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. 
I. INTRODUCTION 

The na tu re  o f  t h e  luna r  su r face  i s  one of t h e  c u r r e n t l y  

i n t e r e s t i n g  problems i n  as t rophys ics .  From observat ions of 

t h e  thermal,  r a d a r  and o p t i c a l  p r o p e r t i e s  o f  t h e  l u n a r  su r -  

f ace ,  it has been gene ra l ly  concluded t h a t  t h e  moon's su r f ace  

i s  covered w i t h  a l a y e r  of f i n e  powder. (192) 

The l i g h t - r e f l e c t i n g  p rope r t i e s  of t h e  l u n a r  su r face  

appears  t o  be an important sosIrce of our knowledge of i t s  

microscopic s t r u c t u r e .  The primary goa l  of t h i s  experiment 

i s  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  s eve ra l  parameters on t h e  

o p t i c a l  p r o p e r t i e s  of some rock powders; t h i s  w i l l  f u r t h e r  

reduce t h e  range of mater ia l s  which may be thought of as com- 

posing t h e  moon's sur face .  

The o p t i c a l  p rope r t i e s  i n v e s t i g a t e d  were: 

1. Re la t ive  br ightness  a s  a func t ion  of angle  of 

incidence and observat ion,  

2 .  Linear  p o l a r i z a t i o n  dependence on these  angles ,  

3. Normal albedo a s  a func t ion  of co lor ,  

4. I n  add i t ion ,  a l i m i t e d  i n v e s t i g a t i o n  of t h e  

dependence of b r igh tness  and p o l a r i z a t i o n  on 

wavelength a t  a few s e l e c t e d  angles  was under- 

taken.  

The parameters of t he  su r face  inves t iga t ed  were: 

1. P a r t i c l e  s i z e ,  
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2.  Surface compaction, 

3. E f f e c t s  of i m a d i a t i o n  by y-ray, 2 kev hydrogen 

ions  and 2 kev helium ions .  

Dose of hydrogen i o n  i r r a d i a t i o n ,  4. 
5. Composition. 

The following d e f i n i t i o n s  and no ta t ions  w i l l  be  used 

i n  t h i s  paper:  

Normal a lbedo:  13 --- t h e  r a t i o  of  b r igh tness  of a su r face  

t o  t ha t  o f  a p e r f e c t l y  d i f f u s i n g  white su r face ,  both sur -  

f a c e s  viewed and i l lLminated normally. 
I+ - I- 

P = I+ + I- , where I+ and I- are  t h e  i n t e n -  

s i t y  of l i g h t  w i t h  v i b r a t i o n s  perpendicular  and p a r a l l e l  

r e s p e c t i v e l y  t o  t h e  plane determined by the d i r e c t i o n s  o f  

i l l u m i n a t i o n  and observation. 

P o l a r i z a t i o n :  

Phase angle :  gf --- aiigle between d i r e c t i o n s  of i l l u m i n a t i o n  

and observat ion.  

Inve r s ion  angle :  $0 --- phase angle  ( o t h e r  than  a t  gf = 0 0 ) 

a t  which t h e  po la r i za t ion  of l i g h t  r e f l e c t e d  from a su r -  

f a c e  i s  zero.  

BE, BG and BB --- normal a lbedo  of t h e  su r face  i n  r e d ,  green 

and b lue  l i g h t  r e spec t ive ly ,  

Angle of  incidence:  i --- angle  which t h e  d i r e c t i o n  of t h e  

inc iden t  ray  makes w i t h  t h e  normal t o  t h e  su r face .  

Angle of observat ions:  E --- angle  which the  r e f l e c t e d  r a y  

makes w i t h  t h e  normal t o  t h e  sur face .  



11. PHOTOMETRIC PROPERTIES OF THE MOON 

The o p t i c a l  p r o p e r t i e s  of  l u n a r  su r face ,  a s  summarized 

by B. Hapke ' ? )  a r e  charac te r ized  by seve ra l  unusual f e a -  

t u r e s :  ( t y p i c a l  curves a r e  i l l u s t r a t e d  i n  f i g . 1 .  ) 

"1. The albedo i s  uniformly low, varying from about 5% 

t o  18%* 

2.  T h e  su r f ace  s t rong ly  backsca t t e r s  l i g h t  s o  thab t h e  

i n t e n s i t y  of the sunl ight  r e f l e c t e d  toward t h e  e a r t h  

from nea r ly  a l l  a reas  on t h e  moon reaches a sha rp  

maximum a t  f u l l  moon. 

