or specularly 
reflected beams.
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It was mentioned in the preceding section that all scattered 

light measurements were made with an analyzer placed in contact with the 

collection lens of the radiometer. Figure 2.7 shows that a special 

problem would arise if the radiometer were to be positioned so as to 

intercept the incident beam or the specular reflection from a well 

polished sample. The focused beam that would strike the collection lens 

in this case would probably damage the analyzer and would most important

ly be refocused onto the detector by the field lens. This problem was 

remedied by replacing the analyzer with an opal glass diffuser when the 

power in the incident or specularly reflected beams was to be measured. 

Figure 2.5 shows a photograph of the radiometer with this diffuser in 

place and the calibration of the diffuserTs transmittance is given in 

the following section.

The setup used to determine the radiometer's field of view is 

shown in Figure 2.8. ' The point source formed by the spatial filter 

pinhole is effectively moved through the radiometer's field of view by 

rotating the radiometer with a precision rotary table. The detector 

output current was recorded as a function of field angle and the 

result plotted in Figure 2.9. This figure shows the radiometer response 

to be appreciable only for point sources located within 2° of its 

optical axis and constant to within 10% for all points in this 4° field 

of view. The tails at I 3.5° on the curve are due to light that reaches 

the detector by reflection off the inner walls of the radiometer optics 

housing and should have little effect on the measured scattered light 

data.
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spatial rotary
tablefilter

laser
beam Tadiometer

225 mm

(a)

detector 100 ft 
VVVVA-

ammeter

(b)

Fig. 2.8. Calibration of detector field of view.
(a) Experimental setup.
(b) Electrical termination for detector 

during calibration.



26
out(ya)

500

100

50

10

421 3- 2 0-1-3
0 (de%.)

Fig. 2.9. Calibration curve, detector field of view.



Preliminary measurements indicated that the radiometer would 

be exposed to a maximum power of about 3 jLrw in the course of the 

scattering profile measurements. It was therefore of interest to 

determine the nature of the detector's response to signals of this 

level or less. To this end, measurements were made using the apparatus 

shown in Figure 2.10. The neutral density wedge was a plane parallel 

plate whose optical density varied linearly with distance across its 

face. It was thus possible to vary the total optical density placed 

in the beam by small linear movements over a wide range of density by 

using this translatable wedge in conjunction with a set of auxiliary 

filters. The double ground glass diffuser was introduced to minimize 

detected signal errors that would otherwise result from optical wedge 

in the filters and neutral density wedge. The mask ensured that only 

the region of the second ground glass plate within the radiometer's field 

of view would be illuminated. The power incident on the radiometer at 

the lowest density setting was 3 juw. The detector output was plotted 

as a function of the optical density placed in the incident beam to 

obtain the calibration curve shown in Figure 2.11. It implies that the 

detector output voltage was linearly proportional to the incident 

irradiance over more than four orders of magnitude of voltage.

This linear dynamic range was limited at the low signal end by detector 

noise and at the high end by the small magnitude of the maximum power 

available to the detector, but it was adequate for the measurement of 

the full scattering profiles of all but two of the samples studied.
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Fig. 2.10. Experimental setup for detector 
linearity calibration.

(1) Neutral density filter, (2) neutral 
density wedge, (3) double ground glass diffuser,
(4) 18 mm d. mask, (5) radiometer.
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Fig. 2.11. Calibration curve, detector linearity.
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Calibration of Component Transmittances

In addition to the detector calibration, the intensity trans- 

mittances of several system components had to be determined so that the 

measured scattering data could be properly reduced. The opal glass 

diffuser mentioned in the previous section was calibrated by first 

placing the radiometer so that it was struck by the focused incident 

beam at five separate points over the collection lens aperture. 

Differences among these five detected signals were indicative of vari

ations in detector sensitivity with position across its active area.

The average of these readings was divided into the signal recorded with 

the radiometer centered in the incident beam and covered with the 

diffuser to obtain a diffuser transmittance of 0.067% ± 0.001%. The 

transmittance of the neutral density filter used in the scattering 

apparatus for the measurement of incident and specularly reflected 

power levels was measured using the apparatus described previously for 

the calibration of detector linearity with the neutral density wedge 

removed. It was found to be 0.0071% ± 0.0002%. Finally, the trans- 

mittances of the transmission axis (k^) and extinction axis (k^) of 

the radiometer analyzer were determined using an expanded, linearly 

polarized beam from the laser. The average values obtained were 

k^ = 0.646 ± 1% and k^/k2 = 46.62 ± 1%.

Alignment of the Scattering Apparatus

The alignment of the scattering instrument whose overall 

operation and calibration have just been discussed required an involved
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procedure designed to bring the sample orientation and the rotation 

geometries of the illuminating beam and radiometer all into register.

This process is described in detail not only to explain the experimental 

technique used here but also to point out some of the alignment problems 

that would be encountered with any machine of this type.

Alignment was begun by removing the first folding mirror (Ml) 

from the rotating arm thereby allowing the incident laser beam to pass 

through a small hole at the center of one of the bearings on which the 

arm rotated. Adjustments were made so that the beam passing through the 

entrance bearing was bisected by the sample holder, skimmed the sample 

•center, and struck the center of the other bearing as shown in Figure 

2.12. The horizontal adjustments were made by sliding the entire 

apparatus or moving the rotating arm supports alone, while alignment in 

the vertical direction was made using the adjustable feet that supported 

the apparatus. This was all done so that the rotation axis of the 

rotatable arm of the apparatus would pass through the sample center.

The radiometer was next moved to the position labeled "A" in 

Figure 2.12 so that the beam was centered in the collection lens 

aperture. This position was used to set the zeros on both of the 

radiometer's rotation axis scales and to align the transmission axis 

of the radiometer analyzer with the polarization azimuth of the incident 

laser beam by removing the X/2 plate, rotating the analyzer to one of its 

two allowed positions, and then rotating the entire radiometer within 

its holder to peak the output signal. The X/2 plate was then reinserted
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Fig. 2.12. Diagrams for initial alignment of scattering 
apparatus. 
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and rotated to again peak the detector output. This established its 

zero rotation position and aligned it with the laser's polarization 

azimuth. Finally, the radiometer was rotated through 90° about its 

vertical rotation axis to position "B" in Figure 2.12 where it would be 

in position to intercept the folded beam used to illuminate the sample.

Mirror Ml was next reinserted and adjusted to center its 

reflection in mirror M2, which was in turn adjusted to center is reflec

tion in mirror M3. Both of the lenses on the rotating arm and the 

spatial filter pinhole were removed'prior to the following steps, which 

were taken in order to center the beam leaving M3 on the radiometer and 

sample centers while keeping it centered in the spatial filter and 

arm analyzer apertures. Both M2 and M3 were adjusted iteratively to 

center the final folded beam on the sample and radiometer, and the beam 

position in the arm analyzer aperture was noted. Significant decenter

ing of the beam horizontally in that aperture was corrected by moving 

the plank carrying M3, the analyzer, and the spatial filter laterally in 

the required direction and readjusting the mirrors as before. Any 

vertical decentering was compensated for by rotating the arm slightly 

as necessary before readjusting the mirrors.

The unfocused illuminating beam was now perpendicular to the 

rotating arm's axis of rotation, and the rotating arm optics had been 

positioned so as to have their optic axis nominally coincident with the 

line determined by the radiometer and sample centers. This arrangement 

allowed the beam incident to the sample to remain centered on it with 

arm rotation. The rotating arm analyzer was next adjusted to peak
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the detector output and locked in this position in order to set the 

transmission.axes of the two system analyzers parallel to each other.

A polished sample was placed in the sample holder and tilted 

to reflect the incident beam back on itself. The means for making this 

adjustment are indicated on the photograph of the sample holder shown 

in Figure 2.13. Loosening a retaining screw located beneath the rotary 

table enabled the entire holder to be rotated about a vertical axis 

while using the upper adjustment screw permitted the front-to-back tilt 

of the disk portion of the holder to be changed without appreciably 

translating the sample in this direction.

The illumination geometry was determined at this point except 

for the insertion and alignment of the lenses and pinhole. The sample 

tilt adjustments just described set the sample plane normal to the 

incident beam thereby placing the rotation axis of the apparatus arm 

accurately in the sample plane as well. A plane of incidence defined 

as the plane containing the sample normal and the incident and specularly 

reflected beams had also been established perpendicular to the sample 

plane, and the transmission axes of both system analyzers had been set 

in the plane of incidence as a result of the above procedures.

The next part of the alignment process was focused on adjusting 

the radiometer so that its field of view would remain centered on the 

sample at all observation angles and its rotational geometry would mesh 

with that established for the illuminating beam. The radiometer field 

of view could be projected onto the sample by detaching the detector 

and its housing from the optics tube, replacing it with an opal glass



35

Fig. 2.13. Sample holder photograph.
(1) Lower adjustment screw
(2) Upper adjustment screw
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diffuser, and illuminating this diffuser from behind with either the 

unfocused laser beam leaving the rotating arm or a bright white light 

source such as a microscope illuminator. The result, as shown in 

Figure 2.14, is the projection of the radiometer field of view as an 

18 mm diameter image of the radiometer field stop onto the sample. The 

radiometer mounting hardware permitted its rotation and translation 

both vertically and horizontally so that the field of view patch could 

be centered on the sample. This adjustment was initially made and 

periodically rechecked with the radiometer located near the sample normal.

Motion of the projected field of view away from the sample center 

with radiometer rotation away from the sample normal implied that the 

corresponding center of rotation was not in the sample plane. Figure 

2.15 shows that the center of the field of view patch, which is 

defined by the intersection of the radiometer optic axis with the sample 

plane, would move with radiometer rotation in a pattern that depended 

on whether the rotation center was in front or in back of the sample 

plane. It of course would remain centered on the sample with radiometer 

rotation if the rotation and sample centers were coincident. The 

apparatus lacked the means for moving the radiometer rotation axes with 

respect to the sample, but the sample could be translated forward or 

backward with little change in its tilt using the lower adjustment screw 

shown in Figure 2.13. The sample was therefore translated in the 

direction dictated by the motion of the field of view patch with radi

ometer rotation to effect this step of the alignment.procedure. Since 

translation of the sample technically ruined the alignment done in the
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Fig. 2.14. Radiometer configuration for field of 
view alignment.
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Fig. 2.15. Technique for aligning radiometer field of view.
(a) Radiometer rotation about sample center.
(b) Radiometer rotation about point behind sample.
(c) Radiometer rotation about point in front of sample.
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very first step of the process, the entire procedure up to this point 

had to be repeated. In practice, the required translation was slight and 

little change to the previously determined alignment was needed aside 

from the slight readjustment of the sample tilt required to return it 

normal to the incident beam.

The final radiometer adjustments were made so that a 180° 

worm gear rotation would move it from a position where it was centered 

in the incident beam to one where it would be centered in the specular 

reflection of this beam. Figure 2.16 shows that decentering of the 

rotated radiometer with respect to the specular beam would occur in the 

horizontal plane if the worm gear rotation axis were tilted with respect 

to the sample plane. Correction of this tilt was achieved by moving 

the rotary table in the required direction while translating the radi

ometer within its holder to keep its tip centered in the incident beam 

until checks showed that the probe tip was also horizontally centered in 

the specular beam. This process tilted the radiometer so that its 

field of view was no longer centered on the sample. The new problem 

was remedied by using the radiometer tilt and translation adjustments 

alone to first approximately center it horizontally in the incident 

beam along its length before again using them to make the small additional

adjustments required to center the field of view on the sample. The two
/

tilt correction procedures were performed iteratively until both 

problems were solved. The rotary table? s scale zero could be reset to 

its newly determined position without affecting the results of any of 

the earlier alignment steps.
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Fig. 2.16. Techniques for bringing illuminating beam and radiometer rotation geometries 
into coincidence.

(a) Desired relationship between beam and detector. (b) Radiometer rotation 
axis tilted with respect to sample plane. (c) Rotation axis vertically dis
placed from sample center.
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Figure 2.16 also shows that vertical decentering of the radi

ometer with respect to the specular beam could occur if the worm gear 
rotation axis were in the sample plane but at a different vertical height 

from the sample center. This alignment problem had to be corrected by 

changing the vertical sample height slightly as required, realigning 

the incident beam to accommodate the new sample center, retilting the 

sample to set it normal to the new incident beam, and recentering the 

radiometer field of view on the sample. Only a slight sample height 

adjustment of less than 1 mm was required in practice, but this was 

sufficient to require some adjustment to the incident beam alignment in 

order to keep it centered on the sample as the angle of illumination was 

varied. The scattering instrument simply lacked the flexibility re

quired to achieve perfect simultaneous alignment of the illumination 

and detection systems, but acceptable alignment of both systems was 

attained.

The apparatus alignment was completed with the insertion and 

proper adjustment of the two rotating arm lenses and the spatial filter 

pinhole. With the radiometer centered on the unfocused incident beam 

and covered with its calibrated diffuser, the two lenses were put into 

their holders on the rotating arm, and the longitudinal position of the 

focusing lens was adjusted so as to focus the incident beam in the 

diffuser plane. Mirror M3 was used to center the intermediate focus in 

the exit aperture of the spatial filter, M2 was used to center the 

beam in the arm analyzer and microscope objective apertures, and a
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combination of lateral focusing lens translation and arm rotation was 

used to center the focused incident beam on both the sample and the 

radiometer thereby setting this beam normal to the sample just as the 

unfocused beam had been. Since the spatial filter had previously been 

set to properly filter the beam, the pinhole had only to be inserted 

and laterally adjusted to obtain a spatially filtered illuminating beam 

that was free from the light scattered by all of the components in the 

optical path except for the focusing lens.

Complete alignment of the scattering apparatus was carried out 

only at the beginning of the study, but portions of it were repeated 

frequently during the course of measurement. Optical wedge primarily 

in the A/2 plate and in mirror Ml caused the lateral position of the 

intermediate focus at the pinhole plane to change slightly as the 

rotating arm was moved to change illumination angle. This not only made 

readjustment of the spatial filter necessary, but it also resulted in 

appreciable displacement of the beam from the sample and radiometer 

center due to the large (10:1) conjugate ratio of the focusing lens. 

Consequently, some of the lens and pinhole adjustment procedure described 

above had to be repeated each time the illumination angle was changed.

The samples were measured a pair at a time at three different illumina- - 

tion angles, and an aligment check was made prior to measuring each new 

pair of samples. The lenses and pinhole were removed and the illumina

tion system realigned from Ml on using the unfocused beam at normal 

incidence. This was done to see if the sample holder had been accident

ally moved during measurement of the preceding samples and to check
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that the radiometer field of view was still centered on the sample. Only 

occasional minor adjustments to the sample tilt and radiometer field of 

view were required during the course of the entire study once the initial 

alignment had been properly done.

Scattering Profile Measurement Procedure

In order to properly normalize the scattering level of the 

profiles measured for smooth reflecting samples and to correct those 

profiles for background scatter contributed by other sources,correspond

ing profiles of this background scatter and the power incident to and 

specularly reflected from these samples also had to be measured. The 

rough samples required the measurement of only the incident power and 

the scattering profiles themselves. The following procedure was there

fore used to obtain this information.

The laser and lock-in amplifier were first warmed up for at 

least thirty minutes after which the lock-in alignment was checked by 

the prescribed procedure. The illuminating beam was then established 

at the desired illumination angle (0 ) by moving the radiometer within 

the incidence plane to the required position and centering the beam on 

the sample holder and radiometer diffuser. The resulting apparatus 

configuration is shown in Figure 2.17. The detector response to the 

incident power (V^) was then recorded before rotating the radiometer 

1.25° off the incident beam, replacing the radiometer diffuser with its 

analyzer, and measuring the profiles of the background scatter incident 

to the sample by moving the detector assembly as shown. Each profile



detector

observation
hemisphere

sample

incident
beam

Fig. 2.17. Plane of incidence profile measurement 
geometry.
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was first measured by recording the detector output at discrete angular 

positions in the profile with the radiometer analyzer oriented parallel 

to the incidence plane before rotating the analyzer through 90° and 

remeasuring the same profile at the same set of angular positions.

Since all scattering measurements were made with the incident beam 

linearly polarized either parallel to the plane of incidence (p- 

polarized) or perpendicular to it (s-polarized), the pairs of profile 

measurements described above gave the angular distribution of the scat

tered intensity components oriented parallel and orthogonal to the 

incident beam polarization.

Following the measurement of the background profiless the 

radiometer was again positioned to measure the incident beam power. A 

sample was placed in the holder and the radiometer rotated to measure 

its specular reflection (^Spec), thereby determining its specular 

reflectance (^Spec/^0) as well. The sample’s scattered light profiles 

were subsequently measured in a manner identical to that used for the 

background profiles. Figure 2.18 shows the three specific scattering 

profiles that were measured for each sample. Both the forward and 

back scattering profiles in the plane of incidence were examined as 

was a side profile located in a plane perpendicular to both the sample 

and incidence planes and passing through the specular beam focus. These 

profiles were plotted, as a function of the radiometer position measured 

in terms of its direction cosines (a,G,y) with respect to the coordinate 

axes (x,y,z respectively) rather than the. worm gear and rotary table 

angles (0,c|>) directly. It is evident from Figure 2.18 that the
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Fig. 2.18. Schematic of measured scattered light profiles.
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scattering angles are related to the direction cosines by

e sin0 (2.1)

a = cosGsincj) (2 . 2)

and
y =cos6cos(j), (2.3)

and that moving the detector within any of the measured profiles changed 

only one of the direction cosines specifying its position. More will be 

said about the presentation of the scattering data in the next chapter.

first section.of this chapter was also recorded periodically throughout 

the measurement process by connecting it to a second input on the lock- 

in amplifier. Slow drifts in this signal level were indicative of any 

changes in the power level incident to the scattering apparatus that 

might adversely affect the quality of the measured data. It was always 

found to be stable to within a few percent, while other problems, which 

will be discussed in the following section, did place significant limi

tations on the data quality.

