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ABSTRACT 

The scattered light from particulate-contaminated mirrors was measured at 

visible and far-infrared wavelengths. and results were compared to that predicted by a 

theoretical model. In addition. a A=IO.6/Lm cryogenic scatterometer was constructed. and 

the temperature dependence of the scattered radiation was determined. 

The design and calibration of a A=1O.6/Lm cryogenic scatterometer is presented. 

The BRDF is experimentally observed to have no measurable temperature dependence 

for the mirrors tested. Scatter data from oil-contaminated mirrors demonstrates some 

unexpected temperature dependencies. illustrating the necessity to know the temperature 

dependence of the samples. as well as the contaminants on them. 

Measurements from particulate-contaminated mirrors and their comparison with 

a modified Mie theory are presented. The method for cleaning the samples. counting 

and measuring particles. the measurement procedure. and the theoretical model 

employed to predict the contaminant scatter are discussed. 

Measurements and theoretical comparisons of A::O.6328JLm scatter from 

distributions of polystyrene spheres on mirrors serve as a stepping stone for the 

irregularly-shaped dust contaminants. The theory predicts the forward scatter 

excellently. but is not as successful with the backscatter. 

Scatter measurements from dust-contaminated mirrors were performed at 

wavelengths of O.6328JLm and 1O.6JLm. The theory agrees excellently at the visible 

wavelength and is in good agreement in the far-infrared. The far-infrared 

measurements of the clean mirrors were. for angles beyond about 8° from specular. 

limited by the scatter from particulates and not the surface microroughness. Similar 

limitations can be experienced by other irregularities such as scratches. digs. and 
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pinholes in coatings. It is shown that contaminant scatter dominance in the infrared 

requires only a few very small particles. So. the necessity to improve cleaning 

techniques is quite evident. Several effects of these findings are discussed. as well as 

other related topics: the cleanliness required for the scatter to be dominated by a 

mirror's surface microroughness. a modified specification for low-scatter infrared 

mirrors. incident angle invariance of clean and contaminated mirrors. the shape of the 

BRDF curves. and the relation between surface cleanliness level. clean room cleanliness 

class and BRDF. 
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CHAPTER 1 

INTRODUCTION 

Light scattered from optical surfaces is of major practical interest in the optics 

community. particularly for those involved in the design or construction of space-bound 

optics. Scattered light can adversely affect visible and infrared detection systems. Two 

significant effects are (1) a degradation of image contrast and (2) a reduction in 

detectivity. Contrast degradation may occur when attempting to image a dim object 

located near a bright object. The dim image may be overwhelmed by the scattered 

light from the bright image. Similarly. degradation of image contrast may occur from 

out-of-field sources such as the sun. moon or earth. In conjunction with these. when 

using a background limited infrared photodetector. any unwanted scatter reaching the 

detector increases the background noise. therefore reducing the detectivity. 

There exists a great amount of literature on light scatter from optical 

components. but many questions remain unanswered. The intent of this study is to 

expand the understanding of light scatter from mirrors. A brief background of some 

of the pertinent work is given below. followed by an overview of the contents of this 

dissertation. 

1.1. Background 

Much effort has been made to predict the scatter from optical components. 

Scalar diffraction theories predicting the scatter profiles of microrough surfaces have 

been developed by Davies (1954). Bennett and Porteus (1961). Beckmann and Spizzichino 

(l963). and Harvey (1976). and vector scattering theories predicting scatter from 
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microrough surfaces have been developed by Silver (1947). Peake (1959). Kroger and 

Kretschmann (1970). Elson and Ritchie (1974). Maradudin and Mills (1975). and Elson 

and Bennett (1979b). All of the generally accepted theories conclude that the scatter is 

proportional to the surface height power spectrum. which is given as the Fourier 

transform of the surface height autocorrelation function. 

SUrface scatter profiles have been measured. and in many cases compared with 

theory. by Harvey (1976). Church. Jenkinson. and Zavada (1977). Wang (1983). Bennett. 

et aI. (1985). and Wein (1989) to name a few. When comparing theory with 

experiment. an assumed surface height power spectrum is commonly employed. The 

agreement between experiment and theory. with the assumed power spectrum. has in 

some cases been quite good in the visible part of the spectrum. However. there have 

been _discrepancies in the visible. and employing the same theories in the infrared has 

not always proven successful. 

Infrared scatter is often substantially underestimated by the surface roughness 

theories. suggesting that the scatter originates from sources other than the surface 

microroughness. The discrepancies between the far-infrared scatter measurements and 

their predictions based on surface microroughness are numerous: Wang (1983). Wein 

(1989). and Stover. et aI. (1989) to name a few. Elson. Bennett. and Bennett (1979) find 

that the total integrated scatter in the infrared consistently measures higher than that 

predicted by its surface roughness. They speculate that the dominating sources of 

infrared scatter are irregularities such as particulates. scratches. digs. and pinholes in 

coatings. 

To understand the problem in more detail. investigative studies have been 

undertaken to develop a theory which predicts the scatter from contaminants. Young 

(1976) successfully employed Mie theory to predict the scatter from a distribution of 

silver spheres on a mirror for X=O.6328/Lm and 10.6/Lm. In these calculations. the 
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particles were assumed to scatter independently so intensities added. and it was 

assumed that the radiation scattered in the forward direction reflected from the mirror 

and did not interact again with the particle. Nahm (1985) compared Young's model 

with two other models for mirrors contaminated with O.984/Lm diameter polystyrene 

spheres. In most cases Young's model predicted the magnitude of scatter as well or 

better than the other models. and it always predicted the magnitude reasonably well. 

The dips in the scatter profiles were not estimated well with respect to the scatter 

angle. but a distribution of particle sizes would wash out the dips and the model should 

then predict the magnitude of scatter for all scatter angles. 

Numerous papers have been published on the topic of scatter from contaminated 

optics. and sessions of optical meetings have been devoted to this subject: Glassford 

(1987). and Breault (1989). However. little has been done to experimentally verify 

theories or analyze the scatter from naturally occurring contaminants on mirrors. It is 

a problem of great practical interest in the field of optics. and will surely be an area of 

continual growth in the near future. 

The above background presents a very brief survey of the work done in the 

field of scatter from optical components. It provides a basic knowledge for the work 

that follows. but is by no means exhaustive. 

1.2. Contents of Dissertation 

Light scattered from optical components arises from a variety of sources. This 

is particularly true of space optics. In this dissertation. the scattered light from 

particulate-contaminated mirrors was measured at visible and far-infrared wavelengths. 

and results were compared to that predicted by a theoretical model. In addition. a 

cryogenic scatterometer was constructed. and the temperature dependence of the 

scattered radiation was determined for an illumination wavelength of IO.6/Lm. 
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The quantity employed to measure the amount of scattered light is the 

Bidirectional Reflectance Distribution Function (BRDF). It is defined as the ratio of the 

reflected radiance to the incident irradiance. This quantity and the background given 

above are discussed more elaborately in Chapter 2. where the basic mathematical 

foundation used to predict the scatter from clean and contaminated mirrors is presented. 

Scattering in optical systems takes on an ever-increasing importance in modem 

infrared systems. and the affect of temperature changes on scatter has been an 

untouched question. The increasing use of space optics requires that the scattering 

properties of cryogenic optics be known. Other systems being designed and constructed 

use cryogenically cooled optics to reduce the amount of emitted radiation which appears 

as noise in the system. This allows background-limited-photon detectors to operate at 

higher sensitivities. For these reasons it is essential to know the properties of cryogenic 

optics. 

The scattering properties of various optical components have been measured at 

various wavelengths and geometries. but only at room temperature. In order to design 

cryogenic optical systems with confidence. one must know the optic's scattering 

properties at. or near. their operating temperatures. The goals of the first experiments 

were to design and construct an instrument to measure the BRDF of cryogenically 

cooled (77 K) mirrors at a wavelength of IO.6p.m. and then to determine the temperature 

dependence of the scatter from them. 

The first seven sections of Chapter 3 discuss the design and calibration of a 

cryogenic scatterometer (CRYOSCA n. The preliminary specifications. limitations. and 

considerations for the cryogenic scatterometer (CRYOSCA 1) were as follows: 

I. Sample temperatures approaching 77 K will be desired. In order to 

achieve this. the sample will be enclosed within a vacuum system to 

insulate it from the surrounding 300K environment. The vacuum will also 
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insulate the cold sample from the detectors. which also will be located 

within the vacuum chamber. 

2. An available vacuum system will be modified. The primary modification 

of this vacuum system will be the design and manufacturing of an 

adequate vacuum collar. The collar must have a sufficient number of 

vacuum-ta-Iab interface ports for optics. electronics. and mechanical 

insertion of a reference sample. The collar must also be as large as 

possible. but small enough to suit the vacuum system. because its size limits 

the possible geometrical configuration and component placement. 

3. The wavelength of interest will be 10.6 ILm; however. provisions for 

additional wavelengths will be incorporated. 

4. The method of measuring the scatter will be BRDF. and the minimum 

measurable BRDF (NEBRDF: Noise Equivalent BRDF) must be near 

10-ssr-1• Numerous existing room temperature BRDF data have been 

scrutinized to establish this number. 

5. The laser beam will be chopped and lock-in detection used to eliminate 

background noise. 

6. The data collection will be primarily computer controlled. 

7. The angle of incidence of the sample illumination will be 45°. 

8. The sample scatter will be measured at ten different angles. 

9. A near specular measurement of 5° will be the goal of this project. 

10. The sample illumination spot size will be sufficiently large to measure the 

desired surface spatial frequency. 

The last section of Chapter 3 describes AZSCAT. the laboratory workhorse 

room-temperature scatterometer. This instrument is used to aid in the calibration of 

CRYOSCA T and to make the particulate contamination measurements. Also included 

in this section is a discussion concerning the particulate contamination control. 
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The cryogenic scatter measurements are presented in Chapter 4. and 'the results 

indicate. for the samples measured in CRYOSCA T. that the scatter from mirrors has no 

measurable temperature dependence. Later results show that the scatter at Xa lO.6JLm 

from clean smooth mirrors is often limited by irregularities present on the surface. 

These irregularities may be in the form of particulates. scratches. digs. or pinholes in 

coatings. Therefore. in some of the cases presented. the observed scatter may not be 

produced by the surface roughness. 

Scatter data from oil-contaminated mirrors are presented. and display unusual 

temperature dependencies. This illustrates the necessity to know the temperature 

dependence of samples. and the contaminants present on their surface. 

Measurements from particulate-contaminated mirrors. and their comparison with 

theory. are presented in Chapter 5. The method for cleaning samples. counting and 

measuring particles. and the measurement procedure are discussed. Scatter 

measurements of polystyrene-sphere-contaminated mirrors are performed at X-o.6328JLm 

and compared with theory. 

The spherical contaminants serve as a stepping stone for the dust-contaminant 

scatter measurements. which are performed at wavelengths of O.6328JLm and 1O.6JLm. 

These measurements are also compared with theory. From these results. the X-1O.6JLm 

clean mirror scatter is observed to be. for angles beyond about 8° from specular. limited 

by the scatter from particulates. as .:>pposed to the surface microroughness. The slight 

dependence on the complex refractive index indicates that diffraction is the primary 

contributor to scatter when several particles larger than the wavelength are present. 

Similarly. other irregularities like digs and coating pinholes also scatter according to 

diffraction theory. By illustrating that scatter in the infrared can be dominated by only 

a few very small particles. the necessity to improve cleaning techniques becomes quite 

evident. Some of the effects of this finding are discussed. as well as other related 

topics: required cleanliness for the scatter to be dominated by a mirror's surface 
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microroughness. incident angle invariance of clean and contaminated mirrors. the shape 

of the BRDF curves. and the relation between surface cleanliness level. clean room 

cleanliness class and BRDF. 

Chapter 6 presents the conclusions and some suggestions for future research. 



CHAPTER 2 

MA~TICALD~PTIONOF~ATnR 

FROM CLEAN AND CONTAMINATED MIRRORS 

25 

A mathematical description often offers insight and allows one to predict 

various phenomena. This chapter discusses the basic mathematical foundation for 

describing. and predicting. the scatter from clean smooth mirrors and mirrors 

contaminated by particulates. 

2.1. Defining BRDF 

One of the most commonly used quantities for measuring the amount of 

scattered radiation is the Bidirectional Reflectance Distribution Function (BRDF). This 

unit of measure has been used in this study. and it is defined by Nicodemus (1977) as 

(2.1) 

where dLs(9s.<Ps) is the reflected scattered radiance (watts/cm2·sr1) of the object. 

dEo(9o.<Po) is the irradiance (watts/cm2
) incident upon the scatterer. 9 is the polar angle. 

¢ is the azimuthal angle. subscript s refers to the scattered field and subscript 0 refers 

to the incident field. Fig. 2.1 shows the scattering geometry of the system. For smooth 

mirrors. the angle of incidence is considered positive. and the specular angle. as 

measured from the z-axis. defines the positive angular direction. The BRDF is a 

measure of the fraction of radiation scattered into a given projected solid angle. and 

accordingly has units of inverse steradians. 
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z 

Fig. 2.1. The BRDF scattering geometry. 



2.2. The Vector Scattering Theory for Clean Smooth Surfaces 

Radiation incident on a surface sets up polarization currents. 

occurs only in the specular direction for perfectly smooth surfaces. 
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Re-radiation 

However. all 

surfaces have some degree of roughness. and this roughness causes a portion of the 

incident radiation to be re-radiated into non-specular directions. 

Several approaches have been made to mathematically describe this scattered 

radiation. One approach summed the predicted radiation generated from each surface 

current-vector element as done in the "Stratton-Chu-Silver" vector integral (Silver. 1947). 

This approach required the rms surface roughness to be much less than the wavelength 

of the incident radiation because of the difficulty associated with predicting the surface 

currents on rough surfaces. 

Another approach applies the perturbation technique. which involves making the 

approximation that the surface field is composed of the field from a perfectly smooth 

surface plus a small perturbation due to a small surface roughness. Variations of the 

perturbation technique have been made by the following: Peake (1959). Kroger and 

Kretschmann (1970). Maradudin and Mills (1975). and Elson and Ritchie (1974). 

The approach followed here employs first order approximations and a 

perturbation technique that transforms a rough surface into a plane one by coordinate 

transformation. The first order approximation includes the zero-order term. which 

refers to the field due to a perfectly smooth surface. and the first-order field term. 

which accounts for the small surface roughness. In this approach. the terms involving 

electromagnetic surface fields proportional to (uf1\'f and higher orders are assumed 

negligible; u being the rms surface roughness and X the wavelength of the incident 

radiation. Thus. this theory is valid only if u«X. that is. if the mirror is smooth. 

Following this approach. Elson and Bennett (l979b) determined an equation for the 

differential fraction of scattered power. dPs' per unit solid angle dO=sin9sdfJsdc,6s. 



Using their relation the BRDF may be written as 

BRDF __ I dPs _1_ 
Po dO cases 

where 

subscript 0 refers to the incident field 

subscript s refers to the scattered field 

Po = total power incident on the surface 

dPs = differential scattered power 

dO = sin6sd6s d¢s = differential solid angie 

w = angular frequency 

c - speed of light 

¢ - polarization of incident beam (measured from plane of incidence) 

00 - polar angie of incidence (measured from mean surface normal) 

Os .. polar angle of scatter (measured from mean surface normal) 

¢s .. azimuthal angle of scatter ( measured from plane of incidence) 

ks EO scattered wave vector 

ko .. incident wave vector 

k = (w/c) ... 2rr/h 
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(2.2) 



C!o • kc0s6o 

ks • ksin6s 

CIs • kc0s6s 

e - complex dielectric constant of scattering medium 

s<ks-ko) = surface height power spectrum. 
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Written in this manner. the BRDF may be considered as the product of three 

terms: 

(2.3) 

The wavelength factor. F}.. equals k4/rr2• 

The optical factor. F o' consists of the remaining terms. with the exception of 

g(ks-ko). and gives the contribution due to the optical properties of the material and the 

scattering geometry: complex dielectric constant. polarization. angle of incidence and 

angle of scatter. 

For in-plane measurements (¢s=O) and metallic surfaces <iel»l). the optical factor 

becomes (Church. Jenkinson and Zavada. 1977) 

(2.4a) 

(2.4b) 

(2.4c) 
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The superscripts indicate the incident polarization state and the detected polarization 

state. respectively. The p denotes p-poiarization and s denotes s-polarization. The 

BRDF of a metallic mirror then becomes 

2 

BRDF
PP 

.. ~: II ;:se~9~:9s I c0s9o cos9sg(ka-ko) (2. Sa} 

(2.sb) 

BRDFPS = BRDPP = O. (2.sc) 

So. to first order. the polarization state of the scattered radiation retains the incident 

polarization state. 

The final term contributing to the BRDF is the surface factor. Fs=g(ks-ko}' 

This is the surface height power spectrum. and is defined as the Fourier transform of 

the surface height autocorrelation function. It arises because the surface polarization 

currents induced by the incident radiation have different values for various surface 

locations; these values. to first-order. are proportional to the roughness height of the 

surface as measured with respect to the mean surface level. 

The above equations indicate that the BRDF scales in height as 1{'A4, due to the 

k4 term. and as 0-2• which is subsequently seeu to emerge from the surface factor term. 

Due to the form of the surface factor term. the BRDF also scales as A in width. 

2.3. The Scalar Diffraction Theory for Clean Smooth Surfaces 

Scalar diffraction theory has been discussed by many authors: Davies (1954). 

and Bennett and Porteus (1961). for instance. Variations in the theory occur only in 

the optical term with the differences being trigonometric relations between the incident 

and the scatter angles. 
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The theory presented here will be that discussed by Wein (1989). who follows 

the work done by Shack (1 % 7). Harvey (1976). and Frieden (1983). The scattered 

radiation is explained as being caused by the random phase perturbations inflicted upon 

the wavefront when light is reflected from a microrough surface. The complete 

transfer function is the normalized complex autocorrelation of the pupil function. 

After invoking a couple of reasonable assumptions about the surface statistics the 

transfer function can be shown to be the product of two terms: the deterministic 

transfer function and the random transfer function. The deterministic transfer function 

results from geometrical aberrations and the system's limiting aperture. The random 

transfer function. which is superimposed on the deterministic transfer function. results 

from the random phase perturbations produced by the microrough surface. The 

transfer function is separable into the product of the deterministic and random 

components; therefore. the random transfer function. or scatter transfer function. may 

be dealt with alone. The scatter point-spread-function. PSFs' equals the Fourier 

transform of the random transfer function. and may be written as the sum of two 

terms: the Dirac delta function and the Fourier transform of the surface autocorrelation 

function. The first of these terms corresponds to the specularly reflected component of 

the incident beam. The latter of these two terms corresponds to the scattered radiation. 

and is proportional to the surface height power spectrum. g(k). For a smooth mirror. 

a«X. the nonspecular PSFs may be written as 

PSF k4q2'Ys [a f3-f3o] 
s(nonspecu(ar) = -r g X· -X- (2.6) 

where 

k ,., 2rr/A 

x = wavelength 
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f)o ... polar angle of incidence (measured from mean surface normal) 

es = polar angle of scatter (measured from mean surface normal) 

¢s ... azimuthal angle of scatter (measured from plane of incidence) 

(] - rms surface roughness 

'Ys .. cases = obliquity factor 

ct - sin¢s - direction cosine with respect to the x axis 

P - sines = direction cosine with respect to the y axis 

Po = sin60 = direction cosine of the incident angle where the p-plane has been 

defined as the plane of incidence 

g [ ~ , P-~o ] = power spectrum of the surface. 

If the surface height power spectrum is constant, the PSFs has a cosine roll-off with 

respect to the surface normal. Such a scatterer is said to be Lambertian and exhibits a 

constant BRDF; thus, correcting for the cosine roll-off in (2.6), the general expression 

for BRDF may be written as 

BRDF _ k4(]2 g [f!. p-Po] 
- rr2 ,,',,' 

(2.7) 

As is the case with the vector theory, the BRDF may again be considered as the 

product of three terms: the wavelength factor, the optical factor, and the surface factor. 

The wavelength factor equals k4/rr-, as it does with the vector theory. The optical 

factor is unity regardless of the material, polarization, and geometry. This differs from 

the vector theory result which depends on all three. Finally, the surface term is 

g(ks -ko) in the vector theory and erg [ ~, Pfo] in the scalar theory. Both terms 

represent the surface power spectrum. The scalar theory surface term is proportional 

to (]2 because it utilizes the normalized complex autocorrelation of the diffracting 
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surface; whereas the vector theory uses the un-normalized complex autocorrelation of 

the diffracting surface. In agreement with the vector theory. the scalar theory also 

scales in height by 1(1\4 and 0-2. and in width by A. 

2.4. The Surface Power Spectrum of Clean Mirrors and the BRDF 

It is known (Elson and Bennett. 1979a). for many optical surfaces polished by 

conventional techniques. that the surface autocorrelation function is well approximated 

in the visible part of the spectrum by a negative exponential function. One of the 

shortcomings of this approximation is that it does not represent the surface structure for 

small correlation distances because it has a nonzero slope as the correlation distance 

approaches zero. This infers that the surface has an infinite mean square slope (Elson 

and Bennett. I 979a). Also. large correlation distances are in disagreement with 

experiment (Elson and Bennett. 1 979a). In spite of these shortcomings the negative 

exponential function does give reasonable agreement over much of the experimental data 

and is a mathematically manageable function. 

The scalar and vector theories both predict that the BRDF is proportional to the 

surface height power spectrum. If the surface autocorrelation function is assumed to 

be a normalized negative exponential function. it may be written as 

(2.8) 

where p is the radial coordinate and R is the lIe correlation length. The surface height 

power spectrum is given as the Fourier transform of the surface autocorrelation 

function; so. for in-plane measurements it is given as (Gaskill. 1978. p. 329) 

(2.9) 

------- ---
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The BRDF of a negative-exponentially correlated surface may then by written as 

The BRDF is commonly plotted versus f3-f3o on a log-log graph. For large 

values of f3-f3o• corresponding to high surface spatial frequencies. the BRDF approaches 

an asymptotic value of 2ku2/1(f3-f3o)3 when the optical factor is nearly unity. This 

corresponds to a slope of -3 on a log-log plot. According to vector theory and the 

measured surface autocorrelation function. data should follow (2.10). However. typical 

mirror data measured in the visible at the Optical Sciences Center on AZSCA T. the 

workhorse scatterometer. have shown high frequency slopes between -1 and -2. with 

most slopes being closer to -2 (Wang. 1983; Wein. 1989). Wein (1989) found that. for 

\=O.6328JLm. the BRDFs of mirrors with high frequency slopes of -2 are predicted 

better by the following empirical expression: 

(2.ll) 

This equation yields the observed high frequency slope of -2 and has the same low 

frequency magnitude as (2.10). Therefore. (2.11) shall be used throughout this study to 

represent the clean mirror scatter. 

2.5. Mie Scatter and Scatter From Particulates on Mirrors 

In 1908. Gustav Mie developed a rigorous scattering theory for spheres of 

arbitrary size; it is referred to as Mie theory. The theory of scattering by a 

homogeneous sphere is derived by solving Maxwell's equations with the appropriate 
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boundary conditions. The derivation. and most of the results that follow. may be 

found in Bohren and Huffman (1983). 

When an arbitrarily shaped particle is irradiated by an arbitrarily polarized. 

monochromatic. plane harmonic wave. the field at a distant point is given by 

(2.12) 

where the z-axis is the direction of beam propagation. kr» 1. and the time-dependent 

harmonic term has been disregarded. The superscripts p and s imply. respectively. 

polarized parallel and polarized perpendicular to the plane of incidence. and the 

subscripts s and 0 refer to the scattered field and the incident field. respectively. The 

wavenumber. k. equals 2rr{'A. r equals the distance from the center of the particle to the 

point in question. and z is the distance travelled by the incident beam along the z-axis. 

Sl' ~. S3 and S4 are the amplitude scattering functions of the amplitude scattering 

matrix. and depend on the polar scatter angle. e. and the azimuthal scatter angle. q,. 