3. The p o l a r i z a t i a n  i s  zero a t  f u l l  moon, but becomes 

negat ive f o r  small phase angles ,  reaching a minimum 

of  1.2% a t  a phase angle of  11 ; a t  about 23  

plane of  po la r i za t ion  suddenly r o t a t e s ,  t h e  po la r i za -  

t i o n  going through zero and becoming p o s i t i v e ,  and 

reaching a broad maximum near  110' phase. The maxi- 

mum p o l a r i z a t i o n  i s  uniformly small, seldom exceeding 

15%. B r i g h t e r  formations on t h e  moon gene ra l ly  

p o l a r i z e  t h e  l i g h t  less  s t rong ly .  No e l l i p t i c a l  

p o l a r i z a t i o n  has been de tec ted .  

0 0 t h e  

4. The manner i n  which b o t h  t h e  p o l a r i z a t i o n  and b r i g h t -  

ness of a r e g i o n  vary during a luna t ion  i s  almost 

exc lus ive ly  a funct ion of t h e  l u n a r  phase angle ,  and 
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i s  very nea r ly  independent of l o c a t i o n  on t h e  l u n a r  

sphere and of t h e  type of t e r r a i n . "  

5. Even though t h e  moon i s  e s s e n t i a l l y  c o l o r l e s s ,  moon- 

l i g h t  e x h i b i t s  some dependence on wavelength. The 

normal albedo v a r i e s  d i r e c t l y  w i t h  wavelength, while 

the p o s i t i v e  p o l a r i z a t i o n  peak v a r i e s  i n v e r s e l y  w i t h  

the wavelength. I f  BG i s  normalized t o  BG 10, 

t h e  r a t i o  of B /B i s  between 12.0 --- 
13.2  and 6.3 --- 7.6, r e spec t ive ly .  F o r  b r i g h t e r  

and B /B R G  B G  

regions 13 /B i s  l o w e r  than  f o r  darker reg ions  (4 ) B G  
A v a r i e t y  of t e r r e s t r i a l  su r f aces  have been c a r e f u l l y  

s tud ied  photometr ical ly  by many au thors  (see re ferences  

given i n  (2)), but t h e i r  o p t i c a l  p r o p e r t i e s  do not  g e n e r a l l y  

resemble those  of t h e  sur face  of  t h e  moon. 

Hapke and Van Horn ( 2 )  suggested tha t  t h e  sharp  back- 

s c a t t e r  properat ies  of t h e  moon could be dupl ica ted  by f i n e  

powders darkeRe2 by hydrogen ion  bombardment t o  s imulate  

t h e  solar  wind h i t t i n g  t h e  l u n a r  sur face .  T h i s  suggestion 

w a s  independently confirmed by B. Hapke 

Wehner and h i s  coworkers(6). B. Hapke (5) a l so  s tud ied  t h e  

e f f e c t  o f  simulated s o l a r  wind and found t h a t  hydrogen ion  

bombardment changes t h e  albedo, co lo r ,  p o l a r i z a t i o n  and 

l i g h t  s c a t t e r i n g  p rope r t i e s  of some se l ec t ed  rock powders; 

t h e  change i s  i n v a r i a b l y  toward t h e  l u n a r  photometric char- 

a c t e r i s t i c s .  

and G o  K. (5) 
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One of t h e  major components of t h e  corpuscular  r a d i a -  

t i o n  f l u x  a t  t h e  l u n a r  sur face  i s  t h e  s o l a r  wind, which 

c o n s i s t s  o f  e l e c t r o n s  and of i o n s  of hydrogen, helium, and 

probably heavier atoms. The ex i s t ence  of t h e  s o l a r  wind, 

which had long suspected, has now been v e r i f i e d  by space 

v e h i c l e  experiments ( 7 ) .  

bel ieved t o  be pr imar i ly  of energy less  than  a few kev, 

The f lux  of protons i n  t h e  s o l a r  wind i n  i n t e r p l a n e t a r y  

space, as measured by Mariner 11, i s  about 2 x 10  protons/ 

The so la r  wind p a r t i c l e s  a r e  

8 

emz see.  w i t h  600 km/sec average v e l o c i t y .  



. 
I11 EXPERIMENTAL APPARATUS AND PROCEDURE 

Two major p ieces  of apparatus a r e  used i n  t h i s  experi-  

ment: The ior ,  gim, which produces t h e  s i n u l a t e d  s o l a r  wind, 

and t h e  photometer, which measured t h e  o p t i c a l  p r o p e r t i e s  

of var ious  sur faces .  

