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of Illinois at Urbana-Champaign,
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ABSTRACT

An experimental study of surface roughness effects on bidirectional
reflectance of metallic surfaces is presented. A facility capable of ir-
radiating a sample from normal to grazing incidence and recording plane
of incidence bidirectional reflectance measurements was developed. Samples
consisting of glass, aluminum alloy, and stainless steel materials weve se-
lected for examination. Samples were roughened using standard grinding
techniques and coated with a radiatively opaque layer of pure aluminum,
Mechanical surface roughness parameters, rms heights and rms slopes,
evaluated from digitized surface profile measurements are less than 1.0 um
and 0.28, respectively., Rough surface specular, bidirectional, and di-
rectional reflectance measurements for selected values of polar angie of
incidence and wavelength of incident energy within the spectral range of
1 to 14 um are veported. The Beckmann bidirectional reflectance model is
compared with reflectance measurements to establish its usefulness in de-
scribing the magnitude and spatial distribution of energy veflected from
rough surfaces.

The influence of surface roughness on reflectance measurements can Be
summarized by reference to optical roughness and mechanical rms slope.
Optical roughness is defined as the ratio of mechanical rms height to wave-
length of incident energy and exhibits values less than unity for the rough
surfaces examined. -As.oﬁtical roughness diminishes; rqugh supface monochro-
matic reflectances (specular, bidirectionai, directional) gpproach the corre- _

sponding values appropriate to those for a smooth surface at the same
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direction of incident energy. Specular and directional reflectances de-
crease as optical roughness increases and are ordered according to mechani-
cal rms slope with smaller reflectance values corresponding to larger rms
slope values. Bidirectional veflectances for rough surfaces with nearly
identical mechanical rms slopes confirm that as optical roughness increases,
the distribution of reflected energy departs from that of a smooth surface
to a distribution with significant amounts of reflected energy in direcuiions
of reflection other than the specular direction. Bidirectional reflectances
for rough surfaces with nearly identical optical roughness values display
the same trend as mechanical rms slope increases. Thus, the importance of
reporting surface roughness parameters rms height and rms slope is estab-
lighed,

Comparisen of the Beckmann medel with reflectanpce measuvements reveals
the following general conclusions. First, specular and bidirectional re-
flectance results evaluated from thé model using mechanical surface rough-
ness parameters do not agree with the correspending monochromatic reflec-
tance measurements. Second, a significant improvement between predictions
of the model and monochromatic reflectance measurements is observed when.
optical surface roughness parameters ave used in the model. An optical.
method based on monochreomatic specular reflectance measurements for near-
normal incidence provided cptical rms height and.eptical'rms slope de~
termined for each wavelength of incident energy. Optlcal roughness is then
defined with optecal rms helght 1nstead of mechanlcal rms helght. Specular
reflectance results are evaluated from the medel using an averagenoptlcal
s slope determlned ﬁrcm optlcal rms. slcpes fer each Wavelength ' Specular
reflectance measurements are adequately descrlbed by specular reflectance

results evaluated from the medel when values of cptlcal roughness multlplled '



by the cosine of polar angle of incidence are less than 27 times

average optical rms slope. Specular reflectance measurements for inter-
mediate to near-grazing polar angles of incidence, however, are not

well represented by the model. Bidirectional reflectance results evalu-
ated from the model adequately describe bidirectional reflectance measure-
ments provided optical roughness and optical rms slope are less than 0.05

and 0.02, respectively.
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NOMENCLATURE

differential element of surface area
detector surface area
monochromator entrance slit area

irradiated monochromator entrance slit area for incident
and reflected radiation

source area

correlation length
geometrical functions
autocorrelation function

fraction of incident radiation which is scattered by a
perfectly conducting material

bidirectional reflectanca for a perfectly conducting
material

scattered component of bidirectional reflectance for a
perfectly conducting material

scattered component of bidirectional reflectance for a
perfectly conducting material of large optical roughness

specular component of bidirectional reflectance for a
perfectly conducting material

amplifier gain

intensity of incident and reflected radiation

background intensity for incident and reflected radiation
intensity of radiation emitted by chopper

intensity of radiation emitted by sample

intensity of.ra@iation emitted by shutter

éumm&tion index‘. |

parame-er containing menochremator, detector, and

. amplifier factors

summation index



m rms slope

m M mechanical and optical rms slope

N number of data points

P probability density function

R ratio of bidirectional reflectance to that in specular
direction

R ratio of reflected energy per unit time, area,
and sclid angle to that in specular direction

8 detector responsivity

U function defined in Eq. (4.1.7)

Vh,Avi voltage signal for incident and reflected radiation

AVQ,AV; r background voltage signal for incident and reflected
’ radiation

v ratio of voltage signal for reflected radiation to that
in specular direction
R,V ,2 spatial coordinates on surface
o. parameter for Dirac delta function
§ Dirac delta function
8,8 polar angle of incident and reflected radiation
g maximum polar angle of reflection for viewing a sample,
max
Eq. (3.2.12)
A wavelength
Pra bidirectional reflectance
Pan directional refectance
ps specular reflectance
. P smeoth and rough suriace specular reflectance
5,0” " s,r : . : : LoE T o
g rms height
°m=°o _ .- mechanical and optical rms height
T correlation distance

?{- : . transmittance ‘of optical system .




.0 azimuthal angle of incident and reflected radiation

- incident intensity

w' 0 solid angle of incident and reflected radiation
Wy detector solid angle

SUBSCRIPTS

il D detector

. m mechanical

8 slit

SUPERSCRIPTS

? + emergent intensity
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1. INTRODUCTION

Placement of man and temperature sensitive equipment aboard
spacecraft has created a need for precise spacecraft thermal con-
trol. Temperature of a spacecraft in a space environment may be
controlled by regulation of radiant heat exchange between space-
craft components and their thermal environment. It is often de-
sirable to determine before flight of a spacecraft radiant heat
exchange and, consequently, spacecraft temperature., Radiant heat
transfer can be evaluated once the radiative propérties of the
spacecraft components, spacecraft geometry, thermal environment,
and either component temperature or heat flux are specified. The

radiative properties are of particular interest in this research.

The fundamental radiative property from which all other surface
properties can be developed is spectral bidirectional reflectance.
This property describes the spatial distribution of radiant energy
reflected by a surface which is irradiated by monochromatic radi-
ant energy from a prescribed direction.

Experiments confirm that spectral bidirectioﬁal.refleCtance
of an opaque material is strongly dependent upon direction and
wavelength of incident energfnas well as the surface charactepis-
tics. In view of thé ranges of inierest for directiuns of inei—
dence and reflection as well as wavelength of inpideﬁt-éﬁérgy,
the number of spectral bidirectional reflectance-measurementsffe-
quired for a single éﬁfféﬁé is‘enofméus.' Cbﬁseqﬁéhﬁl&, if isﬂiﬁ;

portant to develop bidirectional‘reflectance'models that'accuratelyr

 describe the measucement characteristics. In order to‘sﬁbeantiafe'l' '




these models, however, a limited number of measurements is required.
An objective of this research is to acquire spectral bidirectional
reflectance measurements for representative opague engineering materials.
In addition, spectral directional reflectance measurements are also re-
ported for the same materials. This radiative property represents the
fraction of incident monochromatic radiant energy that is reflected
into hemispherical space. A comparison between the measurements and a
bidirectional reflectance model is made in order to investigate the ac-
- é curacy and useful range of the model.
Development of bidirectional reflectance models or presentation
of reflectance measurements for engineering materials should be ac-
companied with information about the surface characteristiecs. Topo-
graphical, chemical, and physical characteristics are commonly used
to describe surfaces of engineering materials. Since simultaneous
consideration of all these effects is complex, it is useful to assessl
the influence of each factor separately. Emphasis is placed in this
research on the influence of surface topography on spectral bidirec-
tional reflectance. Surface topography information is presented for

selected engineering materials for which the previously mentioned re-

flectance measurements are reported.

In Chapter 2, literature pertinent to this research is reviewed.
An experimental facility developed to acquire spectrel'bidirectionel
reflectance measurements is described in Chapter 3. A bidirectional _
reflectance model selected for 1nvest1gatlon is rev1ewed in Chanter 4
In Chapter 5, preparation and speclflcatlon of test samples are dlS-
cussed, Spectral reflectance measurements for these test samples are
presented in Chapter 6 and compared w1th a bldlrectlonal reflectance
model in Chapter 7.: Summary cf and conclu51ons drawn fron thls re-

search are presented in Chapter 8




2. LITERATURE SURVEY

Spectral bidirectional reflectance describes the spatial distri-
bution of reflected energy due to irradiation from a prescribed Gi-
rection by radiant energy within a small wavelength interval about a
selected wavelength. For brevity, bidirectional reflectance is de-
noted by BDR and, unless otherwise stated, all radiative properties
are understood to be monochromatic. Experiments [1-111% confirm that
BDR is strongly dependent upon direction and wavelength of incident
energy as well as the surface charactéristics. Directions of inci-
dence and reflection contained within hemispherical space above a
considered surface area element are of interest. The wavelength
range of importance is 0.2 to 100 }m since the major contribution of
radiant energy as a result of solar irradiation and that emitted by
engineering materials at room temperature and higher is found in this
wavelength range. Specification of chemical, physical, and topographi-
cal characteristics is necessary to describe a surface, Emphasis is
given here to the influence of surface roughness on BDR for materials
sufficiently thick to be considered opaque, Surface roughness is com-
monly expressed in terms of root mean sQuare (rmsJ,rcughﬁess height [12]
measured_f?om a mean surface plane. Typical rms heights for surfaces
produced By common engineering production methods are within the range
0.01 to 10 pm [12]. Upon examination of a rough surface profile, it
is realized that at ieast,one other parameter is necessary in order to
-adequately describe the surface’ contour. ,Aniimpeytantusecond Pamamateﬁ~
is rms élope,and it has veceived cbnsiderabiy-less atténtion:{han rms:

'height,-"Baséd'én reported rms slopes for engineering surfaces, the rms

*NUmbefs iﬁbbﬁackgts”refer to gntries'in REFERENCES.




slope range of interest is estimated to be 0.0l to 1.0 [13].
f A general discussion of surface roughness effects on BDR has been
given by Bennett [14], Surface roughness effects are generally cate-
gorized in terms of optical roughness defined as the ratio of a char-
acteristic roughness height of the surface to a characteristic wave-
length of incident energy. If the characteristic height is taken as
the rms height and the characteristic wavelength as the wavelength of
incident energy, then for the previously cited ranges for these quanti-
ties, the optical roughness range of interest is approximately 0.0001
to 50. Unless otherwise stated, reference to surfaces of small and
large optical roughness values refer to surfaces with optical rough-
ness values less than and greater than unity, respectively.

Surface roughness effects on BDR are reviewed in three sections.
Results for an optically smooth surface are discussed in Section 2.1.
3“ € In Sections 2.2 and 2.3, results are examined for small and large opti-
cal roughness values, respectively. In each section, BDR measurements
and models are reviewed. Summary of the literature survey is given in

Section 2.4.

2.1 OPTICALLY SMOQOTH SURTACE
An optically smooth surface reflects incident energy acgording to

i the laws of specular reflection which implies that reflected energy

lies ip the plane of incidence with-inQtical.pqlar angle§;of incidence .
and reflection and with equaljsﬁlid angles of transfer [15].  Two
- general classifications of materials are considered, namely, electrical
"§ conductors and non—conductdts, Meqsureméﬁts [16],confirﬁ?that_specular
.reflectanCeﬁ,denoted_hnyERa}fbr,bbth;materialsiis;near;y;independEntr"

of direction of’incidénce for unpolarized energy incident from -polar -
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angles of incidence less than 50 degrees. Furthermore, non-conductors
have a relatively small value for SFR at normal incidence (black glass:
0.05) that increases with increasing polar angle of incidence. Con-
ductors have a large value For SPR at normal incidence (aluminum: 0.9)
that decreases with increasing poiar angle ofrincidence until grazing
incidence is attained.

SPR for an optically smooth, chemically and physically uncontami-
nated surface can be predicted from solution of the Maxwell equations
of electrodynamics. The selution is expressed in terms of the Fresnel
equations [17,18]. SPR for unpolarized incident energy is given in
terms of polar angle of incidence as well as wavelength dependent ma-
terial properties called optical constants. Various technigues [19-
21] have been employed to evaluate the optical constants from SPR meas-
urements. However, surface damage resulting from surface preparation
may cause the optical constants of thin surface layers which are im-
portant for radiative properties of materials to differ significantly
from those ¢ the bulk material. SPR measurements [14,22] for an
electropolished surface are observed to be higher than those foi a me-
chanically polished surface. Surface damage éffects, however, are not

as important for wavelengths in the infrared.

2.2 -SMALL OPTICAL ROUGHNESS -

It is convenient to examine surface roughness effects for small
optical roughness bj infesfigafiﬁgfthein-influenceﬁbngSPR;H SPR [4,5,
8,23-27] for small optical roughness exhibitsthe following character-
istics., Fipst, SPR.aéCPéasésfﬁifﬁ indféasiﬁg'apficél-rOﬁgﬁﬁégsﬁféfF_

fixed polar angle of incidence. Thus, as the surface becomes rougher

- or as the wavelength becomes shorter, the energy observed in the. =+




specular direction decreases. This could be a result of increased
scattering by, or multiple reflections within, surface roughness ele-
ments. For fixed optical roughness, SPR increases with increasing
polar angle of incidence. Thus, the surface beccmes more specular

as polar angle of incidence increases.

