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SUMMAliY 

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 is given of factors excluded from the 
study and finally conclusions and recommendations are 
presented. 

Description of the Lunar Covering Surface 

photometric and polarimetric data, laboratory experiments 
and theoretical models, the following lunar surface properties 
are necessitated: 

From a consideration of the experimental lunar 

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 in order to 
exhibit the characteristic lunar photometric 
behavior. 
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 

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

- 4  1 1  4 m r \ + - n  m n i l  n i m i l  ~n o r r ~ m - t n c r n  -lpL o r d e r  that  
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Laboratory studies, at atmospheric pressures, have 
shown that it is 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, this 
artificial surface does not display the same polarimetric 
behavior as the lunar surface. 
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A complex low-density mat r ix  r e s u l t s  when t h e  bondigg 
fo rces  between t h e  contac t  faces  of g r a i n s  are l a r g e r  than  t h e  
g r a v i t a t i o n a l  body f o r c e s  ac t ing  on t h e  g r a i n s .  When t h e  
bonding f o r c e s  are small, consol ida t ion  or a t i g h t  packing of 
g r a i n s  r e s u l t s .  On t h e  moon, t h e  .bonding f o r c e s  between 
g r a i n s  may r e s u l t  from a cementing process ,  where such a 
process  could be due to t he  g r a i n s  b e i n g  sprayed w i t h .  hot, 
vapors from micrometeorite explos3orLs on bhe su r face ,  vola- 
t i l e  materials being slowly evolved from t h e  l u n a r  i n t e r i o r ,  
o r  s p u t t e r i n g  . The irit;erg.ranulai> bonding f o r c e s  a l s o  may 
r e su l t  simply from x l t r a - c l e a n  g r a i n  f a c e s  being i n  c l o s e  
proximity.  The d e n s i t y  as a f u n c t i o n  of depth and the  bear tng  
s t r e n g t h  p r o p e r t i e s  of such a poorly organized mat r ix  w - i l l  
depend p r imar i ly  upon t h e  exact na tu re  of the  bonding f o r c e s .  

Information Not Obtainable From Present  Studs 

It should be s t r e s sed  t h a t  c e r t a i n  types  of i n f o r -  
mation cannot be o'atained from an a n a l y s i s  of l u n a r  
photome-polarimetric, and c o l o r i m e t r i c  d a t a :  

E s s e n t i a l l y  no information r e l a t i n g  t o  the 
co r re l a t io r l  d i s t ances  of l u n a r  su r face  
i r r e g u l a r i t i e s  smal le r  t'.ia_rl about 660 feet  
can be obbained s i n c e  t h i s  i s  t h e  lower l i m i t  
o f  earth-based t e l e s c o p i c  r e s o l u t i o n .  
?\To information concerning the na tu re  of  t h e  
underlying s t r u c t u r e  of  t h e  l u n a r  s u r f a c e  can 
be obta ined ,  s i n c e  v i s i b l e  l i g h t  can p e n e t r a t e  
at; most a few mi1li:iete-s i n t o  even a q u i t e  
porous  sur face  l a y e r .  
Although t h e  r e f l e c t i o n  c o e f f i c i e n t s  of terres-  
t r i a l  materials ar'e h e l p f u l  i n  determining 
t e r r e s t r . i a 1  ma te r i a l  types ,  t h i s  has not been 
found t o  be t r u e  i n  t h e  case  o f  the moon. 
Even though d i f f e r e n t  l u n a r  r eg ions  have s l i g h t  
c o l o r  d i f f e rences ,  these small d i f f e r e n c e s  have 
been o f  l i t t l e  value i n  searching  f o r  terres-  
t r i a l  analogues of' l u n a r  m a t e r i a l s .  Fur%hermore, 
ariy o r i g i n a l  c o l o ~  of l u n a r  m a t e r i a l s  probaSly 
has been d r a s t i c z l l y  niodified due to bombard- 
ment by so l a r  x-rays,  solar .  f l a r e  pro tons ,  the  
s o l a r  wind, micrometeoroids, e t c .  
No information concerning albedo d i f f e r e n c e s  
on a s c a l e  l e s s  than about 660 fee t  (lower 
l i m i t  on t e l e scop ic  resolvlcng power) can be 
obta ined .  Hence, the  l u n a r  photometric 
func t ion  does no t  t ake  i n t o  account l o c a l  
albedo d i f f e rences  or gro2,s shadowing. 
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One can reasonably conclude, on the basis of the pre- 
vious considerations, that the lunar surface is 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- 
zation of lunar surface material by micrometeoroid bombardment. 
The strength properties of such a matrix on the lunar 
environment can only be poorly estimated at this time. 

I 

Recommendations 

, 

It is recommended that serious attempts be made to 
simulate, under ultra-high vacuum conditions nun of Hg), 
an artificial surface matrix having lunar photometric and 
polarimetric properties. 

Such an artificial surface layer would be of great 

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

(B) The bearing strength properties of suzh a 
layer could Se analyzed in detail, both 
experimentally and theoreticzlly. 

value to Project Apol lo  in two ways: 



1 PHOTOMETRY AND POLARImTRY OF THE MOON AXD THEIR RELATIONSHIP 

TO PHYSICAL PROPERTIES OF THE LUNAR SURFACE 

I. INTRODUCTION 

By observing the  v a r i a t i o n  of b r i g h t n e s s  of t he  
moon under varying cond i t ions  of i l l umina t ion ,  one i s  
able t o  ob ta in  information about the l u n a r  su r face  which 
a t  present  cannot be obtained by any o t h e r  means. 
However, complete information r e q u i r e s  observa t ion  over  
the e n t i r e  v i s i b l e  spectrum and i n  two p lanes  of  p o l a r i -  
z a t i o n .  In t eg ra t ed  photometry i s  the  s tudy  of  t h e  t o t a l  
r a d i a t i o n  from the  moon and de ta i l ed  photometry i s  the 
s t u d y  of  an area s o  small  t ha t  i t  nay be considered t o  
be loca t ed  a t  a po in t  on t h e  l u n a r  s u r f a c e .  

11. HISTORICAL BACKGROUND 

For a long  per iod of  time i t  has been known 
that  t he  moon i s  charac te r ized  by c e r t a i n  remarkable 
photometr ic  p r o p e r t i e s ,  which are dependent ev iden t ly  
on the  de t a i l ed  s t r u c t u r e  o f  i t s  s u r f a c e .  For  i n s t a n c e ,  
a t  f u l l  moon the d i s t r i b u t i o n  of  b r i g h t n e s s  over  the 
d i s c  i s  nea r ly  uniform. T h i s  p e c u l i a r  p rope r ty  ( l a c k  
o f  l i m b  darkening)  of  the moon was considered as long  
ago as the seventeenth  century  by G a l i l e o  i n  h i s  w e l l  
known "Dialogues on Two Systems of the World." 
expla ined  t h i s  p e c u l i a r i t y  by assuming that  the l u n a r  
s u r f a c e  was covered by a very rough m i c r o r e l i e f  as well  
as by very s t e e p  mountains which c a s t  shadows t h a t  
were e a s i l y  seen by the  t e l e scope .  Modern photometr ic  
observa i  iu1-15 have P d I y  zonfirmec? this cnnr.ll-'minn and 
have enabled us t o  unrave l  many p e c u l i a r i t i e s  of  the 
m i c r o r e l i e f ;  i n  p a r t i c u l a r ,  the l u n a r  su r face  has been 
found t o  r e f l e c t  s t rong ly  i n  t he  d i r e c t i o n  of  the sun, 
regardless of su r face  o r i e n t a t i o n ,  which i s  a very  
unusual  r e f l e c t i o n  p rope r ty .  

He 

Another remarkable feature of  the l u n a r  su r face  
c o n s i s t s  i n  the uniformity of the  m i c r o r e l i e f .  Although 
v i s u a l  observa t ions  of the moon have been made f o r  over  
300 years and photometr ic  measurements f o r  more than  
50 years,  no quas i - specular  r e f l e c t i n g  areas have been 
found. T h i s  i n d i c a t e s  t h a t  the  m i c r o r e l i e f  i s  uniform 
over  t h e  e n t i r e  v i s i b l e  su r face  of the l u n a r  sphere  and 
i s  independent of  the morphology and the  a lbedo  of the  
d i f f e r e n t  areas. 



The f i r s t  sys temat ic  s tud ies  of t h e  photometr ic  
p r o p e r t i e s  of  t h e  moon were c a r r i e s  o.Jt by Herschel  (1847) 
who s tud ied  the v a r i a t i o n  of  t h e  Lntegral  b r igh tness  of 
t h e  moon over  t h e  l u n a r  c y c l e .  La5er Bond (1861) ob- 
served t n e  b r igh tness  of t he  moon dur ing  the l u n a r  
c y c l e ,  u s ing  the reduced image of t h e  moon a s  formed by 
r e f l e c t i o n  from a small s i l v e r e d  sphere .  H e  was the  
f i r s t  t o  r e a l i z e  t ha t  the e x t a n t  t h e o r i e s  d i d  no t  d e -  
s c r i b e  c o r r e c t l y  t h e  v a r i a t i o n  of  the  i n t e g r a l  b r i g h t -  
nes s  of the  moon throughout the  l u n a r  c y c l e ,  One of 
the major d e f i c i e n s i e s  i n  a l l  of  the e a r l y  observa t ions  
o f  the moon was the l a s k  o f  knowled e concerning atmos- 

c r e d i t  f o r  re-examination o f  a l l  previous data  t ak ing  
atmospheric e x t i n c t i o n  i n t o  account and consequent ly  
being a b l e  t o  reduce the  mean e r r o r s  i n  the v a r i a t i o n  
of  t he  i n t e g r a l  b r ightness  t o  reasonable  va lues .  

phe r i c  e x t i n c t i o n .  To Russell (i91 % ) must go t he  

More r e c e n t l y  a c a r e f u l  de te rmina t ion  of  
i n t e g r a l  b r igh tness  v a r i a t i o n  has  been made by Rougier 
(1933). He pointed a pho toce l l ,  wi thout  a t e l e scope ,  
toward t h e  moon and matched the  s i g n a l  w i t h  t h a t  from 
a s tandard  incandescent  lamp, The i n t e g r a l  b r i g h t n e s s  
versus  l u n a r  phase angle ,  g ,  curves  o f  Rougier and of 
Russe l l  are shown i n  Figure 1. It should be noted 
tha t  t he  b r igh tness  i s  sharp ly  peaked a t  g = 0 or a t  
f u l l  moon. For a d e f i n i t i o n  of the  angle  g consu l t  
F igure  2 .  

111. MODERN PHOTGJETRIC MEASUREMENTS 

Detailed PhOtGmetPy of  i nd iv idua l  r eg ions  
on t h e  moon i s  a comparatively r ecen t  branch of 
a s t rophys ic s .  The first r e l i a b l e  measurements were 
made v i s u a l l y  by Wisl iscenus (1895) acd publ ished 
by Wirtz  I n  (1915) and by Barabashev (19223. T‘ne 
v i s u a l  method of photometry has  been used even i n  
r ecen t  times (Syt inskaya and Sharonov, 1952) due t o  
t h e  f a c t  tha t  t h e  eye i s  w e l l  known t o  be s u p e r i o r  
to any instrument  i n  d i s t i n g u i s h i n g  srnall d e t a i l  and 
i n  having a l a r g e  dynamic range .  

Most modem i n v e s t i g a t i o n s ,  however, make use 
of  photographic  phGt@rnetry and meas-me the d e n s i t y  of  
a photographic  p l a t e  with a microphotometer.  The 
dynamic range of t h e  l i g h t  s i g n a l s  t o  be measured i s  
i n  gene ra l  so g r e a t  t h a t  diaphragms have t o  be i n t r o -  
duced dur!.ng t h e  var ious  l u n a t i o n  pkases .  Spec ia l  
c o r r e c t i o n s  a l s G  have t o  be made f o r  t h e  v e i l  which 
i s  always fo-2nd aro;lnd l u n a r  photographs which i s  prob- 
a b l y  due c o l l e c t i v e l y  t o  atmospheric s c a t t e r l n g ,  t o  
photographic  e f f e c t s ,  and t o  d i f f r a c t e d  or md’ltiply 
Yeflected l i g h t  i n s i d e  the  t e l e sc2pe .  
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Figure 2 LUNAR PHOTOMETRIC COORDINATE SYSTEM 
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vent of the Dhotomu ier , 
lunar photometric measurements have been made with this 
valuable instrument. Markov (1948) was the first to 
use it 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 lunation; taking various stars as 
standards he could determine atmospheric extinction 
for each night. 

