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Bidirectional Reflectance of H2O Cryofilms on
Specular and Diffusing Surf aces

A. M. Smith* and B. E. Woodf
ARO, Inc., Arnold Air Force Station, Tenn.

and
L. S. Fletcher J

University of Virginia, Chariottesville, Va.

The bidirectional reflectance of monochromatic visible and near-infrared radiation from H2O cryofilms on
polished copper and black epoxy paint surfaces is measured in the plane of incidence for several film thicknesses,
zenith incidence angles, and wavelengths. It is observed that the reflectance distributions retain a significant
specular peak even for an H2O film thickness of 500 p. For large incidence angles, superspecular maxima occur
in the bidirectional reflectance distributions for H2O cryofilms on black paint substrates but not for H2O films
on polished copper. The angular displacement of the superspecuiar peaks from the specular direction depends
upon the film thickness in a nonmonotonic manner.

Introduction

THE manner in which H2O cryofilms affect the visible and
near-infrared (IR) reflection properties of cryogenically

cooled surfaces is of interest for several reasons. Probably the
most timely one is that these cryofilms can form on the cold
mirror surfaces of optical systems operating in a cryogenic
environment and may alter significantly the bidirectional
reflectance of the mirrors, as well as their specular reflec-
tance. This would, of course, have an appreciable effect on
the performance of the optical system. A second reason is that
the presence of H2O films on the black-painted cryopanels of
a space simulation chamber may modify appreciably the
bidirectional reflectance of these surfaces and also change
their directional-hemispherical reflectance. Thus, the
directional characteristics and magnitude of the solar
simulator irradiance reflected from the cryopanels might be
altered significantly and hence adversely influence the results
of a space simulation experiment. Previously, the
monochromatic absolute hemispherical-directional reflec-
tance (equal to directional-hemispherical reflectance through
reciprocity) was measured for H2O and CO2 cryodeposits on
polished stainless steel and black paint cryosurfaces.1'2 In
addition, the angular distribution of total visible and near-IR
radiation reflected from CO2 films on polished copper and
black epoxy paint substrates has been measured,3 as well as
the monochromatic bidirectional reflectance.4 The objective
of this paper is to present the bidirectional reflectance of
monochromatic visible and near-IR radiation in the plane of
incidence from H2O cryofilms formed on polished copper and
black paint surfaces.

Bidirectional Reflectance
The bidirectional reflection of radiation from a cryofilm

was measured by the method shown in Fig. 1. In this
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technique, the film is illuminated with a collimated beam of
radiant flux e/(^) at a zenith incidence angle ^. Reflected
radiant flux leaving the film of thickness T through a solid
angle Awr in the direction defined by the zenith reflection
angle 6 and the plane of incidence is designated as E($,Q>T)
and is measured by the detector. Note that the zenith in-
cidence angle and zenith reflection angle are measured from
the surface normal. One can define the bidirectional
reflectance of the film-substrate surface system as pbd
W,0,T)=Ir(\t/,6,T)/ei/ir, where (Ir\l/,0,T) is the reflected
radiant intensity, which is related to the reflected flux by
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Fig. 1 Bidirectional technique.
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E=Ir cos#Aov Physically, this bidirectional reflectance def-
inition can be interpreted as the ratio of the intensity
reflected by an actual surface system at angle 6 in the plane of
incidence to the intensity that would be reflected in the same
direction by a surface system that was perfectly reflecting and
uniformly diffusing.

Experimental Apparatus
All bidirectional reflectance experiments were conducted in

