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ABSTRACT
To study the effects of surface roughness on the reflection of radiation from the
vacuum-deposit interface of CO2 cryodeposits, detailed angular distribution measurements
were made of the polarized radiant flux reflected from roughened glass samples which"
had similar optical properties to CO2 cryodeposits. As a result of these measurements,
a new type of off-specular peak was discovered. This maximum is termed "sub-specular"
and occurs for parallel-polarized radiation provided the wavelength and zenith incidence
angle are appreciably less than the dielectric's surface roughness and Brewster angle,
respectively. If the incidence angle is greater than the Brewster angle, the maximum in
the angular distribution is super-specular and occurs even for a surface roughness smaller
than the radiation wavelength. No sub-specular maxima are observed for
perpendicular-polarized radiation, but super-specular maxima occur for all non-normal
incidence angles provided the dielectric's surface roughness is significantly greater than
the radiation wavelength, 0.5/i. For reflected radiant flux containing all components of
polarization, only super-specular peaks are observed. These peaks occur if the dielectric
surface roughness is larger than the radiation wavelength and the incidence angle is equal
to or greater than approximately 30 deg. A formula is derived for the radiation reflected
in the plane of incidence and is used to quantitatively confirm the existence of the superand sub-specular maxima for moderate incidence angles. The super- and sub-specular
maxima phenomena have potential application to making in situ measurements of surface
roughness characteristics.
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SECTION I
INTRODUCTION
Off-specular maxima in the directional distributions of radiant flux or intensity
reflected from rough dielectric surfaces have been reported by numerous investigators since
the early part of this century. Moreover, in recent years, this off-specular peak phenomenon
has been experimentally (Refs. 1 and 2) and theoretically (Refs. 3, 4, 5, and 6) studied
in considerable detail for both mixed (containing all polarization components) and
plane-polarized reflected radiation. For given zenith incidence angles, the off-specular peaks
discussed in these studies occurred in the incidence plane at zenith reflection angles greater
than the corresponding specular reflection angles and hence may be referred to as
"super-specular" maxima.1 Similar super-specular maxima have been observed in the AEDC
laboratory for a CO2 cryodeposit dielectric which had a rough surface and significant
internal scattering (Ref. 7).
To study this super-specular peak phenomenon for a dielectric with negligible internal
scattering and a rough surface of known roughness, detailed angular distribution
measurements were made of the radiant flux reflected from roughened glass samples which ■
had optical properties similar to CO2 cryotleposits and allowed mechanical measurements
of the rms surface roughness. These distribution measurements were made in the forward
reflection quadrant of the plane of incidence. The objective of this work is to report
on a new type of off-specular maximum which was discovered as a result of the above
measurements. This new off-specular maximum is termed "sub-specular" since, for a given
zenith incidence angle, it occurs in the reflected flux distribution at a zenith reflection
angle which is smaller than the specular reflection angle.
The effects of polarization, zenith incidence angle, and sample surface properties on
the existence and zenith angular location of both the sub-specular and super-specular
reflection maxima have been investigated, and the results are presented. Also, an analytical
expression has been formulated for the reflection of radiant flux from a randomly rough
dielectric surface having a normal distribution of surface heights. This relation applies to
reflection in the plane of incidence and is used to quantitatively- predict the existence
of the sub-specular and super-specular maxima. Both the discovery of the sub-specular
maxima and the accompanying detailed investigation of it are significant contributions
toward understanding and exploiting the various phenomena observed in angular
distribution measurements of radiation reflected from rough dielectric surfaces.
SECTION II
APPARATUS AND TEST SAMPLES
All measurements of the angular distribution of radiation reflected from the roughened
glass surfaces were made using the apparatus shown schematically in Fig. 1 (Appendix).
With this system, unpolarized light from a tungsten-halogen lamp was collimated by a
series of apertures, chopped mechanically at a frequency of 13 Hz, and then reflected
from a plane first surface mirror onto a spherical mirror in the near-normal direction.
' Zenith incidence and reflection angles arc measured relative to the normal of the mean surface.
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This mirror focused the radiation on the sample surface at a zenith incidence angle with
an incident solid angle Acoi of 0.017 sr (see inset, Fig. 1). The sample was'vacuum-mounted
on a sample holder which was located along with the other aforementioned components
on a turntable having an angle indexing device. This sample holder (shown also in Fig.
1) could be adjusted to maintain the roughened surface of the sample on the axis of
rotation of the turntable. It also allowed the zenith incidence angle of the irradiance to
be set at any desired value within an accuracy of ±0.5 deg. As noted previously, all zenith
angles are measured relative to the outward normal of the mean surface.
The radiant flux reflected from the illuminated area of the sample surface in the
direction defined by the zenith reflection angle 0 and the plane of incidence was collected
by a spherical mirror subtending a solid angle of Aco, = ACJJ = 0.017 sr.' This radiation
was focused on the entrance slit of a monochromator after reflection from a plane First
surface mirror and transmission through a polarizer. Since the over-detection measurement
technique was used, the monochromator entrance slit was set to a slightly greater width
than the focused image of the illuminated area of the sample. The monochromator was
a standard Perkin-Elmer Model 98 equipped with a CaF2 prism and a 1P28 photomultiplier
detector.
All test samples were glass disks 2.5 cm in diameter and 6 mm thick. The glass
was of optical quality and had a refractive index of n = 1.51 ±0.01 at the wavelength
X used in this investigation, 0.5ju. Initially, both sides of each disk were polished flat
by use of a standard optical polishing technique. Then, using a similar technique, one
side of the disk was roughened by grinding it with an abrasive. This was done for five
samples using different size abrasives for each sample. The resulting rms mechanical surface
roughness am of each of the five samples was measured with a profilometer, and the
following values were recorded:
0.34, 0.63, 1.77. 3.35, and 5.22ju. After these
measurements had been performed, the highly polished side of each of the glass disks
was coated with a flat black paint of epoxy resin base which had a refractive index of
1.48 ± 0.03. Since this refractive index is effectively equal to that of the glass, a negligible
amount of radiation was internally reflected at the glass-paint interface with the radiation
transmitted into the paint being absorbed by the pigment particles suspended in the epoxy
base. Thus, the problem of internal reflection from the rear side of the transparent sample
was essentially eliminated.
SECTION III
PROCEDURE