Apparatus Limitations

Despite the efforts made to obtain the best scattering data 

possible through careful construction and alignment of the apparatus, 

several problems remained to limit the data accuracy. Considerable 

short term signal fluctuations were present particularly for the smooth 

samples at low scattering angles where the radiometer was near the

The output C ^ T e f )  of the reference detector mentioned in the
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specular focus. Much of this problem could be traced to mechanical 

vibration of the laser and the scattering instrument. Counter

balancing the rotating arm of the instrument, centering the incident 

beam in all system apertures, and averaging each reading over longer 

time periods all helped to either reduce vibration or lessen its effect 

on the data.

A second problem was the slow drift in the average power level 

incident to the samples of as much as 10% over the time required to 

measure a sample’s scattering profiles. This drift was first noticed 

in a more severe form when the scattering instrument was used in an 

older configuration. At that time, the intertable neutral density 

filter was mounted immediately behind the A/2 plate. Since the power 

leaving the A/2 plate had always been relatively constant, the source of 

the problem was presumed to be due to the interaction of the A/2 plate 

and the arm analyzer. Roughly twice the radiant energy was passed 

through the A/2 plate when the filter was put into the system at its 

initial location thereby causing a change in the polarization state of 

the beam transmitted through the plate due to its subsequent thermal 

expansion. This in turn produced an appreciable change in the power 

transmitted by the arm analyzer. The incident power level drift was 

greatly reduced to the 10% figure when the neutral density filter was 

remounted so that its reflection completely missed the A/2 plate. The 

residual power level variation was mainly due not only to thermal 

changes in the A/2 plate much smaller than those described above but 

also to slight variations observed in the filter transmittance with time
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and position of the beam across its face. Both types of signal fluctu

ation led to errors in measured profile shape while the slow drift 

problem also resulted in erroneous overall scattering levels for the 

profiles.

A third problem influenced only the small angle scattering data 

measured for smooth samples. The light scattered into these 'angles 

was a superposition of the light scattered by the sample and the back

ground scatter from the illumination apparatus which was reflected by 

the sample into the observation space. The two components primarily 

responsible for the background scatter were the spatial filter pinhole, 

which was black anodized to minimize scatter from its surface and holder, 

and the focusing lens. Subtraction of the reflected background from the 

measured data to obtain the scatter from the sample alone resulted in 

poorly behaved scattering profiles when there were a sufficient number 

of scattering sites within the focusing lens or on its surfaces to 

generate a large scattering background and when the samples were 

sufficiently smooth and clean to scatter little light. This combination 

of "dirty" focusing lens and "clean" sample existed for several of the 

samples measured, and the consequent artifacts that appeared in their 

corrected scattering profiles will be discussed in a later chapter.

Commercially available lenses were obtained from several differ

ent venders and cleaned by a variety of techniques in an effort to 

obtain the cleanest focusing lens possible. The cleanest lenses were 

produced by the same cleaning procedure used to clean the sample sub

strates prior to overcoating them with aluminum. By inspecting the
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cleaned lens surfaces for residue left by the cleaning process under 

bright white light illumination, a considerable variation in cleanliness 

was observed for lenses of the same type that were cleaned by the same 

procedure at the same time. This fact not only made the search for a 

clean focusing lens more difficult but it also would at least partly 

explain the variety among the smooth sample dark field illumination 

photographs shown in Chapter 4. Low angle scatter data of adequate 

quality was obtained for most of the smooth samples studied by using the 

cleanest focusing lens attainable, but the presence of such a lens in 

the design of the scattering instrument ultimately limits its 

performance for well polished samples.

Determination of the Polarization State of the 
Scattered Light

The scattering profile measurements detected the presence of 

any significant scattered power that was polarized orthogonal to the 

incident beam. They did not, however, give sufficient information to 

determine the actual polarization state of the scattered light. Measure

ments of the Stokes parameters of the scattered light were therefore per

formed for most of the samples studied at three observation points in 

order to determine its degree of polarization at those points. To obtain 

these measurements, the radiometer analyzer was replaced by a device 

consisting of a A/4 plate followed by another analyzer that could be 

rotated through 45° increments. This device was set to six different 

configurations, and the detector output was recorded for each of them 

to obtain the information required to compute the Stokes parameters at
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each observation point. The type of readings taken and the manner in 

which they were used to calculate the Stokes parameters and degree of 

polarization of the scattered light are described by Born and Wolf 

(1959, p. 554). The raw data had to be corrected for the transmittance 

of the X/4 plate and analyzer before it could be used to compute 

accurate parameter values. These transmittances were therefore measured 

using the same technique described previously for the calibration of the 

system A/2 plate and radiometer analyzer.

Scattering Sample Photography 

A primary goal of this study was to look for possible empirical 

relationships between the level and shape of a sample’s measured scat

tered light profiles and the nature of the particulates, pits, and-so on 

contaminating its surface. Information concerning the surface defects 

was gleaned f^om photomicrographs of the sample surface taken under 

dark field illumination and photographs of some of the individual con

taminants taken with the aid of a scanning electron microscope. A 

description of the techniques used to obtain both types of photographs 

is given in the remaining sections of this chapter.

Dark Field Illumination Photography

Two different arrangements were used to illuminate the samples 

as shown in Figure 2.19. In both cases, the illuminated region was 

centered on the sample and of the same approximate size as the 

patch that was illuminated during the scattering measurements. The
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Fig. 2.19. Two experimental setups for dark 
field illumination photography.



simpler system gave rise to Fresnel fringing artifacts in some of the 

low magnification photographs that were eliminated by the use of the 

second system. Each sample was photographed at two different magnifica

tions either immediately before or after its scattering profiles were 

recorded. For the first photograph, the image of a small portion of the 

illuminated area was cast on the film plane by a 100X microscope, while 

the second was a low power magnification of the entire illuminated area 

formed by a 50 mm camera pbjective. A microscope photograph was also 

taken of the same portion of the sample with it illuminated from behind 

by a bright white light source in order to show which of the surface 

defects appearing in the first photograph were pinholes or other defects 

in the aluminum coating. The exposure chosen for each magnification was 

one sufficient to bring the finest sized contaminants to view without 

being so large as to create a false impression of a samplev s contamina

tion level. Figure 2.20 shows that increasing the exposure time from 

1/8 sec. to 1/4 sec. in this low magnification photograph of a well 

polished sample gave rise to a uniform background across the exposed 

area that made the sample appear to be more contaminated than it really 

was. The same exposure was used for all photographs of the same 

magnification and sample type to facilitate their comparison.

Scanning Electron Microscope Photography

Scanning electron microscope photographs were taken to reveal 

the microtopography of the rough samples and give a detailed look at 

some of the particulates that contaminated the smooth sample surfaces.



a

Fig. 2.20. Exposure study.
(a) 1/8 second exposure
(b) 1/4 second exposure



These photographs were taken after all other data had been collected on 

the samples to reduce the risk of further contaminating them. The 
rough samples were used without any special preparation, while the 

smooth samples were overcoated with aluminum or silver before attempting 

to photograph them. The results were instrumental for interpreting 

several aspects of the scattering behavior of the samples studied.



CHAPTER 3

DATA PRESENTATION AND CHARACTERISTICS

The methods used to reduce and plot the scattering profile 

measurements described in the previous chapter are discussed in the pres

ent one. Plots of typical scattering profiles are given for a smooth 

sample, a rough sample, and the background scatter due to the apparatus 

focusing lens in order to point out and explain some features of these 

profile shapes. The degree to which each type of profile could be 

reproduced experimentally is also documented.

Presentation of the Data 

The scattered light profiles reported, in this work were plotted 

as a function of the direction cosines of the detector position as 

defined in the previous chapter rather than directly in terms of its 

angular position. This choice of plotting axis was dictated by the 

results of the theoretical work that has been done on scattering from 

reflecting surfaces. Harvey's (1976, p., 38) generalized diffraction 

theory approach showed that regardless of the type of surface defect 

responsible for the scattering, the angular distribution of the radiant 

intensity (I) scattered from a reflecting surface illuminated at normal 

incidence is given by

I(a,6) = .Yao2<j^{Yp(£,y) } 1 (3.1)
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where y is the direction cosine of the observation point with respect to
2the sample normal, a^ is proportional to the incident irradiance, and

y C^,^) is the autocovariance of the complex amplitude transmittance P
of the scattering or diffracting surface expressed as a function of the 

pupil shift measured in numbers of wavelengths C&,^) . The spatial 

frequencies of the indicated Fourier transform were found to be 

equivalent to the direction cosines (a,3) of the scattering direction 

when the pupil shift was expressed in this fashion. It is evident from 

the above equation that plotting scattered light profiles in terms of 

direction cosines would yield curve shapes that most closely correspond 

to the character of the sample surface alone and that are least dis

torted by geometrical factors unrelated to the surface topography.

The scattered light distributions predicted by other theories differ 

from the one cited here in many respects except for the transform term, 

which they all possess in an equivalent form.

Illuminating the sample at off-normal incidence would add a 

multiplicative linear phase factor to the complex wave amplitude leaving 

its surface. Equation 3.1 implies that the scattered radiant intensity 

distribution in this case would by identical in form to that obtained 

for normal illumination if it were plotted as a function of 3-3 , where 

3q identifies the specular direction, and if the amplitude reflectance 

of the sample itself were invariant with changing illumination angle.

It was for this reason that the scattering profiles in the plane of 

incidence were plotted as a function of the distance of the radiometer 

from the specular beam measured in direction cosine space, or 3-3Q.
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The scattered light magnitude was expressed in terms of the

Bidirectional Reflectance Distribution Function (BRDF) for each sample.

This function is defined by BRDF = L ./E;, where L is the radiancer i r
scattered into a particular direction by the sample and E.e is thei
irradiance incident to it. Reference to Figure 3.1 indicates that

L = (f)/(Ago A .) = ^/(AtoAy) r proj
and

E± = <S>o I k

so that

BRDF = <j)/ (<f> Awy)..

where (J) and <j>o are the scattered power and power incident to the sample 

respectively, and Ago is the solid angle subtended by the radiometer 

collection lens aperture at the sample. Since the radiometer calibra

tion proved the detector output voltage to be proportional to the power 

incident on it, the BRDF is also given by

BRDF = V/CV^Aooy) . (3.4)

It was Equation 3.4 that was used to put the corrected detector outputs 

into plottable form.

The decision to use the BRDF as the plot ordinate was made for 

the same reason direction cosines were used along the abscissa.

Equations 3.3 and 3.1 indicate that

(3.2)

(3.3)
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illuminating
beam

cos

cos 1 (y )

Fig. 3.1. Illuminated region of sample.

A = illuminated area.
Aproj = illuminated area as seen from observation point.



3RDF(a,g) (3.5)

Plots of the BRDF as a function of the direction cosines of the scatter

ing angles should therefore have shapes that are solely dependent on 

the transform term.

facilitate the comparison of profile shapes. Curves having the same 

character but differing only by a multiplicative scale factor in either 

coordinate would be translated with respect to each other when plotted 

on these scales, but they would have the same shape.

profiles had to be properly reduced before the corresponding BRDF values 

could be computed and plotted. Recorded values were corrected for the 

transmittances of the insertable neutral density filter and radiometer 

diffuser to obtain much larger signals corresponding to the power in the 

illuminating beam. Correction was also made to the pairs of scattered 

light readings that were made at each profile point by using

position with the radiometer analyzer oriented parallel and perpendicular

Finally, both plot axes were scaled logarithmically in order to

Reduction and Nature of the 
Background Scatter Data

The data taken for both the background and sample scattering

and

(3.6)

where V and V are the detector outputs at a given observation
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to the polarization azimuth of the incident beam respectively, and

and are the intensity transmittances of the probe analyzer's

transmission and extinction axes. The corrected signals V ' and V 'P s
corresponded to the actual orthogonal intensity components of the 

scattered light incident to the radiometer and were therefore free of 

any apparent polarization cross-coupling indicated in the measured 

values due to the passage of a strong component through the extinction 

axis of the analyzer. It was always observed that the background 

scatter was completely polarized parallel to the illuminating beam at 

all measurable observation points.

A plot of a typical profile of the background scatter due to 

the focusing lens is shown in Figure 3.2. The power scattered into 
the smallest angles was more than five decades below the power in the

incident beam, which is not shown in the plot. The curve is comprised 

of three distinct regions— a low angle one over which the BKDF decreases 

gradually with increasing scattering angle, a shoulder or transition 

region, and a region at the largest angles where the scattering level 

falls off rapidly. Photographs shown in Figure 3.3 provide an explana

tion for the shoulder and rapid falloff portions of the curve. At the 

lower scattering angles, the radiometer field of view was nearly centered 

on the focusing lens in addition to being perfectly centered on the 

sample. Continued rotation of the detector to the point where it was 

3° to 3.5° off the direct beam caused the focusing lens to drift sub

stantially out of the radiometer field of view and hence the measured 

scatter to fall off dramatically.
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Fig. 3.2. Background scatter profiles.
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Fig. 3.3. Physical source of the shoulder in the background scatter profiles.
(a) Relationship between the focusing lens and radiometer field 

of view with radiometer centered on incident beam.
(b) Same relationship with radiometer at 3.5° from incident beam.
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Also shown in Figure 3.2 is a second measurement of the same 

background profile. Comparison of the two curves indicates that the 

degree to which the measurements could be reproduced gradually worsened 

with increasing scatter angle. It will be shown in the next section 

that this problem was probably largely responsible for the poor quality 

of the low angle scattering data obtained for some of the smooth samples.

Reduction and Nature of the 
Smooth Sample Data

Correction of the scattering data measured for the smooth samples 

was carried out as described in the previous section, but an additional 

reduction step was also required. The measured low angle scatter from 

these samples contained a background component that had to be removed 

before profiles of the sample1s scatter could be plotted. By assuming 

that the light scattered by the focusing lens was not significantly 

rescattered by the well polished samples but was simply specularly 

reflected from them, this correction could be made by multiplying the 

corrected background scatter values by the measured sample reflectance 

(^spec/V0) before subtracting the results from the corresponding sample 

scatter readings after they too had been corrected using Equation 3.6.

Two plots of the forward scattering profile obtained for a . 

smooth sample after the above reduction process are shown in Figure 3.4. 

The first one shows the data plotted in a coordinate system frequently 

used in the literature, while the second is an example of the smooth
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Fig. 3.4. Typical smooth sample scattering profiles.
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(b) Same profile plotted on axes used for this study. oLn
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sample profiles presented in this study. The ratio of the power scat

tered into the lowest measured angle to the power in the incident or 

specularly reflected beams was again less than 1 x 10 The bulk of 

the mid and high angle data points lie on a straight line in the BRDF 

plot except for a slight upward tailing of the profile at the largest 

scattering angles. At low angles, the data fall below the straight 

line, and a bump appears in the same 3° to 3.5° region where the shoulder 

in the background scatter profiles appeared. It seemed that both 

the low angle profile shape and the appearance of this bump were at 

least in part due to poor correction of the measured data for the 

scattered background.

This correction problem occurred whenever the reflected back

ground was a major fraction of the total scattered signal. Errors in the 

measured sample reflectance and uncertainty in the background scatter 

and sample profile data points due to the reproducibility problem pre

viously mentioned were probably the major contributors to this problem 

under these circumstances. A study was made to determine which factor 

had the greater influence on the low angle profile shape, and the 

results are outlined in Figure 3.5. The low angle portion of a forward 

scattering profile for a different smooth sample is shown. Part (a) 

of the figure implies that expected errors in the sample reflectance 

alone would have little effect on the profile shape. The remainder of 

the figure, however, demonstrates that the observed uncertainties in 

the background scatter profiles could not only account for the 3.5°
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Fig. 3.5. Profile shape artifacts due to experimental error.
(a) Sample reflectance error of 4%.
(b) Errors in background profile shape.
(c) Profile error due to error in background profile shape.
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bump but would also give rise to uncertainty in the shape of the sample 

profile's lowest angle segment.

By using a cleaner focusing lens, the severity of these artifacts

in the corrected smooth sample scattering profiles could, be reduced.

The curves shown in Figure 3.6 illustrate the changes produced in a given

scattering profile by using a lower scatter focusing lens for two

different samples. In one case, the low angle bump was removed, and the

shape of the rest of the profile was unaltered. In the other, the

elimination of the bump was accompanied by a slight change in the shape

of the rest of the profile's low angle portion. Other differences in

the shapes and levels of each pair of profiles were probably due to

sample contamination that occurred in the three month period separating

the measurement of the comparable profiles and experimental uncertainty

in the normalization of the curve levels due to the previously mentioned

drift in measured V values.o
Figure 3.7 shows that there was considerable variation in the 

degree to which smooth sample profiles could be reproduced. The type 

of reproducibility observed for most of the data is illustrated in some

what extreme form by part (a) of the figure, where the bulk of the 

data is seen to reproduce to within 10% while the low angle region was 

in much poorer agreement for the reasons just discussed. The remainder 

of the figure indicates that entire profiles could be duplicated to 

within about 15% for the higher scattering smooth samples, or both the 

low and high scattering angle portions of these samples' profiles 

could be more poorly repeatable than the mid angle region.
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Reproducibility of a given profile was generally found to be unaffected 

by rotation of the sample within its holder between measurements, which 

implies that the sample surfaces were rotationally isotropic.

Reduction and Nature of the 
Rough Sample Data

All of the light incident to the rough samples studied was 

diffusely scattered. Since scattering of the focusing lens background 

by the samples was neglected no correction of the measured sample data 

for the background was therefore required. The measured values were 

reduced and plotted using the procedure previously described for the 

background data.

A typical forward scattering profile is shown in Figure 3.8. A 

broad, flat curve of high scattering level that tailed off at the largest 

scattering angles was obtained for the scattered component polarized 

parallel to the incident beam. The figure also shows that an appreciable 

orthogonally polarized component was also detected at all observation 

positions. This observation teamed with the Stokes parameter measure

ments detailed in the next chapter implied that the rough sample scatter 

was partially depolarized. All of the readings were relatively free of 

noise and reproducible, as indicated in part (b) of the figure, to 

within 10%.
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CHAPTER 4

BACKGROUND SCATTER AND SMOOTH SAMPLE DATA

The data obtained and reduced by the techniques described thus

far are presented and discussed in the next three chapters. The 

discussion given here begins with a description of the procedures used 

to fabricate and handle all of the samples. Profiles of the background 

scatter are given as are the scattering and photographic data obtained 

for the original well polished samples. Several of the smooth samples 

were intentionally altered to further explore the scattering from these

samples due to surface particulates. The results of these studies are

also given in this chapter.