BDR measurements [4-6,8,26-28] for small optical roughness ex-
hibit the following characteristics. For optical roughness values
less than 0.05, BDR distributions are similar to those for specular
reflection. As optical roughness exceeds this value, greater amounts
of reflected energy are observed in directions of reflection other
than near the specular direction. For fixed optical voughness, BDR
distributions approach those for specular reflection as polar angle
of incidence approaches grazing inecidence. Furthermore, BDR distri-
butions attain maxima in the specular direction for optical roughness
E values less than approximately 0.5 [6]. For larger optical values,

however, the maxima occur at polar angles of reflection greater than

the specular direction.

'fﬂg Theoretical investigations that attempt to describe surface rough-
ness effects on BDR for small optical roﬁghness are based on diffraction
effects, Numerous diffraction models have been developed in connection

with reflection of radio and radar waves from rough surfaces., A review

of these models and relevant literature is avaiiable in a book by

Beékméhﬁraﬁa}SﬁizziChind.[ééj}fﬂﬂitﬁbugh'ﬁOre'réééﬁffBDRfﬁéaélS ﬁéﬁé-"
been suggested [30,311, a.¢0mple£e'examinétion of these models in view
LT of enginsering applicarion and BOR measirements is lacking. The Beckmamn
model has beeﬁ pre?ioﬁslyrex;ﬁinéd by Hbﬁdheﬁs and Hering [32jiand:shown

to have a Wiéef'ﬁangequ éﬁgineeriﬁg ép§lica£idﬁffﬁénNSQme other models.

e+ gp———— e ot & A e mm
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Beckmann developed a model for a perfectly conducting rough surface.
Since absorption is asbsent, the model essentially describes surface
roughness effects on the spatial distribution of reflected energy.

The rough surface was taken isotropic with a statistical description
for the roughness elements. A more detailed description of thislmodel
is given in Chapter 4. According to the model, surface roughness pa-
rameters that characterize the surface profile are rms height and rms
slope. Comparisons[26,28,32] of the Beckmann model with SPR and BDR
measurements demonstrate that the model exhibits similar characteris-
tiecs as the measurements for optidal roughness values less than 0.2
and for near-normal incidence. As previously noted [{26,32], there are
insufficient measurements available for well-documented rough surfaces
to substantiate conclusively BDR models for small optical roughness

values.

2.3 LARGE OPTICAL ROUGHNESS

Characteristics of SPR measurements for large optical roughness
are not as well defined as those for sméll optical roughness. Toporets
£33] reported SPR measurements.fbr polar ang;es.of incidence 1e$s than
80 degrees that exhibit the following characteristics., SPR increases
with.increasing_optical roughness for fixeq polar angle of incidence.
Moreover, for fixed optical vroughness, SPR decreases with increasing
polar: angle of . incidence. . These CharaCteriStics'are contrary-to,those.,
observed for small optical roughness. SPR measurements [34-36] for polar
- gngles of incidence greater- than- 80 degrees exhibit similar ‘characteris-
tics as those for small optical roughness. BDR ﬁeasuremehts‘[5-8,27,37-
39] for large optical roughness exhibit the following characteristics..

As-optical roughness increases, greater amounts of reflected energy are



found in directions of reflection further removed from the specular
direction. The diffuse reflection limit [15] in which the intensity
of reflected energy is uniform over hemispherical space is attained
only for near-normal incidence [5-7,10,11], For other than near-normal
incidence, BDR distributions exhibit maxima in the plane of incidence
at polar angles of reflectiuvn greater than the specular direction. A&s
optical roughness increases, these so-called off-specular peaks occur
at polar angles of reflection further removed from the specular direc-
tion. As polar angle of incidence approaches grazing incidence, BDR
distributions are similar to those for specular reflection. BDR measure-
ments preported by Voishvillo [40] for polar angle of incidence of 70
degrees exhibit a peak in the specular direction as well as a smaller
peak at polar angle of reflection greater than the specular direction.
Theoretical attempts to develop BDR models that describe the meas-
urements for large optical roughness are formulated using the methods of
geometrical optiecs. As noted by Toporegts [36], however, this methéd ap-
plies only for directions of incidence other than near-grazing incidence
and diffraction effects must be accounted for in analyses for near-grazing
incidence. - SPR measurements for polar angles of incidence greater than
80 degrees [34-36] were correlated with an expression similar to that for
the specular component of the Beckmann model [323. BDR models have been
developed for surfaces composed of minror-likefroughness elements [13,
3g=44] as well as diffusely reflecting roughness elements (447, - The
roughness element dimensions are taken large relative to wavelength of
incident energy. Although-wavéieﬁgthvdbes*ﬁﬁf”appéér_infthéwekpfeSSidné
developed, the models ave wévelength dépeﬁdenf since the reflectance of
the-rdughﬁessﬁéléﬁenf'Surfadeé"iézgéﬁeralij ﬁa§éienéth&ﬁéﬁ;ﬁaénf;' Fdﬁ

surfaces composed of mirror-like roughness elements, a statistical



distribution function has been utilized to specify the probability that

a surface area contains roughness elements of given slope. The rough-

ness parameter employed in the distributien funetion is related to rms
slope. For surfaces composed of dkffusely reflecting roughness elements,
the roughness element slopes have been assumed equal. Hence, BDR models

for large optical roughness are independent of optical roughness. Diffrac-
tion models [32,45] for large optical roughness are also expressed only in
terms of rms slope. Since a very limited amount of information is avail-
able for the rms slope of engineering materials, the importance of this sur-

face roughness parameter for correlating BDR measurements and models has

not been established. Comparison of BDR models with measurements have
almost always been performed by adjusting the parameters of the models
until reasonable agreement is obtained. Comparison [39,42,467 of BDR
models [39,41,42] with reported BDR measurements illustrates that the

medels do exhibit characteristics similar to those of the measurements.

2.4 SUMMARY OF SURFACE ROUGHNESS EFFECTS

This literature survey of surface roughness effects on BDR reveals

the following:
1. Experiments confirm that BDR is strongly dependent upon di-
rection and wavelength of incident energy as well as surface

topography.

2. At least two surface roughness parameters are necessary to

characterize the surface profile, nameiy, rms héight and rms

slope, The rms height has received considerably more experi-
hental investigation than rms sloﬁe.' Both parameters,'ﬁbwéVer;

have received theoretical investigation.

3. Surface roughness effects on BOR measurements are conveniently

discussed in terms of optical roughness. As optical roughness
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approaches zero, the specular reflection limit is reached,
Diffuse reflection is attained only for large optical rough-
ness and for near-normal incidence. OFff-specular peaks are
observed for other than near-normal incidence for large opti-
cal roughness,

BDR models have be&n developed by utilizing the concepts of
physical and geometrical optics and are applicable to small
and large optical roughness values, respectively. BDR models
for small optical roughness are expressed in terms of rms
height and rms slope, but only rms slope appears in BDR models
for large optical roughness.

Comprehensive comparisons of analytical models with measure-
ments are lacking. BDR measurements are inadequate both in

quantity and scope for confirmation of any BDR model.
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3. BDR FACILITY

Before a description of the BDR facility is given, the definition
of BDR used in this research is presented. The coordinate system il-
lustrated in Fig. 3.1 aids in defining BDR. Radiant energy incident
within solid angle dw' about direction &',¢' is reflected by surface
area element dA into soliid angle dw about direction 6,4. BDR which is
here denoted by the symbol pbd(e',¢';8,¢) is defined as the ratio of in-

tensity of reflected energy to incident energy. Thus,

dz;(6,9)
PLq(8's0'58,9) = — (3.1)
I (6',0') cos 8' dw’

where I (9',4') and dI;(9,¢) denote intensities of incident and re-
flected energy, respectively. As noted in Chapter 2, surface rough-
ness effects can be conveniently examined to some extent by reference
to SPR. SPR, denoted by the symbol ps(e';¢'), is defined as the ratio
of reflected intensity in the specular direction (8 = 8',0 = ¢! + )

to inecident intensity.

17(8',0' + m)
P (8" .4') = ——— (3.2)
I(8',4")

In addition to SPR, directional reflectance also aides in examination
of surface roughness effects. Dirvectional reflectance is defined as
the ratio of energy reflected into hemispherical space to inecident

energy. In ternis of BDR, this propeﬁfyfié'éxpressed as follows

P (8" 58" ='Jppbd(e!,¢¢;e,¢) cos O dw - (2.3)
U) R

~where. the integration is over all solid angles of reflection.

. Examination of reported BDR measurements and models as discusseduk
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Y Reflected
2
IR’:S?:"'I‘;n / /5adiat ion

Figure 3.1 Directions of Incidence and Reflection
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in Chapter 2 reveals that considerable information about the validity

of the surface roughness parameters as suggested by the measurements and
models can be obtained from plane of incidence BDR measurements. Further-
more, the added complexity of BDR facilities [47,48] for recording meas-
urements outside the plane of incidence is not justified for the present
investigation. Consequently, a facility capable of acquiring nlane of
incidence BDR measurements was developed. The plane of incidence is
formed by direction of incident energy and the mean surface normal. Azi-
muthal angie of reflection ¢, therefore, assumes the values of ¢' and

$' + 180 degrees. It was noted in Chapter 2 that there are insufficient
BDR measurements available to substantiate application of any <mall op-
tical roughness BDR model. Therefore, BDR measurements were acquirel
within the spectral interval 1 to 14 um where the small optical rough-

ness results are expected to be applicable.

3.1 DESCRIPTION OF FACILITY

Schematic diagrams of the BDR facility are presented in Fig. 3.2.
The reflectometer consists of an irradiating optical system, sample
holder and goniometer system, devecting optical system, and electronic
and recording system., The systems are composed of numerous components
whose general arrangement may be cobserved by reference to photographs
in Figs. 3.3, 3.4, 3.5, and 3.6. Descriptions of the systems as well
as their components follow, More detailed information about some of
the components is available elsawhere [49-54],

The irvradiating optical system (Fig. 3.3) consists of source,
shutter, and mirrors. Supports fo: these components are attached to
the source arm. A globar housed in a water cooled jacket and poweved

by a regulated power supply provides a source of radiant energy. A
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Figure 3.3 Irradiating Optical System

Figure 3.4 Sample Holder and Goniometer System



Figure 3.5 Detecting Optical System

Figure 3.6 Electronic and Recording System
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shutter attached to a rotary solenoid allows elimination of sample ir-
radiation by the radiant energy source when background radiation measure-
ments are recorded. The wotary solenoid is activated by a voltage signal
from the control interface which is described later. Emitted energy of
the source is focused on the sample by a plane mirror and a spherical
mirror. The spherical mirror has a diamefer of 40,5 mm and a radius of
curvature of 462,15 mm. Solid angle of incident energy is determined by
the spherical mirror and has a value of 0,0060 steradians.

The sample holder and goniometer system are shown in Fig. 3.4,
The sample holder is designed so that the front surface of a plane mirror
sample conincides with the axis of rotation of the goniometer. The goni-
ometer consists of two coaxial rotary tables, The sample holder is affixed
to the rotary portion of the upper table. The source arm is rigidly con-
nected to both the base of the upper rotary table and the rotating ele-
ment of the lower votary table. Polar angles of incidence €' from normal
incidence (8' = 0 degrees) to grazing incidence (8' = 90 degrees) are
manually set to an accuracy of *0.025 degrees with the upper rotary table.
Azimuthal angle of incidence ¢' is varied by rotation of the sample about
its normal. A 200 step per reévolution Slo-Syn driving motor is employed
to scan over polar angle of reflection @ by driving the lower rotary
table through e'speed reducer. One'step~of'the mbtoﬁ is eqﬁivaient to
0.0l degree change of the 8 angle. ‘A Slo-Syn tWwo-axis preset 1ndexer
that is actlvated by the control 1nterface drlves this mctor. A21muthal
angle of reflection ¢ is altered by scannlng over @ and paselng from one
side’ to the other side of the mean surface normal of the sample.

The detectlng optlcal system (Flg 3. 5) lS statlonary and con51sts

of mlrrors, monochromaton, and detector. Radlant energy reflected by the
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gsample is focused on the entrance slits of a monochromator by two

plane mirrors and a spherical mirror. In order to allow continuous
scanning throughout the plane of incidence and weduce blockage of in-
cident energy, these mirrors are suspended from an arm rigidly attached
to the monochromator., Supports for these mirrors are positioned so
that interference with the irradiating optical system components is
eliminated as the source arm is rotated. The plane mirror that views
reflected energy from the sample is contained in the plane of incidence.
Blockage of incident energy by this mirror is confined to a 16 degree
angular interval centered at the direction of incident energy (6 = 8',
¢ = ¢'), The spherical mirror has a diameter of 71.4 mm and a radius
of curvature of 820.0 mm. Solid angle of ‘reflection is controlled by
the spherical mirror and has a value of 0.0060 steradians.

A Perkin-Elmer Model 99 monochromator with sodium chloride prism
is employed to provide spectral measurements. An internal chopper 1s
utilized to interrupt the 1light beam. An erratic reference signal
from the chopper was corrected by repiacement of the original chopper
motor and mechanical system that furnished the'reférénce signal to the
lock-in-vpltmeter with a synchponous motor and photediode system, re-
spectively. The photodiode system consists of a stationary narrow
light beam, a semicirgular blade attédhéd_to the choéper shaft, and a
stationary phdtodiode.'-The alférnafinéfvblfagé signal from fhe.phbtoF
diode provides synchronizatign of thg ;Q¢k—in¥voltmeter_With tha
feférence éignai. Wavéléﬁgfh déliﬁfatiéézéfuéﬁe_ﬁoﬁééhrﬁﬁatof'dfum
wss aided by attaching a 200 step per revalution Slo-Sym driving motor

to the wavelength drum shaft. 'Thefpfeset'iﬁdexer previouSIy“mEntioned

also drives this motor.
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A thermocouple detector mounted inside the monochromator is em-
ployed to transform the cyclic radiant energy incident on the detector
into a cycliec voltage signal. By adjustment of a plane mirror located
beyond the exit slits of the monochromator, bleockage of the radiant
energy by the detector was eliminated.

