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Determination of Reflectance Function for
Aluminum and Stainless-Steel Foil Surfaces

Mauricio A. Sanchez* and William H. Sutton®
University of Oklahoma, Norman, Oklahoma 73019

A Kirchhoff-based relationship and a Rayleigh—Rice perturbation theory were two evaluated analytical methods
used to account for the reflectance function determination in rough metallic surfaces. These methods proved to be
inconclusive at predicting reflectance function in rough surfaces due to the inability to handle all the dependencies
a rough reflector possesses with respect to an incoming incident energy ray (intensity, magnitude, wavelength)
and surface characterization (rms roughness and slope, power spectral density). Experimental determination was
shown to be the best method to attain directional properties. An experimental scatterometer based on the angular
discretization of the discrete ordinates or Sy method was used and tested to measure surface reflectance. Results
obtained could be easily applied to radiative heat transfer calculations, radiative property determination, and
surface finish parameters in manufacturing applications.

Nomenclature
f = spatial frequency
1 = intensity of radiation
L = observationlength of the
surface or characteristic length
le = autocorrelationlength
m = rms surface slope
R = Fresnel intensity reflection coefficients
r = direction
S:(f) = power spectral density
5; = directions of quadrature
x,y,z = Cartesian coordinates
| = polar angle
A = wavelength
0 = reflectance or reflectance function
o = rms surface roughness
P = azimuthal angle
Q = directional angle, solid angle
w; = quadrature weights
Subscripts
i = incident
o = optical
s = scattered
Superscripts
d = diffuse
s = specular

3

= incoming or incident

I

XACT definitions of the radiative surface properties can be
found in the literature.! > However, a brief account will be
given of directional radiative properties that play an important role
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in the solution of radiation transfer problems for optical or energy
scattering.

The most important radiative property, which describes the scat-
tering of radiation from a surface, is known as the reflectance func-
tion. This function is required to completely describe the radiative
characteristics of any surface because all other property functions
arerelated to itand it may also determine the intensity distributionin
the scattered flux if the intensity distribution of the incidentenergy
previously known.

The reflectance functionis denoted as p, (®;, ®;, ©,, ®,) and has
units of inverse steradians. When the function is multiplied by the
incidentintensity /, (®;, ®;), the cosine of the polar angle cos(®;),
which the incident intensity makes with the normal of the surface
(Fig. 1), and the solid angle dQ2 = sin(®) d® d®, and finally all
integrated over the hemisphere bounded by the surface, the result
originatesin the reflected intensityin the directions (®;, ®;) (Ref. 1)

1
L8y, @) = ;/ L(®;, ®)p:(0;, D;, O, D)
4

X cos(®;) sin(®;) dO; dd; (D

where O, and ©; are the scattered and incident polar angles and d2
is the solid angle defined as the projectionof the surface onto a plane
normal to the direction vector divided by the distance squared, as
illustrated in Fig. 1.

There are numerous ways in which the reflectance function can
be obtained, but all of them are based on the surface finish of the
reflector. For instance, in geometric optics, a ray trace of the en-
ergy incident on the rough surface as it leaves,* assuming a Fresnel
reflection from a locally optically smooth surface, may be used.
This function, also known as the bidirectional reflection distribu-
tion function (BRDF), is usually predicted for smooth surfaces by
surface profile measurements plus information about the statistical
symmetry of the surface reflector.’ However, the best way to attain
the functionis by experimentation,because this providesthe correct
information from a surface reflector.

The necessity of reliable data on scattering from the solid mate-
rials is growing continually. Frequently, existing data on directional
properties cannot be used accurately unless some simplifying as-
sumptions are made. Therefore, in many cases there is a need to
correct and enhance these values, which allows for proper use of
existing numerical models. Again, this can be done by measure-
ment of that given property.

Many of the scattering and reflecting characteristics of surfaces
have been based on relating a profile measurement with the theory
of electromagneticwaves reflection. One of the first pioneers in this
field was Davies,® who studied the scattering of radar waves from
rough water surfaces. This was fully enhanced by H. E. Bennet and
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Fig. 1 Surface reflector coordinate system.

