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SUMMARY

This report is a review of the large body of
experimental and theoretical information relating to the
photometry of the moon, written, primarily, for those who
have a direct interest in the subject matter.

In the report an attempt is made to display the
salient lunar light reflecting properties which are controlled
by the exact nature of the lunar surface microrelief., This
summary presents a brief discussion of a currently favored
model of the lunar surface covering layer and compares this
model with the conclusions necessitated by photometric data.
Subsequently a listing 1s given of factors excluded from the
study and finally conclusions and recommendations are
presented.

Description of the ILunar Covering Surface

From a consideration of the experimental lunar
photometric and polarimetric data, laboratory experiments
and theoretical models, the following lunar surface properties
are necessitated:

(A) Nearly the entire lunar surface must have a
uniform cover layer made up of nearly opaque
material, This cover layer must have low
surface reflectivity and possess an extremely
porous and interconnected structure giving it
complex shadow-casting properties 1in order to
exhibit the characteristic lunar photometric
behavior,

(B) In addition to these properties the layer-
vacuum interface must be made up of highly
irregular granule agglomerations, having mean
dimensions of the order of a tenth of a

21771 tmatrar AanAd atmitTaoanv ananin
millimeter and similar spacings in corder th

it exhibit the lunar polarization character-
istics, especially the correct so-called
negative polarization behavior,

at
i v

Laboratory studies, at atmospheric pressures, have
shown that it 1is possible to form a surface composed of complex
overlapping dendritic structures of opaque grains having
average dimensions of about 1/50 mm (if larger grain sizes
are used to form the structure, consolidation results). This
surface has been found experimentally to closely approximate
the photometric properties of the lunar surface; however, thils
artificial surface does not display the same polarimetric
behavior as the lunar surface.




A complex low-density matrix results when the bonding
forces between the contact faces of grains are larger than the
gravitational body forces acting on the grains. When the
bonding forces are small, consolidation or a tight packing of
gralns results. On the moon, the bonding forces between
grains may result from a cementing process, where such a
process could be due to the grains being sprayed with hot
vapors from mlcrometeorite explosions on the surface, vola-
tile materials being slowly evolved from the lunar interior,
or sputtering. The intergranular bonding forces also may
result simply from ultra-clean grain faces being in close
proximity. The density as a function of depth and the bearing
strength properties of such a poorly organized matrix will
depend primarily upon the exact nature of the bonding forces.

Information Not Obtainable From Present Study

It should be stressed that certain types of infor-
mation cannot be obtained from an analysils of lunar
photometric, polarimetric, and colorimetric data:

(1) Essentially no information relating to the
correlation distances of lunar surface
irregularities smaller than about 660 feet
can be obtained since this is the lower 1limit
of earth-based telescopic resolution,

(2) ©No information concerning the nature of the
underlying structure of the lunar surface can
be obtained, since visible light can penetrate
at most a few mlillimeters into even a quite
poroug surface layer.

(3) A4lthough the reflection coefficients of terres-
trial materials are helpful in determining
terrestrial material types, this has not been
found to be true in the case of the moon.

(4) Even though different lunar regions have slight
color differences, these small differences have
been of 1little value 1in searching for terres-
trial analogues of lunar materials. Furthermore,
any original color of lunar materials probably
has been drastically modified due to bombard-
ment by solar x-rays, solar flare protons, the
solar wind, micrometeoroids, etc,

(5) No information concerning albedo differences
on a scale less than about 660 feet (lower
limit on telescopic resolving power) can be
obtained. Hence, the lunar photometric
function does not take into account local
aibedo differences or gross shadowing.



Conclusions

One can reasonably conclude, on the basis of the pre-
vious conslideratlons, that the lunar surface 1s not covered
with loose dust, in any ordinary sense, but in fact is covered,
to at least millimeter depths, with an intricate matrix made
up of small adhesive grains, probably resulting from pulveri-
zatlon of lunar surface material by micrometeoroid bombardment.,
The strength properties of such a matrix on the lunar
environment can only be poorly estimated at thils time.

Recommendations

It is recommended that serious attempts_be made to
simulate, under ultra-hlgh vacuum conditions (10-11 mm of Hg),
an artificial surface matrix having lunar photometric and
polarimetric properties.

Such an artificial surface layer would be of great
value to Project Apollo 1n two ways:

(A) TIunar surface lighting condition simulators
could be made more realistic.

(B) The bearing strength properties of such a
layer could be analyzed 1in detall, both
experimentally and theoretically.



PHOTOMETRY AND POLARIMETRY OF THE MOON AND THEIR RELATIONSHIP

IT.

TO PHYSICAL PROPERTIES OF THE LUNAR SURFACE

INTRODUCTION

By observing the variation of brightness of the
moon under varying conditions of 1llumination, one 1s
able to obtain information about the lunar surface whilch
at present cannot be obtained by any other means,
However, complete information requires observation over
the entire visible spectrum and in two planes of polari-
zation. Integrated photometry is the study of the total
radiation from the moon and detailed photometry 1s the
study of an area so small that 1t may be considered to
be located at a point on the lunar surface.

HISTORICAL BACKGROUND

For a long period of time 1t has been known
that the moon is characterized by certain remarkable
photometric prcperties, which are dependent evidently
on the detaliled structure of its surface. For instance,
at full moon the distribution of brightness over the
disc i1s nearly uniform. This pecullar property (lack
of 1imb darkening) of the moon was considered as long
ago as the seventeenth century by Galileo in his well
known '"Dialogues on Two Systems of the World. He
explained this peculiarity by assuming that the lunar
surface was covered by a very rough microrelief as well
as by very steep mountains which cast shadows that
were easlly seen by the telescope. Modern photometric
observations have fully conflrmed this coneluslon and
have enabled us to unravel many peculiarities of the
microrelief; in particular, the lunar surface has been
found to reflect strongly in the direction of the sun,
regardless of surface orientation, which 1s a very
unusual reflection property.

Another remarkable feature of the lunar surface
consists in the uniformity of the microrelief. Although
visual observations of the moon have been made for over
300 years and photometric measurements for more than
50 years, no quasi-specular reflecting areas have been
found. This indicates that the microrelief is uniform
over the entire visible surface of the lunar sphere and
is independent of the morphology and the albedo of the
different areas.
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The first systematic studies of the photometric
properties of the moon were carried out by Herschel (1847)

ITT.

who studied the variation of the Integral brightness of
the moon over the lunar cycle. TLater Bond (1861) ob-
served the brightness of the moon during the lunar
cycle, using the reduced image of the moon as formed by
reflection from a small silvered sphere. He was the
first to reallze that the extant theories did not de-
scribe correctly the variation of the integral bright-
ness of the moon throughout the lunar cycle, One of
the major deflciencles in all of the early observations
of the moon was the lack of knowledge concerning atmos-
pheric extinction. To Russell (1916) must go the
credit for re-examlination of all previous data taking
atmospheric extinctlon into account and consequently
being able to reduce the mean errors in the variation
of the integral brightness to reasonable values.

More recently a careful determination of
integral brightness varlatlon has been made by Rougler
(1933). He pointed a photocell, without a telescope,
toward the moon and matched the signal with that from
a standard 1ncandescent lamp. The integral brightness
versus lunar phase angle, g, curves of Rougler and of
Russell are shown in Figure 1. It should be noted
that the brightness is sharply peaked at g = O or at
full moon. For a definition of the angle g consult
Flgure 2,

MODERN PHOTCOMETRIC MEASUREMENTS

Detailed photometry of individual regions
on the moon 1s a comparatively recent branch of
astrophysics. The first rellable measurements were
made visually by Wisliscenus (1895) and published
by Wirtz in (1915) and by Barabashev (1922), The
visual method of photometry has been used even 1in
recent times (Sytinskaya and Sharonov, 1952) due to
the fact that the eye is well known to be superior
to any instrument in distinguishing small detall and
in having a large dynamic range.

