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REPORTS

The Opposition Effect of the Moon:
The Contribution of Coherent Backscatter

Bruce W. Hapke,* Robert M. Nelson, William D. Smythe

The opposition effect, the sharp surge in brightness of an astronomical object observed
near zero phase angle, which has been known for more than a century, has generally been
explained by shadow hiding. The reflectances of several Apollo lunar soil samples have
been measured as a function of phase angle in linearly and circularly polarized light. All
samples exhibited a decrease in the linear polarization ratio and an increase in the circular
polarization ratio in the opposition peak. This provides unequivocal proof that most of the
lunar opposition effect is caused by coherent backscatter, not shadow hiding. This result
has major implications for the interpretation of photometric observations of bodies in the

solar system, including the Earth.

The surge in brightness of a particulate
medium observed near zero phase angle
(the angle between the directions to the
source of illumination and the detector, as
seen from the surface) is called the opposi-
tion effect (I) and has been known for over
a century. It was first noted by Seeliger (2)
on Saturn’s rings and has since been ob-
served on a variety of bodies, including the
moon, Mars, asteroids, planetary satellites,
and terrestrial materials, including vegeta-
tion (3-5). It appears to be a nearly ubig-
uitous property of objects in the solar sys-
tem whose surfaces can be seen.

The explanation for the opposition ef-
fect that has been generally accepted during
all this time is shadow hiding, in which
particles in a planetary regolith cast shad-
ows on adjacent particles; those shadows
are visible at large phase angles, but, at zero
phase, they are hidden by the particles that
cast them. This model was first put forward
by Seeliger (2) and, with subsequent mod-
ifications (6, 7), has been a paradigm with-
in the remote-sensing community. Because
the width of the peak in the shadow-hiding
model depends on the porosity and particle-
size distribution (7), the model assumes
great importance in efforts to infer physical
properties of planetary regoliths from re-
mote-sensing data.

Recently, another phenomenon that
can cause an opposition effect has become
widely known: coherent backscatter. This
phenomenon, which is also known as weak
photon localization and as timie reversal
symmetry, is based on the fact that portions
of wave fronts that are multiply scattered
within a nonuniform medium and follow
the same path, but in opposite directions,
combine constructively at zero phase angle
to produce a brightness peak. The effect is
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most prominent when the particles are of
the order of the wavelength in size and have
high single-scattering albedos.

One of the earliest discussions of coher-
ent backscatter was by Watson (8), who
emphasized its importance in the interpreta-
tion of the backscattering of electromagnetic
waves from plasmas. It was first invoked as
an explanation for the opposition effect in
the scattering of visible light from particu-
late media by Kuga and Ishimaru (9). Since
then, a large number of experimental and
theoretical papers on the topic have ap-
peared in the literature (10). Models invok-
ing coherent backscatter have had consider-
able success in explaining the unexpected
radar properties of icy satellites (11).

It has been suggested that the opposition
effects observed on bodies of the solar sys-
tem at visual wavelengths might be caused
by coherent backscatter (11-13). It has also
been suggested (13, 14) that the phenom-
enon can cause negative linear polarization
and, hence, may account for the negative
branch of polarization that has been ob-
served on planetary bodies for over 60 years
(I5) but has never been adequately ex-
plained. Although these suggestions were
plausible, they remained speculative be-
cause solar system objects are illuminated
by natural sunlight, which is unpolarized,
and observations that might be used (11) to
decide the causes of the astronomical oppo-
sition effects either are not possible or have
ambiguous interpretations.