J. O. Porteus,” who measured the scattered power from a surface
and then normalized it to the reflected specular power. The ratio
is defined as the total integrated scatter (TIS).® Although the TIS
development can be used as a source to measure the rms roughness
o (or Rq) of a surface as a true measure of the two-dimensional area
it fails to describe the true scattering properties of the reflector. For
instance, it can only be used for angles close to normal incidence.
It also assumes that the specular angle is the same as the incident
angle and that a surface has a Gaussian height distribution function.
Finally, TIS neither accounts for polarization effects, nor can it be
used for reliable comparison with other profiling instruments.

Beckmann and Spizzinno® gave a more complete approach, in
which they made use of the Kirchhoff-based relationship to derive
the function for isotropic surfaces with a normal Gaussian height
distribution. After Bennetand Porteous,” Beckmannused an expres-
sion called the autocovariance length or autocorrelation function
lc=0+/(2)/m. This functionincluded the rms slope m (or Rdg) to
give a more complete detail of the surface profile.

By 1965 similar work by Birkebak and Eckert’ demonstrated the
use of the work done by Bennet and Porteus’ by conductinga series
of experiments(using gonioreflectometers)and analysis (usingelec-
tromagnetic theory correlations) in which the reflectance function
was determined. At the same time Torrance and Sparrow'® made use
of the geometricoptics concepts(includingmasking and shadowing)
to account for the reflectance function in comparison with previous
goniometric experimentation. Their numerical results agreed well
with the experimental values for the different surface reflectors.

Although an off-specular shifting phenomenon has been evident
in published reflectance data, but not fully reported due to the way
the data was plotted, Torrance and Sparrow,'? and later Love and
Francis,'! provided a glimpse of this particular phenomenon in the
experiments conducted using rough metallic and nonmetallic sur-
faces for unpolarized incidentradiation. This phenomenon appears
when the size of surface features is greater than the incident wave-
length: (6/A) > 1. Torrance and Sparrow created a model using ge-
ometric optics to describereflectance for very rough surfaces. Smith
etal.'? detailed a new characteristic of the off-specularshifting phe-
nomena (termed subspecular and superspecular) while measuring
polarizedradiant flux reflected from roughened glass samples. Their
geometricoptics analysis, which accountfor the s- and p-type polar-
ization,agrees very well with the experimental data for small angles
of incidence.

Houchens and Hering'® compared the Davies® and Beckman—
Spizzinno® models. Both of these models work by separating the
specular energy component and the diffuse component of the re-
flectance throughthe use of the opticalroughness (¢ /A) and autocor-
relationroughness parameters (Ic/1). It has been demonstrated that
the Beckman—Spizzinno model was more accurate than the Davies
model; however, both of these models fail to give an exact value
of the reflectance because many different values of roughness and
autocorrelationlengths can result in the same values of reflectance

It is interesting to note that the aforementioned models use at
least two profile measures (o, m) to come up with the reflectance for
roughenedreflectors. Different models have also arisen for surfaces

in the limit of slightly rough surfaces and for perfectly smooth sur-
faces using profilometry. Except for the case of a perfectly smooth
surface (no surface profile needed), the surface scatteringis all in the
specular direction and the reflectance function can be found using
the Fresnel theory.

For modeling a slightly rough surface, the reflectance function
consists of a specular componentand a reduced diffuse component,
which is principally in off-specular directions. This function can
still be found using the TIS formulation but it now includes the
diminished specular scatter and the diffuse scatter. In the case of a
slightly rough surface made of a perfectly conducting material the
sum of the specularand diffuse scatterequals one (and the emissivity
is zero). In the case of a slightly rough non-perfectly conducting
material the sum of the specular and diffuse components is less
than one (and the emissivity is nonvanishing). That is, there are
nonvanishing effects of the surface roughness.

If the surface reflector is in the limit of a slightly rough surface,
where (47o/1)? < 1, then both the specular and diffuse surface
scatterand the TIS can be expressedin terms of the two-dimensional
power spectral density (PSD) of the surface roughness. The PSD
can be found through the use of Fourier analysis and random signal
theory from profile measurements (perturbation theory).

There are important issues involving the smooth-perturbationre-
sults. For instance, many surfaces are fractal-like in that their PSD
increases rather than levels off at low spatial frequencies. Thus, the
evaluation of the rms roughness from real surface measurements is
uncertain,becausereal surface measurements give informationonly
down to the nonvanishing frequency on the PSD, 1/L, where L is
the observation length on the surface.