Most modern investigations, however, make use
of photographlic phctometry and measure ti:e density of
a photographic plate with a microphotometer. The
dynamic range of the 1light signals to be measured 1is
in general so great that diaphragms have to be intro-
duced during the various lunation phases. JSpecial
corrections alsc have to be made for the veil which
is always found around lunar photographs which 1s prob-
ably due collectively to atmospheric scattering, to
photographic effects, and to diffracted or multliply
»eflected light inside the telescope.
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Since the, advent of the photomultiplier,
lunar photometric measurements have been made with this
valuable instrument., Markov (1948) was the first to
use 1t to study the integral brightness of successive
annular regions of the lunar surface by putting a
diaphragm in the focal plane of the telescope and
screening off successive rings. In 1950 he observed
the brightness of 18 points on the lunar surface
during an entire lunatlon; taking various stars as
standards nhe could determine atmospheric extinction
for each night.

One of the most complete experimental studiles
of the moon was carried out in the years 1948, 1949
at the Karkov Observatory by Fedorets (1952). Photo-
graphs of the moon were taken by means of a lunar
camera mounted on a 160 millimeter refracting tele-
scope, In order to record the large range of
brightness of the same feature at different phases of
the moon, dilaphragms with apertures of different
diameter were placed in front of the telescoplc objec-
tive lens. All of the photographs were connected
with one another in the following fashion: for each
phase of the moon two plates were exposed on which
there were already photographs of the preceding
vhase, and two plates were exposed on which photo-
graphs would be taken for the next day's observation.
Tn all, 160 photographs of the moon were made at
L0 different phases. These photographlc plates were
then measured with a microphotometer, for 172 lunar
reglons, distributed almost uniformly over the entire
surface of the moon. From the analysls of these
measurements, tables were constructed 1in which the
angle of incidence i, the angle of emergence €, and
the relative brightness were given for each feature
and for each lunar phase angle g. Fedorets also
constructed curves of brightness versus angle of the
measured regions, and brightness versus angles of
incidence and emergence of the same features. TFedoretfs’
results are especilally valuable because she obtalned
measurements very near full moon (|l g | = 1.5°) by
observing Jjust before a lunar eclipse.

A very careful investigation of the
photometric properties of several homogeneous objects
on the moon was recently made by Van Diggelen (1959) .
Prctometric measurements of 38 crater floors were
svtained by analyzing photographs that were exposed
in 1946, by Minnaert at the Yerkes Observatory, for
five different pnase angles of the moon. This inves-
tigation contains a thorough discussion and analysis
of the many previous photometric measurements of fthe
moon. It also critically discusses each of the

T . E—



several reflection theories which have been proposed
to account for the observed photometric properties
of the moon.

EXPERIMENTAL PHOTOMETRIC RESULTS

The coordinates of a point on the surface
of the moon can be described in terms of a luminance
longitude, a, and a luminance latitude, B, (Figure 2).
In photometric investigations, the natural great
circle to employ is the one which passes through the
sub-solar point, S, and the sub-terrestrial point, E.
Tuminance longitude is measured positively along this
intensity equator from left to right from the sub-
terrestrial point while latitude 1s measured in the
usual manner along meridians perpendicular to this
equator. The longitude of the sub-solar point is
the solar phase angle, g.

For any point on the lunar surface, P(a,B8),
we have cose = cosB cosa. cosi = cosB cos(g-a),
where 1 and € are the angles of incldence and emergence.
It can be seen that when the angle of incidence 1s
equal to the angle of emergence, which occurs at full
moon, the phase angle, g, must be zero,

In order to display over-all lunar photometric
results we shall now discuss the most recent survey
of this field which 1s found in the paper of
Van Diggelen (1959). Van Diggelen has established
four standard points as being representative of the
moon. Their coordinates P; (a,B8) are: Py (0°,0°),
P, (6°,%60°), P3 (-60°,0°)5 By (-60°,%60°F. Points
2 and 4 have 8 = #60° so each "poilnt"' 1s in actuality
two points and an average of the two photometric
functions is taken in each case.

Van Diggelen has also divided the moon into
four crescents for purposes of analysis which are
characterized as follows:

CRESCENT PHOTOMETRIC LONGITUDE
I. Central 0° to +10°Y with 10 craters
II.  Second +10° to +30° "2 '
TII. Third +30° to +50° " 10 '
TV, Limb +50° to +90° " 10 "

Each of the four crescents were further sub-
divided into three latitude strips, having latitudes
between 0°-20°, 20°-40°, 40°-90°, in both the north and
south directions.




The USAF Lunar Reference Mosaic which has
been taken as the standard coordinate system for this
report, on which the four crescents and four standard
points of Van Diggelen have been located, 1s shown
in Figure 3.

Individual albedo differences of the craters
have been normallized in such a way that the bright-
ness of each crater floor has a value of 1.00 at full
moon. The mean brightness was then found from all
points within the area determined by a given strip
and crescent. In this manner a mean brightness curve
was determined for each 6f the areas. From an exami-
nation of Figure 4 it can easily be seen that there 1s
no systematic variation of the brightness curve wilth
latitude, and there is only a variation with longiltude
as Tschunko (1949) had concluded. Averaging the
brightness of the three different strips of latitude
of a given crescent, Van Diggelen then obtained a mean
brightness curve for the four crescents. His bright-
ness curves are reproduced here as Filgure 5 for the
four crescents. It can be seen from an examlnation
of these curves that the brightness of each crescent
1s sharply peaked at exactly zero phase. Let us next
examine brightness curves of four craters (Figure 6)
near Van Diggelen's four standard points. It can be
seen that all craters reach thelir peak intensity at
exactly zero phase angle, as dld the crescents,

In contradlstinction to these four craters,
let us now examine (Figure 7) four craters which are
near the standard points but are characterilzed by
belng bright-rayed craters. It 1s clearly seen that
maximum brightness of each of these craters occurs
at about 12° after full moon.

It should be noted in Figure 6 that lhe
experimental points have been roughly characterized
by two straight lines, which tell one 1in first
approximation the values of g at »nich the brightness
is a maximum and at which it goes =o zero (location
of the terminator). This "triangle' representation
of brightness was first introduced by Tschunko (1949)
and 1s used extensively in Van Diggelen's lunation
curves (i.e., brightness versus lunar phase angle).

Thus far we have examined only the change
of brightness due to a change 1in phase angle. It 1is
very instructive to examine the brightness or
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photometric function* as a function of the luminance
longitude, a, for fixed values of the phase angle g.

If we use the experimental observatlon that
the photometric function is essentially independent
of luminance latitude, we can express the brightness of
the surface in terms of only the longitude, «, and the
phase angle g. Herriman, Washburn, and Willingham (1963)
have made an examination of the data of Fedorets (1952),
mentioned previously, and after hand-smoothing this
data, have constructed curves showlng the dependence
of the photometric function, ¥, upon lunar phase
angle and photometric longitude. From examining
their photometric function (Figure 8) one can see,
for instance, the rapid variation of the photometric
function near a = 90° for small values of the phase
angle g. Thils, of course, 1s the clrcumstance 1in
which one 1s looking at the lunar surface near the
terminator. From this figure one can also see that
when g = 0 (i1.e., at full moon) the brightness is
constant with longitude, as it should be.

Byrne (1963) has used the photometric
functions of Herriman, Washburn, and Willingham to
construct a photometric surface from which one can
easily obtain the brightness of any point on the moon
at a given lunar phase. This surface has been found
to be particularly useful 1n analyzing the lunar
lighting conditions under which an orbiting satellite
would be required to take pictures.

This photometric surface was constructed by

making panels, the outlines of which were the various

(a,g = const) curves. By setting these panels
parallel to each other along a phase angle axlis for
both halves of the visible moon the surface comes
into being. Because there 1s a small number of panels,
wires to indicate sample profiles were used. Different
photographic views of this photometrlc surface are
shown in Figures 9, 10, and 11, From an examination
of Figure 11, one can easlly determine the brightness
versus phase angle g of a point on the moon by
following a wire profile running over the surface.