The electronic and recording system is shown in Fig. 3.6. The upper-
most instrument in the left-hand rack is the Slo-Syn two-axis preset in-
dexer, Below the indexer, in the order in which they appear in the
photograph, are the lock-in-voltmeter, conitrol interface, background
shutter control, photomultiplier tube power supply, reference signal con-
trol, and source power supply. A Hewlett-Packard Model 2012B digital
data acquisition system is located in the rack to the vright in Fig. 3.6.
Function of these instruments is briefly discussed.

The cyclic voltage signal generated by the thermal radiation de-
tector is amplified by a Brower Laboratories Model 131 Lock-in-Voltmeter.
This instrument consists of a preamplifier located near the thermal radi-
ation detector and the main amplifier shown in Fig. 3.6. The output of
the amplifier is digitized and recorded by the digital data acquisition
system. Raw data is recorded on magnetlc tape and reduced as well as
analyzed with the ald of a dlgltal computer.

Activation of the preset indexer and data acquisition system is the
funetionlof:the control interface. The iﬁteffece was buiit-ﬁeing inte-
grated c1rcu1ts and other standard electrlcal components. The 1nterface
has the capablllty of 1ndependently stepplng the wavelength drlve motor
and the polar angle of reflectlon drlve motor. At each posmtlon of

these motors, there 1s a tlme delay befbre actlvatlon of the recorder in

‘order to allow the detector and ampllfler to respond to the change 1n .
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radiant energy signal. The cutput voltage signal of the amplifier may

be recorded up to ten times when noise levels are high. Background ra-
diation measurements may be vecorded by activation of the rotary sole-
noid. Two modes of operation are possible, namely, wavelength scan or
angle scan. In the wavelength scan mode, the set of five thumbwheel
switches to the left in Fig, 3.6 is used to preset the desired number

of total steps of the wavelength drive motor. In the angle scan mode,

the set of thumbwheel switches to the right is used., Provisions have
been incorporated in the control interface to record data at small angu-
lar increments for directions of reflection where the reflectometer sig-
nal is expected to vary rapidly (for example, near the specular direction)
and at large angular intervals in regions where the signal changes slowly.
Angular increments of 0.01, 0.02, 0,05, 0,1, 0,2, 0.5, 1,0, and 2,0 degrees

are available.

3.2 METHCD OF MEASUREMENT

The relation between BDR and output voltage signal of the lock-in-
voltmeter is determined by first ;onsidening the signal observed when the
radiant energy incident on the sample is viewed dirvectly. To perform
this measurement, the goniometer is adjusted by setting polar angles of
incidence and reflection to 0 and 180 degrees, vespectively, and remov-

ing the sample holder. The amplifier voltage signal may be expressed as:

fffscu)m) @ - arf +AIb)

l mD AD

-+ cos edA dwp ko tff J(»a.z:io

where the A—syMbol is’ used here and throughout thlS sectlon to denote a

small but finlte quantlty._ The ampllfler is assumed to have a l;near ”
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response with gain G. S denotes the detector vesponsivity. Reflectance
and transmittance of the optical components are represented by T. I
and AIZ represent the intensities of radiant energy of the source and
chopper, respectively. Emission by the optical components, stray energy
and equivalent stray electrical signals are represented by AI;. 95 is
the polar angle for radiant energy incident on the detector and AD is
the irradiated detector area. Radiant energy incident on the detector

is contained within solid angle w For sufficiently small wavelength

X
interval AX about the wavelength of interest, the factors S, T, I ,
AI:, and Al;may be considered independent of A within AA, Furthermore,
for radiant energy contained within a small solid angle AwD about 66,
the intensities and polar angle of incidence may be assumed to vary im-
perceptibly within AmD. Since the solid angle of reflection Aw is the
limiting solid angle of the reflectometer, ﬂmD = Aw. For sufficiently
; can be assumed in-

dependent of location within AAD. The irradiated entrance slit area of

small irradiated detector area, S, I , AIC, and AI

the monochromator AA; determines the size of the irradiatei detector
area and is hereafter referred to in the analysis. Taking into account
the preceding observations, the integrations indicated in Eq. (3.2.1)

can be performed to yield
- - ALt - -
Vo= K(I - AT + AL) AAg Aw | (3.2,2)

where K{=GS Tcos 0} A)) depends principally on A.

When ‘the source emission is blocked by the. shutter, the voltage
signal is due to emission by the shutter, chopper, and optical compon-
ents as well as stray energyzand;élé¢ffical.sigﬁals. 'THé‘baékgr6uhd
voltage signal is theﬁ'given by.

- AV = KA - AT, ¥ AL) AAS_Am | (3 Qf,)
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where &I: is the intensity of radiant energy emitted by the shutter.

Subtraction of Eq., (3.2.3) from Eq, (3.2.2) yields

- - _ - + -
v - Avb = K(I AIS) AAS Aw (3.2.4)

Replacement of the sample holder and adjustment of the goniometer
to the desired dirvections of incidence and reflection, the voltage sig-

nal due to reflected energy from the sample is given as

AVI(8,0) = Kip, 1(B',3'38,0) I~ cos 6'Au'

+ + + . +
- AIC + AIb’r(9,¢) + AIE(G,¢)] aAS Aw (3.2.5)

where &I:(B,¢) is the intensity of radiant energy emitted by the sample. -
AI; r(e’¢) is the background intensity and is considered a function of
2

direction of reflection. AA; is the irpvadiated entrance slit area which

is not necessarily equal to AA;. Blockage of the source yields a voltage

signal due to shutter, chopper, background, and sample intensities.,

Avgar(e,qa) = Kipy ;(0'58"30,0) Az;’ cos 6'Aw' - AI: + M;,r((?,da)

+ AT (0,0)] Aag v (3.2.8)
Subtraction of Eq. (3.2.6) from Eg, (3.2.5) Yields

AV (8,0) - AVy (8,0 = K0,4(075"30,0)(1" - 4171

* cds B'Am'AA; A _' _ o (8.2.7)
The ratio of Eq. (8.2.7) to Eq. (8.2.4) gives an expression for BDR in

terms of recorded voltage sigmals. .

w i

_l_.

Tt  .. ,',+ PR
Avr§63¢) - Athrcggé) AA

Ppg(81:9'30:0) = o C b e | (3.2,8)

B ) |
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The relation between AA; and AA; i3 now discussed.

There are fundamentally two methods by which the irradiated sample
area can be viewed by thée entrance slits of the monochromator. In the
first method, hersafter called overviewing, the entrance slits view an
area on the sample larger than the irradiated area. For this arrangement,

the velation between AA; and AA; is
AA; = AA; cos O/cos 8! {3.2.9)

where AA; is the irradiated sample area for normal incidence which is
also the source area. AAé/cos 8' is the entrance slit area. Egquation

(3.2.8) can then be written as

# +
FAVr(8,¢) - M (8,9)

Dbd(e'aq,l;e,(b) = v éﬁm' L (3.2.10)

vV - Avb
In the second method, called underviewing, the entrance slits view an
area on the sample smaller than the irradiated area. For this method,

the entrance slits are fully irradiated and AA; = AA;. Equation (3.2.8)

thus becomes

| aviee,e) - avh (0,4)
. - l r . - b,'.l'."' i
pbd(e' ’¢'999¢) - cos e|Am' (3.2.11)

V- Ay

The maxzimum polar angle of reflection such that the entrance slits are
fully irradiated is

= -1 . : '
emax = cos “[cos B’AAS/AAOJ | N F3.2f12)

where AAg is the entrance slit area which is smaller than the source.
avea AAO. eﬁax may also be limited by the sample area since the de-
tector ‘should not view an avea lafger»thén the samle area f@r this

method.
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Since the difference between the incident and reflected energy
voltage signals can be many orders of magnitude, it is more convenient
to make relative measurements between signals of the same order of mag-
nitude and them perform only a limited number of ghsolute measurements.
For a given wavelength and direction of incidence, BDR measurements are
normalized with respect to that obtained in the specular direction. The
normalized relations between BDR and voltage signals are written as fol-

lows for the two viewing methods.

Overviewing
R cos B/cos B' = V (3.2.13a)
Underviewing
R=V (3.2.13b)
where
R pbd(e':q)';es‘b) \
Dbd(e',¢';9’,¢' F m (3.2.14a)
and
- MT(9,0) - AVE (8,9}
Ve = (3.2.14D)

+ Tyt v
Avf(el,¢: + ) Avb,r(e L0 + )

For BDR,measurements-that are pﬁesented_in Chapter 6, the overviewing
method was utilized>for polar angles of incidence of 10, 30, and 60
degrees-andythe undeﬁviewing method for polar angle of incidence of 80
degrees. The source and monochromator entrance slit dimensions' for the

various polar angles of incidence are given in Table 3.1,

3.3 CALIBRATION MEASUREMENTS
The wavelength of radlant energy emerglng from the monochromator
exlt sllts is determlned by the wavelengtn drum settlng LSHJ Spectral

callbratzon of the drum was obtalned by observmng the well-documented



R T
. %
E—_h q.u_, e

25

Table 3.1

Dimensions for Source Mask and Monochromator Entrance Slits

o Monochromator
R
8' cecrees Source Mask ,"mm Entrance Slits, mm
s PSEL : e
Width Height Width Height
10 1.90 3.43 2.075 12
30 1.50 3.33 2.075 12
60 0.71 3.33 2,075 12
80 6.35 19.0 2,000 6.35

emission and absorption spectra of various substances, The emission
lines of a mercury arc lamp were observed for calibration in the 1,0 to
2.3 Ym spectral range and absorption lines of water vapor, carbon di-
oxide, and polystyrene film in the 2.3 to 15 um spectral range. Wave-
length identification of these lines Was‘determined by comparison of
observed lines with those available elsewhepre [54-57]. Slit widths as
recommended in the cited references were used for the calibration meas-
urements, Using a least-square technique similar to that of Fryer [58]
to f£it a curve through the drum position-wavelength data, a table of
drum numbey versus waveleﬁgth was generated. This techniqua yielded a
wavelength accﬁracy of‘$0.025 im. The SPectral bandwidth.of fadiant
energy is centered about the wavelength and is determined by the slit
width, For slif widths shown in.coiumﬁ 4 of Table S,l,:the-ban&widfﬁ is
approximately 0.08 um at_a_wavelepgth of 1 Um, 0.85 ym at 3.0 um, and
0.09 uﬁ at 1% um. These Eandwidths afe.ﬁqt.ekpected to significantly
influengg_thg acguracy.quthetmgéﬁurements éince BDR dqés,not.changg
rapidly ﬁith.wavelength.within the coﬁsidéﬁéd spectfal range,

. Angular aligament of the reflectometer was verified by observing -
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the angular distribution of incident energy as well as that reflected
from a plane mirror sample., Figure 3.7 displays measurements for wave-
length of 2,3 um and for polar angles of incidence of 0, 10, 30, 60, and
80 degrees. The radial coordinate R is given by Eg, (3.2.13a), Measure-
ments for polar angle of incidence of 80 degress have been multiplied by
the factor cos 6/cos 6'. Angular alignment measurements for othsr wave-
lengths are similar to those reported in Fig, 3.7 and, consequently, are
not presented. Data for polar angle of incidence of 0 degrees corre-
spond to incident energy measurements, and these have been rotated by
180 degrees for presentation in this figure, Incident epnergy measurements
were acquired by adjustment of the reflectometer as discussed in Section
3.2, The maxima of the distributions occur at polar angle of reflection
within 0.1 degrees of 6 = 180 degrees for incident energy and of 6 = 6!
for the plane mirror sample. Further verification of the optical align-
ment as well as accuracy and repeatability of the measurements was ob-
tained by comparing these measurements with results from a geometrical
opties analysis [42] of the irrvadiating and detecting optical systems,
Good agreement is shown in Fig. 3.7 between the data and the geometrical
optics results which are represented by solid curves. Due to the Finite
size solid angles, the reflectometer applies a broadening factor to ve-
tiectance of specularly reflecting samples and as displayed in Fig, 3.7,
causes a spread of the measureﬁéﬁfs‘an& anaiyticai.results; For infini-
tesimally small solid angles, R would have a value of unity for each
polar angle of incideﬁcé; | | | |

The relatlon between BDR and voltape 51gnal was verlfled by measur-
ing BDR of a dlffusely reflectlng sam}_nl'-1 made from sulfur flowers [59]

These measuvements are also displayed iIn Fig. 3.7"for_a_wavelength of
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2.3 um and polar angle of incidence of 10 degrees. A diffuse surface
has an R distribution given by cos 8/cos 6' and is wepresented in this
figure by the broken curve. Good apgreement between measurements and
theory for a diffuse surface is shown.

