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ABSTRACT 

Scattering occurs when light is reflected from a non-ideal sur

face. One of the parameters affecting this scattering is the roughness 

of the surface. Measurements of the scattering as a function of angular 

separation from the specular direction were made on selected aluminum-

coated flat glass samples of varying degrees of roughness. The rough

ness ranged from 1.0 nm to 70 nm rms deviation from the mean surface. 

Measurement of the small-angle scatter was accomplished by reflecting 

light, which had passed through a narrow slit, from the samples used in 

the experiment. Comparison of the far-field diffraction patterns pro

duced by the slit, with and without the samples in place, provided the 

measure of the scattering magnitude. Data was obtained to within 0.33 

degrees of the specular direction. The slit used to produce the dif

fraction patterns was optically processed to be smooth enough so that 

the minima of the diffraction pattern, without the samples in place, 

would be well defined and of lower magnitude than the scattered flux 

produced when the samples were in place. By considering the effects of 

the scanning aperture, it was determined that the measured magnitude of 

the minima agreed with those predicted by the use of Kirchhoff theory 

to within a factor of three. 

Comparison of small-angle scatter and large-angle scatter mea

surements made on the same set of samples indicated that a transition 

region between the two types of scatter may exist in the region of 

ix 
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1° to 5° away from the specular direction. Since the small-angle and 

large-angle measurements were accomplished on separate instruments, the 

results are expressed in terms that are independent of the measuring 

instrument1s geometry. 

The measured results were compared to a theory in which the 

choice of the scatter function, and by implication, the autocorrelation 

function, could be arbitrary. This comparison revealed that the choice 

of the hyperbolic secant function, rather than a Gaussian function pro

vided a good fit to the small-angle data. By applying a curve fitting 

technique to the small-angle data, it was possible to estimate the auto

correlation length of the surface roughness as well as the peak value 

of the scattering profile. 

The scatter measurements for the smoothest sample ranged from 

- 7  
approximately 3 x 10 per microsteradian near the specular direction to 

-13 
10 per microsteradian at wide angles. For the roughest sample, the 

"10 
range was from 3 x 10 per microsteradian to 10 per microsteradian. 



CHAPTER I 

INTRODUCTION 

Whenever one encounters the term scattered light, it is usually-

used to describe radiant flux that, in one way or another, degrades the 

performance of an optical system. In some cases, the amount of radiant 

flux scattered by the system so reduces the output that the intensity is 

too low to be of use. In other cases, the scattered flux may be of such 

magnitude that an image is so obscured to the point that it is not of 

sufficient quality to be useful. Various researchers have reported the 

effect of scattering on precision optical instruments. Newkirk and 

Bohlin (1963) have discussed the scattering degradation in coronographs 

and Singh and Bhatnagar (1970) developed expressions to account for a 

decrease in resolution of interferometers employing imperfect reflectors. 

Using the description of scattered light as unwanted or trouble

some flux in a system, it is expedient to discuss the scattering that 

occurs at a single surface. Considering a reflecting surface, two lim

iting cases exist; one in which the incident flux is totally reflected 

in the specular direction, and the other in which it is reflected dif

fusely or completely scattered. 

Strictly speaking, diffuse reflection occurs when the reflected 

flux is isotropic (Born and Wolf 1959, chapter 4). For the case of 

1 
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a plane surface, diffusely reflected light obeys Lambert's cosine law, 

I(6') = Io cos 0' (1) 

where 1(0') is the radiant intensity at any angle, 0', from the normal 

to the surface, and I0 is the radiant intensity measured normal to the 

surface. A surface that is a perfectly diffuse reflector is often de

scribed as being Lambertian. It has become rather common among various 

researchers, (Bennett and Porteus 1961, Mott 1971) however, to refer to 

any flux scattered away from the specular direction as diffusely scatter 

light. 

Having thus described scattered and specular light, it is now 

possible to formally define scattered light and consider the character

istics of a surface that cause it to occur. An appropriate definition 

attributed to McKenney (1971) is as follows: "Scattered light is that 

flux that does not obey the laws of geometrical or physical optics using 

known properties of apertures, media, and surfaces in an ideal sense." 

The obvious characteristic of a surface to which scattering may 

be attributed is its roughness, although the mechanism by which this 

roughness causes scattered flux to be distributed is not well known. 

The task that then presents itself is to provide quantitative measure

ments of the flux scattered by various surfaces. Before going into the 

details of the present experiment, it would be well to review the work 

of others. 
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Review of Theoretical Approaches 

The theories put forth by the various authors can be placed in 

two general categories, those in which the authors assume a surface 

model that is amenable to matching the boundary conditions of Maxwell's 

equations and those in which they assume the surface to be a statisti

cal deviation of heights about a mean surface. Examples of the first 

category can be found in articles by Twersky (1957) and Berreman (1967) 

who considered rough surfaces consisting of hemispherical bosses ran

domly distributed on smooth surfaces. Ament (1953) considered randomly 

spaced half planes and Hunderi and Beaglehole (1970) proposed randomly 

distributed spheres on a smooth surface. 

The most referenced example of the second category is the theory 

proposed by Davies (1954) in an attempt to describe the scattering of 

radar waves from rough water surfaces. 

Bennett and Porteus (1961) have modified the Davies theory to 

remove some of the assumptions made by him. Additional modification of 

the Davies theory by Porteus (1963) adapted the theory to a specific 

instrument. The equation derived predicts the amount of radiation that 

will be scattered into a cone. 

Shack (1968) developed a theory to account for the diffraction 

effects in an image, which result from a random perturbation in a wave-

front that has been transmitted through an optical system. The approach 

he used was different than those reported above, in that he developed 

an expression for the transfer function of the perturbations and was 

able to obtain a corresponding spread function by taking the Fourier 
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transform of the transfer function. The equations for both transfer 

function and spread function are expressed in terms of the perturbed 

wavefront statistics. 

A comprehensive development of scattering theory is presented 

by Beckmann and Spizzichino (1963, chapters 3 and 5) in their book, The 

Scattering of Electromagnetic Waves from Rough Surfaces. Their theory 

is essentially derived from that put forward by Davies (1954). A de

tailed discussion of the mathematical expressions that are useful will 

be introduced in the body of the text as the need arises. 

Review of Previous Investigations 

Early investigators of the scattering phenomena limited them

selves to qualitative observations. Wood (1934, chapter 1) pointed out 

that ground glass surfaces can be made transmitting by wetting the sur

face with an index matched liquid, thus eliminating the roughness. Lord 

Rayleigh (1901) observed the effect of incomplete polish on optical com

ponents. He noted a dependence of the reflecting quality of the surface 

on the fineness of polish, incident wavelength, and angle of incidence. 

Significant early photometric measurements of surface scatter 

were reported by. Ingelstam and Lindberg (1954) as well as by Aughey and 

Baum (1954). Both teams of investigators made measurements of the for

ward scatter from rough surfaces. 

The experiment of Ingelstam and Lindberg (1954) consisted of 

scanning in a plane 10 mm behind a plane glass surface upon which mono

chromatic light had been focused by a lens of 1000 mm focal length. 

The glass surface was the scattering element in the experiment. 



Measurements were made up to angles of 20° from the incident beam on two 

samples which were described as a smooth-polish sample and a rough-

polish sample. A definite difference between the two samples was noted; 

however, the details of polish roughness were not reported. 

The experiment of Aughey and Baum (1954) consisted of a gonio-

metric scan of a glass sample dusted with lycopodium powder. Although 

their article was intended mainly to describe the instrument and tech

nique of scan, the scatter profile of the sample did show two definite 

regions. From this data, the authors inferred that the scatter was 

caused by two different mechanisms; the size of the lycopodium particles 

and the irregularities upon the particles themselves. 