* The terms brightness versus phase angle, lunation
curve, photometric functlon versus phase angle are used
somewhat indiscriminately in the literature. We shall
primarily use the term photometric function,

(see Appendix A, page 4)



PHOTOMETRIC FUNCTION, &

oo

0.8~

RN ot

0.2

AN

-80

-60

40 -20 ] 20 40
3 i

Figure 8 The photometric function vs. a

(After Herriman, Washburn, Willingham 1963)

60

80




PHASE anoLE

Y P g A e A RN

S
v 0

z
g
=
w
ra
=
&
8
(=
o
z
>
[y
o
T
w
3
o
-
o
I
a

-

v

(After Byrne, 1963)

Figure 9




Figure 10

(After Byrne, 1963)




(After Byrne, 1963)

Figure 11




Since the sun travels from east to west around the
moon (right to left in Figure 11) we can see by
examining the wire profile closest to us, which rep-
resents a point at +45° (east) longltude, that the
brightness at lunar morning rises relatively slowly
to a maximum at full moon and then very quickly
drops, becomlng zero when the phase angle has reached
-45°, On the other hand, by examining the wire pro-
file which 1s farthest from us which applles to a
point at -45° (west) longltude, we can see that the
brightness at lunar morning rises rapidly begilnning
at a phase angle of +45°, reaching its maximum at
full moon, and then decreases slowly to zero at a
phase angle of -135°. These two asymmetric profiles,
of course, can be seen to be mirror 1lmages of each
other. A point located at zero longiltude, as can be
seen from the center wire proflle, has a completely
symmetric photometrlc function.

We have observed that the lunar brightness
versus g for polints on the eastern limb of the moon
has a slow rise and a fast descent and vice versa
for polnts on the western limb. Thils observation is
easily explained, once given that the brightness of
all points on the moon 1s a strong function of the
phase angle g, having 1ts maximum value at g = O.
Consider a point on the extreme eastern limb at say
a = 85°, At g = 175° (grazing incidence, hence small
scattering) illumination of the point first occurs
(1.e., new moon). It is clear that as the phase
angle decreases from 175° to 0°, that the brightness
will monotonically ilncrease to itd maximum value,

On the other hand, when g approaches -5°, which is
the condition that the polnt be at the terminator
(again grazing incidence)f the brightness must approach
zero. Hence the "average' slope of brightness must
be larger in the interval g = 0° to g = -5°, when
compared with the interval g = 175° to g = 0., Of
course, any serious moon-watcher will have observed
this phenomenon many tilmes.

OLDER THEORETICAL PHOTOMETRIC FUNCTIONS

Many theoretical attempts have been made to
derive the lunation curve from physical theories which
are concerned with the penetration and scattering of
light inside of a plane surface layer made up of solid
diffusing material. The simplest reflection laws are
those of Lambert and Lommel-Seeliger, which are a
function only of the angles of incidence and emergence,
The Lommel-Seeliger law has the advantage of having a
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theoretical basis, while that of Lambert does not

(see Appendix A for derivations). As is shown in the
Appendix A, the Lommel-Seeliger law represents

correctly the appearance of a full moon, slnce it

gives a uniformly bright surface. However, at all

other phase angles 1t agrees very poorly with the obser-
vational data. Nelther the Lambert or the Lommel-
Seeliger law satisfies the condition that the brightness
of all lunar areas reaches maximum brightness at

full moon, rather than when the angle of incidence

has 1ts minimum value.

It might be thought that a more satlisfactory
lunar theory of the diffuse reflectlion could be
obtained by carefully analyzing the scattering
processes 1n a solid body, taking into account second
order and non-isotropic scattering. However, the
results of such considerations have entirely failed
to describe the lunar observations.

There have been several attempts to obtailn
empirical expressions for the photometric function,
among which the more successful were those obtalned
by Opik (1924) and Fessenkov (1926). Van Diggelen
has compared the results of four different photometric
functions with the Tschunko triangles for his four
standard points in Figure 12, Of all of these curves,
it can be seen that only the formula of Oplk could be
sald to reasonably represent the experimental data,
and 1t only in the case of points at zero longitude,.

The visible part of the moon has a very
rough structure, with a great number of large and small
irregularities, craters and mountains. These irregu-
larities cast shadows which grow larger as the angle
of incidence of the solar radiation lncreases. Since
the best resolution that one can obtain with tele-
scopic observation of the moon is about 660 feet, it
is quite possible that the major photometric effects
one observes are due essentially to the formation of
shadows which are much too small to be seen separately.
The scattering function for individual surface parti-
cles may be relatively unimportant when compared with
the effects of geometrical shadowing. A surface
which 1s partially occupied by pits or clefts, too
small to be seen directly with a telescope, but which
cast shadows nevertheless, gives much better agree-
ment with the integral brightness versus phase angle,
as has been shown by Schoenberg (1925)., Barabashev (1922)
has elaborated a theory of clefts in which he calcu-
lated the intensity of 1light reflected by a plane
surface, crossed by infinitely deep parallel clefts
with perpendicular walls. Markov {(1924) then extended
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this theory to grooves located arbitrarily on the lunar
disc. He made his calculations for three forms of
reflection laws for the surface 1itself: First, he
assumed the law of Lambert; second, that of Lommel-
Seeliger; and third, the Fessenkov law. The Fessenkov
law was used in comparing his theory with observa-
tions of the crater Grimaldi and Figure 13 shows the
comparison between this theoretical calculation and
the experimental polnts, As can be seen, the theo-
retical curve agrees fairly well with the data points
near zero phase angle, however, it deviates widely
otherwise, Since the macroscoplc structure of the
lunar surface shows us a great number of circular

and hemispherical plts as compared with only a small
number of clefts, one 1s not too surprised to find

a lack of agreement of this type.

The theory of Bennett (1938) assumed that
the lunar surface was a surface layer covered by a
great number of hemispherical pits or cups similar to
the porous surface of pumice. He made very simple
assumptions about the reflectlon law of these pilts or
cups: namely, that brightness varles directly with
the fraction of the visible area of the 1lluminated
inner surface., For the plane surface between the cups
he assumed Lambert's law to apply. Van Diggelen has
compared the results of the theory of Bennett wilth
observations at hils four standard polnts, and the
results are shown in Figure 14, Though the agreement
between the experimental trilangles and the theory
1s falr, it leaves something to be desired, especlally
in the cases of larger longitudes.

SUMMARY OF PHOTOMETRIC RESULTS

A summary of the sallent features of lunar
photometric observations thus far discussed 1is:

(a) Except for individual differences in albedo
(see Table I), the brightness at full moon is
the same for all points on the lunar disc.

Markov (1924); Markov and Barabashev (1926).