Fig. 2.2 shows the scatter geometry for a spherical particle. The expression simplifies 

even further in the case of scattering from a homogeneous sphere: 

(2.13) 

~ and Sl are defined following (2.14) 

The incident and scattered Stokes parameters (lk' Qk' Uk' V k) describe the state 

of polarization of the incident and scattered intensity respectively. Ik is simply the 
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INCIDENT RADIATION 

Fig. 2.2. Geometry for scattering by a spherical particle. 
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incident irradiance, and the remaining parameters specify the :::tate of polarization: Qk 

specifies the tendency for the light to be either horizontally or vertically polarized, Uk 

specifies the tendency toward linear polarization at an angle of +45° or -45°, and Vk 

specifies the tendency toward right circularly or left circularly polarized. The intensity 

scattering matrix, which consists of 16 elements, gives the relation between the incoming 

and the scattered Stokes parameters. In the case of scattering from a sphere, eight of 

the 16 matrix elements equal zero. Thus, for scattering from a homogeneous spherical 

particle, the relation between the incident and scattered Stokes parameters is 

[~] [ S" 
512 0 

o ][ ~ ] [kir] Sf 5u 0 o 00 (2.14) 
0 ~3 534 Uo 
0 -534 533 Vo 

where 

Ik = (k/2w/Lo) (EPEP• + ~~*) 

Qk = (k/2wJl.o) (EP EP * - ~ ~ *) 

Uk = (k/2wJl.o) (EP ~ * + ~ EP *) 

V k = i(k/2wiJ.o) (EP ~ * - ~ EP *) 

Su .. (1/2) (1~12 + 15112) 

512 = (1/2) (1~12 - 15112) 

533 ... (1/2) (~51 + ~5n 

534 = (i/2) (S; 51 - ~5~) 

S11" 512+ 533+ &34 

51 .. L ~~:~) (~1Tn + bnTn) 
n 

~ = L ~~:~) (anTn + bn1Tn) 
n 



/Lm!/Jn(mOl.)!/J'n(Ol) - /LI!/Jn(OI.)!/J'n(mOl.) 
lin - /Lm!/Jn(mOl.)rn(Ol) - JLIEn (OI.)!/J'n(mOl.) 
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primed quantities correspond to differentiation with respect to the argument in 

parentheses 

!/In (x) - xjn (x) 

~n (x) = XhJ (x) 

jn(x) = J ';x Jntl /2 (x) 

Jntl /2(X) - spherical Bessel function of the first kind 

hJ (x) - jn (x) + iy n (x) - spherical Bessel functions of the third kind or spherical 

Hankel function of the first kind 

Yn(X) = J ;x Yntl/2(x) 

Yntl/?(x) = spherical Bessel function of the second kind 

O! = 2~a = size parameter 

a ;: sphere radius 

x = wavelength of light in the surrounding medium 

NI = refractive index of the particle 

N - refractive index of the surrounding medium 

ILl = permeability of the particle 

IL 0= permeability of the surrounding medium 

- p~ "n = sinO 



dpl 
1 - n 

n = (i(f" 

p n ... Legendre polynomial of order n 

() = scatter angle with respect to the direction of the incoming beam. 
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If the incident light is polarized parallel to the scattering plane then the 

scattered light is 100% polarized parallel to the scattering plane: 

(2.1 Sa) 

(2. I sb) 

(2.lsc) 

If the incident light is polarized perpendicular to the scattering plane then the 

scattered light is 100% polarized perpendicular to the scattering plane: 

(2.16a) 

(2.16b) 

(2.16c) 



If the incident light is unpolarized then 

Is - Sll 10 = 4 k~ (1~12 + ISlI2) 10 

Os - S12 10 ... ! k~ (1~12 - ISlI2) 10 
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(2. I 7a) 

(2. 1 7b) 

(2.17c) 

These results are often used by atmospheric scientists to model scattered 

radiation in the atmosphere. In doing so. the particles are assumed to be spherical. 

have a known distribution of sizes. and have a known complex refractive index. 

Atmospheric problems differ from the theory discussed above in that the atmosphere 

contains numerous particles of different sizes that mayor may not be spherical. Often 

the situation arises where the particles are separated by more than three times the 

particle radius. Under such circumstances the scatter may be regarded as independent. 

so. the fields from different particles do not interfere (van de Hulst. p. 5. 1957). This 

implies incoherent scattering so intensities add. The resulting scattering intensity may 

be calculated by summing the scattered intensity from each individual particle. This 

assumption simplifies the problem immensely. and will be made to simplify the theory 

for scatter from contaminated mirrors. 

In studying the scatter from particulate contaminated mirrors. it is assumed that 

the particles are spherical. have a known complex refractive index. that the scatter is 

independent. and that the particles lie in a plane so that the scatter is not a propagating 

phenomenon. The BRDF due to a distribution of particles of diameter D. lying in a 

plane and suspended in a medium. is 
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BRDFuu (9) .. L f(O} 
k2cos(O) 

is (0. O} + iP (o.O} (2. I Sa) 
2 

D 

BRDFPP(O) - L f(O) 'P(D 0 k2cos(9) 1 .) (2.ISb) 

D 

BRDPS(9) .. L nO} 'S(D 0 k2cos(O) 1 .) (2.18c) 

D 

BRDFPS(9) .. BRDPP(O) ... O. (2.ISd) 

The particle density function f(D) is the number of particles per unit area with 

diameter O. The sum over f(O) yields the total number of particles per unit area. 

The above equations indicate the method of calculating the BRDF of particles 

lying in a plane and suspended in a medium. The reflecting mirror surface has yet to 

be considered. The model to which the data are compared has been used by Young 

(1976) and Nahm (1985). Young (1976) successfully predicts the scatter from a 

distribution of silver spheres on a mirror. In his work. two basic assumptions are 

made. First. it is assumed that the particles scatter radiation according to Mie theory. 

and do so independently. Second. the radiation scattered in the forward direction 

reflects from the mirror and does not interact again with the particle. Young's work 

indicates that the radiation scattered backward from the particle. and not incident upon 

the mirror. can be added incoherently to that scattered in the forward direction. Fig. 

2.3. This model is used in the present study. and the sum of the corresponding 

forward and backward components calculated from (2.1S) gives the BRDF: 



Backsaattered 
Radiation 

Forward 
~ Scattered 

Radiation 
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Fig. 2.3. Schematic diagram of the model used to predict the scatter from a particle on 
a mirror. The total scattered radiation due to the particle is the sum of the forward 
and the backward scattered radiation. 



BRDFPP (Os) = L k2~Os) (iP (D. Or) + iP (O.Ob» 

o 

BRDPS (Os) - L k2!los) (is (0. Or) + is (O.Ob» 

o 

o. 
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(2.19a) 

(2.19b) 

(2.19c) 

(2.19d) 

The subscripts f and b refer to forward and backward scatter. respectively. When the 

incident angle is taken as being positive and the angle from the surface normal to the 

specular beam defines the positive angular direction. then Of=8s-6o and Ob=180-6s-6o • 

Nahm (1985) compared Young's model against two other models for a mirror 

contaminated by O.984JLm diameter polystyrene spheres. In the phase difference model. 

an image sphere replaced the mirror. The backscatter from the real sphere and the 

forward scatter from the image sphere were added coherently. taking into account the 

phase difference (with respect to the sphere centers) between the two spheres. The total 

intensity was then given as the incoherent sum of the intensities from each real and 

imaginary pair of particles. The double interaction model also used an image sphere. 

but the spheres were illuminated by both the incident beam and by a beam which was 

first reflected from the mirror. In most cases. Young's model predicted the magnitude 

of scatter as well or better than the other models. and it always predicted the 

magnitude reasonably well. The dips in the scatter were not estimated well with 

respect to the scatter angle. However. if a distribution of sphere sizes were present. the 

dips should wash out and the model would predict the magnitude of scatter for all 
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scatter angles quite well. So. a distribution of polystyrene spheres dispersed on a 

mirror would be expected to be well approximated by Young's model. 

One of the goals in this study has been to model the scatter from dust 

contaminated mirrors. It will be seen that Young's simplistic model can reasonably 

predict the scatter from irregularly shaped dust particles on a mirror even though the 

particles are assumed to be spherical. The program used to calculate the scattering 

from contaminated optics is a modified version of Bohren and Huffman'S (Appendix A. 

1983) program for a homogeneous sphere suspended in a medium. and is given here in 

Appendix A. 
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CHAPTER 3 

INSTRUMENTA nON AND CONTAMINA nON CONTROL 

A well designed apparatus and contamination control are essential in the 

measurement of scattered radiation. The instrumentation and contamination control are 

discussed in this chapter. Two scatterometers have been used in this project: the 

cryogenic scatterometer (CRYOSCA n. and the laboratory workhorse scatterometer 

(AZSCA 1). CRYOSCA T is designed and constructed for the purpose of measuring the 

scatter from cryogenically cooled mirrors. Its design and calibration are discussed in 

sections 3.1 through 3.7. Section 3.8 gives a general description of AZSCA T. This 

instrument is used to make room temperature measurements that are compared with the 

cryogenic data. and to make the particulate contamination measurements. Section 3.8 

also discusses the efforts to control environmental contamination. 

3.1. General Description of the Cryogenic Scatterometer 

The optical arrangement and its position in the vacuum chamber are shown in 

Figs. 3.1 through 3.4. An unmodified. and therefore expanding. IO.6jLm laser beam 

passes through a chopper. operating at 5Hz. whose aluminized front side reflects the 

beam into a beam dump. The chopper and an electronic source-detector assembly 

generate a 5Hz reference signal for the lock-in. The beam passes through an iris 

which blocks some of the scattered radiation within the beam. The "cleaned" beam 

enters the vacuum collar by means of a barium-fluoride window and irradiates the 

sample located at the center of the vacuum collar. A sample of one to two inches in 

diameter may be used. and is oriented to give an angle of incidence of 45°. The 
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Fig. 3.1. Schematic diagram of the CRYOSCAT instrument. 
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Fig. 3.2. Block diagram of the CRYOSCA T instrument. 
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Fig. 3.3. Photograph of CRYOSCA T. 
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Fig. 3.4. Photograph of the inside of CRYOSCAT's vacuum collar. 
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illuminated sample area has a vertical dimension of 0.69cm and a horizontal dimension 

of 0.97cm (lIe'). intensity point). 

A pyrex-horn beam dump. located in port 3 of the vacuum collar. Fig. 3.1 .• 

dumps the specular beam. The radiation scattered from the sample is measured by ten 

pyroelectric detectors located within the vacuum collar. and at the following angles 

from the specular direction: 3. 5. 7. 9. 13.5. 19. 27. 38.5. 54.5. 82 degrees. These angles 

are chosen so that the data is nearly equally spaced when plotted on a logarithmic {3-{3o 

scale. 

The output voltage of each detector is sampled individually at different times 

during the measurement. The detector selection is made by a computer-interfaced 

multiplexer. The detector output signal is fed to a low-noise operational amplifier and 

then to a lock-in amplifier from which the computer reads the voltage. calculates the 

BRDF and stores the data on a floppy disk. 

The sample is mounted in an aluminum sample holder that is attached to the 

bottom of a cryogenic dewar. A platinum. resistive-type. surface-temperature sensor 

mounted on the sample's back monitors its temperature. When the dewar is filled with 

liquid nitrogen. the sample is cooled by conduction through the bottom of the dewar 

and the sample holder. A brass radiation shield that surrounds the sample and attaches 

to the bottom of the dewar assists in the sample's cooling process. The shield reduces 

the amount of radiation that the sample absorbs from the surrounding collar. 

A reference sample. or calibration sample. is situated directly in front of the 

sample and may be positioned in or out of the beam by a gear assembly controlled at 

port 6 of the vacuum collar. Fig. 3.1. The reference holder and gear assembly allow 

the insertion and removal of the reference sample without breaking the vacuum seal; 

hence. a reference measurement may be made at any time. 
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3.2. Vacuum System and Cryogenics 

A vacuum surrounding the sample is a necessary insulator. It insulates the 

sample from the surrounding 300K environment. and the detectors and electronics from 

the cold sample. 

In order for the vacuum to provide a sufficient insulation. a certain (low) 

pressure must be attained. The pressure may be thought of in terms of the "mean free 

path". which is the average distance a molecule travels before colliding with another 

molecule. The relation between the mean free path and the pressure is given by 

Guthrie (1965) for air: 

mean free path (cm) = 5 . 10-
3 

pressure (torr) 
(3.1) 

To obtain the required vacuum the mean free path of the molecules must be greater 

than the chambers largest dimension. 60cm. This equates to a pressure of less than 8.3 

.10-5 torr. which is easily obtained with the use of a diffusion pump. 

The laboratory had such a vacuum system available. This thirty year-old 

vacuum system consisted of a mechanical pump. diffusion pump and liquid nitrogen 

cold trap. The system was modified for the project and found to have backstreaming 

problems. O'Hanlon (1980) defined backstreaming as the transport of pumping fluid 

and its fractions from the pump to the chamber. The backstreaming was visually 

observable as oil on the cryogenically cooled sample. and by the oil that dripped from 

the cold-trap above the diffusion pump. This produced some very interesting BRDF 

measurements which will be presented later. 

Due to the bnckstreaming problems. a better pump was sought to meet the 

following specifications: sufficiently low backstreaming. short down-time for 

maintenance. vibrationless. within the budget. achieve pressures near 10-7 torr. and fit 
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in the existing vacuum cart. The first four of these were necessary requirements and 

the later two were preferred conditions. 

Five types of pumps were considered: sublimation pumps. sputter-ion pumps. 

cryopumps. turbo-molecular pumps and diffusion pumps. Implementing a sublimation 

pump would have been too expensive. The relatively high leak-rate in the system 

would have been too high for the low pumping speed of. a sputter-ion pump. 

Therefore. the primary focus was placed on the other three types of pumps. 

Cryopumps are very clean but have !>averal problems. The vibration in the 

compressor may affect the optics and the electronics used in the scatterometer. They 

require long maintenance times because they must be periodically returned to the 

manufacturer for regeneration: servicing. cleaning and bakeout. If the pump is filled 

with helium and there happens to be a power failure. which occurs frequently in 

Tucson. the pump will become contaminated and will have to be regenerated. Also. the 

vacuum system requires more sophisticated equipment. Thus. meeting the needs of a 

cryopump would be quite expensive and beyond the budget of the project. 

Turbo-molecular pumps. like the cryopumps. have vibration problems. but some 

have magnetically suspended rotating cylinders to reduce vibration. In any case. they 

must be returned to the manufacturer for servicing. Bearing life is the most critical 

item in regards to pump maintenance. If the pump operates at a low pressure 

continuously. the bearing life will be long. If the system is frequently opened to air. as 

will be the case for the scatterometer. the bearing life will be short. The long periods 

of down-time and the high cost do not satisfy the stated requirements. For these 

reasons the turbo-molecular pump is not suitable for the application at hand. 

Diffusion pump technology has improved over the years to a point that the 

amount of backstreaming oil can be minimal. It is also within the appropriate price 

range. is vibration free. requires simple maintenance which can be done in the lab with 
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a short down-time. and it has been around for a long time so its characteristics are 

well defined and understood. Representatives from vacuum companies and users of the 

various types of pumps also agree with this decision. There is a general agreement that 

cryopumps and' turbo-molecular pumps have too much vibration. are expensive to 

maintain. and require long down-times for maintenance. The decision to use a 

diffusion pump meant that good vacuum techniques were required to reduce the 

backstreaming. 

Backstreaming typically comes from both the mechanical pump and the diffusion 

pump. The largest organic contaminant in the chamber can be mechanical pump oil. 

but by using a trap above the mechanical pump the oil transport can be prevented or 

at least substantially reduced (O'Hanlon. p. 257. 1980). The Micromaze trap from Kurt 

J. Lesker Company was chosen for its effective trapping capabilities and its in-line 

bake-out capabilities. 

Much progress has been made over the last thirty years in the design of 

diffusion pumps. One major improvement has been the addition of a well designed 

water-cooled baffle immediately above the top jet of the pump. This reduced 

backstreaming by about 90-95% (Leybold-Heraeus. p. 24. 1985). Also. a better designed 

liquid nitrogen baffle reduced the backstreaming substantially. 

The Diffstak Series 160 (l60mm diameter) diffusion pump. with liquid nitrogen 

baffle. from Edwards High Vacuum. Inc .• satisfied the requirements mentioned above. 

Its backstreaming rate is specified to be less than 1O-7mg/cm2jmin (Edwards High 

Vacuum. Inc .• 1983) as measured at the pump inlet. 

To determine the effect of the pumps backstreaming. the number of oil 

monolayers formed on a surface. which in experiment may correspond to the sample. 

shall be calculated. A monolayer is defined as "the formation of a monomolecular or 

monatomic layer on a gas-free surface" (Leybold-Heraeus. p. 6. 1975). The goal is to 
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choose a pump that reduces the amount of contamination on the sample to an 

acceptable level. 

Since the backstreaming of the mechanical pump plus its trap is unknown. it is 

assumed that its backstreaming equals zero (even though this probably isn't true). This 

allows one to calculate the amount of contamination due solely to diffusion pump 

backstreaming. First. one assumes that no oil is present in the chamber at the start. 

and that the diffusion pump has been pumping on the chamber for some time. The 

backstreaming rate was given earlier as being less than IO-7mg/cm2/min. The system 

design is such that the chamber-ta-pump inlet distance is about one diffusion pump 

diameter. This reduces the backstreaming by a factor of about 20 (Hablanian. pp. 

167-168. 1979); so. the backstreaming rate into the chamber is actually 5.0' 

1O-9mg/cm2/min. For an inlet area of about 201cm2 and a pumping time of 48 hours 

(2880 min.) the mass of the backstreaming oil equals 2.9· 10-3mg. The molecular 

weight of the diffusion pump oil (DC705) is about 546gfmole (LaPelle. p. 12. 1972). 

Using these numbers and A vagadro's number. one finds that 3.19· 1015 oil molecules 

will enter the chamber. The area of a molecule is roughly 1.26 . 1O-15cm2 (4 angstrom 

diameter). so if the molecules spread themselves uniformly over a surface they will 

cover a total area of about 4.0cm2. Assuming that all of the oil molecules that enter 

the chamber stick to the sample. which will typically be larger than 7Tcm2• the 

maximum number of monolayers will be about 1.3 or an oil film 5.2 angstroms thick. 

This will not be detectable visually or under a typical microscope. 

The Diffstak diffusion pump was chosen based on this and the prior discussion. 

and the final vacuum system is shown schematically in Fig. 3.5. It utilizes a six inch 

diameter diffusion pump with a twa-stage rotary pump for roughing and backing. To 

reduce the backstreaming. the mechanical pump line has an in-line trap. and the 

diffusion pump contains a water-cooled baffle above its top jet. and above that a liquid 
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Fig. 3.5. Schematic diagram of the vacuum system. 

(1) mechanical pump. (2) mechanical pump trap. (3) mechanical pump bleed valve. (4) 
mechanical pump isolation valve. (5) backing/roughing/isolation valve. (6) foreline 
thermocouple. (7) diffusion pump. (8) water baffle. (9) liquid nitrogen trap. (10) liquid 
nitrogen reservoir. (11) butterfly high vacuum valve. (12) chamber bleed valve. (13) 
chamber thermocouple. (14) chamber ionization gauge. 
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nitrogen trap. A thermocouple (10-3 torr to I torr) monitors the foreline pressure. and 

the chamber pressure is monitored by a thermocouple and an ionization gauge (10-9 torr 

to 10-3 torr). A pressure of 10-llorr is typically achieved. 

In addition to good pumps and traps. good pumping procedures must be 

followed. When roughing the chamber. the pressure must never fall below 0.15 torr 

(O'HanIon 1980. pp.257-264). Below this. the backstreaming from the mechanical pump 

increases rapidly. In fact. it can increase by as much as two orders of magnitude 

(Hablanian 1979. PP. 168-173). According to the Diffstak instruction manual (Edwards 

High Vacuum. Inc .• 1981) the chamber should be roughed to at least 0.3 torr before the 

Diffstak high-vacuum valve is opened. Therefore. the chamber should be roughed to a 

pressure between 0.15-0.3 torr. 

The diffusion pump can be opened to the system after the proper steps have 

been taken to turn it on. and after the chamber has been roughed appropriately. Most 

of the diffusion pump backstreaming occurs when it is first opened to the chamber 

(Hablanian 1979. pp. 168-173). The corresponding pressures are between 10-3 and 10-1 

torr. In this range. the backstreaming from the diffusion pump may be as much as one 

and one-half orders of magnitude larger than its normal operating status; therefore. one 

must open the high vacuum valve quickly to minimize backstreaming. If this causes 

the top jet of the diffusion pump to stall. the top jet will recover and the overall 

backstreaming will still be lower (O'Hanlon 1980. pp. 257-264). However. one should 

be certain that the backing pressure remains below the specified 0.5 torr required for 

the Diffstak. because if it doesn't. the backstreaming will be even worse (Hablanian 

1979. pp. 168-173). The procedures described here are essential and are followed 

throughout the experiments. 

The scatter measurements take place within the vacuum collar. Fig. 3.6. 

Various items. like th~ detectors and sample. are situated on or within the collar. The 
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Fig. 3.6. Cut-away diagram of the sample. dewar. and detector placement. 



58 

collar is about 60cm in diameter and about 20cm in height. and was purchased from 

Cooke Vacuum Products. It has eight ports available for vacuum-ta-Iab interface. Fig. 

3.1. The optics port. port 1. allows the beam to enter the collar. It consists of a 

window that is highly transmissive at 10.6J,Lm and in the visible. Moving in the 

counter-clockwise direction the next port. port 2. is used for alignment. Port 3 consists 

of a Pyrex beam dump that is shaped like a cornucopia so that any specularly reflected 

beam within the dump passes further into the dump to be absorbed later. Port 4 is 

unused and also proves useful for alignment. Port 5 contains a thermocouple to 

measure the chamber pressure (l0-3torr-Horr). Port 6 contains a gear assembly for the 

mechanical insertion of a reference sample. Port 7 contains an ionization gauge to 

measure the chamber's lower pressures (10-9 torr to 10-3 torr). 

The contamination crank shown in port 8 was installed for the following 

reason. At the pressures of interest. the system would be in the molecular flow regime 

(OHanlon. 1980), meaning that the molecular collisions with the walls and obstacles in 

the chamber dominated those with other molecules. This made for a somewhat random 

molecular motion in such a large chamber. Since the cold sample would act as a 

cryotrap, having a high sticking coefficient for incident molecules. it was thought that 

positioning a shield in front of the cold sample would reduce the number of molecules 

incident on it; thus, sticking to and contaminating the sample. The contamination crank 

raised and lowered the shield which blocked many of the randomly flowing molecules 

that would normally strike the sample. Experiments were performed with and without 

this shield, and no differences were observed in the scatter measurements or when 

inspected visually, or under a microscope. But. to avoid potential contamination 

problems. the shield was used for most of the uncontaminated measurements presented 

in this paper. 
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An aluminum plate (top plate) closes off the top of the collar. Fig. 3.6. The 

plate has a hole in its center which allows for the insertion of a cryogenic liquid 

nitrogen dewar (Infrared Laboratories Inc.. Model J\TD-2) that is about five inches in 

diameter. A sample is mounted in an aluminum sample holder which affixes to the 

bottom of the dewar. When in position. the sample hangs down at the center of the 

collar. Surrounding the sample. and also attached to the dewar. is a brass cold shield. 

Fig. 3.6. The cold shield assists in the sample cooling by reducing the amount of 

background radiation on the sample. When the chamber is evacuated and the dewar 

filled with liquid nitrogen. the sample and the cold shield are cooled by conduction 

through the dewar base. Finally. the sample temperature is measured with a platinum. 

resistance type. surface-temperature sensor which is mechanically mounted on the back 

of the sample. 

In selecting the window for the optics port. several specifications had to be met. 

First. the window had to be highly transmissive at 1O.6/Lm and not be affected by the 

intense laser beam. This meant that the index matching to air had to be good. A large 

diameter window was desired for the option of future modifications and so that 

diffraction from it would not affect the measurements. The thickness had to be such 

that it could withstand the pressure differential between the vacuum chamber and the 

atmosphere. and it had to be a low scatterer so that additional scatter would not be 

introduced to the measurements. 

Two windows which meet the transmission and high intensity requirements are 

Zinc Selenide. ZnSe. (coated for 1O.6/Lm) and Barium Fluoride. BaF2• Both materials 

have advantages. The transmission of znSe (coated for 10.6/Lm) is greater than 90% and 

that of BaF2 is 94%. The scattering properties of ZnSe are well known and very good. 

those of BaF2 are not known. A BaF2 window costs much less than one made of ZnSe. 
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and it allows the option of performing visible measurements because its high 

transmission region extends down to about 0.3/Lm. 

The necessary window thickness is determined by the modulus of rupture. or 

plastic deformation. Fa. which is "the maximum fiber stress corresponding to the point 

on the load-deflection curve at which the rate of deformation is 50 greater than the 

initial rate" (Harshaw. 1967). Harshaw (1%7) gives the maximum stress in a uniformly 

loaded circular plate 

KIYP 
Smax = 4 f~ ; in psi (3.2) 

where K = a constant depending on the method of window support 

D = the support diameter 

P = the load per unit area, (psi) 

t = the window thickness 

Using K=1.12 and a safety factor of four so that Smax<f'a/4. (3.4) may be rearranged to 

give the minimum window thickness necessary to avoid plastic deformation (Harshaw. 

1%7): 

t> 1.06 J ~ D (3.3) 

Since the pressure differential causes the window to bow. the window thickness 

must be sufficient so that aberrations are not introduced. Eastman Kodak Co. (1971) 

gives the amount of deflection. d. at the plate's center: 
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I/S 

t> [5 P 04] 
96 Ed 

(3.4) 

where E is the modulus of elasticity. for which Young's modulus is typically used. 

Young's modulus is given by Wolfe and Zissis (1978) as 7.70· I06psi for barium 

fluoride and 9.75' 106psi for zinc selenide. and the modUlUS of rupture is given by 

Unique Optics (1979) as 3.9' 103psi for barium fluoride and 8.S· 103psi for zinc 

selenide. Using these values. P=15psi. and equations (3.3) and (3.4). Tables 3.1 and 3.2 

are constructed for barium fluoride and zinc selenide respectively. The first column in 

each table gives various window diameters. and the second column gives the minimum 

window thickness required to prevent plastic deformation. The third column gives the 

rounded-up value of column two and the final column gives the window deflection at 

its center for the given rounded-up thicknesses. 

The beam strikes the window at nearly normal incidence so any deflection in 

the window introduces aberrations; hence. a small value of d is desired. If x is the 

radius of the window then the sag. r. of the window is x2/2d. which is the inverse of 

the center of curvature of the window. With good index matching between the air and 

the window. and a deflection of less than A. the power. cf>=(n'-n)(1/r). of each surface is 

negligibly small; hence. the aberrations are negligible. A deflection of less than A is 

clearly sufficient. 

A 50.8mm diameter and S.Omm thick window of each material were purchased 

and tested. and the advantages of the BaF2 window were found to outweigh those for 

ZnSe. 



Table 3.1. Window dimensions for BaF2• 

Diameter 
(mm) 

25.4 

38.1 

50.8 

Minimum 
Thickness 

(mm) 

1.67 

2.50 

3.34 

Rounded-Up 
Thickness 

(mm) 

2.0 

3.0 

4.0 

Table 3.2. Window dimensions for ZnSe. 