There are several reasons why the hy-
pothesis that coherent backscatter is the
cause of the astronomical opposition effect
has not been widely accepted. (i) Shadow
hiding is a plausible physical mechanism
that must occur in media in which the
particles are much larger than the wave-
length. (ii) The median size of lunar soil
particles is about 40 pm (16), and it was
not certain that there were sufficient num-
bers of small particles in the lunar regolith
to allow appreciable coherent backscatter.
(iii) The reflectances of many bodies of the
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solar system with strong opposition effects
are low [the moon’s Bond albedo, the frac-
tion of incident light scattered in all direc-
tions, is about 7% (17)], and it was not
clear whether there was sufficient multiply
scattered light for coherent backscattering
to be significant on their surfaces. (iv) The
width of the lunar opposition effect is about
5°, whereas all of the coherent backscatter
peaks from particulate media that had pre-
viously been studied in the laboratory had
widths an order of magnitude smaller. (v)
Both theory and experiment (10) predict
that the width of the coherent backscatter
peak is proportional to wavelength; howev-
er, no such dependence has been reported
for the lunar opposition effect.

Specular reflection from a smooth sur-
face preserves the direction of linear polar-
ization but reverses the helicity of circular
polarization. The polarization ratio of a
medium is defined as the ratio of intensity
scattered with the sense of polarization that
would not be expected upon reflection from
a smooth surface to the intensity scattered
with the sense that would be expected.
Hence, if linearly polarized light is inci-
dent, the linear polarization ratio is defined
as . = I; o/I; 5, where I g is the component
of the radiance scattered with its electric
vector in the same direction as that of the
incident light and I, is the component
scattered with its electric vector in the
orthogonal sense. Similarly, if circularly
polarized light is incident, the circular po-
larization ratio is defined as pc = Icg/Ico,
where I is the radiance of the component
scattered with the same helicity as the
incident light and I is that scattered with
the opposite helicity.

A single scattering of light from a parti-
cle into the backward direction is mainly by
specular reflection from the particle surface,
which tends to preserve the direction of
linear polarization but reverse the helicity
of circular polarization. In general, multiple
scatterings tend to randomize the polariza-
tion. However, many of the photons that
contribute to the coherent backscatter have
been scattered into the forward direction,
which tends to preserve the original sense
of linear polarization and original helicity of
circular polarization (10). In shadow hid-
ing, the opposition effect is caused entirely
by singly scattered light; hence, W, and pc
should both decrease as the phase angle
approaches zero. By contrast, in coherent
backscattering, the opposition effect in-
volves only multiply scattered light; hence,
because of the partial preservation of the
original polarization state, p; should de-
crease, whereas pc should increase as the
phase angle decreases within the opposition
peak. It has also been suggested (18) that a
high intensity in the backward direction
might be caused by increased incoherent
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multiple scattering. In that case, both
and pc should increase in the opposition
peak. Thus, measurement of both the linear
and circular polarization ratios provides an
empirical test for the determination of
which phenomenon is the primary cause of
the opposition effect in a given medium.
To carry out such a test, we obtained
samples of lunar soil brought to Earth by the
Apollo missions and measured their reflec-
tances in light of linear and circular polar-
ization (Table 1). Our measurements were
done at two wavelengths with the use of a
He-Ne laser at 633 nm (red) and a Cd laser
at 442 nm (blue) as sources. The samples
were illuminated at an angle of 5° from the
vertical, and the intensity of light scattered
from them measured in the principal plane
on the same side of the vertical as the

Table 1. Lunar samples and their normal
albedo.

Normal albedo

Sample
number Blue A = Red (A =
442 nm) 633 nm)
10084 0.058 0.077
15041 0.065 0.094
15271 0.093 0.128
15601 0.076 0.102
61221 0.323 0.375
65701 0.116 0.153
75121 0.064 0.083
79221 0.063 0.084
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Fig. 1. Bidirectional reflectances of the lunar
samples as a function of phase angle g in (A)
blue light and (B) red light, normalized to their
normal albedos, which are brightnesses rela-
tive to a halon standard at an incidence angle
of 5°, viewing angle of 10°, and phase angle of
5° (Table 1).
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direction of illumination. During the mea-
surements, the samples were continuously
rotated on a turntable about a vertical axis
to randomize effects of medium variability.
By means of polarizing filters, the incident
radiation was linearly polarized in a direc-
tion either parallel or perpendicular to the
scattering plane, and the radiances scat-
tered with polarization vectors parallel and
perpendicular were measured. When quar-
ter wave plates were added, right- or left-
handed circularly polarized light was inci-
dent on the surface and measured at the
detector.