It should be noted that the data points displayed in Fig. 3.7
are taken from a larger set of measurements for each case. MNeasure-
ments Tfor the plane mirvor sample were recorded at 1 degree angular
intervals for €' - 10° < § < 0' - 2° as well as O' +2° < 6 < @' + 10°
and at 0.1 degree intervals for 6' - 2° < § < 8' ¢+ 2°, FPFor the sulfur
sample, measurements were recorded at 2 degree angular intervals, The
time required to record the former set of measurements for each polar
angle of incidence was approximately 15 minutes but for the latter, 50
minutes was necessary. Tests were performed to evaluate variation of
source output and electronic drift over the time Interval necessary to
acquire the measurements. Results showed that the scurce output and
drift varied less than 2 percent for the larger time interval. Since
shorter time intervals were uséd for the measurements presented in
Chapter 6, the source variation and drift is not expected to signifi-

cantly influence the accuracy of BDR measurements.
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L. BDR MODEL

The BDR model selected forlcomparison with reflectance measure-
ments reported in Chapter 6 is attributed to Beckmann [29]. Houchens
and Hering {32] examined this model in view of certain theoretical
criteria and demonstrated that it has a wider range of engineering ap-
plication than some other physical opties models. It is not the pur-
pose here to discuss this model at length, but to present some results
that are pertinent to later comparisons. Detailed development and
discussion are available elsewhere [29,32]., In Section 4.1, a descrip-
tion of the model is presented,and representative results are reported

in Sectiom 4.2,

L,1 DESCRIPTION OF BDR MODEL

Beckmann developed a model for a perfectly condﬁcting,‘randomly
rough surface with negligible shadowing by, and multiple reflections
within, adjacent roughness elements., Since absorption is absent, the
model-essentialiy describes the influence of surface roughness on the
spatial distribution of reflected energy. According to the model, the
surfdce rbughneSS'parametérs that influence BDR are rms height g and.
rms slope m. Optical roughness is then defined as ©/\ where A is the
wavelength of incident energy. The'geﬁerai form of the Beckmann model
can be written as follows

cef,¢ e,¢) = f cer) 08", 750 ¢) + f (et,¢f 0.6)  (4.1.1)

The symbol fbd depotgs BDR for_a_perfectly cquucting,mgterial. 'fsp is.
referred to as the specular component with;U,designating that this com-
‘ponent_contributes to £, only in the.divection’of specular.rveflection. -

fsc is called the scatteredrcomponent,andjit=deééribes therspatialj"'
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distribution of energy reflected throughout hemispherical space. Specific

expressions for fép and f_ are given by [60]

£,,(8) = axp {-[4n(o/A) cos 8'7%} (4.1.2)
; £ (00 .4130.0) = 2TO/AY B ewp (-[(o/d) £
' sg-- Y7 S T cos 0 cos OF m?
-E = M 2
8 , [(o/A) B -27° (o/0)% n|,
! BT SFP | W 5 |(*#-1-3)
: . m
; M=1
f where
L 2
: | 1+ cos 8 cos 8' + sin. 8 sin B' cos (¢' - ¢)
B “[ ' cos © + cos 0 ' (#.1.4)
: E = 2m(cos 6 + cos 8')
. . .2 2 . .
: 'i=sgin” 8 + sin” 8' + 2 sin O sin 8' cos (¢' - @) (4.1.5)
g rms slope is related to correlation length a by the relation
5 m = 42" (0/a) o | (4.1.6)

The expression for U introduced in Eq. (%4.1.1) is

U007 ,¢'30,8) = 28[sin? B' - sin? 07 S[! = (' = m)] (4.1.7)

A I IR B a3t o S S 3

where 8(c) is the Dirac delta function for pavameter O.

! For large optical roughness (o/A >> 1), the specular component is
é zero for all but near-grazing incidence and Eq. (%.1.3) reduces tc the
. o o R . B
b following [601.
F,(050"38,0) =~ B ayp [—‘ié—] @28
g S 2mm ‘cos 6 cos B' L. 2w . o
“i where
e B ey
5 ] (cos 9 4 cos-01)
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Note that the expression for §;c is independent of wavelength and depends

only on a single surface roughness parameter rms slope.

L,2 DISCUSSICN OF BDR MODEL

Portions of the following discussion of the Beckmann BDR model have
been extracted from [60] and are repeated here for reference purposes.
Since the Beckmann BDR model applies to perfectly conducting material,
all incident energy must be accqunted for in the reflected energy leav-
ing the surface. According to the medel, reflected energy is represented
by the specular and scattered components. The fraction of energy incident

from direction 8',$" whieh is accounted for by!the scattered component

Psc(e',¢') may be evaluated by integrating the product of f o and the co-

sine of the polar angle of reflection over all solid angles of reflection

FSGCB',¢') = prsc(61,¢';6,¢) cos 6 dw (#.2.1)
w

The sum of the fraction of incident energy from divection 6',9' ac-

counted for by the specular and scattered components should be unity.

£gp(8') + F (07,0 = 1. N

Tt has been shown [42] that the conservation of energy requirement ex-

pressed by BEd. (#.2.2) is usually satisfied within a few percent if rms
slope is restricted to values less than about 0.1%. However, the mag-

nitude of the disecrepancy depends on the value of optical roughness, -

rms- slope, and polar angle of incidence,

Typical results for the specular component ave illustrated in
Fig. 4.1 where fép(S!) diSfributidns.are shown - for seléctedVVHiues'of
‘optical roughness. For prescribed aireaficﬁ'af-ineiaeﬁ¢e;ifhéispéaular*”

component decreases With ihcréasiﬁg optical voughness. With optical
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8, degrees

Figure 4.1 Specular Component from Beckmann BDR Model
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roughness prescribed, the specular component increases with increasing
polar angle of incidence. Since, according to Eq. (4.2.2), the factor
[1 - fsp(e')] represents the fractien of incident energy which is
scattered, FSCCB',¢'), the right-hand ordinate in Fig. 4.1 may be used
to evaluate this quantity for a surface of prescribed optical rcughness
irradiated from a specific direction. Apportionment of reflected energy
between the specular and scattered components is determined by polar
angle: of incidence and optical roughness.

With direction of incident energy and value of optical roughness
specified, the magnitude of the scattered energy is fixed. Its spatial
distribution is uniquely determined by rins slope. The general influence
of rms slope on the scattered component is similar for all polar angles
of incidence and values of optical roughness. Some‘representative re-
sults are illustrated in Fig. 4.2. The product of the scattered com-
ponent for large optical roughness and cosine of polar angle of reflec-
tion is shown versus polar angle of veflection for normal irradiation
and rms slope values of 0.040, 0.0575.0;094, and 0.1%, The product of
BBR and cos € is the fractlon of lncldent energy reflected per umit
time and per unit area into a unlt SOlld angle around the dlrectlon of
reflection. No azimuthal angles are indicated on the figure since for
normal irradiation'BDRvis azimufhailjzsymmetric; A.diffusely reflect-
1ng surface is represented in the f1gure by the dashed curve. The angu-
lar spread about the specular dlrectlon within Whlch the scattered
energy is s1gn1ficant increases w1th 1ncreas1ng rms slope. The 1ncreas~
1ng angular spread of the scattered energy is accompanled w1th a reduc—.

tion of BDR in the specular dlrectlon._ Thus the surface tends toward

'a dlffusely reflectlng surface as rms slope 1ncreases. Even fbr the
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largest value of rms slope (m = 0.14), however, the spatial distribution
of reflected energy differs significantly from that for diffuse reflec-
tioen.

For a fixed value of rms slope, the dependence of the spatial dis-
tribution of scattered energy on direction of incidence is markedlyﬂdif—
ferent for large and small values of optical roughness. The product of
the scattered comporent and cos 0 for rms slopes equal to 0,094 and 0.14
is sﬁown in Fig. 4.3 versus polar angle of reflection for large optical
roughness (o/A >> 1) and a small value of optical roughness (¢/A = 0,1),
For each value of optical roughness, distributions are shown Ffor polar
angles of incidence equal to 0, 20, 45, and B0 degrees, and Ffor each
polar angle of incidence results are shown for selected values of azi-
muthal angle of refleection.

Consider the distributions for rms slope equal ‘to 0.14. It is im-
portant to note the strong reflection of energy into the plane containing
the specular direction (streng forward scattering). For large optical
" roughness, (Fig. 4.3a), the maximum value of f;c cos 8 increases sharply,
and the angular spread of the scattered energj around the specular direc-
‘tion decreasés for iﬁcreasing polar angle of incidence. OF particular
note is the rapid decrease of energy scattered out of the plane of inci-~
dence with increasing pblér.éﬁglé of:iﬁéidence. For small optical'roﬁgh~
ness, (Fig. Hfab)g_thé maximum.value_gf‘fscnqpé BIdecreases wiﬁb increas—
ing ﬁbiér ahgleldf iﬁcidencé &ué to fﬁé‘iﬁcréééiné.ﬁagnitﬁde éf'the inci—'
_dent_energyrwhich undergoesrspggular:rgfigction. In gbptrast_to the_dig- N
fributiéns.fﬁﬁ.lafge optiéal roughﬁesé,.t£é lobés of:scattéred énergy'inr
.Jtﬁg plane of incidence fbr smal;_ogtiqal;ppyghness.apd moderate to large

- polar angles of incidence are not cenfered‘about the,specular_difection
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but are shifted toward the surface normal.

It should be noted that the scattered component contains a singularity
for polar angle of reflection equal to 90 degrees. This accounts for the
generally small, but finite, value of the product fsc cos § for grazing re-
flection. This error results from neglecting shadowing effects in the
derivation of BDR.

Since the Beckmann model is limited toc perfectly conducting surface,
it is necessary to modify Eq. (%4.1.1) for application to engineering ma-
terials. The approximate method employed here to account for energy ab-
sorption consists of multiplying the perfect conducter relation by SFR
of a smooth surface of the same material [25,29]. BDR of an engineering
material is then expressed as

0 (0'6738,0) = o (87,8") £ ,(8',9750,0) (4.2.3)

where p_ 0(6',¢’) denotes smooth surface SPR.
L
In Chapter 7, the BDR model is compared with rough surface SPR meas-
urements by utilizing the following expression for SPR

L(87,97)
“"‘(@‘—T £.,(8") + £ (87,6307 ,¢' + ) cos O' Au

2

2
= exp {-[(o/MPIR} + BUO/NT R o {-L(o/A) PT°)
om” -

[(o/A) PTT
_ MM )
Kt (H1)

]

(4.2.4)

where P, (B',¢') is rough surface SPR and P = 4T cos 9' In Eq. (4.2, 4)
the flrst term on the rlght—hand 81de is the specular component and the '

second term is the contrlbutlon of the scattered component to energy re-

flected 1nto the specular dlrectlon.' Blrkebak {61] presented an expre851on



38

for the second term that iIncludes an extra wmultiplicative factor ulcosz or.
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§. GSAMPLE PREPARATION AND SPZCIFICATION

In this chapter, test samples selected for this research are dis-
cussed. Sample preparation is presénted in Section 5.1. Specification
of surface chavacteristics for the test samples is discussed in Section

5.2.

5.1 PREPARATION

Shape, size, and distribution of roughness elements on surfaces of
engineering materials are influenced by the material mechanical proper-
ties as well as the method of surface prepavation. These effects may
be partially investigated by selection of test samples of different ma-
terials and utilization of different abrasive sizes for surface prepa-
ration, Test samples consisted of glass, 68061-T6 aluminum alloy, and
303 stainless steel dises. Glass samples were 2 mm thick with a 27 mm
diameter and were vurchased with a smooth finish., Metallic samples were
6 mm thick with a 25 mm diameter, The influence of "as received" con-
dition for the metallic samples was eliminated by polishing one Fface of
the metallic dises to a smooth Finish utiii#ing a 0.5 um diamond paste
as the abrasive. One smooth sunface sample of each material was re-
tained and the other samples ﬁére fdughened w&fh abrasiées that cén_
sisted of 6 um diamond paste, 1000 grit silicon carbide powder, and
600, 400, 320, 240, 180, as well as 120, grit silicon carbide paper.
The abrasmve used in rcughenlng each sample ard correspondlng sample
number are shown in columns 1, 2 3 6 and 9 of Table 5. l. The‘Gfl,
A—l and S~1 samples are. referred to as the smoothAsamples.: Ali éaﬁplg#
were ultrasonlcally cleaned and.then coated W1th a vacuum dep051ted
layer of pure alumlnum to a thlckness of. approxzmately 0. l um._ SPElel—:L

catlon of surface characterlstlcs for the test samples is dlscussed in




Table 5.1

Abrasive Size, Sample Number, and Surface Topography Parameters

| Average Abrasive Sample Substrate Material

. size! Glass Aluminum Alloy Stainless Steel

‘Grif 'ﬂm, ) Nuﬁbér bmz mma | Number g, m_ Number S, m

. G-1- - A-1 | §-1

o 6 A-2 0.0570 | 0.0238

1000 | 8.5 | A-3 0.145 | 0.0443 | S-8 0.496 }0.0300
800 | 17.5 | &-5 0.837 | 0.142 | A-b 0.286 | 0.101 8-2 0.103 {0.0410
soo | 23 | e2 |o.270 |o.0834 [ a5 | 0.3 |o.104 | s-3 | o0.134 |o0.0395
320 | 30, | e-3 0.358 | 0.108 | A-6 0.751 | 0.190 S-it 0.240 |0.0536
240° 60. | & 0.37% |0.133 | A-9 0.987 [ 0.216 8-6 0.279 |{0.0798
180 | 80" A-8 0.80% ]0.178 $-5 0.251 }0.0883
1200 {110 - § 6-6 | 0.827 j0.27% | A-7 0.79% | 0.156 §~7 0.368 }0.105

lpelation between grit size and
‘zcmfmmechanical rms height, um.

3

mmé?mechanical rms slope.

average micrometer size was obtained from [62].

ot
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the succeeding section.