Diameter 
(mm) 

25.4 

38.1 

50.8 

Minimum 
Thickness 

(mm) 

1.13 

1.70 

2.26 

Rounded-Up 
Thickness 

(mm) 

2.0 

2.0 

3.0 

Deflection 
(jLm) 

5.28 

7.92 

10.6 

Deflection 
(jLm) 

4.17 

21.1 

19.8 

62 
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3.3. Laser Source and Beam propagation 

Prior experience with laser model SI-5500-P-T from LaserSonics lead to its 

selection. Use of these lasers in the lab has met with much success: long lifetime. 

stability over many hours of use. output power near rated power. and good customer 

support. A few of the laser's relevant specifications are (LaserSonics. 1984): 

Rated Power = 5.5 Watts 

Operating Wavelength = 10.6 p.m. single line 

Beam Diameter (l/e'- point) = 1.5 mm 

Beam divergence (half angle) = 4.4 mrad. 

Polarization = Vertical 

Amplitude Stability = ±2% (several hours and aT < 6°F) 

= ±l % (one hour and aT < 6°F) 

The existing room temperature BRDF instrument present in the lab (AZSeA T). 

and other scatterometers recently built here illuminate the sample with a converging 

beam for the purpose of measuring near specular scatter. Since this is not a criterion. 

an unmodified beam may be adequate. Scatter measurements at angles greater that 5° 

from specular are desired. and the beam must illuminate some minimum area on the 

sample in order to average over many periods of the surface spatial frequencies. The 

surface circular spatial frequency is given as 21l'/d=(21l'/h)lsin9s -sin9o l. Using 

-42°~9sS;42° as the range of scattering angles and an incident angle of 90=45°. the 

measurable values of d at 1O.6p.m are 279p.m<d<7.7p.m. To average over many periods. 

say 10. of the corresponding spatial frequencies. the beam radius incident on the sample 

must be at least O.279cm. With these restrictions in mind a theoretical approach to the 

design follows. 

The laser operates in the TEMoo mode. so its output consists of spherical waves 

with a gaussian variation in amplitude across the wavefront. The normalized electric 
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field distribution for a diverging wave travelling in the z-direction is (Siegman. 1971) 

(3.5) 

where r .. x2+y2. A is the laser output wavelength. PI is the total laser output power. and 

w(z) is the beam radius defined by the lIe field point. The first term enclosed by 

parenthesis is a normalization factor. The second term enclosed by parenthesis is the 

gaussian amplitude distribution in the (x.y) plane with beam size W(Z~woJ 1+(Az/7fW~yi. 

where Wo is the minimum beam radius. The final term in parenthesis represents a 

spherical wave of radius R. The irradiance is then given by 

2P E(r) = \u(r)\2 = I e-2~/w2(z) 
7f w2(z) (3.6) 

and for large z 

[
W(Z) - woJ w(z) = Wo + Z = Wo + z . tane (3.7) 

where e is the beam's half-angle of divergence. Fig. 3.7. This becomes w(z)=wo+ze for 

small e. Substituting the specified values of Wo and e into this equation yields: 

w(z) = 0.075 em + (4.4 mrad) z ; (z is in em) (3.8) 

A distance of z=61cm is chosen for the design because it yields a sample 

illumination spot large enough to average over the desired number of surface spatial 

frequencies. Also. the beam divergence is small enough to allow the near specular 
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Fig. 3.7. Laser beam divergence. 
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measurements to be made. This design yields a sample illumination radius of about 

5.0mm in the horizontal direction and about 3.5mm in the vertical direction. 

The remaining question concerning the unmodified beam is whether or not a 

measurement at 5° from specular can be made. The detectors lie approximately 90cm 

from the laser; so. using half of the laser power. due to chopping and lock-in detection 

(to be discussed later). (3.6) becomes 

E(r) ... 7.89 e-9.or2 W 
cm2 ;risincm (3.9) 

At 5° off specular the irradiance equals 1.2 . 10-24 W /cm2 and at 3° it equals 9.66 . 

10-9 W /cm2• To make a scatter measurement. one prefers that the sample's scattered 

power incident on the detector be greater than the beam's power incident on the 

detector. Averaging the beam's power over a detector located at 3° off specular. the 

incident beam power is calculated to be 3.0 . 1O-10W. The scattered power incident on 

the detector is given by (Wolfe and Zissis. 1978) 

(3.10) 

Since the detectors are aligned to look directly at the illuminated spot on the sample. 0d 

equals zero and (3.10) becomes 

(3.11) 

(3.12) 
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where E is the incident irradiance on the sample and Po is the laser power incident 

upon the sample. From measurements made on ALSeA T one can state that the 

expected minimum BRDF at 3° from specular is about 10-4sr-1. Using this. Po=2.75W. 

a detector radius of O.lcm (given in section 3.4). Bmax=42°, and rs=28.9cm. the minimum 

power scattered onto a detector at 3° off specular is 7.7' 1 0-9W. This is 25 times 

larger than the beam's incident power; hence. a scatter measurement at 3° from specular 

is achievable. The scattered power, corresponding to a BRDF of 1O-4sr-1. incident on 

the detector is equal to the beam's incident power at 2.75° off specular; so, 3° is the 

integer limit of this design. 

The results given here indicate that an unmodified beam is more than adequate 

for the experimental goals of the instrument. In addition. there are the following 

advantages over using a converging beam: it is less expensive. easier to align. it won't 

add scattering due to additional optics, and a high intensity beam won't have to be 

dumped. 

3.4. Detectors 

In choosing an appropriate detector. several requirements have to be considered. 

The detectors must be small in order to be spaced closely inside the collar. and to make 

the radiometric approximation that the sample to detector distance is more than twenty 

times the dimension of the detector. Secondly. since the detectors are to be enclosed 

within the vacuum. it is preferred that they not require cooling. Finally, they must be 

able to measure BRDF's of about 10-5sr-1; that is. they must have a noise equivalent 

BRDF (NEBRDF) near 1O-5sr-1. 

The detector chosen is the Eltec single element pyroelectric IR detector with 

source follower (Model 406-5). The detector consists of a Lithium Tantalate sensing 

wafer (l mm radius) and a JFET source follower sealed into a standard TO-5 housing 

with a silicon window. The window limits the incident radiation to the 1.2J.Lm-15J.Lm 
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waveband which reduces the amount of background noise detected. A few of the 

important detector specifications are given below. where ~Bandwidth (Eltec 

Instruments. Inc.. 1978 and 1985): 

. Sensor Radius = I mm 

. Voltage Responsivity (5 Hz) - 376 V /W 

NEP (10.6 fJ.m. 5 Hz. B = 1 Hz) = 5.6 . 10-10 W 

D* (10.6 fJ.m. 5 Hz. B = I Hz) = 3.02' 108 cm ..Jffi./W 

These values are determined using the data for Eltec's AR-coated germanium 1O.6tLm 

window at 10Hz. and then scaling appropriately for a frequency of 5Hz and for the 

difference in transmission of the silicon window. 

The detector meets the first two requirements of size and ease of use. leaving 

only the NEBRDF to be determined. The scattered power incident on the detector is 

given in (3.12) as 

cp BRDF Po Ad cases 
det .. r 2 

s 
(3.13) 

and the detector sensitivity is given by (Wolfe and Zissis. 1978): 

D* .JA B D .jAB SNR .JAB 
... "NEp· cp 

det 
(3.14) 

Using (3.13). (3.14). and the definition of NEBRDF. it is found that 

NEBRDF = rs 
2 

.JB 
0* Po ~ cases 

(3.15) 

Using the values rs=28.9cm. B=IHz. Po=2.75W. es max=37°. and the appropriate detector 
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parameters. one finds that the NEBRDF equals 7.1 . IO-6sr-l; thus. the detector noise is 

sufficiently low to measure BRDF's below 1O-5S,I, hence meeting the final detector 

requirement. 

Fig. 3.8 shows the housing for the detector and detector electronics. The 

narrow design allows the detectors to be spaced closely. The detector electronics are 

enclosed in an aluminum housing and on top of it sits a brass housing for the detector. 

The circular aperture in front of the detector allows. if necessary. the insertion of a 

baffle as shown in the figure. The unvignetted field of view. Fig. 3.9. is given by 

h = D + ~ (D - d) (3.16) 

and the vignetted field of view given by 

h' .. D + ~ (D + d) (3.17) 

where hand h' are the radius of the unvignetted field of view and the radius of the 

vignetted field of view in the sample plane. respectively. R is the baffle length. r is 

the baffle to sample distance. D is the baffle radius and d is the detector radius. Early 

tests determined that additional baffling is not necessary for most of the detectors. So. 

only the detector housing limits the detector field of view. With d=lmm. D=2.794mm. 

r-277.6mm. and R-1l.3mm the unvignetted field of view equals 46.87mm and the 

vignetted field of view equals 96.00mm; hence. the unvignetted field of view easily 

encompasses the entire illuminated sample area which has a maximum radius of only 

4.86mm. Baffles are used on a few detectors near the specular beam and at the 

detector farthest from specular to reduce stray light. Their baffle dimensions are 

determined experimentally. 
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The design of the detector housing limits the minimum detector spacing to 20. 

and ten scatter angles are determined to be sufficiently representative of a good scatter 

curve. Equal spacing of data on a 10g(J3-f30) axis is desired. so the following scatter 

angles from specular are chosen: 3D
• 5°. 7°, 90• 13.5°. 19°, 27°, 36.5°, 54.50, 82°. 

3.5. Electronics 

3.5.1. Signal Electronics 

Fig. 3.10 shows the detector's electronic circuit with a gain of eleven. 

Pyroelectric detectors detect changes in temperature, or similarly, changes in the 

incident radiation. Therefore, a chopper modulates the radiation incident on the 

sample, and the modulated detector output signal is used in combination with a lock-in 

amplifier to eliminate background noise. 

The lock-in amplifier is model 5207 from EG & G Princeton Applied Research. 

It is programmable, comes with an RS232C interface. and has full-scale sensitivity 

settings from lILY to 5Y rms. 

A temporal convolution of the chopper blade and the beam shape form the 

chopped waveform incident on the detectors. The temporal beam shape may be 

modified by selecting different blade shapes and sizes. The initial design utilizes a 

15Hz chopping frequency because it nearly maximizes the detector responsivity. To 

suit this design, a 30 rpm motor is purchased from Hurst MFG. Corporation and 

chopper blades from Scitec. 

A source-detector assembly located on the chopper generates the lock-in 

reference signal. The chopper blade passes between the source and the detector 

producing an electronic signal at the same frequency as the modulated laser beam. Fig. 

3.11 shows the reference signal's electronic circuit. whose output. or reference input to 

the lock-in. is a square wave bounded by approximately ±O.5Y. 
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Fig. 3.10. Detector electronics circuit. 

All - Burr-Brown OPAlll 
CII - I ILF. 100 V. mylar 
Cl2 - 15 p.F. 20 V. electrolytic 
C13 - 15 p.F. 20 V. electrolytic 

Rll - 4.99 Kn. 1%. 1/8 Watt 
RI2 - 1.0 Mn. 1%. 1/8 Watt 
RI3 - 4.99 Kn. 1%. 1/8 Watt 
R14 - 49.9 Kn. 1%. 1/8 Watt 
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Fig. 3.11. Reference signal electronic circuit. 

All - 741 
D11 - IN4148 
D12 - IN4148 
Rl1 - 330 f2. 3%. 1/4 Watt 
R12 - 1 Kf2. 3%. 1/4 Watt 

R13 - 4.7 Kf2. 3%. 1/4 Watt 
R14 - 4.7 KG. 3%. 1/4 Watt 
R15 - 2.2 KG. 3%. 1/4 Watt 
SOli - Source-Detector: TILl45 
VRll - +5 V Voltage Regulator: 78L05 
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With this design. large phase differences were observed from one detector to 

another. and often very small signals resulted. After much experimenting. the op-amps 

were determined to be the source of the problem. and the dilemma was solved by 

reducing the operating frequency to 5Hz. Modifications were made by simply 

replacing the 30 blade chopper wheel with a 10 blade wheel and having EO & 0 

Princeton Applied Research install a O.5Hz low-limit pass band in the lock-in 

amplifier. 

A power meter was designed and built to eliminate laser power fluctuations by 

implementing the lock-in ratio mode. Prior to its incorporation. the laser power was 

measured and monitored. and the ratio of the laser noise (power fluctuations) to the 

mean laser output power was calculated to be a/po ~ 3.74· 10-6. Clearly. the laser 

power fluctuation was insignificant. eliminating the need for the power meter. 

Therefore. the power meter would serve only as a beam dump. 

3.5.2. Controller Electronics 

With the exception of the vacuum system, insertion of the reference. and the 

temperature measurement, the BRDF measurement is controlled by an IBM PC-XT 

computer. The computer controls the lock-in amplifier. selects the detector of its 

choice. computes the BRDF. displays information pertinent to the measurement, displays 

a graph of the data. and runs a routine which makes hard-copy plots of the data on a 

Hewlett Packard 7470A plotter. 

An RS232C interface controls the lock-in amplifier. Table 3.3 shows the 

interface pin-out. To insure nearly independent voltage measurements. a voltage 

reading is taken only once every lock-in time constant. Thus, the speed of the 

computer-to-lock-in communication lacks importance, and the communication is 

performed with the use of a polling loop. Table 3.4 gives the BASIC program used in 

the communication. 
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Table 3.3. RS232C Interface Pinout. 

Lock-in Computer 
Pin Line Type Pin Line Type 

Chassis Ground Chassis Ground 

2 Transmit Data 3 Receive Data 

3 Receive Data 2 Transmit Data 

4 Request to Send 5 Clear to Send 

5 Clear to Send 4 Request to Send 

6 Unused 6 Unused 

7 Logic Ground 7 Logic Ground 

8-25 Unused 8-25 Unused 
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Table 3.4. Lock-in Communication Program. 

10 ON COMO) GOSUB 100 
20 L$". "L #" ;"L #" = LOCK-IN COMMAND 
30 COM(l) ON . ;ENABLFS COMMUNICATION 
40 A = 0 ;FLAG 
50 PRINT#1.L$ ;SENDS LOCK-IN COMMAND 
60 WHILE A=O:GOTO 60:WEND ;WAIT FOR LOCK-IN RESPONSE 
70 L = VAL( A ) ;NUMERIC VALUE OF OUTPUT 
80 CONTINUE MAIN PROGRAM EXECUTION 

100 WHILE NOT EOF(I) ;READ ALL DATA FROM LOCK
IN 

110 A$ ... INPUT$(LOC(l). # I) 
120 WEND 
130 COM(l) OFF 
140 A ... 1 
150 RE11JRN 

;LOCK-IN OUTPUT 

;DISABLFS COMMUNICATION 
;FLAG 
;RETURN TO MAIN PROGRAM 
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Table 3.5. MUltiplexer (Burr-Brown MPCI6S) Truth Table. 

Enable "On Channel" 

x X X X L NONE 

L L L L H 

L L L H H 2 

L L H L H 3 

L L H H H 4 

L H L L H 5 

L H L H H 6 

L H H L H 7 

L H H H H 8 

H L L L H 9 

H L L H H 10 
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The detector selection process uses two additional components: a Burr-Brown 

MPCl6S monolithic 16-channel analog multiplexer and a MetraByte Corporation's 24 bit 

parallel digital I/O interface model number PIOI2. which provides the computer 

interface. The multiplexer (MUX) truth table is given in Table 3.5. As the 

appropriate address lines (AO -A3) are pulled high or low the MUX acts as a switch. 

selecting the detector input to be transmitted to the MUX output. 

The 24 bit parallel interface card consists of three eight-bit ports: PA. PB. and 

Pc. They may be configured as input or output ports via software control. For the 

set-up at hand only the PA port (PAO - PA7) is necessary because only four lines 

(PAO-PA3) are required to select anyone of the ten detectors. Fig. 3.12. The computer 

output sent through the interface card to the MUX determines the detector voltage to be 

read according to the MUX truth table. 

The port assignments for the parallel interface card are: 

port 256: 8 bit PA port 

port 257: 8 bit PB port 

port 258: two 4 bit PC ports 

port 259: control port 

For simplicity. all of the ports are initialized as output ports; but only the PA port is 

used. The software initialization instruction in BASIC is OUT 259.128. and the 

detectors are chosen by OUT 256.N. where N is the detector number from which a 

measurement is desired. 

An outline of the computer program functions is as follows: 

1. The screen display. graph. and text are set up. 

2. Information pertinent to the measurement is entered via keyboard entries. 

3. The lock-in. communication ports. and a few constants are initialized. 

4. The reference (gold sandpaper) signal is measured for each detector. 
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Fig. 3.12. Multiplexer (Burr-Brown MPCI6S) interface. 

Rll - 10 kn SIP Pullups VRII - +5 V Voltage Regulator: LM78L05 



5. The sample signal is measured for each detector. 

6. The reference (gold sandpaper) signal is measured for each detector. 

7. The two reference signals are averaged. 

8. The BRDF is calculated. 

9. The BRDF is plotted vs. f3 - f30 on the computer display. 

10. The data is saved on disk. 
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The screen display includes: sample identification (keyboard input). angle of 

incidence. wavelength. date (keyboard input). operator (keyboard input). sample 

temperature (keyboard input). file name (keyboard input). chamber pressure (keyboard 

input). a table of detector angles. f3-f3o values. and measured voltages. and a graph of the 

measured data. 

The lock-in is initialized for a gain of 2.5. a one second time constant with a 

12 dB per octave rolloff rate. and a sensitivity setting of 500m V. The bandwidth is 

given as 8=1/(8· time constant) (EG&G Brookdeal Electronics Princeton Applied 

Research. 1985) which equals 0.125Hz for a one second time constant. 

In measuring the scatter from the sample and the reference. the same 

measurement procedure is followed for each detector. A detector is selected. and a 

time delay of fourteen time constants allows the lock-in to settle. The fourteen-time

constant delay consists of a twelve-time-constant delay for the "time constant delay" and 

a two time constant delay for the "signal overload delay" (EG&G Brookdeal Electronics 

Princeton Applied Research. 1985). The computer reads the voltage and sensitivity 

from the lock-in. A voltage less than 25% full-scale. or more than 80% full-scale. 

causes the sensitivity to be incremented or decremented appropriately. This step 

repeats until the voltage falls between 25% and 80% of the full scale setting. One 

voltage reading determines the SNR. If a SNR of less than twenty is observed. the 

lock-in time constant increases to three seconds (B=1/24Hz=O.04167Hz) and the number 



82 

of sampled voltages is adjusted to maintain a SNR of at least 15. The minimum 

number of sampled voltages is five. The required number of sampled values is easily 

determined since the SNR goes as the square-root of the number of independent 

sampled values. A fourteen time constant delay allows the lock-in to stabilize 

following every modification of a lock-in function. Once the sensitivity. time constant. 

and number of sampled values are appropriately set. the system is ready for 

measurement. The voltage is sampled once every time constant to assure that the 

readings are nearly independent. These voltages are averaged to give the average 

measured voltage. Then. the next detector is selected by software and the measurement 

routine is performed again. This procedure continues until a voltage has been 

measured for each detector. 

3.6. The BRDF in Terms of Measurable Quantities and Calibration 

Chapter 2 defines the BRDF as the ratio of differential reflected radiance to the 

differential incident irradiance. dL/dE. Writing the BRDF in terms of measurable 

quantities requires the elimination of the differential quantities. Thus. an approximate 

solution of the form 

(3.18) 

is sought. 

The design of the cryogenic scatterometer utilizes in-plane measurements. so 

rps=¢o..JJ. If Ao is the uniformly illuminated area of the scatterer. the power incident 

on the scatterer is: 

(3.19) 

--------- ---
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If a sufficiently large detector replaces the scatterer. the irradiance on the scatterer may 

be measured: 

E (6) Vo(Oo) 
o 0 = R A 

o 
(3.20) 

where R (volts/watt) is the detector responsivity. and V 0 is the detector output voltage 

corresponding to the irradiance incident upon the scatterer. 

The differential scattered power incident on the detector is given by (Wolfe and 

Zissis. 1978) 

(3.21) 

where L(0s'¢s) is the radiance scattered from the sample. dAo is the differential 

illuminated sample area. dAd is the differential detector area. Os is the angle between 

the sample normal and the line connecting the sample and detector. and 6d is the angle 

between the detector normal and the line connecting the detector and the sample. In 

general. when rs is about 10 to 20 times the greatest dimension of the detector and 

illuminated sample area, roughly a 1% error occurs when the differentials in (3.21) are 

ignored (Wyatt 1978. p. 44). Using this approximation and ¢5=O' the detector output 

voltage due to the scattered radiation incident on the detector is given by 

(3.22) 

where the detector solid angle is nd={Ad cosOd)/(r;). Rearranging (3.22) one gets 



84 

(3.23) 

Substituting (3.20) and (3.23) into (3.18) one arrives at 

(3.24) 

Hence. the BRDF equates to measurable quantities. and one must now determine the 

method of calibration. 

Three types of calibration methods are considered: the no-reference method. the 

single-reference method, and the self-referencing method. The no-reference method 

uses no reference sample. By shining the laser beam directly onto a detector. the total 

power incident upon the sample may be measured. One then calculates the BRDF by 

comparing the scattered power and the incident power. The no-reference method 

depends heavily on the accuracy in measuring the incident power, the calibration of 

attenuators necessary to reduce the incident power below the detector saturation point. 

and the power fluctuations of the source. This method is very impractical and 

difficult to implement in CRYOSCA T. In addition. each detector has to be calibrated 

versus AZSCA T to account for the variations in geometrical placement and responsivity 

for each detector. 

The other two methods involve the use of a reference sample. By replacing the 

scatterer with a reference sample, the BRDF of this reference sample may be measured: 

(3.25) 

where Vr is the detected signal due to scattered radiation from the reference sample 

and 6sr is the scattering angle as measured from the normal to the reference sample 



surface. The ratio of the sample BRDF and the reference BRDF yields 

BRDF Vstva Od cosOs 
BRDFr = Vr/Va 0d cosBsr 

8S 

(3.26) 

(3.27) 

Hence, the sample BRDF is expressed in terms of the reference sample BRDF, the 

reference signal, the sample signal, and the scatter angles associated with the sample 

and the reference. 

In the single-reference method, a reference measurement is taken at one scatter 

angle, and the BRDF is calculated using (3.27). Only the detector which made the 

reference measurement is calibrated; so, a calibration factor which takes into account 

the geometrical variations in the placement of the detectors and the responsivity 

variations from detector to detector must be included in (3.27). This calibration factor 

is determined by comparing data obtained on CRYOSCA T to that on AZSCA T. This 

is not an efficient method because of the geometrical changes in assembling and 

disassembling, and because replaced detectors have to be calibrated against AZSCA T. 

Also, detector responsivities have to be monitored for changes so that recalibrations may 

be made if necessary. 

The self-referencing method does not have these dependencies. Like the single 

reference method it compares the scattered signal to a signal produced by the reference 

sample. A reference signal is measured for each detector and then compared with the 

sample signal. This method recalibrates each detector for each measurement, and 

eliminates the geometrical and responsivity dependencies. In this case, the BRDF 

simplifies to 
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BRDF = BRDFr [~;] (3.28) 

Stuhlinger. Dereniak and Bartell (1981) showed that a gold film deposition on 

600 grit emery cloth is nearly Lambertian at X.I0.6pm. A Lambertian surface has a 

constant BRDF of pITT for all scattering angles (see Appendix B). where p is the 

hemispherical reflectivity. So. a perfectly Lambertian reference measured in the same 

plane as the sample yields a sample BRDF of 

BRDF = [;] [~;] (3.29) 

Due to the mechanical constraints of the system. the reference is not measured in the 

same plane as the sample. The distance between the reference sample and the position 

of the sample is approximately t=O.3175cm. Fig. 3.13 shows that the detector solid 

angle at the sample does not equal the detector solid angle at the reference; thus. the 

BRDF becomes 

(3.30) 

where esr is the angle between the reference normal and the line connecting the 

reference and the detector. edr is the angle between the detector normal and the line 

connecting the reference and the detector and Rr is the distance from the reference to 

the detector. Clearly. esr • edr • and Rr are different for each detector. and their values 

may be determined from the Law of Cosines and the Law of Sines: 
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Fig. 3.13. Sample and reference geometry. 
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2 

Rr 2 
= R2 + [CO:450 ] - 2 R [CO:450 ] cos(45° + as) (3.31) 

(3.32) 

(3.33) 

Using (3.31). (3.32). and (3.33). the term in square br~ckets in (3.30) may be determined 

for each detector. as shown in column 4 in Table 3.6. The BRDF may be rewritten as 

(3.34) 

where C is the calibration term due to measuring the reference in a plane different 

from the sample. and the calibration of the non-Lambertian characteristics of the 

reference sample. The expected BRDF of gold-sandpaper is determined by measuring 

the BRDF of several gold sandpaper references on A'ZJ5CA T. and averaging their 

BRDF's at the corresponding angles. The non-Lambertian factors obtained for the 

various angles of scatter are given in column 5 of Table 3.6. The last column in Table 

3.6 gives the final calibration constant. C. which is simply the product of the two 

calibration terms given in columns 4 and 5. CRYOSCA T uses (3.34) to calculate the 

BRDF. Further calibration is performed by comparing room temperature measurements 

made on CRYOSCAT to those made on A'ZJ5CAT. 



as 
(deg) 

42.0 

40.0 

38.0 

36.0 

31.5 

26.0 

18.0 

6.5 

-9.5 

-37.0 

Table 3.6. The Calibration Constants for BRDF. 

a 
(deg) 

3.0 

5.0 

7.0 

9.0 

13.5 

19.0 

27.0 

38.5 

54.5 

82.0 

{3-{3o 

0.038 

0.064 

0.091 

0.119 

0.185 

0.269 

0.398 

0.594 

0.872 

1.309 

Calib. 
Constant 
Due to 
Different 
Planes 

0.987 

0.989 

0.991 

0.993 

0.997 

1.002 

1.009 

1.018 

1.027 

1.033 

Calib. 
Constant 
Due to 
Lambertian 
Reference 

1.166 

1.166 

1.134 

1.101 

1.036 

0.972 

1.004 

0.874 

0.745 

0.713 

Final 
Calib. 
Constant 

1.15 

1.15 

1.12 

1.09 

1.03 

0.97 

1.01 

0.89 

0.77 

0.74 
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3.7. Speckle Noise 

Speckle is the random distribution of intensity when a coherent beam interacts 

with a rough surface. in this case. the reference sample. The rough surface causes a 

random phase to be superimposed on the impinging coherent wavefront. The detector 

or sample illumination area must. therefore. be large enough to average over many 

speckles in order to yield a sufficiently large speckle signal-to-noise ratio. Since 

speckle averaging leads to a chi-square probability density distribution of the speckle 

pattern intensity (Frieden. 1983). the SNR of the pattern equals the square-root of the 

number of speckles that the detector averages. Appendix C shows that the speckle 

radius. s. is given by 

s - (3.35) 

where Do is the diameter of the sample's illuminated area at normal incidence (the 

equation still holds for non-normal incidence) and r 5 is the sample to detector distance. 