After alignment and calibration of the irradiation and detection optics, a roughened
glass sample was attached to the sample holder and the zenith angle of the incident radiation
set to some desired value $. Then, using the polarizer, the radiant flux reflected from
the sample surface in a specific 0 direction was alternately resolved into components
polarized perpendicular and parallel to the plane o f incidence. Each of these polarized
radiation components was transmitted through the monochromator to the photomultiplier
detector. A conventional strip-chart recorder was used to display the detector outputs
after amplification and/or rectification and filtering. Since the monochromator had a
22-percent greater measured .transmission for parallel-polarized radiation, the detector'
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output recorded for the perpendicular-polarized component was multiplied by 1.22 before
comparing it with the detector output obtained for the parallel-polarized component. This
unequal transmission of the monochromator for perpendicular- and parallel-polarized
radiation is due to differential reflection of these two polarized radiation components
at the prism faces (Ref. 2).
After the above-described measurement was completed, the turntable was rotated and
the polarized radiant fluxes reflected from the sample surface in another 0 direction were
determined. This was subsequently done for values of 6 ranging from 0 to 90 deg in
increments of 5 dcg. Also, in the vicinity of all maxima, measurements were made for
increments in 6 of 0.5 or 1 deg. Then., the zenith incident angle of irradiance was set
to a new desired value, and the procedure was repeated. Zenith incidence angles ranging
from 10 to 76 deg were used. All measurements were made at a wavelength of 0.5MSECTIOIM IV
EXPERIMENTAL RESULTS
Some results of the angular distribution measurements described in the previous
section are shown in Figs. 2, 3, and 4. The data presented arc for glass samples with
surface roughness am of 0.34, 1.77. and 3.35/LZ. In each figure, graphs are given for both
the parallel (p) and perpendicular (s) polarization components of the reflected radiation.
The distribution data shown arc presented in the normalized form pp(i/>,0) cos Ö/pp(^,i//)
cos ^ and ps{^/,6) cos 0/ps(i//.i//) cos i// where pp(^,0)and/Os(^,0) are, respectively, the
p- and s-polarized biangular reflectances defined in Ref. 2. This normalization of the
reflectance curves by their values at the specular reflection angles 8 = ■& is employed
to emphasize the off-specular peaks. The relative magnitude of the off-specular peaks in
the p- and s-polarizcd components of the reflected radiant flux will be shown later.
It is observed in Figs. 2. 3, and 4 that, for some zenith incidence angles i//, the
maxima of the reflected flux distributions occur at zenith reflection angles 0m greater
than the specular reflection angles (super-specular maxima), while for other zenith incidence
angles, the maxima of the reflected flux distributions occur at zenith reflection angles
9m smaller than the specular reflection angles (sub-specular maxima). As seen from Figs.
3 and 4. the sub-specular maxima occur in the angular distributions of p-polarized reflected
flux when the irradiance zenith angles are less than 50 deg and the sample surface roughness
om is significantly larger than the radiation wavelength. X = 0.5. Figure 2 shows that
no sub-specular maxima occur when the sample surface roughness is less than the radiation
wavelength. However, for zenith incidence angles greater than about 50 deg, super-specular
maxima exist in the distributions of p-polarized reflected flux even though the sample
surface roughness is smaller than the radiation wavelength. Similar super-specular maxima
are observed in the distributions of p-polarized reflected flux for the rougher sample
surfaces as seen in Figs. 3 and 4. Super-specular maxima also occur in the directional
distributions of the s-polarized reflected flux when the surface roughness of the sample
is significantly larger than the radiation wavelength. These super-specular maxima are
observed in the results given in Figs. 3 and 4 and occur for all zenith incidence angles.
As can be seen from Fig. 2. super-specular maxima are not observed in the angular
distributions of s-polarized reflected flux when the sample roughness is less than the
radiation wavelength.
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More detailed scrutiny of the p-polarized results shown in Figs. 2.3, and 4 indicates
that the distributions change dramatically as the irradiance incidence angle i// ranges from
below the Brewster angle of the glass (\f»ßr = 56.5 deg) to slightly above it. For example,
in Fig. 2, the ^ = 40 deg distribution exhibits only a specular peak, but the i// = 50
deg distribution contains both a specular peak and an emerging super-specular maximum,