Extensive published literature about reflectance function predic-
tion for smooth surfaces that possess some microroughnesshas been
available since the late 1970s. John Stover® provided an excellent
treatise about optical scattering and reflectance function predictions
through the use of PSD.

When the surfaceis rougherthan permitted by the smooth-surface
requirement, meaning that the surface features are larger than the ra-
diationwavelength,otherapproachescanbe taken for the reflectance
functiondetermination. As pointed out previously, geometric optics
is a method that has been used with success to determine biangu-
lar reflectance in very rough surfaces * %1214 However, for surfaces
that are less than very rough, with concentrated anisotropy in their
profile, a common method to predict reflectance is by conducting
light-scattering experiments. Experimentation can capture the re-
flectance function of any surface; the data extracted from it can be
used not only for surface profilometry and surface defect detection
but also as a tool for computer graphics and image-based processes.
Germer'>'° used the polarizationof scatteredlight to accountfor the
informationthatcan be used to establishthe source of the scatterand
localize local defects especially in smooth surfaces. For instance,
Marschner et al.!” showed that the main point of computer graph-
ics and image-based measurements is to analyze the photographic
data, pixel by pixel, of a three-dimensional object around the hemi-
sphere and convertit into reflectance data by normalizingit with the
irradiance of the source.

It can be stated that a spectral reflectance function (because it is
also dependenton the wavelength of the radiation) can be predicted
in several ways. Most commonly it is obtained from surface profile
measurements (optical or mechanical), plus information about the
symmetry of the surface adding a reflection theory (Kirchhoff, per-
turbation,geometricoptics, etc.), knowingthatthe functionfromone
wavelength to another is model dependent. But, direct reflectance
measurements are more sensitive to the effects of surface defects
than any other profile-based method.

The following sections will provide with the analysis and exper-
imental results to account for the spectral or wavelength region-
dependent reflectance function in two metallic materials that com-
prised a fire-layered barrier.'® Description of the parameters and
formulas is provided along with the experimental results from the
calibrated systems.

The American Society of Testing Material (ASTM) provides
a calibration scheme and methodology for relating the reflected
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and incident intensities in reflectance measurements from an
opaque surface.' Some experimental results here are calibrated
through National Institute of Standards and Technology (NIST)
standards, whereas others are derived through light-scattering ex-
periments done on a rough gold surface at different angles of
incidence taking into account the ASTM relative measurement
methodology. The results provide another means to compare sim-
ple analytical predictions of surface scattering with experimental
data.

II. Theory

The current work was done to support the analysis of directional
propertiesin layeredfire barriermaterials, which are often fabricated
with alternating layers of foil and fibrous insulation. Available re-
sults for reflectance function for these foils are limited in the open
literature, except for published values of hemispherical reflectance
made to materials of the same chemical characteristics but of un-
known surface morphology.

Radiationheat transfer throughto the foil and insulationmaterials
accounts for almost 60% of the heat transfer in fire barriers; the
rest is due to conduction and convection. Because this radiation
heat transfer is such an influential factor, the radiative properties of
both materials (metal and insulation) are determined. Here we will
consider measurements with two different light sources covering
measurements at 0.638 um and 2 thermal/wavelengthranges in the
infraredregion (2-20 pwm) for the directionalreflectancedistribution
of the foils.

The main purpose of the foil layer is to reflect thermal radiation.
To accomplish that, a highly reflective material would work best.
Aluminum foilis a good candidatebecauseitis highly reflective, but
it cannot withstand the high fireside temperatures. Stainless-steel
foil can also be used in conjunction with the aluminum because
this material can be positioned at the outer layers of the multi-
layer fire barrier to withstand the direct temperatures involved in
the fire. The foil materials chosen for this study are heavy-gauge
aluminum foil, type 303-H14, 0.406 mm thick and corrosion resis-
tant, and stainless-steelfoil, type 321, 0.102 mm thick and corrosion
resistant.

Based on the discussion, two attempts were evaluated to de-
termine the reflectance function p; (6;, ®;; 0,, ®,) for the metallic
materials. Kirchhoff-based relationships using the Beckmann and
Spizzinno models and the formulation for the slightly rough sur-
face models were used because the criterion for smoothnessis often
quoted as o0 < A /20, where A is the wavelength of the incident radi-
ation, so that the metallic foils will have a reflectance characteristic
that approachesthat of an ideal specularreflector. Only this method
considers polarization effects of the reflected light.