With a detector area of 7Tmm2 the number of speckles that the detector averages equals 

[ 
D )2 n = 1T 0 

1.22 A rs 

(3.36) 

where Do. A and rs are in millimeters. Substituting in A=1O.6 . 1O-3mm• rs=289mm and 

Do·3.Smm one finds that n .,. 2.76. This corresponds to a SNR of only 1.66. 

The cryogenic scatterometer normally measures mirror samples which do not 

experience speckle noise problems. but the rough reference sample does. Speckle is 

apparent in the measurements. so two reference measurements are made over two 

different speckle patterns. This doubles the number of speckles being averaged and 
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raises the SNR to 2.35. This corresponds to an error of 42.6%. which corresponds to a 

factor of less than 1.5 in the data. 

Unfortunately. the speckle calculation was not done until the system was 

designed and all the measurements taken. In any case. since the interest lied in 

determining if a change in BRDF occurred when the sample temperature was changed. 

the constant calibration factor which the reference sample gives was not too critical and 

can contain some error. Thus. this error was not too critical for the cryogenic 

measurements. But. if the exact BRDF was desired. this problem would have to be 

corrected. 

3.8. General Description of AZSCA T and Contamination Control 

AZSCA T (Brooks. 1982) was used to make the BRDF measurements with which 

the cryogenic measurements were compared. and the particulate contamination 

measurements made. A schematic diagram and a block diagram are shown in Figs. 

3.14 and 3.15 (From Brooks. 1982). respectively. There have been a few upgrades to 

the instrument and an additional laser added. but no major changes have been made 

that modify the geh.Jral description that follows. 

The instrument offers the choice of five different wavelengths: O.4412JLffi. 

O.6328JLm. l.lSJLffi. 3. 391l.m. and IO.6JLm. The laser beams pass through a beam 

expander assembly which spatially filters (except for the IR laser beams) and 

recollimates the beams. The desired wavelength is selected by repositioning mirror M5 

at positions "a". "b". or "c". Fig. 3.14. From this point on. all of the laser beams follow 

the same optical path. The beam passes through a reflective chopper. The reflected 

portion of the beam is detected by a pyroelectric detector whose output signal is a 

measure of the laser's output power. and is used to adjust for laser power fluctuations. 

The beam passing through the chopper passes by. or through. a series of attenuators 

which decrease the power on the saturated detector to a detectable level. The beam 
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then encounters an off-axis parabola. spatial filter. primary mirror (output sphere). and 

finally the sample under test. The beam incident on the sample is approximately a I em 

diameter. F/40 beam for all wavelengths. The detector is located at the point where the 

beam focuses and rotates on a circle centered on the sample. The detectors used for 

the measurements presented are: Si for O.6328,um. and HgCdTe for lO.6,um. The 

sample holder has three degrees of freedom: rotation in the sample plane. pitch (for out 

of plane measurements). and yaw (angle of incidence). Once the system is aligned. a 

computer controls the measurement and the data is saved on disks for later use. For 

the visible contamination measurements. linear polarizers placed between the primary 

and the sample. and at the detector. enable the beam and the detected polarization to be 

selected. 

A'lXA T is calibrated by using the single-reference method discussed in section 

3.6. and (3.27) gives the BRDF. The reference sample used for the h-IO.6,um 

measurements is gold-coated emery cloth like that described in section 3.6. At 

X=O.6328,um a reference sample made of polytetrafluoroethylene (PTFE) powder is used. 

This powder i~ nearly Lambertian when compressed to a density of Ig/cm3 and with a 

thickness of least 8mm. Under these conditions its hemispherical reflectivity is nearly 

99%. 

Since particulate contaminants were of concern for both parts of this project. 

some care had to be taken to ensure that further contamination did not take place 

during the measurements. For the cryogenic scattering comparison measurements. the 

sample and detector were located in a room composed of plastic sheeting. The air in 

this room was filtered by HEP A filters. and thought to be in the laminar flow regime 

(there was no verification of this). No special clean room apparel was worn for this 

part of the project. and the samples were cleaned immediately before the measurements. 
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The BRDF measurement room. Fig. 3.16. consists of three rooms: the 

measurement control room, the sample preparation room and the sample measurement 

room. To get to the sample measurement room one first passes through the 

measurement control room and then the sample preparation room. The measurement 

control room contains the computer which controls the scatter measurements. and the 

AZSCA T optics. except for the sample and the detector. The air in this room is 

filtered by pre-filters and 99.99% HEPA filters located in the air-conditioning ducts. A 

door consisting of plastic stripping separates the measurement control room and the 

sample preparation room. At the present time the sample preparation room contains 

only a table and the items necessary to clean the samples. 

Once in the sample preparation room. the sample measurement room may be 

entered by passing through another door of plastic strips. The sample and detector are 

located in this room. The air in the sample measurement room is drawn in from the 

measurement control room. passed through pre-filters and 99.99% HEPA filters. and is 

assumed to be in laminar flow (there has been no verification that the air satisfies the 

condition of laminar flow). 

The sample measurement room has the highest rate of air flow and the 

measurement control room has the lowest. But. all three rooms are pressurized to assist 

in keeping particulates out. 

To further reduce the number of particles. tacky mats are located at the 

entrance of the measurement control room and the sample preparation room. and all of 

the rooms contain nonshedding ceiling tiles. 

Clean room garments are always put on prior to entering the sample 

measurement room. and are never worn when leaving this measuring facility. The 

garments consist of a lab jacket. a hood. and gloves. 
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Approximate calculations in Chapter 5 indicate that during the contamination 

measurements the approximate worst case cleanliness class of the clean room is below 

4000. and the worst case particle fallout on a sample is about 1.3 particles greater than 

5f.Lm in diameter/cm2/24hours. 
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CHAPTER 4 

CRYOGENIC SCA TIERING MEASUREMENTS 

The BRDF is defined as the ratio of reflected radiance to incident irradiance. 

and for a given CRYOSCA T detector it is given by (3.34): 

BRDF = C [;] [~; 1 (4.1) 

where p is the hemispherical reflectivity of the gold sandpaper (~O.97). Vs is the output 

voltage of a given detector due to the light scattered from the sample. and Vr is the 

output voltage of a given detector due to the light scattered from the reference. The 

constant. C. includes geometrical factors accounting for the difference in the sample and 

reference planes. and it includes the variation of the gold-plated sandpaper from a 

perfectly Lambertian surface (a perfectly Lambertian surface has a BRDF of plrr sr-1 

for all scatter angles). This calibration constant is given in the last column of Table 

3.6. 

On a log-log graph the BRDF is plotted versus the absolute value of 

13-l3o-sinOs-sinOo where Os is the scatter angle as measured from the sample normal. and 

90 is the angle of incidence as measured from the sample normal. It is plotted as such 

because this is similar to plotting versus the scatterer's surface spatial frequency. 

4.1. Instrument Profile and an Initial Calibration Measurement 

Fig. 4.1 shows the results of a measurement using a low-scatter aluminum. 

coated fused silica substrate as the sample. The figure shows the BRDF as measured 
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on A'li'CA T (solid line) and on CRYOSCA T (X·s). The two measurements are within 

experimental error between {3-{30--0.1 and {3-{30-0.3, but there is poor agreement 

elsewhere. Although one would like the two measurements to match. this is a very 

instructive measurement. Due to the large differences between the two data sets. one 

can state. with the exception of the data just indicated. that the CRYOSCA T 

measurement is indicative of its own instrument profile (the scatter background in 

CRYOSCA1). 

The CRYOSCA T data points for values less than {3-{30=0.09 overestimate the 

BRDF because those detectors are observing the edge of the specular beam. In the 

measurements that follow, the data point at {3-{30=0.038, and sometimes the value near 

{3-{3o=O.064, present themselves as instrument profile. This portion of the profile does 

not agree with the calculations in chapter 3 because the theory incorrectly assumes a 

Gaussian beam. Actually, the beam is approximately Gaussian down to the level of 

truncation. and from that point on it falls off as l/r3 (Wein, 1989). In CRYOSCA T the 

truncation occurs within the laser, and the design does not take this into consideration; 

thus. a higher level of scatter occurs for the near specular angles. 

The high BRDF at {3-{30=1.309 results from stray light within the system. Nearly 

all of the data in this chapter are infected by this stray light problem. and its 

magnitude depends on the sample being used. The majority of the stray light originates 

from specular beam scatter off of the beam dump and near specular detectors. 

The data point at {3-{30=0.872 measures a low BRDF. In the data that follow, 

this occurs for only this detector and when the signal is near the noise level. When 

this occurs. it is believed to be caused by undersampling and should therefore be 

neglected. 

The data points at {3-{30=0.398 and 0.594 have BRDF values between 10-5 and 

2· 1O-5sr-l. This is the noise-equivalent BRDF (NEBRDF) of the CRYOSCA T system. 
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The difference between these values and that calculated in Chapter 3 may be due to 

the drop in the laser power from 5.5 watts to 2.1 watts. The normal operating laser 

power of 5.5 wa:i.i.S gives a NEBRDF between 3.8· 10-6 and 7.6· 10-6sr-l; which 

corresponds to the results given earlier. 

An excellent way to calibrate the newly built instrument is to show that its 

measurements agree with those obtained on an already existing. calibrated instrument. 

This gives a good indication of whether or not the system works and is properly 

calibrated. Fig. 4.2 shows the BRDF of a gold-sandpaper (nearly Lambertian) sa:mple 

generated on the AZSCA T machine (solid line) and on the CRYOSCA T machine (X's). 

Both were done at room temperature and their agreement is quite good. 

4.2. Cryogenic Scatter Measurements 

Figs. 4.3 through 4.8 show the BRDF measurements of a variety samples taken 

at various temperatures and pressures. To aid in the verification of each of the 

measurements. each sample is measured on AZSCA T prior to. and following. each 

series of measurements done on CRYOSCAT. These AZSCA T data are represented as 

solid and dotted lines. respectively. Again. the CRYOSCA T data appear as discrete 

points. Measurements on CRYOSCA T are made after each temperature and pressure 

change so that changes may be monitored. Part (a) of each figure shows the result as 

the temperature and the pressure are decreased from room conditions to room 

temperature (E'!!300K) and high pressure (E'!! 2· 10-ltorr). to room temperature and low 

pressure (E'!!4. lO-6torr). and finally to low temperature (E'!!85K) and low pressure (E'!!l . 

1 ()-6torr). Part (b) of each figure shows the result when the test environment is brought 

back to room conditions: low temperature (E'!!85K) and low pressure (E'!!I . lO-6torr). to 

room temperature and low pressure (E'!!4' IO-6torr). to room temperature and high 

pressure (E'!!2 . lO-ltorr). and finally to room conditions. 



102 

-- AZSCAT 
••••• T-300K. P-atm. 

100.0~1----~~~~~UUO~.1----~~~~~~LL--~ 

18 - 801 

Fig. 4.2. BRDF of gold-coated emery cloth at A=1O.6JLffi. 



---------

103 

The samples are cleaned with acetone and alcohol prior to each measurement 

sequence. and are inspected visually and under a microscope before and after each 

measurement sequence to verify its cleanliness. 

Figs. 4.3 through 4.5 show three separate BRDF measurements of a beryllium 

mirror. Qearly. there is no measurable change in the scattering level due to pressure 

or temperature changes. Again. for small values of /3-{3o' the disagreement between the 

A'ZSCA T and the CRYOSCA T measurements is due to the instrument profile and these 

data points should be ignored. These three measurements also show that the 

CRYOSCA T instrument is well calibrated and repeatable. 

Fig. 4.6 shows the BRDF of a polished aluminum disc. These data also indicate 

that there is no measurable change in the BRDF due to the temperature and pressure 

changes. Fig. 4.7 shows a measurement done on the same sample. but its surface has 

been degraded by cleaning. Again. the results indicate that there is no change in the 

BRDF due to the changes in the temperature and pressure. 

The BRDF data of an aluminum coated fused silica substrate is shown in Fig. 

4.8. The beam profile is more noticeable at the small and the large {3-{3o values. but the 

measured scatter levels for the middle range of {3-{3o values are valid measurements 

because they lie above the instrument profile. Once again. it may be concluded that 

the temperature and pressure changes have no effect on the mirrors' BRDF because the 

slight variations in the measurements are within experimental error. 

Chapter 5 discusses scatter due to particulate contaminants on mirrors. and it is 

found that even a clean mirror's scatter may be limited by particulates. scratches. pits. 

or pinholes in coatings. This result was not known at the time of the cryogenic study. 

and with these conclusions it is difficult to say for sure if the measurements done in 

this section were limited by the surface microroughness or other irregularities. 
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Fig. 4.3. BRDF of a beryllium mirror (#1). 
(a) Decreasing pressure and temperature from room conditions. 
(b) Increasing pressure and temperature to room conditions. 
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Fig. 4.4. BRDF of a beryllium mirror (#2). 
(a) Decreasing pressure and temperature from room conditions. 
(b) Increasing pressure and temperature to room conditions. 
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Fig. 4.5. BRDF of a beryllium mirror (#3). 
(a) Decreasing pressure and temperature from room conditions. 
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Fig. 4.6. BRDF of polished aluminum (#1). 
(a) Decreasing pressure and temperature from room conditions. 
(b) Increasing pressure and temperature to room conditions. 
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Fig. 4.7. BRDF of polished aluminum (#2). 
(a) Decreasing pressure and temperature from room conditions. 
(b) Increasing pressure and temperature to room conditions. 
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Fig. 4.8. BRDF of an aluminum coated fused silica substrate. 
(a) Decreasing pressure and temperature from room conditions. 
(b) Increasing pressure and temperature to room conditions. 
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4.3. Oil-Contaminated Scatter Measurements 

Attempts to use the thirty year old diffusion pump consistently left the sample 

coated with diffusion and/or mechanical pump oil. The cold sample simply acted as a 

cryopump. The measurement procedure followed in the last section was followed here. 

with the exception of the AZSCA T measurements and the measurement after raising 

the temperature while holding a vacuum. The data were encoded as described 

previously. 

Three contamination data sets show what happened to the scattering at room 

and cryogenic temperatures. All three measurements were made using a beryllium 

mirror (not the same one used in the previous section). In every case. the oil was 

visually observed on the sample after each measurement. 

Figs. 4.9 and 4.10 present data for grossly. nonuniform (large droplets) oil 

contaminated mirrors. The data display a significant decrease in the BRDF when the 

contaminated sample is cooled to cryogenic temperatures. and a huge increase when the 

sample is contaminated and near atmospheric conditions. The increase in the BRDF for 

contaminated samples is not surprising. because a contaminated mirror commonly shows 

an increase in BRDF when it becomes contaminated. However. the cold sample shows 

a decrease in the BRDF. From the data presented in the previous section it may be 

stated with confidence that the sample's BRDF did not change with temperature. The 

change in the BRDF for the cryogenic sample must be due to the contaminant. and it 

can be speculated that the contaminant's absorption coefficient increased with the 

decrease in temperature. thus reducing the total reflected power from the sample. 

Fig. 4.11. shows a different result for the same mirror when it is uniformly 

contaminated with a six to seven micron oil film. The contamination has essentially no 

effect on the BRDF. This may indicate that if a mirror is lightly and uniformly 

contaminated with a transparent coating. there may be little or no effect. This is only 
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speculation and the results are certainly dependent on the sample and the contaminant 

under study. 

At the time of these measurements. a contamination study was not the goal of 

the project so these studies were not pursued. The results raise some interesting 

questions which could be very important in the design of space optics. and in optical 

systems in general. They also indicate that when evaluating or designing an optical 

system. the contaminants and sample must be considered. as well as the temperature 

dependence of each of them. 
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CHAPTER 5 

SCA TIER FROM PARTICULATE-CONTAMINATED MIRRORS 

Scatter resulting from particulate contaminants on optics is a major concern for 

many optical systems. This chapter looks at the effects on scatter due to particulate

contaminated mirrors. and shows that the simple model presented in chapter 2 may be 

used to predict the scatter from them. Two types of contaminants are compared with 

theory: polystyrene spheres and du~t. The theory assumes spherical particles. so the 

polystyrene spheres serve as a stepping stone for the dust-contaminant measurements. 

The sphere-contaminant measurements are performed at A=O.6328jlm. and the dust

contaminant measurements at A=O.6328jlm and A=1O.6jlm. The A'ZSCA T instrument. 

described in section 3.8. performs the measurements in this chapter. 

5.1. Samples. Cleaning Technique. Contaminants. 

Particle Sizing and Counting. and Measurement Procedure 

Newport Corporation manufactured the mirror samples (lOD20ER.2) used in the 

contamination experiment. They consist of a pyrex substrate with a low emissivity 

silver film coated with dielectric layers to give it durability. A typical reflectance for 

these samples is about 98% at O.6328jlm and 99% at IOjlm. Other typical values are the 

following: surface figure of A/IO; surface irregularity of >../20; scratch-dig of 15-5; and 

rms surface roughness of 2.3 Angstroms. The clean samples are identified by a 

number. and the same number followed by a letter identifies it as the contaminated 

version. 

The experimental procedure was as follows: clean the sample. check its 

cleanliness level under a microscope. repeat the preceding steps as often as necessary; 
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measure the BRDF of the clean sample. contaminate the sample. measure the BRDF of 

the contaminated sample. count and measure the particles on the sample. and finally. 

compare the data with theory. 

The Newport catalog describes the cleaning procedure: blow dust off with a 

bulb blower; twist tissue around a cotton swab. moisten with alcohol and wipe the 

optic frqm side-ta-side with a gentle smooth motion; repeat wiping with alcohol; and 

repeat again using acetone moistened swabs. 

The method for checking the cleanliness level of the cleaned samples was 

modified several times to accommodate the measurement at hand. When the 

contaminant was to be polystyrene spheres. a microscope with a magnification of 100 

analyzed the cleanliness level of the clean sample. A quick scan of the surface 

informed one of the number of particles 5/Lm in diameter and larger. In these cases. 

the clean mirrors had perhaps a few particles/cm2 about five or ten microns in 

diameter. but they were never larger than 221Lm. 

The clean samples. that were about to be contaminated with dust and measured 

at >'=0.6328. were inspected with greater care. Microscope magnifications of 100 and 

200 enabled particles as small as 2.7 /Lm to be measured. but again. only a few particles 

in this size range appeared. with the largest particle being about 16ILm in diameter. 

The results from the dust-contaminated mirrors measured at X=O.63281Lm 

indicated that the infrared measurements required an even closer analysis of the clean 

surface. and more care in cleaning the optic. A microscope with magnifications of 200 

and 500 was used to measure the particle distributions; thus. enabling particles as small 

as 1.llLm in diameter to be measured and counted. The largest particles on these clean 

samples was only about 8ILm in diameter. 

After determining the clean sample particle distribution. the BRDF of the clean 

sample was measured. This gave one the scatter from the clean mirror. and could later 
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be subtracted from the contamination data to determine the scatter contribution due to 

the contaminants alone. For the infrared measurements. another particle count followed 

to ensure that no further contamination took place. 

After measuring the clean sample's BRDF. the sample was contaminated with 

either dust or polystyrene spheres. To contaminate with dust. the samples were placed. 

uncovered. on a table in the back of a lab where little activity occurred. Once the 

dust had sufficiently increased the scatter. the BRDF of the contaminated sample was 

measured. 

The Polystyrene (DVB) spheres. specified to be from one to eighty-five microns 

in diameter. were purchased from Duke Scientific Corporation (#430). This size range 

approximates the size of the dust particles expected to contribute the most to scattered 

light from contaminated optics. and their refractive index. m=I.59. approximates that of 

dust in the visible. The contamination chamber shown in Fig. 5.1 was used to 

distribute the particles on the mirrors. Nitrogen gas was blown through a test tube 

containing polystyrene spheres. thus. forcing the spheres into the contamination chamber 

where they formed a cloud. After a short settling time. the mirror was inserted near 

the bottom of the chamber and allowed to collect some of the settling spheres. Upon 

achieving the desired contamination level. the BRDF of the contaminated sample was 

measured. 

Figs. 5.2 and 5.3 show microphotographs. magnified 200 times. of polystyrene 

spheres and dust. respectively. The photographs illustrate the nonspherical shape of the 

dust. 

The BRDF of sphere-contaminated mirrors was measured at X=O.6328J,tm. and 

the dust-contaminated mirrors were measured at two wavelengths: 0.6328J,tm and 

1O.6J,tm. The visible measurements were performed with four different polarization 

combinations: SSt PP. sp. and ps. The first letter in this notation indicates the state of 



118 

<=0 ,........, 

N2 

_Tygon 
Tubing 

'---" Contamination 

Chamber 

I 
I 

I I 

.\.;.~ .. :::- I I Sample Holder I I n 
I 1 

Contaminants I II 
I 

Fig. 5.1. Contamination Chamber. 



119 

Fig. 5.2. Microphotographs of polystyrene spheres, magnified 200 times. 
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Fig. 5.3. Microphotographs of dust, magnified 200 times. 



121 

polarization of the beam incident on the sample and the second letter indicates the 

orientation of the polarizer in front of the detector. This is the notation throughout. 

For the infrared measurements. an s-polarized beam exits the laser. so. the beam 

incident on the sample is s-polarized. or nearly so. 

Following the BRDF measurement of the contaminated sample. the particles 

were measured and counted using a microscope. Spherical contaminants were 

measured using magnifications of 100 (IOOX) and 200 (200X). and magnifications of 

100. 200. and 500 (SOOX) were used to measure the dust particles. For lOOX and 

200X. a scan covering lcm2 determined the particle distribution illuminated by the laser 

beam. For 500X. an attempt to survey the entire Icm2 would have been a very tedious 

and time consuming endeavor. so. only a portion of this area was examined. The 

particle count from nine scans 222tLm wide and one centimeter in length were 

multiplied by five to obtain a total scan area of Icm2. 

Particles greater than or equal to 22tLm in diameter were counted and measured 

using 100X. Particles greater than. or equal to. S.Sp.m in diameter and less than 22p.m. 

were measured using 200X. and 500X was used to measure particle diameters from 

l.lp.m to. but not including. 5.Sp.m. The particle sizes were rounded-off to the nearest 

one-half reticle spacing: S.Sp.m for lOOX. 2.75p.m for 200X. and l.lp.m for SOOX. 

These numbers also represent the worst-case error in particle sizing. 

The widest and narrowest widths of the nonspherical particles were recorded. 

and. except where noted. the calculations used the largest width. At this point. all of 

the data necessary to compare the theory and experiment were obtained. 

When polystyrene spheres contaminated the mirror. the particles larger than 

S.Sp.m in diameter were measured and counted noting the distinction between sphericity 

and nonsphericity. Particles smaller than S.5p.m were assigned a diameter of 2.7Sllm. 

and the total number of these particles at 18 different sample locations (O.OSScm2) were 
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summed and multiplied by the appropriate number to give the number of particles per 

square centimeter. The majority of nonspherical particles on the samples came about 

during the contamination process. originating from the contamination chamber tubing or 

the sphere container. The particles on the mirror prior to the contamination process 

were not subtracted out since they were small in size and number as compared to the 

final contamination. Also. since the sizes and number of nonspherical particles were 

small relative to the sphere contamination. the total number of contaminants (spherical 

plus nonspherical) was used as the number of spherical particles on the sample. 

Section 3.8 discusses the clean room apparel and procedures used to maintain 

an acceptable cleanliness level. 

5.2. Using Mie Theory to Predict Scatter From Contaminated Mirrors 

The theory used to predict the scatter caused by particles on a mirror is a 

combination of Mie theory and a model developed by Young (1976) and further tested 

by Nahm (1985). Mie theory calculates the scattered energy of a spherical particle 

suspended in air and illuminated by polarized radiation. The Young model assumes 

that the particles on the mirror scatter radiation according to Mie theory. that they do 

so independently. and that the radiation scattered forward onto the mirror reflects 

without interacting with the particle again. The resulting scattered radiation at a given 

scatter angle. es• is then the sum of the radiation scattered forward (from the particle 

and off of the mirror) and scattered backward (from the particle with no reflection 

from the mirror). Chapter 2 gives the equations used to calculate this scatter. and 

Appendix A contains the computer program which is a modified version of Bohren and 

Huffman's Mie program (Appendix A. 1983). Mie scatter is calculated for all integer 

angles of scatter and the experimental data are taken at equal logarithmic intervals; so. 

the theoretical curves show more structure than the experimental data. The averaging 
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effects of the detector are simulated by averaging the theoretical results over three 

degrees. 