Sample Preparation and Care

All of the samples studied were initially prepared by Harvey 

(1976). The original substrates were stripped of their reflective 

coating, cleaned by a process given in Appendix A, and recoated with 

an opaque layer of aluminum before any observations were made. These 

samples were examined under a microscope illuminator in an otherwise 

dark room, and those found to have obvious coating nonuniformities 

such as large pinholes or waterspots were rejected. Two defective 

samples of special interest were retained for measurement.

Most of the samples were made of quartz, and all of them were

polished or ground to a nominally flat surface. One of the smooth
73



74
samples (EDF3/11) was made of EDF3, while two others (220A, 154A) were 

made of Amersil. Both of the latter are high grade fused silica materi

als. All smooth samples were polished in a conventional fashion for 4 

to 12 hours using an optical pitch lap and a milled CeO polishing agent.

The rough samples were ground for 20 minutes with Al^O^ grit and 

a cast iron lap. One of the rough samples (168) was ground with 2 jLim d. 

grit, while 30 um d. grit was used for the other two (203, 213).

The samples were always handled by their sides with latex gloves 

to prevent their contamination by skin oils. These oils attract dust 

and tend to migrate over the sample surface once they are deposited on 

the substrate. All samples were stored in covered glass Petri dishes 

between measurements. Glass containers were used instead of plastic ones 

to prevent possible sample contamination due to outgassing from the 

plastic. All observations were carried out with the samples mounted 

vertically to reduce their contamination by airborne dust.

The effectiveness of this handling process in preventing sample 

contamination was studied by comparing measurements of a given scatter

ing profile taken at different times. One typical case shown in Figure 

4.1 indicates that the sample Vs scattering level increased by about 20% 

over a 6 week period, while another showed a 50% level increase and a 

more pronounced upward tail at the largest scattering angles after a 

4 month time period had elapsed.

Background Scatter Data 

Typical background scatter profiles are shown in Figure 4.2 for . 

a p-polarized illuminating beam. Part (a) shows that for a given 

illumination angle, the side profile scattering level was roughly
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half that of the forward- and back-scattering profiles, while all three 

profiles were similar in shape. These profiles were found to rotate 

with the lens, so the level discrepancy was due to physical anisotropy 

in the focusing lens itself. Visual confirmation of the lensT aniso

tropic scattering behavior was obtained by viewing the lens from the 

regions where the background scatter was measured. A fine, uniform 

haze appeared over the lens when it was viewed from points in the high 

scatter level profiles, but this additional haziness vanished when the 

eye was moved to the low level profile region.

The curves shown in part (b) of the figure show how the behavior 

of the forward profile of the background scatter changed with illumina

tion angle. The profile shapes were basically the same at each 0^, but 

their levels and lateral positions were different. Much of the scatter

ing level increase with increasing 0^ was due to the corresponding 

decrease in the y direction cosine factor used to compute the BRDF. 

Though the measured profile data points were always taken at the same 

angular distances from the direct beam, their corresponding distances 

from that beam measured in direction cosine space went down as the 

illumination angle was increased. This effect was the cause of lateral 

shifts in all plotted profiles with changing 0̂ .

The last part of Figure 4.2 shows that the side profile shapes 

were also similar for all illumination angles, but there was a far 

greater increase in scattering level with increasing 0^ than the above 

mentioned changes in y could account for. Figure 4.3 gives a diagram 

that partly explains this additional level increase. For profiles 

measured in the plane of incidence, rotation of the radiometer to a
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Fig. 4.3. Side profile measurement geometry.



given angular distance from the direct or specularly reflected beams 

(0-0^) moved it through the same arc length regardless of the size of 

0 . On the other hand, rotating the probe through a given angle <j) in 

the side profile left it physically closer to the direct or specular 

foci as 0q was increased. Since the average scattered intensity fell 

off with increasing distance from the direct or specular beams, this ■ 

effect would cause the size of the side profile data points measured at 

the larger illumination angles to be larger than the corresponding 

points obtained for small 0q values. A similar increase in side profile 

level with 0q was observed for many of the smooth samples for the same 

reason.

Smooth Sample Data 

The nature of a typical light pattern scattered from a well 

polished reflecting sample is indicated by the photograph shown in 

Figure 4.4. Thirty-five mm film was placed nominally 10° from the 

specular focus in the side profile and exposed directly to the scattered 

light to obtain this photograph. The circle drawn on the print shows 

the corresponding size of the radiometer collection lens aperture. It 

is evident from the figure that the speckle averaged irradiance 

scattered by the smooth samples was a relatively featureless and slowly 

varying function of detector position, and that the detected signals 

represented an average over a large number of speckles. Unusual 

diffraction patterns photographed for some of the specially contaminated 

smooth samples will be given in the data that follows.
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Fig. 4.4. Typical smooth sample scattered light pattern.



Sample 192

The scattering profiles and dark field illumination photographs 

taken for this sample are displayed in Figures 4.5 and 4.6. With the 

exception of the low scattering angle shape artifacts mentioned in 

Chapter 3, all profiles are basically straight line in character with 

slopes of -1.7 and upward curling tails at the largest scattering angles. 

Part (a) of Figure 4.5 implies that the scattered light pattern of the 

sample was rotationally symmetric for near normal illumination. The 

existence of the profile tails and the fact that the profiles measured at 

a given 8̂  acquire different widths in direction cosine space as 0^ is in

creased explain much of the deviation from rotational symmetry evident at 

the steeper illumination angles. The side profile slope was also some

what steeper than that of the plane of incidence profiles for the 8^=45° 

data. Good agreement was observed in the scattering levels of the for

ward and back profiles at each illumination angle. The side profile 

lay above the other two profiles at the steeper illumination angles by

an amount that increased with 0 . At least part of this effect.was dueo
to the change in side profile measurement geometry with 6^ described in 

the previous section on background scatter. Appreciable polarization 

cross-coupling is apparent mainly in the large scattering angle region 

of the side profiles. The amount of cross-coupling observed increased 

with illumination angle to the point where, at 0^=45°, the orthogonal 

component exceeded the p-component at the largest scattering angles.

The data plotted in the first half of Figure 4.5 was replotted 

in the second half to show how each of the three measured profiles
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Fig. 4.6. Sample 192 photographs.
(a) Illuminated area
(b) 100 x, side illumination, 5mm = 85 pm.
(c) 100 x, rear illumination.
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changed with illumination angle. The bulk of the forward-scattering 

profile reproduced to within experimental error in both level and shape 

as 0^ was varied, but the tail portions of the larger 0 - profiles rose 

above the profiles measured for smaller illumination angles. A similar 

behavior was also observed for the back-scattering profiles. The 

observed invariance in plotted profile level with changing illumination 

angle implied that the power scattered into all but the largest angles 

fell off approximately as with increasing 0^. The increase in side 

profile scattering level with 0^ previously observed and explained for 

the background scatter data was observed for this sample as well. 

Significant deviation in profile shape occurred only over the high 

scattering angle regions of these profiles.

The photographs reveal a large number of contaminants over the 

illuminated area of the sample. Most of these defects were either 

particulates or pits in the surface, while some were holes in the 

aluminum coating. The larger contaminants were roughly 10 pm or larger 

in diameter. Though sample 192 turned out to be one of the "dirtier" 

samples measured, the photographic data showed all of the smooth 

samples to be similarly contaminated to varying degrees.

Sample 188

Photographs shown for this sample in Figure 4.7 show it to be 

moderately contaminated yet cleaner than sample 192. This difference 

in contamination level was primarily due to the smaller number of fine 

sized defects present on sample 188. The larger defects were again about 

10 pm or larger in size, and some of them were pinholes in the aluminum.
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Fig. 4.7. Sample 188 photographs.

(a) Illuminated area
(b) 100 x, side illumination, 5 mm = 88 pm.
(c) 100 x, rear illumination.
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Fig. 4.8. Sample 188, p-polarized incident beam.

(a) ______ forward prof ile______ back prof.,
_ _ _ _ _  side prof.

(b) ------  0o=2°,-------- 6o=25°, 6o=450 .
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The profile data presented.for this sample in Figure 4.8 differed 

from that just described for sample 192 in several respects. First of 

all, the low angle segments of most of the profiles rolled off below the 

straight line determined by the bulk of the data. In addition, the high 

scattering angle profile tails were not as pronounced for the plane of 

incidence profiles and were absent altogether for the side profiles. •

The forward- and back-scattering profiles of the 6^ = 2° data again 

possessed common scattering levels, shapes, and a nominal slope of -1.8. 

The side profile was unexplainably 40% lower than the other two profiles 

in level and somewhat more steeply sloped (m^-2). This slight profile 

slope discrepancy was also observed in the higher illumination angle 

data, and the 0^ = 45° side profile actually developed a slight overall 

curvature. Polarization cross-coupling behavior similar to that 

described for sample 192 was also detected for sample 188, but the effect 

was measurable only at 0^ = 45°.

There was a change in overall profile shape with changing 

illumination angle for this sample. The forward and side profiles 

became generally more steeply sloped with increasing 8^, while the 

back-scattering profile slope decreased somewhat under the same condi

tions. Differences in profile shape with changing 8^ due to the high 

scattering angle profile tails were again observed for the forward and 

back profiles, but they were less pronounced than the ones observed for 

sample 192. The plane of incidence profiles showed an overall decrease 

in plotted level with increasing 8q , while the side profile level in

creased by a much smaller amount than would be produced by the previously 

discussed geometrical factors. These trends implied that the power



scattered from sample 188 decreased even more with increasing illumin

ation angle than that scattered from sample 192.

Sample 151

The scattering data given for this sample in Figure 4.9 resembled 

that of sample 188 in most respects. Though the low scattering angle 

roll off in profile shape was less exaggerated for this sample, the 

overall profile shapes and slopes for the two samples were almost 

identical. A later graph will show that their forward profile scattering 

levels were also comparable. The scattering level of the side profile 

was larger relative to that of the other two profiles for this sample 

than was the case for sample 188. Observed changes in scattering profile 

level with changing illumination angle were similar in nature if not in 

degree for the two samples but the corresponding changes in profile 

slope with 0o were not as great in the present case.

Figure 4.10 gives the photographic data taken on sample 151.

This sample was more heavily contaminated with fine particles than was 

sample 188. The larger surface defects were again about 10 jum in 

diameter, and the single large defect appearing in the high magnification 

photograph was about 25 jum in size. Several of these large contaminants 

were present over the illuminated portion of the sample. Almost no 

pinholes were evident in the examined portion of the aluminum coating.

Sample 237

Figures 4.11 and 4.12 give the initial data taken for this 

sample.■ Except for the low angle bump in the forward-scattering
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Fig. 4.10. Sample 151 photographs.
(a) Illuminated area
(b) 100 x, side illumination, 5 mm = 90 pm.
(c) 100 x, rear illumination. g
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Fig. 4.12. Sample 237 photographs.

(a) Illuminated area.
(b) 100 x, side illumination, 5 mm = 90 pm.
(c) 100 x, rear illumination. md



profiles attributable to the previously mentioned background correction 

problems, this sample’s profile shapes were particularly well behaved. 

There was a slight overall curvature to most of the plotted profiles 

and a general slope of. about -2. Profile behavior at the large 

scattering angles was similar to that described for the previous two 

samples. Slight changes in profile slope and a decrease in profile 

level with increasing 0^ were again observed.

The photographs show this sample to be significantly contaminated. 

These contaminants were generally similar to those observed for the other 

samples in nature and size. This sample was, however, also covered with 

a number of short sleeks. Only one of the sleeks in the sample region 

examined under high magnification was a scratch penetrating the 

aluminum coating.

Scanning electron microscope photographs of some of this sample’s 

larger surface contaminants are displayed in Figures 4.13 and 4.14. A 

variety of surface defects were found. A small, hair-like piece of 

fluff and a smooth bump in the surface are shown in the first figure, 

while a large particle and a smaller surface protrusion are shown in 

the second one. All of the contaminants were irregular in overall shape, 

and surface structure that was fine relative to the illuminating wave

length was evident on the latter two defects. These photographs show 

the larger contaminants to be about 10 ym in diameter and therefore 

representative of the larger spots in the dark field illumination 

photographs.
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Fig. 4.13. SEM photographs of sample 237 contaminants; 
left-most calibration bar = 1 pm.
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Fig. 4.14. Additional SEM photographs of sample 237 
contaminants; left-most calibration bar = 
1 pm.



Sample 153

The photographs given for this sample in Figure 4.15 show it 

to be contaminated primarily with particles of about 10 pm diameter.

Some pinholes having the same general size were also present, and 

relatively few finer sized particles were evident. The only qualitative 

difference between the appearance of this sample and that of sample 188 

was the presence of several very large defects over the illuminated 

region of sample 153.

The corresponding scattering profiles shown in Figure 4.16 were 

shaped' very differently from those previously described. They were 

generally bumpy and nonlinear, and most possessed a distinct hump in the 

low scattering angle region. The forward-scattering profile changed with 

0^ in a manner similar to that observed for sample 192. There was 

little significant deviation among the three measured profiles except 

for their high scattering angle tails. Unexplainably irregular changes 

were observed in the side profiles measured for this sample as the 

illumination angle was varied.

Sample 166

The data measured for this sample was unique in several ways. 

Figure 4.17 shows that this sample’s scattering level was quite low.

It was for this reason that its low angle scattering data was particu

larly poorly behaved for several of the profiles. This sample’s 

profile slopes were also exceptionally low. The 8^ = 2° profiles were 

irrationally symmetric except over the suspect low scattering angle region



Fig. 4.15. Sample 153 photographs.
(a) Illuminated area, (b) 100 x, side illumination, 
5 mm = 88 pm, (c) 100 x, rear illumination.
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Fig. 4.18. Sample 166 photographs.

(a) Illuminated area.
(b) 100 x, side illumination, 5 mm = 85 pm.
(c) 100 x, rear illumination.
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and had a slope of -1. The forward- and back-scattering profile slopes 

increased to -1.2, and the general slope of the side profile grew to 

about -1.4 as 0q was increased. The relative profile levels and 

polarization cross-coupling behavior observed for this sample at each 

illumination angle were similar to those recorded for sample 192. The 

amount of upward tailing evident in the plane of incidence profiles at 

the large scattering angles increased dramatically with increasing 0 , 

while the side profile curved slightly.downward over the same region at 

all illumination angles. The changes in profile level with 8^ observed 

for this sample implied that its scattering level did not fall off 

appreciably with increasing illumination angle.

Photographic data given for this sample in Figure 4.18 showed 

it to be different from those described thus far in one respect. Its 

surface was contaminated with an exceptionally large number of fine 

sized particulates.

Sample EDF3/11

Preliminary inspection of this sample under white light 

illumination showed its aluminum coating to have an unusual milky 

appearance. Sample photographs given in Figure 4.19 showed that this 

milkiness was due to heavy particulate contamination. These particles 

were grouped into randomly interwoven light and dark patches. The 

light regions were composed of densely packed, fine sized particles, 

while the dark areas were more sparsely contaminated with particles 

that were generally larger in size. The very large, bright spots



# 0

Fig. 4.19. Sample EDF3/11 photographs.

(a) Illuminated area.
(b) 100 x, side illumination, 5 mm = 66 pm. oro
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located mainly in the light patches were actually very tightly packed 

aggregates of small particles.

Scattering profiles plotted for this sample in Figure 4.20 

were evidence of its heavy particulate contamination. The overall 

profile levels implied that this sample scattered far more light than 

did the other, similarly polished samples. Each profile had a two 

component shape that will be explained in Chapter 7. The side profiles 

measured at each illumination angle rolled off below the forward profiles 

at the largest scattering angles. Forward profile rolloff in the large 

angle region was more abrupt than that observed for the side profiles 

and occurred only for the larger 0q values. The side profile exhibited 

a polarization cross-coupling behavior similar to that of the other 

smooth samples, but the orthogonal component was never observed to exceed 

the component polarized parallel to the incident beam.

Increasing the illumination angle resulted in a reduction of 

the sample scattering level and little change in the basic profile 

shapes. This reduction in profile level was greater for the large 

angle hump of each curve than it was for the low angle hump.

Sample 191

Figure 4.21 shows that the illuminated region of this sample 

was contaminated with three nominally parallel sleeks in addition to 

the usual particulates. The level of particulate contamination was 

moderate, and an unusually high percentage of the larger surface spots 

were actually pinholes in the aluminum coating.



Fig. 4.21. Sample 191 photographs.
(a) Illuminated area.
(b) 100 x, side illumination, 5 mm = 85 pm.
(c) 100 x, rear illumination.
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Scattering measurements were made with .the sample oriented so 

that the sleeks were nominally parallel to the plane of incidence. The 

resulting profiles are given-in Figure 4.22. The forward-scattering 

profiles were similar in shape to- those recorded for most of the other 

smooth samples. With the exception of the 0^ = 45° profile, they were 

basically straight line in character with slopes of about -2 and high 

scattering angle tails that were less pronounced than those observed 

for many of the other samples.

The side profiles possessed an additional lump in the a = 0.1 

to 0.5 region that was clearly due to scattering from the surface sleeks. 

Both the magnitude and shape of the sleek* s contribution to the measured 

side scattering profiles changed in a poorly understood fashion as the 

illumination angle was increased. A very bumpy and gently curved sleek 

component was observed in the 0- = 25° data, while the 0 = 45° side

profile completely lacked an obvious sleek contribution. The side 

profile displayed a typical polarization cross-coupling behavior, and 

the changes in profile level observed with increasing-0 again suggested 

a decrease in sample scatter with increasing illumination angle.