(b) The brightness of all points increases up to full
moon and then decreases after full moon indepen-
dently of their position on the lunar dise, This
“mportant effect for maria was discovered by
Barabashev (1922) and generalized to all lunar
formations by Markov (1924) on %the basis of rather
primitive measurements which have subsequently been
verified for the great majority of the regions
studied. Maximum brightness for most regions
occurs at the smallest measured phase angle (1.5°):
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TABLE |

Albedo Color Excess
Type of object or material Q D
Aver. Extreme Aver. Extreme
Moon, maria and floors
of dark cirques 0.065 0.05 0.08 +0.339 +0.29 +0.40
Moon, pali 0.091 0.09 0.10 +0.349 +0.31 +0.37

Moon, continents and
floors of craters
with normal co-

louring 0.105 0.08 0.12 +0.347 +0.31 +0.38
Bright rays and craters

with bright floors 0.140 0.10 0.18 +0.352 +0.31 +0.39
All parts of Moon together 0.090 0.05 0.18 +0.344 +0.29 +0.40
Volcanic slag, scories 0.060 0.02 0.14 +0.11 -0.013 +1.28
Volcanic tuff 0.193 0.06 0.43 +0.29 -0.15 +1.10
Pumice 0.354 0.13 0.55 +0.43 +0.05 +0.81
Dunite, periodotite 0.104 0.06 0.16 -0.01 -0.17 +0.25
Gabbro, norite 0.155 0.08 0.21 -0.04 0.17 +0.12
Basalt 0.133 0.06 0.28 -0.05 -0.31 +0.15
Diabase 0.151 0.11 0.19 -0.02 -0.19 +0.13
Andesite 0.139 0.08 0.31 -0.02 -0.12 +1.10
Granite 0.244 0.04 0.70 +0.39 -0.09 +1.23
Metamorphic rocks 0.281 0.08 0.78 +0.26 -0.25 +0.99
Ciays and schist 0.251 0.12 0.50 +0.33 -0.24 +1.53
Sand 0.240 0.10 0.40 +0.49 +0.06 +1.22
Sandstone 0.222 0.06 0.54 +0,66 +0.03 +1.54
Limonite, ortstein 0.131 0.05 0.35 +0.69 0.00 +1.24
Limestone, marl 0.325 0.06 0.80 +0.38 -0.13 +1.52
Stone meteorites 0.183 0.04 0.48 +0.10 -0.16 +0.36
Fusion crust of meteorites 0.052 0.02 0.17 +0.11 -0.10 +0.38

(After Sharonov, 1962)




VII.

- 10 -

however, certain regions (craters, continents,
and rays) attain maximum brightness at about
5-1/2° after full moon. Some fea“ures attain
maximum brightness as late as 12° after full
moon. Thls anomalous behavior remains a mystery
and apparently is to be explained by some very
peculiar orientation characteristic of the
microrelief of these regions.

(¢) The maxima of the brightness of the bright rays
are higher and sharper than the maxima of the
reglons adjacent to them. This more rapld
Increase 1n brightness of the bright rays relative
to the surrounding surface 1s evidently to be
explained by some difference 1n the material
composition of these regilons.

(d) All objects which have the same photometric
longitude have the same brightness (i.e., there
is essentlally no latitude dependence) after
albedo differences of individual objects have
been taken into account., Thls observation was
first made by Tschunko (1949), and greatly
simplifies the analysis of large quantities of
data, since the photometric function, ¥, depends
only upon the lumlnance longltude and phase
angle.

(e) The scattering function of the lunar surface is
characterized by having very strong back-
scattering as was found by Orlova %1955, 1956) .

EXPERIMENTAL PHOTOMETRIC STUDIES OF TERRESTRIAL MATERIALS

A great many experlmental studles have been
made which have attempted to simulate the photometric
propertics ¢f the moon's surface with terrestrial
mafterials. Outstanding among these studles were
those that have been carried out by Barabashev and
Chekirda (1945) for different terrestrial rocks both
in their natural state and in a pulverized state.

They then compared the laws of reflection found for
them with that of the lunar surface. Thls made it
possible for the authors to conclude that the surface
of the moon is extremely porous and that possibly it
is covered with fragments of volcanic rock. A useful
quantity in such studles 1s the albedo which is defined
to be the ratio of the brightness of an obJject to that
of an "ideal white screen" under the same conditions
of illumination (see Appendix A). Comparing lunar
albedo values (found in Table I, taken from Sharonov
(1962)), it 1s seen that only very dark substances
such as volcanlec slag and the crust of meteorites
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have values of albedo as low as those of the moon.
Substances such as pumice, sandstone, clay, as well as
granite, are found to have much too large values of
albedo.

Sytinskaya (1953) has constructed a statis-
tical distribution function of the lunar albedo
values over the complete lunar surface, which is
found in Figure 15,

Van Diggelen (1959) has made experimental
investigations of the reflecting powers of various
terrestrial substances, as well as surfaces on which
there were placed plts and cups as well as glass
beads. Especlally interesting among hls experimental
investigations 1s the measurement of the photometric
function of different volcanic ashes, the results of
which are compared with his four standard points in
Figure 16. As can be seen, the lunation curves of
volcanic ashes devlate wldely from the lunar curves,
represented by the triangles, especially at the
larger longltudes. In Figure 17 1s dilsplayed the
results of Van Diggelen's measurements of the photometric
function obtained with a surface which was 36% occu-
pled with cups. As can be seen, agreement 1s by no
means exact. In Figure 18, we see Van Diggelen's
results for a plate that is 100% occupied with cups
and covered with magnesium oxlide as well as with a
black powder. Again, the results are seen to be not
too satisfactory. In Figure 19 we see hls results for
a plate which is occupied 100% with humps, which is
again not satisfactory.

Two more cases wlll be discussed which are
somewhat amusing, perhaps, but in fact seem to point
to the correct scluticn of the problem. Van Diggelen
investigated a surface covered by seeds and also a
surface covered by lichen - 1n particular,

'Cladonia Rangiferina'. The measured properties

of these surfaces compared with the four standard
points is given in Figures 20 and 21. By comparing
Figure 21 carefully with the experimental data from
the four standard points, 1t can be seen that the
photometric properties of the lichen surface are a
very good approximation to the lunar surface. A
comment by Minnaert (1961) on this agreement may be
in order. He says: 'Van Diggelen's attempt to
reproduce the optical properties of the lunar surface
bv a thick layer of the loosely ramified lichen
'Cladonia Rangiferina' was particularly successful.
As a result of the smallness of the lunar gravitation
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force, very loose surface formations may be formed,
wlth properties similar to those of our model. The
true structure may be intermedlate beftween this and
the hemi-ellipsoidal cup."

Of course, one sghould not infer from this
result that the surface of the moon is made of lichen
or "reindeer" moss. Rather, one has one's view
strengthened that the surface of the moon 1s made up
of a fine mesh of highly absorbing material whose
structure is sufficiently interconnected to afford
extensive shadowing.

A RECENT THEORETICAL PHOTOMETRIC FUNCTION

Hapke (1963) in a recent paper has derived
an expression for the photometric function of a layer
which 1s a complex interconnected matrilx of particles.
As a starting point he utilized the Schoenberg-
Lommel-Seeliger law (see Appendix A, page 2). He
chose as the particle scattering function

£lg) = sin(g) +W(7T—g)008(g) )
a function which strongly back scatters. This
function was derived by Schoenberg (van de Hulst, 1957)
and represents the scattering from a randomly oriented
particle with rough faces.

In addition to choosing f(g) to be a strong
back-scattering function, Hapke accounted for the
blockage of the "line of sight" of one particle by
another. The baslis of thls part of his analysls is the
observation that a light ray which has penetrated
Into the matrix to a given depth before being scattered
has a "preferred" direction for escaping, namely
aleng that direction from which i%2 entered. To quote
Yapke: "A simple model which takes into account this
effect can be constructed as follows: Instead of
considering the 1idealized surface as a homogeneous,
absorbing medium, let the surface layer be made up of
circular tubes of radius of the same order of magnitude
as the average spacing between particles and whose
axes remaln always parallel to the directflon of the
incident of radiation. Light entering the cylinder 1is
attenuated exponentially. Light rays reflected at a
given depth of the cylinder at such an angle as to
pass through the walls of the cylinder in which they
are reflected are also exponentially attenuated in
propcrtion to thelr path length, as in Lommel-Seeliger
scattering, but reflected rays which <o not 1ntersect
the wall and pass out fhrough the ends of the tube are
not attenuated at all."
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To account for this "preferred" direction
effect, Hapke, using his model, calculated what he has
called the retro-directive function, B(g,p), which is
only a function.9f the phase angle, g, and the
parameter, p = jB (r 1s the radius of a tube, and i
is Just the mean-free-path as 1n the Schoenberg-
Lommel -Seeliger Law).