The final step compares the particulate scatter theory with experiment. The 

total measured scatter equals the sum of the clean mirror scatter and the scatter due to 

particulates on the mirror. So. the clean-mirror data must be subtracted from the 

contaminated mirror data to obtain the contribution from the contaminants. Similarly. 

whenever necessary. the clean mirror particle distributions must be subtracted from the 

contaminated mirror distributions so that the theory also gives the contribution due only 

to the added contaminants. Finally. the theoretical and experimental data are graphed 

for comparison. 

In the previous chapter. the BRDF data were plotted versus f3-f3o because of the 

analogy to plotting versus the scatterer's surface spatial frequency. When the surface 

microroughness no longer determines the scatter. graphing in this manner loses its 

meaning. Therefore. in studying the scatter from contaminated mirrors. the BRDF is 

plotted versus \T-To\ .. \Os-6o\. where Os is the scatter angle and 00 is the angle of 

incidence. and both angles are measured with respect to the mirror's surface normal. 

T-To is the angle from specular. and the standard terminology defines the forward 

scatter angles as T-To><> and the backscatter angles as T-To«>. 

5.3. Instrument Profiles 

To ensure that the measured scatter comes from the sample. and not the 

instrument. instrument profiles were measured for both of the wavelengths to be used. 

Fig. 5.4a shows the A=O.6328JLm instrument profile for ss-polarization. and the pp-

polarization profile is similar but roughly a factor of 1.5 higher. The instrument 

profiles for ps- and sp-polarization are also similar with the exception of the large 

near-specular component which is substantially reduced. The near-specular beam for 

ss- and pp-polarization becomes quite distinct for T-To<4.5°. The closer the sample's 
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scatter data is to this profile the lower the SNR. The SNR equals one when the sample 

scatter equals the profile scatter. At larger angles the BRDF equals about 10-5 sr-1 or 

less; this defines the lowest measurable limit of the instrument for these angles. Scatter 

measured above this level originates from the sample. For sp-polarization, and ps

polarization, the beam profile appears less pronounced for T -To<4.5°, and for larger 

angles the BRDF is near I Q-5sr-l and lower. 

Fig. 5.4b shows the instrument profile for X=1O.6ttm. The near-specular 

contribution extends to T-T.f!!15°, and the larger angles have BRDFs of less than about 

1O-7sr-l. 

S.4. Visible Scatter From Spherical Particulates on Mirrors 

When implementing a theory which assumes spherical particles to predict the 

scatter from nonspherical particles. a reasonable first step involves testing the theory 

with spherical particles. Polystyrene (DVB) spheres were chosen because the size 

range, I-S5ttm, approximates the size of dust expected to contribute the most to scatter. 

and the index of refraction, m=I.59, resembles that of dust in the visible. 

The measurement sequence began by measuring the scatter from a clean mirror, 

sample 1. Figs. 5.5a and 5.5b show the clean mirror scatter for ss- and pp

polarization, respectively. The pp-polarization scatter is slightly higher than that for ss

polarization, and the instrument profile becomes evident for scatter angles within about 

4° of specular. 

After contaminating the mirror. its BRDF was measured and the difference 

between this and the clean mirror BRDF gave the total scatter due to the particulate 

contaminants on the mirror. The resulting difference was then compared with the 

theory. Figs. 5.6. 5.7, and 5.S show the experimental and theoretical results for the 

three increasing levels of particulate contamination given in Tables 5.1, 5.2, and 5.3, 
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Fig. 5.5. Sample I: Clean mirror BRDF with 00=100 and X=O.6328jLm. This mirror is 
used for contaminated samples la, lb and Ie. 
(a) ss-polarization 
(b) pp-polarization 
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Table 5.1. Sample la: Particle distribution for Figs. 5.6 and 5.9a. 

Particle 
Size (.um) 

2.75 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 

Sphere 
Quantity 
per cm2 

191 
60 
25 
8 
17 
11 
34 
10 
9 
2 

Other 
Quantity 
per cm2 

11 
8 
6 

2 

Total 
Quantity 
per cm2 

2239 
202 
68 
31 
8 
18 
11 
36 
10 
9 
2 
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Fig. 5.6. Sample la: Comparison between theoretical and experimental BRDF from 
spherical particles on a mirror: X=O.6328pm. 90=10°. The particle distribution is given 
in Table 5.1. 
(a) ss-polarization. 
(b) pp-polarization. 
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Table 5.2. Sample Ib: Particle distribution for Figs. 5.7 and 5.10. 

Particle 
Size (p.m) 

2.75 
5 . .5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
49.6 

Sphere 
Quantity 
per cm2 

389 
156 
184 
55. 
39 
11 
52 
16 
7 
3 
5 
I 

Other 
Quantity 
per cm2 

93 
22 
34 
6 
11 

5 

Total 
Quantity 
per cm2 

4823 
482 
178 
218 
61 
50 
11 
52 
16 
12 
3 
5 
1 
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Fig. 5.7. Sample 1 b: Comparison between theoretical and experimental BRDF from 
spherical particles on a mirror: >..=O.6328JLm. 00=10°. The particle distribution is given 
in Table 5.2. 
(a) ss-polarization. 
(b) pp-poiarization. 



Table 5.3. Sample Ie: Particle distribution for Figs. 5.8. 5.9b and 5.10. 

Particle 
Size (pm) 

2.75 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
49.6 
55.1 
60.6 
66.1 
71.6 
77.1 
82.6 

Sphere 
Quantity 
per cm2 

396 
146 
125 
33 
40 
37 
92 
34 
64 
32 
29 
18 
25 
7 
8 
5 
6 
1 

Other 
Quantity 
per em2 

28 
7 
8 

3 

3 
1 

Total 
Quantity 
per em2 

6152 
424 
153 
133 
33 
43 
37 
95 
35 
64 
32 
30 
18 
25 
7 
8 
5 
6 
1 
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Fig. 5.8. Sample Ie: Comparison between theoretical and experimental BRDF from 
spherical particles on a mirror: X=O.6328ILm. 60=10°. The particle distribution is given 
in Table 5.3. 
(a) ss-polarization. 
(b) pp-polarization. 
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respectively. These figures and tables correspond to samples I a. I b and Ie. 

respectively. 

The angle of incidence for all of these figures is ten degrees. Part (a) in each 

figure presents the data for ss-polarization and part (b) shows the scatter for pp

polarization. The legends for the majority of graphs that follow are the same: the "x's" 

and "o's" are, respectively, the experimental forward and backward scatter due to the 

particles on the mirror; the solid and the dashed lines correspond to the theory for 

forward and backward scattered radiation. respectively. 

Figs. 5.6. 5.7. and 5.8 illustrate experimentally and theoretically. that the ss

polarization scatter nearly equals that for pp-polarization. The theory estimates the 

experimental forward scatter (T-To>O) quite well: the slopes agree. the magnitude of the 

scatter agrees. and the theory follows the rise in scatter as the number of contaminants 

increases. 

A trend in the forward scatter data appears as the particulate level increases. 

The scatter for large values of T-To increases quicker than that predicted by the model. 

In Figs. 5.7 and 5.8 this occurs for angles greater than about 40°. This curling-up of 

the tail end of the scatter curve may be due to the interaction of the particle and the 

mirror, which is ignored in the theory. or it may be caused by an increasing 

dependence in the particulate scatter. For independent scattering. the particles must be 

separated by at least three times the diameter of the particles (Van de Hulst. 1957). 

This is not always satisfied and becomes less satisfied as the number of contaminants 

increases. Aside from this, it may be generally stated that the theory predicts the 

forward scattered radiation very well. 

In all three figures the backscatter (T -To<O) does not equal the forward scatter. 

and rises faster than the forward scatter as the number of contaminants increases. The 

theory predicts this to some degree. but not to the extent observed experimentally. 
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Reasonable agreement between the backward scatter theory and experiment is limited to 

small and large values of IT-Tol. Mie theory explains simple rainbow and glory effects 

of particles. so these phenomena are not possible causes. The dust contaminants 

(nonspherical) do not display this phenomenon; therefore. the high backscatter must be 

due to the particle's sphericity and its interaction with the mirror surface. 

Geometrical optics was used in attempts to explain. or better understand. the 

backscatter phenomenon. The first attempt considered the increase in reflectance 

resulting from the mirror-particle interface. A ray entering the particle and reflecting 

from this interface back into the particle. scattered into the specular direction. T -To=<>. 

So. this was not the solution being sought. Another attempt calculated the scatter due 

to the bundle of rays which struck the mirror prior to the particle. Using the Fresnel 

equations. the amount of radiation from this bundle of rays. which reflected from the 

particle. yielded results about two orders of magnitude too low. Since the primary 

concern of the project was to study the scatter from dust particles on mirrors. and 

since this backscatter effect did not occur in the first dust measurements. the efforts to 

explain this phenomenon were abandoned at this point. 

Figure 5.9 shows that the particles larger than SJLm dominate the forward 

scatter. The backward scatter is disregarded since it does not agree with experiment. 

Figs. 5.9a and 5.9b use the particle distributions in Tables 5.1 (sample la) and Table 

5.3 (sample Ie). respectively. The contribution of the particles less than 5JLm in size is 

probably overestimated in this figure because all of these particles. regardless of their 

size. are assigned a diameter of 2.75p.m. The only region which appears to indicate a 

significant contribution is 4°<T-To<llo. and this contribution decreases as the level of 

contamination increases. To better predict the contribution from these small particles. a 

more accurate particle sizing is performed for the dust contaminant measurements. 
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Fig. 5.10 shows the results of the cross-polarizations for the particle 

distributions given in Tables 5.2 and 5.3. The theory for such conditions predicts zero 

scatter. However. measurable scatter results even with the polarizers crossed. indicating 

that the contaminants cause some depolarization of the incident beam. As the number 

of contaminants increases. the magnitude of scatter rises for both ps- and sp

polarization. Again. a backscatter phenomenon like that observed for ss- and pp

polarization occurs. The extent to which the polarizers are crossed is not exactly 

known. and some of the scatter seen in Fig. 5.10 may be due to inexact crossing. With 

the sample oriented to give an incident angle of 10°. the specularly reflected irradiance 

on the detector is minimized to determine the crossing. So. the error in crossing the 

polarizers is perhaps a few degrees. In comparing the clean-mirror near specular 

scatter of figure 5.10 with that of Fig. 5.5. the filters are observed to have a crossed 

extinction efficiency of about 5.000. Comparing the measured cross-polarized scatter at 

IT-Tol=lO° with the same angular scatter in the Figs. 5.7 and 5.8. it is clear that some 

depolarization must occur unless the polarizers are uncrossed by more than 6°. This 

large error is very unlikely considering the technique applied to cross the polarizers. 

To investigate the incident angle dependence for particulate scatter. 

measurements were performed for 60=60°. The sample illumination spot was about 

0.5cm in height and lcm in width. and the particle counts were performed over this 

area and multiplied by two to give the number of particles per cm2• Fig. 5.11 presents 

the clean mirror data for sample 2. The scatter for pp-polarization is slightly higher 

than for ss-polarization. and the forward scatter is higher than the backward scatter. 

Sample 2 corresponds to the clean mirror data for contaminated samples 2a and 2b; that 

discussion follows shortly. 
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Fig. 5.10. Experimental cross polarization scatter from spherical particles on a mirror: 
X=O.6328J,Lm. 00=10°. 
(a) ps-polarization. 
(b) sp-polarization. 
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The particle distributions for contaminated samples 2a and 2b are given in 

Tables SA and 5.5. and the corresponding data are plotted in Figs. 5.12 and 5.13. 

respectively. Again. the data show that the scatter is roughly the same for ss- and pp

polarization. For 9rr600
• the theory underestimates the scatter by more than when 

60"'100. but the agreement is still reasonable. 

The theoretical underestimation for 60=600 is not surprising because a cone of 

rays Jarger than the particle diameter interacts with each particle. making the particles 

appear larger than their actual size. Fig. 5.14. By defining the apparent particle size as 

the largest diameter of the cone of rays which interacts with the particle. the apparent 

particle size is given by D(1+sin90). where D is the actual particle diameter and 60 is the 

angle of incidence. When the apparent particle size modifies the actual particle size. 

the theory agrees excellently with the data. Figs. S.ISa and S.ISb show the ss

polarization results for the particle distributions given in Tables 5.4 and 5.5. 

respectively. but with the particle sizes modified by D(1+sin90). 'The results for pp

polarization are similar. 

The particles assigned the size of 2.7Sllm dominate. or at least heavily influence. 

the theory presented in Figs. 5.12. 5.13. and 5.1 S. The contribution of these particles to 

the theoretical results is much more significant than when 60=10°. In spite of the good 

agreement that already exists. the agreement is expected to further improve by more 

accurately measuring these smaller particles. rather than simply assigning them an 

average size of 2.7Sllm. This is done for the dust contaminant measurements. 
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Fig. 5.11. Sample 2: Clean mirror BRDF with 60=600 and A=O.6328/Lm. This mirror is 
used for contaminated samples 2a and 2b. 
(a) ss-polarization 
(b) pp-polarization 



Table 5.4. Sample 2a: Particle distribution for Figs. 5.12 and 5.15a. 

Particle 
Size (JLm) 

2.75 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 

Sphere 
Quantity 
per cm2 

268 
80 
56 
6 
4 
8 
4 

Other' 
Quantity 
per cm2 

12 

4 

Total 
Quantity 
per cm2 

4222 
280 
80 
60 
6 
4 
8 
4 
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Fig. 5.12. Sample 2a: Comparison between theoretical and experimental BRDF from 
spherical particles on a mirror: X=O.6328p.m. 00=60°. The particle distribution is given 
in Table 5.4. 
(a) ss-polarization. 
(b) pp-polarization. 



Table 5.5. Sample 2b: Particle distribution for Figs. 5.13 and 5.15b. 

Particle 
Size (p.m) 

2.75 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
49.6 

Sphere 
Quantity 
per cm2 

176 
38 
34 
8 
6 
6 
12 
6 
20 
2 
6 
4 

Other 
Quantity 
per cm2 

10 

6 

2 

Total 
Quantity 
per cm2 

2475 
186 
38 
40 
8 
6 
8 
12 
6 
20 
2 
6 
4 
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Fig. 5.13. sample 2b: Comparison between theoretical and experimental BRDF from 
spherical particles on a mirror: X=O.6328tLm. ()~Oo. The particle distribution is given 
in Table 5.5. 
(a) ss-polarization. 
(b) pp-polarization. 
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Fig. 5.14 Apparent particle size. 
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Fig. S.IS. Sample 2a: Comparison between theoretical and experimental BRDF from 
spherical particles on a mirror using the apparent particle size: A=O.6328JLm. eo=60o. 
(a) Sample 2a. ss-polarization. Modified Table SA. 
(b) Sample 2b. ss-polarization. Modified Table 5.S. 
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5.5. Visible Scatter From Dust-Contaminated Mirrors 

Chapter 2 discusses several assumptions in regards to modeling the scatter from 

dust-contaminated mirrors, and the one concerning the refractive index requires further 

examination. Literature searches uncovered no information concerning the refractive 

index of room dust. The most similar type of contaminant is, perhaps, atmospheric 

dust. So, it is assumed that the index of refraction of room dust approximates that of 

atmospheric dust. Atmospheric scientists have found that the refractive index possesses 

some variability with respect to location, composition, and size, all of which can depend 

on the others (Lindberg and Gillespie, 1977), (Egan, 1985), (Kent. Vue. et aI.. 1983). 

(Jennings, Pinnick, and Auvermann, 1978). Factors which may add to the variability 

of room dust are: ventilation. air conditioning filtration. movement in the room. 

personnel. type of clean room. clean room procedures. clean room garments. ceiling tiles. 

etc. So. specifying a value for the refractive index requires some assumptions 

regardless of any measured values. The assumption here is that the refractive index of 

room dust equals that of similarly sized atmospheric dust. 

In the visible portion of the spectrum. the real part of the refractive index is 

relatively constant. but the imaginary component can vary considerably with particle 

size (composition), and is normally smaller for larger particles. The index used for the 

~-o.6328p.m measurements, m-l.53+0.000Si, is based primarily on the findings of 

Jennings, Pinnick and Auvermann (1978) and Lindberg and Gillespie (1977). 

Fig. 5.16 shows the ss-polarization BRDF measurements of. a clean mirror. 

sample 3, for 60=100, 30° and 600 • This mirror is used for the contaminated samples 3a 

and 3b. The instrument profile is again very pronounced at the near specular angles. 

and the forward scatter becomes larger than the backward scatter as the incident angle 

increases. The clean-mirror data for pp-polarization is nearly the same. being just a 

little higher in magnitude. The clean-mirror data for the ps- and sp-polarizations 
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Fig. 5.16. Sample 3: Clean mirror BRDF with X=O.6328JLffi. This mirror is used for 
contaminated samples 3a and 3b. 
(a) 00=10°. ss-polarization. 
(b) 00=300. ss-polarization. 
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Fig. 5.16 (continued). Sample 3: Clean mirror BRDF with X=O.6328JLm. This mirror is 
used for contaminated samples 3a and 3b. 
(c) 60=60°, ss-polarization. 
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approximately equal the instrument profiles. For the data that follow. the clean mirror

scatter is subtracted from the contaminated-mirror scatter so that the resulting BRDF 

originates from the particulates on the mirror. and not the mirror surface. 

Sample 3a is obtained by allowing sample 3 to collect dust for 215 hours. 

Figures 5.17, 5.18 and 5.19 show the comparison of theory and experiment for 

contaminated sample 3a. with 6()'-100. 30° and 60°, respectively. Once again part (a) 

shows the scatter for ss-polarization and part (b) shows the scatter for pp-polarization. 

The particle distribution for sample 3a is given in Table 5.6. In all three figures. the 

experiment and the theory indicate that the scatter for ss-polarization and pp

polarization are nearly equal for all scatter angles. implying that the scatter displays 

polarization independence. Reasonable agreement between theory and experiment exist 

for all angles of incidence. and for both the forward scatter and backward scatter. 

The agreement in magnitude is excellent for 60=100 and becomes less accurate as 

eo increases. The previous section shows that the apparent particle size goes as 

D(1 +sin6o). Modifying the particle distribution in Table 5.6 according to this formula 

leads to the results shown in Figs. 5.20a and 5.20b. where 60=30° and 60=60°, 

respectively. The theory agrees excellently with the experimental data, with the largest 

discrepancies occurring for -80<T-To<-200 with 60=30°. 

Sample 3b is obtained by allowing sample 3a to collect dust for 588 hours. 

Table 5.7 gives the particle distribution for sample 3b and the scatter data are 

presented in Figs. 5.21. 5.22 and 5.23, where 60=10°, 30° and 60°. respectively. More 

contaminants lie on the mirror than in the previous situation. but the conclusions are 

the same: the scatter. as shown by theory and experiment. is independent of 

polarization. and the theory predicts the slope and the magnitude of the data well. 

becoming worse as the angle of incidence is increased. Fig. 5.24 shows the 60=30° and 

60=60° data when the apparent particle sizes are used. Again. the results are excellent. 
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Table 5.6. Sample 3a: Large-Width Particle Distribution for Figs. 5.17.5.18, and 5.19. 

Particle 
Size (JLm) 

1.1 
2.2 
3.3 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
55.1 
66.1 
77.1 
82.6 

Quantity 
per cm2 

480 
450 
100 
87 
14 
17 
3 
4 
5 
6 
3 
5 
1 
2 
5 
I 
1 
I 
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Fig. 5.17. Sample 3a: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: X=O.6328jlm. eo=IOo. The particle distribution is given in 
Table 5.6. 
(a) ss-polarization. 
(b) pp-polarization. 
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Fig. 5.18. Sample 3a: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: ~=O.6328JLm. 90=300 • The particle distribution is given in 
Table 5.6. 
(a) ss-polarization. 
(b) pp-polarization. 
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Fig. 5.19. Sample 3a: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: A=O.6328JLm. e0=60o. The particle distribution is given in 
Table 5.6. 
(a) ss-polarization. 
(b) pp-polarization. 
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Fig. 5.20. Sample 3a: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror using the apparent particle size: X",o.6328p.m. The 
unmodified particle distribution is given in Table 5.6. 
(a) 00=30°, ss-polarization. 
(b) 0a=600, ss-polarization. 
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Table 5.7. Sample 3b: Large-Width Particle Distribution for Figs. 5.21. 5.22. and 5.23. 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
49.6 
55.1 
66.1 
77.1 
82.6 

Quantity 
per cm2 

1000 
785 
160 
80 
148 
39 
40 
9 
20 
7 
22 
15 
8 
7 
4 
1 
5 
2 
1 
1 
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Fig. 5.21. Sample 3b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: X=O.6328pffi. 00=10°. The particle distribution is given in 
Table 5.7. 
(a) ss-polarization. 
(b) pp-polarization. 
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Fig. 5.22. Sample 3b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: X=O.6328pm. 60=300 • The particle distribution is given in 
Table 5.7. 
(a) ss-polarization. 
(b) pp-polarization. 
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Fig. 5.23. Sample 3b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: ~=<>.6328/Lm. 00=600• The particle distribution is given in 
Table 5.7. 
(a) ss-polarization. 
(b) pp-polarization. 
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Fig. 5.24. Sample 3b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror using the apparent particle size: X=O.6328/Lm. The 
unmodified particle distribution is given in Table 5.7. 
(a) eo=30o. ss-polarization. 
(b) e0=60o. ss-polarization. 
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For samples 3a and 3b. the cross-polarization measurements showed no increase 

in the scatter over that for the clean mirror. 

The particle distributions. used thus far utilize the largest widths of the

particles. No scientific reasoning exists for choosing this as the diameter. however. 

when used with the theory described here. it gives excellent agreement with experiment. 

Many experiments use the mean width or average volume. so one may ask how this 

affects the scatter predictions. Insight may be gained by comparing earlier results with 

those obtained using the smallest widths of the particles. Fig. 5.25a and 5.25b show 

the comparisons for 00=100 and -00=60°. respectively. The large-width particle 

distribution is given in Table 5.7. and the small-width particle distribution is given in 

Table 5.8. Fig. 5.25b uses the apparent particle size. Clearly. the difference is small. 

The best results are obtained with the largest-width distribution. but the smallest-width 

distribution gives a reasonable approximation. Thus. a method which determines the 

particle size to be between these limits is sufficient for predicting the scatter from 

them. 

Several assumptions are made in selecting the refractive index. so. the question 

of its variability arises. Due to lack of information concerning the refractive index of 

dust in laboratories. the findings of atmospheric scientists are employed as guidelines. 

Based on the findings of Lindberg and Gillespie (1977) and Jennings. Pinnick and 

Auvermann (1978). it is concluded that the real and imaginary parts of the refractive 

index may vary from the extreme values of 1.33 to 1.60. and from zero to 0.005. 

respectively. Fig. 5.26a compares the results when the imaginary component equals 

0.0005 and the real component varies between the extreme values. An insignificant 

difference results. and most of the variability occurs for the larger scatter angles. In 

Fig. 5.26b the real component equals 1.53 and the imaginary component varies between 

zero and 0.005. A noticeable difference results for angles beyond 100 of specular; the 



Table 5.8. Sample 3b: Small-Width Particle Distribution for Fig. 5.25. 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
49.6 
55.1 

Quantity 
per cm2 

1006 
785 
160 
80 
167 
39 
32 
6 
21 
4 
18 
2 
8 
o 
4 
o 
1 
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Fig. 5.25. Comparison of the theoretical BRDF using the large-width and small-width 
particle distributions for sample 3b: }'=O.6328pm. The unmodified particle distributions 
are given in Tables 5.7 and 5.8 
(a) 00=100, ss-polarization. 
(b) 00=60°, ss-polarization. Used the apparent particle size. 
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Fig. 5.26. The change in BRDF due to the variability of the refractive index of dust 
for sample 3b: X=O.6328JLlll. 90=10°. The particle distribution is given in Table 5.7. 
(a) Varying the real component of the refractive index. ss-polarization. 
(b) Varying the imaginary component of the refractive index. ss-polarization. 
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difference being as much as a factor of five. For such extreme values. the difference 

is quite small. illustrating that the variability in the refractive index does not playa 

very large role. 

5.6. Infrared Scatter From Dust-Contaminated Mirrors 

As discussed at the beginning of the previous section. an assumption concerning 

the refractive index must be made. Again. the assumption is that the refractive index 

of room dust approximates that of atmospheric dust. 

In the infrared part of the spectrum. the real part of the refractive index varies 

slightly. but the imaginary component varies considerably with the particle size 

(composition). Based primarily on the findings of Jennings. Pinnick and Auvermann 

(1978) the index used for the A=1O.6JLm measurements is m=l. 70+0.2i. 

An s-polarized beam exits the laser. so the beam incident upon the sample is s

polarized. or nearly so. and the detection is unpolarized. 

According to theory. the surface microroughness scatter scales in magnitude as 

1/A4 and in width as A. Scatter from particulates larger than those that Rayleigh scatter 

does not exhibit such strong wavelength dependencies; therefore. at infrared 

wavelengths. the scatter from these dust particles contributes more significantly to the 

total scatter. Fewer particles are required to significantly increase the particulate 

scatter beyond that of the surface microroughness scatter. Accordingly. size and shape 

variations may not be averaged out as compared to the A..().6328JLm measurements. 

which require many more particles to contribute substantially. Thus. in the infrared 

there exists an increase in the total scatter sensitivity toward particulate contaminants. 

This is primarily due to the strong wavelength dependence of the surface 

microroughness scatter. This makes it instructive to graph the scatter from the small

width particle distributIOn along with the large-width distribution data. 
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The scatter from the clean mirrors is subtracted from the contaminated-mirror 

data so that the contribution from the particles which fell on the mirror during the 

contamination process is known. Similarly. the difference between the particle 

distributions for the clean mirrors and the contaminated mirrors is used as the 

contaminant fall-out distribution occurring during the contamination process. 