Bennett and Porteus (1961) made experimental measurements of the 

reflectance of a series of aluminized steel and glass discs to test the 

theory they developed. The surfaces were of varying degrees of rough

ness. They reported good agreement between the theory and experiment as 

long as the ratio of roughness to wavelength was small. This was to be 

expected since they made this assumption in the development of the 

theory. The experiment was performed to demonstrate the feasibility of 

estimating surface roughness by a reflectance measurement. The authors 

reported that as long as radiant flux of sufficiently long wavelength 

was used, the estimate of the surface roughness was in good agreement 

with estimates obtained by other methods. 

Bennett (1963) made another series of experiments using various 

aluminized ground glass surfaces as samples to test the theory developed 

by Porteus (1963). Good agreement between theory and measurement was 

reported. 
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The obvious scattering of laser light from a reflecting surface 

prompted Semplak (1965) to make scatter measurements as a function of 

the angle away from the specularly reflected beam. Using what he calls 

a focused optical probe, he was able to measure the energy of the scat

tered flux to within 5° of the specular beam. The samples consisted of 

teflon, roughened bulk metallic surfaces, aluminized ground glass, and 

one first-surface aluminized mirror. 

The scattering from teflon surfaces produced a typical Lambert-

ian pattern indicating teflon is a diffuse reflector. The metallic sam

ples indicated a preferential direction of reflection with some flux 

being scattered away from this specular beam. The aluminized first-

surface mirror also exhibited this behavior except the scattered flux 

was well below that observed for the metal samples, the typical value 

- 2  - 3  
being 10 to 10 lower. 

Blazey (1967) measured the scattering profile of a number of di

electric laser mirrors. He essentially used a goniometric scanning de

vice to measure scattering as a function of angle from the specular 

beam. The reported results indicated definite specular and diffuse com

ponents, which he claimed were in apparent agreement with Beckmann and 

Spizzichino (1963). 

The phenomenon of scattering from a rough surface may arise from 

factors other than diffraction. Bennett (1970) has shown that reflec

tance measurements agree fairly well with some theories as long as the 

excitation of surface plasmons are not a significant factor. His mea

surements indicated that scattering from a high quality mirror irradi

ated in the near ultraviolet was nearly seven times that predicted 
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by classical scattering theory alone. The scattered light in this 

wavelength region was over two percent of that incident upon the sur

face. It is of interest to note that his instrumentation was capable 

of measuring to within 1.5° of the specular beam. 

Beaglehole and Hunderi (1970) have made a number of measure

ments on silver and gold surfaces. They noted a definite dependence on 

the incident beam polarization state as well as the distribution of 

surface irregularities. This they attributed to plasmon excitation. 

Mott (1971) made measurements of the integrated diffuse reflec

tance for both dielectric and metallic surfaces of varying roughness. 

The surface of the substrate upon which the dielectric and metallic 

films were deposited deviated from less than 1.0 nm to 5000 nm from the 

mean surface. The measuring device was such that all flux scattered 

beyond 1.25° from the reflected beam was collected. The fraction of 

_ 3 
light scattered out of the specular beam varied from 2 x 10 for the 

smooth samples to 1.0 for the very rough samples. Also noted was the 

fact that the final surface of a multilayer dielectric stack was rough

er than the original substrate surface, the roughness increasing with 

the number of layers in the stack. 

Statement of the Problem 

Reviewing the scattering measurements of visible and near visi

ble radiation and the theories concerning scattering, two conslusions 

are readily made. One is that of the few reported measurements of care

fully characterized samples, none have been made within 1.5° of the 

specular beam. The other is the theories only partially explain the 
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scattering phenomena observed. The manner in which small angle scatter 

relates to the surface-roughness parameters, as well as the magnitude 

of the scattering are important considerations in optical systems de

sign. Thus it becomes clear that a means of measuring small-angle 

scatter must be devised and tested. 

Description of the Research 

This research is concerned with developing a method to measure 

the amount of flux scattered in directions close to the specular beam. 

To make the measurement, the radiant flux that has passed through a 

narrow-slit type aperture was reflected from microscopically-rough, 

aluminum-coated glass surfaces. A comparison of the far-field diffrac

tion patterns that were measured with and without the samples in place 

provided a measure of the magnitude of the scatter. The fact that the 

single-slit diffraction pattern has well-defined minima with zero energy 

located at precise angular positions makes it an ideal reference from 

which to measure scatter. The conceptual situation is depicted in 

Fig. 1. 

The observed scattering from smooth surfaces was quite small 

and consequently the change in maxima was immeasurable. The minima, 

however, were altered significantly. Thus the change in the minima pro

vided the means for measuring the amount of small angle scatter. 

The requirements of this effort demanded that a single-slit pat

tern of the highest attainable quality be used. A considerable part of 

this research project was directed toward obtaining this pattern. Me

chanical considerations of the slit jaws, such as edge straightness, 
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Fig. 1. Scatter modified single-slit diffraction pattern 
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sharpness (thinness), homogeneity, fineness of polish, etc., have great 

bearing on the quality of the pattern, especially the values observed 

in the minima. The results of these efforts are presented in Appen

dix A. 

A theoretical approach, which is not as restrictive as those 

used by most researchers, was developed from the considerations put 

forth by Shack (1968). Comparison of the data with this theory shows a 

definite relationship between surface roughness and the scattering at 

small angles. Wide-angle scatter measurements (beyond 5° from the 

specular beam) were also made so a complete scatter profile could be 

obtained. 

The terminology, concepts and symbols used for specifying re

flectance from surfaces vary considerably among authors. Nicodemus 

(1965, 1970), Judd (1967) and others have made attempts to standardize 

this terminology. The approach recommended by Nicodemus (1970) will be 

used in this work. 



CHAPTER II 

THEORETICAL CONSIDERATIONS 

This experiment involves two areas that need to take theoreti

cal considerations into account. One obvious area is to consider a 

theoretical model to account for the scattering that occurs from micro

scopically rough surfaces. The other area concerns reducing scattering 

data to a form that is independent of the measuring instrument's geome

try. These two subjects will be treated in this chapter. 

Scattering Theory 

A rough surface can be considered as a statistical deviation of 

heights about a mean surface. If an incoming, undisturbed wavefront is 

reflected from the surface, the effect of the surface will be to impose 

random perturbation on the outgoing wavefront, which will have the same 

statistical distribution as the surface itself. Other authors (Davies 

1954, Porteus 1963) have used this model as the basic assumption for 

development of their theories. However, the assumptions they made 

about the surface statistics are unduly restrictive. In particular, 

the normal assumption that the autocorrelation function of the surface 

heights is Gaussian is unnecessarily binding. 

Shack (1967, 1968) has developed a theory to. explain the behav

ior of an incoming wavefront with atmospheric turbulence that makes no 

11 
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binding assumption concerning the autocorrelation function other than 

it is circularly symmetric and can be expressed as an even power series 

expansion. Also assumed in Shack's derivation is that the probability 

density distribution of the random disturbance is Gaussian with variance 

represented by a 2. Although his treatment was developed for wavefront 
w 

perturbations introduced by turbulence, it applies equally well to wave-

front perturbations introduced by reflection from rough surfaces. In 

this case the standard deviation of the perturbed wavefront ais twice 

that of the measured surface roughness om. 