To make use of any of the preceding models, surface profilometry
must be performed to determine the characteristics of the reflector.
Three surface parametersmust be consideredfor the aforementioned
models: the rms surface roughness o (or Rq), the rms surface slope
m (or Rdq) for the first model, and the two-dimensional PSD for the
second one. The PSD can be considered a surface roughness power
per unit spatial frequency. Moreover, the rms surface roughness is
the square root of the integral of the PSD (the zeroth moment) and
the rms slope is given by the square root of the second moment.> A
more detailed definition of surface parameters can be defined and
calculatedfrom profile data® and in the literature.'>?° The Kirchhoff-
based relationships using the Beckmann—Spizzinno model® state
that the surface must be an isotropic random rough reflector with a
Gaussian height distribution and autocorrelation function lc. This
formulation results in six cases that cover smooth, general, and
rough surface calculations for both one- and two-dimensional re-
flectors. (The scattering surfaceis consideredtwo-dimensionalsuch
that spatial frequencies, which propagatein two directions, are nec-
essary to represent surface and scatter pattern.’) Beckmann’s two-
dimensional rough surface reflectance function can be expressed
as

p(®;, @i O, &) = TR(O)FJ(L/M)exp—(xfL)* (2)

with
1 +cos(®;) cos(®,) — sin(O,) sin(P,)
B cos(8:)[cos(®;) + cos(O,)]

Fy

f= %{[sin(@;) cos(®;) — sin(®;)]> + [sin(®,) sin(dDS)]z}%

L - leh
" 270 [cos(©;) + cos(0;)]

where R is a Fresnel factor, Fj is an obliquity factor, f is the spatial
frequency, and L is a characteristic length. Because the terms o
and Ic appearin Eq. (2) as a ratio, /(2)o/lc, they become a single
variable called rms slope.

The Rayleigh-Rice perturbation theory,> which describes the re-
flectance function for reflectors in slightly rough or smooth surfaces
is given as

)0(®i7 q>i; ®57 q>5)

= (167%/1%) cos(©;) cos(0,)v/ R(®,) R(©,) S (f) 3)

where the angles ® and & follow the description of Fig. 1, the R
terms are the Fresnel intensity reflection coefficients, the factor S, is
the PSD, which contains information about the surface roughness,
and f represents surface frequency of the spectrum. Its components
in the surface plane are in relation to the reflection parameters by
the following grating equations’:

1 . .
fo= K[sm(@ﬂ cos(Py) — sin(O;)]

1
fy= K[Sin(®s) sin(®,)] “
Equations 3 and 4 originate from derivations of the vector perturba-
tion theory with regard to topographicreflection. Converting height
fluctuations into phase fluctuations gives Eq. (3). As a result, the
near-field phase fluctuations can be extended into a far-field inten-
sity distribution?’

III. Validation

To validate Eq. (1) with the metallic surfaces composing the fire
barrier, surface profilometry must be executed prior solving for the
reflectance function.

Figure 2 shows the filtered surface profiles (according to ISO
11562) of one of the four aluminum and stainless-steel samples
using data collected by a Taylor Hubson® surface profilometer lo-
cated at the Surface Metrology Lab at the Center for Precision
Metrology in the Department of Mechanical Engineering and

200 T T T T T T

100 B

o [um]

0
f

-100

200 ! I I I ! I I I !

2300 1 1 1 1 1

L [mm]

Fig. 2 Filtered roughness profile of aluminum (up) and stainless-steel
foils (spacing between points 0.25 pom, cutoff 0.8 mm; courtesy of UNCC
Dimensional Metrology Laboratory).
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Table 1 Average surface profile data of metallic foils

Aluminum SS 321

0.4484 4+ 0.0099 0.214040.003
4.51204+0.1150 6.201340.090

Surface parameter

o, Rg, pm
rms Slope m, Rdq, deg
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Fig. 3 Reflectance of stainless-steel foil (®; =15 deg, &, = ®; = 0 deg,
Ic = 6.231; courtesy of NIST Bidirectional Optical Scattering Facility).
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Fig. 4 Reflectance of stainless-steel foil (®; = 60 deg, &, = ®; = 0 deg,
Ic = 6.231; courtesy of NIST Bidirectional Optical Scattering Facility).