The clean mirror data for sample 4 is shown in Fig. 5.27. Part (a) is for 90=10° 

and part (b) is for 00.30°. Data for 00-60° are not available because scatter from the 

sample holder can not be controlled with these one-inch samples. 

Sample 4a was obtained by allowing sample 4 to collect dust for 17 hours. 

Tables 5.9a and 5.9b give the large-width and. small-width particle distributions for the 

contaminated mirror data presented in Fig. 5.28. Fig. 5.28a shows the results for 

00=100 and Fig. 5.28b the results for 00=30°. For 00=10°. the large-width particle 

distribution results predict scatter levels better than the following approximate limits: 

high by a factor of two for \T-To\~llo. low by a factor of two for 1l0<\T-TolS:25°. and 

high by a factor of five for \T-To\>25°. The small-width results predict scatter levels 

better than the following approximate limits: low by a factor of three for \ T-To \ S:300. 

and off by a factor of three for \T-Tol>300. For 00=30°. the comparisons are very 

similar except that the small-width results predict the experiment more accurately. For 

most angles the agreement is within a factor of three. 

After collecting dust for another 238 hours. sample 4b is obtained. Tables 

5.10a and 5.10b give the particle distributions for the scatter data shown in Fig. 5.29. 

Again. part (a) shows the results for 90-100 and part (b) for 90=300. The scatter has 

increased substantially over the previous data. and again. the theory agrees well with 

experiment. For 00=100• the large-width distribution predicts the scatter better than the 

following: high by a factor of four for IT-Tol~300. and in excellent agreement for IT

To \>300. The small-width theory agrees excellently for \T-To\~300. and tends to 
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Fig. 5.27. Sample 4: Clean mirror BRDF with X=IO.6J,Lm. This mirror is used for 
contaminated samples 4a and 4b. 
(a) 60=10°. 
(b) 60=30°. 



Table 5.9a. Sample 4a: Large-Width Particle Distribution for Fig. 5.28. 

Particle 
Size (p.m) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
16.5 
27.5 
33.0 

Quantity 
per cm2 

235 
150 
30 
20 
15 
1 
1 
1 
1 

Table S.9b. Sample 4a: Small-Width Particle Distribution for Fig. 5.28. 

Particle 
Size (p.m) 

1.1 
2.2 
3.3 
5.5 
22.0 

Quantity 
per cm2 

255 
158 
15 
11 
2 
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Fig. 5.28. Sample 4a: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: h=IO.6JLm. The particle distributions are given in Table 5.9. 
(a) 60=10°. 
(b) 60=300. 



Table 5.10a. Sample 4b: Large-Width Particle Distribution for Fig. 5.29. 

Particle 
Size (p.m) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
55.1 

Quantity 
per cm2 

310 
230 
50 
20 
27 
9 
7 
5 
12 
9 
15 
5 
7 
2 
2 
2 

Table 5.10b. Sample 4b: Small-Width Particle Distribution for Fig. 5.29. 

Particle 
Size (p.m) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 

Quantity 
per cm2 

315 
232 
50 
15 
30 
12 
22 
I 
6 
5 
11 .. 
3 
2 
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Fig. 5.29. Sample 4b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: h=1O.6JLm. The particle distributions are given in Table 
5.10. 
(a) 00=10°. 
(b) 00=30°. 
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underestimate the scatter for IT-Tol>300 by less than a factor of three. For 90=30° the 

large-width theory over-estimates the scatter but is within a factor of about 4 for IT

Tol~Oo. and underestimates the scatter within a factor of three for IT-To 1>20°. The 

small-width theory is slightly low for IT-TolS:200. and is within a factor of four low 

for IT-To 1>200. Both distributions give excellent agreement for 100<IT-Tol<200. Again. 

the experimental data are within these approximate boundaries. 

Fig. 5.30 shows the clean mirror data for sample 5. After collecting dust for 

92 hours the mirror. sample Sa, had the particle distribution in Table 5.11. and the 

measured scatter in Fig. 5.31. Again. the scatter obeys the following rough limits. For 

90=10°. the large-width theory is in very good agreement for IT-Tols;;loo. is low by less 

than a factor of 2 for about 100<IT-TolS:25°. and is high for IT-To 1>250. The large 

angle backscatter is not predicted well. being high by roughly an order of magnitude. 

The small-width theory is very much the same except that it slightly underestimates the 

scatter for IT-TolS:300. The results for 90=30° are similar to those for 90=10°. except that 

the forward scatter beyond IT-Tol=IOo is underestimated by less than a factor of about 

5. 

After collecting dust for another 69 hours. the partide distribution in Table 

5.12 was obtained. sample 5b. The theory and experimental results are shown in Fig. 

5.32. For 90=10°, the large-width theory is high by less than a factor of about 4 for 

IT-TolS:9°, and is low by less than a factor of about 4 for most angles larger than this. 

The small-width theory is in poor agreement for all scatter angles. being nearly an 

order of magnitude low for some scatter angles. The results are nearly the same for 

90-300. 

The limits and values of IT-To I mentioned above are only approximate. but may 

be used as guidelines to state some rough, but general. conclusions. When using the 

large-width distributions. the scatter for IT-TolS:lO° is overestimated. but within a 
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Fig. 5.30. Sample 5: Clean mirror BRDF with A=1O.6JLm. This mirror is used for 
contaminated samples Sa and 5b. 
(a) 60=10°. 
(b) 60=300. 
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Table S.lla. Sample Sa: Large-Width Particle Distribution for Fig. 5.31. 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
16.5 
27.5 
33.0 

Quantity 
per cm2 

115 
140 
35 
30 
15 
3 
1 
1 
1 
1 

Table S.llb. Sample Sa: Small-Width Particle Distribution for Fig. 5.31. 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
11.0 
13.8 
22.0 
27.5 

Quantity 
per cm2 

125 
152 
15 
20 
8 
1 
1 
1 
1 
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Fig. 5.31. Sample Sa: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: A=10.6/lm. The particle distributions are given in Table S.il 
(a) 90=100. 
(b) 90=300. 



Table 5.12a. Sample 5b: Large-Width Particle Distribution for Fig. 5.32. 

Particle 
Size (JLm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
44.1 
55.1 
60.6 
77.1 

Quantity 
per cm2 

200 
175 
35 
30 
18 
8 
3 
5 
2 
2 
2 
4 
4 
3 
2 
1 
2 

Table 5.12h. Sample 5b: Small-Width Particle Distribution for Fig. 5.32. 

I 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
22.0 
27.5 
33.0 

Quantity 
per cm2 

240 
178 
15 
5 
20 
7 
14 
1 
2 
3 
3 
2 
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Fig. 5.32. Sample 5b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: A=1O.6JLm. The particle distributions are given in Tahle 
5.12. 
(a) 60=10°. 
(b) 60'"'30°. 
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factor of four. For 100<IT-ToIQSo the predicted scatter agrees to within a factor of 

five, and is typically low. For IT-Tol>2So the theory typically agrees to within a factor 

of five, and when the prediction is worse, it is too high. When the small-width 

distribution is applied, the scatter predicted for IT-Tol~300 is low, but typically within 

a factor of three for 90""100, and typically a factor of six for 90=300. For IT-Tol>300 the 

predicted scatter is usually within a factor of five for 90=100 and a factor of seven for 

90=300. When this isn't true, the predicted scatter is always higher than the actual 

scatter. Sample Sb is often beyond the limits specified here, but usually the theory 

predicts much better than the limits specified in this paragraph. The limits stated are 

very general and could be used as guidelines for predicting scatter levels and worst

case situations. 

Inconsistent results make it difficult to state which particle width distribution 

gives the best predictions. In engineering a scatter-sensitive optical system, one 

frequently estimates the scatter from the optical components, and based on this 

estimation the system and its baffling are designed. Under such circumstances, one 

prefers to overestimate the system scatter, because an underestimate can result in a 

system malfunction. Since the scatter given by the large-width distribution is generally 

higher than that given by the small-width distribution, the large-width distribution is 

the better choice and is used throughout the remainder of this chapter. As a rule of 

thumb, the above data indicate that the agreement between the large-width results and 

experiment is within a factor of five. 

The apparent particle size concept employed for the X=O.6328J,Lm data will 

obviously not improve the agreement for the infrared measurements. This may result 

because the total scatter is affected by fewer particles than the visible measurements; 

thus, reducing averaging affects. In any case, the idea of an apparent particle size 

should only be used for visible wavelengths. 
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The theory and experiment agree quite well considering the irregular shape of 

dust and the simplistic theory being used to model scatter from it. The results indicate 

that one can use this theory to predict the scatter from particulate contaminated 

mirrors. if one knows the particle distribution. One may ask what the effect may be if 

the assumed refractive index for dust is incorrect, or varies. Again. based on the 

findings of Jennings. Pinnick and Auvermann (1978). the worst-case values for the real 

component of the refractive index are 1.19 and 2.18. and the worst-case value for the 

imaginary component is 0.02. Comparisons of the scatter resulting from particles with 

these worst-case values are made using the particle distribution given in Table 5.12a. 

Fig. 5.33a shows how the scatter changes when the real part of the refractive index 

varies from 1.19 to 2.18. while the imaginary component is held fixed at 0.2. The two 

scatter curves are nearly identical out to about 200 from specular. Beyond this angle 

the difference increases up to a factor of about five. This is a small difference for 

such a wide range of indices. and a worst-case situation. When the real component of 

the refractive index is held fixed at 1.7 and the imaginary component varies between 

0.02 and 0.2. the scatter curves in Fig. 5.33b are calculated. Again. the scatter results 

are nearly identical for IT-Tol~200. and beyond this the two curves are within a factor 

of about three. The small changes in the scatter curves for such large variations in the 

refractive index illustrate the nearly independent nature of the scatter with respect to 

the refractive index. So. assuming a typical refractive index should inflict little error 

in theoretical predictions. 

If one considers the particulate scatter as being caused by diffraction. 

geometrical external reflection. and geometrical transmission with refraction. some 

insight into the origin of the scatter may be gained. Hodkinson and Greenleaves (1 %3) 

show that the scatter determined in this manner agrees well with Mie calculations when 

the particie sizes are greater than three or four times the wavelength. This assumes 
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Fig. 5.33. The change in BRDF due to the variability of the refractive index of dust 
for sample 5b: A=1O.6/Lffi.80=1O°. The particle distribution is given in Table 5.12. 
(a) Varying the real component of the refractive index. 
(b) Varying the imaginary component of the refractive index. 
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that the particles are spherical. suspended in air. and that there exists a sufficient range 

of particle sizes to average out the phase effects. With this result. one might expect 

that this theory can be applied to the present situation using the same model employed 

with Mie theory. The geometrical terms use the Fresnel equations which depend on the 

refractive index. Since previous discussions indicate the presence of a small refractive 

index dependence. the primary contributor to the scatter must be diffraction. 

Figs. S.34a. and S.34b show the calculated theory and diffraction contribution 

for samples Sa and Sb respectively. The diffraction calculations assume that the 

particles resemble an opaque disk. Sample Sa has only one particle satisfying the size 

requirement mentioned above. and sample 5b has twelve. Each figure shows good 

agreement. with most of the difference being at the large scatter angles where the 

refractive index may play a larger role. For these larger contamination levels. 

diffraction is clearly the prime contributor to scatter. and can reasonably estimate the 

particulate scatter when several particles greater than the wavelength are present. 

Chapter 2. (2.11). gives the results for scatter from the microroughness of a 

typical mirror. According to these results. the measured clean mirror scatter. Figs. 5.27 

and 5.30. is higher than the mirror's surface microroughness scatter. Also. the slope of 

the scatter versus 10~-l3o) curve is -2 for a typical mirror. much steeper than the 

nearly flat experimental data. So. if these mirrors are typical. the measured scatter 

from them can not be due to the surface roughness alone. If these mirrors are assumed 

to be equivalent to those measured in the visible. and if the visible scatter 

measurements are limited by the surface microroughness. then the A=O.6328JLm clean 

mirror data may be rescaled for A=1O.6JLm according to the theory presented in chapter 

2: 1 fA 4 in height and A in width. This scatter level is also below that measured. and 

the slope of -1 does not agree with the data. Hence. the measured clean mirror scatter 

at A=10.6JLm is limited by a source other than the mirror microroughness. 
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Fig. 5.34. Comparison between theory and diffraction from dust particles on a mirror: 
A=IO.6JLm. 80=10°, 
(a) Sample Sa, particle distribution is given in Table S.lla. 
(b) Sample Sb. particle distribution is given in Table S.12a. 
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The particle distributions for the clean mirrors. samples 4 and 5. are given in 

Tables 5.13 and 5.14. respectively. and the corresponding data and theory are presented 

in Figs. 5.35 and 5.36, where the instrument profile is subtracted from the clean mirror 

measurement. In Fig. 5.35, good agreement between theory and experiment occurs 

beyond 8° from specular. For IT-ToIOOo the agreement is worse. In Fig. 5.36 the 

theory predicts the scatter well for IT-Tol>5°. The angles with poor agreement indicate 

that the source of scatter is something other than particulates. such as scratches. digs. or 

coating pinholes. For the angles where the theory is in agreement with the data, it may 

be concluded that the scatter from these clean mirrors is limited by particulate scatter. 

and not the scatter from the mirror microroughness. 

Fig. 5.37 shows the diffraction contribution to scatter for a clean mirror. sample 

5. The largest particle is 0.78>', which does not satisfy the size requirement stated 

above, but the agreement is still within a factor of three for most of the scatter angles. 

This indicates that diffraction. as opposed to reflection and refraction. does contribute 

substantially to scatter even when the particles are smaller than the wavelength. Also. 

the scatter predicted by diffraction alone is above that expected from surface 

microroughness, helping to substantiate the statement that the particulate contaminants 

limit the clean mirror scatter. 

The above results indicate that the scatter from dust particulates has little 

dependence on the refractive index. and may be reasonably predicted by diffraction 

from similarly sized opaque disks. Therefore. it is reasonable to assume that the scatter 

from digs and coating pinholes may also be reasonably predicted by diffraction (or Mie 

theory), and that the scatter from them effects the total scatter like dust particles. 



Table 5.13. Sample 4: Large-Width Particle Distribution for Fig. 5.35. 

Particle 
Size (JLm) 

1.1 
2.2 
5.5 
8.3 

Quantity 
per cm2 

40 
10 
5 
2 
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Fig. 5.35. Sample 4: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: A-IO.6pm. The particle distribution is given in Table 5.13. 
(a) 80=10°. 
(b) 80=30°. 



Table 5.14. Sample 5: Large-Width Particle Distribution for Fig. 5.36. 

Particle 
Size (JLm) 

1.1 
2.2 
3.3 
4.4 
5.5 
S.3 

Quantity 
per cm2 

135 
75 
30 
5 
13 
I 

IS5 
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Fig. 5.36. Sample 5: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: X-IO.61Lm. The particle distribution is given in Table 5.14. 
(a) 90-100. 
(b) 90-300. 
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Fig. 5.37. Comparison between theory and diffraction from dust particles on a mirror. 
sample 5: h=IO.6JLm. eo=lOo. The particle distribution is given in Table 5.14. 
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5.7. Results and Discussion of Scatter from Dust-Contaminated Mirrors 

5.7.1. Summary of Scatter Prediction Results in the Visible and the Infrared 

The two previous sections showed that the scatter from dust-contaminated 

optics could be predicted using a simple model and Mie theory. This subsection 

presents a summary of those results. 

Several observations regarding the 'A=O.6328p.m scatter from dust on mirrors 

were made. The ss-polarized scatter nearly equaled the pp-polarized scatter. and there 

existed no measurable cross-polarized scatter. The theory excellently predicted the 

slope and magnitude of the scatter. and did so for various angles of incidence when the 

apparent particle size. D(l +sin8O>. replaced the actual particle size D. Even without this 

size-modification. the agreement was still reasonable. The scatter was nearly 

independent of the real part of the refractive index. but clearly showed some 

dependence on the imaginary component. However. this dependence was not too 

substantial even for the extreme values chosen. Also. the scatter displayed little 

dependence on whether one used the large-width or small-width particle distributions. 

At A=10.6p.m an s-polarized beam irradiated the sample and the results were 

very similar. The theory estimated the experimental data to within a factor of roughly 

five. This is not as good as the agreement in the visible. This is because the surface 

microroughness scatter scales proportional to k4 and the particulate scatter does not 

exhibit such a strong wavelength dependence. Thus. at infrared wavelengths. the 

particulate scatter contributes a larger percentage of the total scatter; therefore. the total 

scatter is more sensitive to the particle distribution. Contrary to the visible 

measurements. the apparent particle size concept no longer improved the agreement 

between theory and experiment. The scatter showed little dependence on the complex 

refractive index up to scatter angles of about IT-To 1=200
• For IT-To 1>200 the 

dependence increased. but by an insignificant amount considering the extreme values 
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that were compared. This small dependence led to the result that the scatter from dust. 

digs and coating pinholes may be predicted by diffraction theory when a distribution of 

sizes larger than the wavelength is present. For angles beyond about 8° from specular. 

the Mie theory model predicted the scatter from the clean mirrors. verifying that the 

scatter was dominated by the dust on the mirrors and not the surface microroughness. 

Also. the clean mirrors' scatter not resulting from the dust must have originated from 

other irregularities such as scratches. digs. and coating pinholes. The result that the 

scatter may be limited by dust and other irregularities shall be the primary topic of the 

section that follows. 

5.7.2. Scatter from Clean Smooth Mirrors 

Chapter 2 presents the theory predicting the scatter caused by a mirror's 

surface microroughness. Wein's (1989) scalar empirical model. (2.11). has an optical 

factor equal to one and assumes a surface autocorrelation function that yields a BRDF 

with a slope of -2 when graphed on log-log axes versus f3-{30' The vector and scalar 

theories having a negative-exponential autocorrelation function are given by (2.10). and 

predict magnitudes similar to Wein's expression for small angles. The difference 

between this expression and Wein's expression occurs at large scatter angles where the 

slope is -3 instead of -2. Thus. it will predict lower scatter levels at these angles. 

Wein's model has been shown (Wein. 1989) to accurately predict visible scatter from 

clean mirrors. and is used here to represent t'1e clean mirror scatter. The forward 

scatter curve predicted by this expression is plotted as a solid line in Figs. 5.38a 

through 5.38d using wavelengths of O.6328JLnl. 1. 15JLm. 3.39JLm and 1O.6JLm. 

respectively. The following values are used: an incident angle of 10°. a surface 

roughness of 5 Angstroms. and an autocorrelation length of 10JLm. The scatter resulting 

from other mirror microroughnesses may be easily determined since the scatter is 

proportional to 0'2. The other curves in these figures represent the theoretical forward 
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scatter from particulates of various sizes with a density of one particle per square

centimeter. or. in the case of the above scatter measurements. roughly one illuminated 

particle. The clean mirror curve scales in height as (12 A 4 and in width as X. The 

particulate scatter does not have such a strong wavelength dependence. and therefore 

contributes a larger percentage of the total scatter at the longer wavelengths. 

Particulate scatter is linearly proportional to the number of particles. so. the figures 

may be used to identify the cleanliness required for the scatter to be limited by the 

surface microroughness. Fig. 5.38d. X=10.6J.Lm. may also be used to specify the 

required dig and coating pinhole distributions since the scatter from these itl'egularities 

is similar to that from dust. For instance. at h=1O.6J.Lm a mirror having about 10.000 

one-micron particles/cm2 scatters the same amount at large angles as the surface 

microroughness. One 5J.Lm particle/cm2 produces enough scatter to dominate the surface 

microroughness scatter at large angles. and more of these particles have a rapidly 

increasing contribution. One lOjLm particle/cm2 scatters sufficiently to be the limiting 

source of scatter for angles greater than about 5° from specular. and it contributes 

significantly at smaller angles. The curves for particles 20jLm and 40jLm in diameter 

indicate that the scatter from these particles dominates over that from the surface 

microroughness. This illustrates that very few small particles are required to dominate 

the scatter profile of a smooth mirror at h=1O.6J.Lm. It is now less surprising that the 

clean mirrors measured here at X-1O.6J.Lm are limited by the scatter from dust. and not 

the surface microroughness. 

Others have also found that factors other than the surface microroughness limit 

infrared scatter. Elson. Bennett. and Bennett (1979) found that the total integrated 

scatter in the infrared was often considerably higher than that predicted by its surface 

microroughness. In their study. irregularities such as particulate contaminants. 

scratches. digs. and coating pinholes were observed to limit the infrared scatter. They 
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also indicated that the scatter from these large irregularities was relatively invariant 

with wavelength. and that the crossover from surface microroughness scatter dominance 

to irregularity dominance occurred at wavelengths greater than about 1 to 3JLm. 

Similar discrepancies are also evident in angle-resolved scatter measurements. 

The measured surface-microroughness BRDF at one wavelength is often used to infer 

the surface-microroughness BRDF at another wavelength. This commonly employs 

theories like those presented in chapter 2. and is referred to as wavelength scaling. 

Harvey (1976). Stover. et al. (1988) and Stover. et al. (1989) have proven this successful 

when the two wavelengths are within the visible part of the spectrum. However. when 

scaling from the visible to the mid- or far-infrared. the process often fails (Wang. 1983~ 

Wein. 1989; and Stover. et al .• 1989). Dust and other irregularities. not the surface 

microroughness. probably dominate the scatter. causing the theory to fail. as 

qualitatively expected by Elson. Bennett. and Bennett (1979) and Wein (1989). Because 

the surface microroughness theory agrees in the visible and not in the infrared. there 

must be a crossover wavelength where the scatter dominance passes from surface 

roughness to irregularities. 

Fig. 5.39 shows two graphs which give a good indication as to the crossover 

wavelength for the clean samples measured here. The solid lines represent the forward 

scatter due to the surface roughness. (2.1l). for the wavelengths indicated. a surface 

roughness of 5 Angstroms. and an autocorrelation length of IOJLm. The other curves 

represent the forward scatter caused by dust on the mirrors for the wavelengths 

indicated in the legend. The particle distributions for Figs. 5.39a and 5.39b are the 

clean-mirror distributions given in Tables 5.13 and 5.14. respectively. The refractive 

index used for A=O.6328JLm and 1O.6JLm are given earlier. and those used for 1.15JLm 

and 3.39JLm are 1.50+0.00li and 1.50+0.02i. respectively. The latter two values come 

from Jennings. Pinnick and Auvermann (1978) who give these as typical values for 
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nearly equivalent wavelengths. Fig. S.39a shows a crossover wavelength slightly larger 

than 3.39I.Lm. and Fig. S.39b shows that it occurs between 1.lSI.Lm and 3.39I.Lm. Of 

course. the crossover wavelength varies depending on the mirror's parameters and the 

contamination distribution. but it is interesting to note that the crossover wavelength 

found here is similar to that found in the total integrated scatter measurements of Elson. 

Bennett. and Bennett (1979). 

Figs. 5.40a and S.40b show the wavelength dependence of the particulate scatter 

for the clean-mirror particle distribution given in Table 5.14 and the contaminated

mirror distribution given in Table S.I2a. respectively. The scatter from the particulates 

on the clean mirror do not exhibit wavelength independence. however. the scatter is 

roughly wavelength independent when particulates larger than the wavelength dominate 

the scatter. Fig. S.40b. 

The result that the A=1O.6pm clean-mirror scatter is limited in part by the 

particulate contaminants, and not the surface microroughness, has very profound 

implications. As mentioned throughout this discussion. numerous authors have 

experienced difficulties predicting infrared scatter. Because of this. many have focused 

on reducing the surface-microroughness scatter. Such efforts are useless if the scatter 

is dominated by particulates or surface irregularities. So. more attention needs to be 

directed toward determining typical contaminant and surface-irregularity distributions 

for various mirrors and then, if necessary. work toward improving them. It can not be 

assumed that the contaminants and surface irregularities contribute negligibly to the 

scatter of "nominally" clean optics, and it is essential that one follow good cleaning 

techniques to reduce the effects of contaminants. 

This result also effects the use of scatter data assisting in the design of optical 

systems. Infrared scatter. from optics in scatter-sensitive optical systems, is normally 

measured prior to the construction of the system. Computer programs such as 
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APART/pADE and ASAP use this data as input, and calculate the system scatter. 

which aids in the design and baffling. Because infrared scatter from particulates can 

be so detrimental, the mirror cleanliness at the time of deployment must be at least as 

good as when its BRDF was measured. Again, this emphasizes the necessity to obtain 

the optimal cleaning techniques and personnel who have mastered its process. And, it 

stresses the importance to be able to predict the expected contaminant distribution prior 

to the instrument's construction. 

A h=1O.6/Lm BRDF round robin was made by Leonard, Pantoliano and Reilly 

(1989). The BRDF values of several samples were measured at several facilities around 

the country and the results were compared. The agreement between the facilities often 

varied by one to two orders of magnitude for the same sample. Although each facility 

used the same cleaning procedure. similar end results should not be expected. Cleaning 

optics well takes practice and patience, and particle distributions vary from cleaning to 

cleaning. It is very likely that some of the observed differences resulted because of 

varying particulate distributions. This variable must not be overlooked if the current 

push toward BRDF standardization is to succeed. In spite of this, the poor agreement 

in the round robin should not be overlooked. because similar results occurred for a 

round robin done at X-o.6328/Lm (Leonard. Pantoliano, 1988), where the effects of these 

large contaminants should not have contributed significantly to the scatter. 