5,2 SPECIFICATION

It is common practice to describe the surface finish of engineer-
ing materials in terms of the chemical, physical, and topcgraphical char-
acteristics of the surface [14,63,64]. As mentioned in the previous
section, test samples were coated with a 0.1 um thick layer of pure alu-
minum. For this layer thickmess, the sample retains the roughness to-
pography of the substrate material while providing a radiatively opaque
surface of high electrical conductivity with the well-documented optical
properties of pure aluminum E65]. Upon exposure to an atmospheric en-
vironment, an aluminum oxide film of approximately 25 R thickness [66]
forms on the aluminum film. Bennett [66] reported that the decrease in
SPR for a 25 4 aluminum oxide Film formed on an aluminum film is less
than 0.1 percent for wavelengths longer than 0.9 um. Thus, the oxide
film is not expected to significantly effect weflectance measurements.

Qualitative surface topography information was qbtained from scan-
ning electron microscope (SEM) secondary electron emission photographs
as displayed in Fig., 5.1 for selected samples. Photographs for a mag-
nification of 1000 X vepresent a sample area approximately 100 pm wide,
whereas those for a magnification of 10,000 X correspond to a 10 um
wide area. The width of the irradiated sample area for reflectance
measuvemerits is greater than the width of the saﬁple.aréa?shQWn in the
photographs for the lower magnification.by at least a factor of seven.
No preferential orientation of roughness was &vident when other areas of =
the sample were viewed with the SEM. In each photograph tﬁe eiectron in-

tensity profile is illustrated for a position indicated by the tick marks
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Figure 5.1 SEM Photographs of Rough Surfaces
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lécated on the sides of the photographs, The dark line observed on
some photographs is due to residual elecirical charge on the surface
when a single scan was recorded for the electron intensity profile,

The surface roughness profile cannot be directly inferred from the in-
tensity profile since sharp edges yield disproportionately more intense
intensity signals. Analysis of stereopair photographs from an SEM can
provide quantitative evaluation of suwface topography parameters [67].
This procedure was not utilized in this study, however. According to
the photographs, the A-2 sample has the smoothest finish and the G-6
and A-8 samples have the roughest finish for the sample photographs
shown. The surface of the S5-8 sample consists of numerous pits of less
than 3 um diameter that are separated by relatively smodth areas.

These characteristics may influence the reflection properties of this
samp;e.

Surface roughness pavameters for the test samples were evaluated
from swrface profile méasurements recorded with a Talysurf Model 3 pro-
filometer attached to a digital data acquisition system [68]. The pro-
filometer has a 2.5 um_radius stylus. The voltage signal corresponding
to.the vertiéalxdisplacement of the stylus was digitized and recorded.on
magnetic tape for cbmputer analysis. The-horizontal:posifion:fbr egch'
digitiged vertical position was derived from infbﬁmatiqn concerning the
hqrizogtalzspeed~of the.stylus driﬁe and.theud;gifizing'raterofythe-data
acquisition system. A total of 2,887 verticaljpositions equally spaced
_within a horizontally traversed distance of 3.0L mm was acquirved for L
each surface profile scan. One scam in the:vidinify~df the irradiated

surface area was recorded for each sample..
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Surface roughness parameters could be evaluated directly from the

recorded profiles,but it is more convenient to use the mean surface

plane as a reference. The mean surface plane was determined by using
& least-squares technique to fit a first order polynomial to the pro-

files [69]. The resulting linear equation represents the mean surface

T AR o e

plane. For convenience of computation and presentation, a transformation

was applied to the recorded profiles so that the mean surface plane co-

B ST

incides with the x-axis of an x-z Cartesian coordinate system and the
z-axls corresponds to the height of the rough surface as measured from

; the mean surface plane. Graphical display of the transformed profiles
revealed that some of the surfaces exhibited waviness. Waviness could
be caused by slight movement of the sample as the profile was recorded.
It was necessary to repeat some of the scans because sample movement was
noticed while recording the profile. A least-squares technique was used

to fit a second order polynomial to the transformed profiles that exhibited

ot i e

LT

V.ﬁ 3 waviness. Surface roughness profiles for samples that exhibited waviness
"’i; were obtained bj éﬁbtraction of waviness as described by the second order
i polynomial from the transformed profiles. Representative pqrtions_of sur-
face.roﬁghness pfofiles for selécted samples .are shewn in Fig. 5.2 where
the ordinate z reppesentS rqughpess.heightl. Surface poughness parameters
'; ﬁefé evaluated from anéleis of fhése as well as similar profiles for

other samples.,

It was noted in Chapter 2 that rms height and rms slope represent

- two surface roughness parameters that are necessary to characterize a

rough surface profile.  These parameters were evaluated from the surface

“roughness profiles using the following expression for rms height
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1/2

(z,) (5.2.1)

and the following expression for rms slope

L N-1 Az
mm = T3 Z (5.2.2)
i=1

In Egs. (5.2.1) and ¢5.2.2) subscripts m indicate that the surface rough-
ness parameters were evaluated from mechanically acquired measurements.
N represents the number ef profile data points. Az, is the distance per-
pendicular to the mean surface plane between two profile points, and Axi
is the distance parallel to the mean surface plane 5etween ‘the corre-
spending profile points. Results of the galculations are presented in
Tabie 5.1. In general, rms heiéhf and'rmé slépe_are crdered according
to the abrasive size used for surface prepavation, The'excgptions could
possibly be due to surfacé pﬁeparation téchniqu,.%Newness §£ the abra-
sive, pressure on the sample, speed‘of pblishing_wheél, aﬁeuﬁt of lubri-
cant, and iengthAof time determine the roughness attained ﬁy thé sample.
Theég affégtsAapg_nqt_expected.tc_influgnce tﬁe_conc;usiops derived from.
thég,xéébﬁfcﬁ éiﬁce.fhe sﬁrface characteristics are specified. . Samples
of-idéﬁfiéalwéﬁbstyate_mgtenigl_are.gumbered_accqrding_togingreasing rms
heigﬁt; 'The S;B.éample_pOSSeéses the iargest rms'heighf but the smallest
pms.s;ope.of thg?atqinless_stgel_samp;ggﬁ..T?ese ch§ragteris;iq§-ang;alsow_,
disﬁlayed 5& SﬁM'photographs.shown in Eig. 5.l.f¢n,this saﬁple.  Ex§ept
for fhe:5+3;sam913:v?m$-SIOPeS;are:PeaPly-P¥°E9rtib¥a$*t¢=rms;height with -
the proportiocnality qonétént'equ;l5tqfapproximétexyjllug;j& a;
:Furtherzquantitative-sPecifﬁcafionﬁqfitﬁefsuﬁf&héﬂgﬁughneSSVﬁﬁcfilES:

was determined by calculation of roughness height probability density
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Ffunction and autocorrelation Funection [29,70]1. The difference between
the minimum and maximum values of roughness height for sach sample was
divided into 45 equal height int<rvals [70] for calculation of prob-
ability density fumction. Representative results of this analysis are
presented in Fig. 5.3. The g;aphs to the left in this figure display
the normalized roughness height probability demsity fumctien,

plz) Qmﬂﬁg;l ag a function of normalized roughness height z/cm, The
graphs to the right vepresent the autocorrelatior. function C(T) as a
function of correlation distance T. Alse shown on the respective
graphs are resulis for a Gaussian roughness height probability density

function described by the expression

p(z) = exp [~2"/(22)] (5.2.3)

o_4/2T

and the Gaussian autocorrelation function given by the relation
. 22
c(t) = exp [-(T/am) ] (5.2.4)

where a_ is correlation length. -Correlation length was taken as the
value of correlation distance where the autocorrelation function for
the profile measurements attained a value quef; [29]. It appears
that the statistical properties of the rough surface are adequately
-described-bg-GaussiaﬂldistributiQns,'

As the profilometer traverses the rough surface, a scratch de-
veleps due to ‘the Ffinite weight (100;mg)*requiped*fbr:the'stylus'tda
maintain contact with the suvface. .SEM phatographs of the scratches on
" the A-9 ‘and 8-3 Sampieé-are'showh in Fig. 5.%. Two scratches ave shown
for_thérA—Q sample, and tworphotographs of different magnifications
‘ave shown fcf*a"scfafehnonrthefs;s-samplé;i7obééfve'that-fbr=the:alu;‘

minum alloy sample, the-styiﬁ$7§ibws"fhrough the surface irregularities
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A-9 145 X Magnification

650 X Magnification g-3 1300 X Magnification

(b) (e)

Figure 5.4 SEM Photographs of Profilometer Stylus Scratches
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instead of following them whereas, for the stainl::s steel sample, the
stylus fails to maintain contact with the surface. Further investi-
gation is necessary to ascertain the influence of these observations
on the surface profile information obtained, the resultant surface

5 roughness parameters determined therefrom, and reflectance measure-

ments.
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6. REFLECTANCE MEASUREMENTS

Presentation of reflectance measurements is subdivided into three
sections. SPR and BDR measurements are reported in Sections 6.1 and

6.2, respectively. In Section 6.3, directional reflectance measurements

are discussed. For all reflectance measurements, test samples were
oriented such that azimuthal angle of incidence has a value of 180 degrees
and, therefore, azimuthal angle of reflection attains values of 0 and 180

degrees.

6.1 SPR MEASUREMENTS

SPR measurements for smooth and rough surfaces are reported in
Sections 6,.1.1 and 6.1.2, respectively. Measurements for smooth samples
are necessary to calculate SPR and BDR values for the rough surfaces and,
also, are intended to further demonstrate the accuracy of the BDR facility

described in Chapter 3.

6.1.1 Smooth Surfaces'

SPR measurements for glass, aluminum alloy, and stainless

steei smooth saﬁples were acquired, and average values for the three saﬁples
are displajed in Fig. 6.1 as a function of wavelength of incidenf energy
for:polér'angies'of incidence éqﬁ&l tq.io, 30; 60, and 80 deéfeeéf Iﬁdi_
vidual-sample measurements deyiatgd from tb?se_aﬁgragg values py:less than

1 pérdénf.wifﬁ tﬁé.ﬁa£imﬁm éccurring.at a,#avélength.of l.uﬁ.::iﬁ éoﬁpéri_
sdn to SPR measurements for poiarxangie_pf ipgidgnqg equal to 5 degrees as
repbrféd Bf Bénnétf'tﬁé]‘fo? gged_aiﬁmiﬁﬁﬁ film,;éPR méééﬁ%ements fbr polar
angle ofAiﬁcidencg equa; ﬁq_lb;dégfeés éreséhfeq_ih Fig. 6,1 differ.by‘less‘.

than 1 percent fbr-wavelengths longer than 2 um and less than 8.3 percent
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for shorter wavelengths. The difference at shorter wavelengths may be
attributed to substrate surface preparation and evaporation conditions
which are known to strongly influence SPR at these wavelengths [667.
Further examination of measurement accuracy particularly for other than
near-normal incidence was made by calculating SPR from the Fresnel
equations [18] using reported optical constant values for aluminum film
[65]. For wavelengths longer than 2 um, SPR measurements were within

1 percent of the calculated values for all polar angles of inciéence.
The maximum difference for short wavelengths (A < 2.0 um) was 4.1 per-
cent which occurred at a polar angle of incidence equal to 60 degrees
and wavelength of 1 um, This large difference may also be attributed
to substrate preparation and evaporation conditions and, thevefore,

the measurements are not necessarily in error by that amount.

-

6.1.2 Rough Surfaces

SPR measurements for glass, aluminum alloy, and stainless
steel rough samples are illustrated in Figs. 6.2, 6.3, and 6.4, re-
spectively. Measurements are reported for wavelengths of incident
energy within the spectral range of 1 to 1% um and for polar angles of
incidence equal to 10, 30, 60, and B0 degrees. The ordinates represent
the ratio of SPR for a rough éurface,'psgr(e',¢f);t0'the corresponding
value for a smooth surface of the same substraﬁe material, psgo(e',¢').
Certain characteristic trends of rﬁugﬁ~subface.SPﬁfméésuréments*aré'evi-
dent in these Figures. Firétg SPRibf the roﬁghrsurféce approaches that
of thé:smoéth sﬁrfédéré§EWé?éléﬁng iﬁéréééé§; \Thisxffeh& iS'primarily
due to a decrease in scatﬁering by;the rough surface as confirmed by

BDR measurements since divectional veflectarnce measurements indicate
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only a small increase in the magnitude of reflected energy as wavelength
increases., BDR and directional reflectance measurements are presented
f later iIn this chapter. Except for a few samples, SPR decreases as rough-
ness increases. BDR measurements illustrate an increase in scattering
by the rough surface as roughness increases which results in smaller
amounts of reflected energy in the specular direction and, therefore,
lower SPR values. Directional reflectance measurements exhibit a small
decrease with increasing roughness which is insufficient in amount to
explain the decrease of SPR measurements. At long wavelengths (A > 10 um),
SPR measurements for each substrate material are ordered according to the
magnitude of rms height with the exceptioﬁ of the A-6 sample. The de-
e
pendency of SPR en rms height at lonngavelengths is characteristic of
BDR medels based on diffraction theory [32].. The behavior of SPR for
short wavelengths can be explained hyvrefenence to rms slope. As dis-

played by the measurements, SPR decreases as rms slope increases. BDR

models based on geometrical optics analysis [13] also exhibit a decrease
of SPR as rms slope increases. Furthermore, these models suggest that

two surfaces of identical material and equal rms slopes should have

<
Y

equal SPR values. vms slopes for the A-6 and A-9 samples are nearly

equal and as observed in Fig,;sgae:theipESBR measuvements. for near-normal

incidence (6' = 10 degrees) are similar at short wavelengths.

Wt ~~The influence of surface roughness pavametexs on SPR can be further
viewed by reference to Figé. 6.5, 6.6, aﬁd'6.7 where rough sufface SPR
meaSurements~a?eiPlotted as1&2fﬁnctionféf{op¥i;al roughness, Gm/l; This.