Engineering Science, University of North Carolina—Charlotte.
Table 1 lists the average surface profile data of the samples.

As seenin the figure and table, the aluminum has almost twice the
roughnessof the stainless steel. It is to be expected that the stainless
foil would have a much more specular scattering behavior than the
aluminum material for certain wavelength ranges.

Prior to examining scattering effects for the foils in the infrared
region, experimental measurements of the reflectance function were
performed using a goniometric optical scatter instrument at the
Bidirectional Optical Scattering Facility at NIST, Gaithersburg,
Maryland.

In-plane measurements at 15, 40, and 65 deg and out-of-plane
measurements with incident and scattering angles equal to 65 deg
were carried out. All of the datarepresentthe unpolarizedreflectance
function at 0.633 pum. All measurements were performed for six
different equally spaced sample rotations (sum of &, and ®; from
0 to 150 deg).

Figures 3 and 4 show the reflectance function found by Eq. (1)
in comparison to the experimental data. For these measurements
several caveats are generated. First, a full uncertainty analysis was
not performed for the scattering data. Second, although the sys-
tematic uncertainties are typically less than 1% of the signal, the

signal noise is typically dominated by laser speckle, which can be
estimated by the apparent point-to-pointfluctuationsin the data. Fi-
nally, the alignment of the sample surface, made difficult by the lack
of sample rigidity, created a large (few degrees) uncertainty in the
incident and scattering angles. It can be noticed that the reflectance
obtained by Eq. (2) is not accurate because it was made for isotropic
and Gaussian surfaces, something that does not correspond to the
actual surfaces of the foils (at least the aluminum foil) because they
present anisotropy in surface profile (to be demonstrated later).

There seems to be no relation between the rms slope m measured
by the profilometer and the rms slope derived by the equation. Val-
ues of autocorrelation length were estimated to obtain a close fit
to the data because the use of the rms slope to obtain the autocor-
relation function provided a very poor reflectance function profile.
Moreover, as pointed out by Houchens and Hering'® and Stover,?
theratio o /lc, obtained by many values of the rms roughnessand au-
tocorrelation lengths, will produce the same reflectance. Houchens
and Hering also questioned the value of /¢ because it should be a
constant parameter for all wavelengths of radiation, something that
did not occur in the measurements conducted in the literature.

Because these reflectance measurements fall into the category
of measurements from opaque optics, they can be used to estimate
the optical rms roughness o, by making use of the TIS approach.
Scalarreflection theory? related the measured TIS to the rms surface
roughness o':

TIS = [47o cos(®;)/A]? (5)

Equation 5 can only be used for angles close to normal incidence.
It also assumes that the specular angle is the same as the incident
angle, the surface has a Gaussian height distribution function, and
o is assumed to be smaller than 1. Finally, TIS neither accounts for
polarization effects nor can it be used for comparison with other
profiling instruments. By assuming that the surfaces are normally
distributed and by taking the specular component of the reflectance
function for an angle of incidence of 15 deg, the optical rms rough-
ness o, is 0.414 pm for the aluminum foil sample and 0.302 um
for the stainless-steel foil sample, which agrees well with the pro-
filometer data.

As previouslyindicated, the aforementionedobservationsshowed
that when the angle of incidenceis increased, the specular response
of the roughened material increases. The same results also show
an apparent off-specular shifting'°~'> where the specular reflected
peak occurs at some leaving direction other than the speculardirec-
tion, as predicted by Fresnel equations. This shifting becomes more
pronouncedas the surfaceroughnessor the anisotropyof the surface
increasesat a given wavelength: (o /1) > 1. For these metallic foils,
the apparent off-specular shifting is more pronounced for the alu-
minum foil than for the much less rough stainless-steelfoil because
at the measured wavelength of incidence (0.633 pm) the shifting is
more accentuated for rougher surfaces. However, this phenomenon
is not greatly pronounced because these metallic surfaces visually
have a mirror-like appearance. This apparent shifting (Fig. 5) is
simply due to the range of the uncertainty of the measured angles,
which corresponds to the change of the specular scattering angle
for the respective foils (1 or 2 deg for the steel and the aluminum,
respectively), and it is too small to be shown in the scale of the
figure.