Hapke's photometric function, using the
nomenclature of Appendix A, and normalized to equal p
at its maximum value, 1is

I (g,p) = ZOSS,SiM%l'+ §W4g|)coﬂg|.B(g,p)’ where
1+ costi
g_gg%ls_l 1-e-P/tanlgly (3_o-p/tanlgly, Epa
B(g,p) = '
1; |gl2m/2

where ¢ 1s the reflectivity of a scattering particle.
It will be noted that ¥I(g,p) 1s Jjust the Schoenberg-
Lommel-Seeliger Law multiplied by B(g,p), Hapke's
retrodirective function.

T (g,p) 1s plotted (after dividing bye )
for several different values of the parameter p in
Figure 22. In Figures 23 to 27 are displayed the
comparisons between Hapke's photometric function
(for p = 0.8) and the data for the four crescents of
Van Diggelen., In Fi%ure 28 1s a comparison of Hapke's
function (for p = 0.6) compared at point #123 of
Fedorets, which is a mountalnous region near Mare
Nectaris.

As can be seen, the general agreement
between the vhase angle dependence of the photometric
function and the experimental data is seen teo be
gquite good. Most of these theoretical curves are
characterized by p having a value of 0.8 which
corresponds to a surface layer 75% of the volume of
which is a voild (i.e., only 25% occupied by material
particles)* This result is in agreement with results
from radiometric measurements of the lunar surface
emisslon. Troitski (1962), Salomonovich (1962), and
Cudaback (1962) have found that the lunar surface
must have an "effective'" dielectric constant e< 1.5,
Since most solid materials have dlelectric constant
values of about 4 to 5, this result implies about an
80% void for lunar surface layer.

Hapke has also calculated the integral lunar
brightness,tf, (obtained by integration of 3 (g,a) over
a lunar hemisphere, is shown in Figure 29 compared
with the experimental data of Rougier, from which the
agreement is seen to be exceptlonally close.

* Hapke's "best" value of p = 0.6 yields an 85% void.




FIGURE 22
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HAPKE'S THEORETICAL PHOTOMETRIC FUNCTION VERSUS g FOR a =40°.

(after Hapke 1963)
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Byrne (Private Communication) has compared
the curve of the Hapke function for g = -40° with
individual data points obtained from the data of
Fedorets (1952) and Orlova (1956) (Figure 30). As
can be seen, one might say that there 1is falr agree-
ment of the experimental data with the theoretical
curve in the region between & = -40° to a = +40°,
but from a = -40° to a = -90° the agreement is seen
to be not satlsfactory.

Hapke and Van Horn (1962) have succeeded
in constructing a reflecting surface composed of
what they refer to as "fairy castles" by sifting fine
particulate matter, having average graln diameters
of about 20 microns or 1/50 mm. They have found
experimentally that the photometric behavior of
these structures very closely matches that of the lunar
photometric function., However, the polarization
versus phase angle behavior of their "fair castle"
surface has been found to not agree with lunar
polarization behavior, ThIs perhaps 1is not too
surprising 1n view of the fact that they dild not
attempt to duplicate the agglomeration sizes
(tenths of a millimeter) found by Lyot and Dollfus
to give the correct lunar polarization versus phase
angle behavior.

LUNAR COLORIMETRIC MEASUREMENTS

Let us examine the column of Table I
(following page 9) marked "Color Excess". The color
excess 1s defilned by the equation D = C-Cy, where C
is the color index of a given obJect 1lluminated by
natural or artificlal sunlight, and Co is the color
index of the sun. (For definition of color index
see Appendix B).

For a neutral reflecting surface D is zero.
For substances which have a bluish color, D will be
negative, while for yellow, brownish, and reddish
materials it will be positive. In commentlng on the
differences in color indlces of objects on a lunar
surface, we shall quote Sharonov (1962) who says:
"Another feature which indicates the uniformity of
the outer cover of the moon i1s the very small dif-
ferences 1n color according to the data in the new
colorimetric catalog of lunar obJjects, based on visual
colorimetric observations conducted hy me at the
Tashkent Astronomical Observatory, the extreme
differences 1n the color index, including errors in
the measurement, do not exceed 0.11. The average

.
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value for the color expressed by the difference, D,
of the color indices of the moon and the sun amount
to about 0.35. The continents and in general the
bright parts are on the average a little redder than
the maria which can be seen from the numbers glven
in Table I. The dispersion of the color for the maria
and other dark obJects was found to be somewhat lar-
ger than for the bright parts. However, a careful
and repeated study of the disc of the moon conducted
under great magnification with the ald of reflectors
and refractors dld not reveal a single small obJect
whose color appreciably differed from that of the
background.'

EXPERIMENTAL POLARIMETRIC STUDIES

Light rays, upon belng reflected from an
obJect, may be partially polarized. The "plane of
vision" 1s_defined by the requirement that the
incildent (S/ and emergent (O) directlon vectors lie
in it (see Figure 31). Let |§| and 'ZZ be the
maximum and minimum intensities of the electric
vector, respectively. A third parameter, 6, 1is the
angle between the Jbolarization vector (i.e., electric
vector maximum) E (s), and the normal to the plane
of vibion, 0 x'§ The polarlzation 1s then defined
by 2 = (|Bl-IEg)/(|Bi+|Esl). The polarization curve
of P versus g, the angle between the incident and
emergent directions, is an important source of infor-
mation concerning the light reflecting properties of
a surface area,

The polarization of the light from the moon
is determined essentially by the microstructure of
the lunar surface and is not affected by the hills
and valleys which, of course, do have an effect on
the intensity of the reflected 1light. Polarization
data reveal the fine structure of the surface, which
would be seen if it were examined under a microscope.
About 150 years ago, Arago first observed that lunar
light was indeed polarized. In 1860, Secchi dis-
covered the polarization vector to be perpendicular to
the plane of vision (i.e., 8 = 0°, as would be the
case for most terrestrial materials). HYe found the
polarization to be nearly the same in regions composed
of different materials but that it is in general
slightly larger for the darker regions. Secchi also
found that toward first quarter the polarization
tends to increase, Other investigators, around the
turn of the century, found avproximately the same
results. Barabashev (1927) obtained numerous results
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on the polarization of lunar light and determined
that there were very few, if any, terrestrial materials
which have the same polarization characteristics '
as the moon,

The first detailed observatlon and precise
analysis of the polarization of the lunar light dates
primarily to the investigations of Lyot (1924). This
success was due essentially to his development of a
very senslitive polarimeter. Lyot found that the
polarization vector was almost always elther perpen-
dicular to or parallel to the plane of vision
(1.e., 8 = 0° or 8 = 90°). By characterizing the
portion of polarized light with 6 = 0° by a %+) sign
and that with 8 = 90° by a (-) sign, Lyot introduced
what is now called a "curve of polarization" which
falrly completely describes the polarization proper-
ties of 1light over all areas of the entire lunar
disc., The polarization of the integrated light flux
from the moon 1is shown in Figure 32 as obtained by
Lyot (1929). By observing the curve marked A =¥ ,
we find that the maximum value of the (+) polarization
i1s about 0.088 and by following the curve marked < A
we notice that this maximum value of the polarization
is about 0.066, This difference in maxima of
polarization in the waning phase ( = ) of the moon
versus the waxing phase ( €= ) of the moon is ex-
plained by Dollfus (1962a) to be due to the fact that
the maria occupy about twice as large a reglon in the
last quarter of the moon as in the first. To further
describe this curve we shall quote Lyot (1929) who
says, '"about two days before full moon, when the
angle of vision has a value of 23°30', the polari-
zatlon goes to zero and reappears, a few hours later,
in a perpendicular plane. It then passes through a
negative minimum of 0.012 at an angle of 11°, then
bends rapidly enough toward zero so as to disappear
at the same time as the angle of vision."