'vratiosappears-in BDR models based:on diffraéfion theory 321 and as dis-
cuSsedrianhapfer’Q[iS[uSéfﬁl*fbfAéxéminiﬁgféﬁﬁfagé rquhneéé‘effECES'oﬁ'

BDR. As expected, SPRfapproadhés~that for a'smdbth surface as optizal
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roughness diminishes., SPR measurements can be corrvelated with optical
roughness for optical roughness values less than 0.02, but the degree of
correlation depends on rms slope. As optical roughness Increases, SPR
measurements for each substrate material are ordered according to rms
slope. This trend, however, iz not fully developed in SPR measurements
at polar angles of incidence of 10, 30, and 60 degrees for the G-5 sample
and some of the stainless steel samples. At near-grazing incidence

(6' = B0 degrees), SPFR measurements with the exception of the S-6 sample
are in agreement with this trend for the largest optical roughness values
shown for each sample. 3PR measurements at near-normal incidence for the
G-6, A-6 through A-8, and S-8 samples are velatively insensitive to opti-
cal roughness for optical roughness values gpeater than 0.8, 0.6, and 0.2,
respectively. Geometrical opties models [13] predict an independence of
SPR on optical roughness. This characteristic, however, becomes less pro-
nounced as polar angle of ineidence increaées. Thus, as observed in
Chapter 2, polar angle of incidence strongly influences the range of ap-
plication of BDR models. As.previously observéd, rms slopes for the A-6
and A-9 samples are pear;y identical and as displayed in Fig. 6.6, their
SPR measurements éoincide. .This.chéracteristicris also.exhibited by the
A-7 and A-8 samples and their rms slopes are_nearly:equa;, These ob-
servations iliustrafe the importance of.rms siope for cdrrelafing SPR
measurements.

Some cited trends for  SFR depend on polar angle of incidence where-

as others may be examined by reference to Figs. 6.5, 6.6, and- 5.7, . SPR

increases with increasing polar angle of incidence up to 60 degrees for
allfsamples_andscontinues;tg;increaSévfbrfthegs;BLsample'atjnearygrazing"

ingidgncg,b’A’dedrease'of*SPR_fbp%pélaraangle of incidence equal to 80
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degrees is observed for the A-2 sample for all optical roughness values
and for other samples (excluding the S-8 sample) only for the smallest
opfical roughness values. SPR for the largest optical roughness value for
each sample (excluding the A-2 sample) continues to increase at near-graz-
ing incidence. Torrance [71] reported SPR measurements that exhibited
trends similar to those observed here. The iIncrease of SPR with increas-
ing polar angle of incidence is primarily a result of a decrease in scat-
tering as indicated by BDR measurements. The decrease in scattering is
of greater magnitude than the decrease of directional refilectance which
displays a decrease even at polar angle of incidence of 60 degrees. The
decrease of SPR at near-grazing incidence and small optical roughness values
is attributed to the decrease of directional reflectance since BDR dis-
tributions approach specular reflection characteristics as polar angle of
incidence increases.

The term (G/}) coé @' appears in‘diffraction.BDR modelé [32] and sug-
gests a means for correlating SPR measurements for various polar angles

of incidence. SPR measurements for glass, aluminum alloy, and stainless

steel rough samples are displayed in Figs. 6.8, 6.9, and 6,10, respectively,

as a function of this pavameter with 0, as rms height. As observed in
these figures, SPR measurements for polar angles of incidence equal to

10 and 30 degrees lié'along_a single curve when plotted against this pa-

rameter. For larger. polar angles gf_inci&ence,_SPR measurgmgnts,-how-_._” L

ever, are not in agreemépt,wifh_this-correlation. .Typical,fesulté for
‘polar anglesngf;ipcidegga;egua}fto_SﬂaandWBQ-QangeS-areﬁ?gpresented in .
Fig. 6.8 by SPR measurémehts for the G-2 and_G;G éamples.,'The agrecTent
- for these polar angles of ipcidepce,,however, imPPQVGSJES the -value of

(Gm/A)~cos §' increases. The solid curves disPIayed~inftheseﬁfigﬁrES

i o e
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represent the specular component of the Beckmann BDR model, Eq. (4.2.4),
with g, as rms height. Agreerent between the specular component and
SPR measurements is limited to¢ polar angles of incidence equal to 10 and
30 degrees and strongly depends on rms slope. Adjustment of the constant
47 could improve the agreement but there is ne justification for this
.procedure at the present.

Comparison of SPR for the three substrate materials reveals that
SPR measuvements at long wavelengths shown in Figs. 6.2, 6.3, and 6.4
are ordered with rms height for rms height less than 0.37. At larger rms
heights, the metallic samples generally exhibit higher SPR values than
the glass samples for a given vyms height., For short wavelengths, the in-
fluence of vms slope becomes significant and as previously noted, some
trends are not well defined. Comparison between SPR for short wavelengths
can be performed by reference to Figs. 6.5, 6.6, and 6.7 where SPR is
plotted as a function of optiecal voughness. The general trends indicate
that SPR measurements are ordered with vms slope. This is paﬁficularly
evident for polar angie of incidence equél to 80 degrees where SPR meas-~
urements ape.in;sequence_with rms slppe. 'Egceptipns,;however,_are the
A-2, 5-3, andrs-ﬁ samples which do not deviate significantly from this

-orden.

6 2 BDR MEASUREMENTS

Representatlve plane of 1ﬁ01dence BDR measurements.for glass; alu- |
_ mlnum alloy, and stalnless steel rough samples are 1llustrated in Plgs.
 6 ll, 6.12, and 6 13 respectlvely, for selecied Wavelengths and for
polar angles of 1nc1dence equal to 10 30 60, and 80 degrees. The

ordznate R ms glven by Eq. (3.2, laa) BDR measurements for polar angle
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Figure 6.13 BDR Distributions for Stainless Steel Rough Samples
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of incidence equal to 80 degrees were recorded using the underviewing
method, Eg. (3.2.13b), and for presentation in these figures have been
multiplied by the factor cos €/cos 6'. BDR measurements were recorded
at a 1 degree angular interval for polar angles of reflection within

iU degrees of the speculapr direction and at a 2 degree angular interval
for the vemaining values of polar angle of reflection. In order to
maintain clarity of the gvaphs, broken and solid curves are used to
represent the data. Where appropriate, BDR distributions have been
extrapolated for polar angles of reflection at which blockage of inci-
dent energy occurs. Absolute value of BDR can be evaluated from the

following expression

(6 3¢') Q. (e 5¢t gd)) cos e

o, 1(87,0138,0) =p_ (87 ,41) |28 bd 1

pdtY ¥ 8V 's,0° " * Pg o(e"¢") pbd(e 207307 ,07 + ) cos 6° [cos B Aw?!
L]

(6.2.1)
where smooth surface SPR is read from Fig. 6.1. The vatic within the

first set of brackets is obtained from Figs. 6.2, 6.3, or 6.4 and that
in the second set which is equivalent te R from Figs. 6.11, 6.12, or
6.13, For discussion purposes only, BDR distributions for the G-2
sample are similar to these for the'A-S,'S—G,'and S-4 samples, the:G—Sz
gample to the G-5 and A-5 eamples,:the A-6 sample to the G-&, A-7, end
A-8 samples, and those for the A423 5;2, and S-8 samples {0 a smeofh'
surface.,

Some generai.cdmmeﬁfe cén'bé cifed eoﬁeerniﬁgfthe'eheraeferisfice
of 1llustrated BDR dlstrlbutlons as well as those not dlsplayed First,_ _
specular reflectlon is approached W1th 1ncre331ng wavelength and/er as
polar angle ef 1nC1dence nears grazxng 1n01dence.l BDR measurements-i18~

played as shown in theee flgures exhlblt specular refleetlon characterlstlcs
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:
L
-
§
r
i
i
T
1
H
|



71

for optical roughness values less than about 0.C5 for near-normal inci-
dence and 0.1 for near-grazing incidence. A smooth surface would have
non-zero R values only for polar angles of reflection within a 10 degree
angular interval centered about the specular direction with a value of
unity at the specular direction. Secondly, as roughness increases,
greater amounts of reflected energy are found at polar angles of re-
flection further removed from the specular direction. The G-6 sample
has the largest rms slope and exhibits the greatest amount of scatter
of incident energy, Fig. 6.1, Its BDR distributiens for short wave-
lengths and for near-normal incidence, however, differ considerably
from that for a diffusely refiectigg surface which is represented in
these fipgures by the factor cos 6/cos 8'. Thirdly, the maxima of BDR
occur at the specular direction,and off-specular peaks [6] are not eb-
served when the factor of cos 6/cos 8' is removed from R, The greater
thanunity R values for the 4-6 sample at short wavelengths and polar
angle of incidence equal to 30 degrees is possibly due to an angular
shift caused by this sample not‘beiﬁg seated properly in the sample
holder. Finally, BDR distributions are generally in agreemert with

the order of SPR with a lower‘SPR impiyihg greater scattering by the

rough surface. In accordance with SPR measurements for the G-4 and

'@-5 samples, BDR distributiohs for the G-4 sample exhibit moré scatter-

ing at long wavelengths and less scattering at short wavelengths in com-

.pafisdh with those for the”G-S sampie;
Additional comments can be made for BDR distributions whiqh_exhibit_

tpendé thai diffep_sémewhat fbomﬂfhose~pr¢#iqusly dited._ BDR distrig

butions for the A-4 sample indicate that this sample scatters move of |

the incident energy than the A-5 sampie at short wavélengths]and for
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polar angles of incidence equal to 10, 30, and 60 degrees. SPR and
divectional reflectance measurements ave higher for the A-4 sample than
| for the A-5 sample. Furtherwmore, it was cobserved in Section 6.1.2 tha{
SPR measurements for the A-7 and A-8 samples were nearly equal. BDR
distributions, however, show that the A-7 sample scatters more than the
A-8 sample. Directional reflectance measurements for the A-7 sample
'? are higher than for the A-8 sample. Thus, if SPR measurements for these
four samples were normali;=d with divecticnal reflectance, the order of
this ratio would agree more favorably with BDR distributions. This
i ratio could possibly be a better indication of ‘the degree of scattering | %
by one rough surface in comparison with that Ffor another rough surface.
é This procedure was not undertaken in the present study since directional
refiectance measurements for all the samples were not available, SPR i

: measurements for the A-6 sample were observed not to agree with the rms

e

height correlation for wavelengths longer than 2 um. BDR distributions

confirm that this sample scatters more than the other aluminum alloy ?;.ﬁ

g ke e

samples with the exception of the A-9 sample. Directional measurements

for this sample are in agreement with the séqngnce of SPR measurements. é a

.
£

Based on these observations, the rms height value reported for the A-6 P

sample appears 1n errcr and should be 1ntermed1ate to that fOr the A-8

._., ..

and A-9 samples. The nearly wavelength lndependent behaV1or of SPR for
L 'the G-B and A-6 through A-Q samples for short wavelengths and near-normal
1nc1dence is not exhlblted by normallzed BDR measurements fbr thege samples
ﬂhlch show a contlnulng 1ncrease in scatterlng as wavelength decreases.

Since smooth surféce SFR dlsplays a notmceable decrease fbr shOﬂt wave-

P AU PR S S

lengths, absolute BDR valpesjgvaluaﬁed‘fromgﬁq,_(S@QfLJ in which smooth .

surface SPR appears become less-sgnsitive:toiwaveiéngth.

i R P s R 2 e 280
1
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In Section 6.1.2 SPR characteristics were discussed by - «ference to
surface roughness parameters rms height and rms slope as tell as to opti-
cal roughness, Correlation of BDR distributions with these quanitities
is examined by first observing that for a given rough surface, scattering
increases as optical roughness increases., This is to be expected since
the only variable as optical roughness varies for a given rough surface

is wavelength. Influence of optical roughness,particularly for samples

of different substrate material, is further demonstrated by selecting
samples with nearly identical slopes and then comparing BDR distributions
for different optical roughness values, According to diffraction BDR
models [32], increased scattering should be observed as optical roughness
increases. Since rms slopes varied for each sample, an rms slope interval
was selected and BDR distributions for surfaces with vrms slopes within
this interval were examined., The interval size must be selected so that
the influence of rms slepe is not observed. The G-3, A-4, A-5, and S-7
samples exhioit nearly equal rms slooes, 0.108, 0.101, 0.104, and 0,105,

respectively. BIR distributions for these samples ave shown in Fig. 6.14 o

R

for near-normal incidence. Results for other polar angles of 1n01dence
are similar. The varlable between the curves in this Ffigure is optlcal
roughness. With the exception of the A-4 sample, BDR distributions ex~
hibit an increase scatteriﬁg as optioal roaghaess.increases. Thus, for
prescrlbed rms slope scatterlng 1ncreases w1th,lncrea31ng optlcal rough—__ - ;E

ness., The appllcablllty of thls concluszon to BDR dlstrlbutlons for op- lg

tical roughness values greater than 0 25 remalns to be evaluated
lefractlon BDR models also suggest that for a prescrlbed optlcal

roughness value scatterlng 1ncreases as rms slope 1ncreases.» Slnce very

féw samples eXhlblted 1dent1cal optlcal roughness values for ‘BDR PR ﬁfL
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distributions recorded, it was necessary to select an optical roughness
interval. The size of this interval was controlled by the desire of
examining only the influence of rms slope. Interval sizes of approxi-
mately +5 percent centeved about optical roughness values of 0.1 as well

as 0,25 and *12 percent for optical roughness value of 0.55 were selected.