a spherical vacuum chamber that contained a liquid-nitrogen
(LN2)-cooled cryoplate, as shown in Fig. 2. To minimize
internal reflections, all interior surfaces of the chamber except
the cryoplate were painted flat black. The pumping system for
the chamber consisted of a mechanical forepump and a 6-in.
oil diffusion pump equipped with an LN2 cold trap. Pressures
of 10 ~7 Torr could be obtained with this system. Chamber
pressures were measured with a thermal ionization gage at
pressures below 10 ~3 Torr and with an alpha particle
ionization gage at pressures above 10 ~3 Torr. The copper
cryoplate located in the center of the chamber and the LN2
lines leading to it were shielded completely by a vacuum jacket
except for the flat front face of the cryoplate, where the
cryofilms were formed. This face was polished to an rms
surface roughness a of approximately 0.01 \L. It was used as
the test surface and either was coated with black epoxy paint
or was just the bare polished copper. A copper-constantan
thermocouple was attached to the test surface to measure the
deposition temperature. The test surface could be rotated
about its vertical centerline to obtain any desired polar angle
between the collirnated beam of incident radiation and the test
surface normal. As shown in the schematic, the collirnated
irradiance was obtained from a xenon arc lamp by means of a
system of lenses and apertures. Monochromatic irradiance
could be obtained by inserting narrow-bandpass interference
filters into the radiation beam. These filters typically had a
bandwidth at half-maximum transmission of 0.015 JJL (dr 0.007
IJL) . All bidirectional reflectance measurements were made
using a silicon solar cell detector mounted on a remotely
rotatable arm (see Fig. 2). Water vapor was introduced into
the chamber at a constant rate by allowing degassed distilled
water to evaporate under vacuum from a reservoir and then
pass through a rotameter and needle valve.

Experimental Procedure
After the vacuum chamber had been evacuated to a

pressure of about i x 10 ~7 Torr and the xenon lamp turned
on, a transmission filter of a certain wavelength X was in-
serted into the radiation beam and the test surface rotated to
the desired zenith incidence angle ^. Then, with the test
surface still at 300 K, the detector was rotated about it in the
plane of incidence, and a reference trace of the bidirectional
distribution of the reflected radiant flux was made for the
surface when no cryofilm was present (r = 0). The test surface
was rotated to other values of ^ and the mapping procedure
repeated for various wavelengths. Next, the cryoplate was
cooled to 77 K, and, after valving off the chamber from the
pumping system, a cryofilm was formed continuously on the
test surface by flowing H2O vapor into the chamber at a
constant rate. The deposition rate f for the cryofiim was
measured in situ by recording thin-film interference patterns

,for two different incidence angles.3'5'6 With the constant
deposition rate known, a cryofilm layer of specified thickness
T was formed by flowing vapor into the chamber for a
specified time. The thickness of this layer always was chosen
larger than the maximum film thickness at which thin-film
interference was observed. Throughout deposition, the
chamber pressure p was approximately 4 x 10 ~4 Torr. After
the vapor flow was stopped, bidirectional distributions of the
reflected radiant flux were recorded for various incidence
angles and wavelengths. Then, the vapor again was added to
the chamber, forming another cryofilm layer on top of the
first, and bidirectional distribution measurements were made

again. This procedure was repeated and bidirectional
distribution measurements made for each resulting film
thickness.