One of the most complete experimental studies 
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, diaphragms with apertures of different 
diameter were placed in front of the telescopic objec- 
tive lens. A l l  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 
phase, and two plates were exposed on wi?ich photo- 
graphs would be taken for the next day's observation. 
In a l l ,  160 photographs of the moon were made at 
40 Gifferent phases. These photographic plates were 
then measured with a microphotometer, for 172 lunar 
regions, distributed almost uniformly over the entire 
surface of the moon. From the analysis of these 
measurements, tables were constructed in which the 
angle of incidence i ,  the angle of emergence e ,  and 
the relative brightness were given for eacn feature 
and for each lunar phase angle g. Fedorets also 
coristr-*ucted c u r v e s  c,f b r i g h t n e s s  versiis angle of the 
measured regions, and brightness versus angles of 
incidence and emergence of the same features. Fedorets' 
results are especially valuable because she obtained 
measurements very near full moon ( 1  g 1 = 1.5") by 
observieg just 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 (1359). 
Pckometric measurements of 38 crater floors were 
935aained by analyzing photograDhs that were exposed 
i? 1946, by iuinnaert at r;he Yerkes Observatory, for 
fSve different pnase angles of the moon. This inves- 
tigation contains a thorough disclJssion and analysis 
of tne many previous photometric measurements of' the 
moon. It a l s o  critically discusses each of the 



s e v e r a l  r e f l e c t i o n  t h e o r i e s  which have been proposed 
t o  account f o r  t h e  observed photometric p r o p e r t i e s  
of t he  moon. 

CRESCENT 

EXPERIMENTAL PHOTOMETRIC RESULTS 

PHOTOMETRIC LONGITUDE 

The coord ina tes  of a poin t  on the s u r f a c e  
of the moon can be descr ibed i n  terms of a luminance 
longi tude ,  a, and a luminance l a t i t u d e ,  8 ,  (F igure  2 ) .  
I n  photometric i n v e s t i g a t i o n s ,  t h e  n a t u r a l  g r e a t  
c i r c l e  t o  employ i s  the  one which passes  through the 
sub-so lar  p o i n t ,  S, and t h e  s u b - t e r r e s t r i a l  p o i n t ,  E .  
Luminance longi tude  i s  measured p o s i t i v e l y  along t h i s  
i n t e n s i t y  equator  from l e f t  to r i g h t  from the sub- 
t e r r e s t r i a l  poin t  w h i l e  l a t i t u d e  i s  measured i n  the 
usua l  manner a long meridians perpendicular  t o  t h i s  
equator .  The longi tude of the sub-so lar  po in t  i s  
the so l a r  phase angle,  g .  

For any point  on the l u n a r  s u r f a c e ,  P(a ,B) ,  
w e  have COSE = cosR cosa .  cos; = cos6 c o s ( g - a ) ,  
where i and E are t h e  angles  of incidence and emergence. 
It can be seen t h a t  when the  angle  of  inc idence  i s  
equal  t o  the  angle  o f  emergence, which occurs  a t  f u l l  
moon, the  phase angle ,  g ,  must be zero .  

I n  o rde r  t o  d i s p l a y  o v e r - a l l  l u n a r  photometric 
r e s u l t s  we sha l l  now d i s c u s s  the  most r e c e n t  survey 
of t h i s  f i e l d  which i s  found i n  t he  paper of  
Van Diggelen (1959). Van Diggelen has e s t a b l i s h e d  
fou r  s tandard po in t s  as bein$ r e p r e s e n t a t i v e  o f  t h e  
moon. T h e i r  coord ina tes  PJ \ a r , S )  are: P ( O o , O o ) ,  
P2 (Oo,+6O0), ' 3  ( - 6 0 ° , 0 0 ) ,  P411(-600 + 6 O 0 $ .  Poin t s  
2 and 4 haire ,R = 260" s o  each 
two p o i n t s  and an average o f  the  two photometric 
func t ions  i s  taken i n  each case .  

po in t l ' - i s  i n  a c t u a l t t y  

I. Cent ra l  
11. Second 
111. Thi rd  
TV. Limb 

0"  t o  +loo ' )  w i t h  10 craCJers 
+ i o o  t o  +30° " 12  
+30° to +50° 10 
+50° t o  +goo 

Each of t h e  f o u r  c r e s c e n t s  were f u r t h e r  s ~ b -  
d iv ided  i n t o  th ree  l a t i t u d e  s t r i p s ,  having l a t i t u d e s  
between 0 " - 2 0 ° ,  2Oo-4O0, 4Oo-g0", i n  both t h e  no r th  and 
south  d i r e c t i o n s .  
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The USAF Lunar Reference Mosaic which has 
been taken  a s  t he  standard coord ina te  system f o r  t h i s  
r e p o r t ,  on which the  f o u r  c r e s c e n t s  and f o u r  s tandard 
p o i n t s  of Van Diggelen have been l o c a t e d ,  i s  shown 
i n  F i g u r e  3. 

Ind iv idua l  albedo d i f f e r e n c e s  o f  t he  c r a t e r s  
have been normalized i n  such a way t h a t  the b r i g h t -  
ness  of  each c r a t e r  floor has  a va lue  of  1.00 a t  f u l l  
moon. The mean br ightness  was then  found from a l l  
p o i n t s  w i tn in  the a rea  determined by a g iven  s t r i p  
and c r e s c e n t .  I n  t h i s  manner a mean b r i g h t n e s s  curve 
was determined f o r  each 6 8  t he  areas. From an exami- 
n a t i o n  of  F igure  4 i t  can e a s i l y  be seen  tha t  there i s  
no sys temat ic  v a r i a t i o n  of the b r i g h t n e s s  curve w i t h  
l a t i t u d e ,  and the re  is  only a v a r i a t i o n  w i t h  l ong i tude  
as Tschunko (1949) had concluded. Averaging the  
b r i g h t n e s s  o f  t h e  three d i f f e r e n t  s t r i p s  of l a t i t u d e  
of  a given c r e s c e n t ,  Van Diggelen then  obta ined  a mean 
b r igh tness  curve f o r  the f o u r  c r e s c e n t s .  H i s  b r i g h t -  
nes s  curves  are reproduced here as F igure  5 f o r  the  
fou r  c r e s c e n t s .  It can be seen from an examination 
of these curves  t h a t  the b r i g h t n e s s  of  each c re scen t  
i s  sharp ly  peaked a t  e x a c t l y  zero  phase.  Let u s  next 
examine b r i g h t n e s s  curves of fou r  c r a t e r s  (F igure  6) 
near  Van Diggelen ' s  fou r  s tandard p o i n t s .  It can be 
seen tha t  a l l  c r a t e r s  reach  t h e i r  peak i n t e n s i t y  a t  
e x a c t l y  zero phase angle,  as d i d  the c r e s c e n t s .  

I n  c o n t r a d i s t i n c t i o n  t o  these f o u r  c r a t e r s ,  
l e t  u s  now examine (Figure 7) f o u r  c r a t e r s  which are 
nea r  the  s tandard po in t s  but  are  c h a r a c t e r i z e d  by 
being br ight - rayed  c r a t e r s .  It i s  c l e a r l y  seen that  
maximun? b r i g h t n e s s  o f  each of these c r a t e r s  occurs  
a t  about 12"  a f t e r  f u l l  moon. 

It should De noted i n  Figure 6 i h a i  iile 
experimental  p o i n t s  have been roughly cha rac t e r i zed  
Sy two s t r a i g h t  l i n e s ,  which tell one i n  f irst  
approximation the  values  of  g a t  the b r i g h t n e s s  
i s  a maximum and a t  which i t  goes : o  zero  ( l o c a t i o n  
of  the t e rmiga to r )  . T h i s  " t r i a n g l e ' '  r e p r e s e n t a t i o n  
of b r i g h t n e s s  was f i r s t  introduced by Tschunko (1949) 
and i s  used ex tens ive ly  i n  Van Digge len ' s  l u n a t i o n  
curves  ( i  .e . ,  b r igh tness  ve r sus  l u n a r  phase angle)  . 

Thus f a r  we have examined only  the  change 
of  b r i g h t n e s s  due t o  a change i n  phase ang le .  It i s  
very  i n s t r u c t i v e  to examine the  b r i g h t n e s s  o r  
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FIGURE 3 LOCATION OF THE FOUR STANDARD 
CRESCENTS AND POINTS. 
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LONGITUDE, SHOWING THAT THE BRIGHTNESS I S  A FUNCTION OF THE 
LONGITUDE. EACH CRESCENT IS DIVIDED INTO THREE STRIPS OF 
LATITUDE, WHICH DO NOT SHOW SYSTEMATIC DIFFERENCES. MEAN 
LUNATION CURVES ARE COMPUTED FOR EACH CRESCENT. 

(after Van Diggelen, 1959) 
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GURE 5 MEAN LUNATION CURVES OF CRATER FLOORS FOR THE FOUR CRESCENTS. 
MEASUREMENTS ARE COMPARED WITH THOSE OF FEDORETZ FOR INDlVlDU 
PLAINS (A ) AND HIGHLANDS ( 0 )  IN THE S A M E  CRESCENT. THE FOUR 
FIGURES ARE RELATED WITH: 

1)crescent (1 0-10, B 0-90, A Fedoretz 49, LI Fedoretz 155; 
2)crescent n 10-30, @ 0-90, A Fedoretz 16, 0 Fedoretz 153; 
3)crescent ~~30-50, B 0-90, A Fedoretz 33, 0 Fedoretz 151; 
4)crescent 50-90, B 0-90. 

(after Van Diggelen, 1959) 
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Figure 6 Lunation curves of four craters near the standard points. 
Albategnius, Plato, Grimaldi and Schikhard. The ob:ervations are made 
by Markov (1 927) , ( v ), Markov - Sharonov ( 0  ), Opik ( ), Bennett 
( A  ), Fedoretz ( 0 ) and van Diggelen (0). (after Van Diggelen, 1959) 



;'IG!JR€ 7 LUNATION CURVES OF FOUR RAY CRATERS NEAR TPE STANDARD POINTS: 

N E S S  OCCURS AFTER FULL PHASE. 
COPERNICUS, N C H O ,  KEPLER AND ARISTARCHUS. MAXIMAL BRIGHT- 

(after Van Diggelen, 1959) 
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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 observation that 
the photometric function is essentially independent 
of luminance latitude, we can express the brightness of 
the surface in terms of only the longitude, a, 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 showing the dependence 
of the photometric function, I, 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. This, of course, is the circumstance in 
which one is looking at the lunar surface near the 
terminator. From this figure one can also see that 
when g = 0 (i.e., at full moon) the brightness is 
constant with longitude, as it should be. 

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 in analyzing the lunar 
lighting conditions under which an orbiting satellite 
would be required to take pictures. 

Byrne (1963) has used the photometric 

This photometric surface was constructed by 
making panels, the outlines of which were the various 
P (a,g = const) curves. ~y setting these panels 
parallel to each other along a phase angle axis for 
b o t h  hal-;es cf  t h e  sr is ihle  moon the surface comes 
into being. Because there is a small number of panels, 
wires to indicate sample profiles were used. Differeht 
photographic views of this photometric surface are 
shown in Figures 9, 10, and 11. From an examination 
of Figure 11, one can easily 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 function versus phase angle are used 
somewhat indiscriminately in the literature. We s h a l l  
primarily use the term photometric function. 
(see Appendix A, page 4) 
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Figure 9 
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Figure 10 
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Since the  sun t r a v e l s  from e a s t  t o  west around t h e  
moon ( r i g h t  t o  l e f t  i n  Figure 11) w e  can see by 
examining the  wire p r o f i l e  c l o s e s t  t o  us ,  which r ep -  
r e s e n t s  a point  a t  +45' ( e a s t )  longi tude ,  that  the 
b r igh tness  a t  l u n a r  morning r ises r e l a t i v e l y  slowly 
t o  a maximum a t  f u l l  moon and then very quickly 
d rops ,  becoming zero when t h e  phase angle  has reached 
-45". On the  o t h e r  hand, by examining the  wire pro-  
f i l e  which i s  f a r t h e s t  f rom u s  which a p p l i e s  t o  a 
po in t  a t  -45" (west) longi tude,  w e  can see t h a t  t he  
b r igh tness  a t  l u n a r  morning r ises r a p i d l y  beginning 
a t  a phase angle of +45", reaching i t s  maximum at  
f u l l  moon, and then decreases  s lowly t o  zero a t  a 
phase angle  of -135". These two asymmetric p r o f i l e s ,  
o f  course,  can be seen t o  be m i r r o r  images of each 
o t h e r .  A poin t  located a t  zero longi tude ,  as can be 
seen from the c e n t e r  wire p r o f i l e ,  has a completely 
symmetric photometric func t ion .  