1. Ion bombardment 

The ion  gun i s  p a r t  of an  u l t r a - h i g h  vacuum chamber 

and i s  shown schematical ly  i n  f i g .  2 .  Hydrogen gas i s  

ion ized  by e l e c t r o n s  emitted f rom t h e  upper f i lament  t o  fo rm 

a hydrogen plasma. T h e  hydrogen ions  pass ing  through t h e  

g r i d s  a r e  acce le ra t ed  through a p o t e n t i a l  of 2 k i l o v o l t s  

toward  the t a r g e t ,  whereas t h e  e l e c t r o n s  a r e  r e p e l l e d  back 

toward t h e  plasma. A second tungsten f i lament  i s  i n s e r t e d  

a c r o s s  t h e  beam i n  o r d e r  t o  provide cu r ren t -neu t r a l i za t ion ;  

this i s  necessary 'bo prevent t h e  p o t e n t i a l  on t h e  su r face  of 

t h e  i n s u l a t o r  target  f rom charging t o  a high p o s i t i v e  va lue  

and r e p e l l i n g  t h e  ions., 

Before i r r a d i a t i o n ,  the sample was placed on t h e  t o p  

of t h e  sample s tand  and pumped down t o  a l o w  pressure .  

During bombardment the par t ia l  pressure  of hydrogen gas a t  

t h e  sample was about 1 x t o r r  (uncorrected ion  gauge 

reads 5 x t o r r ) .  P a r t i a l  p ressure  of o t h e r  gases  i n  

t h e  system i s  less than 1 x lo-* t o r r ;  t h i s  i s  mos t ly  water 

vapor,  a s  determined by a r e s i d u a l  gas  ana lyzer .  The 
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teinperature of t h e  sample during i r r a d i a t i o n  does not  exceed 

170°C. The beam i s  unanalyzed and conta ins  some H and H' 
Ions a s  well  a s  protons.  The i o n  cur ren t  d e n s i t y  i s  about 

1 ma/cm . 

+ 
2 3 

2 
A t  t h i s  cu r ren t  dens i ty ,  a n  i r r a d i a t i o n  of one 

day i n  t h e  l abora to ry  i s  equivalent  t o  about 2 x 10  5 ycars  

on t h e  moon, assuming t h e  f lux  a t  t h e  l u n a r  su r face  i s  t h e  

same a s  i n  i n t e r p l a n e t a r y  space. 

The ion  beam cur ren t  i s  monitored by measuring t h e  

cu r ren t  between t h e  n e u t r a l i z a t i o n  f i lament  and ground, 

s i n c e  w i t h  an imsulat ing t a r g e t  t h e  i m  cu r ren t  cannot be 

measured d i r e c t l y .  Measurements w i t h  conducting targets  

show t h a t  t h i s  cur ren t  i s  equal t o  t h e  ion  Seam cur ren t  t o  

wi th in  10%. 

2.  Photometer 

The photometer cons i s t s  of a l i g h t  source mechanically 

chopped a t  20 cps afid an AC d e t e c t o r ;  thus  t h e  measurement 

need no t  t ake  p lace  i n  a completely dark room (see f i g .  3 ) ,  

The power supply o f  the  l i g h t  source has in t ens i ty - r egu la t ed  

feedback t o  keep l i g h t  output v a r i a t i o n s  l e s s  than  O.l$. 

A system of l enses  p r o j e c t s  t h e  l i g h t  onto t h e  su r face  

being inves t iga t ed  t o  form a uniformly i l lumina ted  spot  3 

inches  diameter; but  t h e  d e t e c t o r  observes an a r e a  only 

1/2 inch  i n  diameter.  

d e t e c t o r  t o  the  t e s t  surface i s  18 inches.  

The d i s t ances  f rom b o t h  source and 

The i n t e n s i t y  and p o l a r i z a t i o n  curves i n  t h i s  exper i -  

ment were taken by varying t h e  angle  of incidence i, whi le  
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0 t h e  angle  of  observat ion E was fixed a t  two angle:  E = 0 

and E = 60'. The d i r e c t i o n s  of  incidence and observat ion 

and the  normal t o  t h e  sur face  are  coplaner .  A c e r t a i n  s p o t  

on the  moon as seen from t h e  ear th  maintains t h e  angle  of 

observat ion approximately constant during t h e  course of a 

month, while t h e  angle  of incidence v a r i e s .  Curves taken  

a t  the  two given angles  of observat ion i n  t h e  l a b o r a t o r y  

g ive  s u f f i c i e n t  information t o  decide whether t h e  su r face  i s  

similar t o  t h e  moon. The amount and d i r e c t i o n  of po la r i za -  

t i o n  are  measured by r o t a t i n g  t h e  Polaroid f i l m .  A s p e c i a l  

c i r c u i t  i s  incorporated i n  the  d e t e c t o r  which cancels  out 

most of t h e  incoming s igna l  and al lows very small v a r i a t i o n s  

i n  t he  i n t e n s i t y  t o  be measured. A Lyot (8 ) depo la r i ze r  i s  