Dollfus has described the studies of Lyot
in which he found that the polarization vectors of
light from different patches and regions of the sur-
face of the moon were found to have the same direction
at each point on the disc with a precision of better
than half a degree. It was found that toward the time
of quadrature (i.e., g=>» 90°) the magnitude of
polarization,. however, varles greatly from one point
to another over the lunar disc and that it has a
larger value on the dark regilons and smaller value
on the bright regions. It was found to vary approxi-
mately inversely wlth the brightness of the measured
region., From first quarter to full moon the polari--
zatlon of all regions diminishes and approaches that
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value which 1s obtalned for the polarization of the
Integrated brightness. The difference between the
polarization of terrae and the maria, which is quite
conspiclous around times of quadrature, becomes nearly
undetectable, The polarization was also found to be
only weakly dependent upon the angle of incidence,

but it did increase somewhat toward the terminator,
where the 1incident angle is very large.

In an attempt to understand the polarization
curves obtained for the moon, Wright (1929) studied
the polarization characteristics of several terres-
trial materlals. A very systematic continuation of
this work has been carried out by Dollfus (1955, 1956).
His general study allowed him to classify materlals
into several groups which made 1t possible to elimi-
nate numerous substances in an initial attempt to
understand the nature of lunar materials and the
microrelief of the lunar surface.

Let us now examine the polarization
properties, as found by Dollfus (1961a) for several
types of materials., In Figure 33, Dollfus has plotted
the polarlzation for mllky quartz under various
conditions of illuminatlion and observatlion. His
curve labeled (1) relates the polarization versus
phase angle V for the surface when viewed normally
(1.e., € =0). An important point to notice is that
there 1s no negative polarization under these conditlions,
In the Figure labeled (i1) he has plotted the polari-
zation versus the angle L, lateral inclination with
the phase angle V as a parameter (see Figure 31 for
explanation of g, ¢, V, L). It can be seen again
that there is no negative polarization and that the
polarization increases as the angle L lncreases as
well as increases wlth phase angle. The curve labeled
(ii1i) displays the polarization versus, I, the
inclination of the plane of vislon. It should be
noted that maximum polarizatlon occurs at the condition
for specular reflection (i.e., when the angle of
incidence is equal to the angle of emergence) in all
cases, It should also be noted that the peak polari-
zation values tend to increase as the phase angle
increases (i.e., approaches the grazing angle) .

In Figures 34 and 35 are gilven the polari-
zatlon curves for white sugar, a granular surface, and
for sandstone, both of which have a partially absorbing
and rough surface. In both of these cases it may be
noted that the sharpness of the curve of polarization
versus I has diminished but that the peak value of the
polarization 1s still obtained at the specular
reflection angle,
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In Figure 36 is seen the polarization curves
for emery powder. It should be noticed that the polari-
zation versus I curves are virtually flat and have
very small peaking at the specular reflection angle.

The polarization versus phase angle V, at normal emer-
gence, is seen to develop a negative peak which was
not true of previcus examples.

In Figure 37 is seen the polarization curve
obtained for iron fllings. It can be seen from this
filgure that, as the filing sizes go from coarse,
medium to fine, the negative polarization maximum
value 1increases and the point at which polarization
changes from (-) to (+) is shifted to larger values
of the phase angle V. In Figure 38 are shown the
polarization curves obtained in three cases for
antimony powder, carborundum and emery powder. The
curves labeled (A) represent fine powders and curves
labeled (B) represent agglomerated powders. It
should be noted that agglomeration produces larger
negatlve polarization.

From these experimental results we can
conclude that to obtaln large negative polarization
one must have fine grains of material which are
strongly absorbing and which are agglomerated,

As has been seen, opaque powdered materials
produce a negative branch in the polarization curves,
which was first discovered by Lyot (1929)., The
polarization of light from opaque substances, by
necessity, must be due to a purely surface phenomenon
(i.e., there can be no internal refraction and re-
emergence of light from the particle). Dollfus (1956)
found that the negative polarization branch depends
strongly upon multiple scattering between grains,
as can be seen from the results of a simple experiment
he performed. He found that when the grains were in
a free-fall stream the negative branch of polarization
curve disappears.