We have observed t h a t  t h e  l u n a r  b r i g h t n e s s  
versus  g f o r  p o i n t s  on the e a s t e r n  l i m b  of  t h e  moon 
has  a s low r ise  and a f a s t  descent and v i c e  v e r s a  
f o r  p o i n t s  on the  western l i m b .  T h i s  observa t ion  i s  
e a s i l y  explained,  once given t h a t  t he  b r i g h t n e s s  of 
a l l  p o i n t s  on the  moon i s  a s t rong  func t ion  of t he  
phase angle  g, having its maximum value a t  g = 0.  
Consider a point  on the extreme e a s t e r n  l i m b  a t  say 
a = 85". A t  g = 175" (g raz ing  incidence,  hence small 
s c a t t e r i n g )  i l lumina t ion  o f  t h e  poin t  f i rs t  occurs  
( i . e . ,  new moon). It i s  c l e a r  that  a s  the phase 
angle  decreases  f rom 175" t o  0",  t h a t  the b r i g h t n e s s  
w i l l  monotonical ly  increase  t o  %ts maxinaum'value. 
On the o t h e r  hand, when g approaches -5", which i s  
the cond i t ion  t h a t  t h e  poin t  be a t  t he  te rmina tor  
( a g a i n  g raz ing  incidence)  {, t h e  b r igh tness  must approach 
zero .  Hence the  "average s l o p e  of b r igh tness  must 
be l a r g e r  i n  t h e  i n t e r v a l  g = 0" L; Q = -?", W l I b I I  

compared w i t h  t he  i n t e r v a l  g = 175 t o  g = 0.  O f  
course,  any s e r i o u s  moon-watcher w i l l  have observed 
t h i s  phenomenon many t i m e s .  

v .  OLDER THEORETICAL PHOTOMETRIC FUNCTLOSS 

Many t h e o r e t i c a l  a t tempts  have been made t o  
d e r i v e  the l u n a t i o n  curve from phys ica l  t h e o r i e s  which 
are concerned w i t h  the p e n e t r a t i o n  and s c a t t e r i n g  of 
l i g h t  i n s i d e  of  a plane su r face  layer made up of s o l i d  
d i f f u s i n g  m a t e r i a l .  The s implest  r e f l e c t i o n  laws a r e  
tbose o f  Lambert and Lommel-Seeliger, which a r e  a 
func t ion  only o f  the angles  o f  incidence and emergence. 
The  Lommel-Seeliger law has the  advantage of having a 
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t h e o r e t i c a l  b a s i s ,  while  t h a t  o f  Lambert does not 
( s e e  Appendix A f o r  d e r i v a t i o n s ) .  A s  i s  shown i n  the  
Appendix A ,  t he  Lommel-Seeliger law r e p r e s e n t s  
c o r r e c t l y  the  appearance of  a f u l l  moon, s i n c e  i t  
g ives  a uniformly b r i g h t  su r face .  However, a t  a l l  
o t h e r  phase angles  i t  agrees  very poorly wi th  t h e  obser-  
v a t i o n a l  d a t a .  Nei ther  the Lambert o r  t h e  Lommel- 
See l ige r  law s a t i s f i e s  the condi t ion  t h a t  the b r igh tness  
o f  a l l  l u n a r  a r e a s  reaches maximum b r i g h t n e s s  a t  
f u l l  moon, r a t h e r  than when the  angle  of incidence 
has i t s  minimiJm va lue .  

It might be thought t h a t  a more s a t i s f a c t o r y  
luna r  theory o f  the  d i f f u s e  r e f l e c t i o n  could be 
obtained by c a r e f u l l y  analyzing the  s c a t t e r i n g  
processes  i n  a s o l i d  body, t ak ing  i n t o  account second 
order  and non- i so t ropic  s c a t t e r i n g .  However, t he  
r e s u l t s  of such cons idera t ions  have e n t i r e l y  f a i l e d  
t o  desc r ibe  t h e  luna r  observa t ions .  

There have been seve ra l  a t tempts  t o  ob ta in  
empir ica l  express ions  f o r  t h e  photometr ic  func t ion ,  
among which the  more successfu l  were those  obtained 
by Opik (1924) and Fessenkov (1926) .  Van Diggelen 
has compared t h e  results of  four  d i f f e r e n t  photometric 
func t ions  w i t h  t h e  Tschunko t r i a n g l e s  f o r  h i s  fou r  
s tandard p o i n t s  i n  Figure 1 2 .  O f  a l l  of t hese  curves,  
i t  can be seen that  only the  formula of Opik could be 
said t o  reasonably represent  the  experimental  d a t a ,  
and i t  only i n  t h e  case of  p o i n t s  a t  zero long i tude .  

The v i s i b l e  p a r t  of the moon has a very 
rough s t r u c t u r e ,  with a g rea t  number of large and small 
i r r e g u l a r i t i e s ,  c r a t e r s  and rnocntains. These i r r e g u -  
l a r i t i e s  c a s t  shadows which grow l a r g e r  as the angle  
of' incideiicz o f  t h e  so lar  r a d i a t i o n  i n c r e a s e s .  Since 
t h e  best  r e s o l u t i o n  t h a t  one can o b t a i n  w i i h  t e l e -  
scopic  observa t ion  of the moon i s  about 660 f e e t ,  i t  
i s  q u i t e  p o s s i b l e  t h a t  the  major  photometr ic  e f f e c t s  
one observes  are due e s s e n t i a l l y  t o  the formation of 
shadows which are much t o o  small t o  be seen s e p a r a t e l y .  
The s c a t t e r i n g  func t ion  f o r  i n d i v i d u a l  s u r f a c e  pa r t i -  
c l e s  may be r e l a t i v e l y  unimportant when compared w i t h  
the  e f f e c t s  of geometr ical  shadowing. A s u r f a c e  
which i s  p a r t i a l l y  occupied by p i t s  o r  c l e f t s ,  too  
small  t o  be seen d i r e c t l y  w i t h  a t e l e scope ,  but which 
c a s t  shadows never the less ,  g ives  much b e t t e r  agree-  
ment w i t h  t h e  i n t e g r a l  b r igh tness  ve r sus  phase angle ,  
a s  has  been shown by Schoenberg (1925) .  Barabashev (1922) 
has  e l abora t ed  a theory o f  c l e f t s  i n  which he ca lcu-  
l a t e d  the  i n t e n s i t y  of  l i g h t  r e f l e c t e d  by a plane 
s u r f a c e ,  crossed by i n f i n i t e l y  deep p a r a l l e l  c l e f t s  
w i t h  perpendicular  wa l l s .  Markov (1924) then extended 
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t h i s  theory  to grooves loca ted  a r b i t r a r i l y  on t h e  l u n a r  
d i s c .  H e  made h i s  c a l c u l a t i o n s  f o r  three forms o f  
r e f l e c t i o n  laws f o r  the su r face  i t s e l f :  F i r s t ,  he 
assumed the  law o f  Lambert; second, t h a t  o f  Lommel- 
See l ige r ;  and t h i r d ,  the Fessenkov law. The  Fessenkov 
l a w  was used i n  comparing h i s  theory  w i t h  observa-  
:ions of  t h e  c r a t e r  G r i m a l d i  and Figure  13 shows the  
comparison between t h i s  t h e o r e t i c a l  c a l c u l a t i o n  and 
the experimental  p o i n t s .  A s  can be seen ,  the  theo-  
r e t i c a l  curve ag rees  f a i r l y  well  wi th  t h e  data  p o i n t s  
near  zero  phase ang le ,  however, i t  d e v i a t e s  widely 
o therwise .  Since the macroscopic s t r u c t u r e  of  the 
l u n a r  su r face  shows us  a g r e a t  number of  c i r c u l a r  
and hemispherical  p i t s  as compared w i t h  only  a small 
number of  c l e f t s ,  one i s  not  t o o  su rp r i sed  t o  f i n d  
a l a c k  of agreement of t h i s  t ype .  

t he  l u n a r  su r face  was a su r face  l a y e r  covered by a 
g r e a t  number of hemispherical  p i t s  o r  cups s imilar  t o  
t h e  porous su r face  of pumice. H e  made very simple 
assumptions about t h e  r e f l e c t i o n  law of  these p i t s  or 
cups: namely, t ha t  b r igh tness  v a r i e s  d i r e c t l y  wi th  
the f r a c t i o n  of t h e  v i s i b l e  area of t h e  i l lumina ted  
inne r  s u r f a c e .  For t h e  p lane  su r face  between the cups 
he assumed Lambert 's  law t o  apply .  Van Diggelen has 
conpared t h e  r e s u l t s  o f  t h e  theory  of Bennet t  wi th  
observa t ions  a t  h i s  four s tandard  p o i n t s ,  and the 
r e s u l t s  a r e  shown i n  F igure  14. Though t h e  agreement 
between t h e  experimental  t r i a n g l e s  and the theory  
i s  f a i r ,  i t  l eaves  something t o  be desired,  e s p e c i a l l y  
i n  the cases  of l a r g e r  l ong i tudes .  

The theory  o f  Bennett (1938) assumed t h a t  

A summary o f  the  s a l i e n t  f e a t u r e s  of l u n a r  
photometr ic  observa t ions  thus f a r  d i scussed  i s :  
( a )  Except for i nd iv idua l  d i f f e r e n c e s  i n  a lbedo 

(see Table I ) ,  the b r igh tness  af f u l l  moon i s  
the  same f o r  a l l  p o i n t s  on the  lunar d i s c .  
Yarkov (1924) ; Markov and Barabashev (1926).  
The b r igh tness  o f  a l l  p o i n t s  i n c r e a s e s  up t o  f u l l  
moon and then  decreases  af-ter f u l l  moon indepen- 
e e n t l y  of  t he i r  p o s i t i o n  on t h e  l u n a r  d i s c .  T h i s  
'rnportant e f f e c t  f o r  maria was f l s cove red  Sy 
Barabashev (1922)  and genera l ized  t o  a l l  l u n a r  
format ions  by Markov (192h) on ?he b a s i s  of r a t h e r  
p r i m i t i v e  measurenents which have subsequent ly  bee2 
v e r i f i e d  f o r  the g r e a t  ma jo r i ty  o f  t h e  r eg ions  
s t u d i e d .  Maximum br igh tness  for most r eg ions  
occurs  a t  t h e  sma l l e s t  measured phase ang le  ( l . 5 " )  

( b )  
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FIGURE 13 LUNATION CURVE OF GRlMALDl CALCULATED BY MARKOV 
COMPARED WITH THE THEORY OF CLEFTS. 

(after Van Diggelen, 1959) 



FIGURE 14 LUNATION CURVES OF A THEORETICAL SURFACE OCCUPIED 100% 
WITH HEMI-SPHERICAL CUPS (Theory of Bennett) LOCATED AT 
THE FOUR STANDARD POINTS. THE FIVE CURVES REFER TO 
RATIOS OF DEPTH TO RADIUS; 1; 1.5; 2; 3; 5 .  