while the \}/ = 60 deg distribution has only a super-specular maximum. Moreover, in Figs.
3 and 4, the <// = 40 deg distributions have a very definite sub-specular maximum, while
the \p = 50 deg distributions exhibit an arising super-specular maximum which becomes
fully emerged in the V = 60 deg distributions.
Because of the interesting behavior of the p-polarized distributions for irradiance angles
near the Brewster angle, further directional distribution measurements were made for
closely spaced angles of incidence between 40 and 60 deg. The unnormalizcd results of
these measurements for p-polarized reflected flux are shown in Figs. 5, 6. and 7 for surface
roughnesses am of 0.34, 1.77, and 3.35/*, respectively. It is seen in Fig. 5, which is for
a am/X of 0.68, that the specular peak diminishes with increasing incidence angle and
vanishes when the incidence angle reaches the Brewster angle. This behavior is consistent
with the incidence angle dependence predicted for the p-polarized specular reflectance
of a rough dielectric surface with normally (gaussian) distributed surface heights (Refs.
8 and 9), Fp(i^,n) exp[-(47r a cos i/>/X)2]. Here a is the rms value of the surface heights
and Fp(i//,n) is the p-polarized component of the Fresnel reflectance for a smooth dielectric
surface (Ref. 10).
It is further observed in Fig. 5 that, for an incidence angle of 46 deg, an emerging
super-specular maximum appears in the p-polarized distribution at 0m — 70 deg. This
super-specular maximum grows in prominence as the incidence angle is increased but
remains at essentially the same angular location, 6m = 72 deg (see dashed curve C-D).
In Fig. 6, which is for a am/X of 3.54, the sub-specular maximum observed in the
distribution for $ = 40 deg diminishes in the distributions for increasing incidence angles
(see dashed curve A-B), while a super-specular maximum emerges and continues to increase
in magnitude (see dashed curve C-D). It is seen that, for incidence angles below 48 deg,
only sub-specular maxima appear in the distributions, while, for incidence angles above
54 deg. solely super-specular maxima are observed. For incidence angles from 48 to 52
deg, the distributions have both sub- and super-specular maxima. In Fig. 7, which is for
a am/X of 6.77, the distributions do not simultaneously exhibit sub-specular and
super-specular maxima for any angle of incidence.. Hence, this makes it appear that the
sub-specular maximum in the distributions changes continuously to a super-specular
maximum with increasing incidence angle. However, it is felt that distributions with
simultaneous super- and sub-specular maxima are not observed because the increased
contribution of multiple reflections to the distributions for the rougher surface (Ref. 11)
obscures the two separate maxima. Such speculation is further confirmed by noting in
Fig. 7 that there is a very large change (24 deg) in the angular locations of the maxima
of the distributions as the incident angle decreases from 49 to 53 deg. This large change
for am = 3.35ju is even more apparent in Fig. 8 which will be presented next.
Figure 8 shows the experimentally determined angular displacements (relative to the
specular angle) of the sub- and super-specular maxima in the. directional distributions of
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p- and s-polarized reflected fluxes for roughened glass surfaces. The magnitude of these
angular displacements for 0.5ju wavelength radiation is displayed as a function of irradiance
zenith angle \jj with sample surface roughness am taken as a parameter. From the results
shown, it would appear that when super- and sub-specular maxima occur, their angular
displacements (relative to the specular direction) will be greater for rougher surfaces and
higher incidence angles until the surfaces become rough enough and/or the incidence (and
reflection) angles large enough that multiple reflections (Refs. 4, 5, and 11) and bistatic
shadowing (Refs. 3 to 6 and 11 to 13) begin to significantly modify the distributions
and affect the locations of their maxima. Then, for larger incidence (and reflection) angles
and/or rougher surfaces, the angular displacements of the sub- and super-specular maxima
will decrease because of the increased effects of bistatic shadowing (Refs. 4 and 13) and
multiple reflections (Refs. 4 and 11).
SECTION V
THEORY AND COMPARISON WITH DATA
To theoretically confirm the existence of the sub-specular peaks, a simple analytical
expression will be formulated for the reflection of radiant flux from a rough dielectric
surface into the plane of incidence. To do this, it is first necessary to make several
assumptions about the characteristics of the surface. One of these is that the rough surface
is isotropic. Another is that the surface is randomly rough. The surface heights f(x) of
this surface are shown in Fig. 9 and arc considered to have a normal distribution
W(0 = —l— exp (- -£-)