Samples 154A and 220A

These samples were identically prepared and demonstrated similar 

scattering behavior which was, however, different from that observed 

for the other samples in several respects. Scattering profiles given 

for both samples in Figures 4.23 and 4.24 have general slopes of about 

-2. The low scattering angle segments of the profiles for sample 220A
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Fig. 4.25. Sample 154A photographs.
(a) Illuminated area.
(b) 100 x, side illumination, 5 mm = 75 pm.
(c) 100 x, rear illumination. 110
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Fig. 4.26. Sample 220A photographs.
(a) Illuminated area.
(b) 100 x, side illumination, 5 mm = 75 pm.
(c) 100 x, rear illumination. Ill



rose above the straight line determined by the bulk of the profile data, 

while the corresponding portions of the profiles for sample 154A 

generally rolled off slightly below the same straight line. Except for 

low angle profile shape artifacts due to poor background correction 

and the previously explained difference in scattering level between the 

side and plane of incidence profiles at each 9^ value, the profiles 

measured for each of these samples were approximately rotationally 

symmetric at every illumination angle. Only the back-scattering profiles 

measured for these samples at the steeper illumination angles showed the 

high angle tails evident to varying degrees in most of the profile data 

presented thus far. No measurable polarization cross-coupling was 

detected for the light scattered from sample 220A, and only a slight 

amount was observed for the side profile of sample 154A at 9^ = 45°.

The forward- and back-scattering profiles measured for each of 

these samples retained the same shape and scattering level to within 

experimental error as the illumination angle was varied. This observed 

invariance implied that the plane of incidence scattering behavior of 

these samples could be completely specified by making measurements at 

a single angle of incidence. The nature of the back-scattering profile 

tail would, of course, not be observed unless a large 8^ value was 

used. The side profiles were also approximately invariant in shape 

with changing 8^, but their scattering levels did change partly for 

the previously discussed geometrical reasons.



Photographs'of these two samples are given in Figures 4.25 and 

4.26. Though both samples were significantly contaminated, they and 

sample 191 were the cleanest of the measured samples in terms of the 

number of large 10 idm d.) contaminants covering their illuminated 

areas. Sample 154A possessed the greater number of small particulate 

contaminants, and neither of the samples? aluminum coatings had a 

significant number of pinholes.

Smooth Sample Scattering Data Measured for 
an S-Polarized Illuminating Beam

The scattering data presented up to this point was taken with an 

illuminating beam that was linearly polarized in the plane of incidence. 

This section and those that follow describe several studies designed to 

further investigate the importance of particulate scattering from the . 

studied smooth samples and to gain some insight into this scattering 

mechanism. The first of these studies involved the measurement of 

scattering profiles for several smooth samples using an s-polarized 

illuminating beam and the comparison of these profiles to the original 

sample data.

Profiles measured for sample 237 are shown in Figure 4.27.

They were generally similar to those first measured for this sample, 

but there were differences in profile behavior at the large scattering 

angles. For example, the new side profile measured at 0^ = 2° tailed 

up above the plane of incidence profiles in this region, while the 

reverse was true for the original data. Since any given profile could 

be reproduced to within experimental error along its entirety regardless
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of the sampleT s orientation in its holder, these differences between the 

large angle portions of the profiles measured at a given illumination 

angle were due to polarization effects rather than a net physical 

anisotropy in the samples themselves.

Comparisons of the forward and side profiles measured at 8^ = 2° 

for sample 237 using orthogonally polarized illuminating beams are given 

in Figure 4.28. Similar comparisons were obtained for the same pairs of 

profiles measured at the steeper illumination angles.

Changes in the scattering behavior of surface particulates with 

incident beam polarization could be studied experimentally by using 

sample EDF3/11. The data presented in Figure 4.29 shows that the 

profiles measured for this sample with an s-polarized illuminating beam 

were similar in shape to those given previously, but the new plane of 

incidence profiles had the shape of the previous side profile and 

vice versa. A somewhat greater decrease in sample scattering level with 

increasing 8^ was also indicated by the new data.

The polarization cross-coupling behavior of these profiles 

differed from that observed for p-polarized illumination. Less cross

coupling was recorded at the large scattering angles in the side 

profiles, while a small amount was observed for the first time in the 

forward- and back-scattering profiles. The polarization cross-coupling 

behavior of the side profiles measured at the steeper illumination 

angles was not solely due to sample scatter when an s-polarized incident 

beam was used. Mechanical rotation of the probe analyzer with respect
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to the incident beam polarization azimuth as the radiometer was moved 

through these profiles also influenced their measured shapes. This 

problem will be described in greater detail at the end 'of this section.

Corresponding sample profiles measured for s- and p-polarized

illumination at each 0^ are compared in Figure 4.30. The forward and

side profile pairs had the same basic relative shapes regardless of

illumination angle. The low scattering angle humps in the original

profiles had slightly greater overall curvatures than did those in the

new profiles at 0 = 25° and 0 = 45°.o o
Part (a) of Figure 4.31 shows that polarization cross-coupling 

detected in the scattered light measured for a p-polarized incident beam 

was indeed due only to the scattering properties of the sample. The 

illuminating beam excites secondary dipole radiators over the small 

illuminated area at the sample center. These radiators would be 

oriented in the sample plane as indicated in the figure for all 0q values 

if the sample were perfectly smooth. The transmission axis of the 

radiometer analyzer is shown at two points in a side scattering profile 

that would be measured at a steep illumination angle. It is obvious 

from the diagram that this transmission axis is always tangent to a 

great circle of the observation hemisphere that also includes the 

central dipole radiator. Hence the scattered radiation that reaches 

the analyzer would be polarized parallel to the transmission axis unless 

the sample surface were rough or contaminated.

That was not the case for the same side profiles measured using 

s-polarized illumination. Part (b) of the figure shows that the probe
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(a)

\

(b)

Fig. 4.31. Polarization cross-coupling configurations.

(a) P-polarized incident beam.
(b) S-polarized incident beam.
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analyzerT s transmission axis was mechanically rotated with respect to 

the incident beam polarization azimuth in this case as the off-normal 

side scattering profiles were measured. A computation given in Appendix 

B shows that the angle \p between the transmission axis and the , 

polarization azimuth of radiation scattered to the radiometer by dipole 

radiators at the center of a perfect sample is given by

Equation 4.1 proved that the rotation problem occurred only for the 

side profiles measured at off-normal incidence, and that the problem 

became more severe as the incidence angle was increased. The measured 

data was not corrected for the apparent depolarization produced by this 

effect.

Smooth Sample Cleaning Studies

Proper cleaning of a sample would remove some of its particulate 

contaminants without affecting its surface microtopography. A com

parison of the scattered light profiles measured for the cleaned sample 

to the originally recorded ones would then yield some insight into 

the surface particulate contribution to smooth sample scattering. Two 

of the previously measured samples were therefore cleaned with a 

commercially available stripping lacquer and remeasured. The lacquer 

was poured onto each sample surface, allowed to harden, and then 

peeled off along with some of the surface contaminants. This method

(4.1)
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has been found by other authors (McDaniel 1964, Breault, Lange, and 

Fannin 1980) to be the best way to clean a substrate or mirror surface 

without otherwise damaging it.

The results obtained for sample 192 are given in Figures 4.32 

and 4.33. The photographs indicate that the cleaning process was 

effective at removing the larger surface particulates. The aluminum 

coating surrounding some of these particles was also removed leaving 

several new, large pinholes. A large, curved sleek was also created 

just outside of the illuminated region of the sample by the cleaning 

process.

The basic shapes of the forward- and back-scattering profiles 

measured for the sample at the steeper illumination angles were altered 

as a' result of the cleaning process. The forward profile developed a 

two component behavior as 6^ was increased. Its low scattering angle 

segment acquired a steeper slope than the original data, while the 

high angle portion acquired a very low (- -0.6) slope. The back- 

scattering profile developed a hump in the .] 6-8o | = 0.1 region that 

broadened as the illumination angle was increased.

The results of a similar cleaning study carried out for sample 

188 are given in Figures 4.34 and 4.35. The photographs again showed 

that the stripping lacquer removed many of the larger surface parti

culates. The sample region examined under high magnification showed no 

remarkable increase in the number or general size of pinholes with 

cleaning of the sample in this case.
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Fig. 4. Comparison photographs, sample 192.

(a) Original sample.
(b) Cleaned sample.
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Fig. 4.35. Comparison photographs, sample 138.

(a) Original sample.
(b) Cleaned sample.
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Profile comparisons implied that the scattering contributions of 

the particles removed by the lacquer were generally similar to those 

just described for sample 192. Smaller differences were registered 

between the members of each profile pair in this case, because this sample 

was initially cleaner than the previous one. .

A number of peculiar phenomena were also observed in the 

scattering data for sample 188. The side scattering profiles measured 

after the sample was cleaned had larger scattering levels than those 

originally recorded for the sample as did the high angle portion of the 

= 45° forward-scattering profile. The latter discrepancy was also 

observed in the sample 192 data to a lesser degree. A significant 

increase in the cross-polarized side profile scattering component was 

also recorded at the steeper illumination angles after the sample was 

cleaned.

Smooth Sample Overcoating Studies

Further insight into particulate scattering from smooth, 

reflecting samples could be obtained by overcoating the existing samples 

with a second layer of aluminum and looking for subsequent changes in 

their scattering behavior. These changes would be essentially due to 

differences in the scattering from dielectric particles on the original 

sample and aluminized particles of the same shape and size provided the 

samples were n̂ot additionally contaminated during the second coating 

process.
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A study of this type was performed using three previously 

measured samples, and the results obtained for sample 166 are given in 

Figures 4.36 and 4.37. The photographic comparisons indicated an 

apparent increase in the sample contamination level. The additional 

particles were primarily small in size and therefore qualitatively 

similar to the original contaminants. Four months of sample storage 

time elapsed between the taking of the two photographs, hut the most 

likely source of any additional sample contamination would have been 

impurities in the vacuum chamber used to aluminize the sample. An 

increase in the scattering from the original surface particulates due 

to their being overcoated with aluminum would also explain the 

difference between the two high magnification photographs. The pictures 

taken for a back-illuminated sample showed a logical decrease in the 

number of coating pinholes upon recoating of the sample.

The plane of incidence profiles measured at 0^ = 2° for the 

overcoated sample developed slight high angle tails not present in 

the original data, and the forward scattering profiles measured at the 

steeper illumination angles also possessed somewhat different shapes 

from their previously measured counterparts over the same scattering 

angle regions. However, the data generally indicated that little 

change was produced in the angular distribution of light scattered 

by this sample’s surface particulates by overcoating them with aluminum.

The profile scattering levels were much higher after the sample 

was overcoated due to the increased number of surface particulates, 

the increased scattering level of each particle, or both. The overall
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Fig. 4.36. Comparison of sample 166 profiles.
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Fig. 4.37. Comparison photographs, sample 166.

(a) Original sample.
(b) Overcoated sample.
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slopes of the side profiles measured for 0 = 25° and 0 = 45° wereo o
lower after the sample was overcoated. The magnitude of the ortho

gonally polarized scattered light component detected at the large angles 

in these profiles also went up after the sample was realuminized.

This indicated that the observed polarization cross-coupling was at 

least partly due to surface particulates. Each measured profile 

suffered a greater decrease in scattering level with increasing 0^ 

after the sample was overcoated.

Different trends were observed in similar data taken for sample 

237. Photographic comparisons made in Figure 4.38 showed the over

coated sample to be similarly contaminated to the original one except 

for a slightly greater concentration of fine sized contaminants. The 

original photographs were taken seven months prior to the new ones.

The profile comparisons given in Figure 4.39 indicated that the 

aluminized surface particulates scattered more light into large angles 

from the specular beam than did the corresponding dielectric particles. 

This was true for both the forward and side profiles measured at every. 

illumination angle. The orthogonal scattered light component detected 

in the side profile at 0^ = 45° again increased when the sample was - 

overcoated with aluminum9 but the nature of the sample’s scattering 

level decrease with increasing illumination angle was relatively 

unaffected in this case.

Finally, study results given for sample EDF3/11 in Figures

4.40 and 4.41 showed that no significant change was produced in

either the sample’s appearance or its 0q - 2° scattering behavior by
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Fig. 4.33. Comparison photographs, sample 237.

(a) Original sample.
(b) Overcoated samnle.
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Fig. 4.39. Comparison of sample 237 profiles.
_______overcoated sample, _ _ _ _ _  original sample.
(a) forward profiles, (b) side profiles.
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Fig. 4.41. Comnarison photographs, sample EDF3/11.
(a) Original sample.
(b) Overcoated sample.



overcoating it with aluminum. Similar profile relationships were 

obtained at the steeper illumination angles. This data, therefore, 

suggested that the original surface contaminants were on the substrate 

before its initial aluminization probably as the result of poor clean

ing of the substrate.



CHAPTER 5

DATA FOR SPECIALLY CONTAMINATED 
SMOOTH SAMPLES

Surface particulate scattering was further explored by some 

special experiments described below. The samples used for these studies 

were obtained by deliberately contaminating some of those already 

studied with dust, tobacco smoke, or lycopodium spores. The first two 

types of particles were of special interest since they commonly con

taminate many optical surfaces, while the spores were interesting because 

of their unique shape and surface structure. One sample was deliberately 

sleeked in order to study the scattering behavior of another common 

surface defect. Limited measurements of the added scattering due to 

contamination of mirror surfaces with oil droplets, dust, and acrylic 

films have been carried out by other authors (Williams and Lockie 1979), 

but no attempt was made to correlate the resulting profile shapes with 

specific contaminant features. The contaminated samples were rephoto

graphed, and their scattered light distributions were measured. 

Corresponding profiles measured for the original samples were sub

tracted from the new ones to obtain the results given here. These 

resultant profiles thus represented only the scatter due to the par

ticulates and their images with respect to the reflecting surfaces.
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Dust

Sample 192 was allowed to collect airborne dust particles by- 

placing it face up on a lab bench for three days. Photographs taken for 

the resulting contaminated sample are compared to those taken for the 

original one in Figure 5.1. They imply that the added particulates were 

primarily large in size and few in number relative to the original 

surface contaminants.

The dust particle scattering data obtained by the above correc

tion procedure is given in Figure 5.2. Each profile was comprised of 

three differently behaved sections. The low angle portion indicated a 

rapid fall off in scattered light with increasing angular distance 

from the specular beam and had a general slope of -3 for near normal 

illumination. This slope decreased somewhat at the steeper illumination 

angles. The middle profile segments had much gentler overall slopes 

(--1), but they were very bumpy. This jagged shape was especially 

pronounced for the back scattering profiles and indicated that the dust 

particles scattered very little light into this angular region. A 

pronounced? upward curling tail similar in nature to those already 

described for some of the more heavily contaminated original samples 

was evident in the high scattering angle region of the forward and side 

profiles.

Considerable polarization cross-coupling was observed for the 

first time in all of the profiles even at the low illumination angles. 

Electron microscope photographs taken of some of the larger surface 

contaminants are given in Figure 5.3. These particles ranged from
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Fig. 5.1. Comparison photographs, sample 192.

(a) Cleaned sample.
(b) Cleaned sample contaminated with dust.
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Fig. 5.2. Dust particle data, p-polarized incident beam.
forward profile. hark prof.,
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(b)------ 0o=2°,________6o=25°,_______ 0o=45°.
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Fig. 5.3. SEM photographs of dusted sample contaminants. 
Left-most calibration bar = 1 yn.



142
about 5 Um to 16 Urn in overall diameter and were all irregular in general 

shape. The surfaces of two of the particles were comparatively smooth 

relative to the wavelength of the incident beam, while the other two 

possessed highly structured surface textures.

Sleeks

Sample 151 was sleeked in nominally one direction by rubbing its 

surface with a cotton ball using a series of short, parallel strokes. A 

photograph of the scattered light pattern from the resulting sample is 

given in Figure 5.4. The central bright spot was the record of the 

specular beam focus. The dim, x-shaped spray of light radiating from 

the vicinity of the specular focus is believed to be an artifact 

caused by diffraction of this beam from the leading and trailing edges 

of the focal plane shutter. A bright, continuous band of light was 

scattered perpendicular to the direction of the sleeks as expected.

Dimmer secondary bands inclined with respect to the primary one were also 

recorded, indicating that the sleeks were not all strictly parallel to 

one another. The sample was oriented so that the brightest diffraction 

band was centered on the radiometer collection aperture for the side 

profile measurements. In other words, the sample sleeks were oriented 

nominally parallel to the plane of incidence.

The scattering profiles measured for this sample are shown in 

Figure 5.5. All of them possess a low angle plateau followed by a 

shoulder and a fall off region. Considerable light was scattered by 

the sleeks into the plane of incidence, and these profile shapes
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Fig. 5.4. Sleeked sample photographs.

(a) Scattered light pattern.
(b) SEN photograph of sleeks; left-most 

calibration bar = 1 pm.
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Fig. 5.6. Sleeked sample photographs.

(a) Illuminated area, (b) 100 x, side illumination,
(c) 100 x, rear illumination. 145
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differed strikingly from the corresponding ones obtained for the 

original sample. Surface structure along the sleeks would have con

tributed to these profiles as would have components of the transverse 

scatter from the sleeks that were slightly tilted with respect to the 

plane of incidence. The slope of the fall off regions of the forward- 

and back-scattering profiles measured at 6^ = 2° was about -1.8, and 

this figure decreased somewhat for the larger values. Slight 

polarization cross-coupling was detected in these profiles at all 

illumination angles.