Bidirectional Reflectance for H2O Films on
Polished Copper

Figure 3 presents the relative bidirectional reflectance for
various thicknesses of H2O films formed on a polished copper
substrate. These results are for a zenith incidence angle of 1 i
deg and irradiance wavelengths of X = 0.7, 0.9, and 1.1 p. The
reflectance values of less than 0.012 in Fig. 3 are displayed on
a greatly increased scale in Fig. 4. As shown in Figs. 3 and 4,
the presence of H2O cryofilms on a polished copper substrate
causes the reflectance in the specular direction (0=11 deg) to
decrease drastically for film thicknesses of 20 /* and larger,
with the greatest decrease occurring at the shortest
wavelength. For the 20/x-thick film, the specular peak value
for A = 0.7 p decreased from 1.0 to approximately 0.37,
whereas for X = 0.9 /x, the same film thickness reduced the
specular peak from 1.0 to approximately 0.53. For the 60-/*-
thick film, the specular value was reduced considerably more
to 0.04 for \ = 0.7 ̂ , as compared to 0.13 for \ = 0.9 ,u. These
comparisons indicate that more of the short-wavelength
radiation is scattered out of the direct beam than is the longer-
wavelength radiation. This large decrease in the specular peak
with increasing film thickness and/or decreasing wavelength
results from increased scattering, which also causes an ac-
companying increase in the bidirectional reflectance in
nonspecular directions. As the film thickens, the reflectance
distributions become increasingly nonspecular but do not
become diffuse for the thicknesses investigated. Such
behavior can be explained by noting that both surface and
internal scattering by the cryofilms cause the incident
monochromatic radiation to be reflected in directions other
than just the specular direction. At first, when the film is
relatively thin, the surface scattering likely will predominate.
However, as the film thickens, the internal scattering becomes
increasingly significant, thereby causing the reflectance
distribution to become even more diffuse. However, the
presence of a well-defined specular peak still can be observed
even for the 100-pt-thick film at A = 0.7 pt in Fig. 4. Also ob-
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Fig. 3 Bidirectional reflectance of various thicknesses of H2O
cryofilms on a polished copper substrate for various radiation
wavelengths and an incidence angle of 11 deg.
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served in Fig. 4 for a 20-/i-thick film are the scattering in-
terference peaks3 that occur in the bidirectional reflectance
distributions for relatively thin cryofilms formed on a
specularly reflecting substrate. These peaks (and valleys) are a
result of interference that is generated by scattering of the
incident radiation at the vacuum-cryofilm interface. This
phenomenon has been investigated and analyzed in detail in
Ref.3.

The bidirectional reflection distributions obtained for H2O
cryofilms on polished copper using a large irradiance in-
cidence angle of \j/ = 55 deg are shown in Fig. 5. These results
are for monochromatic irradiance of 0.7-, 0.9-, and 1.1-ju,
wavelengths and are presented in a manner similar to that of
Fig. 4. For this large incidence angle, it is observed that the
specular peak decreases, and the reflection distributions
become more diffuse with increasing film thickness in a
manner similar to that observed for \^ = 11 deg. There are,
however, some phenomena observed in the distributions for
the large incidence angle that were not readily apparent in the
distributions for the small incidence angle. One of the these is
the "backscattering" of reflected radiation into the quadrant
of incidence (0<0 deg) in the general direction of the
irradiance, 0— — ̂ . As shown in Fig. 5, this phenomenon is
observed primarily for relatively thin films. Another in-
teresting difference between the distributions for large and
small incidence angles is noted when comparing the results of

Figs. 3 and 5 for X = 0.7 p. For the 20-M-thick film and 0 = 11
deg, the specular peak in Fig. 3 reaches a peak height of 0.37,
whereas for the same 20-/x-thick film and for \j/ = 55 deg, the
peak height is only about 0.11 (off scale in Fig. 5). This can be
explained by the specular peak for these incidence angles
being due primarily to the reflection of the radiation from the
copper substrate. The higher incidence angle (^ = 55 deg)
results in a greater path length for the radiation to pass
through inside the film, thereby causing a greater amount of
extinction by internal scattering and hence reducing the
amount of energy emerging from the film in the specular
direction. For X = 0.9 ju, and r = 20 /*, the specular peak height
of 0.45 for i£ = 55 deg (off scale in Fig. 5) is only slightly less
than the value of 0.53 for ^ = 11 deg in Fig. 3, since the 0.9-^
radiation is not scattered nearly so much as the 0.7-/x
radiation. Another aspect to the incidence angle effects is the
scattering interference patterns observed in Fig. 4 for ^ = 11
deg and a film thickness of 20 pi. As shown in Fig. 5, no such
patterns were observed for the same film thickness for an
incidence angle of 55 deg. The decrease in surface scattering
with increasing incidence angle is the primary reason why no
interference patterns were observed for ^ = 55 deg. As pointed
out in Ref. 3, scattering from the vacuum-film interface is
required for genereting this type of interference pattern.