The transfer function for an optical system described above can 

be expressed as 

T -• (e-B2 • (1 - e"°B2) ( ̂  ' Vh 
e b " 1 

where <Jg2 is the variance of the phase fluctuations of the perturbed 

wavefront and A is the autocorrelation function. The first term in the 

braces of Eq. (2) is the transfer function of the specular component of 

the beam and the second is the transfer function of the diffuse, erg is 

related to the surface deviations by the relationship 

°B = 4* ' C3) 

If we make the assumption that Og << 1 or correspondingly that 

< < X/4n, Eq. (3) becomes 
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T = {(1 - a 2) + a2A} {transfer function of the beam} . (4) 
D D 

By further assuming that the characteristic length of the autocorrela

tion function A is much smaller than the beam width, Eq. (4) can then 

be expressed as 

T = (1 - Og2)(transfer function of the beam) + ag2A . (5) 

As a consequence of Eq. (5) the fraction of the total power scattered 

out of the specular beam and the amount of power remaining in the specu

lar beam can be expressed as 

fraction of total power scattered = â z (6) 

fraction of the power in specular image = 1 - ag2. (7) 

The scatter profile, as a function of angular position from the 

specular beam, can be considered as a description of the spread function 

of the optical surface involved. Since the transfer function and the 

spread function constitute a Fourier transform pair, one can be obtained 

from the other. Thus, by taking the two-dimensional Fourier transform 

of Eq. (5), the spread function is found to be 

F = spread function of the beam + °g2A , (8) 



where A is the transform of the autocorrelation function. This expres

sion can be considered as a specular beam surrounded by a diffuse halo. 

The transform of the autocorrelation function of the system is 

really the important factor as far as the scatter profile is concerned, 

since it determines the shape of the diffuse halo. As such, it is ap

propriate to label it the scatter function, S. The autocorrelation 

function that Shack (1968) uses is expressed in terms of angular spa

tial frequency \>̂ . As such, the transform relationship between the 

autocorrelation function and the scatter function is expressed as 

follows 

A  c T^r> «  s  to  

where a is the angular measure of image space. 

The diffuse spread function then becomes 

°M2h 2 

T = K S ( —) (10) 
D X4 aA 

where is defined as the characteristic angle of the scatter function 

and K is some constant of proportionality. 

Equation (10) thus consists of a magnitude and a shape factor. 

We now have at our disposal the tools to describe the measured scatter 

function in terms of the surface statistics . 

x2 

The Gaussian function S = e ~T (11) 



and the hyperbolic secant 
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s = =—-—:— (12) 
X .  -X  
e + e 

are plotted in Fig. 2 to show examples of two mathematical expressions 

which could be used for the scatter function. The difference in the 

manner in which these two functions fall off will turn out to be impor

tant in later chapters. The characteristic angle, a , is related to the 
A 

autocorrelation length, hr, by the following relationships for the two 

above cases: 

h 
r 

2tt a. 
A 

(Gaussian) (13) 

and 

= (Sech) . (14) 
X ir2aA A 

Other functions, besides the two depicted, could just as well be 

chosen for the scatter function. 

Measurement Considerations 

When making scatter measurements, the geometry of the measuring 

apparatus is an important factor to consider, especially if the measured 

results are to be compared with those made by another type of instrument. 

The data needs to be reported in units that are independent of the 
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Fig. 2. Hypothetical autocorrelation functions 
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measuring instruments peculiarities. To understand the problem as it 

relates to this experiment, consider the situation depicted in Fig. 3. 

Nearly collimated radiant flux, incident from the direction 

impinges upon a surface described by the XY plane. A detector, 

whose collecting aperture subtends a solid angle w, collects flux that 

is scattered in the direction C© * ,4> * D * If one assumes that the colli

mated beam has uniform flux, $i, throughout a finite cross section of 

area A, the irradiance of the sample is 

Ei(0) = / A cos 0. (watts/cm2) (15) 

If the detector is constrained to scan in the plane of incidence, 

that is 4>' = 180°, the flux measured by the detector can be expressed 

as 

$m(0,0') = [[ L (0,0') dfida, (watts) (16) 

where the integration extends over the area of the sample and the solid 

angle subtended by the detector. L (0,©') is the radiance of the reflec

ted beam. To a good approximation, Eq. (16) can be expressed as 

= L (e>0') Aw cos 0 (watts). (17) 

It is common practice to use the quantity 

Rd(0»0!) = ̂ in(0,0') / H (dimensionless). (18) 
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Fig. 3. Scatter diagram 
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to express scatter measurements. Equation (18) can be reduced to read 

RpCOje1) = L (0,e') u)/Ei (dimensionless), (19) 

which is dependent upon the measuring geometry scheme. By defining the 

term, scatter coefficient, to be 

p(0,ef) = L (e,e') / Ej. = RDC0,e') /« (Sr'J (20) 

a quantity independent of the measuring geometry is obtained. 



CHAPTER III 

EQUIPMENT AND PROCEDURES 

In order that a single-slit Fraunhofer diffraction pattern be 

produced, a monochromatic light source whose wavefront will be essen

tially plane when incident upon a thin slit is required. To measure the 

pattern so produced, some photosensitive device capable of distinguish

ing between neighboring regions of the pattern must be employed. In 

addition, a means of monitoring the power fluctuations of the source 

must be used, since these fluctuations affect the output of photometric 

measuring devices and suitable electronics must be used to couple the 

output of the detector to a recording device. 

The apparatus used and the procedures employed for alignment and 

data gathering are discussed below. 

Experimental Arrangement 

The general layout of equipment used in measuring the small 

angle scatter from the various surfaces is shown schematically in Fig. 4. 

All of the equipment was located in the clean room of the thin films 

laboratory of the Optical Sciences Center. To provide a clear light path 

for the experiment, the equipment was placed on four platforms which were 

two meters high. The platforms and the equipment on each are indicated 

by the squares shown in the figure. 

20 
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A Spectra Physics 132, HeNe laser, operating at 632.8 nm with 

1 mW output power was used as the source of radiant flux, the output 

being 97% polarized in the vertical direction. To monitor the long term 

fluctuations of the laser output, a beam splitter was used to direct 

some of the incident flux onto an EGG SGD 100A photodetector. A small 

circular aperture immediately in front of the laser was used to elimi

nate most of the scatter arising from the front laser mirror. A second 

circular aperture, 0.635 cm in diameter and located 2.12 meters from 

the first aperture, further diminished the laser mirror scatter. A 

notched disc chopper modulated the incoming flux at approximately 

537 Hz. 

Various types of slits were tested before selecting the one that 

was used to produce the diffraction patterns. The selected slit was 

made from optically-finished, tool-steel wedges, 2.54 cm high, 0.635 cm 

thick, with a wedge angle of 45°. The results of the efforts to fabri

cate this slit is presented in Appendix A. 

The Fraunhofer conditions were attained by using large distances 

and small apertures. This eliminated the use of auxilliary optics, 

which might contribute to the observed scatter. If "d" is designated 

the distance from slit to receiving plane, "w" the slit width and X the 

incident wavelength, the Fraunhofer condition as stated by Fowles (1968) 

is 

(21) 
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For this experiment, d was 3.86 meters, X was 633 nm and w was approxi

mately 0.100 mm. Substitution of these values into Eq. (21) yields 

-3 
a value of 2 x 10 for the left hand side, hence the Fraimhofer condi

tions are satisfied. 

The diameter of the laser beam at the diffracting slit was ap

proximately 8 mm. The vertical height of the slit was 2.54 cm which is 

much greater than the spot size, hence it is possible to consider the 

slit as infinite in the vertical direction. Although the irradiance 

profile of the laser beam can be considered approximately Gaussian, for 

this application, in which the width of the diffracting slit was 100 pm, 

the beam could be considered constant across the slit width. The slit 

width was set to approximately 100 pm by adjusting the slit edges so 

that the distance between the two first minima of the single-slit pat

tern in the scanning plane was 46 mm. 