The large scattering level of the measured side profiles was in 

general agreement with the scattered light pattern photograph. These 

profiles had very broad plateau regions with shoulders in the a = 0.5 

region for all illumination angles. Significant polarization cross

coupling was recorded for the 0^ = 45° side profile, but its character 

as well as that observed for the plane of incidence profiles was 

different from that shown for the preceding samples. Both the ortho

gonal scattered light component and the component polarized parallel 

to the illuminating beam fell off sharply at the largest scattering 

angles in this case. The sample scattering level for 0q = 45° 

was sharply reduced relative to the levels observed at the smaller 

illumination angles by an amount that was far greater than the yq 

factor expected due to the decrease in apparent surface defect height 

with increasing 0^ (Beckmann and Spizzichino 1963, p. 9). This 

phenomenon was also unique to this sample.
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Dark field illumination photographs given in Figure 5.6 show that 

many of the sleeks pierced the aluminum coating to the underlying sub

strate. A high magnification electron microscope photograph of some of 

the surface sleeks is presented in part (b) of Figure 5.4. The blob in 

the foreground was a surface particulate. Any structure that may have 

been present within the sleeks was not resolvable, but the photograph did 

indicate that they were all narrow with respect to the incident beam 

wavelength.

Lycopodium Spores

Lycopodium powder was placed in an atomizer and blown over the 

surface of sample 220A. The scattering profiles recorded for these con

taminants are shown in Figure 5.7. The profile shapes were similar to 

those previously described for the dust particles, but better defined 

due to the higher scattering level. A low angle segment with a slope of 

-3 was again followed by a flat mid-angle segment and a strong upturn 

at the large scattering angles. Appreciable polarization cross

coupling was detected at the large scattering angles in every profile.

A low angle shoulder developed in the side profiles measured at the 

steeper illumination angles partly for previously discussed geometrical 

reasons. The low angle segment of the plane of incidence profiles 

remained approximately unchanged as the illumination angle was varied. 

Comparable cross-coupling was detected at each 0^ for each profile, 

and the spore scattering level increased with increasing illumination 

angle.
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Fig. 5.9. Lycopodium spore photographs.

(a) Illuminated area.
(b) 100 x, side illumination, 5 mm = 75 pm.
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Fig. 5.10. Spore photographs.

(a) SEM photographs; left-most calibration 
bar = 100 pm.

(b) Scattered light pattern.
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Comparisons made in Figure 5.8 indicated that the aluminized 

spores scattered more light into the low angles and less into the large 

ones than did the original spores. The degree of polarization cross- 

coupling was also reduced when the sample was overcoated with aluminum.

The photographs in Figure 5.9 showed that the sample was uniform

ly contaminated. The spores were very uniform in overall size and much 

larger (^40 ym d) than the original sample contaminants. Electron 

microscope photographs of the spores given in Figure 5.10 showed them

to be generally spherical in shape with one or more flattened edges.
1 \

They also had a cellular surface texture that possessed many sharp

edges.

Tobacco Smoke

Cigar smoke was exhaled onto the surface of sample 188, and 

the scattering data obtained for the resulting smoke particle con

taminants is shown in Figure 5.11. Each profile had a broad, flat 

plateau region and a shoulder at an abscissa value of about 0.2.

The fall off regions of each profile possessed slight overall curvatures 

and a general slope of around -4. The side profile tailed off more 

strongly at the large scattering angles than did the plane of incidence 

profiles at each 0 . Significant polarization cross-coupling was 

recorded only for the side profiles measured at the steeper illumination 

angles. Little change was observed in either the scattering level or 

the lateral profile shoulder location with increasing 0^.
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Fig. 5. Comparison photogranhs, smoke particles.
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(b) Overcoated particles.
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Fig. 5.14. SEM photograph of single smoke particle. 

Left-most calibration bar = 1 pm.
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Figure 5.12 indicates that the particulate scattering level

increased considerably when the sample was overcoated with aluminum.

A corresponding change in profile shape was also observed. The plane of

incidence profiles generally tailed up more strongly at the large

scattering angles for the aluminized particles than did the ones measured

for the original contaminants, while the side profiles fell off faster

over the same region than before. The orthogonal scattered light

component detected for 0^ = 25° in the side profiles was sharply reduced

after the sample was overcoated. A similar but more pronounced trend

was recorded in the 0 = 45° side profile data.o
The photographs in Figure 5.13 were taken after the sample pro

files were measured. A uniform smoke film was originally deposited on 

the sample, but the appearance of the illuminated portion of the film 

was altered after its initial exposure to a near normally incident beam. 

The affected portion of the film was the milky, circular patch at the 

center of the low magnification photographs. Scattering profiles 

measured after the photographs were taken reproduced the original ones i
to within typical experimental error, so this phenomenon must have 

occurred shortly after the sample was first illuminated. The high 

magnification photographs showed the sampled area to be uniformly covered 

with a dense concentration of primarily fine sized particles. The 

photographs taken after the sample was overcoated with aluminum also 

showed that its scattering level was increased as a result of this 

process.
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A high magnification electron microscope photograph of one of 

the smoke particles is given in Figure 5.14. It was seen to be com

parable to the illuminating beam wavelength 0.5 ym) in overall size 

and irregular in shape. The surface texture of the particle also 

appeared to be fairly smooth.



CHAPTER 6

ROUGH SAMPLE DATA

Most of the scattering and photographic information collected for 

the mirror samples was also obtained for two aluminized ground glass 

samples and a MgO reflector. These results are presented and discussed 

in this chapter.

A photograph of the scattered light pattern taken for one of the 

ground glass samples with the camera positioned near the "specular" 

direction is given in Figure 6.1. There was obviously no specular 

reflection from these samples, and the radiometer collection lens again 

intercepted a large number of speckles at each observation point in the 

profiles measured for the rough samples. The speckle averaged intensity 

was approximately constant over the small photographed region near the 

specular direction.

Sample 203

This sample was one of two prepared using a coarse abrasive grit. 

The data obtained for these two samples were virtually identical, so 

only one of them will be discussed. The scattering data obtained for 

this sample using a p—polarized illuminating beam is given in Figure 6.2. 

The profile shapes were generally broad and flat with a shoulder in the 

high scattering angle region, and the scattering level was very high
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Fig. 6.1. Typical scattered light pattern for ground 
glass sample.
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for this sample as expected. Appreciable polarization cross-coupling 

was detected at every observation point. The degree of cross-coupling 

increased somewhat with increasing scattering angle especially for the 

side profiles measured at the steeper 0^ values. The plateau portions 

of the forward-scattering profiles developed a slight positive slope 

at the larger illumination angles, and the sample scattering level 

showed little change with changing angle of incidence.

Microscope photographs given for the sample in Figure 6.3 

showed it to have a coarse granular texture at the highest magnification. 

The rear illumination picture also showed that the aluminum coating did 

not opaquely cover the sample surface. A high magnification electron 

microscope photograph was taken of the sample and presented in Figure 

6.4. The surface was seen to have significant structure that was small 

or comparable to the illuminating beam wavelength. A number of sharp 

edges and relatively smooth facets of comparatively large surface area 

were evident. Talystep scans of similarly prepared samples indicated 

that the rms surface roughness of this sample should be about 1 Um 

(Kwon 1980, p. 53), so these facets were also probably steeply sloped.

Sample 168

This sample was generated using a finer abrasive grit than that 

used for the previous sample. Its scattered light profiles are given 

in Figure 6.5. They were generally similar to those just discussed 

except that the high angle roll off commenced at a somewhat lower 

scattering angle and was more pronounced at the largest scattering angles.
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Fig. 6.3. Sample 203 photographs.

(a) Illuminated area, (b) 100 x, side illumination, 
5 mm = 66 pm, (c) 100 x, rear illumination. ON
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Fig. 6.4. SEM photograph of sample 203.

3000 x, left-most calibration bar = 1 ym.
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Fig. 6.6. Sample 168 photographs.

(a) Illuminated area.
(b) 100 x, side illumination, 5 mm = 84 pm.
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Fig. 6.7. SEM photographs of sample 168.
(a) 700 x, left-most calibration bar = 10 ym.
(b) 3000 x, left-most calibration bar = 1 ym.
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The dark field illumination photographs given for the sample in 

Figure 6.6 showed it to have an expected finer grained surface texture 

than did sample 203. Electron microscope photographs shown in Figure 

6.7 also implied a good correlation between grit size and surface 

texture. This sample was covered with far fewer steeply sloped surface 

facets and far more fine surface structure than was the previous 

sample. Kwon’s data showed that the rms surface roughness of this 

sample should be about 0.3 jiim.

MgO

This sample was prepared by igniting magnesium shavings and 

allowing the resulting smoke to collect on a polished, flat aluminum 

plug. This process was carried out until an opaque layer of fine, white 

powder was deposited on the substrate. The scattering profiles shown in 

Figure 6.8 were taken immediately after the sample was prepared.

The profiles measured for this sample at the lower illumination 

angles closely approximated the constant BRDF profiles that would be 

obtained for an ideal Lambertian reflector. The only deviation from 

the Lambertian ideal was a slight roll off in the forward profiles at 

the largest scattering angles. There was also an unusually large amount 

of polarization cross-coupling detected at every scattering angle.

A more significant departure from Lambertian behavior was

observed in the 0 = 45° profiles. The forward profile tailed up ato
the larger scattering angles in this case, and the sample scatter 

appeared to become less depolarized with increasing scattering angle for
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this profile. The side profile had a gradual roll off at the large.

scattering angles, and the defected orthogonal component of the

scattered light actually exceeded the parallel component in this angular

region. A slight decrease in sample scattering level was also indicated

at 0 = 45°.o

Rough Sample Scattering Data Measured 
for an S-Polarized Illuminating Beam

The scattering profiles measured at the lower illumination angles 

for sample 203 using s-polarized illumination had the same shapes as 

those already given for the sample, but their scattering levels were 

slightly larger. Similar profiles recorded at 6^ = 45° are compared to 

their originally measured counterparts in Figure 6.9. The new profile 

levels were 40% higher than the original ones, and there were slight 

differences in the shapes of the high scattering angle segments of each 

profile pair. These observations suggested that the angular distribution 

of rough sample scatter was relatively insensitive to the polarization 

of the incident beam.

Scattering data that included measured back-scattering profiles 

is given in Figure 6.10 for sample 168. These profiles were generally 

similar to the original ones, but somewhat less polarization cross- 

coupling was recorded for the new profiles at the largest scattering 

angles. Figure 6.11 indicates that the relationship of the new 

sample profiles to the original ones was similar to that just described 

for the sample 203 profiles.
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CHAPTER 7

INTERPRETATION OF RESULTS

The experimental results given in the previous three chapters 

are discussed and interpreted in this one. Special attention is given 

to the various a'spects of surface particulate scatter demonstrated by 

the data. A study and physical interpretation of the polarization state 

of the light scattered from many of the measured samples are also 

presented together with an empirical determination of the invariance 

properties of the scattered light profiles measured for several samples. 

The results obtained in this work are compared to those of other authors 

at the end of the chapter.

Smooth Sample Results 

All of these samples were found to be contaminated to varying 

degrees. The larger contaminants were generally about 10 U m  in diameter. 

•All of them were irregular in overall shape and many had rough surface 

textures. Experiments conducted with samples that were overcoated 

with aluminum suggested that many of the particulates were on the sub

strates prior to their initial coating due to poor cleaning technique.

A correlation was observed between the degree of substrate cleanliness 

and the type of substrate material. The Amersil substrates were the 

cleanest ones, the EDF3 substrate was the most heavily contaminated
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one,' and the quartz substrates were contaminated to an intermediate 

degree. This suggested that different substrate materials might respond 

differently to a given cleaning process even though their initial pre

paration and handling was nearly identical. A variation was also 

observed in the;cleanliness of substrates made of the same material that 

were cleaned by the same process at the same time. Though pinholes 

were located in most of the aluminum coatings, they usually represented 

a small fraction of the total number of surface contaminants.

Correlations were observed for a few of the samples between the 

nature of their .particulate contamination and the overall shapes of 

their scattered light profiles. The predominantly large surface con

taminants revealed for sample 153 in Figure 4.16 might have been at 

least partially responsible for the distinct low angle humps in its 

profiles shown in Figure 4.15. The component of the pupil autocovar

iance function due to these defects would be broad when measured in 

numbers of wavelengths, so the associated scattered light would be con

centrated at the low scattering angles. The heavy small particle 

contamination indicated for sample 166 in Figure 4.18 implies that 

their broad and flat shaped contribution to the total scattered light 

distribution would be great for this sample. The qualitative corre

lation observed between the unusually low-sloped profiles shown for 

this sample'in Figure 4.17 and the nature of its surface contaminants 

suggested that scattering from the small surface particles was the 

dominant contributor to the mid- and high-angle scatter from sample 

166. The narrow, low scattering angle humps in the Figure 4.19 profiles
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for sample EDF3/11 were clearly due to scattering from its larger 

surface contaminants, while the broad, lower level humps evident at the 

larger scattering angles were the result of scattering from the smaller 

particulates that comprised the light surface patches shown in Figure 

4.20. The roll off of the side profiles measured for this sample below 

the corresponding forward profiles at; the largest scattering angles 

implied that the smaller surface particles were not Rayleigh sized.

Comparison of the sample scattering levels with their photo

graphically recorded degree of contamination provided further evidence 

of the importance of particulate scattering for the smooth samples.

Figure 7.1 displays the forward scattering profiles measured at near 

normal illumination for the smooth samples being studied, while Figure 

7.2 repeats the dark field illumination photographs of their irradiated 

areas. These profiles were used to estimate the samplesT total 

integrated scatter (TIS) by assuming them to be profiles of rotationally 

symmetric scattered light distributions and performing a numerical 

integration to determine the volumes under those distributions. The 

results of these calculations are given in Table 7.1, where the TIS 

is expressed as a percentage of the power in the illuminating beam.

The photographs were used to subjectively rank the samples as to their 

relative contamination level, and the results were also listed in 

Table 7.1. Sample EDF3/11 was judged to be the most contaminated 

sample, while sample 220A was ranked as the cleanest one.

The computed TIS values were estimated to be 10% to 20% too 

low for the "typical" smooth sample, because the scattering contributions
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Fig. 7.1. Smooth sample forward profiles, 9^=2°.

_________EDF3/11, 237, » +  192,

* — — • 154A, —  —A 220A, —  — • 166.



Fig. 7.2. Smooth sample dark field illumination photographs.
(a) EDF3/11, (b) 192, (c) 237, (d) 151,
(e) 153, (f) 166, (g) 188, (h) 154A, (i) 220A.
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Table 7.1. Comparison of smooth sample scattering and contamination 

levels.

Sample TIS Contamination
Level

EDF3/11 3.063 1

237 0.164 3

192 0.135 2

151 0.091 ' 4

188 0.089 7

153 0.085 5

154A 0.045 8

166 0.033 J 6

220A 0.019 9
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below the minimum and above the maximum angles measured were under

estimated or omitted respectively. Nevertheless, the figures indicated 

that less than 1% of the incident light was scattered from all but the 

most contaminated sample, while measured sample reflectance values 

indicated that better than 90% of it was specularly reflected. The 

relative sizes of the calculated TIS values were in good general 

agreement with the relative profile levels plotted in Figure 7.1.

Generally speaking, the samples most heavily contaminated with 

large 10 Um d) particles also scattered the most light, while those 

having mainly small particulate contaminants were the lowest scatterers. 

Some discrepancies were observed either because of errors in the Table

7.1 entries or significant contributions to the sample profiles by other 

scattering mechanisms such as surface microtopography. The errors were 

the result of the estimations used to obtain the entries or the previ

ously mentioned experimental uncertainties in profile level normalization.

Figure 7.1 also provides additional information concerning the 

samples that were heavily or primarily contaminated with small par

ticles. The high angle portion of the profile given for sample EDF3/11' 

had nearly the same shape and slope as the corresponding profile 

measured for sample 166. This was further evidence that the scattering 

from the latter sample was chiefly due to its small particulate con

taminants. Although the relative scattering levels of samples 154A 

and 220A were in general agreement with their level of fine particle 

contamination, their general slopes were greater than that of sample



166. This coupled with the low relative scattering level of these 

samples and the unique behavior of their scattering profiles with 

changing 6^ suggested that other scattering mechanisms were at least 

as important as particulate scattering for these samples.

Further evidence of the importance of scattering mechanisms 

other than the surface microroughness to the shapes of the scattering 

profiles measured for smooth reflecting surfaces was obtained by examin

ing the relative shapes of different profiles taken for a sample at 

near-normal incidence. The forward and side profiles measured for a 

p-polarized incident beam were of particular interest as were the pairs 

of corresponding profiles obtained using both p- and s-polarized illumin 

tion. Existing theory for surface microroughness could be used to 

predict the relative shapes of these pairs of profiles independent of 

the surface statistics. Discrepancies between these predictions and the 

shapes of the same pairs of measured profiles would be evidence of 

significant scattering by mechanisms not considered by the theory.

Vector scattering theories (Church et al. 19775 Ishimaru 1978) 

show that the angular distribution of light scattered by highly reflect

ing, microrough surfaces having rms surface roughnesses <<X as given by

4BRDF = 4k cos0o cos0 Q W ( p ,q), (7.1)

where k = 2 tt/ X, W ( p 5q) is the Fourier transform of the surface height 

autocovariance function, and Q is an algebraic function of the
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illumination and scattering angles that depends on the polarization of 

the incident and detected beams. Equation 7.1 assumes particularly 

simple forms for the plane of incidence and side profiles measured at 

normal illumination (0o=O). The forward-scattering profiles predicted 

for both p- and s-polarized incident beams in this case are

regardless of the nature of the surface profile autocovariance function. 

The corresponding side profiles are given by

The theory therefore predicts that the shapes of the forward and side 

profiles measured under the above circumstances should change in a 

definite, simple fashion when the incident beam polarization is changed.

BRDF

and

BRDFg = 4k^ W(p,q) cosG

or
2BRDF = y BRDF s p (7.2)

BRDFP
and

BRDF

or

BRDF = BRDF /y s p
2 (7.3)
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Equations 7.2 and 7.3 would qualitatively explain the relative 

shapes of the forward and side profiles shown for sample 237 in part (a)
2of Figure 4.27, because they imply that BRDFg (side) = BRDFg (forward)/y .

However, this figure shows that when the measured forward profile was 
2divided by y and replotted at the scattering level of the side profile, 

poor quantitative agreement was observed between this plot and the 

measured side profile. Figure 4.28 shows that the relative shapes of 

the profile pairs measured for this sample with orthogonally polarized 

incident beams were also in poor agreement with the above theoretical 

prediction. These discrepancies thus implied that scatter from the 

particles contaminating the surface of sample 237 affected the shapes 

of the high scattering angle sections of the profiles measured for this 

sample.