0)

with standard deviation a and correlation function after Beckman (Ref. 9) B(T). Since
the mean level of the surface <f> - 0, the standard deviation a is also the rms value
of the surface heights. Now, as indicated by Beckmann (Refs. 9 and 13), f'(x) also has
a normal distribution
1

w(0 = ,._,,,.„.„„,
(277|B"(0)|l/2)

(- TT^oTT)
21 B"(0)

«PF V
"

(2)

with mean value zero and variance |B"(0)l where (IB'^O)!)1/2 = m is the rms slope of
the surface. Furthermore, he shows (Rcf. 9) that this distribution function can be
transformed to yield the distribution of surface slopes a, defined (Ref. 9) by tan a =
?'(x). The resulting distribution of the slopes a of a normally distributed surface is given
by
sec 2 a
P(ß m)

'

f/

tan 2 a \\

= „Ü^TTT «P (- -1^~)

,.,.
(3)

Note from Fig. 9 that a is also equal to the angle between the normal-to-a local surface
slope and the normal-to-the mean plane of the surface.
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After determining the distribution of slopes of the normally distributed rough surface,
a formula can be derived for the reflection of radiation into the plane of incidence. This
has been done using essentially the approach employed in Ref. 3 for the v-grooved facet
model of a rough surface. Thus, the wavelength \ of the radiation is considered to be
small compared with the rms surface heights (a) and the derivation is based on geometrical
optics.2 In addition, the basic reflection model for the random rough surface assumes
specular reflection from the local surface slopes, as shown in Fig. 9, plus a contribution
due to the multiple reflections (Ref. 11) which occur when a ray strikes more than one
slope before leaving the surface. Also accounted for is "bistatic" shadowing, i.e., the
screening of local surface slopes by adjacent surface slopes interrupting the incident and
once-reflected radiant flux (Ref. 13). There are, however, several differences between the
approach used in Ref. 3 and that employed here. One is that the multiple reflections
contribution is not considered to always be perfectly diffuse. This is in agreement with
previous experimental results for roughened glass (Ref. 12). Another difference is that
it is not necessary to consider that each slope has the same area as was assumed for
the facets in Ref. 3. The relaxation of this assumption is made possible through use of
the area relationship given in Refs. T4 and 15. A third difference is that the bistatic
shadowing function S(^,0,m) employed here is for a normally distributed rough surface
(Ref. 13) and depends on the rms slope of the surface while the G(i//,0) function used
in Refs. 3 and 6 for the v-grooved facet surface is independent of the parameter c
characterizing the rms slope of the facets.
The result of the above described derivation is
.