Stray light incident upon the slit was reduced by enclosing it 

in a black velveteen box with suitable openings for incoming and out

going radiant flux. 

To establish a reference with which to compare sample data, the 

pattern was first scanned with no sample in place. Photometer #1 was 

used to measure this pattern. All other patterns were reflected from 

the sample mirrors and measured by photometer #2. The photometers con

sisted of an RCA 7265 photomultiplier with an S-20 photocathode mounted 

in a brass tube six cm in diameter and 30 cm in length. A front-mounted 

slit .076 mm wide and 4 mm high was used as the receiving aperture. The 

photometer was mounted on a motor-driven, machinist's cross-slide table, 
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capable of scanning 12.7 cm at 0.53 cm per minute. It was possible to 

measure the first minimum on one side of the central maximum of the 

diffraction pattern and up to the first four on the other. Scanning in 

this manner yielded more information than if the pattern were measured 

symmetrically about the central maximum. 

A list of the dimensional parameters of the apparatus is con

tained in Table 1. 

Larger-angle scatter measurements (75°) were also made so that 

complete scatter profile of the samples could be observed. A schematic 

diagram of the apparatus used to measure the large-angle reflectance is 

shown in Fig. 5. Essentially, collimated light of a filter-selected 

wavelength is incident on the sample at the desired angle. The mirror 

M, 22.22 mm in diameter at a distance of 270 mm from the sample, de-

_3 
fines the collecting angle of 5.33 x 10 sr. The measurements are 

taken in a straightforward manner by notating the arm holding the col

lecting mirrors to the desired measurement position. The diffuse re

flectance was obtained by taking the ratio of the measured flux to the 

incident flux. 

Alignment Procedures 

Scanning a single-slit diffraction pattern with a rectangular 

receiving aperture requires that the vertical diffraction pattern and 

the long edge of the aperture be parallel. The effect of a misalign

ment between the two is discussed in Appendix A. 

The simplest reference to use is a plumb bob wire. The align

ment of the slits was made by first illuminating the slit with an 
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Table 1. Dimensional parameters of the small-angle apparatus 

Distance from diffracting slit 
receiving aperture 3.86 m 

Distance of sample mirrors to 
diffracting slit 100 mm 

Sample diameter 32 mm 

Diffracting slit height 25.4 mm 

Laser beam diameter at diffract
ing slit s 8 mm 

Diffracting slit width s .100 mm 

Distance between first minima of 
diffraction pattern in scan
ning plane 46 mm 

Receiving aperture dimensions 

width .076 mm 
height 4 mm 

Solid angle subtended by the 
receiving aperture in 
the scanning plane 20 ysr 

Incident beam angle 25° (436 m rad) 

Angles at which the mimima of 
the pattern occur 

first a 0.33° (5.8 m rad) 
second ~ 0.67° (11.7 m rad) 
third ~ 1.00° (17.5 m rad) 
fourth s 1.33° (23.2 m rad) 
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Fig. 5. Schematic diagram of the apparatus used to measure the large-
angle diffuse reflectance 
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intense beam of light, which caused a shadow of the slit to be formed 

on an observing screen. The plumb bob was placed between the slit and 

the screen so that the wire was illuminated by the light passed by the 

slit. This formed another shadow in the illuminated portion of the 

observing screen. By adjusting the orientation of the slit until the 

shadows of its edges were parallel to the shadow of the wire, a precise 

alignment could be made. By referencing both slits to the plumb wire, 

it was possible to align the two so that an estimated deviation of no 

more than 0.2 slit width was attained. 

The receiving aperture was positioned in the vertical center of 

the pattern by displacing it slightly to one side of the center. This 

caused a decrease in the output signal of the photomultiplier. By mak

ing small vertical adjustments while observing the wave analyzer out

put signal, it was possible to precisely position the aperture properly. 

Electronics 

An AC system was selected for use in making the diffraction 

pattern measurements. The schematic diagram of the electronic system 

is shown in Fig. 6. 

The modulated photocurrent from the photomultiplier tube was 

converted to a voltage by a 1-megohm load resistor to provide a signal 

for the subsequent electronics. A Hewlett-Packard 3590A Wave Analyzer 

operating in the automatic frequency-control mode was used as an ampli

fier for the system. A 10 Hz bandwidth was selected to maximize the 

signal-to-noise ratio. When measuring signal changes logarithmically, 

the dynamic range of the instrument was 10 . 
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By changing the sensitivity of the instrument during a scan, it 

was possible to measure a signal change of 105. 

The output of the instrument was connected to a Hewlett-Packard 

680M Strip Chart Recorder. 

The long term laser fluctuations were monitored by measuring 

the output of the monitor photodiode with a Hewlett-Packard 2212A 

voltage-to-frequency converter. The voltage-to-frequency converter 

provided a visual digital output of a time-averaged signal, the averag

ing time being one second for this case. Thus it was possible to ob

serve any drift in the laser output during the run. After a six hour 

warm-up time, the power output varied less than 1% during a scan. 

The operating procedures used during a scan are: (1) The PMT 

voltage was set to -1000 VDC; (2) The reading at the central maximum 

was set to 0 db; (3) As the scan progresses, when the signal has de

creased to -50 db, the scan was stopped and the PMT voltage was set to 

-1650 VDC. (Note: This increases the reading on the wave analyzer by 

+50 db.); and (4) The scan was continued and the sensitivity level in

creased as needed to remain within the operating limits of the equip

ment. 

The minima of the diffraction pattern were very narrow, hence 

difficult to locate precisely because of the slow response of the mea

suring system. To compensate for the slowness, the scanning motor was 

turned off before the minimum was reached. The motor was then turned 

on and off so as to pass through the minimum in discrete steps. Each 

minimum was measured three times before proceeding, and the lowest 
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reading used. When measuring patterns reflected from the rougher sam

ples, the minima were not as narrow and it was possible to scan con

tinuously. 

Measured Results 

The results of the measurements taken with both the small and 

large-angle instruments are tabulated in Tables 2 and 3. These results 

have been reduced to be in units of (ysr) The radiometric considera

tions needed to reduce the small-angle measurements to these units are 

discussed in Appendix B. 

The angular position of the first four minima correspond to 

0.33°, 0.67°, 1.00°, and 1.33°. Expressed as milliradians they would 

correspond to 5.8 m rad, 11.7 m rad, 17.5 m rad, and 23.2 m rad, re

spectively. For the smoother samples, the amount of flux scattered into 

minima greater than the third was less than the system could detect. 

For the coarser samples, the amount in the fourth was detectable. Phys

ical limitations of the scanning table prohibited scanning further than 

the fourth maximum. 



Table 2. Small-angle scatter data 

Values in units of ysr" 

0' - 0 Degrees 
from specular Sample #160 Sample #171 Sample #161 Sample #181 Sample WG3 Sample #186 

0.33 2.37 (10~7) 2.37(10"7) 2.37(10-7) 2.63(10~6) 1.13C10"1*) 2.85(10"'*) 
1st minimum left 

0.33 2.73(10~7) 4.00(10~7) 6.08(10~7) 2.45(10~6) 4.22(10" ̂  2.26(10-It) 
1st minimum right 

0.67 2.79(10~7) 4.92(10'7) 3.57(10~7) 1.24(10~6) 6.01(10~6) 1.19(10"4) 
2nd minimum 

1.00 2.09(10"?) 6.77(10"8) 2.09(10~?) 3.57(10'?) 2.84(10~6) 6.33(10~5) 
3rd minimum 

1.33 : 1.07 (10~5) 2.50C10-5) 
4th minimum 

W 
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Table 3. Wide-angle scatter data 

Values in units of ysr"1 

Sample #160 Sample #171 Sample #161 Sample #181 

1.14(10" 
10 

7.04(10~10) 1.33(10" 
9 

1.20(10" 
•9 

3.28(10" 
n 

2.16(10"10) 4.41(10" 10> 4.13(10' 
•iO 

1.41(10" 
11 

1.05 (IO*10) 1.93(10" 
iO. 