Figure 6 presents the effect of irradiance wavelength on the
bidirectional reflectance of a 1000-/n-thick water cryofilm on
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Fig. 4 Bidirectional reflectance of various thicknesses of H2O
cryofilms on a polished copper substrate for various radiation
wavelengths and an incidence angle of 11 deg* (Note greatly expanded
ordinate scale label.)
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Fig. 5 Bidirectional reflectance of various thicknesses of H2O
cryofilms on a polished copper substrate for various radiation
wavelengths and an incidence angle of 55 deg. (Note greatly expanded
ordinate scale label.)
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pc-lished copper for incidence angles of 22 and 66 deg. It is
observed that even for a IGOQ-u-thick H2O film the specular
peak is still present for all wavelengths shown. It is noted in
Fig, 6 that the bidirectional reflectance for the 0.6-p,
wavelength is greater than that for the other wavelengths. By
carefully comparing the bidirectional reflectances for the
other wavelengths from 0.7 to 1.1 ft, it is found that they
decrease with wavelength until reaching a minimum for the
0.9-/i radiation. An increase in bidirectional reflectance is
then seen for the 1.0- and 1.1-/i wavelengths, which indicates
that an absorption band occurs in the neighborhood of the
0.9-/* wavelength. This band has been observed previously for
some other water cryodeposits.6

Bidirectional Reflectance for H2O Films on Black Paint
Figures 7 and 8 present the bidirectional reflectance of total

visible and near-IR radiation from H2O films formed on a
black expoxy paint substrate. The results shown are for in-
cidence angles of 0, 33, 55, and 66 deg and film thicknesses
ranging from 10 to 500 /A. For increasing H2O film thicknesses
up to 50 /*, the bidirectional reflectance in the specular

2LJI——--)

Fig. 6 Effect of trradiance wavelength on the bidirectional reflec-
tance of a 1000-p-thtck H2O film on a polished copper substrate for
Incidence angles of 22 and 66 deg.
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Fig. 7 Bidirectional reflectance of visible and near-infrared radiation
from various thicknesses of H2O cryofiims on a black epoxy paint
substrate for incidence angles of 0 and 33 deg»

direction is reduced greatly. However, even for a film
thickness of 50 /*, the peak in the specular direction is still
relatively well defined. Just as for the H2O film formed on
polished copper, this decrease of the peak in the reflection
distribution and the accompanying increase in the bidirec-
tional reflectance in nonspecular directions is due to surface
and internal scattering. As the film thickens, the internal
scattering becomes increasingly significant. This effect is
illustrated vividly in Figs. 7 and 8 by noting that an increase in
film thickness from 50 to 500 p causes the bidirectional
reflectance in most all directions (0 ̂  ± 90 deg) to increase
greatly. For an H2O film on black paint, the reflection
distributions do not become completely diffuse for any
thickness investigated, since a peak always is observed in the
reflection distributions, as shown in Figs. 7 and 8. It also is
observed in Figs. 7 and 8 that the peaks in the bidirectional
reflectance distributions first decrease and then increase as the
films thicken and the reflection distributions become more
diffuse. Note that the reflection distributions shown in Fig, 8
for the large incidence angles, 55 and 66 .deg? are not as
diffuse as those shown in Fig. 7 for the smaller incidence
angles, 0 and 33 deg. Also, notice in Fig, 8, for ti = 55 and 66
deg, that the peaks or maxima in the bidirectional reflectance
distributions for the film thicknesses up to 50 /x occur at zenith
reflection angles that are greater than the specular reflection
angles. Following Ref. 7, these types of peaks will be referred
to as superspecular maxima.
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Fig, 8 Bidirectional reflectance of visible mid near-infrared radiation
from various .thicknesses of H2O cryofiims on a black epoxy paint
substrate for incidence angles of 55 and 66 deg.
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Fig. 9 Effect of irradiance wavelength on the bidirectional reflec-
tance of a 500-p-thick H2O film on a black epoxy paint substrate for
an incidence angle of 66 deg=
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Figure 9 presents the effect of irradiance wavelength on the
bidirectional reflectance of a 500-^t-thick H2O film on black
paint. The results shown are for an incidence angle of 66 deg.
Note that the bidirectional reflectance for the H2O film
decreases as irradiance wavelength increases for reflection
angles away from the vicinity of the specular peak. This
reduction in the bidirectional reflectance is attributed to a
decrease in internal scattering with increasing wavelength. It
also is shown in Fig. 9 that the specular peak, which is due to
specular reflection off the vacuum-film interface, increases in
magnitude as the irradiance wavelength becomes larger. Such
behavior is consistent with the wavelength dependence
predicted and measured8'9 for specular reflection from
roughened dielectric interfaces, exp[-(47r<r cos\j//\)2]. The
specular reflection dependence on wavelength and incidence
angle given by this function also explains why the specular
peak observed for A = L 1 -^ in Fig. 6 is greater than that
observed for A = 0.6 ^ when \j/ = 66 deg but not when if/= 22
deg.