(after Van Diggelen, 1959) 



TABLE I 
AI bedo color Excess 

Type of object or material a 0 

Aver. Extreme Aver. Extreme 

Moon, maria and floors 
of dark cirques 

Moon, pali 
Moon, continents and 

floors of craters 
with normal co- 
louring 

Bright rays and craters 
with bright floors 

Al l  parts of Moon together 
Volcanic slag, scories 
Volcanic tuff 
Pumice 
Dunite, periodoti te 
Gabbro, norite 
Basalt 
Diabase 
Andesite 
Granite 
Metamorphic rocks 
Gays and schist 
Sand 
Sandstone 
Limonite, ortstein 
Limestone, marl 
Stone meteorites 
Fusion crust of meteorites 

0.065 
0.091 

0.105 

0.140 
0.090 
0.060 
0.193 
0.354 
0.104 
0.155 
0.133 
0.151 
0.139 
0.244 
0.281 
0.251 
0.240 
0.222 
0.131 
0.325 
0.183 
0.052 

0.05 0.08 +0.339 
0.09 0.10 +0.349 

0.08 0.12 +0.347 

0.10 
0.05 
0.02 
0.06 
0.13 
0.06 
0.08 
0.06 
0.11 
0.08 
0.04 
0.08 
0.12 
0.10 
0.06 
0.05 
0.06 
0.04 
0.02 

0.18 +0.352 
0.18 +0.344 
0.14 +0.11 
0.43 +0.29 
0.55 +0.43 
0.16 -0.01 
0.21 -0.04 
0.28 -0.05 
0.19 -0.02 
0.31 -0.02 
0.70 +0.39 
0.78 -9.26 
0.50 +0.33 
0.40 +0.49 
0.54 +0,66 
0.35 +0.69 
0.80 +C.38 
0.48 +0.10 
0.17 +0.11 

+0.29 +0.40 
+0.31 +0.37 

+0.31 +0.38 

+0.31 M.39 
+0.29 +0.40 
-0.013 +1.28 
-0.15 +1.10 
+0.05 M.81 
4.17 +0.25 
-0.17 4.12 
-0.31 4.15 
-0.19 +0.13 
-0.12 +la10 
-0.09 +1.23 
-0.25 +0.99 
-0.24 +1.53 
+0.06 +1.22 
+0.03 +1.54 
0.00 +1.24 
-0.13 +1.52 
-0.16 +0.36 
-0.10 +0.38 

(After Sharonov, 1962) 
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however, c e r t a i n  reg ions  ( c r a t e r s .  c o n t i n e n t s ,  
and r ays )  a t t a i n  maximum br igh tness  a t  about 
5-1/2' a f t e r  f u l l  moon. Some feaf;.res a t t a i n  
m a x i m u m m t n e s s  a s  l a t e  as 12' a f t e r  f u l l  
moon. This  anomalous behavior  r e m m a  mystery 
and apparent ly  i s  t o  be explained by some very 
p e c u l i a r  o r i e n t a t i o n  c h a r a c t e r i s t i c  of t he  
mic ro re l i e f  o f  t hese  r eg ions .  
The maxima of the b r igh tness  of  t he  b r i g h t  r a y s  
a r e  h tgher  and sharper  than the maxima of t h e  
reg ions  adjacent t o  them. T h i s  more r a p i d  
increase  i n  b r igh tness  of t h e  b r i g h t  r a y s  r e l a t i v e  
t o  the  surrounding su r face  i s  ev iden t ly  t o  be 
explained by some d i f f e r e n c e  i n  t h e  material 
composition of t hese  r eg ions .  
All o b j e c t s  which have the same photometr ic  
longi tude  have t h e  same b r igh tness  ( i . e . ,  there 
i s  e s s e n t i a l l y  no l a t i t u d e  dependence) a f t e r  
albedo d i f f e r e n c e s  o f  i nd iv idua l  o b j e c t s  have 
been taken i n t o  account .  This  observa t ion  was 
f i r s t  nade by Tschunko (1949), and g r e a t l y  
s i m p l i f i e s  t he  a n a l y s i s  of l a r g e  q u a n t i t i e s  of 
d a t a ,  s ince  the photometr ic  func t ion ,  3,  depends 
only upon t h e  luminance longi tude  and phase 
angle .  
The s c a t t e r i n g  func t ion  of t h e  luna r  su r face  i s  
cha rac t e r i zed  by having very s t r o n  
s c a t t e r i n g  as was found by Orlova 

VII. EXPERIMENTAL PHOTOMETRIC STUDIES OF TERRESTRIAL MATERIALS 

A g r e a t  many experimental  s t u d i e s  have been 
made which have attempted t o  s imulate  t h e  photometr ic  

m a t e r i a l s .  Outstanding among these  s t u d i e s  were 
those  that have been c a r r i e d  out by Barabashev and 
Chekirda (1945) f o r  d i f f e r e n t  t e r r e s t r i a l  rocks  both  
i n  t h e i r  n a t u r a l  s t a t e  and i n  a pulver ized s ta te .  
They then compared t h e  laws of  r e f l e c t i o n  found f o r  
them wi th  that  of the l u n a r  s u r f a c e .  T h i s  made i t  
p o s s i b l e  f o r  t h e  authors  t o  conclude t h a t  t h e  su r face  
of t h e  moon i s  extremely porous and that poss ib ly  i t  
i s  covered w i t h  fragments of  vo lcanic  rock.  A u s e f u l  
q u a n t i t y  i n  such s t u d i e s  i s  the  albedo which i s  def ined  
t o  be t h e  r a t i o  of t h e  b r igh tness  of  an ob jec t  t o  t h a t  
o f  an " i d e a l  white screen ' '  under the same cond i t ions  
o f  i l l umina t ion  ( see  Appendix A )  . Comparing l u n a r  
a lbedo va lues  ( found i n  Table I, taken from Sharonov 
(1962)), i t  i s  seen t h a t  only very dark substances 
such as volcanic  s l ag  and t h e  c r u s t  of me teo r i t e s  

- - - - ~ - . t - l T \ c *  uycs vILu of t h e  mnnn' s si.i.rface w i t h  t e r r e s t r i a l  
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have va lues  of albedo as low a s  those of t he  moan. 
Substances such a s  pumice, sandstone, c l ay ,  as w e l l  a s  
g r a n i t e ,  a r e  fo-dnd t o  have much t o o  l a r g e  va lues  of 
albedo. 

Syt inskaya (1953) has cons t ruc ted  a s ta t i s -  
t i c a l  d i s t r i b u t i o n  func t ion  of t he  luna r  a lbedo 
va lues  over t h e  complete luna r  sur f8ce ,  which i s  
found i n  Figure 15. 

Van Diggelen (1959) has  nade experimental  
i n v e s t i g a t i o n s  of the r e f l e c t i n g  powers o f  va r ious  
t e r r e s t r i a l  substances,  as wel l  a s  s u r f a c e s  on which 
t h e r e  were placed p i t s  and cups a s  wel l  a s  g l a s s  
beads.  Espec ia l ly  inSeres t ing  among h i s  experimental  
i n v e s t i g a t i o n s  i s  the measurement of t h e  photometr ic  
func t ion  of  d i f f e r e n t  volcanic  ashes ,  t he  r e s u l t s  of 
which are compared with h i s  four  s tandard p o i n t s  i n  
Figure 16. A s  can be seen, the  l u n a t i o n  curves of 
volcanic  ashes  devia te  w i d e l y  from the l u n a r  curves ,  
represented  by the t r i a n g l e s ,  e s p e c i a l l y  a t  the 
l a r g e r  l ong i tudes .  In  Figure 17  i s  displayed t h e  
r e s u l t s  of  Van Diggelen 's  measurements of  t h e  photometr ic  
func t ion  obtained with a su r face  which was 36% occu- 
pied w i t h  cups.  A s  can be seen, agreement i s  by no 
means e x a c t .  I n  Figure 18, we see Van Diggelen ' s  
r e s u l t s  f o r  a p l a t e  t h a t  i s  100% occupied wi th  cups 
and covered w i t h  magnesium oxide as well as wi th  a 
black powder. Again, t h e  r e s u l t s  a r e  seen t o  be not 
too  s a t i s f a c t o r y .  In Figure 19 we see h i s  r e s u l t s  f o r  
a p l a t e  which i s  occupied 100% with  humps, which i s  
aga in  not s a t i s f a c t o r y .  

Two more cases w i l l  be discussed which are 
somewhat amusing, perhaps,  but i n  f a c t  seem t o  poin t  
t o  t h e  c o r r e c t  s ~ l u t i z ~  of' the  problem. Van Diggelen 
inves t iga t ed  a sur face  covered by seeds and a lso a 
su r face  covered by l i c h e n  - i n  p a r t i c u l a r ,  
'Cladonia Rangifer ina '  . The measured p r o p e r t i e s  
of these s u r f a c e s  compared w i t h  t h e  fou r  s tandard 
p o i n t s  i s  given i n  F igures  20 and 21.  By comparing 

- Figure 21 c a r e f u l l y  w i t h  t he  experimental  data f rom 
t h e  fou r  s tandard po in t s ,  i t  can be seen t h a t  the 
photometr ic  pvoper t ies  of  t h e  l i c h e n  su r face  a r e  a 
very good approximation t o  the  luna r  su r face .  A 
comment by Minnaert (1961) on t h i s  agreement may be 
i n  o r d e r .  H e  says:  "Van Diggelen ' s  aktempt t o  
reproduce t h e  o p t i c a l  p r o p e r t i e s  of  t h e  luna r  su r face  
by a t h i c k  l a y e r  of t he  loose ly  rarr.jf!-ed l i c h e n  
'Cladonia  Rangifer ina '  was p a r t i c u l a r l y  s u c c e s s f u l .  
A s  a r e s u l t  o f  t n e  smallness o f  t h e  L?~rlar g r a v i t a t i o n  
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FIGURE 16 LUNATION CURVES FOR DIFFERENT VOLCANIC ASHES 
LOCATED AT THE FOUR STANDARD POINTS. 

o Vesuvius sand 1830. 
A Vesuvius sand 1894. 
o Vesuvius ashes 1906 coarse. 
V ashes Asama Yama 1901.  

ashes Vesuvius 1906 fine. 

(after Van Diggelen, 1959) 
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FIGURE 17 LUNATION CURVES FOR A PLATE OCCUPIED 36% WITH CUPS 
LOCATED AT THE FOUR STANDARD POINTS. 

(after Van Diggelen, 1959) 



9- 

FIGURE 18 LUNATION CURVES MEASURED FOR A PLATE OCCUPIED 100% WITH 
CUPS AND COVERED WITH MAGNESIUM-OXIDE ( Filled circles), 
A GRAY MIXTURE (Open circles), AND BLACK NORIT-POWDER 
(Squares) LOCATED AT THE FOUR STANDARD POINTS. 

(after Van Diggelen, 1959) 
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FIGURE 19 LUNATION CURVES FOR A PLATE OCCUPIED 100 % 
WITH HUMPS LOCATED AT THE FOUR STANDARD POINTS. 

(after Van Diggelen, 1959) 
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Figure 20 LUNATION CURVES OF A FLAT PLATE, COVERED BY SEEDS 
LOCATED AT THE FOUR STANDARD POINTS. 

(after Van Diggelen, 1959) 
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Figure 21 LUNATION CURVES FOR A LAYER OF THE LICHEN CLAOONIA 
RANGIFERINA LOCATED AT THE FOUR STANDARD POINTS. 
( Compare with Figure 6 ) (after Van Diggelen, 1959) 
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fo rce ,  very loose  sur face  formations may be formed, 
w i t h  p r o p e r t i e s  s imi l a r  t o  those  of  our model, The 
t r u e  s t r u c t u r e  may be in te rmedla te  between t h i s  and 
t h e  hemi-e l l ipso ida l  cup . ' I  

O f  c o w s e ,  one should not i n f e r  from t h i s  
r e s u l t  tha t  t he  surface o f  t h e  moon i s  made of l i c h e n  
or " re indee r "  moss. Rather,  one has  o n e ' s  view 
strengthened that  t h e  s u r f a c e  of  the  moon i s  made up 
of a f i n e  mesh of highly absorbing m a t e r i a l  whose 
s t r u c t u r e  i s  s u f f i c i e n t l y  in te rconnec ted  t o  a f f o r d  
ex tens ive  shadowing. 

VIII. A RECENT THEORETICAL PHOTOMETRIC FUNCTION 

Hapke (1963) i n  a r ecen t  paper has  der ived  
an express ion  f o r  t h e  photometric func t ion  of a l a y e r  
which i s  a complex interconnected mat r ix  of p a r t i c l e s .  
A s  a s t a r t i n g  poin t  he u t i l i z e d  the Schoenberg- 
Lommel-Seeliger law (see  Appendix A ,  page 2 ) .  H e  
chose as the  p a r t i c l e  s c a t t e r i n g  func t ion  

a func t ion  which s t rongly  back s c a t t e r s .  T h i s  
func t ion  was der ived by Schoenberg (van de Hu l s t ,  1957) 
and r e p r e s e n t s  t h e  s c a t t e r i n g  from a randomly o r i e n t e d  
p a r t i c l e  w i t h  rough f a c e s ,  

s i n k )  + (7J-g) cos (g )  
f i g )  = 7f 

I n  a d d i t i o n  t o  choosing f ( g )  t o  be a s t r o n g  
back- sca t t e r ing  func t ion ,  Hapke accounted f o r  t h e  
blockage of  the " l i n e  o f  s i g h t "  of  one p a r t i c l e  by 
another .  The b a s i s  of t h i s  p a r t  c f  h i s  a n a l y s i s  i s  t h e  
observa t ion  t h a t  a l i g h t  r ay  which h a s  pene t ra ted  
i n t o  t h e  mat r ix  t o  a given depth be fo re  being s c a t t e r e d  
h a s  a "p re fe r r ed"  d i r e c t i o n  for escaping,  namely 
a l cng  t h a t  d i r e c t i o n  from which 55 en te red .  To quote  
'LTapke: ''A simple model which t akes  i n t o  account t h i s  
e f f e c t  can be constructed as fo l lows:  Ins tead  of 
cons ider ing  the i dea l i zed  su r face  a s  a homogeneous, 
absorbing msdium, l e t  the su r face  l2.yer be made up of 
c i r c u l a r  tubes  of r a d i u s  of :he same o rde r  of magnitude 
as the average spacing between p a r t i c l e s  and whose 
axes remain always p a r a l l e l  t o  the d i r e c t i o n  of the 
inc iden t  of r a d i a t i o n .  Light  e n t e r i n g  t h e  c y l i n d e r  i s  
a t t e n u a t e d  exponent ia l ly .  Light  r a y s  r e f l e c t e d  a t  a 
g iven  depth of t h e  cy l inde r  a t  such an angle  as t o  
pas s  throlAgh the walls of  t he  c y l i n d e r  i n  which t h e y  
are r e f l e c t e d  are a l s o  exponen t i a l ly  a t t enua ted  i n  
p r o p c r t i o n  t o  t h e i r  path l e n g t h ,  a s  in Lommel-Seeliger 
s c a t t e r i n g ,  but r e f l e c t e d  r a y s  whlcl?  r'o not in te rsec t ,  
the  wall and pass  out through t h e  e r d s  o f  the tube a r e  
not  a t t enua ted  a t  a l l . "  
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To account f o r  this "preferred" direction 
effect, Hapke, using his model, calculated what he has 
called the retro-directive function, B(g,p), which is 
only a function2c+f the phase angle, g, and the 
parameter, p = (r is the radius of a tube, and X 
is Just the mean-free-path as in the Schoenberg- 
Lommel-Seeliger Law) . 