BDR distributions for samples with these optical roughness values ave il-

lustrated in Figs. 6.15, 6.16, and 6.17 for near-normal incidence. The
variable on the graphs is rms slope., With the exception of twe optical
roughness values (0.133 and 0.156 in Figs. 6.15 and 6.17, respectively),
scattering increases as rms slope increases. Thus, for two surfaces with
identical optical roughness values, the surface with the larger rms slope
is expected to scatter more of the incident energy. These observations,
as well as those discussed for SPR, establish the importance of specifying i;"

rms slope.

e B

6.3 DIRECTIONAL REFLECTANCE MEASUREMENTS é

Directional reflectance measurements were acquired withia heated

cavity: reflectometer similar to that desceribed in [72]., Basically, this

reflectometer consists of a cavity whose walls ave heated to a tempera- .

ture of approximately 750°C. Radiant energy within the cavity hemi-

spherically irradiates a sample held by a sample holder which is located
near the cavity center. A specular reference sample of platinum is at-

tached to the sample holder ‘and is employed to.reduce errors caused by

nonuniform cavity wall intensity. A viewing port allows a monochyoma-

top and detector to reééive”refiebted7energy from'thé~sample_¢bﬁtaiﬁéd
within a solid angle about direction of reflection., For uniform irradi- -

ation of the sample, the vatio of détector voltage signals recorded when




76
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Figure 6.15 BDR Distributions for Prescribed Optical Roughness (0, /A = 0.1)
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Sample| om /A | mm Sample [ Om /A | mip