The comparison data shown for sample EDF3/11 in Figure 4.30 

at near-normal illumination was used to empirically determine relation

ships for particulate scattering analagous to those given in Equations

7.2 and 7.3 for scattering from surface microroughness. To good 

approximation, the forward-scattering profiles were/related by

BRDF = y 1 '5 BRDF , s '  P
while

1 5BRDF = BRDF /y * (7.4)s p

applied for the side profiles. A corresponding empirical relationship 

was also discovered between the 8g = 2° forward and side profiles 

of Figure 4.29. A difference between the high angle scatter of surface
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particulates and that of surface microroughness was therefore implied 

by this empirical discovery.

The results of the cleaning studies described in Chapter 4 also 

suggested that scattering from particulate mirror contaminants can 

affect both the levels and shapes of the scattered light profiles 

measured for a mirror. In general, all of the profile pairs indicated 

that the sample scattering level was reduced by the cleaning process, 

while most of them also showed a slight reduction in overall slope with 

cleaning. It is evident from Figure 4.32 that the removed particles 

generally made their greatest scattering contributions to the low and 

high angle portions of each profile, because these profile segments were 

the most reduced in magnitude and changed in shape by the cleaning 

process. The behavior of the side profiles at the largest scattering 

angles was especially interesting, for they all showed a distinct roll 

off in this region instead of the previously observed upward curling 

tails. Equation 3.1 suggests that low angle particulate scatter can be 

attributed to the general size and overall shape of the particles, 

while fine structure on the particle surfaces would scatter light at 

large angles from the specular beam. Bulk scattering from the body 

of the particles ^rould, of course, also contribute if the particles were 

dielectric and not overcoated with aluminum.

The orthogonal component of the scattered light detected in 

the side profiles was smaller than or equal to that originally measured 

for the sample. This implied that some of the initially recorded 

polarization cross-coupling was due to the predominantly large
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particles removed in the cleaning process, but a significant amount was 

due to the remaining contaminants or the surface microstructure.

The cleaning study results given in Chapter 4 for sample 188 

also implied that a residue is left on a sample surface after it has 

been "cleaned" with stripping lacquer. Williams and Lockie (197 9)' 

have also shown that this can occur, xand the profile data given in 

Figure 4.34 indicated that this residue increases the mid- and high- 

angle scatter from a mirror. The low magnification photographs of 

sample 188 in Figure 4.35 showed the cleaned sample to have a fine 

haziness not present for the original sample. Since both photographs 

received the same exposure, this haziness might have represented a 

slight lacquer residue of fine sized' particles that could have at least 

partially explained some of the scattering anomalies observed for this 

sample.

Photographs taken of the smooth samples that were overcoated 

with aluminum showed their surface particulate scatter to have increased 

in a manner that was in general agreement with corresponding changes 

observed in the measured scattering profiles. Changes in the detected 

orthogonal scattered light component indicated for both samples 166 

and 237 in Figures 4.36 and 4.38 again implied that particulate scatter 

was partly responsible for this component. Little change was recorded 

in the basic shapes of the sample 166 profiles except for the lower 

overall slopes of the side profiles measured at the steeper illumination 

angles. The photographs of Figure- 4.37 indicated that the small 

particle scatter from this sample increased after it was overcoated with
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aluminum. Since the scattering from the original sample was dominated 

by small particulate scatter, an increase in the contribution of this 

broad and flat shaped component to the total scattered light dis

tributions measured for the sample would indeed leave the profile 

shapes unaltered except for a possible reduction in slope. The increase 

observed in the large scattering angle portions of all of the profiles 

recorded for the overcoated sample 237 was indicated by the photographs 

in Figure 4.39 to be due to a corresponding increase in the scatter 

from both small and large surface particulates..

Contaminated Smooth Sample Results 

An interesting physical interpretation of the scattering 

behavior recorded for the dust and lycopodium spore contaminants in 

Chapter 5 was derived from a study given in Appendix C. A generalized 

scalar diffraction theory was used to predict the angular distribution 

of light that would be scattered from perfectly absorbing, circular 

pinholes on an otherwise perfectly reflecting plane surface. These pin

holes were assumed to be randomly distributed about the surface, and 

a distribution of pinhole sizes was assumed to be present. A theoretical 

profile is shown with the 9^=2° plots of Figure 5.1 for pinholes 

whose diameters were uniformly distributed in the range from 10 ym to 

20 ym. It was seen to be in good agreement with the low angle sections 

of the profiles presented for dust particle contaminants. This suggested 

that the low angle scatter from large surface particulates could be 

attributed to diffraction from their edges, while bulk and surface
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scattering of the light incident .to the bodies of the particles would 

account for the rest of the measured profile shapes.

The results of Appendix C also explained an additional unique 

feature of the scattered light distribution recorded for the lycopodium 

spores. Part (b) of Figure 5.10 is a photograph of the light scattered 

by this contaminated sample into the yicinity of the specular beam, 

which lies at the center of the photograph. The distinct fringes seen 

in the pattern were not observed for any of the other samples. They 

did not appear in the scattered light profiles, because the radiometer 

collection lens aperture was too large to resolve them. The fore

shortening of the pattern in the vertical direction was a consequence of 

the 25,° illumination angle used to make the photograph. Appendix C shows 

that the fringe pattern was present because all of the contaminants were 

nominally the same size. It also suggests that the pattern is identical 

to the one that would be obtained by Fraunhofer diffraction from the 

border of a single, naverage" spore.

The strong, upward curling profile tails and distinctive polar

ization cross-coupling recorded at the high scattering angles for both 

of the large particle contaminants was clearly partly due to the rough 

surface textures demonstrated for these particles in the electron 

microscope photographs. Sharp edges and fine surface structure would 

diffract considerable light into the large angles, while single 

scattering from the steeply sloped particle surface features and 

multiple scattering between adjacent surface features would result in 

appreciably depolarized high angle scatter.
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A unique behavior was also observed for the high scattering 

angle portions of the profiles recorded for the deliberately sleeked 

sample in Figure 5.5. The fall off observed in both the orthogonal 

scattered light component and the component polarized parallel to the 

illuminating beam over this angular region might have been due to shadow

ing effects, in which radiation scattered by secondary radiators on each 

sleek is blocked from reaching the detector by the sleek's own walls.

There was a general correlation observed between the sizes of 

the smaller surface defects and the widths of their scattered.light 

profiles. The broadest profiles recorded were the side profiles taken 

for the deliberately sleeked sample. Electron microscope photographs 

given for these defects in Figure 5.4 showed them to be narrow com

pared to the illuminating beam wavelength. The variety of sleek widths 

indicated in this photograph would also explain why these profiles were 

smooth and continuous in shape and free of the ringing that would be 

observed in the light scattered from sleeks of a single width.

Broad scattering profiles were also recorded for the wavelength 

sized smoke particle contaminants. Some of the profiles measured by 

Gunderson (1977) for flat, front surface mirrors at A = 10.6 ym had 

shapes similar to the ones observed for this sample and shoulders that 

were located at approximately the same position in direction cosine 

space. This suggested that the scattering from his samples might have 

been partly due to dust particles or other similarly sized contaminants 

on the mirror surfaces, because these particles are comparable to his 

wavelength in size.
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The results of the overcoating experiments performed on two of 

the specially contaminated samples were in general agreement with those 

already given for the original smooth samples. The scattering levels 

recorded for both the smoke particles and the lycopodium spores in

creased after they were overcoated with aluminum. A smaller degree of 

polarization.cross-coupling was also detected in the light scattered 

from both types of aluminized particle, indicating that bulk scattering 

from the original dielectric particles was responsible for some of this 

effect. The fact that bulk particulate scattering also made a signifi

cant contribution to the profile shapes initially measured for these 

contaminants was proven by the changes observed in these shapes after 

the particles were overcoated with aluminum.

Results obtained for the specially contaminated samples gave 

further insight into the effects of surface particulates on the scattered 

light profiles measured for carefully prepared and handled mirrors.

Most of the smooth sample profiles had general slopes of between -3/2 

and -2, though portions of some sample profiles had slopes as low as -1. 

The lower slopes could be attributed to a strong scattering contribution 

from small surface particulates. Such contaminants were shown to 

scatter proportionally more light into large angles than did most other 

scattering mechanisms, and their broad and flat shaped contribution to 

a sample’s scattering profile would thus tend to lower its overall 

slope especially over the high scattering angle region.

Scattering data obtained for the dust particle and lycopodium 

spore contaminants suggested that scattering from large surface
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particulates would affect the shape of only the low and high scattering 

angle segments of a smooth sampleTs profiles. Most of the power 

scattered from these particles was concentrated near the specular beam, 

and the scatter fell off very rapidly with increasing observation angle 

over this low angle region in a manner that could be explained by 

diffraction from the particle rims. The low angle scatter from large 

particulates would therefore tend to raise the general slope of the 

scattering profiles measured for any sample that they contaminated.

The high angle scatter from these particles was characterized by 

an upward curling tail at the end of their plotted profiles. This tail

occurred because the particle scatter fell off less rapidly than did the
- <9 ' ■

Y factor in the BRDF denominator over this angular region. Considerable 

experimental evidence indicated that similar tails on the original 

smooth sample profiles were also caused by scattering from large surface 

particulates. This phenomenon was observed for the samples that were 

significantly contaminated with large particles, but it was not recorded 

for the cleanest samples or those that had predominantly small 

particulate contaminants. The magnitude of these tails was also reduced 

after some of the large contaminants were removed from the sample 

surfaces with stripping lacquer. The rough particle surface texture 

observed in the electron microscope photographs of many of these con

taminants was thought to be responsible for much of this tailing 

effect.



Rough Sample Results 

Electron microscope photographs of both of the ground glass 

samples showed them to be covered with a microstructure that possessed 

detail comparable to or finer than the illuminating beam wavelength.

The surface of sample 203 also had a large number of steeply sloped, 

randomly oriented faceted areas, and the surface irregularities for 

both samples had rms depths comparable to or larger than the incident 

beam wavelength. Such surface structure would easily explain the lack 

of a specular reflection from these samples, their high scattering levels, 

and the broad profile shapes recorded for the rough samples.

Shadowing effects were evident in all of the photographs taken 

of the ground glass samples. These would contribute to the roll off 

observed in the profile shapes at the large scattering angles.

Beaglehole and Hunderi (1970) showed that surface plasmon effects could 

also make important contributions to the scattering profile shapes 

measured for some rough reflecting surfaces. Any comprehensive theory 

developed to explain the angular scattering from these surfaces should 

therefore take several different scattering mechanisms into account.

Polarization Studies

Smooth and Deliberately Contaminated Samples

The scattering profiles measured for both the original and 

deliberately contaminated samples showed that the polarization state 

of the scattered light sometimes differed from that of the illuminating 

beam at the large scattering angles. Significant orthogonal scattered
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light components were detected in this region of the side profiles 

measured at the steeper illumination angles for most of the samples, and 

significant polarization cross-coupling was also observed in the plane 

of incidence profiles measured for some of the special contaminants. It 

was not possible, however, to describe the state of polarization in 

these cases on the basis of the profile measurements alone. Hence, a 

more detailed study was made of the polarization character of the light 

scattered by many of the samples by measuring the Stokes parameters of 

the scattered field at three points in the observation space. The 

unpolarized fraction of the total power scattered into these three 

directions was determined by this study, and the polarized part of the 

scattered radiation was completely specified.

A procedure outlined by Born and Wolf (1975, pp. 544-555) was 

used to make these measurements. . The radiometer analyzer was removed 

and replaced by a device consisting of an insertable X/4 plate followed 

by a second analyzer that could be rotated through 45° increments. The 

0° analyzer orientation placed its transmission axis parallel to one 

of the principal axes of the X/4 plate. Six measurements were made at 

each observation point, and each was corrected for the calibrated trans- 

mittances of the analyzer and retardation plate. The corrected out

put voltages were substituted into the following equations to calculate 

the Stokes parameters (S , S^, S^, S ) for the scattered light.
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So = V(0°,o) + V(90°,o)

s1 = V(e°,o) - V (90°,o)

52 = V(45°,o) - V (135°,o)

53 = V(45°, tt/2) - V (135° , tt/2) (7.5)

These parameters were used in turn to compute three values required to 

specify the polarization state of thq scattered light. A general 

expression for the degree of polarization (P)

P - V h h o t  ' V S12+S22+S32 /So (7'6)

was used to find the fraction of the total scattered power that was 

completely polarized. The polarization ellipse associated with this 

portion of the scattered light could be described by two angles. The 

first angle (x) described its eccentricity and was defined by tan x - ~b/a
I ' 2 2 2™and sin 2% = S^/ W  +S^ 4-Ŝ  , where the quantities a and b are

defined in Figure 7.3. The amount of rotation measured from the trans

mission axis of the probe analyzer used for the profile measurements

to the major axis of the polarization ellipse was given by the second

angle (\p) , which was defined by tan 2jp =  S^/S^. The picture shown

in part (b) of Figure 7.3 was assumed to be "taken" looking back into 

the incoming scattered light, so a positive \p value implied a clockwise 

rotation.
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(b)

Fig* 7.3. Polarization ellipse parameters.

Three of the original samples and four deliberately contaminated 

ones were illuminated at 6^=45° with a p-polarized beam. All of the 

samples except for the sleeked one and 154A had been previously over

coated with aluminum. The Stokes parameters were measured at two 

points in the side-scattering profile and one point in the forward 

profile, and the results of the study are given in Tables 7.2 and 

7.3.

The tabulated P values were estimated to be accurate to within 

a few percent. They showed that the low angle scatter was completely 

polarized for most of the samples, though a slight depolarization was
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Table 7.2. Stokes parameter results, side profile data.

Sample 6°, Side Profile: P _x i
154A 1.02 -4° -2

EDF3/11 1.00 ■ -4° 2

237 1.02 -4° 0

lycopodium spores 0.95 -4° -3

dust 1.01 -4° -1

sleeks 1.00 -3° 0

smoke 1.02 -4° 3

Sample 64°, Side Profile: ' P X 1

154A,32° 0.87 - 6° -15

EDF3/11 0.69 <hi—1 1 -12

237 0.37 - 7° -36

lycopodium spores 0.27 -14° -53

dust 0.53 - 2° -57

sleeks 0.88 -11° 2

smoke 0.83 - 4° 1



Table 7.3. Stokes parameter results, forward profile data.
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Sample 77°, Forward Profile: P X • 1
EDF3/11 1.00 -2° 2°

237 0.95 -3° 1°

lycopodium spores 0.47 0° 4°

dust 0.90 -3° 1°

sleeks 0.93 -2° 2°

smoke 1.00 -2° 2°
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recorded for the lycopodium spores. The light scattered into the large 

angles of the side profile was partially depolarized even for the 

cleanest sample measured (154A). The largest depolarizations were 

observed for samples that were known to be contaminated with large 

particles having rough surface textures. Multiple scattering between 

adjacent surface features on these particles must therefore have been 

responsible for some of the enhanced depolarization. Some depolarization 

was also recorded for the scattering at near grazing observation in 

the forward profile for all but the smoked sample and sample EDF3/11, 

but its magnitude was considerably less than what was observed in the 

side profile.

The polarization ellipses for the low angle side profile scatter 

were found to be very thin and oriented such that their major axes were 

nearly parallel to the polarization azimuth of the illuminating beam for 

all of the samples. Since little or no depolarization of this low angle 

scatter was observed, these data showed that the scattered light at 

this observation point was polarized essentially the same as the 

illuminating beam to within experimental error. A similar behavior was 

observed for the polarized portion of the light scattered into the large 

angles of the forward profile by all of the samples. Considerable 

polarization ellipse rotation with respect to the radiometer analyzer 

was, however, indicated for most of the samples at 64° from the 

specular beam in the side profile. These ellipses also had generally 

smaller eccentricities than those obtained at the other two observation 

points. The greatest rotations were recorded for the samples that
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also had the most depolarized scatter in this region. Very little 

rotation was observed, on the other hand, for the sleeked and smoked 

samples. This was physically reasonable, because the scattered radiation 

from these samples came from secondary dipole radiators established by 

a p-polarized incident beam on near Rayleigh sized particles or the 

surfaces of sleeks oriented parallel to the plane of incidence. There 

should therefore be little difference between the polarization azimuth 

of this scattered light and that already described for similar dipoles 

established on a perfectly flat reflector.

The results of this study were in general agreement with the 

polarization cross-coupling detected in the scattering profiles measured 

for these samples, and they gave some insight into the physical origins 

of that cross-coupling behavior. Light scattered into any direction by 

a sample could always be viewed as the sum of an unpolarized component 

and an elliptically polarized part. No significant orthogonal com

ponent was detected in the plane of incidence profiles or the low 

scattering angle portions of the side profiles measured for most of 

the samples, because 90% or more of the scattered power belonged to 

a polarized component that was essentially linearly polarized parallel 

to the incident beam. Appreciable cross-coupling was observed in the 

plane of incidence profiles measured for the sample contaminated with 

lycopodium spores, because a large fraction of its scattered power was 

unpolarized. The sizeable polarization corss-coupling recorded at the 

large scattering angles in all of the side profiles was primarily due 

to an increase in the unpolarized scattered power and rotation of the
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thin polarization ellipse describing the polarized part of the scattered

light with respect to the transmission axis of the radiometer analyzer.
2This rotation led.to an approximate cos ip reduction in the detected

2parallel component due to polarized scatter and a corresponding sin ip 

rise in the orthogonal one. The cross-coupling measured for the 

sleeked and smoked samples was primarily due to the unpolarized scatter 

alone.