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

P .sinlgl + (T-lgl )cOslgl .B(g,p), where 
COS€ TT I k,P> = 

1 + -  cos 0' 

p-tanlg/ (l-e-P/tanlgl) (3-e-p/tanlgl) ; 1 g l L ~  
2p -F 

B(g,p) ={; lglb7V2 
where P is the reflectivity of a scattering particle. 
It will be noted that I(g,p) is j u s t  the Schoenberg- 
Lommel-Seeliger Law multiplied by B(g,p), Hapke's 
retrodirective function. 

I (g,p) is plotted (after dividing byp ) 
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. 

Fedorets, which is a mountainous region near Mare 
Nectaris. 

In Fi ure 28 is a comparison of Hapke's 
function (for p = 0. % ) compared at point #123 of 

As can be seen, the general agreement 
between the phase angle dependence of the photometric 
function anci ine experimei-ltal da t a  is seefi t z  be 
quite 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 void (i.e., only 25% occupied by material 
particles)? This result is in agreement with results 
from radiometric measurements of the lunar surface 
emission. 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 dielectric constant 
values o f  about 4 to 5, this result implies about an 
80% void f o r  lunar surface layer. 

calculated the integral lunar 
ned by integration o f  ' H ( g , a )  over 

a lunar is shown in Figure 29 compared 
with the experimental data of' Rougier, from which the 
agreement is seen to be exceptionally close. 

* Eapke's "best" value of p = 0.6 yields an 85% void. 
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Byrne ( P r i v a t e  Communication) has compared 
the curve o f  the  Hapke func t ion  f o r  g = -40' w i t h  
i nd iv idua l  d a t a  p o i n t s  obtained f rom the data of 
Fedorets  (1952) and Orlova (1956) (F igure  30).  As 
can be seen, one might say t h a t  t h e r e  i s  f a i r  agree-  
ment o f  the  experimental  da t a  wi th  the t h e o r e t i c a l  
curve i n  t he  reg ion  between a = -40" t o  a = +40', 
but from a = -GO' t o  a = -90" the agreement i s  seen 
t o  be not s a t i s f a c t o r y .  

Hapke and Van Horn (1962) have succeeded 
i n  cons t ruc t ing  a r e f l e c t i n g  su r face  composed of 
what they r e f e r  t o  as  " f a i r y  c a s t l e s ' '  by s i f t i n g  f i n e  
p a r t i c u l a t e  mat te r ,  having average g r a i n  diameters  
of about 20 microns o r  1/50 mm. They have found 
experimental ly  t h a t  the photometric behavior  of 
these s t r u c t u r e s  very c l o s e l y  matches t h a t  o f  the l u n a r  
photometric func t ion .  However, the p o l a r i z a t i o n  
versus  phase angle behavior o f  t h e i r  " f a i r  c a s t l e "  
su r face  has been found t o  not agree wi th  l u n a r  
p o l a r i z a t i o n  behavior.  T h i s p e r h a p s  i s  not t oo  
s u r p r i s i n g  i n  view of t h e  f a c t  t h a t  they d i d  not 
attempt t o  d u p l i c a t e  t h e  agglomeration s i z e s  
( t e n t h s  o f  a millimeter) found by Lyot and Dol l fus  
t o  g ive  the  c o r r e c t  lunar  p o l a r i z a t i o n  ve r sus  phase 
angle  behavior.  

IX . LUNAR COLORIMETRIC MEASUREMENTS 

L e t  u s  examine the  column of Table I 
( fo l lowing  page 9 )  marked '!Color Excess".  The c o l o r  
excess  is defined by t h e  equat ion D = C-Coy where C 
is the c ~ l z r  index of a given ob jec t  i l lumina ted  by 
n a t u r a l  G r  a r t i f i c i a l  s u n l i g h t ,  and Co is the  c o l o r  
index of the sun ,  
see  Appendix B ) .  

(Fo r  d e f i n i t i o n  o f  c o l o r  index 

For  a n e u t r a l  r e f l e c t i n g  s u r f a c e  D is  zero .  
For substances which have a b l u i s h  c o l o r ,  D w i l l  be 
negat ive ,  while for yellow, brownish, and reddish  
m a t e r i a l s  i t  w i l l  be p o s i t i v e .  I n  commenting on the 
d i f f e r e n c e s  i n  co lo r  i nd ices  of  o b j e c t s  on a l u n a r  
su r face ,  w e  s h a l l  quo te  Sharonov (1962) who says:  
"Another f e a t u r e  which i n d i c a t e s  the uni formi ty  of 
the ou te r  cover o f  the moon i s  t h e  very small  d i f -  
f e r ences  i n  co lo r  according t o  t he  d a t a  i n  the new 
co lo r tme t r i c  ca ta log  of l una r  o b j e c t s ,  based on v i s u a l  
co lo r ime t r i c  observa t ions  conducted hy me a t  the  
Tashkent Astronomical Gbservatory,  t h e  extreme 
d i f f e r e n c e s  i n  the color index, inc luding  e r r o r s  i n  
t h e  measiJrement, do not  exceed 0.11. The average 
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X. 

value f o r  t h e  co lo r  expressed by the  d i f f e r e n c e ,  D, 
o f  t h e  c o l o r  i nd ices  of t he  moon and t h e  sun amount 
t o  about 0.35. The con t inen t s  and i n  gene ra l  t h e  
b r i g h t  p a r t s  a r e  on the  average a l i t t l e  redder  than 
t h e  niaria which can be seen from the  numbers given 
i n  Table I.  
and o t h e r  dark o b j e c t s  was found t o  be somewhat l a r -  
g e r  than f o r  t he  b r igh t  p a r t s .  However, a c a r e f u l  
and repea ted  study o f  the d i s c  of the  moon conducted 
under g r e a t  magnif icat ion w i t h  the  a i d  of r e f l e c t o r s  
and r e f r a c t o r s  d i d  n o t  r e v e a l  a s i n g l e  small  ob jec t  
whose c o l o r  appreciably d i f f e r e d  from that  of t h e  
background. 

The d i spe r s ion  o f  t he  c o l o r  f o r  t he  maria 

11 

EXPERIMENTAL POLARIMETRIC STUDIES 

Light r a y s ,  upon being r e f l e c t e d  from an 
The "plane of object? ,  may be p a r t i a l l y  p o l a r i z e d .  

v i s i o n  is-def ined by the rzquirement t h a t  the 
inc iden t  (S) and emergent (0)  d i r e c t i o n  v e c t o r s  l i e  
i n  i t  ( s e e  Figure 31 ) .  Let and '221 be t h e  
maximum and minimum i n t e n s i t i e s  of  t he  e l e c t r i c  
vec to r ,  r e s p e c t i v e l y .  A t h i r d  parameter,  e ,  i s  t h e  
angle  between the*po la r i za t ion  vec to r  ( i . e . ,  e l e c t r i c  
vec to r  maxigum) E ( e ) ,  and the  normal t o  t h e  plane 
of  v i s i o n ,  0 x e The p o l a r i z a t i o n  i s  then  def ined 
by ? = (14- l E ~ ] ) ; ( l ~ i + l E ~ l ) .  
o f  P ve r sus  g,  t h e  angle between t h e  inc iden t  and 
emergent d i r e c t i o n s ,  is an important source o f  i n f o r -  
mation concerning the  l i g h t  r e f l e c t i n g  p r o p e r t i e s  of 
a s u r f a c e  a r e a .  

The p o l a r i z a t i o n  curve 

The p o l a r i z a t i o n  o f  t h e  l i g h t  from t h e  moon 
i s  determined e s s e n t i a l l y  Sy the  mic ros t ruc tu re  of  
t h e  l u n a r  surface and I s  mt ~ f ' f e r t e d .  by t h e  h i l l s  
and v a l l e y s  which, o f  course ,  do have an e f f e c t  on 
t h e  i n t e n s i t y  o f  t h e  r e f l e c t e d  l i g h t .  F o l a r i z a t i o n  
d a t a  r e v e a l  t he  f i n e  s t r u c t u r e  of  t h e  su r face ,  which 
would be seen if i t  were examined under a microscope. 
About l 5 O  years  ago, Arago f i r s t  observed t h a t  l u n a r  
l i g h t  was indeed po la r i zed .  I n  1860, Secchi  d i s -  . 
covered t h e  p o l a r i z a t i o n  vec to r  t o  be perpendicular  t o  
t h e  plane of  v i s i o n  ( i . e . ,  8 = O o ,  as would be t h e  
case  f o r  most t e r r e s t r i a l  m a t e r i a l s ) .  ue found t h e  
p o l a r i z a t i o n  to be near ly  t h e  same i n  r eg ions  composed 
of d i f f e r e n t  ma te r i a l s  but  t h a t  i t  i s  i n  gene ra l  
s l i g h t l y  l a r g e r  for the darker  r eg ions .  
found that  toward f i r s t  q u a r t e r  t h e  p o l a r i z a t i o n  
tends  t o  i n c r e a s e .  Okher i n v e s t i g a t o r s ,  around t h e  
t u r n  of t h e  century ,  found approximately t h e  same 
r e s u l t s .  Barabashev (1927) oStained numerous r e s u l t s  

Secchi  a l s o  
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on t h e  p o l a r i z a t i o n  o f  l u n a r  l i g h t  and determined 
t h a t  t h e r e  were v e r y  few, i f  any, t e r r e s t r i a l  m a t e r i a l s  
which have the  Same p o l a r i z a t i o n  c h a r a c t e r i s t i c s  
a s  t h e  moon. 