We shall quote Dollfus (1961b) in order to
describe further the behavior of the negative polari-
zation branch of opaqgue powders. He says: "The
greater the absorption by the powder, the deeper the
negative polarization becomes. There 1is also a
dependence on particle size. [Figure 3ﬂ shows the
curves for ccarse, medium, and fine iron filings,
respectively, which show that the finest filings
have the deepest negative branch. The branch is
especlally deep for opaque materilals ground to very
fine grains which themselves are combined into
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larger grains. This type of curve 1s observed for the
moon, Mercury, both the bright and the dark areas
on Mars, and the asteroids.

~~~~~~~

To obtain the French school's interpretation
of the polarization of light from the moon, we shall
again quote Dollfus (1962b). He says, 'The polari-
zation of light from the moon is exactly that of
granular opaque substances previously studied. We
must conclude therefore that fhe lunar surface 1s
covered with a very absorbent powder having a constil-
tution similar to that of volcanic ash. This powder
could be spread out in a very thin layer but 1t
apparently must cover all of the surface. Lyot has
indicated this result as early as 1929. He had
prepared a mixture of volcanic ash in the laboratory
matching the optical properties of the lunar ground,
The continuous line (Figure 39) shows the polarization
of the moon. The dotted curve which 1s slightly
raised shows that of Lyot's mixture."

The researches that followed since have
completely conflrmed this result (Dollfus, 1955).
Figure 40 shows a microscopilc view of volcanlc ash
having the observed polarizatlon characteristics of
the bright reglons of the lunar ground.

RECENT POLARIMETRIC STUDIES

Kohan (1962) recently has investigated the
polarization properties of the moon with a newly
developed rotating polaroid device which permitted
him to measure low values of polarization with a high
degree of accuracy at phase angles close to full moon.
The salient points of his results are: (a) The
angle of orientation of the plane of polarization
for a given phase angle does not depend upon the posi-
tion of the detall on the lunar surface (i.e., it
does not depend upon the angle of emergencee ).

(b) TIt, however, does depend strongly upon the abso-
lute value of the phase angle. At large values of
phase angle the electric vector's maximum intensity
was found to be perpendicular tc the photometric
equator (i.e., 8 = 0) and a rapid rotation of the
maximum electric vector begins at about phase

angie ¢° = 40° and at ¢° = 10° it becomes approxi-
mately equal to 90°, returning to zero once more at
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FIGURE 40 AN EXAMPLE OF ASH WITH VERY DARK GRAINS, REPRO-
DUCING THE OBSERVED POLARIZAT!CN PROPERTIES OF
THE LUNAR GROUND. DIMENSIONS OF THE FIELD:
3 X 3 MM,
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zero phase angle. The results of hils measurements
of the polarization angle of moonlight are found
in Figure 41,

Kohan also investigated terrestrial speci-
mens in the non-pulverized as well as in the pulverized
state having grain dimensions of 0,25mm<d<lmm;
Imm<d<3mm at various anglies of incidence and two
angles of reflection (¢ = 0 and ¢ = 45°)., 1In Figure 42
are shown the resultant angular positions of the
maximum electric vector versus phase angle, ¢°
of four different materials. Curve number I desig-
nates the polarization curve for granite, IT-for tuff,
ITI-for ocherous limonite, IV-for slag. As can be
seen from an examination of Figure 42, no one of the
specimens had a polarization angle versus phase angle
dependence that 1s nearly so steep as the moon.

In specimens III and IV, 1t can be seen that, although
they have steeper slopes than curves I and II, the
breakpoint occurs at a much smaller phase angle

than that of the moon. A summary of Kohan's experi-
mental investigations is as follows. He says: "In
case of terrestrial rock, the angle of orientation

of the plane of polarization:

a. Does not depend upon the degree of

pulverization,

b. Does not depend upon the angle of
reflection at which observatlons are
made,

c. Depends upon the phase angle y°, and at
large phase angles the direction of
polarization is perpendicular to the
plane passing through the specimen,
illuminator and electropolarimeter; a
rapid rotation ¢f the plane of polari-
zation begins at approximately y° = 28°.

d. In the case of limonite and volcanic
slag, the most rapid rotation of the
polarization plane is observed, which 1is
similar to the rotation of the polari-
zation plane of moonlight. In other
terrestrial rock, including volcanic tuff,
the angle of rotation is considerably
smaller, In contrast fo the simllar na-
ture of the rotation of the plane of
polarization of different regions of the
lunar surface, the degree of polarization
exhibits greater variety. The maximum
degree of polarization of different lunar
features decreases in the followlng order:
maria, bays, crater maria, craters with
central peaks and the continents. [Figure Mj
shows the dependence of the maximum degree
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of polarization, found by our measure-

ment, on the maximum brightness of the

gilven detall according to Fedorets.

Exactly the same dependence 1s also ob-
tained for the terrestrial rocks, (Figure 4l4),
where we plotted the magnitudes of the
degree of polarization at ¢° = 80° for
various degrees of pulverlzation, taken

from the graph, which shows the dependence
of the degree of polarization on the phase
angle, and corresponding values of rela-
tive brightness obtained by the same 1lnstru-
ments. From here 1t 1is evident that the
darker the investigated sample, the greater
the polarization. The maximum degree of
polarization depends upon the pulverization
of the rock, (Figure 45), i.e., the dlameter
of the grain; the larger the grain, the
greater the degree of 1its polarization.”

Based essentilally upon the preceding infor-
mation, Kohan then draws the following conclusions:
"As far as change in the angle of orilentation of the
polarization 1is concerned, ocherous limonlte and
volcanic slag match closely the characteristics of
moonlight. However, as the degree of pulverization of
volcanic slag 1is larger than that of the moon, 1t
becomes necessary to assume that the polarization
characteristics of the lunar surface come closest to
that of ocherous limonite. The degree of polarization
of limonite is, on the average, equal to the degree of
polarization of lunar maria. (Note: for the unini-
tiated, as 1s the author of this report, Webster
defines limonite as follows: Hydrous ferrlc-oxide,
FepO3 * nHoO, an important ore of iron, appearing in
earthy forms as ochers, and as a yellowlsh brown powder;
called also brown hematite.)

THEORETICAL POLARIMETRIC CONSIDERATIONS

Ohman (1955) has suggested that an adequate
theoretical treatment of the negative polarization could
be made by considering multiple scattering between
particles. However, he has not carried these calcula-
tions far enough to be able to apply them to the
experimental data.

The scattering and polarization of light by
particles of size comparable to the wave length was
first derived theoretically by Mie (1908). This theory
has been generalized and applied to transparent and
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opaque particles by Schirman (1919), Born (1933),
van de Hulst (1946, 1949) and others. These consid-
erations apply only to a single particle and take no
account of multiple scattering however.

PROBABLE SMALL SCALE LUNAR SURFACE CONDITIONS

"

rem oan analysis of the foregoing experimental

and theoretical data one is able to draw certaln con-

clusions based on this information with regard to
probable lunar surface conditions:

(A) Analysis of experimental photometric information
enables one to conclude that:

(1) The entire lunar surface has a similar
microrelief.

(2) The microrelief of the lunar surface must
be very porous and interconnected since any
other topology would give a greatly dif-
ferent photometric function from that
observed.

(B) From an analysis of the intrinsic albedo differ-
ences and colorimetric differences, one can
conclude that the lunar surface 1s covered with
a similar material over all regions with only
slight local differences in compositilon,

(C) From the theoretical analysis of the photometric
functlons one finds that:
(1) The individual scattering grains must be

very irregular in shape, otherwise there
would not be sufficiently large back-scatter
to account for the experimental photometric
functions.

(2) Complex shadow casting 1is required to obtain
the very sharp maximum in the photometric
function at zero phase angle, as well as
low surface reflectivity.

’3) The covering layer must consist largely of
a void with only about 25% of the volume
occupled wilth scattering partilcles,.

(L) A lower limit of 1 micron (1/1000mm) on the
particle size 1is necessitated by the require-
ment of sharp shadowing. (This criterion
is based upon the assumption that a particle
avout 2 wave lengths across will have
neglible diffraction effects).

(D) From an analysis of the poiarimetric experimental
information one can conciude tThat:

(1) The scattering particies must be nearly
opaque 1n order to obtain not too little (+)
polarization.
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(2) The surface layer must be very irregular in
order that the (+) polarization peaks do
not occur at the specular reflection condi-
tion (1.e., I =¢).

(3) Agglomeration sizes of the order of tenths
of a millimeter are required to obtain the
correct negative polarization versus phase
angle behavior.

To 1ndicate the somewhat controversial nature
of the subject as to Just exactly of what the lunar
surface is composed, we shall quote a statement by
Kohan (1962) made recently (December 1960) at the
International Astronomical Union Symposium, Leningrad.
He said, "The School of Planetary Investigators at
the Leningrad State University (Orlova, Sytinskaya,
and Sharanov) assumes that the porous, vesicular
substance resembles in structure a volcanic slag. It
originated from basic rocks as a result of a trans-
formation under the effect of explosions accompanying
the impact of meteorites striking the surface of the
moon., The Kharkov School of Planetary Investigators
(Barabashev) considers, on the other hand, that the
surface of the moon is not similar to a fused one but
that it 1s most probably covered by finely crushed
tuff rocks with grains of the order of several milli-
meters, and in some places large grain volcanic ashes."