1.54(10" 
•i° 

7.69(10" 
12 

6.29(10-11) 9.94(10" 
11 

7.69(10" 
•ii 

4.32 (10" 
12 

3.75(10~11) 5.63(10" 
11 

4.97(10' 
- 1 1  

2.72(10" 
12 

2.57(10*n) 3.75(10" 
11 

3.38(10' 
•n 

1.78(10" 
12 

1.88(10"U) 2.63(10" 
11 

2.55(10" 
•ii 

1.13(10" 
12 

1.28(10-11} 1.88(10" 
11 

1.88(10" 
-ii 

6.75(10" 
13 

9.38(10-12) 1.35(10" 
- 1 1  

1.33(10' 
•ii 

6.85(IO-12) 9.76(10" 
12 

9.76(10' 
- 1 2  

3.75(10-12) 5.82(10' 
•  1 2  

6.75 (10' 
- 1 2  

—— 1.31(IO-12) 1.69(10* 
- 1 2  

2.25(10' 
- 1 2  

Sample WG3 Sample #186 

1.78 (10" 
•8 

1.33(10' "6 

3.47(10" 
•9 

2.16(10' 
-7 

1.13(10" 
•9 

7.50(10" "8 

5.16(10" 
• 1 0  

3.75(10" "8  

2.91(10" 
•1° 

1.88(10" "8 

1.91(10' 
•1° 

1.18(10' "8 

1.39 (10" 
•iO 

7.32 (10" 
-9 

1.16(10' 
•i° 

4.88(10" 
•9 

1.09(10' 
•iO 

3.15(10' 
•9 

6.38(10" 
•11 

2.44(10" 
•9 

3.02 (10" 
•ii 

1.20(10' 
-9 

9.19(10' 
- 1 2  

3.53(10" 
-iO 



CHAPTER IV 

SAMPLE PREPARATION AND CHARACTERIZATION 

The samples used in this experiment were processed in typical 

optical shop fashion so as to be representative of normally-processed 

surfaces. Complete details of the polishing procedure are described by 

Mott (1971). A brief summary of his report follows. The substrates 

were fused silica discs, 3.2 cm in diameter and 0.64 cm thick. To pro

cess the smoothest samples, a water slurry of cerium oxide that had 

been milled for 2000 hours was continuously recirculated onto the pitch 

lap used in the process. Lapping with cerium oxide was continued for 

40 hours, followed by a 24 hour period in which only distilled water was 

used. 

The other polished samples were processed using standard fresh-

feed techniques with various cerium oxide slurries as the polishing 

agent. The laps used were either pitch or felt depending upon the qual

ity of the surface desired to produce fairly rough surfaces, a felt lap 

was used with aluminum oxide as the final polishing agent. After pol

ishing, the substrates were cleaned and aluminum coated using standard 

thin film techniques. 

Mott (1971) also made the surface roughness measurements with a 

Feco (fringes of equal chromatic order) interferometer. His description 

of the measurements is presented in the paragraphs that follow. 
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A multiple beam interferometer is formed with the silvered sur

faces of the sample and a reference flat; the surfaces are placed almost 

in contact and adjusted until mutually parallel. If we reflect white 

light from this interferometer and disperse it in a spectrometer, we 

find that the continuous spectrum contains dark fringes. The fringes 

occur at wavelengths A for which the portions of the incident light re

flected from the first and second mirrors are out of phase by an odd 

multiple of it and, therefore, interfere destructively. The required 

phase difference will exist when the optical path (the product of geo

metrical separation d and the refractive index of medium n) between the 

mirrors is equal to an integral number M of half wavelengths; we can 

express this quantitatively as 

optical path = nd +  ̂= M = (N + 1) —(22) 
2ir 2 2 

where 6 is equal to ir -g, and g is the phase change on reflection from 

the silver coating; N is the order of interference. If mirror spacing 

is decreased slightly, all of the fringes will move toward shorter wave

lengths, and similarly if the spacing is increased, the fringes will 

shift to longer wavelengths. 

The interferometer is imaged on the entrance slit of a spec

trometer; thus, the Feco fringes all describe that strip of the inter

ferometer whose image falls on the slit opening. Each point along the 

strip corresponds to a point on each fringe in the spectrum. Point to 

point fluctuations in the height of surface irregularities, and 
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therefore mirror spacing, cause corresponding fluctuations in the wave

length of the dark fringes. Figure 7 shows Feco fringes from three 

surfaces with different roughnesses; note that each fringe detail is 

present also in the adjacent fringe. The jagged wavelength fluctua

tions of the fringes are interpreted as surface contour variations. 

Fringe details corresponding to lateral surface dimensions of about 

0.01 mm are resolved. The spacing between the mirrors should be as nar

row as possible (the order of interference should be as low as possible) 

to obtain maximum detail in the fringes. Three or four fringes across 

the visible wavelength region is sufficient. The corresponding order 

cf interference is about 6 for the central fringe. 

Concerning translating fringe fluctuations into surface rough

ness, let us consider two adjacent points on a rough mirror in the in

terferometer. If M is the number of half wavelengths equaling the 

optical path separating the mirrors, Eq. (22) gives us, for the two 

positions: 

X X6 
M -r  = n "'— ( 2 3 )  

M ( X *2AX ) = n (d + Ad) + (X — (24) 

TTie peak to peak surface roughness (cjpp) for these two points is the 

difference in the mirror separation: 

i< 
°PP = M — (25) 
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If we solve Eq. (22) for M, assuming that A6/2TT remains fairly con

stant over a limited wavelength region and assuming 6/ir is small, we 

obtain 

_ _ ANA' AA app = (26) 
(A - A') 2 

where N is the difference in the orders of interference for the fringes; 

it is 1 for adjacent fringes. Finally, we define the root mean square 

roughness as 

a _£2£_ 
2 JT ("1 

Throughout the remainder of this paper we will refer to the root mean 

square surface roughness as simply surface roughness and we will desig

nate it with the unsubscripted symbol a. The quantities in Eq. (26) are 

illustrated in Fig. 7. 

The spectra were recorded, each with a reference spectrum for 

wavelength calibration, on photographic plates. A precision-measuring 

engine (Gaertner) was used to obtain the fringe widths and separations. 

A computer program converted the measured distances to wavelength in

tervals and calculated the roughness. Fringe separation is easy to 

determine because the fringes are identical; this is an advantage the 

Feco method has over other interferometric methods. "The fringe width 

was defined by the widest fluctuation, excluding features due to dust 

particles or unusual sample surface defects. For samples with a less 
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than 1 nm, no jagged detail was visible. Judging fringe width was more 

difficult and, therefore, the surface roughnesses of these samples are 

considered simply as less than 1.0 nm. Determining the fringe bounda

ries was somewhat subjective and resulted in most of the measurement 

error. The resulting uncertainty in the surface roughness was about 

10%, determined from the statistical distribution of values for one 

sample. 