The first d e t a i l e d  observa t ion  and p r e c i s e  
a n a l y s i s  o f  the p o l a r i z a t i o n  o f  t h e  l u n a r  li h t  d a t e s  

success  was due e s s e n t i a l l y  t o  h i s  development of a 
very s e n s i t i v e  polar imeter .  Lyot found t h a t  t h e  
p o l a r i z a t i o n  vec to r  was almost always e i the r  perpen- 
d i c u l a r  t o  o r  p a r a l l e l  t o  t h e  plane o f  v i s i o n  

and t h a t  w i t h  e = 90" 11  by a ( - )  s ign ,  Lyot introduced 
what i s  now c a l l e d  a curve of  p o l a r i z a t i o n "  which 
f a i r l y  completely desc r ibes  the p o l a r i z a t i o n  proper-  
t i e s  o f  l i g h t  over  a l l  areas of the e n t i r e  l u n a r  
d i s c .  The p o l a r i z a t i o n  of  t he  i n t e g r a t e d  l i g h t  f l u x  
from the moon is shown i n  Figure 32 as obtained by 
Lyot (1929) .  By observing the  curve marked A 3 , 
w e  f i n d  t h a t  t he  maximum value of  t h e  (+) p o l a r i z a t i o n  
is about 0.088 and by fol lowing t h e  curve marked t- A 
w e  n o t i c e  t h a t  t h i s  maximum value of the p o l a r i z a t i o n  
i s  about 0.066. T h i s  d i f f e r e n c e  i n  maxima of 
p o l a r i z a t i o n  i n  the  waning phase ( e) of the moon 
ve r sus  the  waxing phase ( +) of t h e  moon i s  ex- 
p l a ined  by Dollfus  (1962a) t o  be due t o  the f a c t  t h a t  
the maria occupy about twice as l a r g e  a r eg ion  i n  t h e  
l a s t  q u a r t e r  of t he  moon a s  i n  the f i r s t ,  To f u r t h e r  
desc r ibe  t h i s  curve we s h a l l  quote Lyot (1929) who 
says ,  ' 'about two days before  f u l l  moon, when the 
angle  of v i s i o n  has a value o f  23"30 t ,  t h e  p o l a r i -  
z a t i o n  goes t o  zero and reappears, a few hours  l a t e r ,  
IT! 8 perpendicular  p l ane .  It then passes through a 
nega t ive  minimum of 0.012 at  an angle  or? ii", tiieii 
bends r a p i d l y  enough toward z e r o  s o  a s  t o  1 1  disappear  
a t  the same t i m e  as t he  angle of v i s i o n .  

p r imar i ly  t o  t h e  i n v e s t i g a t i o n s  o f  Lyot (192 8 ) . This  

( i . e . ,  e = 0" o r  8 = 9 0 " ) .  By c h a r a c t e r i z i n  
p o r t i o n  of polar ized l i g h t  wi th  0 = 0" by a 

D o l l f u s  has descr ibed  t h e  s t u d i e s  of Lyot 
i n  which he found that t h e  p o l a r i z a t i o n  v e c t o r s  o f  
l i g h t  from d i f f e r e n t  patches and r eg ions  o f  the s u r -  
f a c e  of the moon were found t o  have t h e  same d i r e c t i o n  
a t  each poin t  on the d i s c  w i t h  a pyec i s ion  of b e t t e r  
thaR h a l f  a de r e e .  It was found that toward the  t i m e  
o f  quadra ture  $ i . e . ,  g+ 9 0 " )  t he  magnitude o f  
p o l a r i z a t i o n ,  however, v a r i e s  g r e a t l y  from one poin t  
t o  another  over the l u n a r  d i s c  and t h a t  i t  has  a 
l a r g e r  value on the dark  reg ions  and smal le r  value 
on t h e  b r igh t  reg ions .  It was found t o  vary approxi-  
mately inve r se ly  with t h e  b r igh tness  of  the measured 
r eg ion .  Fkom f i r s t  q u a r t e r  t o  f u l l  moon t h e  p o l a r i -  
z a t i o n  o f  all regions diminishes  and approaches t h a t  



I 
I 
I 
I 0 

- u )  I c 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I - 
I 

- 0  I 9 
I 
I 

- 
- 

- 
- 
0 

- e l  
c 

- 
- 8  
- 

- 
I ! I  



I 

- 17 - 

value which i s  obtained f o r  t h e  p o l a r i z a t i o n  of  the 
i n t e g r a t e d  b r igh tness .  The d i f f e r e n c e  between t h e  
p o l a r i z a t i o n  of t e r r a e  and the maria,  which i s  q u i t e  
conspicious around times o f  quadra ture ,  becomes nea r ly  
undetec tab le .  The p o l a r i z a t i o n  was a l s o  found t o  be 
only weakly dependent upon the  angle  of incidence,  
but i t  d i d  inc rease  somewhat toward the te rmina tor ,  
where the inc ident  angle i s  very l a r g e .  

I n  an attempt t o  understand the o l a r i z a t i o n  
curves obtained f o r  t h e  moon, Wright (1929 P s tudied  
the p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of s eve ra l  terres- 
t r i a l  materials. A very sys temat ic  con t inua t ion  of 
t h i s  work has  been c a r r i e d  out by Dollfus  (1955, 1956). 
H i s  genera l  study allowed h i m  t o  c l a s s i f y  m a t e r i a l s  
i n t o  seve ra l  groups which made i t  p o s s i b l e  t o  e l i m i -  
n a t e  numerous substances i n  an i n i t i a l  at tempt t o  
understand the na ture  of l u n a r  m a t e r i a l s  and the 
mic ro re l i e f  of the luna r  s u r f a c e .  

L e t  u s  now examine the p o l a r i z a t i o n  
p r o p e r t i e s ,  as found by Dollfus  (1961a) f o r  s eve ra l  
types  of m a t e r i a l s ,  I n  F igure  33, Dol l fus  has p l o t t e d  
t h e  p o l a r i z a t i o n  f o r  milky qua r t z  under va r ious  
cond i t ions  o f  i l l umina t ion  and observa t ion .  H i s  
curve l abe led  (i) r e l a t e s  the p o l a r i z a t i o n  ve r sus  
phase angle  V f o r  the  sur face  when viewed normally 
( i . e . ,  E -0) .  An important po in t  t o  n o t i c e  i s  that  
there i s  no negat ive  p o l a r i z a t i o n  under these  cond i t ions .  
I n  t h e  Figure l abe led  (ii) he has p l o t t e d  the p o l a r i -  
z a t i o n  versus  t h e  angle  L, l a t e r a l  i n c l i n a t i o n  with 
t h e  phase angle  V as a parameter (see Figure 31 f o r  
explana t ion  of g, e,  V, L ) .  It can be seen aga in  
t h a t  t h e r e  i s  no negat ive p o l a r i z a t i o n  and that  the 
p o l a r i z a t i o n  inc reases  as  t h e  angle  L i n c r e a s e s  a s  
w e l l  as inc reases  w i t h  phase angle .  The curve l abe led  
(iii) d i s p l a y s  the  p o l a r i z a t i o n  vei2si.is, I, the 
i n c l i n a t i o n  of  the plane o f  v i s i o n .  It should be 
noted t h a t  maximum p o l a r i z a t i o n  occurs  a t  t h e  cond i t ion  
f o r  specu la r  r e f l e c t i o n  ( i . e . ,  when the angle  of  
incidence i s  equal  t o  the angle  of  emergence) i n  a l l  
c a s e s ,  It should a l s o  be noted t h a t  the peak po la r i -  
z a t i o n  va lues  tend t o  increase  as the  phase angle  
i n c r e a s e s  ( i . e . ,  approaches t h e  graz ing  angle)  . 

I n  Figures  34 and 35 are given the p o l a r i -  
z a t i o n  curves f o r  wh i t e  sugar ,  a g ranu la r  su r face ,  and 
f o r  sandstone, both of  which have a p a r t i a l l y  absorbing 
and rough s u r f a c e .  I n  both of these cases  i t  may be 
noted that  t h e  sharpness o f  the curve o f  p o l a r i z a t i o n  
ve r sus  I has  diminished but that  t h e  peak value of t he  
p o l a r i z a t i o n  i s  s t i l l  obtained a t  t he  specular  
r e f l e c t i o n  angle .  
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I n  F igure  36 i s  seen  t h e  p o l a r i z a t i o n  curves  
f o r  emery powder. It should be not iced  tha t  the p o l a r i -  
z a t i o n  ve r sus  I curves a re  v i r t u a l l y  f l a t  and have 
very small  peaking a t  t h e  specu la r  r e f l e c t i o n  a n g l e ,  
The p o l a r i z a t i o n  versus  phase angle  V, a t  normal emer- 
gence, i s  seen t o  develop a negat ive  peak which was 
not true of prev icus  examples. 

I n  F igure  37 i s  seen t h e  p o l a r i z a t i o n  curve 
obta ined  f o r  i r o n  f i l i n g s .  It can be seen from t h i s  
f i g u r e  t h a t ,  as the f i l i n g  s i z e s  go from coa r se ,  
medium t o  f i n e ,  the  negat ive  p o l a r i z a t i o n  maximum 
value  inc reases  and t h e  poin t  a t  which p o l a r i z a t i o n  
changes from ( - )  t o  (+) is  s h i f t e d  t o  l a r g e r  va lues  
of  the phase angle  V .  I n  F igure  38 are shown t h e  
p o l a r l z a t i o n  curves  obtained i n  three cases  f o r  
antimony powder, carborundum and emery powder. The 
curves  labeled ( A )  r epresent  f i n e  powders and curves  
labeled (B)  r ep resen t  agglomerated powders. It 
should be noted t h a t  agglomeration produces l a r g e r  
nega t ive  p o l a r i z a t i o n .  

From these experimental  r e s u l t s  we can 
conclude t h a t  t o  o b t a i n  l a r g e  nega t ive  p o l a r i z a t i o n  
one must have f i n e  g r a i n s  of  material  which a r e  
s tnongly  absorbing and which are agglomerated. 

A s  ha s  been seen, opaque powdered m a t e r i a l s  
produce a nega t ive  branch i n  t h e  p o l a r i z a t i o n  curves,  
which was f i r s t  discovered by Lyot (1929). The 
p o l a r i z a t i o n  of  l i g h t  f r o m  opaque subs tances ,  by 
necess i ty ,  m u s t  be due t o  a pure ly  su r face  phenomenon 
( i . e . ,  there  can be no i n t e r n a l  r e f r a c t i o n  and re-  
energence ef l i g h t  from the p a r t i c l e ) .  Dol l fus  (1956) 
found that  t h e  nega t ive  p o l a r i z a t i o n  branch depends 
s t rong ly  upon m u l t i p l e  s c a t t e r i n g  between g r a i n s ,  
as can be seen  frcm t n e  resuits zlf a simple expertmefit. 
he performed. He found t h a t  when the g r a i n s  were i n  
a f r e e - f a l l  s t ream t h e  nega t ive  branoh o f  p o l a r i z a t i o n  
curve d isappears .  

We sha l l  quote  Dol l fus  (1961b) i n  o rde r  t o  
desc r ibe  fu r the r  t h e  behavior of the  negat ive  p o l a r i -  
z a t i o n  branch o f  cjpaque powders. H e  says :  "The 
g r e a t e r  the  absorp t ion  by the powder, the  deeper  the 
negat ive  p o l a r i z a t i o n  becomes. There i s  a l s o  a 
dependence on p a r t i c l e  s i z e .  (Figure 371 shows the 
curves  for. c c a r s e ,  medium, and f i n e  i r o n  f i l i n g s ,  
r e s p e c t i v e l y ,  which snow tha t  the  f i n e s t  f i l i n g s  
have the  deepes t  nega t ive  branch. The branch i s  
e s p e c i a l l y  deep f o r  opaque m a t e r i a l s  ground t o  very  
f i n e  g r a i n s  which themselves are  combined i n t o  
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l a r g e r  g r a i n s .  T h i s  type of  curve i s  observed f o r  t'he 
moon, Mercury, both the b r i g h t  and t h e  dark a r e a s  
on Mars, and the  a s t e r o i d s .  

> . . . . . - .  
INT3RFRETATION OF THE POLARIZATION OF LIGHT FROM THE MOON 

To ob ta in  t h e  French school ' s i n t e r p r e t a t i o n  
o f  t he  p o l a r i z a t i o n  of  l i g h t  f rom t h e  moon, w e  s h a l l  
aga in  quote Dollfus (196213). He says,  "The p o l a r i -  
z a t i o n  o f  l i g h t  from the moon i s  e x a c t l y  t h a t  of 
g ranu la r  opaque substances prev ious ly  s t u d i e d .  We 
must conclude the re fo re  t h a t  t he  luna r  su r face  i s  
covered w i t h  a very absorbent powder having a c o n s t i -  
t u t i o n  s i m i l a r  t o  t h a t  o f  volcanic  ash .  
could be spread out  i n  a very t h i n  l a y e r  but i t  
apparent ly  must cover a l l  o f  t he  s u r f a c e .  Lyot has  
ind ica t ed  t h i s  r e s u l t  as e a r l y  a s  1929. H e  had 
prepared a mixture of vo lcanic  ash i n  t h e  l abora to ry  
matching the  o p t i c a l  p r o p e r t i e s  of t he  l u n a r  ground. 
The cont inuous l i n e  (Figure 39) shows t h e  p o l a r i z a t i o n  
of t he  moon. The d o t t e d  curve which i s  s l i g h t l y  
r a i s e d  shows t h a t  of L y o t ' s  mixture ."  

T h i s  powder 

The researches  t h a t  followed s ince  have 
completely confirmed t h i s  r e s u l t  (Dol l fus ,  1955) . 
Figure 40 shows a microscopic view of  vo lcanic  ash 
having t h e  observed p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of 
t he  b r i g h t  reg ions  of t h e  luna r  ground. 