At a recent Lunar Surface Materlals Conference
in Boston sponsored by Alr Force Cambridgy Research
Laboratories and Arthur D. Little, Inc., Hapke discussed
his "fairy castle" structure surface. He emphasized
that lunar photometric properties can furnish informa-
tlon concerning only the top milllimeter or so of the
lunar surface. Hapke stated also that finely divided
powders appear to be capable of "maintaining' them-
selves to considerable depths on the moon.

The controversial question of how "deep"
the dust layer of T. Gold i1s may be summarized at this
time by saying that the consensus at the Boston
conference was that it may be moderately (a few meters)
deep at local depressions but even this 1is still
largely conjecture.

Recent ultra-high vacuum (1071%mm Hg) experi-
ments at Arthur D. Littlie, Inc., indicate there are
strong adhesive forces between fine sillcate particles,
which makes plausible that Harvke's "fairy castle
structures'" may be a reality on the moon, where
radiation "cleaning" may provide ultra-clean contact
surfaces.
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APPENDIX A - PHOTOMETRIC MODELS OF OPTICALLY ROUGH SURFACES

1. Surface Scattering Function

Fach element of area of an emitting or
reflecting surface is completely characterized photo-
metrically by the surface emlission or scattering
function I (i,e,g) (see Figure 1). This function gives
the amount of light energy leaving the surface per unit
time, per unilt area, per unit solid angle; where 1}
1s the angle of incidence of the radiation which ex-
cltes the surface, € 1s the angle of emergence of the
outgolng radiation and g is the angle between the
and € directions or the so-called phase-angle. If the
surface element 1is not externally excited, but, say,
is 1ncandescent, of course, this function is a function
only of the emergence angle ¢ and becomes I (e).

Let us consider two classical radiation laws:

2. Lambert Emission Law

Lambert's law of emission 1s based upon the
experimental observation that most 1ncandescent
objects appear uniformly bright. Referring to Figure 2
one can formulate thls statement quantitatively.

Suppose one views an incandescent surface
at normal emergence (Case I) and at emergence angle ¢
(Case II) by means of a detector with an angular
aperture dw, and an aperture of area da, which at the
source d*sfance subtends a solid angle an = da

T R2
The light flux in Case I 1s seen to be Fp = I(O)
d@ R2dw, where R2dw is the area of the surface viewed
by the detector The light flux in Case II 1s given

2
by Fr1 = I (e) da (gggg), where now the detector views
R2dw
a surface area (Eagg because dw is the same in the two
cases. oince F1 = Fry experimentally, we see that
I (e) = I (0) cose, which is, of course, Lambert's

Law of emission,

3. Lambert Reflection Law

Let us now consider a surface which, 1nstead
of being incandescent, is a "diffuse” reflector (1.e.,
re-radiates in accordance with Lambert's Law). If an
incident parallel 1light beam of flux density
(energy/area/sec) makes an anglei with the normal
to a surface element of the reflecting surface, then
each unit of surface area receives a light flux of
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?Fcosi. Let us define r S(¢)dg as being the fraction of

the flux incident per unit area which 1s re-radiated in
direction ¢ into a solid angle df, where S(e) is
normalized such that %Z'S(e de = 1.

T

The quantity r is dimensionless and repre-
sents the ratio of the incident energy to that which
is re-radiated from a surface element into 27 solid
angle. We note that here the quantity Fcosi.r S(e)
is analogous to I(€), hence we can write down the
light flux recelved by the detector. It 1is

- : Rgdﬂ) _ ¢ dw
F = Fcosi r S(e) de 5 = Zcosi r S(e) daESée

and since we have a Lambert surface S(e) = cise so that

_¥r . do cosi
F, =% cos1 cose daz—— -?‘r da dw——- .

¥, describes the flux scattered from a
Lambert surface, which is seen to be characterized
by a surface scattering function of the type I(i,¢)
IO cose cost., It is clearly seen that the signal at
the detector will be maximum with { = 0, so, for
example, a sphere would have its brightest regilon
directly beneath the beam and it would be limb-dark,
hence the lunar surface could not be described as a
Lambert Surface, as it sometimes 1s erroneously.

4, Schoenberg-Lommel-Seeliger Law

Let us calculate the light flux into a
detector, with a viewlng aperture of dw, due to a
light fiux ?fincident uron an apparent surface S.
It 1s assumed the scattering body 1s composed of a
loose aggregate of small particles, of geometrical
cross-section ¢ and number density n, each of which
may be characterized by a differential scattering
cross-section of(g) such that#eof(g)de is the 1light
flux removed from the beam by a single particle and
scattered into solid angle dQ at an angle g relative
to the beam direction. Heres is the reflectivity
of a particle (i.e., the ratio of the energy incident
upon a particle to that scattered into 4T solid angle)

and f(g) is normalized such that ﬁ”f(g)dn =1,
T

It is further assumed that multiple scattering
and shading of one particle by another can be ignored
with the consequence that after a light beam has
traveled a distance & it i? atgenuated in accordance
with the well-known law e-{%/L)  where L is the mean
free-path for scattering and is equal to 1
in this case. No
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Referring to Figure 3 we can write down the
light flux arriving at the detector from a volume
element dV at a distance X below the apparent surface.
In the volume element dV there are n dV particles
(n being the number density of particles? so that a
light flux dF, =¥enedV f(g) da
would be recelved if no attenuation took place.
Accounting for entrance and exit attenuation yields
the expression

_ X _ X
dF, =Feno av £(g) da -e L[cOST .o Lcose

_ X cosi + cose
- ¥Fono av f(g) da -e T COST - COSe

Let us now assume that the detector acceptance cone
is sufficiently small and R is sufficlently great so
that within the body it may be takeg as a cylinder
with cross-section R<dw, hence dVyR<dwdq.

Using the fact that d@& = %% and q = ——XE’ we can write

q (cosi + cose)

L cost

dF, =¥eno £(g) do da dq e

By integrating this expression for all values of g
from g = O to some large value (and ignoring the
slightly improper boundary condition at g = 0) we
obtain the total flux

=< (cosl + cose)

-4 no =
F, =:,b°f(g) dw da no '_ﬂfe cosi dq =

_ cosi
18 "ﬁ}gf(g) deda =oer— cose

We call this the Schoenberg-Lommel-Seeliger Law

(Schoenberg, 1929) because of the presence of the

function f(g). In the Lommel-Seeliger Law, it 1s

assumed that the particles scatter isotropically; hence,
1

f(g) = const. = Ty because ﬁ;f(g)dn = 1.

The expression for the Lommel-Seeliger Law then becomes

i
Fo- Fodwda ) cosi |
u cost + cose i
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Note that when i = €, F, =7F9d$da which is independent

of incident and emergence angles, so that for this
viewing angle a sphere would appear uniformly bright if
its surface obeyed the Lommel-Seellger Law.

5. Surface Brightness - Photometric Function

A useful quantity called the surface bright-
ness is defined to be the light flux received from a
surface by a detector. F,, divided by the area, da,
that 1t presents perpendicularly to the incident
direction and divided by its solid angle of view, dw.
Using present nomenclature 1t 1is

. ; F (1,¢e,
B(\,G,g) = —(mg_)'

The brightness of a "perfectly diffuse"
reflector or "ideal white screen" surface (i.e., a
Lambert surface with r = 1) is seen to be
B(1) = ;?cosi, so that for normal incidence, one has

for the "normal brightness" B = #f.
In general 1t 1s conventional to express the surface
brightness as

B(i,e,g) = Za¥(i,e,g) where a is called the albedo

of the surface and ¥ i1s called the photometric
function and 1is ordinarily normalized to unity at 1its
maximum value. In lunar photometry,‘?’is Just the
solar constant Eg (about 0.14 watts/cm ).

. The normalized photometric functions for
Lambert's Law and the Lommel-Seeliger Law are seen to
2cosi
cosl + cose which
are compared in Figure 4 for a normal emergence angle
(e = O°§ with experimental photometric data obtalned
from a magnesium-oxide screen.

g (1) = cosi and 31_g (i,e) =

6. The Principle of Reciprocity

The requirements of the principle of reci-
procity, first formulated by Helmholtz, have been
emphasized with regard to photometry by Minnaert (1941).
Applied to homogeneous surfaces 1t requires that the
surface scattering function I(i,e,g) be symmetric
under the interchange of the angles i and € 1.e.,
I(i,e,g) = I(e,i,g) . This requirement should always
be kept in mind when considering the varlous proposed
theoretical and empirical photometric functilons.

Very often they have failed to satisfy this requirement,
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APPENDIX B - COLOR INDEXES AND EFFECTIVE TEMPERATURES

The stars are known to radiate to a first
approximation as a black body. Radlation from an ideal
black body 1is determined by the well known Planck law:

3

By = 8Th v
B c3 hwv
(ekT -1)

in which v 1s the frequency of radiation, ¢ 1ls the
velocity of 1light, h 1s the Planck constant, k 1s the
Boltzmann constant, T is the absolute temperature of the
radlator, Ev 1s the energy radlated per unit time,

per unit area, per unit frequency interval. This dis-
tributlon curve 1s shown in Filgure 5, in whilch the
ordinate 1is loglo Ev and the abscissa v, the frequincy
and the corresponding wave length a in angstroms,

The color index of a star 1s defined
(Johnson & Morgan, 1953) to be the difference between
its astronomical magnitudes as observed in two different
narrow spectral regions, The narrow regilons are
usually chosen to be the blue (c¢entered on ~ 4480R8) and
the yellow (centered on~55uo§

In general the differences of two astronomical
I .
magnitudes is given by Amj, = my-mp = -2.5 logIOIi

where mi is the magnitude and Ii is the surface intensity
of radiation. From the definition of Color Index (C)
of a star we may wrilte
G = 25 1ozl (blue)
- -/ AYe10T (yeiiow)

(From)an examination of Figure 5 it is evildent
I (blue _

that T (yellow) > 1, = 1,< 1 for the blue stars
(T » 11,000°K), a "normal" star (T = 11,000°K), and
red stars (T < 11,000°K) respectively.

Tt is seen from the expression for C < Oéi.e. -2
for blue stars, C = O for "normal" stars and C > O(i.e
for red stars.
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Fig. 5 Black=body curves for various temperatures as a function of frequency and wave length.
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