Most of the samples were measured at
phase angles between 1° and 70°; however,
in circularly polarized red light, the samples
were measured between 1° and 20°. Unfor-
tunately, our apparatus prevented us from
measuring the polarized reflectances at
phase angles smaller than 1°; thus, we are
not able to see the highest part of the
opposition peak. However, this does not
affect our conclusions. Also, the blue laser
was less stable than the red one, so its data
are somewhat more noisy.

We measured bidirectional reflectance
as a function of the phase angle g (Fig. 1).
The sharp increase in reflectances at angles
smaller than about 5° is evident. For all
samples, when g is larger than about 5°,
both . (Fig. 2) and pc (Fig. 3) increase as
¢ increases. This is a result of the translu-
cency of the particles, which increases the
contribution of multiply scattered radiance
at larger phase angles. However, as g de-
creases into the opposition peak, w de-
creases, whereas pc increases. These results
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Fig. 2. Linear polarization ratio p, versus phase
angle g in (A) blue light and (B) red light. The
electric vector of the incident irradiance is
perpendicular to the scattering plane (27).
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provide unequivocal evidence that most, if
not all, of the opposition effect in each of
the lunar samples is caused by coherent
backscatter. For the brightest samples, the
decrease in p is minor, whereas uc > 1, as
predicted theoretically (10, 11).

The width of the coherent backscatter
peak is given by Ag = A/2wD, where D is the
transport mean free path for photons in the
medium (10). For strongly absorbing parti-
cles like the lunar regolith, D is roughly the
same as the spacing between scatterers. Be-
cause Ag = 0.1, the scatterers responsible for
the opposition effect apparently were sepa-
rated by distances of the order of 1 wm.
Because the mean particle size in the lunar
regolith is around 40 pm (16), it is likely
that these scatterers are small asperities on
the surfaces of larger grains. This conclusion
is consistent with experimental (19) and
theoretical (13) studies, which show that
wavelength-sized roughness on a surface can
cause coherent backscatter. The width of
the peak does not depend noticeably on
wavelength; this can be explained if the
scatterers responsible for the coherent back-
scatter have a wide size distribution (20).

The surfaces of most airless bodies in the
solar system are heavily cratered, which
implies the existence of lunar-like impact-
generated regoliths on these bodies. The
surprising observation that even the darkest
lunar samples exhibit a pronounced in-
crease in pc at small phase angles implies
that coherent backscatter, rather than
shadow hiding, is the primary cause of the
opposition effects on all of these bodies.
The very narrow opposition peaks on some
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Fig. 3. Circular polarization ratio g versus
phase angle gin (A) blue light and (B)-red light.
The helicity of the incident irradiance is left-
handed (27).



icy satellites (4) had severely strained the
shadow-hiding models (6, 7) but are easily
explained by coherent backscatter. This
phenomenon also accounts for the en-
hanced brightnesses of lunar rays near full
moon, which shadow-hiding models have
difficulty explaining.

These results also have implications for
terrestrial remote sensing from aircraft and
Earth orbiters. Like soil, vegetation exhibits
an opposition effect, which is known to
agronomists as the hot spot. Because of the
large sizes and separations of leaves in vegeta-
tion compared with the wavelength, it is
likely that most of the hot spot is caused by
shadow hiding. However, individual leaves
also exhibit an opposition peak (5), which
may be caused by coherent backscatter be-
tween cells and other microscopic elements of
the leaves. Which effect dominates the hot
spot in vegetation remains to be determined.