X I I I .  RECENT POLARIMETRIC STUDIES 

Kohan (1962) r e c e n t l y  has  i n v e s t i g a t e d  the 
p o l a r i z a t i o n  p rope r t i e s  of t he  moon w i t h  a newly 
developed r o t a t i n g  p o l a r o i d  device which permit ted 
h i m  t o  measure low values o f  p o l a r i z a t i o n  w i t h  a high 
degree of  accuracy at phase angles  c lose  t o  f u l l  moon. 
The s a l i e n t  p o i n t s  of  h i s  r e s u l t s  a r e :  ( a )  The 
angle  of o r i e n t a t i o n  o f  t h e  plane of p o l a r i z a t i o n  
f o r  a given phase angle does n o t  depend upon the pos i -  
t i o n  o f  t h e  d e t a i l  on t h e  luna r  su r face  ( i . e . ,  i t  
does  not depend upon t h e  angle  o f  emergence& ) .  
( b )  
l u t e  value o f  the  phase angle .  A t  l a r g e  va lues  o f  
phase ang.le the  e l e c t r i c  v e c t o r ' s  maximum i n t e n s i t y  
was found t o  be perpendicular  tG t he  photometric 
equator  ( i . e . ,  e = 0)  and a r ap id  r o t a t i o n  o f  the  
maximum e l e c t r i c  vec torobegins  a t  about phase 
angle  J IO = 40" and a t  JI 
mately equal  t o  9@", re t -drn ing  t o  zero once more a t  

It, however, does depend s t r o n g l y  upon the  abso- 

= 10" i t  becomes approxi-  
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FIGURE 40 A N  EXAMPLE OF ASH WITH VERY DARK GRAINS, REPRO- 
DUCING THE OBSERVED POLARIZATION PROPERTIES OF 
THE LUNAR GROUND. 
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zero  phase ang le .  The r e s u l t s  of  h i s  measurements 
of the  p o l a r i z a t i o n  angle  o f  moonlight are found 
i n  F igure  41 .  

Kohan a l s o  inves t iga t ed  t e r r e s t r i a l  spec i -  
mens i n  t he  non-pulverized as we l l  as i n  t he  pulver ized  
s t a t e  having g r a i n  dimensions of O . 2 5 m m < d a l m m ;  
lmmcd~3mm a t  va r ious  angles  of  lnc idence  and two 
ang les  of r e f l e c t i o n  ( E  = 0 and F. = 45"). I n  F igure  42 
are shown the  r e s u l t a n t  angular  p o s i t i o n s  of  t he  
maximum e l e c t r i c  vec to r  versus  phase ang le ,  $ "  
of  fou r  d i f f e r e n t  ma te r i a l s .  Curve number I des ig -  
n a t e s  the  p o l a r i z a t i o n  curve f o r  g r a n i t e ,  11- for  t u f f ,  
111-for ocherous l imon i t e ,  IV-for s l a g .  A s  can be 
seen from an examination of  F igure  42, no one of  the 
specimens had a p o l a r i z a t i o n  angle  versus  phase angle  
dependence t h a t  i s  nea r ly  so s t e e p  as the  moon. 
I n  specimens I11 and ni, i t  can be seen t h a t ,  a l though 
they  have s t e e p e r  s lopes  than curves  I and 11, the 
breakpoin t  occ?xrs a t  a much smaller phase angle  
than  tha t  of t h e  moon. A summary of Kohan's expe r i -  
mental  i n v e s t i g a t i o n s  i s  as  fo l lows .  H e  says: " I n  
case  of  terrestr ia l  rock ,  the ang le  o f  o r i e n t a t i o n  

I o f  t h e  plane 
a .  

b .  

C .  

d .  

- 
o f  p o l a r i z a t i o n :  

Does not  depend upon t h e  degree  of 
pu lve r i za t ion .  
Does not, depend upon the ang le  of 
r e f l e c t i o n  a t  which observa t ions  are 
made. 
Depends upon the phase ang le  q t o ,  and a t  
l a r g e  phase ang le s  the  d i r e c t i o n  of  
p o l a r i z a t i o n  i s  perpendicular  t o  t h e  
plane pass ing  through t h e  specimen, 
i l l umina to r  and e l ec t ropo la r ime te r ;  a 

z a t i o n  begins a t  approximately $ '  = 28' .  
I n  the  case  o f  l imon i t e  and vo lcan ic  
s l a g ,  t h e  m o s t  r a p i d  r o t a t i o n  of the 
p o l a r i z a t i o n  p lane  i s  observed, which i s  
s imilar  t o  the r o t a t i o n  of  the p o l a r i -  
za t ion  plane o f  moonlight.  I n  o t h e r  
t e r r e s t r i a l  rock ,  inc luding  volcanic  t u f f ,  
the angle  o f  r o t a t i o n  i s  cons iderably  
smaller. I n  c o n t r a s t  t o  t he  s i m i l a r  na- 
t u r e  o f  t h e  r o t a t i o n  of  the p lane  o f  
p o l a r i z a t i o n  of  d i f f e r e n t  r eg ions  o f  the 
luna r  su r face ,  the degree of p o l a r i z a t i o n  
e x h i b i t s  g r e a t e r  v a r i e t y .  The maximum 
degree o f  p o l a r i z a t i o n  of d i f f e r e n t  l u n a r  
f e a t u r e s  decreases  i n  t h e  fol lowing o rde r :  
maria, bays ,  c r a t e r  maria, c r a t e r s  w i t h  
c e n t r a l  peaks and t h e  c o n t i n e n t s .  
shows t h e  dependence o f  the  maximum degree 

-,. I u b a u l w l r  4- n c i A m  cf t h e  plafie n f  polari- 

[Figure 43, 
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I 

I 

of p o l a r i z a t i o n ,  found by our measure- 
ment, on the maximum b r i g h t n e s s  of the 
given d e t a i l  according t o  Fedore ts .  
Exact ly  the  same dependence is a l s o  ob- 
ta ined  f o r  t he  t e r r e s t r i a l  rocks,  (F igure  44 ) ,  
where we p lo t t ed  the  magnitudes of t h e  
degree o f  p o l a r i z a t i o n  a t  $" = 80" f o r  
var ious  degrees o f  p u l v e r i z a t i o n ,  taken 
from the  graph, which shows the dependence 
of the degree of p o l a r i z a t i o n  on the phase 
angle ,  and corresponding va lues  of r e l a -  
t i v e  br ightness  obtained by the same i n s t r u -  
ments. From here i t  i s  ev ident  t h a t  the 
d a r k e r  t he  inves t iga t ed  sample, the  g r e a t e r  
t he  p o l a r i z a t i o n .  The maximum degree of 
p o l a r i z a t i o n  depends upon the p u l v e r i z a t i o n  
o f  t he  rock, (F igure  45) ,  i . e . ,  the diameter 
of  the g ra in ;  the l a r g e r  the g r a i n ,  the 
g r e a t e r  the degree of i t s  p o l a r i z a t i o n .  I 1  

Based e s s e n t i a l l y  upon the preceding i n f o r -  
mation, Kohan then draws the  fol lowing conclusions:  

A s  f a r  as change i n  the  angle  of  o r i e n t a t i o n  of the 
p o l a r i z a t i o n  i s  concerned, ocherous l imon i t e  and 
volcanic  slag match c lose ly  the  c h a r a c t e r i s t i c s  of 
moonlight.  However, as t h e  degree o f  p u l v e r i z a t i o n  of 
vo lcanic  s l a g  i s  larger than t h a t  o f  the moon, i t  
becomes necessary t o  assume that the p o l a r i z a t i o n  
c h a r a c t e r i s t i c s  of  t he  luna r  su r face  come c l o s e s t  t o  
t h a t  of  ocherous l imoni te .  The degree of p o l a r i z a t i o n  
o f  l imon i t e  i s ,  on the  average, equal  t o  the degree of 
p o l a r i z a t i o n  of l una r  maria. (Note: f o r  t h e  u n i n i -  
t i a ted ,  as i s  the  author of t h i s  r e p o r t ,  Webster 
d e f i n e s  l imoni te  as follows: Xydrous f 'err ic-oxide,  

nH20, an important o r e  of i r o n ,  appearing i n  
e a r ~ r l y  f'zlrrn;; 2s O C ~ P ~ S ~  and as a yel lowish brown powder; 
c a l l e d  a l s o  brown hematite .) 

I f  

F e 2 9 - -  

XIV . THEORETICAL POLARIMETRIC CONSIDERATIONS 

Ohman (1955) has suggested t h a t  an adequate 
t h e o r e t i c a l  t reatment  o f  t he  nega t ive  p o l a r i z a t i o n  could 
be made by cons ider ing  mul t ip l e  s c a t t e r i n g  between 
p a r t i c l e s .  However, he has  not c a r r i e d  these c a l c u l a -  
t i o n s  f a r  enough t o  be a b l e  t o  apply them t o  the 
experimental  d a t a .  

p a r t i c l e s  o f  s i z e  comparable t o  t he  wave l eng th  was 
f i r s t  der ived t h e o r e t i c a l l y  by Mie (1908).  T h i s  t h e o r y  
has been genera l ized  and appl ied  t o  t r anspa ren t  and 

The s c a t t e r i n g  and p o l a r i z a t i o n  of l i g h t  by 
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opaque particles by Schirman (1919), Born (1933), 
van de Hulst (1946, 1949) and others. These consid- 
erations apply o n l y  to a single particle and take no 
account of multiple scattering however. 

xv. PROBABLE SMALL SCALE LUNAR SURFACE C O N D I T I O N S  

F T . ~  an analysis of' the foregoing experimental 
and theore5lcal data one is able to draw certain con- 
clusions based on this information with regard to 
probable lunar s i l r f ace  conditions: 
(A) Analysis of experimental photometric information 

enables one to conclude that: 
(1) The entire lunar surface has a similar 

(2) The microrelief of the lunar surface must 
microrelief. 

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 is covered with 
a similar material over all regions with only 
slight local differences in composition. 

functions one finds that: 
(C) From the theoretical analysis of the photometric 

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

a void with only about 25% of the volume 
occupied with scattering particles. 

particle size is necessitated by the require- 
ment of sharp skadowlng. (This criterion 
is based upon the assumption that a particle 
about 2 wave lengths across will have 
neglible diff'ractlon effects) . 

(2) 

( 3 )  The covering layer must consist largely of 

(4) A lower limit of 1 micron (l/lOOOmm) on the 

From an analysis of the Doiarimetric experimental 
informat ion one can conclude that: 
(1) The scattering particles must be nearly 

opaque in order to obtain not too little (+) 
polarizaticn. 
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( 2 )  The su r face  l aye r  must be very  i r r e g u l a r  i n  
o rde r  t h a t  the (+) p o l a r i z a t i o n  peaks do 
not OCCUF a t  t he  specular  r e f l e c t i o n  condi-  
t i o n  ( i . e . ,  I = E ) .  

(3)  Agglomeration s i z e s  of the o rde r  of t e n t h s  
of a mi l l imeter  are r equ i r ed  t o  o b t a i n  the  
c o r r e c t  nega t ive  p o l a r i z a t i o n  versus  phase 
angle  behavior .  

To i n d i c a t e  t h e  somewhat c o n t r o v e r s i a l  na tu re  
of  the  sub jec t  as t o  j w t  e x a c t l y  of  what the  l u n a r  
su r face  i s  composed, we s h a l l  quote  a s ta tement  by 
Kohan (1962) made r e c e n t l y  (December 1960) a t  t h e  
I n t e r n a t i o n a l  Astronomical Union Symposium, Leningrad. 
H e  sa id ,  "The School of P lane tary  I n v e s t i g a t o r s  a t  
t he  Leningrad S t a t e  Vnivers i ty  (Orlova,  Syt inskaya ,  
and Sharanov) assumes tha t  the  porous,  v e s i c u l a r  
substance resembles  i n  s t r u c t u r e  a volcanic  s l a g .  It 
o r ig ina t ed  from bas i c  r o c k s  as a r e su l t  of a t r a n s -  
formation under t h e  e f f e c t  of  explos ions  accompanying 
the impact of me teo r i t e s  s t r i k i n g  the  su r face  of  the  
moon. The Kharkov School of  P lane tary  I n v e s t i g a t o r s  
(Barabashev) cons iders ,  on the o t h e r  hand, t h a t  t h e  
su r face  of the moon is not  s imi l a r  t o  a fused one but 
t h a t  i t  i s  most probably covered by f i n e l y  crushed 
tu f f  rocks  with g r a i n s  of t h e  o rde r  o f  s e v e r a l  m i l l i -  
meters, and i n  some p laces  l a r g e  g r a i n  volcanic  ashes." 

A t  a recent  Lunar Surface  Materials Conference 
i n  Boston sponsored by  A i r  Force Cambridgy Research 
Labora tor ies  and A r t h u r  D.  L i t t l e ,  I n c . ,  Hapke d iscussed  
h i s  " f a i r y  c a s t l e "  s t r u c t u r e  s u r f a c e .  H e  emphasized 
that l u n a r  photometric p r o p e r t i e s  can f u r n i s h  informa- 
tl.on concerning only tile t o p  m:llimeter c?r sc! crf khe 
l u n a r  s u r f a c e .  
powders appear  t o  be capabJe of "main ta in ing '  them- 
s e l v e s  t o  cons iderable  depths  on the  moon. 