G-6 0251 | 0.274 | _ {s-? 0.245 | 0.105
~~~~~~~ G-4 |0.249 | 0.133 G-3 | 0.239]0.108
—e—u— S-4 | 0.240|0.0536
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Figure 6.16 BDR Distwibutions for Prescribed Op'l:lcal Roughness (Gmf}\ & 0,25y
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Sample| om /A | mm Sample | oim /A | mm

—  G-6 | 0.618 | 0.274 | —»—~ — A7 10529 | 0.156
———=e A9 | 0494 | 0.216 | ~=~—=~ A-B 0.536 | 0.178
——— A | 0,501 | 0.190 } =wemw— G- 0.552 | 0.142
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“Figure 6.17 BDR Distributidnsufﬁr:Pﬁés¢ribed Optical Roughness (o /A = 0.55)
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the sample and reference are viewed is hemispherical-directional reflec-
tance. Imposing the Helwholtz reciprocity requirement for BDR, hemi-
spherical-directional reflectance is equivalent to dirvectionsl-
hemispherical reflectance or,as referred to in this research,direc-
tional reflectance. The spectral vange for the heated cavity reflectome-
ter used in this research is 2.5 to 12 um. Since finite size solid
angles are necessary and due to the requirement of a viewing port, polar
angles of incidence within the angular range of 20 to 60 degrees are
permissible, The accuracy of the reflectometer is estimated to be #2 or
3 percent. Since cooling of the back side of the sample is necessary
to maintain the sample surface at room temperature, directional reflec-
tance for the glass samples which might possibly break and allow water
in the cavity could not be acquired with the reflectometer. However,
conclusions derived from measurements for the metallic samples are ex-
pected to be applicable to the glass samples.

Directional reflectance measurements for the aluminum alloy and
stainless steel samples ave displayed in Figs. 6.18 and 6.19,

respectively, as a function of wavelength for polar angles of inci-

dence equal to 30 and 60 degrees. Measurements were acquired for polar

angle of incidence equal to 20 degrees but, as is discussed later, are
indistinguishable from those for 30 degrees. Directional reflectance

for the A-2, S-1, and S-8 samples are similar to those for the A-1

eample shOWn in Fig.'B;lé. Theﬁaccﬁfacy of'fhe heated ca#ity'feflee—

tometer was examlned by comparlson of dlrectlonal reflectance for the

A-1 sample wlth smooth surféce SPR.presented ln Flg. 6.l.j The dlffer-

ences observed between these measurements are. less than + percent w1th o

a few data pOIHtS par 1cularly at polar angle of 1ncldence equal to 60
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degrees exhibiting differences of about 2 percent. Although some di-
vectional reflectance trends have been cited in conjunction with the
discussion for SPR and BDR, additional trends may be noted. In agree-
ment with SPR and BDR, rough surface directional reflectancé approaches
that of a smooth surface as wavelength increases. Increasing surface
roughness results in decreasing directional reflestance. However, as
observed at a wavelength of 2.5 um, directional reflectance for the
roughest sample (A-9) differs by less than 10 percent of smooth surface
SPR. Except for the A-5 through A-8 samples for wavelengths shorter
than 3.7 um, directional reflectances are nearly identical for polar
angles of incidence equal to 20 and 30 degrees and show a decrease for
60 degrees. Directional reflectance for the A-6 through A-2 samples
at wavzlengths shorter than 3.7 pm and for polar angie of incidence
equal to 20 degrees are lower than those for 30 degrees by approxi- i
mately 1 percent, With the exception of the S-8 sample and the A-7 |
as well as A-8 samples whose results nearly coincide, directional
reflectances are order with SPR.

As observed in the previous two sections, SPR and BDR measurements
could be correlated with optical roughness and rms slope. Similar cor-

relations were examined for directional reflectance-measurements by plot-

ot TN e e s Ve e S

ting these measurements vepsus optical roughness as shown in Fig. 6.20
for polar angle of_incidence qual tqn30,degrees.;*;rtnis,observed;in

this figure that directional reflectances decrease as optical roughness

S TR e A T I

increases and_exhibit"a_tendency”toﬁbe1Ordeﬁed-infSequénceswith;rms -

slope Zor the largest optical roughness valués presented for each ‘sample.

‘This latter trend is applicable whén samples of different substrate ma- "

~terials are compaved and is particularly evident for the four roughest
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aluminum alloy samples. Divectional reflectance measurements reported

‘
:%%' by other investigators [4,73] for samples with different rms heights
do not exhibit this twend. However, rms slopes which were not reported
could have been equal. Directional reflectances at the largest optical
roughness values shown for each sample are observed to become less sen-~
sitive to optiecal roughnéss as optical roughness increases, This trend
has been observed in previously peported directional reflectance measure-
ments [73].
¢ ?
. %
P
. i_
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7. EXAMINATION OF A BDR MODEL

It is the purpose of this chapter to compare the Beckmann BDR
model discussed in Chapter 4 with reflectance measurements reported
in the previous chapter. Aas noted in Chapter 4, the Beckmann model
is limited to perfectly conducting materials and the method employed
to account for energy absorption censists of multiplying the results
for a perfect conductor by smooth surface SPR, It has been suggested
[32,36] that rough surface directional reflectance be used in this
method. Since smooth surface SPR and rough surface directional re-
flectance differ by less than 10 percent as observed in Chapter 6,
the method employed here represents a reasonable appreximation to ac-
count for energy absorption., Examination of the expression for abso-
lute BDR, Eg. (6.2.1), reveals that the first bracket term can be ‘o
associated with the -magnitude of reflected energy, whereas the second
bracket term describes the spatial distribution of vreflected energy.
The Beckmann model, therefore, is examined for its applicability to
represent the magnitude and spatial distribucion of reflected energy. 4
If the model satisfactorily predicts the sgpatial distributien of re-
flected energy but not the magnitude, then SPR measurements could be
utilized for the magnitude of reflected energy. ‘Tt should be noted
that the quantity of measurements and necessary equipment for SPR are

far less than for BDR, ‘Predictions of théVBeckmann model are compared

with rough surface SPR and BDF measurements in Sections 7.1 and 7.2,

regpectively.

7,1 SPR-COMPARISON - © ' o o T o
In order to compare the Beckmarn BDR medel with SPR measurements,

- surface roughness parameters rms height and rms. slope must be specified.

As obseyved in Figs. 6.8, 6.9, and 6.10, the specular componen: of the

P T w3
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Beckmann model exhibits only limited agreement with SPR measurements
when mechanical rms height is employed. Including the seattered com-
ponent evaluated with mechanical rms slope is not expected to signifi-
cantly improve the agreement between the model and SPR measurements.
Therefore, an optical method based on SPR measurements [24,26,32] was
utilized to evaluate surface roughness parameters. The parameters so
determined ave veferved to as optical rms height 60 and optical rms
slope m . At sufficiently long wavelengths and small solid angle of
reflection, the contribution of the scattered component to energy re-
flected into the'specular direction is negligible, and the expression

for SPR of the Beckmann medel, Ea. (4.2.4), reduces to

Pg (0"50") o ?
mﬁ exp-uﬂ-rcos gt (7.1.1)
5,0 °?

Thus, with SPR measurements, wavelength, and polar angle of incidence
specified, optical rms height can be evaluated. For shorter wave-
lengths, both the specular and scattered components contribute to
energy reflected into the specular direction, and Eq. (4.2.4) can be

solved for optical rms slope to yield

[(a /) p1?H

0D
Aw(o_/A)° P
m =[—°2—exp {-E(UOIM p1%} Z

) MMt
M=1
pSaI’(e'.’lp'). : ' 2 12
. (W - exp {HE(O/A) _P] ]') (7.1.2)

where P = Um cos 6'. With optical vrms height determined, and polar

~angle of incidence, wavelength, as well as solid angle of reflection

specified, optical rms slope can be evaluated from SPR measurements.

-Since previously veported studies [26,82] correlzsted the Beckmann

model with near-normal incidence.SER,andtBDR:méasurements, rough
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surface SFR measurements reported in Figs, 6.2, 6.3, and 6.4 for polar
angle of incidence equal to 10 degrees were employed in the optical
method. Results of the calculations are presented in Table 7.1 for
glass, aluminum alloy, and stainless steel rough samples. Optical rms
heights were evaluated from SPR measurements for wavelengths longer
than 11 ym and optical rms slopes From shorter wavelengths. The lat-
ter results prepresent average values [26,32] which gave reasonable
agreement between the model and measurements. Optical rms height for
the A-2 sample, however, was calculated from SPR measurements for wave-
lengths shorter than 5.0 pm and optical rms slope ie not reported since
SPR measurements are adequately represented by the specular component.
Graphical comparisons of mechanical and 6§tical surface poughness pa-
rameters are displayed in Fig. 7.1 where optical rms height is plotted
versus mechanical rms height and optical rms slope versus mechanical
rms slope. With the exception of five samples, optical rms heights are

smaller than mechanical rms heights. Optical pesk-to-valley heights

[68] which can be expressed in terms of optical rms heights are also
generally smaller than mechanical peak-to-valley heighfs. These ob-
sepvations are contrary to those reported by other investigators [26,
61] where, for metallic surfaces, mechanical yrms heights are smaller
than optical rms heig?ts.l A possible explanation for the conflicting
.trends is the method by which mechanical rms height values were ac-
guired. The present values as well as those reported in L[68] were
evaluated from digitized surface profile measurements as discussed in

Chapter 5, whereas the other repovted values [26,61] were electrenlcally

‘evaluated. Although results from the two methods are’ expected to be "ﬂ\
equlvalent no documentatlon appears to substantlate thls con]ecture,v-

Optlcal rms sloPes dve less than mechanlcal rms slopes by about the ©
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Table 7.1

Mechanical and Optical Surface Roughness Parameters

Sample crml 002 mma m{__’q
-2 0.270 | 0,265 0.083k 0.0109
c-3 0.358 | 0.323 0.108 0.013¢
G-4 0.374 | 0.491 0.138 0.0208
“ G-5 0.837 0,708 0.142 0.0366
: G-6 0.927 | 0.950 0.274 0.0536
: A2 0.0570 | 0.0308 | 0.0238
: A=3 0.145 | 0.174 0.443 0,00819
: A-b 0.286 | 0.283 0.101 0.0422
{ A-5 0.314 0.838 0.104 0.0298
; A-6 0.751 | 0.666 0.190 0.0643
: A-7 0.798 | 0.564 | 0.156 0.0437
5 A-8 0.804 | 0.559 0.178 0.0432
A-3 0.987 | 0.842 0.216 0.0665
+ 8-2 0.109 | 0.0800 | 0.0u10 0.0250
] 5-3 0.13% | 0.183 0.0395 0.0149
; St 0.2:0 | o0.2s5 | 0.0536 0.0147
2 8-5 0.251 | 0.288 0.0798 0.0202
_ 5-6 0.279 | o.2u1 0.0883 0.0207
'%gi : : g7 0.368 0.306 { 0.105 10,0247
i S-8 |  0.u96 0.343 0.0300 0.0130

'Mechanical rms height, ums
 2@ptical rms héighf, umy
3Mechanical rms slope; and

- “Optical rms Slope.
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factor 4, Part of this difference could be attributed to the method of
determination of optiecal rms slope. Agreement between optical and mechani-
cal rms slopes could bhe improved but such adjustments reduce the correlation
between the model and SPR measurements as is discussed later.

SFR measurements for polar angles of incidence equal to 10 and 30 de-
grees were correlated with the parameter (Gm/l) cos O' as shown in Figs.
6.8, 6.9, and 6.10. Recognizing this correlation, SPR measurements Ffor
polar angles of incidence equal to 10 and 30 degrees are plotted as a
function of the parameter (UO/A) cos O' in PFigs. 7.2, 7.3, and 7.4 for
glass, aluminum alloy, and stainless steel vrough samples, respectively.
Trends similar to those rveported for (Um/A) cos B' are displayed in these
figures. Using optical rms height and rms slope values yeported in
Table 7.1, SPR results were calculated from Eg, (4.2.4) and are illustrated
in Pigs. 7.2, 7.3, and 7.4, The specular component given by Eq. (7.1.1)
is represented by a single solid curve, The sum of the specular component
and the contribution of the scattered component to energy reflected into
the specular direction as expressed by Eg. (4.2,4) is vepresented by broken
curves for polar angles of incidence equal to 10 and 30 degrees. Calculated
SPR values increase with increasing (GG/A) cos 8' for samples with optical
rms slopes less than about 0.025. The increase of SPR results is attributed
to the scattered component. SPR measurements for these samples do not dis-
play this characteristic. As expected, agreement between the specular com-
ponent -and measurements is cobserved at the smallest (Ublk).cos 8! values for
each sample and is extended to lafger values of ‘this parameter by ineluding
the scattered component: -As optical rms slope increases, correlation ex-
tends to larger (o_/A) cos ' values. Contrary to what other investigators
have'reported,.specifyinguaf(oo[l)‘cos e! value-to:WhichsCOrrelatidn exists

between the modsl and measurements is insufficient information. Optical
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rms slope must also be reported in defining the range of application of
the Beckmann model. For veported SPR measurements, (Goll)cose' values
for which agreement exists are less than approximately 27 m,. A slight
reduction of (Go/A) cos O' values where apreement exists is observed for
polar angle of incidence equal to 30 degrees. For larger polar angles
of Incidence, agreement between the model and SPR measurements is un-
satisfactory and further examination is required.

Optical rms slopes larger than those reported in Table 7.1 would
sipnificantly improve the correlation at larger (Uofh) cos €' values for
each sample but yield poorer agreement for smaller values. This is il-
lustrated for the A-9 sample in Fig. 7.3 for polar angle of incidence
equal to 10 degrees where optical rms slope was adjusted to equal 0.107
so that SPR results and measurements coineide at the two largest (Uo/h)
* cos 8' values for this sample. TFor (Go/l) cos B' values between 0.1
and 0.5, agreement is unsatisfactory. For the lavger (GQIA) cos 6!
values, however, shadowing effec:s and multiple veflections which are
not accounted fer by the model beqome increasingly important. Thus, it
is more appropriate to seleét optical rms slope from SPR measurements
for smaller values where the validity of the model is:ppgn to less

criticism.

7.2 BDR COMPARISON

In order to compare BDR distributions predicted by the Beckmann
model wifh BBR ﬁeé$u¥eﬁeﬁts.preéented iﬁ.chapférls, su?faée.foughheas
parameters rms haight_and_rms_slope must'be specified,w There ére
basicaily threé metﬁods fbf éelécéion ofléﬁﬁfaéé.roﬁghnééé §érémétéﬁs 
for use in the model. The first mgthgﬁ-uses mechaniecal rms heights and_h_

rms slopes reported in Table 5.1, For both the second and third methods,




the optical rms heights reportzd in Table 7.1 are employed. For the
second surface roughness parameter, optical rms slopes evaluated for
each wavelength as expressed by Eq. (7.1.2) are utilized in the second
method, whereas average optical rms slopes given in Table 7.1 are used
in the third method. A fourth method which was not considered in the
present study consists of a tfial and error selection of surface rough-
ness parameters. Results calculated from the Beckmann model for the
three methods are compared in Fig., 7.5 with BDR measurements for the
A-4 sample at polar angle of incidence equal to 10 degrees and wave-
lengths of 1.5 and 6.2 um., Only vesults for the scattered component
are displayed and, therefore, R for the Beckmann model is expressed as

) fsc(e',¢';9,¢) cqs-e Aw
= F X v
fsp(e') 4 fsc(e',¢',9 L0 + ) cos B' Aw

R

(7.2.1)

At the shorter wavelength (A = 1.5 um), R for the Beckmann model is
nearly unity in the specular direction which implies that the scattered

component dominates. The scattered component in this instance vepre-

e

sents 99.6 and 97.3 percent'of reflected énebgy when mechanical and
optical rms heights are employed, respectively. At the longer wave-
length (A = 6.2 um),the specular component accounts for 72.2 and 80,5

percent of reflected energy for mechanical and optical yms heights, re-

spectively. Results calculated at the longer wavelength using mechani-

cal surface roughness pavameters display significantly more scattering

‘than that indicated by the measurements. At the shorter wavelength,:

results calculated using these parameters display move scattering for
polar-éngies of veflection in the vicinity of the specular dirvection
and less scattering at angles removed from this direction. Results for

optical siwface roughnéss pavameters evaluated using the second and
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third methods exhibit reasonable agreement with BDR measurements at the
longer wavelength. Agreement exists at the shorter wavelength, however,
only for polar angles of reflection near the specular direction and the
model displays less scattering at other polar angles of reflection. OFf
the three considered methods for selection of surface roughness parame-
ters, the second method based on optical rms height and optical rms slope
evaluated at each wavelength yields BDR distributions that adequately
describe BDR measuremsnts. The agreement, however, is limited to nearly
specular reflection BDR distributions. It should be recalled that SPR
results from the second methed correctly represent SPR measurements for
polar angle of incidence equal to 10 degrees and satisfactorily repre-
sent SPR measurements for 30 degrees.

Using optical rms heights reported in Table 7.1 and optical rms
slopes evaluated from SPR measurements for each wavelength, BDR distri-
butions were calculated from the Beckmann model. Representative BDR
distributions for the G-3, A-3, and S-7 samples are displayed with cor-
rgsyending BDR measurements in Eigs. 7.6, 7.7, and 7.8, respectively,
for polar angles of incidence equal to 10, 30; 60, and 80 degrees. Only
resulté for the scattered component are displayed since the specular
compenent dees not contribute at polar angles of reflection outside a
+5 degree. angular interval of the specular dirvection. BDR distributions
caleulated from the Beckmann modei adequately represent BDR measurements

for- wavelengths longer than those shown in these figures and deviate sig-

nificantly for shorter wavelengthé. As polab angle of incidence increases,

there is a decrease in the degrée of corvelation between the model and
measuvements. The scattered component for polar angle of incidence egual

to 80 degrees is observed to exhibit mawima at polar angles of

FRpl LA b A P e R
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reflection smaller than the specular direction. BDR measurements do not
exhibit this characteristic. The lack of correlation with increasing polar
angle of incidence is offset by a decrease in the amount of reflected
energy represented by the scattered component. At a polar angle of inci-
dence equal to 80 degrees, the specular component accounts for approxi-
mately 98 percent of refliected energy for fhe optical roughness values
(coll) shown in these figures and, furthermore, represents BDR measure-
ments. Thus, although BDR measurements are adequately described by the
model, SPR measurements and; consequently, the magnitude of reflected
energy are not represented by the model as was discussed in the previous
section. Based on comparisons presented in Figs. 7.6, 7.7, and 7.8, as
well as those not reported, the Beckmann model satisfactorily describes
BOR measurvements providing optical roughness and rms slope evaluated

from SPR measurements for each wavelength are less than 0.05 and 0.02,

respectively.
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8. SUMMARY AND CONCLUSIONS

An experimental study of surface roughness effects on bidirectional
reflectance of metallic surfaces has been reported. A facility capable

of irradiating a sample from normal to grazing incidence and recording

plane of incidence bidirectional reflectance measurements was developed.
Samples consisting of glass, aluminum alley, and stainless steel materials
were selected for examinatien. Samples were roughened using standard
grinding techniques and cecated with a radiatively opague layer of pure
aluminum. Mechanical surface roughness parameters rms heights and rms
slopes evaluated from digitized surface profile measurements were less
than 1.0 um and 0.28, respectively. Rough surface specular, bidirectional,
and directional reflectance measurements for selected values of polan
angle of incidence and wavelength of incident energy within the spectral
range 1 to 14 um were reported. The Beckmann bidirectional reflectance i .
model was selected for comparison with reflectance measurements. f

Several trends were evident from reflectance measurements. First, I

as wavelength increased, vough surface monochromatic reflectances (specu-
lar, bidirectional,.direcficnal) appréa;hed the values appropriate to the
corrvesponding reflectances of a smooth surface at.fhe same direction of
incident energy. Second, thevinfluencg efvdirectiqn of incident energy on

rough surface monochromatic reflectance may be summarized as follows. At

shopt-wavelengthg,specglarHreflectance~inereased,with.polar‘angle-of inci-.
dent energy throughout the entire vange of polar angle of incidence in~
: vestigated,(lozto.Bo.degnegS)m -Q;ﬁhqughythe,same;tpEndﬁwas_evidentﬁat

long wavelengths, it was limited'fp pe1ar.angles of incidence from 10 to

7'60'degrees;'foﬁ.1arger éﬁgIea5]épécu;arﬁrefléctancé decreasedjas polar -

angle of incidence varied from 60 to 80 degrees. ‘Bidirédtional”réflectance
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approached that of a smeoth surface as polar angle of incidence varied
from near-normal to near-grazing iecidence. Directional reflectance was
invariant with polar angle of incident energy for polar angles of inci-
dence less than 30 degrees and decreased as polar angle of incidence was
increased tc larger values. Third, surface roughness significantly in-
fluenced the reflectance properties of the materials. Monochromatic specu-
lar and directional reflectances diminished as surface roughness increased
with this trend being more pronounced at short wavelengths than at long
wavelengths. Bidirectional reflectance measurements confirmed that as sur-
face roughness increased, the distribution of reflected energy departed
from that of a smooth surface to a distribution with significant amounts
of reflected energy in directions eof reflection other than the specular
direction. The spatial distribution of reflected energy, however, con-
tinued to be concentrated in directions of rveflection not very far re-
moved from the specular direction for the rough surfaces examined.

Fourth, convenient parameters for examining the influence of surface
roughness on reflectance measurements are optical roughness and mechani-
cal rms slope. Optical roughness is defined as the ratio of mechanical
rms height to wavelength of incident energy and has values less than unity
for the rough surfaces examined. As optical roughness decreased, rough
surface monochromatic reflectance: asymptotlcally eppreached that of a
smooth surface. As optlcel roughness 1ncreased, specular and directional
reflectances decreaeed and the 1nfluence of mechanlcal ™ms elope beeomee
more apparenta For the larger valuee of optical roughness specular and
dlrectional reflectancee are ordered aecerdlng te mechanlcal rms elepe
Wlth smaller reflectance values correspendlng to larger pon=8 elepe values.

Speculer reflectances for polar angles of 1ncldence equal to 10 and 30

P
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degrees for each sample lie aiong a single curve when plotted as a
function of the parameter formed by multiplying optical roughness by

the cosine of polar angle of incidence; for larger angles, specular
reflectances deviated considerably from this corrvelation. Bidirectional
reflectances for rough surfaces with nearly identical mechanical rms
slopes demonstrated that as optical roughness increased, greater amounts
of reflected energy are found in divections of reflection further re-
moved from the specular direction. Rough surfaces with nearly identical
optical roughness displayed a corresponding trend as mechanical rms
slope increased. These conclusions illustrate the importance of report-
ing surface roughness parameters rms height and rms slope in experimental
studies similar to that presented here.

The Beckmann bidirectional reflectarce model was compared with re-
flectance measurements to establish its usefulness in describing the mag-
nitude and spatial distribution of energy reflected from rough surfaces.
Comparisons reveal several general conclusions. First, specular and bi-
directional reflectance results calculated from the model using mechani-
cal surface roughness parameters did not agree with the corresponding
monochromatic reflectance measurements. Specifically, bidirectional re-
flectance results evaluated at long wavelengths dlsplayed greater amounts
of‘reflected energy in dlrectlons of reflection other than the specular
dlrectlcn. At short wavelengths, a s;mllar trend is ev1dent but 1s limi-
ted to dlrectlons of reflectlon near the specular dlrectlon,rat larger
darectlons of reflectlon, results evaluated from the model exhlbltEd
smaller amounts of reflected energy. Second a 31gn1f1cant 1mprovement

between predlctlons of the mcdel and reflectance measurements lS ob-

served when optlcal surface roughness parameters were used in the model.
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An optical method based on monochromatic specular reflectance measure-~
ments for near-normal ipcidence provided optical rms height and optical
rms slope evaluated at each wavelength. Optical rms height then re-
places mechanical rms height in the definition of optical roughness.
Average values of optical rms slopes calculated from those for each
wavelength were used to evaluate specular reflectance results from the
model. Agreement betweern the vesults calculated from the model using
optical surface roughness parameters and reflectance measurements is
summarized in the following observations. Monochromatic specular re-
flectance measurements for polar angle of incidence equal to 10 degrees
are adequately described by specular reflectance results evaluated from
the model when values of optical roughness multiplied by the cosine of
polar angle of incidence are less than 27 times average optical rms slope.
Results for polar angle of incidence equal *o 30 degrees exhibited a
slight reduction in this limiting value, and a lack of agreement is ob-
served for lavrger polar angiés of incidence. Bidirectional reflectance
results caleculated from the medel using optical rms height and optical
rms slope evaluatsd for each wavelength adequatsly represehted monochro-
matic bidirectional reflectance measuremenfs provided optical roughness
and optlcal rms slope are less than 0.05 and 0.02, respectlvely.

Thls study of surface roughness effects on bidirectional veflectance
has suggested several areas of further 1nvest1gatlon.A First reflectance

measurements for optlcal,roughness and rms slope values greater ‘than those

__r3ported.would assist in further deflnlng as well as extendlng the c1tsd

trends and correlations.  Second, reflectance measurements for rough sur-

faces with different coating materialsaswell as w:_d_:_hqut. a c_:oats.ng._wqul_c_i_ .

aid in further understanding and defining the influence of the various =
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surface characteristics., Third, evaluation and interpretation of sur-
face roughness parameters derived from profilometer measurements or
possibly from scanning electron microscope photographs require further
examination. TFourth, polarization effects should be considered in
future studies. TFinally, examination of recently reported expressions
for the scattering of electromagnetic waves from rough surfaces could
produce a bidirectional reflectance model that has a different range

of engineering application than that for the Beckmann model.
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