Because shadow hiding must also occur in
planetary regoliths, it is unlikely that coher-
ent backscatter is the only cause of opposi-
tion effects. However, it appears that coher-
ent backscatter dominates most of the oppo-
sition peaks observed in the solar system.
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Manganese Oxide Octahedral Molecular Sieves:
Preparation, Characterization, and Applications

Y. F. Shen, R. P. Zerger, R. N. DeGuzman, S. L. Suib,*
L. McCurdy, D. I. Potter, C. L. O’Young*

A thermally stable 3 x 3 octahedral molecular sieve corresponding to natural todorokite
(OMS-1) has been synthesized by autoclaving layer-structure manganese oxides, which
are prepared by reactions of MnO,~ and Mn2* under markedly alkaline conditions. The
nature and thermal stability of products depend strongly on preparation parameters, such
as the MnO,~/Mn2* ratio, pH, aging, and autoclave conditions. The purest and the most
thermally stable todorokite is obtained at a ratio of 0.30 to 0.40. Autoclave treatments at
about 150° to 180°C for more than 2 days yield OMS-1, which is as thermally stable (500°C)
as natural todorokite minerals. Adsorption data give a tunnel size of 6.9 angstroms and an
increase of cyclohexane or carbon tetrachloride uptake with dehydration.temperature up
to 500°C. At 600°C, the tunnel structure collapses. Both Lewis and Brénsted acid sites have
been observed in OMS-1. Particular applications of these materials include adsorption,
electrochemical sensors, and oxidation catalysis.

T here are several naturally occurring man-
ganese oxides with one-dimensional tunnel
structures, such as hollandite, which con-
sists of MnQOg octahedra shared by vertices
and edges making (2 X 2) octahedral unit
tunnels (I-3), romanechite with (2 X 3)
tunnels (3, 4), todorokite with (3 X 3)
tunnels, and materials with larger tunnels
like (3 X 4) and (3 X 5) (5-14). Todoro-
kite appears to be the most interesting of
these because it has the largest tunnel (6.9
A) as well as cation-exchange behavior like
zeolites (5, 11).

Natural todorokite is poorly crystalline,
impure in composition, and coexists with
other manganese oxide minerals. Applica-
tions of natural todorokite have therefore
been limited, and the exact identification
of this material is complicated. Many fun-
damental questions remain concerning the
chemistry of todorokite.

Manganese oxides with hollandite tun-
nel structures (2 X 2) have been synthe-
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sized (15, 16). A large crystal of
Rbgy ,;MnO, with a 2 X 5 structure has
been prepared by reaction of f-MnQO, with
RbOH in a gold capsule at 350°C and 200
MPa (17). Todorokite ‘was reported to be
synthesized in 1971 (I8), but its validity
was doubted (19). Recently, Golden et al.
reported the hydrothermal transformation
of buserite (which has a layered structure)
into todorokite (20, 21). Initially the lay-
ered mineral birnessite forms and is ion-
exchanged to form Mg birnessite (that is,
buserite). However; no thermal stability
was reported for their synthetic todorokite.
We used the method of Golden et al. (20,
21) to prepare todorokite, but the structure
for the resultant material was found by x-ray
diffraction (XRD) and surface area mea-
surements [Brunauer-Emmett-Teller (BET)
isotherms] to collapse on calcination at
300°C after 1 hour in contrast to natural
todorokites, which are stable to at least
500°C (22). )
Hydrothermal syntheses of the poly-
morphs of MnO, from reactions of MnO,~
and Mn?" are known to depend critically
on the nature of precursors (23) and exper-
imental conditions (15, 24). We have de~
veloped Mg(MnQ,),-MnCl, reactions for
preparing stable synthetic todorokite.
Washed Mg?™ layered manganese oxides,
which were obtained by ion exchanging
Na*-type layered manganese oxides (25),
were autoclaved at 155° to 170°C for 10 to
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