An argument has been given to show, why little polarization 

cross-coupling should be detected with the observation geometry used for 

this study in the light scattered from dipoles on a flat or very smooth 

reflecting surface, A simple model shown in Figure 7.4 suggested that 

the cross-coupling behavior observed in the measured scattering profiles 

could be qualitatively accounted for by diffraction from secondary dipole 

radiators excited by the illuminating beam on the surface of irregularly ' 

shaped surface particulates. The dipole orientations for a p-polarized 

illuminating beam are indicated by solid lines in the figure, while 

dashed lines are used to indicate s-polarized dipoles. The appearance 

of a single particle is shown when viewed normally, from grazing 

observation in a plane of incidence profile, and from grazing observation 

in side profiles measured at both normal and off-normal illumination.

This model predicted that no orthogonal component should be detected 

in the plane of incidence scatter from surface particulates with p- 

polarized illumination, but that significant cross-coupling should be 

observed at the large scattering angles in the side profiles measured 

at any 8^ for the same type of illumination. This predicted behavior
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7 -

Fig. 7.4. Model for polarization cross-coupling due to particulate 
scattering.

p-polarized incident beam, 
s-polarized incident beam.



201
was generally observed in all of the measured scattering profiles except

measured for s--polarized illumination, and that significant cross

coupling should be observed in all plane of incidence profiles and the 

side profiles measured at off-normal illumination for this type of 

incident beam. These trends were indeed observed in the corresponding 

profile data taken for sample EDF3/11, but the predicted plane of 

incidence profile cross-coupling was not measurable for sample 237.

coupling observed in many of the measured scattered profiles, the model 

also provided an explanation of where the polarized and unpolarized 

scattered light components came from. The wave amplitude of the light 

scattered by a random distribution of surface contaminants into any 

given direction could be written as

where and are the wave amplitude components contributed by a

single dipole oriented parallel and perpindicular to the radiometer 

analyzer transmission axis. The time averaged irradiance of the 

scattered light at this point would then be

for the side profiles recorded at normal incidence. The model implied

that a completely polarized normal incidence side profile would be

In addition to qualitatively explaining the polarization cross-

(7.7)

I 2

i
(7.8)
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where the brackets indicate a statistical average and i f j . A

definite relative phase would exist between U and U for each dipolep s
that would depend on the aluminum coating properties and the local 

illumination angle. The first term on the right hand side of Equation 

7.8 would therefore represent the polarized component of the scattered 

light. A statistical distribution would exist in the relative phases 

of the wave amplitudes contributed by pairs of different dipoles because 

of the irregular shapes of the individual particles or the random 

positions of the different particles on the sample surface. Such a 

random distribution would contribute to depolarization of the scattered 

light, and the second term in Equation 7.8 would thus correspond to the 

unpolarized scattered light component. Since more of any given particle 

and its mirror image with respect to the reflecting surface would 

become "visible" to the detector as it was moved to the larger » 

scattering angles, this unpolarized component due to single scattering 

from the surface particulates would increase in this angular region 

and could thus account for part of the observed increase in the 

depolarization of large angle, side profile scatter.

Several important scattering mechanisms were ignored by the 

above particle model and discussion. Bulk scattering from the particle 

volume was not considered even though it has been experimentally proven 

to be important for dielectric surface contaminants. Surface plasmon 

effects have also been-.neglected as has multiple scattering between 

adjacent particles or, more importantly, adjacent surface features on a 

single particle. This latter effect was probably responsible for the
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observed partial depolarization of light scattered into the large 

angles of some of the forward profiles.

In summary, scattering from the surfaces of large surface 

particulates was shown to appreciably depolarize smooth sample scatter. 

Both the irregular overall shape of the particles and the rough surface 

textures on some of them contributed to this effect. Overcoating studies 

showed that bulk scattering from dielectric surface contaminants also 

contributed to the polarization cross-coupling observed in the smooth 

sample profiles. This cross-coupling behavior could be partially

accounted for by a simple model for narticulate scattering, while it
/

could not be explained by scattering from a very smooth, microrough 

surface profile.

Rough Samples

Stokes parameters were measured for the scattered light dis

tributions of the studied rough samples at the same observation points . 

used for the smooth sample studies. The results were recorded in 

Table 7.4. The low angle scatter from the ground glass samples was 

slightly depolarized, while the ^corresponding scatter from the MgO 

sample was virtually unpolarized. The polarization ellipses represent

ing the polarized part of the low angle scatter were very thin for all 

three samples and oriented with their major axes nearly parallel to the 

polarization azimuth of the incident beam. Some rotation of this 

ellipse was observed for the MgO sample.



Table 7.4. Stokes parameter results for diffuse reflectors.

204

Sample 6°, Side Profile: P X I

168 0. 95 -5° 2°

203 0.93 -4° 3°

MgO 0.09 -4° -9°

Sample 64°, Side Profile:

168 0.72 -19° 4°

203 0.83 -17° 5°

MgO 0.23 3° -5°

Sample 77°, Forward Profile:

168 0.91 - 2° 3°

203 0.89 - 2° 3°

MgO 0.30 - 3° ' 2°
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A similar polarized scatter component was recorded at the large 

scattering angles in the forward profiles of all three samples. The 

scattered light was somewhat more depolarized at this point than it was 

at the low angles for the ground glass samples, while the MgO scatter 

was. more polarized than in the previous case. These observations 

suggested that the polarization cross-coupling detected at the low 

scattering angles in all of the profiles and at all points in the 

forward profiles was primarily due to the unpolarized component of the 

light scattered from the rough samples.

The ground glass sample scatter was most depolarized at the 

large scattering angles in the side profile. 'The polarization ellipses 

were also much fatter at this point, but they, were still oriented with 

their major axes nominally parallel to the transmission axis of the 

radiometer analyzer. Both the polarized and unpolarized scattered light 

components therefore contributed to the increase in polarization cross- 

coupling detected in this angular region of the measured side profiles. 

On the other hand, the cross-coupling detected in the MgO side profiles 

was again due only to the large amount of unpolarized scatter from that 

sample.

These polarization studies have shown that much of the polar

ization cross-coupling recorded in the rough sample profiles was due to 

a sizeable depolarized component of the scattered light. The greatest 

depolarization was the result of multiple scattering within the thick 

deposit of smoke particles comprising the MgO sample. Depolarization 

of the ground glass sample scatter was due to three different
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mechanisms. The model given above for particulate scattering showed 

that some depolarization of the side profile scatter measured for a 

p-polarized illuminating beam would result from single scattering 

from the surfaces of steeply sloped, randomly oriented surface defects. 

Since the ground glass samples were shown to be uniformly covered with 

such defects, this effect would be much more pronounced for these 

samples than it was for isolated particulates on a smooth reflecting 

surface. Polyanskii and Rvachev (1966) have argued that this mechanism 

should be chiefly responsible for the depolarization of large angle 

scatter from rough reflecting surfaces. The surface structure of these 

samples suggested that multiple scattering between adjacent surface 

features also probably contributed to the measured profile shapes and 

the depolarization of the scattered light. Finally, the same surface 

structure also prevented many of the surface areas from being opaquely 

aluminized, so bulk scattering from the substrate may also have de

polarized the sample scatter.

Empirical Invariance Studies

Smooth and Deliberately Contaminated Samples

The scattering profiles measured for most of the samples had 

general levels and shapes that varied with illumination angle when 

they were plotted on the coordinate axes used thus far. An empirical 

discovery of plotting axes of the form (Y+Yo)m BRDF vs. (8-fO /(Y+Yo)n 

on which the sample profiles had the same shape and level regardless 

of 0^ would greatly reduce the number of measurements required to
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completely specify a sample Vs scattering behavior. The sample scatter 

into any direction within a given profile could then be predicted for 

any illumination angle on the basis of a single profile measured for 

the sample at one 0^ value. Such information would be very useful, 

for example, in a program designed to analyze stray.light problems in 

complex optical systems. A single, invariant scattering profile could 

be stored for each surface in the system and used to compute the stray 

light reaching the system image plane from any source point located out 

of the instrument field of view by a radiometric transfer technique. 

Several authors (Breault 1979, Young 1975) have described programs based 

on this approach.

Appendix D shows that HarveyTs (1976) corrected theory would 

require the scattering profiles measured for smooth, microrough samples 

to be invariant with changing 0q when plotted on the above axes with 

m = -2 and n = 0. . However, neither his profile data nor that obtained 

in this study had this type of invariance. This discrepancy could have 

been due to an inadequacy in the theory, but it was probably at least 

partly due to surface particulate scatter, which has been shown to be 

an important contributor to some of the measured profile shapes. Harvey's 

smooth sample profiles and those already given for samples 154 A and 220A 

were invariant when plotted on the original coordinate axes (m = n = 0). 

The m = 4, n = 3 coordinate system resulted in the best empirical 

invariance for several of the more contaminated smooth samples' forward 

profiles. Figure 7.5 shows the sample 151 data plotted on these axes.

It also shows that a single "best" invariance could not be determined
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for this sample. These observations implied that the invariance 

properties of well polished, reflecting samples are not uniquely defined 

as was suggested by Harvey, but are rather dependent on the level and 

type of surface contamination.

Empirical invariances in the forward profiles obtained for the 

specially contaminated samples were also searched for. The sleeked 

sample profiles and those measured for the dust particles and lycopodium 

spores were not invariant along their entirety for any reasonable values 

of m and n. The scattering from these contaminants has been shown to 

be due to several"mechanisms. Changes with 6^ in the relative 

importance of single scattering from the surfaces of these defects, 

bulk scattering, shadowing effects, and multiple scattering between 

adjacent features on the defect surfaces could account for the observed 

lack of an empirical invariance for these samples. Invariances were 

discovered in the data obtained for samples contaminated with pre

dominantly small particulates. Figure 7.6 shows that the forward pro

files obtained for sample 166 were invariant when plotted for m = 2, 

n = 1/2 except over the poor quality low scattering angle segments of 

these profiles. Figure 7.7 shows that a different invariance (m = 1, 

n = 0) was found for the smoke particle profile data, and that this 

invariance was changed (m = -3/2, n = -1/2) when these particles were 

overcoated with aluminum. In every case, the profiles measured at the 

steeper illumination angles rolled off below the curve determined by 

the bulk of the data at the largest scattering angles. This sharp 

drop off could have been due to shadowing effects in which radiation
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scattered from portions of the surface contaminants was blocked from 

reaching the reflector by the body of the same or a different particle. 

These results thus indicated that an invariant profile behavior could 

be determined for only those particulate contaminants that were com

paratively featureless and small in size, and that the nature of this 

invariance depended on the exact nature of the particles and the degree 

to which they contaminated the sample surface.

Rough Samples

The empirical invariance studies just described for the smooth 

samples were also conducted using the profiles measured for the ground 

glass samples. The best results obtained for sample 203 are shown in 

Figure 7.8. The forward profiles measured for a p-polarized illuminat

ing beam were most nearly invariant in level and shape when plotted on 

axes characterized by m = 3/2 and n = 1, while the corresponding side, 

profiles were most invariant for m=2 and n = 1. Residual discrepancies 

in the levels of these "invariant" profiles could have been largely due 

to experimental errors in the profile normalization. The forward 

profiles recorded for an s-polarized illuminating beam were also 

approximately invariant for m = 2, n =1. Even the most invariant set of 

profiles deviated from one another over the largest scattering angles 

probably because of previously discussed shadowing effects.

Corresponding results are given for sample 168 in Figure 7.9. 

Values of m = 2 and n = 3/2 generally produced the most nearly invariant 

profiles for this sample, indicating that the invariance properties of
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a ground glass sample are at least mildly dependent on the nature of 

its surface roughness.

Comparisons to Previous Work ,

Smooth Sample Data

The scattered light profiles measured by other authors for 

conventionally polished mirror surfaces at visible wavelengths were 

examined for possible similarities to those given in this study. All 

of this previous data was taken using a near—normally. incident illu

minating beam. The theoretical and experimental profiles cited pre

viously (Elson et al. 1979) in Chapter 1 showed discrepancies that could 

be qualitatively explained by the particle scattering effects discovered 

in this study. The measured profile scattering levels were higher than 

the corresponding theoretical ones especially over the low and high 

angle regions. The data obtained by Harvey for four smooth samples is 

given in Figure 7.10. His profiles had shapes that were similar to those 

reported here, and their general slopes also ranged from -3/2 to -2.

Only one of the profiles had a mild, upward curling tail in the large 

angle region, indicating that his samples may not have been as heavily 

contaminated with large particulates. The scattering profiles reported 

by Harvey for one of his smooth samples were also rotationally symmetric 

at each 0^ and shift invariant with changing illumination angle just 

like the two Amersil samples studied in this work. Figure 7.10 also 

gives Edwin's (1973) results replotted on the coordinate axes used in 

this study. The profile levels are arbitrary, and the low and high
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angle scatter was not measured, but the mid angle portions of these 

profiles were approximately straight with slopes of about -1.7 and 

thus in general agreement with the data given here.

Semplak’s (1965) results were replotted in Figure 7.11. This 

profile had a two component behavior, a general slope of -2, and a 

downward curling tail at the largest scattering angles. The slope was 

therefore in agreement with the current data, but the shape was not. 

Young's (1976) data given in the second half of Figure 7.11 was obtained 

for a low scatter mirror that was specially contaminated with silver 

spheres ranging from 8 pm to 18 pm in diameter. The low angle portion 

of this profile had a general slope of -3 just like the profiles given 

in this work for the dust particle and lycopodium spore contaminants.

The high angle region of the profile was flat, indicating that the 

scattering from spherical surface particulates into this angular region 

was not as great as that from rough surfaced, irregularly shaped 

particles of the same general size.

Scattering profiles were also measured for special contaminants 

by Williams and Lockie (1979), and some of their results are replotted 

in Figure 7.12. The profile obtained for oil droplet contaminants was 

similar in character to those given in this study for smoke particles. 

The slope of the fall off region was about -3, and the angular 

location of the profile shoulder suggested that the droplets were some

what larger than a wavelength in diameter. A profile obtained for 

dust particle contaminants had a much lower initial slope than the one 

measured here. The high angle portion of the profile flattened out
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thereby indicating an increased scattering contribution from the dust 

particles in this region, but this increase was not as pronounced as 

that observed in the present data. Their data for a clean, smooth 

sample had a gradual, upward curling tail at the large angles, but it 

had a much steeper slope (-3) than any of the corresponding profiles 

measured in this study. This steep slope could have been due to 

scattering from the surface microroughness alone if their sample was 

very clean. Evidence obtained in this study showed that significant 

scattering contributions from surface particulates would tend to lower 

the overall profile slope to the values observed in the current data. 

Eastman and Baumeister (1974) found the same -3 slope for the low angle 

(<5° from specular) scatter from their smooth samples and showed this 

to be in agreement with the predictions of a scalar theory for scatter

ing from surface microroughness. The profile given for the same mirror 

after it had been cleaned with stripping lacquer was very similar in 

character to the ones obtained in this work. A lower sloped, higher 

level profile was recorded at the larger scattering angles due to the 

fine particle residue left on the sample by the lacquer.

Rough Sample Data

The rough sample profiles measured for this work were found 

to be in good general agreement with similar data taken by other 

authors. Harvey's (1976) results are given in Figure 7.13 and are 

seen to be very similar to those given above for sample 168. His 

profiles also showed a shape changer with 0^ that was similar to that 

recorded here. The forward profiles measured in this study for
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6^ = 45° had a slight positive overall slope and an off-specular 

maximum that was also observed by several authors (Noll 1977, Torrance 

and Sparrow 1967). This off-specular peak was theoretically explained 

by those authors and was experimentally shown to become very pronounced 

at even steeper illumination angles. The MgO profiles generally agreed 

with those obtained by Carmer and Bair (1969), who also concluded that 

this sample was a good Lambertian reflector only for low illumination 

angles.

!



CHAPTER 8

CONCLUSION

This study has been the first one to demonstrate that surface 

particulates make important contributions to both the levels and shapes 

of scattering profiles measured for carefully prepared and handled 

mirror surfaces at visible wavelengths. The nature of the scattering 

contributions that were discovered for these contaminants could quali

tatively explain the discrepancies observed by other authors between the 

shapes of the high angle portions of their measured smooth sample 

profiles and the shapes of the corresponding profiles theoretically 

predicted for the surface microroughness. Surface particulate scatter

ing could also explain the variation observed here and by other authors 

(Leinert and Kluppelberg 1974, Church et al. 1979) in the overall slopes 

of the profiles measured for different, but similarly prepared mirrors. 

This study has also given some insight into the physical origins of the 

polarization cross-coupling detected in the light scattered from several 

types of reflecting optical surfaces.

Suggestions for Future Research 

Additional insight into the surface particulate scattering 

mechanism should be obtained through more extensive measurements on a 

wide variety of both dielectric and aluminized particle contaminants.

Such studies would allow quantitative empirical relationships to be
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established between the shapes of the measured scattered light profiles, 

and the general size and structure of the particles responsible for the 

scatter. Detailed comparisons between the profiles measured for smooth, 

aluminized particles and those recorded for roughly textured particles 

of the same general size would, for example, give a quantitative measure 

of the effect of particle surface structure on high angle particulate 

scatter. The degree of particulate contamination should also be 

carefully controlled and monitored for these samples in order to permit 

quantitative empirical relationships to be determined between particle 

size, contamination level, and scattering level. More detailed infor

mation concerning the relative importance of scattering from the body of 

dielectric particulates and scattering from their surfaces could also 

be derived from these studies.

Scattering measurements should also be made in transmission for 

contaminants deposited on one face of a plane parallel plate. Profiles 

recorded for the clean plate could be subtracted from those for the 

contaminated one to obtain the scattering from the random, planar array 

of particles alone. These profiles could be compared to the correspond

ing ones measured for a similarly contaminated mirror to empirically 

study the differences in the scattering behavior of single particles 

and dipoles consisting of the original particles plus their mirror 

images.