If the magnitude of the surface anisotropy is sufficiently large
(comparedto the energy incidentwavelength),the off-specularshift-
ing occurs, which mightbe used as a reference parameterto describe
its surfaceproperties. As the angle of incidenceincreases, the surface
becomes very specular and surface roughness and/or wavelengths
effects are minimized.

For the far-infraredregion, the surfacesreach the limit of a slightly
rough surface and the model for microrough surfaces might be ap-
propriate to use for the reflectance determination. This can be ex-
plained via physical grounds because the ratio A /o determines the
resulting directional distribution. For 1 /o >> 1 the surface will ap-
pear smooth and a strong reflected componentand a weak nonspec-
ular component (diffuse) will occur, which is a similar trend that
occurs in the limit of slightly rough surface reflectors. As expressed
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Fig. 5 Off-specular shifting (apparent) in the reflectance function for
aluminum and stainless-steel 321 foils for various angles of incidence
(A =0.633 pum).

in Eq. (4), the PSD of the surfaces must be determined before cal-
culating the reflectance function.

There are several ways to determine the PSD of a surface. Some
profilometers are able to obtain the one-dimensional PSD up to a
three-dimensionalmap of the surface. Due to availability,it was de-
cided to use an atomic force microscope (AFM) to map the metallic
surfaces. Atomic force microscopy is capable of measuring the pro-
file of the exposed surface of a material. The two-dimensional PSD
can be obtained from these measurements because it is simply the
square of the magnitude of the Fourier transform of the surface
height function.

A multimode AFM, Model MMAFM-153, was utilized to per-
form surface characterization and to obtain the isotropic two-
dimensional PSD for the foils. Different scan rates and spatial fre-
quencies for the surface characterizationhad to be used because of
the fact that the nanoprobe would tend to “jump” drastically while
encountering some rough parts. (PSD is utilized as a metrological
tool for evaluating extremely flat surfaces, something not accom-
plished with the foils.) Due to the nature of these rough surfaces
(fractal surface finish) the PSD also diverges and grows at low fre-
quencies as pointed out before. Similarly, the values of the rms
roughness,

o :/ fdfiS$(x)
0

and the autocorrelationlength,

o0

lc df.S,(x)

ey
204 J,

obtained by the AFM were inaccurate and erratic in comparison
with the values obtained via the stylus technique. Also, due to the
anisotropy and roughness of the materials (Fig. 6), which clearly
shows the rugged or brushed surface appearance of the aluminum

Table 2 S; hemispherical positions

Port 0, deg ¢, deg
1 73 18
2 73 342
3 73 288
4 73 252
5 73 198
6 73 162
7 73 108
8 73 72
9 25 45
10 25 135
11 25 225
12 25 315

Fig. 6 Three-dimensional surface profile of aluminum foil (left) and
stainless-steel foil (right): scan size, 15 um;scanrate, 0.5003 Hz; number
of samples, 256.
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Fig. 7 The isotropic two-dimensional power spectral density (SS 321
and aluminum foils for various scan sizes and rates).

foil in comparison with the smoothness of the stainless-steel foil,
the PSD extracted from the AFM (Fig. 7) proved to be inconclusive
and unreliable because different PSD values were obtained for the
same sample and scan rate, which in turn might lead to nonunique
reflectance data.

The preceding procedures yielded inconclusive prediction of re-
flection data. It has been noted that experimentation can provide
accurate reflection function data to be used or analyzed in radiative
transfer calculations. By using a simple prototype hemispherical
optical scattering instrument based on the discrete ordinate method
(DOM),?! the reflectance data obtained from this device can be di-
rectly applied to an S, scheme code (for boundary conditions) when
solving the radiative transfer equation. Table 2 shows the S, direc-
tional positions.

To provide the input intensity power, three different types of in-
frared sources (Ion Optics®) that work separately depending on the
wavelength range were used for the experimentation. Two window-
less broad infrared light sources provided power for a wavelength
range from 2 to 20 um, ReflectIR-PIN and TO-5. The former is
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a collimated source whereas the latter has a broad normalized out-
put pattern. The third light source is a collimated light source with
a range in wavelength from 2 to 5.25 um (ReflectIR-P1S) with a
normalized output pattern similar to the other collimated source.