.

F(tfi + a,m) P(a,m) S(^f,
0,m)
1

p(ij/,d) = —

--

4 cos 0 cos IjJ

,fia\

+ biifi, 0,m)

(4)

where p(ty,d) is the bidirectional reflectance defined in Refs. 2 and 3 for mixed radiation.
Here, b(i^,0,m) is the multiple reflection contribution to the bidirectional reflectance,
P(a.,m) is the distribution of slopes given in Eq. (3) with a = (0 - i^)/2 (see Fig. 9),
and F(i//, + a,n) is the Fresnel reflectance for local incidence angle \p + a, where
F(\p + a,n) = [Fs(\// + a,n) + Fp(^ + a,n)]/2 with Fs and Fp being, respectively, the
s- and p-polarized components of the Fresnel reflectance (Ref. 10). The S(r//,0,m) function
in Eq. (4) is Beckmann's bistatic shadowing relation for a normally distributed rough
surface (Ref. 13) and has the form
■'S(&m) S(|0.,m), -ir/2 < 6 < —ii>
Sty, 0,m) -<S(0,m)

, -4, < 6 < 0

(sty.m) S(0,m) ,

(5)

0 < 9 < rr/2

"The use of geometrical optics to explain the super-specular peak phenomenon for rough glass surfaces was
rimentally investigated in Rcf. 14 and found to be valid even for rough surfaces not obeying the condition <J/\ » 1.
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where
Sttm) = exp [--L tan * erfc (J^J- )J

^

and
S(0,m) = exp

L

4 tan 0 erfc (

C

°'
)
V(2>l/=
m yj

(7)

It is further noted in Eq. (4) that the multiple reflections contribution b((//,0,m) has not
been assumed perfectly diffuse and is also considered to be a function of the incidence
angle \j/ and the root-mean-square slope m. This is in agreement with the experimental
results of Refs. 11 and 12 and also can be inferred from the theoretical results of Ref.
4. Now, since p(i/>,0) = [PsWß) + Pp(^.0)1/2 for unpolarized incident radiation (Refs.
2 and 6) and F(\jj + a,n) = [Fs(i// + a,n) + Fp(\p + a,n)]/2, Eq. (4) can be resolved
into separate expressions for the plane-polarized bidirectional reflectances ps(^,0) and
Pp(^)0)- These are
,.«,

P.(&0 =

F. 0/r + a, n) P(a,m) S0/r, 0,m)

;

4 cos t» cps e/

+ M0, 0,m)

(8)

and
Pp(iM) = —

2

;

4 cos 6 cos w

+ b(

^' ö'm)