The evidence collected in this study suggested that the 

irregular shapes and coarse surface textures of particles significantly 

affect several aspects of the scattered light profiles measured for any
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sample they contaminate. Any attempt to account theoretically for 

surface particulate scatter would therefore have to take these particle 

characteristics as well as bulk scattering and shadowing effects into 

consideration. It would therefore be difficult to develop a com

prehensive theory for scattering from surface particulates which 

would allow scattering profiles to be predicted from independently 

measured physical parameters of the particles. Theoretical consider

ations of the scattering from isolated spheroidal or irregularly shaped 

particles (Asano and Yamamoto 1975, Barber and Yeh 1975, Chylek 

Grams, and Pinnick 1976, Fowler and Sung 1979) have indicated that the 

predictions of such a theory could not be obtained in closed form for 

any size of particle even if the theory could be derived.

The most promising approach to a theoretical treatment of sur

face particulate scatter would therefore be a generalization of the 

"shot" model given by Church et al. (1979). This type of theory would 

relate the scattered light profiles for a contaminated mirror to the 

dielectric constants of the particulates, certain statistical properties 

of the contamination, such as the number of particles per unit area 

and the distribution of particle sizes present, and the corresponding 

scattered light profiles measured or predicted for individual particles. 

These parameters could all be obtained by direct experimental measure

ment.

Further research also needs to be done on the techniques used 

to clean, handle, and store low scatter mirror surfaces. Several



authors (Dietz and Bennett 1966, Lindsey and .Penfold 1976, Barnes and 

McDonough 1979, Elson and Bennett 1979a, McIntosh and Paquin 1980) have 

described polishing techniques that are useful in fabricating low 

scatter surfaces on several types of substrate material. Several 

previously cited experiments have also been performed to determine the 

best method for cleaning specific substrates prior to overcoating them 

with aluminum or silver, and a few (McDaniel 1964, Breault et al. 1980) 

have suggested that the use of stripping lacquer is the best way to 

clean the final front surface mirrors. However, the results of this 

study showed that additional work should be done to determine a sub

strate cleaning procedure that produces surfaces consistently free of 

particulate residue. Controlled studies should also be made to determine 

the points in the coating, handling, and storage process where additional 

surface contaminants are acquired after the substrate has been properly 

cleaned. The elimination of some of the sources of these additional 

contaminants through a more appropriate handling procedure would, of 

course, reduce the problem of particulate scattering from mirror 

surfaces.



APPENDIX A

STANDARD PROCEDURE FOR CLEANING SUBSTRATES

The following steps were used for cleaning all standard 

substrates. Latex gloves were worn whenever the samples were handled.

1. The substrates were first submerged in acetone for 5 minutes. 

They were then removed, washed with a wet cotton saturated 

with acetone, rinsed immediately with tap water, and placed 

in a submerged work holder. Once the substrate became wet, 

it was not allowed to dry until the entire cleaning operation 

was complete.

2. The substrates were next placed in a beaker of chromic acid 

for 5 to 15 minutes, after which time the chromic acid was 

drained off and the substrate thoroughly rinsed in tap water.

3. Each substrate was washed with tap water and liquinox soap 

using a rotating motion until the water sheeted across the 

surface of the substrate. It was then rinsed in tap water and 

placed in a submerged work holder of corresponding size.

This same procedure was followed until the entire work holder 

was filled.
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Distilled water was placed in a sonic cleaner. Approximately 

10 ml of liquinpx cleaner was added to the water, and the 

cleaner was turned on prior to inserting the substrate holder.

The substrate holder was removed from the container it was being 

stored in. The substrates and holder were rinsed in tap water, 

the excess water was shaken off, and the holder was placed in 

the sonic cleaner for approximately 15 to 30 minutes. The 

beaker was rinsed of excess soap under the tap and flushed 

with distilled or de-ionized water before refilling it with 

de-ionized water.

After the substrates were allowed to wash in the soap solution 

for the proper length of time, the substrate holder was 

removed, rinsed in de-ionized water, and placed in the pre

filled beaker. The sonic cleaner was drained and flushed of all 

soap before refilling it with clean de-ionized water. Excess 

water was shaken off the holder before placing it back in the 

sonic cleaner for approximately 15 minutes. The beaker was 

emptied and flushed with distilled or de-ionized water before 

refilling it.

Step 6 was repeated for a second rinse cycle.

The substrate holder was removed and tipped to enable the water 

to run to one corner of the substrate. The holder was tapped 

gently to remove large droplets of water, then the substrates 

and holder were blown dry with dry nitrogen.
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9. The substrates were checked after they were thoroughly dry.

By breathing on the surface, a uniform fog should have appeared. 

If water streaks and lines appeared. Steps 6 and 8 were 

repeated. If the substrate continued to look poor, the entire 

cleaning procedure was repeated from Step 3 on.

10. The holder was placed in the pass-through until ready to be 

loaded in the coating chamber.

11. After the samples were coated to opacity with aluminum, they 

were placed in covered glass containers for storage.



APPENDIX B

DERIVATION OF RADIOMETER ANALYZER ROTATION 
WITH RESPECT TO INCIDENT BEAM POLARIZATION 

AZIMUTH FOR S-POLARIZED ILLUMINATION

The following calculations apply to the quantities indicated in

Figure B.l. Vector OB is a unit vector representing the orientation of

the central dipole radiator established in the sample plane by the
->•incident beam. Vector OA has the same length and corresponds to the 

radiometer analyzerTs transmission axis, while n is the( unit normal to 

the arbitrarily oriented analyzer plane. Vector 00 is the projection 

of the dipole vector onto the analyzer plane, so \p is the angle between 

the polarization azimuth of the light radiated by the dipole toward the 

analyzer and the analyzer transmission axis.

It is evident from the diagram that

n = cos0 sin(j) i + sin6 j + cos0 cost#) k 

and AB = (l-cos^)i + sincf> k . (B.l)

Hence, ||AB|| = V^2-2cos^
and AB°n = V"2~2cos(#) cosa = cos0 sintf)

or cosa = cos0 sine#)/ V 2-2costj) . (B • 2)

By making use of right triangle relationships, it can now be shown 

that
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A

Fig. B.l. Radiometer analyzer orientation with respect 
to incident beam polarization azimuth.
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| EC | | = cos0 sincj)

I AC I = ^ 2-2cos(J) - cos26 sin̂ cj) ? 

and ||OC|| = l-cos^B sin^^ . •

The law of cosines implies that

(B.3)

| AC | | - | | OA | | + | | OC | | - 2 | |0A| | ° | |0C | | c o s i p

and substituting from Equations B 3 yields

or

2 2 2 2 / 2 2 2 - 2cos(j) - cos 0 sin cj) = 2 - cos 0 sin cf)- 2 Ĵ 1-cos 0sin  ̂ cos^

cosip = coscf)/ l-cos^0 sin̂ (f) . (B .4)



APPENDIX C

DERIVATION OF SCATTERING FROM ABSORBING 
PINHOLES ON A REFLECTING PLANE

A generalized scalar diffraction theory (Harvey 1976) shows that 

if the illumination and detection geometries described in Chapter 2 are 

used, the distribution of light scattered from any reflecting, nominally 

flat surface is given by

I (a, 3) = YaQ2 (x,y) } , (C.l)

where I is the radiant intensity scattered in the direction (a,3),
2a^ is proportional to the incident irradiance, and p is the complex 

wave amplitude transmittance of the sample. The corresponding expression 

for the sample BRDF is

BRDF = L /E a { l / y k ) / a ^

(x,y) } /A , (C.2)

where A is the illuminated area of the sample. Hence, the scattered 

light BRDF is generally given by the Fourier transform of the auto- 

covariance of the pupil function divided by the illuminated sample area.

The particular diffracting surface considered here is one that 

is perfectly flat, smooth, and reflecting except for a number of 

circular absorbing pinholes. These pinholes are assumed to be 

uniformly, but randomly distributed over the sample surface, and
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their total area is taken to be a small fraction of the illuminated 

sample area. The separation between adjacent pinholes is taken to be 

large compared to their diameters, and a continuous distribution of 

pinhole sizes is assumed to be present.

If a constant phase term common to all points in the pupil is 

neglected, the amplitude transmittance of this sample would be a real 

valued, binary function of position in the pupil. A "typical" cross- 

section of this pupil function is shown in Figure C.l. The unit ordinate 

regions of the plot represent reflecting surface areas, while the zero 

ordinates correspond to the pinholes.

n
Fig. C.l. Cross-sect ion of pupil transmittance function.
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A profile of the rotationally symmetric autocovariance function

expected for^this type of sample is given in part (a) of Figure C.2.

The dashed curve represents the autocovariance of a defect-free pupil.

Its width is the diameter of the illuminated sample area expressed in
3numbers of wavelengths, or about 8 x 10 for the apparatus used in this 

study. The solid curve applies for the defective sample being con

sidered, and the width of the small central peak on that curve corre

sponds to the largest pinhole diameter. The larger surface con

taminants were 10 ym or larger in diameter for the smooth samples used 

in this study, so this central peak width would be about 20 wavelengths 

for those samples. Since the pinhole diameter is so much smaller than 

the size of the illuminated sample area, the initial portion of the 

autocovariance function can be redrawn as indicated in part (b) of 

Figure C.2 to good approximation.

The shape of the autocovariance function was obtained by the 

following reasoning. A representation of the two-dimensional pupil 

function is given in part (c) of Figure C.2. It indicates that the 

central ordinate of the autocovariance function should be the illuminated 

area reduced by the total area of the pinholes, or A - A^. For most 

samples of interest, A^<<A. Very small pupil displacements produce the 

small peak on the autocovariance function whose shape is determined by 

the sum of the individual pinhole autocovariance functions. This peak 

will be examined in detail in the following paragraph. Just beyond the 

central peak, the overlapping pupils will be related as shown in 

part (d) of Figure C .2, and the autocovariance function will thus
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Fig. C.2. Pupil autocovariance function.

(a) Entire function.
(b) Pupil autocovariance for small pupil shifts only.
(c) Representation of pupil.
(d) Representation of shifted pupils.
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have fallen to a level of A-2A^. Because of the assumptions that have 

been made, continued pupil displacement should not result in a further 

reduction of the sample autocovariance function until significant 

reduction in the area of overlap of the entire illuminated sample area 

sets in. At this point, the autocovariance function should fall off 

steadily with increasing pupil displacement, and the nature of this 

fall off should be such that the fraction of the total overlap area 

excluded by pinholes remains fixed.

The BRDF recorded for this sample would be the sum of two 

components. One component would be a modified version of the Airy 

pattern for the entire illuminated area. This pattern would be very 

narrow in angular width with most of its power concentrated near the 

specular beam. The fraction of the total reflected power that goes into 

this pattern would be 1 - A^/A. The shape of this component would also 

be slightly different from what would be obtained from an unblemished 

aperture of the same size. The second component represents the 

observable scattered light due to the pinholes. It is given by the 

Fourier transform of the small central peak of the autocovariance 

function and is therefore very broad with respect to the first com

ponent. Only a small portion of the reflected power proportional to 

A^ is scattered into this component.

A derivation of the expression used to compute the latter 

BRDF component will now be given. The central peak of the sample 

autocovariance function is redrawn in Figure C.3. Its shape is given 

by
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Fig. C.3. Central peak of pupil autocovariance function

Yp (r)h = [ N i cyl(r/di)**cyl(r/di), (C.3)

where N^ = the number of pinholes of diameter d^ within the illuminated 

sample area, r = V  + y" ~  and the subscript h denotes quantities 

computed for the part of the pupil autocovariance function due to the 

pinholes alone. Hence,

{yp (r)^} =  ̂ N i(7rdi2/4)2 somb2(d^p ) , (C.4)
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where

p =V"a2 +  and

somb2 (dp) = [2J1 (7rdp)/(7rdp) ]2 

which is the Airy pattern for a circular aperture expressed as a function 

of direction cosines. ISL can be expressed as

= Cg(d^) x (C.5)

where g(cL) is a continuous function giving the relative distribution 

of pinhole diameters assumed to be present on the surface, and C is a 

constant. The value of this constant can be expressed in terms of a 

physically significant parameter for this problem by observing.that

I Cg(d±) (ird^/4) = Ah 
i

and

= FA, (C.6)

where F is the fraction of the illuminated area covered by pinholes. 

Previously stated assumptions imply that F<<1. Equation C .6 therefore 

implies that

C  =  F A /  l g(d.)(nd.2/4). (C.7)

Thus,
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SrSr{Yp (?)h } =  I  C g(di)(Trd12/4)2 8omb^d1p)

or

F 4 g(d .) (Trd .2/4)2 somb2 (d.p)
BRDF, (p) = ---- i ^ --- :----—  (C.8)

n I g(di) (7Tdi /4)

Equation C .8 was used to obtain the curves given below and in 

Chapter 4. A uniform distribution of hole sizes was assumed, where 

g(d)= 1 for holes ranging in diameter from 10 ym to 20 ym. This hole 

size range was chosen to approximately fit the larger contaminants 

revealed in the photographs of sample 192. The wavelength used for the 

scattering measurements (0.5145 ym) was used for these calculations as 

well. A value for F of 0.005 was chosen to obtain plots whose levels 

were in rough agreement with the profiles measured for sample 192.

The resultant scattering profile was plotted in Figure C.4.

It possesses a low angle plateau followed by a shoulder and a linear 

fall off region whose slope is exactly -3. The raggedness of the low 

angle portion of the curve is an artifact of the summation process.

Also shown in the figure is the scattering profile predicted for 

randomly distributed pinholes of the same total area having a single 

diameter of 15 ym. Equation C .8 reduces to

BRDFh(p) = ..F O d 2/4) somb2 (dp.) (C.9)

in this case. This pattern had a shape identical to the Airy

pattern produced by a single pinhole of 15 ym diameter. Comparison of
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Fig. C.4. Scattered light profiles for reflector with 
absorbing pinholes.
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the two curves indicates that the -3 slope characteristic of scattering 

from surface pinholes is determined by the asymptotic fall off behavior 

of the diffraction pattern for a single circular aperture. A smooth 

profile shape free of the ringing characteristic of diffraction from 

pinholes having a single size results only if a distribution of pinhole 

diameters exists on the scattering surface. The resultant super

position of differently scaled Airy patterns produces a curve shape 

typical of the envelope to a single Airy pattern.

The character of the predicted profile is the same regardless 

of the range of pinhole sizes present, the weighting function used, or 

the wavelength of the illuminating beam. Changes in these quantities 

affect the vertical and horizontal scale of the scattering curve, but 

not the -3 slope of its linear fall off region. In particular, profile 

changes due to wavelength scaling are obvious from Equation C.8 . The 

low angle plateau level varies as 1/^ if only the illuminating beam 

wavelength is changed, while the lateral shoulder position is pro~ 

portional to A. Figure C.3 shows that the TIS is dependent only on the 

total pinhole area and should therefore remain fixed with changing A.

The relative shapes of the scattering profiles predicted for a given 

pinhole sample at two different wavelengths are thus as indicated in 

Figure C.5. Since the amplitude transmittance at each point on this 

type of sample is independent of the angle of incidence, the predicted 

scattering profile shapes would The invariant with changing illumination 

angle.
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Fig. C.5. Sample profiles at different wavelengths

Figure C .6 compares the tail end of the Airy pattern for a 

defect-free, 4 mm d. aperture to the pinhole scatter. The observable 

scattered light will always consist of a mixture of the two components, 

and the relative magnitudes of these components will depend only on 

the degree of pinhole contamination. The curves indicate that the 

angular distribution of scattered light measured by a detector having a 

finite sized collection aperture would have the same shape in any case.
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C.6. Contributions to the pinhole sample scatter.



APPENDIX D

THEORETICAL INVARIANCE OF SMOOTH SAMPLE 
PROFILES DUE TO SCATTERING FROM SURFACE 

MICROROUGHNESS

The scattered light distributions predicted for any nominally 

flat sample by Harvey's (1976) generalized scalar, diffraction theory 

were given by Equation C.2 in the previous appendix. In order to obtain 

specific results for a particular type of scattering surface, the wave 

amplitude transmittance of that surface must be specified, and the 

statistical character of the surface must be defined.

The transmittance of a perfectly reflecting, microirregular 

optical surface can be derived using the representative surface height 

profile.depicted in Figure D.l. The scalar wave amplitude leaving any 

aperture is given by the superposition of Huyghens1 wavelets radiated 

by secondary source points set up on the surface of the diffracting 

aperture by the illuminating beam. This diffracted wave amplitude is 

always calculated using an equivalent planar distribution of source 

points that have the same relative phases and amplitudes as the actual 

source points. The diagram shows -that the phase of each equivalent 

radiator with respect to its corresponding actual source point is 

given by 2tt(hy^ + hy) /X or 2w(y+y^)h, where h is the local surface 

profile height measured from the reference plane and expressed in 

numbers of illuminating beam wavelengths. The wave amplitude

245



246

-1
-1

Fig. D.l. Surface height profile for a microrough sample.
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transmittance of a microrough reflecting surface is thus given 

by

- ei2'<Y%>6<i,?> . . (D.D

By assuming the surface height profile (h) to be a jointly 

normal, Gaussian random process, Harvey (1976, p. 120) found

BRDF(a,B-6o) = ^ H e  (2n(Y+Y^)o^) [1 p(x,y)]} (d.2)

for the scattered light component due to the statistical fluctuations

in surface profile height. In Equation D.2, the left hand side is the

speckle averaged BRDF, is the rms surface roughness in numbers of

wavelengths, and p(x,y) is the normalized autocovariance of the

surface height profile. In the smooth surface limit (a - « l ) , the

bracketed expression on the right hand side of equation D.2 simplifies

to 1 - ( 2 t t ( y + y  ) a-) ̂  [1-p (x,y) ] to good approximation. The specular beam 
' ■ ' O n

2strength thus becomes proportional to 1-(4tty in this case, and the

scattered light BRDF is given by

BRDF = (2^(Y+Yo)a£)2 &&{p(x,y)}

or
7 7

BRDF7(Y+Yo) = (2TT0%) #%F(p(x,y)} . (D.3)

Hence, smooth sample scattering profiles plotted in terms of

BRDF/(Y+Y0)^ vs. (3-6o) should have the same shape and level regardless

of illumination angle provided the sample scatter is primarily due to



surface microroughness. The shape of the profiles plotted on these 

axes would be solely dependent on the nature of the surface height 

autocovariance.
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