Accordingto the ASTM designationE-1392-90," the reflectance
function can be measured and normalized using four types of nor-
malizations. It is the choice in this work to normalize the scattered
power to the incident power in a relative manner (except for the
NIST measurements, which were normalized in an absolute man-
ner). This relative technique normalizes the sample data to that of
a reference standard or highly reflectant diffuse surface'® with a
known spectral reflectance function.

Due to the fact that the working wavelength region is between
the near infrared to midinfrared, an Infrag01d® diffuse reflectance
standard, from Labsphere, Inc., was selected. It is a typical material
with a high hemispherical reflectance value for this spectral region
and providessufficientenergy levels over the entirerange of incident
angles.

Despite the fact that the calibration from 2.5 to 15 wm every
50 nm is traceable to the current NIST standards, the reflectance
function for the Infragold had to be measured due to the type of
infrared sources used during the experiments. Figures 8 and 9 show
the normalized reflectance function for the reflectance standard for
different types of source. Out-of-plane measurements for this mate-
rial yield small values of reflectance similar to one another, which
agrees well with the calibration. Figure 9 also shows a peculiarity
of this lambertian surface. When the incidentangle is located at the
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Fig. 8 Reflectance of Infragold using various light sources with inci-
dent angle of © = 25 deg, ® = 225 deg.
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Fig. 9 Reflectance as a function of the detector number of aluminum
foil using various light sources with incident angle of ® = 73 deg, ® =
18 deg.

bottom of the scatterometerthere are always peaks in the reflectance
function. One of them constitutes the specular peak and the other is
located at the upper angles. This phenomenonmight be producedby
multiple scatteringreflections in the surface for such grazing angles.

A. Uncertainty

Because the reflectance function is obtained through the ratio of
voltage signals, there is great reduction in the overall uncertainty
of the experiment. However, the contributions to this value, after
following the guidelines from Kim et al.,?? can be stated as follows.

The sample materials to be analyzed as previously described are
the aluminum foil and the 321 stainless steel. Both metallic sur-
faces were carefully attached to the blackened holders and properly
cleaned before sampling. Ensuring complete flatness of all samples
was not possible, which can have an effect on the measured re-
flectance values. Due to the machining process of the hemispherical
scatterometer, the scattering or receiving angles have an average
deviation of £0.25 deg (£0.005 radians) with respect to the exact
values of the S, approximation. The contribution of this angular
uncertainty and the solid angle uncertainty can be considered small
because each detector has the same solid angle, and a large hole
aperture guarantees that the field of view of the detector includes
the entire sample irradiated area.

In addition to incident energy measurement, source and detector
output variations (amplifier) and external setup components com-
pose the overall system bias of the approximately 6.0%.

To ensure more accurate and less noisy signals through the detec-
tors, the signals were recorded using Wavestart®, a software package
thatconnectedthe oscilloscopewith the personalcomputer. By using
a Gaussian filtering approach the signals were denoised to obtain
a smooth reading without losing the inherent details of the main
signal. An average of 1400 data points per sample was collected
through the oscilloscope acquisition for each detector to guarantee
uniformity of the signals.

The use of the reference standard can also be a factor that incre-
ments the uncertainty of the data. Bias of the signals was calculated
for each one of the obtained readings. Combining all the preceding
factorsin addition to the noise that emanated from the detectors, the
statistical measurement uncertainty was calculated at 4.2%.

Using U, = J(qu + B;), where P, is the contribution to the un-
certainty and B, is a bias contribution, the combined uncertainty is
approximately £7.39%.

Moreover, in order to reverify that the measured reflectance func-
tion valuesare correct, the hemisphericalreflectance of the Infragold
is calculated using the unnormalized measured data. All of this un-
normalized data of the reflectance function are divided by the co-
sine of the incident polar angle ®;. The hemispherical reflectance
is defined as the fraction of the total irradiation from all directions
reflected into all directions? and is expressed as

Sy Joy P2 cos(©)(r, i) cos(®)) dL, d
B [, 1(r. Q) cos(©;) d€;

where p (2;€2;) is the reflectance function and 7 (r, ;) is the in-
cident intensity per established direction. However, Eq. (6) is not
directly suitable for the measurements taken by the DOM scattero-
meter because it involves directional intensity effects.