W

Note that the multiple reflections contribution b(i//,0,m) in Eqs. (8) and (9) is assumed
to be unpolarized. This is in agreement with the results of Ref. 12.
Equations (4). (8), and (9) with b(ip,d,m)= 0 have been used to theoretically predict
the experimental distributions of the mixed and plane-polarized reflected fluxes for the
glass sample with roughness om = 1.77p and refractive index n = 1.51. As seen in Figs.
10 and 11, this was done for incidence angles of 20 and 30 deg, respectively, and an
rms slope m of 0.247. The experimental (solid) and theoretical (dashed) curves shown
are presented in the normalized forms Pptyß) cos 0/p(i//,i//) cos ^, ps(\M) cos 0/p(\J/,i/O
cos \jj, and p($ß) cos dlp($,\}j) cos i// for p-polarized, s-polarized, and mixed radiant
fluxes, respectively, where p(\p,$) is the value of p(ty,0) at 0 = \p. This mode of
normalization is used to show the relative magnitudes of the sub-specular maximum in
the p-polarized distribution and the super-specular maximum in the s-polarized distribution.
The sub-specular maximum seen in the distributions for iff = 20 and 30 deg is smaller
than the corresponding super-specular maximum, but it does have a significant magnitude
relative to that of the super-specular maximum. It is further noted in Figs. 10 and 11
that there is excellent agreement between the theoretical and experimental distributions
for reflection angles in the locality of the peaks and for the smaller reflection angles.
The agreement is not as good for large reflection angles, and this is attributed to the
multiple reflections contribution b(^,0,m) being neglected. Nevertheless, the excellent
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agreement between the analytical and experimental results for zenith reflection angles at
and around the peaks of the distributions quantitatively confirms the existence of the
sub- and super-specular maxima for moderate incidence angles.
Figure 12 presents the theoretical p-polarized flux distributions for zenith incidence
angles near the Brewster angle of the glass, 56.5 deg. The multiple reflections contribution
b(i|/,0,m) and the rms slope m of the rough surface are again taken as zero and 0.247,
respectively. It is seen in Fig. 12 that, as the incidence angle increases, the sub-specular
maximum in the p-polarized distributions diminishes, while a super-specular maximum
emerges and increases in prominence. For incidence angles below 55 deg, the sub-specular
maximum has the greater magnitude, but for incidence angles above 55 deg, the
super-specular maximum is larger. The sub- and super-specular maxima are of equal
magnitude for i// = 55 deg. From these results, it can be concluded that the sub-specular
maximum in the p-polarized distributions does not change continuously to a super-specular
maximum as the incidence angle increases but that the super-specular maximum develops
separately as the sub-specular maximum diminishes. The results corroborate the previous
discussion regarding the development and demise of the super- and sub-specular maxima
in the experimental distributions of Figs. 6 and 7.
Figure 13 presents a comparison between the angular locations 0m of the off-specular
maxima of the experimental and theoretical distributions for the glass sample with
rougheness am = 1.77ju. These results were obtained from s- and p-polarized reflected
flux distributions for incidence angles of 10 to 70 deg. As before, the theoretical flux
distributions were for an rms slope m of 0.247 and a refractive index n equal to that
of the glass, 1.51. Also, the multiple reflections contribution was again neglected, and
hence b(v//,0,m) in Eqs. (8) and (9) was taken equal to zero. It is observed in Fig. 13
that there is good agreement between the theoretical (dashed) and experimental (solid)
curves for the angular locations of the super-specular maxima of the s-polarized
distributions. This is seen to be true for all incidence angles but especially so for the
smaller ones. There also is good agreement between the theoretical and experimental curves
for the angular locations of the off-specular maxima of the p-polarized distributions except
for the range of zenith incidence and reflection angles where the local incidence angles
\}t + a = (\jj + 0)/2 are near the Brewster angle.3 For these local incidence angles,
Fp(i// + a,n) is quite small, and the multiple reflections contribution can significantly
modify the p-polarized distributions and appreciably affect the location of their maxima.
Since the multiple reflections contributed were neglected in obtaining the analytical results
presented in Fig. 13, good agreement between these results and the p-polarized experimental
data are not expected for local incidence angles near the Brewster angle.
SECTION VI
CONCLUSIONS
From the experimental and analytical results presented in the previous sections, it
can be concluded that sub-specular maxima occur in the angular distributions of
-'The dotted portions of the theoretical curves for p-polarized radiation denote secondary maxima, l'or examples
of such maxima, sec Fig. 12.
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parallel-polarized reflected flux for rough dielectric surfaces. These sub-specular maxima
are observed if the irradiancc zenith angle is appreciably less than the dielectric's Brewster
angle and the rms mechanical surface roughness of the dielectric is significantly larger
than the radiation wavelength. It is also concluded that super-specular maxima occur in
the distributions of parallel-polarized reflected flux when the irradiance zenith angle is
greater than the Brewster angle of the dielectric. These supcr-spccular maxima in the
p-polarized reflected flux distributions are observed even for an rms mechanical surface
roughness less than the radiation wavelength. It is further concluded from the
aforementioned results that super-specular maxima occur in the angular distributions of
perpendicular-polarized reflected flux for roughened dielectric surfaces. These
super-specular maxima in the s-polarized reflected flux distributions are observed for
irradiance zenith angles ranging from 10 to 76 deg when the rms mechanical surface
roughness of the dielectric is appreciably larger than the radiation wavelength.
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