The measured roughness is due to both the reference and sample 

mirrors. Some samples are sufficiently rough that the effect due to 

the reference mirror can be ignored. For the smoothest polished sam

ples discussed here, however, the roughnesses were comparable to or 

smaller than the reference mirror roughness of 1.1 nm. It was necessary 

to consider how the roughnesses of both sample and reference mirrors 

combined to yield the roughness calculated from the Feco fringes. We 

assumed a normal distribution of surface irregularity heights for both 

sample and reference surfaces; hence, the probability of a point being 

at a surface height x is given, for either surface, by an equation of 

the form 

x2 
- (_—) 

P(x) = 1 e 2cJs2 (28) 
/2iro 2 

s 

where as is the root mean square roughness of the surface, and x is the 

surface height variable. For both the sample and reference, surface 

heights are independent random variables. The probability density of 

the sum of two normally distributed independent random variables is 
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also normal, and therefore, the probability of the average separation 

d of the interferometer mirrors is given by the following equation 

( (Ax - d)2  ̂

pCd) = ——7 — e 2(a 2 + a 2) (29) 
•/2v (a 2 + a 2) % 

where Ax is any separation, ag is the roughness of the sample surface, 

and ar is the roughness of the reference surface. The measured rough

ness is, therefore, given by 

°m = + ar (30) 

and the roughness of the sample is given by 

a = /a ̂  - a z . (31) 
s m r 

We have found it necessary to use this correction for surfaces with 

roughness less than 5.0 nm. 

Throughout the remainder of this chapter, the samples will be 

referred to by sample number, the measured roughness which Mott (1971) 

reported being tabulated in Table 4. Except for WG3 (see Table 2), the 

surfaces of all samples were prepared by the optical shop of the Optical 

Sciences Center. WG3 was cut from ordinary window glass. 



Table 4. Sample roughness measurements 

Sample # Roughness 

154 1.0 nm 

160 1.0 nm 

171 1.0 nm 

161 1.8 nm 

163 1.8 nm 

181 3.0 nm 

185 3.0 nm 

KG3 18.0 nm 
(estimated) 

143 60.0 nm 

186 70.0 nm 



CHAPTER V 

INTERPRETATION OF RESULTS 

Photographic 

The photographs of the far-field diffraction patterns, with and 

without samples in place, provide an interesting, qualitative observa

tion of the scatter phenomenon. Selected photographs are shown in Figs. 

8 and 9. To obtain the photographs, Royal Pan photographic plates were 

placed in the scanning plane and exposed for thirty seconds. This, ad

mittedly, resulted in a highly overexposed negative as for as the maxi

ma were concerned. However, the fine detail in the minima and along 

the edges of the maxima is brought very well. The granular pattern that 

is observed is the familiar result of illuminating a rough surface with 

coherent light from the laser. 

The effect of surface quality is obvious in the rougher samples. 

For the smoother samples, the granular pattern is evident along the top 

and bottom edge of the pattern and the fine lines above and below the 

maxima as well as in the minima. In these regions the interference of 

the granular pattern and the diffraction pattern is most obvious. The 

amount of scatter is seen to increase as the surfaces become rougher. 

The difference in quality of the two slits can also be seen in the 

photographs. The spectroscopic slit irregularities produce effects that 

are quite pronounced in the minima. 

41 
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Fig. 8., Diffraction patterns produced by the spectroscopic slit 

(A) unreflected; reflected from (B) sample #154; (C) sample 
#163; (d) sample #143 
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Fig. 9. Diffraction patterns produced by the optically finished slit 

(A) unreflected; reflected from (B) sample #171; (C) sample #181; 

(D) sample NG3 
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Small-Angle Photometric 

It is interesting to see how well the experimental data fits 

Eq. (10) for the diffuse spread function. Logarithmic plots of the 

ratio of the scattered flux, $, to the flux of the central maximum, $m, 

as a function of angular position, a, from the specular beam provide a 

clue as to what scatter function should be chosen. These plots are 

shown in Figs. 10-15. If we compare the shape of these curves to that 

Gaussian and hyperbolic secant functions shown in Fig. 2, it becomes ap

parent that the Gaussian function falls off too quickly. Hence the 

choice of the hyperbolic secant to describe the scatter function was 

made. Eq. (10) then becomes 

a 2 h 2 
= K (—2—-—) sech (-S—) (32) 

cm aA 

A curve fitting technique was used to obtain estimates of the character

istic angle, â , as well as the magnitude factor, K (affl2ĥ /A1*). Esti

mates of h , the autocorrelation length, can be obtained by the relation-
X 

ship shorn in Eq. (14). These results are tabulated in Table 5. 

A comparison of the magnitude factor of Eq. (32) with the maxi

mum estimated flux ratios is also interesting. A plot of these quanti

ties is shown in Fig. 16. 

The data points appear as if a constant factor had been added to 

each measured value. The consistant trend of the smoother samples to be 

higher than predicted leads to the speculation that these values are 

higher than actual. A possible explanation lies in the fact that for 
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Fig. 10 The relative scatter as a function of angular position for 
sample #186 (om = 70 nm) 
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Fig. 11 The relative scatter as a function of angular position for 
sample WG3 = 18 nm) 
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Fig. 12. The relative scatter as a function of angular position for 
sample #181 (om = 3.0 nm) 
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Fig. 13. The relative scatter as a function of angular position for 
sample #161 (a^ = 1.8 nm) 
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Fig. 14. The relative scatter as a function of angular position for 
sample #171 (om = 1.0 nm) 
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Fig. 15. The relative scatter as a function of angular position for 
sample #160 (om <1.0 nm) 



Table 5. Parameters for the diffuse spread function 

Magnitude factor Magnitude factor â  hr crm 
Sample # (measured) (calculated) (milliradians) (nm) (nm) 

160 4.5(10~6) 1.99 (10~7) 14.0 4.6(103) <1.0 

171 9.0(10"6) 9.6(10~7 ) 8.0 8.0(103) 1.0 

161 1.1(10"5) 2.83(10"6) 8.4 7.6(103) 1.8 

181 6.0(10"*) 1.83(10~5) 5.5 1.2 (lO**) 3.0 

WG3 1.45(10-3) 1.45(10'3) 3.7 1.7(lo") 18 

186 4.4(10~3) 6.1(10-3 ) 7.0 9.2(1Q3) 70 

Note: K • 2.46(10"5) 

U1 
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Fig. 16. Plot of the calculated vs. measured relative flux 
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the smoother samples, it was difficult to stop the photometer at the 

exact minima position. Any errors introduced'would tend to make the 

measurements read higher than actual. For the coarser samples, the 

minima had sufficient flux in them so that the observed values were more 

accurate. 

In review, the small angle measurements seem to agree well with 

the theory presented by Shack (1968). The measured Feco roughness ap

pears to be an appropriate statistic to describe the surface when used 

in conjunction with a hyperbolic secant scatter function. 

Comparison of Small- and Wide-Angle Results 

Since we are now comparing results measured by two different 

instruments, the data in this section is presented as a scatter coeffi

cient as defined by Eq. (20). During the experiment, e was held con

stant at 25°, hence the expression p (25,0 ') will be abbreviated to 

p (8•). 01 also relates to the angular position from the specular beam, 

a, by the expression 

a = 9 1 - 0 (33) 

Logarithmic plots of the measured small and large-angle scatter 

coefficients as a function of degrees away from the specular direction 

are presented in Figs. 17-22. Included on all plots is the hyperbolic 

secant scatter function expressed now in terms of degrees instead of 

milliradians. 
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Fig. 17. The measured scatter coefficient as a function of angular 
position from the specular beam for sample #186 (am = 70 nm) 
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If we examine the scatter coefficient for sample #186, a rela

tively rough surface, we observe that on extrapolation of the small and 

wide-angle data provides an almost straight line fit. This indicates 

that one process probably accounts for the scattering from that surface. 