In Fig. 9, no indication of an absorption band is evident for
the specular or nonspecular directions. The films in Figs. 9
and 6 were formed under similar experimental conditions,
i.e., a deposition pressure of 4x 10 ~4 Torr and a deposition
rate of 0.044 jt/s. An immediate question that comes to mind
is, why should one film exhibit an absorption band at 0.9 /*
whereas the other does not? The explanation for such
behavior probably can be attributed to the crystal size and/or
shape. A similar spectral trend in the reflectance of snow
cover for this wavelength region was shown by Dunkie and
Bevans10 in which the prominence of the absorption band was
found to increase with increasing particle size.

Superspecular Maxima in Bidirectional Reflectance
As shown in Fig. 8, superspecular maxima are observed in

the visible and near-IR bidirectional reflectance results for
H2O films on black epoxy paint. These maxima occur at
reflection angles Bp that are greater than the specular
reflection angle, 0 = ̂ , and appear only for large incidence
angles, as indicated by comparison of Fig. 7 with Fig. 8. In
Fig. 7, which is for ^ = 0 deg and 33 deg, no superspecular
maxima are observed in the reflection distributions. However,
in Fig. 8, which is for \// = 55 and 66 deg, superspecular
maxima are present in the reflection distributions for the bare
substrate and also are observed in the reflection distributions
for H2O film thicknesses up to and including 50 p. It also is
noted in Fig. 8 that the difference between the angular
locations of the superspecular maxima and the specular
direction, A0 = 0p- i/s depends upon the thickness of the film.
This is illustrated better in Fig. 10, where A0 for an incidence
angle of 66 deg is displayed as a function of film thickness for
H2O films on black paint. The results shown for the H2O
films are for 0,9-/i wavelength and are taken from the
reflection distributions for films formed at deposition rates of
0.012, 0.044, and 0.098 p/s. From these data, it appears that

150
Thickness, \i

Fig. 10 Angular displacement of the superspecuSar maxima relative
to the specular direction for various thicknesses of H2O films on a
black epoxy paint substrate for A = 0.9 p and ̂  = 66 deg.

there is not an appreciable effect of deposition rate on the
angular displacements of the superspecular maxima. It is
shown in Fig. 10 that the angular displacement of the
superspecular maxima relative to the specular direction in-
creases from 3 deg up to a maximum of 7 deg as the film
thickness increases from 0 to approximately 25 /i. When the
film thickness increases above 25 /*, the angular displacement
of the superspecular maxima begins to decrease. An example
of this decrease may be seen in Fig. 8 by comparing the
reflection distributions for 20- and 50-pt films. It is further
observed in Fig. 10 that an additional increase in the film
thickness causes a continuing decrease in the angular
displacement of superspecular maxima. As the film thickness
approaches 150 /x, the superspecular maxima merges with the
arising specular peak. This can be seen, for example, in the
150-fji H2O reflection distribution of Fig. 8. Further increase
of the film thickness above 150 \L causes the magnitude of the
specular peak to rise in a manner similar to that observed for
the 150- to 500-^ thickness increase in Fig. 8. The resulting
500-/x reflectance distribution for A = 0.9 and T = 0.044 JJL/S is
shown in Fig. 9.