Most of the infrared optics which carry low-scatter requirements are 

manufactured to meet rms-roughness specifications. The above results indicate that the 

surface roughness may not dominate the scatter; so, the rms-roughness specifications 

and the low-scatter requirements do not necessarily correlate. Therefore. the 

specifications must include information concerning the scatter from contaminants and 

other irregularities. Stover. et al. (1989) suggest that an appropriate specification may 

be: ''The BRDF at 10.6 microns will be less than lO-4sr-l at one degree from specular 
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with an incident angle of ten degrees." Calculations based on Wein's (1989) work. 

which predicts small-angle scatterometer perfonnance at various wavelengths. indicate 

that making such low infrared scatter measurements at an angle so near specular is not 

at all trivial. It is suggested here that the specification be an easily measured quantity 

requiring no special instrumentation. thus minimizing the chance of error. Measuring 

low levels of scatter at two degrees from specular is much simpler. and knowing the 

BRDF at several larger angles roughly defines the scatter curve. The angles from 

specular at which specifications may be required are 20. 100• 300• and 600• 

Evidence indicates that even visible scatter from clean. smooth mirrors may be 

limited by contaminants and other irregularities. As discussed in Chapter 2. Elson and 

Bennett (1979a) have found that many optical surfaces polished by conventional 

techniques have surface autocorrelation functions that are well approximated in the 

visible by a negative-exponential function. Such surfaces have BRDFs with large-angle 

slopes of -3 when graphed versus {3-{30 on a log-log plot. However. in the visible. most 

mirrors scatter with a slope closer to -2. and some near - 1. Also. Thomas (1980) points 

out that Harvey's (1976) corrected scalar theory does not show the appropriate incident

angle invariance for their visible clean mirror data. The vector theory presented in 

Chapter 2 also does not indicate incident-angle invariance. but some samples do exhibit 

this phenomenon. Each of these results indicate that the clean mirror scatter in the 

visible may be limited by sources other than surface microroughness. 

If these discrepancies resulted from other sources of scatter. the author feels 

that they originated from surface defects. which were not examined here. or 

contaminants which were smaller than those measured here. This would correspond to 

scratches. or other irregularities less than a micron in diameter. The small-sized 

particulates. digs. and coating pinholes would exhibit the broad scatter characteristic 

required to decrease the slope of the scatter curve. Also. particles which Rayleigh 
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scatter. do so with a wavelength dependence of k4. This was the same wavelength 

dependence as surface microroughness scatter. so wavelength scaling in the visible 

would go as k4 regardless of whether the scatter was dominated by the microroughness 

or Rayleigh-sized particles. Such particles produce a flat scatter profile. so the small

angle scatter would not be effected much by their presence. Thus. (J and R could still 

be determined from the BRDF data as observed by Wein (1989) and Wang (1983). 

Finally. the contamination result.. raise question about the cryogenic-scatter 

measurements discussed earlier. There was no measurable difference in the BRDF due 

to the temperature change. but the possibility existed that the measured scatter resulted 

from particulate contaminants or surface defects. rather than the surface 

microroughness. At the time of those measurements this was not expected or 

investigated. so one should use those results with caution. 

5.7.3. Incident Angle Invariance of Oean and Contaminated Mirrors 

The scalar surface-roughness scatter theory presented in Chapter 2 indicates 

that. when plotted versus (3-{30. the scatter due to a random surface roughness shows 

shift-invariance with respect to the incident angle. The vector theory does not predict 

this. Shift-invariance has been observed by Harvey (1989). but as he states. it does not 

hold true for all samples. 

Fig. 5.41 plots the X=O.6328pm. clean mirror data, for sample 3 with 90=10°. 300. 

and 60°. Part (a) is for ss-polarization and part (b) is for pp-polarization. Notice that 

the BRDF is plotted versus {3-{30: this is the case throughout this subsection. Except for 

a small portion of the forward scattered radiation for 90-060°. the clean mirror's scatter 

illustrates shift-invariance with respect to the incident angle. 

The X=O.6328pm scatter due to particulates on sample 3b is shown in Figs. 

5.42a and 5.42b for ss- and pp-polarization. respectively. Again. the scatter is 

invariant. and sample 3a yields similar results . 
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The X-IO.6p.m scatter data for the clean mirrors are shown in Figs. 5.43a and 

5.43b for samples 4 and 5, respectively. The scatter is nearly invariant. 

Data for the contaminated samples 4a and 5a at X=IO.6JLm are presented in Figs. 

5.44a and 5.44b, respectively, and that for the more contaminated samples 4b and 5b in 

Figs. 5.4Sa and S.4Sb, respectively. These figures indicate that the scatter is nearly 

shift-invariant with respect to the angle of incidence. 

S. 7.4. The Shape of the BRDF Curves 

Fig. 5.38 shows typical surface roughness scatter curves and scatter curves for 

various sized contaminants on the mirror. From this and diffraction theory, it is 

observed that irregularities greater than about a wavelength produce a high surface 

spatial-frequency slope and a small surface spatial-frequency plateau region, and 

smaller irregularities yield a flat scatter profile. 

From experiment and surface roughness theory, (2.11), the low surface spatial

frequency scatter rolls-off into a plateau region and a high spatial frequency BRDF 

slope of about -2 occurs when graphed versus 10g(f3-{3o>, although slopes as low as -1 

are sometimes observed. The visible measurements made here illustrate that the scatter 

due to the contaminants alone has a slope of roughly -1.3, Fig. 5.42. In Fig. 5.43, the 

clean mirror data for X=1O.6JLm shows a high frequency slope which is nearly flat. 

This is clearly different from the slope predicted by the surface roughness theory. In 

Fig. 5.44 the low-frequency region displays a plateau, and the mid-frequencies a very 

steep slope. The higher contamination level shown in Fig. 5.45 exhibits a low 

frequency plateau and a high frequency slope of about -2. Only the most contaminated 

samples at X .. I0.6p.m and the samples at X=O.6328p.m exhibit similarly shaped BRDF 

curves as a mirror limited by surface roughness; the lower contamination levels differ 

greatly. Thus. dust and irregularities mayor may not change the shape of the BRDF 

curve. This depends on the contamination distribution. 
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Using the surface roughness scatter theory and the measured BRDF. one can 

determine the surface's autocorrelation length 1 and the rms roughness (J when the 

mirror scatter is limited by surface microroughness (Wang. 1983). This is done by 

drawing two asymptotic lines: one for the high surface spatial frequencies. and one for 

the low surface spatial frequencies. where the scatter rolls off into a plateau region. 

The intersection of these two asymptotic lines gives the autocorrelation length and the 

plateau level yields the rms surface roughness. Wein (1989) compared his measured 

values with those made with a WYKO optical profilometer. and observed that this 

method worked quite well for A=O.6328JLm. However. the rms roughness values 

obtained for X ... IO.6JLm were high by as much as a factor of 6.6. 

As pointed out by Wein (1989). the large discrepancy between the visible and 

the infrared. based on predictions of rms surface roughness. were due to the 

predominance of contamination effects in the infrared. The data presented in section 

5.7.3 show that some of the contaminated-mirror data display a high surface spatial

frequency slope and a low surface spatial-frequency plateau. This can easily be 

misinterpreted as scatter from the surface roughness. If so. one will calculate incorrect 

values for 1 and fT. 

5.7.5. Relationships Between Surface Cleanliness Level. Cleanliness Class. and BRDF. 

To reduce the number of particulate contaminants on optics. many optical 

systems and components are manufactured and kept in clean rooms. The cleanliness of 

a clean room is defined in terms of cleanliness classes as given in Federal Standard 

209D (1988): "The statistically allowable number of particles equal to or larger than 0.5 

micrometer in size per cubic foot of air." For example. a class 100 clean room implies 

that there exists no more than 100 particles 0.5JLm or larger in size per cubic foot of 

air. Federal Standard 209D allows for the cleanliness class to be determined with 

reference to other particle sizes. but in doing so the airborne particle distribution is 
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assumed to follow a basic size distribution. Muscari (1986) fits a straight line to the 

log-log graph given in Federal Standard 209D. and finds the following approximate 

equation: 

10gNv - -2.19710gX - 0.662 + 10gXc 

where X - the particle diameter in p.m - limited to O.S-IOOp.m 

Xc - the clean room cleanliness class 

Nv = the number particles/ftl ~ diameter X 

(5.1) 

Although specifying the class of a clean room may be useful for many applications. the 

interest here lies in knowing the number of particles which fall onto a surface. So. one 

would like to know the relationship between the clean room cleanliness class and the 

surface cleanliness level. 

Military Standard l246B (1987) defines the surface cleanliness level based on the 

particle size distribution and count. The definition is given as 

(5.2) 

where X = the particle size in p.m 

Xl - the surface cleanliness level 

Na - the number of particles/ft2 ~ X 

Although particle distributions have been found to be of the general form given in 

(5.2). evidence indicates that the scaling factor of 0.9260 is much too high. Buch and 

Barsh (1987) claim that Hamberg and Shon (1984) find that the form of (5.2) holds for 

cleaned surfaces. but that the factor 0.9260 becomes 0.383 for deposited contaminants. 
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According to this. the particle fallout does not agree with the distribution defined in 

Military Standard 1246B. However. because (5.2) is the standard being used today. it is 

used here as the definition for the surface cleanliness level. 

The cleanliness of clean room air is used as the primary specification for clean 

room requirements. As stated above. the primary concern is the particle fallout onto 

surfaces of interest. Hamberg (1982) analyzes fallout data obtained from various 

sources and develops a rough expression to predict particle fallout for known classes of 

clean rooms. The expression is given as 

N _ pN 0.773 
t c (5.3) 

where N = the number of particles > 5/Lm settled/ftZ 

t 0= the exposure time (in 24 hours) 

Nc = the number of particles/ft3 of air > 5/Lm in diameter. 

p equals 2851 for conventional type clean rooms with 15 - 20 air changes per hour and 

equals 1000 for laminar flow type rooms. The data determining (5.3) are very widely 

spread and the 95% confidence limits are roughly an order of magnitude above and 

below the curve given by this equation. So. the values given for p yield basic rules of 

thumb for different types of clean rooms. 

Combining (5.3) with (5.2) one can obtain a relationship between the surface 

cleanliness level and the air cleanliness for particles greater than 5/Lm in size. 

However. the cleanliness classes are specified with reference to particles 0.5/Lm in 

diameter. So. by combining (5.1). (5.2) and (5.3) an expression which relates the surface 

cleanliness level to the clean room cleanliness class may be obtained: 



logX1 = .Jl.080(log,o + logt + O.77310gXc - 1.248) 
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(5.4) 

where Xl is the surface cleanliness level. p equals 2851 for conventional type clean 

rooms and 1000 for laminar flow type dean rooms. t is the exposure time in days and 

Xc is the clean room class. This is the desired relation. and Figs. 5.46 and 5.47 show 

the surface cleanliness level versus time. from 0.1 days to 1 year. for various classes of 

clean rooms. Fig. 5.46 shows the case for a conventional type clean room and Fig. 

5.47 for a laminar flow type room. Part (a) in each figure corresponds to a 

horizontally oriented sample and part (b) corresponds to a vertical sample. The vertical 

sample data is obtained by using a fallout rate equal to one-tenth the horizontal rate. 

Buch and Barsh (1987) indicate that data from TRW shows this to be a conservative 

estimate. These graphs may be used to chart the surface cleanliness level of an optic 

over time. 

Fig. 5.48. parts (a) through (d), shows the BRDF for various surface cleanliness 

levels, assuming that the distribution follows (5.2). The distributions used to determine 

the scatter are given in Tables 5.15 through 5.18. In these tables. the particle densities 

occasionally oscillate as the particle size decreases. This results because the particle

size range which is being integrated over is changed. Using Fig. 5.48 in conjunction 

with Figs. 5.46 and 5.47. one may estimate the scatter from dust fallout on a mirror for 

a given clean room exposure time. This scatter may then be summed with the surface 

roughness scatter and the scatter due to other irregularities to obtain the total scatter. 

To help justify that the samples measured here were not further contaminated 

during their measurement. two similar samples were placed face-up in the clean room 

to collect dust: sample A behind. and sample B in front of the sample being measured. 

The samples remained there throughout the dust-contaminant measurements so that the 

effectiveness of the clean room could be determined. The total exposure time was 58 
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days (1392 hours). and the total exposure time in which activity occurred in the room 

was about 3.5 days (84 hours). The particle distributions obtained for sample A and 

sample B are given in Tables 5.19 and 5.20. respectively. These few small particles 

would obviously have little effect on the visible contamination measurements. which 

had much higher contamination levels and were exposed in a vertical position for less 

than 8 hours each. For the infrared measurements, the samples were exposed for only 

about an hour. and most of that time they were in the vertical position. Hence. it is 

not likely that they would collect enough contaminants to affect the measurements 

either. According to these particle counts. the worst-case particle fallout on a sample 

having its BRDF measured was about 1.3 particles greater than 5JLm in size per cm2 

per 24hours. Therefore. the one hour exposure time for the infrared measurements was 

short enough so that additional contamination was. on the average. negligible. 

Using these particle counts. the surface cleanliness level and the clean room 

cleanliness class may be estimated from the results given above. The number of settled 

particles/ftZ greater than 5JLm in size is Na=22296 and Na=42734 for samples A and B. 

respectively. Assuming that the particle distribution obeys (5.2). the surface cleanliness 

levels are about 190 and 220 for samples A and B. respectively. The clean room 

cleanliness class may then be obtained using ,0-1000 and (5.4). The average class for 

the total exposure time is about 47 and 106 for samples A and B. respectively. The 

worst-case is if all of the particles were to fall when there is activity in the room. For 

samples A and B. this would yield cleanliness classes of about 1777 and 4000. 
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Fig. 5.46. Surface cleanliness level versus time for a conventional type clean room. 
(a) Horizontal Sample. 
(b) Vertical Sample. 
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Fig. 5.47. Surface cleanliness level versus time for a laminar flow type room. 
(a) Horizontal Sample. 
(b) Vertical Sample. 
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Fig. 5.48. The BRDF for various surface cleanliness levels. 
(a) Wavelength = O.6328pm. 
(b) Wavelength = 1.15pm. 
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Table 5.15. Particle distribution for a surface cleanliness level of SO. 

Particle 
Size (pm) 

52.5 
47.5 
42.5 
37.5 
32.5 
27.5 
22.5 
17.5 
12.5 
7.5 
4.5 
3.5 
2.5 
1.5 

Quantity 
per cm2 

1.0764E-03 
4.1644&04 
6.3632&04 
1.012SE-03 
1.694OE-03 
3.0214E-03 
S.8663E-03 
1.2826E-02 
3.3SS2E-02 
1.1874E-Ol 
5.5162E-02 
7.7941E-02 
1.058SE-Ol 
8.9053E-02 
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Table 5.16. Particle distribution for a surface cleanliness level of 100. 

Particle Quantity 
Size (JLm) per cm2 

102.5 1.0764E-03 
97.5 2.2385E-04 
92.5 2. 8290E-04 
87.5 3.6130E-04 
82.5 4.6677E-04 
77.5 6.1081E-04 
72.5 8.1080E-04 
67.5 1.0937E-03 
62.5 1.5024E-03 
57.5 2.1072E-03 
52.5 3.0274E-03 
47.5 4.4736E-03 
42.5 6.8357E-03 
37.5 1.0877E-02 
32.5 1.81 97E-02 
27.5 3.2457E-02 
22.5 6.3019E-02 
17.5 1.3778E-OI 
12.5 3.6043E-Ol 
7.5 1.2756E+00 
4.5 5.9258E-Ol 
3.5 8.3728E-Ol 
2.5 1.1371E+00 
1.5 9.5664E-Ol 



Table 5.17. Particle distribution for a surface cleanliness level of 200. 

Particle 
Size (jLm) 

205 
195 
185 
175 
165 
ISS 
145 
135 
125 
liS 
105 
97.5 
92.5 
87.5 
82.5 
77.5 
72.5 
67.5 
62.5 
57.5 
52.5 
47.5 
42.5 
37.5 
32.5 
27.5 
22.5 
17.5 
12.5 
7.5 
4.5 
3.5 
2.5 
1.5 

Quantity 
per cm2 

1.0764E-03 
2.61S7E-04 
3.4097E-04 
4.4992E-04 
6.0179E-04 
8.1711E-04 
1.1283E-03 
1.5878E-03 
2. 2832E-03 
3. 36S5E-03 
5.1055E-03 
3.S391E-03 
4.4727E-03 
5.7121E-03 
7.3796E-03 
9.6568E-03 
1.2819E-02 
1.729 1 E-02 
2.37S2E-02 
3.3314E-02 
4. 7862E-02 
7.0727E-02 
1.0807E-OI 
1.7196E-Ol 
2. 8770E-O1 
S.1314E-Ol 
9.9632E-Ol 
2. 1 782E+OO 
5.6984E+00 
2.0167E+Ol 
9. 3686E+OO 
1.3237E+Ol 
1.7977E+Ol 
1.5 1 24E+0 1 
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Table S.IS. Particle distribution for a surface cleanliness level of SOO. 

Particle 
Size (urn) 

Quantity 
per crn2 

SOS 1.0764E-03 
495 1.1419E-04 
485 1.2859E-04 
47S 1.4512E-04 
465 1.6414E-04 
455 1.8607E-04 
445 2.1144E-04 
435 2.4087E-04 
425 2. 751 OE-04 
41S 3. 1504E-04 
405 3.61S0E-04 
395 4. 1674E-04 
385 4.8151E-04 
375 5.5811E-04 
365 6.4912E-04 
355 7.5769E-04 
345 8.8770E-04 
335 1.0442E-03 
325 1.2333E-03 
315 1.4632E-03 
305 1. 7440E-03 
295 2.0890E-03 
285 2.51S5E-03 
275 3.0459E-03 
265 3.7104~03 
255 4.5489E-03 
245 S.61S0E-03 
235 6.9821E-03 
225 8.7513E-03 
215 1.I064E-02 
205 1.4118E-02 
195 1.8199E-02 
185 2.3723E-02 
175 3.1304E-02 
165 4. I 870E-02 
ISS S.68SIE-02 
145 7.8503E-02 
135 1. I 047E-O I 
125 1.5886E-O I 
liS 2.3416E-OI 
105 3.5523E-OI 
(continued on next page) 
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Table 5.18 (continued). Particle distribution for a surface cleanliness level of 500. 

Particle Quantity 
Size (p.m) per cm2 

97.5 2.4624E-Ol 
92.5 3.11 19E-Ol 
87.5 3.9742E-Ol 
82.5 5. 1345E-Ol 
77.5 6.7189E-Ol 
72.5 8.9188E-Ol 
67.5 1.2030E+OO 
62.5 1.6526E+OO 
57.5 2.3179E+00 
52.5 3.3301E+OO 
47.5 4.9209E+OO 
42.5 7.5192E+00 
37.5 1.1 964E+Ol 
32.5 2.0017E+Ol 
27.5 3.5703E+Ol 
22.5 6.9320E+OI 
17.5 1.5156E+02 
12.5 3.9647E+02 
7.5 1.4031E+03 
4.5 6.5183E+02 
3.5 9.2100E+02 
2.5 1.2508E+03 
1.5 1.0523E+03 



Table 5.19. Sample A: large-width Distribution. 

Particle 
Size Otm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
16.5 

Quantity 
per cm2 

116 
84 
34 
12 
20 
1 
2 
1 

Table 5.20. Sample B: large-width Distribution. 

Particle 
Size Otm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
33.0 

Quantity 
per cm2 

184 
126 
36 
10 
30 
6 
2 
1 
5 
1 
1 
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CHAPTER 6 

CONCLUSIONS 

The work completed for this dissertation and the conclusions are: 

(1) A >"=IO.6pm cryogenic scatterometer (CRYOSCA1) was designed and constructed. 

and the calibration of CRYOSCA T with the room-temperature laboratory workhorse 

scatterometer (AZSCA 1) indicated that the system could accurately measure BRDF's as 

low as about 1O-Ssr-1• A few simple modifications would allow even lower BRDFs to 

be measured. Several scatter measurements from three types of cryogenic (85K) mirrors 

displayed no measurable change in the scatter as compared to room-temperature data. 

It would be too general to state that the scatter properties of all mirrors are independent 

of temperature. However. the indication is that the BRDF of mirrors has no 

measurable temperature dependence. 

Later results showed that the clean. smooth mirror scatter at >"-1O.6pm was 

often. if not always. limited by irregularities present on the surface. These 

irregularities could have been in the form of particulates. scratches. digs. or coating 

pinholes. The dominating scatter source depends on the rms surface roughness. and the 

contaminant and defect distributions. Therefore. some of the cryogenic measurements 

may have been limited by sources other than the surface microroughness. Hence. the 

cryogenic scatter data should be applied with caution. 

(2) Some interesting cryogenic scatter measurements were made on oil contaminated 

mirrors. Strong temperature dependencies indicated that in order to correctly evaluate 
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scattering properties. the sample. the contaminants. and their respective temperature 

dependencies must each be considered. 

(3) Distributions of I to 85tLm diameter polystyrene spheres randomly contaminated 

room-temperature mirrors. and the resulting scatter from them measured at >"::O.6328tLm. 

These data were compared with a modified Mie theory and showed excellent agreement 

for the forward scattered radiation. The theory predicted the slope and magnitude of 

the forward scatter very accurately. and did so for various angles of incidence when 

the apparent particle size. ])(1 +sineo). was used in place of the actual particle size. D. 

Even without using the apparent particle size the agreement was still reasonable. 

Theory and experiment. showed that the ss- and the pp-polarized scatter were nearly 

equivalent; thus. implying that the scatter from the spherical particles was independent 

of polarization. 

The backward scattered light was predicted well for only the small and large 

scatter angles. In the mid-angular region. the experimental backward scatter was much 

higher than the forward scatter. and much higher than that predicted by theory. 

Several attempts to explain this phenomenon proved unsuccessful. Measurements from 

dust-contaminated mirrors had already begun and this interesting effect did not appear 

in any of these measurements. Since the scatter from spherical particles served as a 

stepping stone for the more pertinent dust-contaminant measurements. the attempts to 

explain this phenomenon were abandoned. This phenomenon was also observed in the 

sp- and ps-polarization measurements. indicating some depolarization. The theory. of 

course. is in disagreement with this because it predicts no cross-polarization scatter. 

(4) The theoretical and experimental scatter from dust contaminated mirrors at 

>..=O.6328/Lm was independent of ss- and pp-polarizations. and displayed no measurable 

cross-polarization scatter. which agrees with theory. The theory predicted the slope 
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and magnitude of the scatter very accurately. and did so for various angles of incidence 

when the apparent particle size. D(l+sinOO>. was used in place of the actual particle size. 

D. Again. without using the apparent particle size the agreement between experiment 

and theory was still reasonable. but the modification provided an enhanced agreement. 

The scatter was nearly independent of the real part of the refractive index. but showed 

some dependence on the imaginary component; however. the dependence was not too 

substantial even for the extreme values. The large-width particle distribution was used 

for the above analysis. but slight differences occurred when using the smallest widths. 

(5) At A=IO.6JLm. the results from dust-contaminated mirrors were very similar to 

those for A=O.6328JLm. An s-polarized beam irradiated the sample. and again the theory 

predicted the scatter well for both the small- and large-width particle distributions. 

The surface microroughness scatter is much lower in the far-infrared as compared to 

the visible. whereas the particulate scatter is not as heavily dependent upon wavelength. 

Therefore. at far-infrared wavelengths. the scatter from particulates contributes more 

significantly to the total scatter. Fewer particles are required to significantly increase 

the particulate scatter beyond that of the surface microroughness. Accordingly. size 

and shape variations may not be averaged out as compared to the ~"().6328JLm 

measurements. which require many more particles to contribute substantially to the total 

scatter. Thus. in the infrared there exists an increase in the total scatter sensitivity 

toward particulate contaminants. which reduces the level of agreement between 

experiment and theory as compared to the visible data. Again. this sensitivity results 

primarily because of the strong wavelength dependence of the surface microroughness 

scatter. In spite of this. the level of scatter was predicted quite well. and 

approximately followed the upcoming rules of thumb. The large particle width 

distributions overestimated the scatter for IT-To I::::: I 00. but was within a factor of four. 

For lOo<IT -Tol:::::25. the scatter was typically predicted low. but within a factor of five. 
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For larger scatter angles the predictions were typically within a factor of five. and 

when they weren't. the scatter was overestimated. For most of the samples measured 

here. the predicted scatter agreed much better than stated. For X .. IO.6/Lm. the apparent 

particle size concept. which was so effective for X-o.632SJLm. did not provide an 

enhanced agreement. The scatter was roughly independent of the complex refractive 

index up to scatter angles of about 1 T-To 1=200
• The dependence increased for larger 

angles. but not significantly considering the extreme values that were examined. Based 

on this result. the scatter from the dust was determined to be dominated by diffraction 

effects. as opposed to reflection and refraction effects. when the particle distribution 

included several particles larger than the wavelength. 

Finally. the Mie theory model predicted the scatter from what were thought to 

be the clean mirrors. verifying that. for angles beyond about So from specular. the 

scatter was dominated by the dust on the mirrors and not the mirrors' surface 

microroughness. The above conclusions indicated that similar effects would occur for 

other irregularities like scratches. digs. and pinholes in coatings. and that the scatter 

from similarly sized digs and pinholes could be predicted by diffraction since this was 

the dominant source of scatter. 

(6) The theoretical microroughness scatter was plotted along with the theoretically 

predicted scatter resulting from various sized particles on a mirror. Fig. 5.3S. The 

particle density was one particle/cm2• and various wavelengths were plotted. The 

microroughness scatter is proportional to u2• so. the scatter from various 

microroughnesses is easily obtained from this figure. Since the scatter from particulates 

is linearly proportional to the number of particles. the figure may be used to identify 

the cleanliness required for the scatter to be limited by the surface microroughness. 