A method of integrating the diffuse part of all the reflectance
functions produced by the 12 different intensities and adding the
weighted summation of all the specularcomponentsproducedby the
12 differentintensities should lead to a calculated value comparable
to the calibrated hemispherical reflectance. Thus,

N

N
Py =D ) wwip? (2, Q) cos(,)

j=1i=1
P K2, )
T Z COS(Q) @)

where N represents the number of incident directions, p¢ is the
weak diffuse part of the reflectance function, and p* the strong
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Fig. 10 Reflectance as a function of the detector number of aluminum
foil using various light sources with incident angle of ® = 25 deg, ® =
315 deg.
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Fig. 11 Reflectance as a function of the detector number of aluminum
foil using various light sources with incident angle of ® = 73 deg, ® =
252 deg.

specular component of the function. By solving Eq. (7) using the
DOM integration method and an S; equal weight quadrature? the
calculated hemisphericalreflectance of Infragoldwas 0.975,a 1.2%
error with the average calibratedhemisphericalreflectance provided
by the manufacturer.

B. Aluminum

Figures 10 and 11 show the experimental data for the reflection
function for different incident positions and different light sources.
Itis noted that due to the random distribution of the surface material,
the reflectance is slightly different for opposite specular positions.
This trend is similar for the rest incident position angles. The data
also unveil a slight difference in reflection between the two wave-
length ranges. This differenceis likely due to the fact that at longer
wavelengths the surfaces tend to behave more specularly. Illumi-
nating the sample with an uncollimated source does not provide
sufficient evidence of surface description.

C. Stainless Steel

As pointed out previously for the aluminum sample, the data ob-
tained for the less rough steel foil follows the same trends with
respectto the port positions. For this particular case, the angle posi-
tions of the quadrateindicate differenttrendsin reflectance function.
Because this material is less rough than the aluminum foil, the spec-
ular reflection effects depending on the wavelength range are more
noticeable than for the aluminum foil. The data obtained for the 2—
20-pum range are slightly higher than those for the range from 2 to
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Fig. 12 Reflectance as a function of the detector number of stainless-
steel foil using various light sources with incident angle of ® = 25 deg,
& =225 deg.
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Fig. 13 Reflectance as a function of the detector number of stainless-
steel foil using various light sources with incident angle of ® = 73 deg,
® =288 deg.

5.25 um, which agrees qualitatively with the literature.!®!! Also, the
reflectance function obtained for angles of incidence for the upper
positions of the S, quadrature are much lower than the respective
reflectance function values of the mirrorlike aluminum foil for the
same positions. The inverse trend happens for the lower incident
position angles because, at these bigger incident polar angles, the
surfaces tend to reach a specular behavior. That is, the smoother the
surface is, the bigger the reflection obtained, as shown in Figs. 12
and 13 in comparison with Figs. 10 and 11.

IV. Conclusions

The reflectance function of any surface is dependant on several
parameters; among them are the rms surface roughness, incident
energy wavelength, and directions.

Because, for the cases considered, the surface is rougher than
permitted by the smooth-surface requirement, the PSD of the sur-
face peaks at small frequencies, as some fractal surfaces cannot be
extrapolated to another frequency. Furthermore, some nonexistent
PSD values at certain frequencies can appear in the peridogram,
which leads to the use of a different, more complete, theory requir-
ing numerical evaluation.

Another possible complication comes from the fact that some
of the analytical methods take the surface to be an infinite half-
space of homogeneous material rather than, say, a layered structure
without considering subsurface complications. The resultis that the
actual measurement of the reflectance function is the best way to
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determine this radiative property and to measure it in such manner
that could also be applied to general participating radiation heat
transfer solutions.

These results provide a simplified measure of scattering data for
surface and pattern recognition and can be used as a reference tool
for machining and surface finish processes using grayscale data
because a reflection pattern can be established and, through the use
of recognitiontools such as neural networks, quality of the materials
after machining processes can be further reassured.

Measuring the reflectance data at each of the 12 port positions
produced an enormous amount of data that can be easily classi-
fied and retrieved as a reference tool for later use in any specific
industrial, research, and academic investigations.

By the use of the scatterometer, the manner in which a mirror-
like surface behaved at different incident angles with respect to a
much smootherone for the same incidentangles was discovered. All
metallic samples comprising the fire barrier show a similar trend,
which guarantees the uniformity of the data. Using the collimated
light sources it was possible to assess a position that produced the
highest specular reflection.
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