The appearance, for large incidence angles, of super-
specular maxima in reflection distributions has been observed
previously11 for rough dielectric surfaces with a a/A ratio
somewhat larger than unity. An explanation of this
phenomenon is presented in Ref. 11 and is based on a
representation of the rough dielectric surface as an aggregate
of microscopic facets with different inclinations, each of
which reflects radiation in accordance with the laws of
geometrical optics. It is shown in Ref. 11 that the occurrence
of superspecular maxima in the reflection distributions can be
attributed fully to local Fresnel reflection from microscopic
facets that have relatively small inclinations with respect to
the macroscopic surface. From this information, the oc-
currence of superspecular maxima for H2O cryofilms formed
on a black epoxy paint substrate, as shown in Fig. 8, and the
dependence of their angular location on film thickness, as
shown in Fig. 10? can possibly be explained as follows. It is
speculated that the rms roughness of the surface of the black
paint substrate was comparable to or greater than the
wavelength of the incident radiation, and the rms inclination
of the microscopic facets comprising this surface, although
small, was large enough to cause the superspecular maxima
observed in Fig. 8 for the bare substrate. It is postulated
further that the top surface of the thin cryofilms formed on
the black paint substrate was even rougher than the substrate
surface, and thus the rms facet inclination for the cryofilrn
surface was larger than the rms facet inclination for the bare
paint surface. If this postulate is correct, the angular
displacement of the superspecular maxima relative to the
specular direction should be larger, as is observed for the I0-/x
films in Figs. 8 and 10, The increase in the angular
displacement of the superspecular maxima as the film
thickened then indicated that the film surface became in-
creasingly rough, and its rms facet inclination increased until
apparently reaching some maximum value at a certain film
thickness. The rms facet inclination, after attaining its
maximum value, apparently decreased to a very low value
with further increase in film thickness, since the angular
displacement of the superspecular maxima decreased and
became quite small, as shown in Fig. 10. This indicates that
the H2O film surface, after reaching a maximum roughness,
became increasingly smoother with additional film thickness
increase. Such behavior for the H2O cryofiirn surface is
confirmed further by the emergence of a specular peak in the
reflection distributions of Fig. 8 and the increase in the
magnitude of this peak as the film thickened.

From the preceding discussion and the results in Fig. 10 for
H2O films, it appears that the surface profile characteristics
of the substrate have a large effect on the surface profile
characteristics of thin cryofilms but less influence on the
surface profile characteristics of thick cryofilms. This ob-
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servation is borne out further by noting that, in the reflection
distribution results for the films formed on the polished
copper substrate, no superspecular maxima ever occurred. In
this case, the rms surface roughness of the substrate (0.01 p )
was much less than the wavelength of the incident radiation.
Hence, the top surface of a thin film formed on the polished
copper, although likely to be rougher than the substrate
surface, probably would not have an rms facet inclination
large enough to cause a superspecular maxima. However, as
the film thickened, its surface would become rougher, and the
rrns facet inclination would increase to a value that might be
large enough to produce a superspecular maxima, For the
films formed on polished copper, it is speculated that the film
surface became rougher and the rms facet inclination in-
creased with thickness until reaching a limiting value, which
was not large enough to cause a superspecular maxima.
Hence, the surface of the H2O film, although rougher than
that of the copper substrate, was relatively smooth compared
to the wavelength of the incident radiation. This is confirmed
somewhat by the fact that water cryo films formed at 77 K and
low pressures have the form of vitreous ice, and x-ray dif-
fraction studies of these films in Ref. 12 indicate that they
have an amorphous structure and thus a relatively smooth
surface.

Summary
From the bidirectional reflectance measurements, it is

found that the presence of H2O cryofilms on a polished
copper or black paint surface causes radiation to be reflected
more diffusely. For an H2O film, the reflection distribution
retains a significant specular peak even at a film thickness of
500 /*. Also, superspecular maxima are observed in the
reflection distributions for H2O cryofilms on black paint
substrates, and the angular location of these maxima relative
to the specular direction is found to be a function of film
thickness and irradiation incidence angle. In addition, the
experimental results indicate that thin H2O cryofilms
backscatter significantly for large incidence angles. Also,
scattering interference patterns are seen in the bidirectional
reflection measurements for H2O cryofilms formed on
polished copper.
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