Also. the X=1O.6/Lm graph may be used to specify the required dig and coating pinhole 

distributions because the scatter from these irregularities is similar to that from dust. 
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This graph also shows that very few small particles on a mirror could dominate the 

scatter at 10.6ILm. For instance. one 10ILm particle/cm2 scatters sufficiently to be the 

domimLit ::murce of scatter for angles beyond 5° from specular. and the scatter from it 

contributes significantly at smaller angles. One 5ILm particle/cm2 contributes to the 

large angle scatter, and the contribution increases and moves to smaller angles as the 

particle density increases. 

The effects of contaminants and other irregularities could be used to explain the 

discrepancies observed in the infrared. People have often assumed that the surface 

microroughness dominates the scatter. and this has usually led to a gross underestimate 

of the scatter at the long wavelengths. The data presented here indicated that the 

dominant source of scatter at A=10.6ILm was contaminants. and that surface defects 

could contribute similarly. Since the contaminants contribute so significantly. more 

emphasis needs to be placed on cleaning techniques. Low-scatter infrared optics must 

be smooth. have a minimal number of defects, and be very clean. One of these 

without the others is not adequate for low-scatter infrared mirrors. 

This result emphasizes the necessity to modify specifications for low-scatter 

infrared optics. Low-scatter infrared optics are often manufactured to meet rms 

roughness specifications; however. there is no correlation with scatter if the dominant 

source of scatter is something other than the rms surface roughness. The author 

suggests that a scatter specification be required on all low-scatter infrared optics. Such 

a specification may be: for X ... IO.6ILm and an incident angle of 10°. the BRDF will be 

less than lO-4sr-l at two degrees from specular. Also. considerations should be given to 

sr.-<!Cify scatter limits at larger angles because the scatter curve can not be determined 

from one measurement. The author suggests that specifications at 2°,100
• 30°, and 600 

will reasonably define the scatter. and give a sufficient specification. 
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(7) Evidence indicates that even the visible scatter from clean mirrors may be limited 

by dust or other irregularities. If this is true. the author believes that the scatter results 

from contaminants and defects smaller than a few microns in size. many of which 

satisfy Rayleigh scattering. These are difficult to detect under a microscope. but they 

can give the required flatter scatter profile. The Rayleigh scatterers have the same 

wavelength dependence as surface microroughness scatter: k4. So. visible wavelength 

scaling does not necessarily prove that the observed scatter results from surface 

roughness. Also. such small defects or contaminants can insignificantly affect the 

small-angle scatter. so that the autocorrelation length and the rms surface roughness 

may still be determined with good accuracy. and can agree with profilometer 

measurements. 

(8) The scatter displayed wavelength dependence for the clean mirrors. but when the 

scatter was dominated by particles larger than the wavelength. the scatter was nearly 

independent of wavelength. 

The crossover wavelength. where the dominant scatter mechanism changed from 

surface microroughness to particulates. occurred between 1.15JLm and 3.39JLm for one 

sample and slightly beyond 3.39JLm for a second sample. This agreed with another 

source. but really depends on the surface microroughness and the irregularity 

distribution. 

(9) The clean-mirror data and the contaminated-mirror data indicated that the BRDF 

was nearly shift-invariant for 0.6328JLm and 10.6JLm when plotted on a log-log axis 

versus (3-f3o. 

(10) Whenever irregularities greater than about a wavelength dominate the scatter. the 

scatter curves present a nonzero high surface spatial frequency slope. and a small 
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surface spatial frequency plateau region. When irregularities smaller than this exist. 

the scatter profile is flat. Often the scatter profiles of contaminants can disguise 

themselves as surface roughness profiles. particularly in the infrared. Determining the 

autocorrelation length and rms roughness from such profiles obviously yields incorrect 

values. so caution should be observed when performing these calculaHons. 

(11) The surface cleanliness level was graphed versus time for various clean room 

conditions. and the BRDF was plotted for various surface cleanliness levels and 

wavelengths. Using these graphs. the BRDF due to contaminant fallout on a mirror in 

a clean room. for a given length of time. could be approximated. 

6.1. Suggestions for Future Research 

(1) The cryogenic scatterometer described here is a first generation instrument. and 

therefore. a number of improvements may be made. A complete set of measurements 

on one sample takes two to three days. depending on the sample. and the operator's 

ambition. The majority of time is spent evacuating the system. This time may be 

shortened by installing a nitrogen purging system which will keep the system cleaner. 

The instrument profile can be improved by reducing the NEBRDF and reducing 

the near-specular instrument scatter level. Methods for improving the NEBRDF are: 

use detectors with a higher D* value. use a more powerful laser. or place collecting 

lenses in front of the detectors. To lower the near specular scatter level. focusing 

optics can be introduced to reduce the beam size at the detection plane. This will also 

reduce the large angle stray light. 

The fluctuating scatter levels from data point to data point result from speckle 

in the reference measurement. Reduction of these fluctuations may be achieved by 

spinning the reference. thus. averaging over more speckle. This requires a vacuum 

compatible motor. but will improve calibration accuracy. 
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Considerations have been made to incorporate two additional wavelengths: 

O.6328JLm and 3.39JLm. Implementation of these wavelengths will extend the range of 

measured surface spatial periods to less than O.6JLm. This better enables the instrument 

to evaluate the surface structure of the sample. 

The system is presently being used to study the affects of space contaminants 

on optics (including non-volatile residue). and mirror degradation resulting from 

ultraviolet radiation. The scatter from outgassed contaminants on mirrors can not be 

measured with the present system unless one uses an alternate method for depositing 

the contaminants. The system's achievable pressure is much too high for a significant 

amount of outgassing to occur. and too much water exists in the system. A different 

pump is required. along with other high vacuum equipment. 

Other projects of interest include measuring the reflectivity and the scattering of 

high temperature superconductors. transmissive optics. and low temperature detector 

arrays. 

(2) The ability to make 5 Angstrom mirrors and better exists. The infrared scatter 

from these mirrors may be easily dominated by particulate contaminants and surface 

defects. Efforts to determine the contribution of various surface defects. and methods 

to minimize the size and number of the them needs to be investigated. 

The particulate contaminant problem will always be present and can only be 

minimized through the use of good cleaning techniques. Existing cleaning procedures 

should be carefully examined to determine the best available methods. and new methods 

should be investigated. Some of the items to consider are: types of chemicals. types 

and proportions of soap and water. aerosol cans. strip coatings. types of lens tissues. 

drag wipe method. soaking method. and spin drying. 
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(3) Evidence exists indicating that visible scatter from mirrors is partially limited by 

particulates or surface defects smaller than a micron in size. The sources of visible 

scatter should be investigated, and methods for minimizing their contribution should be 

determined. 

(4) The definition of surface cleanliness level should be examined to determine if a 

new definition is required. It has been found by at least one author that the definition 

in Military Standard 1246B does not represent typical distributions for clean-room 

fallout. If this is the case, a new definition will be more meaningful. and the revisions 

of the graphs at the end of Chapter 5 will better predict the BRDFs of samples exposed 

to clean room environments. 
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APPENDIX A 

FORTRAN PROGRAM USED TO CALCULATE 
TIlE SCA TIER DUE TO PARTICULATES ON A MIRROR 

<: ******~****************************************************~* 
e MIE SeA TIERING PROGRAM (pBHMIEDA.FOR) 
e 
<: This is a modified version of Bohren and Huffman's program which 
<: is given in Appendix A of "Absorption and Scattering of Light 
<: by Small Particles." John Wiley and Sons (1983). 
<: 
<: This program calculates the size parameter (X) and relative 
<: refractive index (REFREL) for a given sphere refractive index 
<: (REFRE + I * REFIM). medium refractive index (REFMED). radius 
<: (RAD). and free space wavelength (W A VEL). It then calls BHMIE. 
<: the subroutine that computes amplitude scattering matrix 
<: elements and efficiencies. It then computes the BRDF. 
<: 
C The particle distribution is read in from an existing file. 
<: The program calculates the BRDF versus T-TO and B-BO. The BRDF 
<: is the sum of the backscattered and forward scattered radiation. 
<: and is averaged over three degrees to take into consideration 
<: the finite size of the detector. 
<: 
<: Saved on disk are: T-TO. B-BO. and BRDF. 
<: 
<: 
<: fn - output filename 
<: fname - particle distribution input filename 
<: 
<: Sl - an amplitude scatter matrix element. 
<: 52 - an amplitude scatter matrix element. 
<: 
<: density - particle density (particles%/cm-squared). 
e rad - particle radius (in microns). 
C diam - particle diameter (in microns). 
<: wavel - wavelength of the incident light (in microns). 
C number - number of particle diameters to be entered. 
<: refmed - medium refractive index. 
<: refre - real part of particle's refractive index. 
<: refim - imaginary part of particle's refractive index. 
<: refrel - relative refractive index. . 
e realk - magnitude of the wavevector (in inverse microns). 
C pol - selects polarization (s. P. or u) 



C brdf - version of BRDF. but not the final value 
C brdfback - backscattered BRDF 
C brdffor - forward scattered BRDF 
C brdffin - final value for BRDF 
C 
C thetaO - angle of incidence in degrees 
C thetab - angle for backscattered radiation in degrees 
C nthetab - angle for backscattered radiation if> 180 degrees 
C thetaf - angle for forward scattered radiation in degrees 
C solang - angle for solid angle in degrees 
C rsolang - solang in radians 
C ang - scatter angle - measured from the incident direction (deg). 
C rang- scatter angle measured in radians. 
C rd - conversion factor from degrees to radians 
C nang - number of angles between 0 and 90 degrees. 
C nan - number of angles at which matrix elements are calculated. 
C dang - angle increment in radians 
C ttO - theta-thetaO (the angle from specular in degrees) 
C bbO - beta-betaO 
C **************************************************************** 
C **************************************************************** 
C PARAMETERS AND INPUTS 
C **************************************************************** 

integer thetaO.thetab.nthetab.thetaf 

C 

CHARACfER FN*30.fname*30.pol 
COMPLEX REFREL.Sl(200).S2(200) 
real density(2000).rad(2000).brdf(200).ang(200).brdff(200) 
real brdffin(200).ttO(200).bb0(200) 
WRITE(*.*) 'Enter the output file name' 
READ(*:(A30),)FN 

5 write(* ,*) 'Which polarization do you want (s, p, u)?' 
read(* ,50)pol 

50 format (al) 
write(*,*) , , 
if «pol .ne. 's') .and. (pol .ne. 'p') .and. (pol .ne. 'u') .and. 

+ (pol .ne. 'S') .and. (pol .ne. 'P') .and. (pol .ne. 'U') goto 5 
WRITE(*.*) 'Enter the wavelength in microns' 
READ(*,*)WA VEL 
write(*.*) 'Enter the angle of incidence: ' 
read(*, *)thetaO 
write(*,*) 'Real part of refractive index?' 
read(* ,*)refre 
write(*.*) 'Imaginary part of refractive index?' 
read(*. *)refim 
REfMED..I.O 
REFREL=CMPLX(REFRE.REFIM)/REFMED 
realk=3.141592653*2./wavel 
nang ... 91 
dang=I.570796327/float(nang-l) 
rd - 3.141592653/180 
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c ****************. • • • • • • • • ... • ************************************ 
C PARTICLE DISTRIBUTION INPUT 
C ********** ••••••••• 1 •••••••••••••••••••••••••••• **************** 

write(*.·) 'Enter the particle distribution filename:' 
read(*:(a30),)fname 
open(6.file:-f name.status-' old,) 
do 30 i-1,2000 

read(6.*.end-3S)number.diam.density(i) 
rad(i) - diam/2 
density(i) .. density(i) * le-8 
write(·.*)number.diam.density(i)/1e-8 

30 continue 
35 close(unit=6) 
C **************************************************************** 
C CALCULATE TIIE BRDF (CALL SUBROUTINE BHMIE) 
C 
C This section calculates the BRDF (neglecting the cosine factor) 
C for the given particle distribution suspended in air. The range 
C of angles is from 0 to 180 degrees. 
C ****************.***************.*********************.**.*****. 

C 

C 

OPEN(6.FILB=FN,sr A rus..'NEW') 

write(*.*)' , 
write(*.·) 'Total number of data points: '.number 
write(*.*)' , 
write(*.*) 'BRDF CALCULA nON IN PROGRESS' 

do 356 i=l.number 
diam .. 2*rad(i) 
write(*.·) 'Calculating scattering from particle '.i. diam 
X-2. *3.141592653·RAD(i)*REFMED/W A VEL 

C ******.********* •• *** •• *************** •• ******.**.*.***********. 
CALL BHMIE(X.REFREL.NANG.Sl.S2.QEXT.QSCA.QBACK) 

C ** •• * •• ****************.***.***********.*********.*.***********. 

C 

C 

NAN=2*NANG-l 

DO 355 J=l.NAN 
if «pol .eq. 'u') .or. (pol .eq. 'U'» then 

s...S·(CABS(Sl(J»**2+CABS(S2(J»**2) 
elseif «pol .eq. 's') .or. (pol .eq. 'S1) then 

S - cabs(SlU)**2 
else 

S = cabs(S2U)**2 
endif 

ANG{JpDANG*(J-l.)*57.2958 
RAND=DANG*(J-l.) 
brdf{JFbrdfU)+(density(i»*s 

355 continue 
356 continue 
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c ******** 1 1 1 1 1 ** 1 1 1 ******""*********""***************** 1 1 1 1 1 ************ 
C This section adds radiation which 'is forward and backscattered 
C from the particle and calculates the resulting BRDF. The angle 
C information is rewritten in terms of T -TO and B-BO. This is saved 
C on disk along with the corresponding BRDF values. 
C **** 1 1 1 1 1 1 1 1 1 1 1 1 1 ************ 1 1 1 1 1 1 ******************'*"*1::6::1 ~I 11<************* 
C 

......... 

399 

400 
C 
C 
C 
C 
C 
C 
C 

412 

413 

i-o 
do 400 thetab=90-thetaO.270-thetaO 

nthetab=thetab 
if (nthetab .gt. 180) nthetab=360-nthetab 
brdfback = brdf(nthetab+ I) 
thetaf - abs(180-2*thetaO-thetab) 
brdffor - brdf(thetaf+l) 
salang - 180-thetaO-thetab 
rsolang ... rd*solang 
if (abs(cos(rsolang» .It. 0.001) then 

i=i+1 
brdff(i)= I 000 
goto 399 

endif 
i-i+l ' 
brdff(i)=(brdfback+brdffor)/(realk**2*abs(cos(rsalang)) 
ttO(i) - 180-2*thetaO-thetab 
bbO(i) '" sin(rsolang)-sin(rd*thetaO) 

continue 

**************************************************************** 
This section averages the BRDF over three degrees to 

account for the finite size of the radiometer. Then the BRDF. 
T -TO. and B-BO are saved on disk. 
**************************************************************** 

do 413 .i-l.i 
if (U .eq. 1) .or. U .eq. i» then 

brdffinU) .. brdffU) 
goto 412 

end if 
if (ttO(]) .eq. 0) then 

goto 413 
endif 
brdffin(j)=(brdffU-l)+ brdffU)+brdffU+ 1 »/3 
write(6.IOO)abs(ttO(]).abs(bbOU).brdffin(J1 
write(*.IOO)ttO(J).bbO(]).brdffinU) 

continue 
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<: **** ••••••••• , ••••• "II.****~********************** 
<: FORMAT STATEMENTS AND PROGRAM END 
<: * •••••• , ............. ************** •••••••• ***** ..... 1 •••••••• ,.* 
<: 
100 format(lx.f7.1.5x.f8.4.5x.lp.eI3.5.5x.eI3.5) 

75 FORMA T(lX.F6.2.2X.EI3.6.2X.EI3.6) 
11 FORMA T(lHI./ 'SPHERE SC:A TIERING PROGRAM,) 
12 FORMA T(5X:REFMED-'.F8.4.3X.'REf'RE,. '.F8.4.9X 

* :REFIM-'.F8.4) 
13 FORMA T(5X. 'SPHERE RADIUS='.F7 .3.3X:W A VELENGTH=' .F7.4) 
14 FORMA T(5X:SIZE PARAMETER-'.F8.3) 

write(*.*) 'Program is complete' 
94 STOP 

END 
<: 
<: ********************************************************************** 
<: SUBROUTINE BHMIE 
<: 
<: 
<: 
<: 
<: 

Calculates amplitude scattering matrix elements and 
efficiencies for extinction. total scattering and 
backscattering for a given size parameter and 
relative refractive index. 

<: ********************************************************************** 
<: 

<: 

SUBROUTINE BRlV1IE(X.REFREL.NANG.SI.52.QEXT.QS<:A.QBACK) 
DIMENSION AMU(200).THET A(200).PI(200).T AU(200). 

* PI 1 (200).PI0(200)AMI(200) 
<:OMPLEX D(3000).Y.REFREL.XI.XIl.XIOAN.BN.Sl(200).52(200) 
DOUBLE PRECISION PSIO.PSIl.PSI.DN.DX 
DX-X 
Y .. X*REFREL 

<: ********************************************************************** 
<: TERMINATING SERlE'S AFTER NSTOP TERMS. 
<: ********************************************************************** 
<: 

XSTOP=X+4. *X**(1./3.)+2. 
NSTOP .. xsrOP 
YMOD-CABS(Y) 
NMX.-AMAX1 (xsrOP.YMOD)+15 
DANG-1.570796327/FLOA T(NANG-l) 
DO 555 J .. l.NANG 
THET A(JHFLOA T(.J)-l.)*DANG 

555 AMU(.J)=COS(THET A(J» 
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<: **************** ••••••• ********* ••••••••• ******* ••••••• **************** 
<: LOGARInIMl<: DERIVATIVE OF D(J) 
<: 
<: Ollculated by downward recurrence beginning with initial 
<: value 0.0 + I * 0.0 at J D NMX 
<: **************** •••••• **-****************************************** 
<: 
560 

120 

666 

777 
C 

D(NMX)=C:MPLX(O.O.O.O) 
NN-NMX-l 
DO 120 N-l.NN 
RN-NMX-N+l 
D(NMX-N)=(RN/Y)-(I./(D(NMX.-N+ 1 )+RN/Y) 

DO 666 J=I.NANG 
PIO(J)=O.O 
PIl(.J)=l.O 
NN ... 2*NANG-l 
DO 777 J~l.NN 
SI(.J)=C:MPLX(.O •. O) 
S2(.J)=C:MPLX(.O •. O) 

<:************************************************************************ 
C RI<:<:A TI-BFSSEL FUNcrIONS 
C 
<: With real argument X calculated by upward recurrence. 
C *********************************************************************** 
C 

PSIO=OCOS(DX) 
PSII ... DSIN(DX) 
CHIQ-SIN(X) 
<:HIl=COS(X) 
APSIO= PSIO 
APSI1=PSII 
XIO==C:MPLX(APSIO.-<:HIO) 
XI I=CMPLX(APSII.-<:HI 1) 
QSc::A=O. 
N-I 

200 DN-N 
RN-N 
FN-(2.*RN+ l.)/(RN*(RN+ I.» 
PSI-(2.*DN-l.)*PSIl/DX-PSIO 
APSI::aPSI 
CHI...(2.*RN-I.)*<:HIl/X-CHIO 
XI-CMPLX(APSI.-CHI) 
AN-(D(N)/REFREL+RN/X)* APSI-APSII 
AN-AN/«(D(N)/REF'REL+RN/X)*XI-XI1) 
BN-(REFREL*D(N)+RN/X)*APSI-APSII 
BN-BN/«(REFREL*D{N)+RN/X)*XI-XI I) 
QSc::A-QS<:A+(2. *RN+ I.)*(CABS(AN)*CABS(AN)+CABS(BN)*<:ABS(BN» 
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DO 789 J=l,NANG 
JJ-2*NANO-J 
PI(.J)-PII (J) 
TAU(.J)-RN*AMU(J)*PI(.J)-(RN+ 1.)*PIO(J) 
P-(-l.)**(N-I) 
Sl(J}-SI (J)+FN*(AN*PI(J)+BN*TAU(J) 
T-(-l.)**N 
S2(.J)-S2(J)+FN*(AN*T AU(J)+BN*PI(J» 
IF(J.EQ.JJ)GOTO 789 
Sl (JJ}-Sl (JJ)+FN*(AN*PI(J)*P+BN*T AU(J)*T) 
S2(JJ)0rS2(JJ)+FN*(AN*T AU(J)*T +BN*PI(J)*P) 

789 CONTINUE 
PSI()uPSIl 
PSll .. PSI 
APSIl.PSIl 
CHIO-CHII 
CHII-CHI 
XII-CMPLX(APSII.-CHII) 
N .. N+I 
RN .. N 
DO 999 J=I.NANO 
PI I (.J)=(2. *RN-I.)/(RN-I.»* AMU(J)*PI(J) 
PI I (J)=PI 1 (J}-RN*PIO(J)/(RN-I.) 

999 PIO(J)=PI(J) 
IF (N-I-NSTOP) 200.300.300 

300 QSCA=(2./X**2)*QSCA 
QEXT ..(4./(X*X»*REAL(SI (l» 
QBACK=(4./X**2)*CABS(SI(2*NANO-I»*CABS(SI (2*NANO-I» 
RE11JRN 
END 
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APPENDIX B 

BRDF OF A LAMBERTIAN SURFACE 

The differential power transferred from a differential Lambertian area, dA I • 

into a differential area, dA2• on a hemisphere is given by 

(B.i) 

where U91• rpl) is the emitted radiance of the Lambertian source. R is the distance from 

dAl to dA2• 91 is the angle between the normal to dAl and the line connecting dAI and 

dA2• 92 is the angle between the normal to dA2 and the line connecting dA2 and dAI 

and equals zero. Fig. B.1. If R is greater than 20 times the largest dimension of dA I 

and dA2 then AI~I' Since dA:FRd9tRsin9tdrpl=-R2sin9td9tdrpl and 9rfj° the total 

power emitted into the hemisphere is 

(B.2) 
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z 

--c:S>=-r----T----y 

Fig. B.I. Geometry for the power transfer from a Lambertian surface dAl to an area 
dA2 on a hemisphere. 
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A Lambertian surface is independent of angular coordinates so L=L(0I.IPI) and 

«P 211' 11'/2 

t ... Al Io dIP, Io sinO,c0s6ldO, 

11'/2 

= 211'AI Io [! sin201] dOl 

_ [-COS281] 111'/2 
- 1TAI 2 0 

(B.3) 

If the power incident upon the Lambertian surface is «Po then the total scattered 

power is «pu.=p«Po=pEA,• where p is the hemispherical reflectance and E is the irradiance 

incident upon AI' Substituting this result into (B.3) one gets 

(BA) 

which may be rewritten as 

BRDF = 1- = E (B.5) E 1T 

Hence. the BRDF has no angular dependence. It should be remembered that the 

intensity varies as the cosine of the scatter angle for a Lambertian surface. 
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APPENDIX C 

DERIVA nON OF SPECKLE DIAMETER 

Speckle is the random distribution of intensity when a coherent beam interacts 

with a rough surface. The rough surface causes the superposition of a random phase 

term on the amplitude distribution of the coherent wave. A simple way to think of a 

rough surface is to consider it to be a diffraction grating whose principal diffraction 

maxima are separated by small angles. Consider a one dimensional diffraction grating 

with N equally spaced slits of separation d. Fig. C.l. The optical path difference 

(OPD) between rays coming from adjacent slits is d(sin8s-sin80 )=d(.6-i30 ) which 

corresponds to a phase difference of cP=kd(sinas-sinao)' where k is 2rr/'A. as is the 

scattered angle from the surface normal. and 80 is the angle of incidence. The OPD 

between the first and the Nth slit is (N-l)d(sinas-sin80 )' so the electric field at a distant 

point is 

E' = Ae-ikr (l + e-icf> + e-2icf> + ... + e-{N-l)icf» 

= Ae-ikr [I -e-i~cf>] 
I - e-1cf> 

(C.l) 

where A is the amplitude of the electric field. Factoring e-iN#2 from the numerator 

and e-icf>/2 from the denominator. the electric field may be rewritten as 

E' A -ikr ( -i(N-I)cf>!2) [eiNcf>/2 - e-iNt/J/2] 
= e e eJ.cf>/2 _ e-icf>/2 

.. Ae-ikr (e-i(N-I)cf>/2) [Si~(NtI>I2)] 
sm(¢/2) 

(C.2) 
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Fig. C.l. Diffraction grating geometry for non-normal incidence. 

241 



242 

The irradiance at a distant point is then given as 

(C.3) 

A principal maximum occurs when both the numerator and the denominator are zero. 

For large N the numerator determines the angular width of the maximum because it 

varies more quickly. Increasing the numerator's argument causes the irradiance to fall 

rapidly to zero. This zero occurs when 

[~ ] d (sinOs - sinOo) = 1T (C.4) 

If .6.(J is the angle through which the beam is diffracted and the principal maximum is 

considered. then (C.4) may be rewritten as 

sin(Oo)cos(A9) + cos(Oo)sin(A9) - (~] + sin(9o) 

Since the diffraction angles are very small cos(A8)~1 and sin(.6.0~AO. so 

(C.S) 

(e.G) 

(C.7) 

where Nd is the illuminated width of the grating, D. s is the speckle radius. and rs is 

the diffraction grating to detection plane distance. Solving for s one gets 



243 

speckle radius .. s ... Xr s 
Dcos(80 ) 

(C. 8) 

This is simply the radius of the central lobe of the Fourier Transform of a one-

dimensional rectangle function. Extending this one-dimensional approach to two-

dimensions one finds that the speckle radius equals the radius of the central lobe of the 

Airy disk: 

s-
1.22Ars 1.22Xrs 
Dcos8o - Do 

(C.9) 

where Do is the diameter of the illuminated spot on the grating (sample) at normal 

incidence. 

'-, ----. 
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