The choice of the hyperbolic secant to describe the scatter function 

does not appear to be valid. 

The scatter coefficient for sample WG3 is similar to that for 

sample #186, except that extrapolation of the wide-angle data could be 

made in two ways, one to indicate a straight line fit and the other to 

indicate a kink in the curve. Thus the possibility of two scattering 

phenomena to explain the data exists. Again the hyperbolic secant is a 

poor choice for the scatter function. 

The scatter coefficient for the smoother samples all indicate 

that the large and small-angle scatter are not consistant with each 

other. A definite lack of data in the region from 1° to 5° from the 

specular is apparent. The possibility that two scattering phenomena are 

present does exist. However, if we examine the scatter profile for sam

ple #160, and recall that the measured value for the peak intensity, as 

shown in Fig. 16 seemed high, the possibility of a single scattering 

phenomenon to explain the results still exists. 

Functions other than the hyperbolic secant may also be used to 

describe the scatter function. For example the function, 

3 

(3 + x2)3/2 

(34) 
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has a greater slope than either the Gaussian function or the hyper

bolic secant. These three functions are shown in Fig. 23. 

In summary, comparison of the large and small-angle scatter in

dicates a transition region between 1° and 5°, in which neither appara

tus was capable of obtaining data. This lack of data leaves open to 

conjecture, the question of whether or not small and large-angle scatter 

are the same phenomenon. The choice of a scatter function will depend 

on what shape the scatter coefficient assumes in this region. 
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Fig. 23. Hypothetical scatter functions 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 

The main goal of this research effort, which was to develop a 

technique for measuring all angle scatter from optical surfaces, was 

successfully reached. As a result of the efforts to produce a satis

factory single-slit diffraction pattern, the importance of slit-edge 

quality was demonstrated. It was also demonstrated that a good test for 

slit quality is to determine how low the minima magnitude of the diffrac

tion pattern it produces actually are. 

A very significant result was the agreement between small-angle 

scatter measurements and the theory developed by Shack (1968) if the 

proper choice of scatter function is made. Of importance is the fact 

that the Gaussian function does not fit the data. From the theory, it 

appears that the measured surface roughness, when used with the proper 

scatter function, is an appropriate parameter to use in describing scat

ter phenomena. 

The region of the scatter profile between 1° and 5° from the 

specular beam seems to be a transition area between small and large-

angle scattering. A distinct possibility that two types of scattering 

may contribute to the scatter profile exists. Since neither the small 

nor the large-angle instruments were capable of producing data in this 

region, an obvious area for further research is to develop a technique 

to obtain these measurements. 

63 



64 

The speculation that the small-angle scattering measurements 

made from the smoother samples tend to be higher than the probable real 

values, points out the need to modify the existing equipment to provide 

a better scanning capability. 

Since the theory involved a definite wavelength dependence, it 

would also be of interest to make the scattering measurements at more 

than one wavelength. 



APPENDIX A 

SLIT QUALITY EFFECTS 

Since the level of radiant flux scattered at any angle upon re

flection from a smooth surface will be very small, if a single-slit 

diffraction pattern is to be used as a measuring tool, the flux in the 

minima of the pattern must be lower than the resulting scattered flux 

from the samples. This places stringent requirements upon slit quality 

as well as scanning techniques. This appendix describes the considera

tions to be made and the efforts expended. 

Theoretical Considerations 

Kirchhoff theroy is quite accurate for predicting the far-field 

single-slit diffraction pattern. Theoretically the minima are all zero. 

The assumption made in developing Kirchhoff theory is that the diffract

ing aperture exists in a perfectly conducting, infinitely-thin plane. 

When working at optical frequencies, the Kirchhoff assumptions are dif

ficult, if not impossible to meet, hence it is reasonable to expect 

measurements of the minima to differ significantly from those predicted 

by the theory. In particular, the thinness requirement would be impos

sible to attain. Implicitly assumed also is the requirement that each 

side of the slit be straight and that the two edges be exactly parallel. 

Other factors to consider are the polish of the surfaces comprising the 

slit, and any imperfections in the edges themselves. 
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Keller (1962)-has developed a theory in which he considers the 

effects of edge shape upon the diffraction pattern. However, Kapany, 

Burke, and Frame (1965) have shown that this theory does not conform 

completely to the observed data. 

The assumptions made in the development of Kirchhoff theory do 

not account for the state of polarization of the incident beam. Keller 

(1962) has developed expressions to predict the shape of single-slit 

diffraction patterns which does take this into account. The solution 

was obtained by applying Sommerfeld's solution for the half-plane. 

Keller's solution when compared to the Kirchhoff formulation has the 

same general shape, however, the minima are non-zero and the maxima,, 

other than the central, are slightly greater than those predicted by the 

scalar theory. 

Pattern Scanning Considerations 

In the usual way of measuring a diffraction pattern experimen

tally, the pattern is typically scanned with a finite sized aperture 

mounted in front of a photosensitive device. The size of the aperture 

is large enough that flux on the detector produces a sufficiently high 

signal-to-noise ratio. The aperture is normally a pinhole or rectangu

lar slit. 

Used in this configuration, the signal output of the detector, 

at a scanning position, Xn, can be expressed by the relationship 

V(xn) = K 

*n + d/2 

a(§) f(§)d§ (35) 

J x„ - d/2 
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where a is the receiving aperture function, f is the irradiance distri

bution of the diffraction pattern, and d is the width of the receiving 

aperture. The constant of proportionality, K, takes into account fac

tors such as detector sensitivity, electronic amplification, magnitude 

of power in the pattern, etc., and can, without loss of generality, be 

assumed to be held constant for the rest of the discussion. 

Since the aperture function is finite, the limits of integra

tion can be extended so that Eq. (35) can also be written 

which is the definition of the convolution of f(x) with a(x) and can be 

abbreviated 

Strictly speaking, the problem is two dimensional in nature; however, 

the apertures that were used in the experiment were small compared with 

the vertical dimension of the diffraction pattern, so the pattern can 

be considered infinitely large in the y direction. 

V(x) = f(a) a(x-a)da (36) 

V (x) = f (x) * a(x) (37) 

For a two dimensional problem, Eq. (37) would become 

V(x) = f(x,y) * a(x,y) (38) 

where the y dependence of V(x,y) being suppressed since the scan held 

y constant. 
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If the shape of the diffraction pattern is a known, theoretical 

function, it is a simple matter to perform the convolution by numerical 

integration on a high speed computer, thus a method for predicting the 

measured results is available. 

The diffraction pattern that was of interest for this experiment 

was a Fraunhofer single-slit pattern in which the central maximum was 

46 mm wide. The irradiance of this pattern can be expressed in one di

mension as 

f 00 = S1"2 fr/23:> = sine2 (x/23) • (39) 
(x/23)2 

and in two dimensions as 

f(x,y) = sine2(x/23, y/») (40) 

where r is the radius of the aperture. A circular aperture function can 

be expressed in cartesian coordinates as 

, 0 7  
1 /x + y < r 

a(x,y) = . (41) 
0 otherwise 

Thus when scanning the single slit pattern with a circular aperture, the 

measured value can be expressed as 

V(x) = circ(x,y) * sine2(x/23, y/°°). (42) 

Similarly, the measured value observed when scanning with a rectangular 
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aperture can be expressed as 

V(x) = rect(x/a, y/b, a) * sine2 (x/23, y/«>) , (43) 

where a is the width of the aperture, b is the height, and a accounts 

for any misalignment between the diffracting and receiving slit. Nu

merical evaluation of Eq. (43) provides an estimate of the effect that 

changing the aperture size or tilt will have on the measured values. 