Hapke s t a t e d  a l s o  tha t  f i n e l y  d iv ided  

The con t rove r s i a l  ques t ion  o f  how "deep" 
the  dust  l a y e r  of T .  Gold i s  may be summarized a t  t h i s  
t i m e  by say ing  t h a t  the  consensus a t  the  Boston 
conference was t h a t  it may be moderately ( a  few meters) 
deep a t  l o c a l  depress ions  but  even t h i s  i s  s t i l l  
l a r g e l y  con jec tu re .  

Recent u l t r a -h igh  vacwm ( 10-lomm Hg) expe r i -  
ments a t  A r t n w  D .  L i t t i e ,  k c . ,  i n d i c a t e  there are 
strofig adhesive f o r c e s  between f i n e  s i l i c a t e  p a r t i c l e s ,  
which makes p l aus ib l e  t h a t  Hapke' s " f a i r y  c a s t l e  
s t rKc tu res"  may be a r e a l i t y  on the  moon, where 
r a d i a t i o n  "cleaning' '  may provide u l t r a - c l e a n  con tac t  
s u r f a c e s .  
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I 

XVL. APPENDIX A - PHOTOMETRIC MODELS OF OPTICALLY ROUGH SURFACES 

1. Surface Scatterinn Function 

Each element of area of an emitting or 
reflecting surface is completely characterized photo- 
metrically by the surface emission or scattering 
function I (i,c,g) (see Figure 1). T3nis function gives 
the amount of light energy leaving the surface per unit 
time, per unit area, per unit solid angle; where i 
is the angle of incidence of the radiation which ex- 
cites the surface, e is the angle of emergence of the 
outgoing radiation and g is the angle between the I 
and directions or the so-called phase-angle. If the 
surface element is not externally excited, but, say, 
is incandescent, of course, t h i s  function is a function 
only of the emergence angle c and becomes I ( c ) ,  
Let us consider two classical radiation laws: 

2. Lambert Emission Law 

Lambert's law of emission is based upon the 
experimental observation that most incandescent 
objects appear uniformly bright. Fieferring to Figure 2 
one can formulate this statement quantitatively. 

Suppose one views an incandescent surface 
at normal emergence (Case I) and at emergence angle c 
(Case 11) by means of a detector with an angular 
aperture dcu, and an aperture or' area day which at the 
scmrce distance subtends a solid angle da 

The light flux in Case I is seen t o  be FI = I ( O ) *  
do R2dw, where R2du is the area of the surface viewed 
by the detector. The light flux in Case I1 is given 
by FII = I (E) d Q  (-), where now the detector views 

R2dU a surface area (-) because du, is the same in the two cos€ 
cases. Since FI = FII experimentally, we see that 
I (e) = I ( 0 )  COSE, which is, of course, Lambert's 
Law of emission. 

=iF 

R2dw 
cos E 

3. Lambert Reflection Law 

of being incandescent , is a "diffuse" reflector (i .e. 
re-radiates in accordance with Lambert's Law). If an 
incident parallel light beam of flux density 
(energy/area/sec) makes an angle i with the normal 
to a surface element of the reflecting surface, then 
each unit of surface area Peceives a light flux of 

Let us now consider a surface which, instead 

7 
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T c o s i .  L e t  u s  d e f i n e  r S(c)dQ as being the f r a c t i o n  of 
the f l u x  inc ident  per  u n i t  a r e a  which i s  r e - r a d i a t e d  i n  

normalized such t h a t  
d i r e c t i o n  E i n t o  a an l e  dQ,  where S ( E )  is 

S(c7dn  = 1. 

The q u a n t i t y  r is  dimensionless  and r e p r e -  
s e n t s  the r a t i o  o f  t h e  inc ident  energy t o  t h a t  which 
i s  r e - r ad ia t ed  from a sur face  element i n t o  2TT s o l i d  
angle .  We note  t h a t  here t h e  q u a n t i t y 7 c o s i . r  S ( c )  
i s  analogous t o  I ( € ) ,  hence we can w r i t e  down the  
l i g h t  f l u x  received by the d e t e c t o r .  It i s  
F, = FCOS~ P S ( E )  d Q  R2du COSE - - pas; r S ( E )  dacsE du, 

and s ince  we have 
C O S €  

a Lambert sur face  S ( c )  = 

da- du =yr da dm COS TT i . 
C O S €  

C O S €  - 
TT 

so that  

F, desc r ibes  the f l u x  s c a t t e r e d  from a 
Lambert su r f ace ,  which i s  seen t o  be cha rac t e r i zed  
by a su r face  s c a t t e r i n g  funct ion of t h e  type I ( i , c )  = 
I, COSC cos; .  It is c l e a r l y  seen that the s i g n a l  a t  
the d e t e c t o r  w i l l  be maximum wi th  C = 0, s o ,  f o r  
example, a sphere would have i t s  b r i g h t e s t  r eg ion  
d i r e c t l y  beneath t h e  beam and i t  would be limb-dark, 
hence the  luna r  su r face  could no t  be descr ibed  as a 
Lambert Surface,  a s  it sometimes i s  er roneous ly .  

4 .  Schoenberg-Lommel-Seeliger Law 

L e t  u s  c a l c u l a t e  tne l i g h t  f l t lx  i n t o  a 
d e t e c t o r ,  w i t h  a viewing ape r tu re  of du,, due t o  a 
l i g h t  f i u x  7 i r iz ident  upon an apDarent s u r f a c e  S.  
It i s  assumed the  s c a t t e r i n g  body i s  composed or" a 
loose  aggregate  o f  small p a r t i c l e s ,  of geometr ical  
c ros s - sec t ion  u and number dens i ty  n ,  each of which 
may be cha rac t e r i zed  by a d i f f e r e n t i a l  s c a t t e r i n g  
c ros s - sec t ion  u f ( g )  such t h a t y P a f ( g ) d Q  i s  the l i g h t  
f l u x  removed from the  beam by a s i n g l e  p a r t i c l e  and 
s c a t t e r e d  i n t o  s o l i d  angle dQ a t  an angle  g r e l a t i v e  
to the  beam d i r e c t i o n .  HereP i s  the r e f l e c t i v i t y  
of a p a r t i c l e  ( i . e . ,  t h e  r a t i o  o f  t h e  energy inc iden t  

upon and f ( g  a P i s  normalized such that, 
a r t i c l e  t o  t h a t  s c a t t e r e d  

It i s  f u r t h e r  assumed that  m u l t i p l e  s c a t t e r i n g  
and shading of  one p a r t i c l e  by another  can be ignored 
w i t h  the consequence tha t  a f t e r  a l i g h t  beam has 
t r a v e l e d  a d i s t a n c e  11 i t  i enuated i n  accordance 
w i t h  t he  well-known law e- , where L i s  t h e  mean 
f r ee -pa th  f o r  s c a t t e r i n g  and i s  equal  t o  1 
i n  t h i s  c a s e .  no - 



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 articles 
(n being the number density of particles P so that a 
light flux 
would be received if no attenuation took place. 
Accounting for entrance and exit attenuation yields 
the expression 

dFD =yPnudV f ( g )  d o  

X X 
- Leos\ .e -Lcosc 
- x cosi + COSC 

dF, =Tpnu dV f(g) do *e 

-7pnu dV f(g) do -e L cosi C O S C  

Let us now assume that the detector acceptance cone 
is sufficiently small and R is sufficiently great so 
that within the body it may be take3 as a cylinder 
with cross-section R2du,  hence dVyR dwdq. 
Using the fact that do - da and q = &-, we can write - ?  

L dF, =Tpnu f(g) du, da dq e cosi 

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

F, =Xof(g) I du da nu * l e  
(cos; + COSC) 00 

dq = 
cos; -q nu 

cos; 
Fo =jt/pf(g) dLuda cosi + COSC 

We call this the Schoenberg-Lommel-Seeliger Law 

assumed that the particles scatter isotropically; hence, 

, 1929) because of the presence of the 
g). In the Lommel-Seeliger Law, it is 

f(g) = const. = rT because &'("do = 1. 

The expression for the Lommel-Seeliger Law then becomes 

cos; I 
cosi + COS€ I 

1 
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Note that when i = E, F, = 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-Seeliger 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. P,, divided by the area, da, 
that it presents perpendicularly to the incident 
direction and divided by its solid angle of view, dco. 
Using present nomenclature it is 

The brightness of a "perfectly diffuse'' 
reflector o r  "ideal white screen" surface (i,e,, a 
Lambert surface with r = 1) is seen to be 

B ( i )  = &si, so that for normal incidence, one has 

for the "normal brightness" 

In general it is conventional to express the surface 
brightness as 
B(i,c,g) = gaP(i,c,g) where a is called the albedo 
of the surface and I is called the photometric 
function and is ordinarily normalized to unity at its 
maximum value. In lunar photometry, is just the 
solar constant E, (about 0.14 watts/cm*), 

The normalized photometric functions for 
Lambert's Law and the Lommel-Seeiiger Law are seen to 
nL('B) = cos t  and 3L-S ( { , e )  = 

are com ared in Figure 4 f o r  a normal emergence angle 
( e  = 0'7 with experimental photometric data obtained 
from a magnesium-oxide screen. 

6. The Principle of Reciprocity 

The requirements of the principle of reci- 
procity, first formulated by Helmholtz, have Seen 
emphasized with regard to photometry by Minnaert (1941). 
Applied to homogeneous surfaces it requires t h a k  the 
surface scattering function I( i ,~,g) be symmetric 
under the interchange of the angles i and L i.e., 
~(i,e,g) = ~(c,i,g) , Tkis requirement shov.:~? always 
be kept in mind when considering the various proposed 
theoretical and empirical photometric functions. 
Very often they have failed to satisfy this requirement. 

B = $.  

2cosi which 
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XVII. APPENDIX B - COLOR INDEXES AND EFFECTIVE TEMPERATURES 

The s ta rs  are known t o  r a d i a t e  t o  a f i rs t  
approximation as a b l ack  body. Eiadiation from an ideal  
b lack  body i s  determined by the w e l l  known Planck l a w :  

c 

i n  which v i s  the  frequency o f  r a d i a t i o n ,  c i s  the 
v e l o c i t y  of l i g h t ,  h i s  the Planck cons t an t ,  k i s  the 
Boltzmann c o n s t a n t ,  T i s  the  a b s o l u t e  temperature  o f  t h e  
r a d i a t o r ,  E V  i s  t h e  energy r a d i a t e d  p e r  u n i t  time, 
p e r  u n i t  area, per  u n i t  frequency i n t e r v a l .  This  d i s -  
t r i b u t i o n  curve i s  shown i n  F igure  5, i n  which the 

the  f r e q u  o r d i n a t e  i s  loglo EV and the a b s c i s s a  V, 
and t h e  corresponding wave l e n g t h  x i n  angstroms, 

The c o l o r  index of a star i s  def ined  
(Johnson & Morgan, 1953) t o  be the d i f f e r e n c e  between 
i t s  astronomical  magnitudes as observed i n  two d i f f e r e n t  
narrow s p e c t r a l  r e g i o n s ,  The narrow r e g i o n s  are 
u s u a l l y  chosen t o  be the b l u  ( cen te red  on -4480W) and 
the  yellow (cen te red  onn-5540 1 ) . 

I n  gene ra l  the d i f f e r e n c e s  of two astronomical  

magnitudes i s  g iven  by Am12 = m l - m 2  = -2.5 log lor  
2 

where mi i s  the magnitude and I; Is the  s u r f a c e  i n t e n s i t y  
of  r a d i a t i o n .  From t h e  d e f i n i t i o n  of C o l o r  Index ( C )  
of  a s t a r  w e  may write 

c = c 1-rr I (b lue )  ., 
--c * I  Lv6izlI \ye l lvwl  

From an examination of F igu re  5 i t  i s  ev iden t  
>. 1, = l,< 1 f o r  the b lue  stars I ( b l u e )  

I (ye l low)  ,, that  
( T  > 1 1 , 0 0 O 0 K ) ,  a normal" s ta r  ( T  = ll,OOO°K), and 
r e d  stars ( T  a ll,OOO°K) r e s p e c t i v e l y .  

f o r  b lue  s ta rs ,  C = 0 f o r  "normal" stars and C 
f o r  r e d  s ta re .  

It i s  seen from the  expres s ion  f o r  C 0 i . e  
0 t i . e :  
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