The results of the above operation are summarized below: 

(a) The measured shape of the pattern is unaffected by varying 

the circular aperture dimensions from 20 ym diameter to 300 ym diameter. 

The ratios, V/Vcm» for the minima do change significantly, however. 

The amount of change as a function of aperture size is plotted in 

Fig. 24. 

(b) No significant change is observed in the measured pattern 

shape when the rectangular aperture is tilted up to one-half the slit 

width. The ratio, V/Vcm, for the minima is affected considerably by 

changing the tilt. This change as a function of angular tilt is plotted 

in Fig. 25. The effect of changing the aperture size was the same as 

that for the circular case. 

Slit Manufacturing Considerations 

The Kirchhoff boundary conditions of thinness and conductivity 

are not realizeable at optical frequencies. Of the two conditions, de

parture from ideal edge shape will exhibit the greater effect as far as 

deviation from the predicted pattern is concerned. 
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Since the main goal of this research effort was to measure the 

amount of flux scattered into the minima upon reflection of the pattern 

from a rough surface, it was imperative that slits of the highest quali

ty be used so that the unreflected minima would have a value lower than 

the scattered flux. 

The slits that were fabricated and tested included those made 

from razor blades, a commercial spectroscopic slit, glass wedges, tool-

steel wedges with a ground machine-shop finish and tool-steel wedges 

with an optical finish. The slit width was approximately 100 van which 

produced a separation of 46 mm between the first minima in the scanning 

plane. 

Photographic prints of the diffraction patterns produced by the 

razor blade slit, the commercial slit, the machine-shop finish slit and 

the optically-polished slit are shown in Fig. 26. 

Razor blades, although sharp, have imperfections which produce 

effects that obscure the position of the minima. This effect is quite 

obvious, as can be seen in Fig. 26A. The effect of scanning the unde

fined minima position with a rectangular aperture is to average over the 

area of the aperture, thus a higher value than predicted is observed for 

the minima. The imperfections also tend to diffract light in the verti

cal direction as can be observed in the photograph. 

The edge imperfections of the commercial slit are not as pro

nounced as the razor blade slit, although some obscuration of position 

is evident. 

Attempts to fabricate precise glass wedges proved futile. The 

edges all tended to chip and hence were unacceptable. 



Fig. 26. Diffraction patterns produced by the various slits 

(A) razor blade; (B) machine shop finished; (C) spectro
scopic; (D) optically finished 
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Although the position of the minima were well defined, the 

finite thickness of the slit resulting from the blunting had the effect 

of fogging or increasing the value of the minima. 

The final effort to obtain a sharp, straight, and highly-

polished slit was made using tool-steel wedges which had been shaped on 

a surface grinder prior to optical polishing. The wedges were then pol

ished on a high-speed phenolic lap using a water slurry of Linde A 

polishing compound. The flat side of the wedge was always in complete 

contact with the lap. The beveled edge was polished only enough to re

move any wire edge which resulted from polishing of the other surface. 

Alternating back and forth between the surfaces finally resulted in an 

edge that produced a satisfactory slit if the best portion of the slit 

was selected for illumination by the laser beam. 

The near-field pattern of the various slits contains information 

about slit quality. The patterns for the commercial slit, machine-shop 

finish slit and optically-polished slit are shorn in Fig. 27. The 

amount of light diffracted at wide angles is less for the commercial 

slit, although fringe visibility is about the same for the commercial 

and machine-shop slits. The optically-polished slit pattern clearly is 

superior. The distortion in the higher order fringes in all patterns is 

an indication of the imperfections present on the edges. 

Photometric Measurements 

The best evaluation of the quality of the slit is a photometric 

measurement of the diffraction pattern it produces. The results of 

three such measurements are shown in Fig. 28. The full pattern out to 
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Fig. 27. Near field diffraction patterns produced by various slits 

(A) spectroscopic; (B) machine shop finished; (C) optically 
finished 
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the second minimum is shown only for the optically-finished slit. The 

others virtually duplicated the pattern except for the minima. The 

measured pattern of the razor blade slits is not shown because the mini-

_»t  - 5  
ma varied from 10 to 10 depending on which portion of the slits were 

used to produce the pattern. 

Conclusions 

The conclusions to be drawn from the discussion and measurements 

are listed below: 

(a) The ratio, V/Vcm, that is measured is definitely affected 

by the geometry of the measuring device. The size and orientation of 

the scanning aperture must be taken into account. 

(b) When one deals with a single-slit diffraction pattern, the 

slit is assumed to consist of two perfectly straight and parallel half-

planes. Small deviations from these conditions will affect the pattern 

most in the measured ratio, V/V , observed at the minima. 
cm 

(c) Departures from the Kirchhoff boundary conditions are most 

noticeable in the measured ratio, V/V , observed at the minima. The 
cm 

optically-polished slit was the best of those tested. However, this 

slit still did not satisfy all the boundary conditions and mathematical 

considerations. It was adequate for the purposes for which it was de

veloped. 

One other comment should be made concerning the effect of edge 

irregularities. If the requirement that the scanning plane be 3.84 m 

from the slit could be relaxed, the edge irregularities would be less 

pronounced in the pattern. For instance, if the distance from slit to 



receiving aperture were increased, the width of the slit could be also 

increased to produce the same size pattern in the scanning plane. Thus, 

as long as the Fraunhofer conditions still hold, the ratio of irregular

ity size to slit width would be reduced and its effect also reduced. 



APPENDIX B 

RADIOMETRIC CONSIDERATIONS 

Absolute radiometric measurements are difficult to make, re

quiring the use of calibrated sources in a carefully controlled environ

ment. To avoid these problems, measurements are usually expressed as a 

ratio of two quantities. The output of most photometric devices is pro

portional to the flux on the detector, hence the data are reported as 

the ratio of fluxes. This ratio, as shown in Eq. (18) of Chapter III, 

when dealing with reflectance measurements, will be dependent upon the 

measuring geometry scheme. To remove this dependence, the scatter coef

ficient was conceived and defined as 

In this work, the measurements observed when the scanning of the 

diffraction pattern are all referenced to the central maximum by the 

relationship 

p  ( 0  * )  =  L C e ' D / E . .  = Rd ( 0 ' ) /O ,  ( s r _ 1 )  (44) 

Substitution of the ratio $ (0')/$. for Rn yields m i D 

p(e') = 4>m(01 )/$i(u (45) 

v(e') =*mCe')/*cm (46) 

79 



80 

If both sides of Eq. (46) are multiplied by the ratio $_./$•, the ex-
vJll X 

pression 

—v(e1) = « (e')/^ (47) 
i 

is obtained. 

Substituting Eq. (47) into Eq. (45) yields 

p ( e ' )  =  V ( e ' )  .  ( 4 8 )  
0)$. 

X 

- 3 
The ratio of $ /$. was measured to be 1.41 x 10 and the solid angle 

cm I 
-3 

subtended by the receiving slit aperture was approximately 20 x 10 sr. 

- 2  
Thus the measured data must be multiplied by the factor 7.15 x 10 in 

order to be in units of ysr 1 . 

As a means of estimating the accuracy of the measurements, a 

smoked magnesium oxide sample was utilized as a Lambertian surface: Us

ing the definition of a Lambertian surface, 

L(0 ') = L(0) cos 01 (49) 

and the property 

E = L(0') dfi = irL(O) 

• hemisphere 

(50) 



the expression 

$ (0' cos 0* (51) 
1 TT 

can be derived. 

_ Q 
Evaluation of Eq. (51) yields a numerical value of 5.8 x 10 . 

"9 
The measured value of the same quantity was 7.1 x 10 indicating good 

agreement between the measured and calculated results. 
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