i n s e r t e d  i n  the  l i g h t  source t o  e l imina te  a l l  p o l a r i z a t i o n  

which might be  produced by t h e  source.  The normal a lbedo 

i s  determined by measuring t h e  b r igh tness  of t h e  specimen 

a t  E = 0 and i = 2 r e l a t i v e  t o  the  b r igh tness  a t  t h e  same 

ang les  of a s tandard sur face  of MgO powder. The l a t t e r  sur- 

f a c e  c l o s e l y  approximates a Lambert su r f ace  and has an albedo 

0 0 

of  n e a r l y  u n i t y  o v e r  t h e  v i s i b l e  po r t ion  of t h e  spectrum. ( 9 )  

The red ,  green and blue i n t e r f e r e n c e  f i l t e r s  used have 
0 0 0 

0 

e f f e c t i v e  wavelengths a t  6450A, 5600A and 4240A r e s p e c t i v e l y ,  

w i t h  band widths  of about 5OOA. Without t h e  f i l t e r s  t h e  

photometer responds t o  wavelengths between about 400021 t o  

7OOOA w i t h  a curve somewhat f l a t t e r  than t h e  response curve 

of t h e  human eye. A l l  t h e  o p t i c a l  curves measured wi th  t h e  

0 
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ang le  of incidence varying a s  descr ibed above were taken i n  

white l i g h t .  

and b r igh tness  ab ( E  = 60°, i = -30°, $ = 90') were i n v e s t i -  

gated a t  t h e  wavelengths of r e d ,  green and b lue  f i l t e r s .  

(A nega t ive  va lue  of i means t h a t  i i s  on t h e  opposi te  s ide  

of t h e  normal t o  the  sur face  from E . )  

3. E r r o r  

The normal albedo and a l s o  t h e  p o l a r i z a t i o n  

The p r i n c i p a l  source of e r r o r  of t h i s  experiment i s  

n o i s e  due t o  thermionic emission from the  photocathode. 

The e r r o r  r e s u l t i n g  from t h i s  e f f e c t  was estimated by mea- 

su r ing  the  photometric p rope r t i e s  of a su r face  severa l  times. 

The e r r o r  i n  i n t e n s i t y  (standard d e v i a t i o n )  i s  l e s s  than  

The e r r o r  i n  po la r i za t ion  f o r  a high-albedo su r face  2%. 

(B 

(B = 5%) the  e r ro r  i n  po la r i za t ion  i s  r a i s e d  t o  + 0.2%. 

These a r e  conservat ive est imates .  

= 30%) i s  around + O. l%,  while f o r  a low-albedo ma te r i a l  - 
- 



. 
IV. RESULTS AND ANALYSIS 

All rock powders a f t e r  i r r a d i a t i o n  by H i ons  change 

t h e i r  co lo r  and a r e  reduced i n  albedo. 

i s  s t r i k i n g  and i s  not a r e s u l t  of  depos i t ion  of cracked 

pump o i l  o r  o t h e r  spurious e f f e c t s ,  because many s o l i d  

o b j e c t s  exposed t o  t h e  beam do not  darken a t  a l l ,  and 

The darkening e f f e c t  

m a t e r i a l s  l i k e  M g O ,  A1 0 and Si02 powders e i the r  do not  
2 3  

darken o r  darken only s l i g h t l y .  

The major darkening mechanism, a s  pos tu l a t ed  by B. 

H a ~ k e ( ~ ) ,  i s  due t o  d i f f e r e n t i a l  c o l l e c t i o n  of spu t t e red  

ma te r i a l .  Atoms spu t t e red  from a smooth su r face  completely 

l e a v e  the  sur face ,  but  from a rough su r face  w i t h  overhangs, 

t h e  spu t t e red  atoms a r e  caught on t h e  undersides  of the 

s t r u c t u r e s  composing t h e  surface.  Oxygen, being a v o l a t i l e  

element,  probably has a lower s t i c k i n g  p r o b a b i l i t y  than  

metals o r  s i l i c o n ;  hence t h e  co l l ec t ed  spu t t e red  ma te r i a l  

may be d e f i c i e n t  i n  oxygen and r i c h e r  i n  S i  and metals than 

t h e  parent  mineral .  

t h e  bottom of  t r ans lucen t  p a r t i c l e s  of  a powder would 

decrease  t h e  albedo afid s t rong ly  a f f e c t  t h e  o t h e r  photometric 

p r o p e r t i e s .  

1. E f f e c t  of p a r t i c l e  s i z e  

Such a non-stoichiometric coa t ing  on 

The rock s e l e c t e d  i n  t h i s  experiment f o r  d e t a i l e d  

a n a l y s i s  i s  o l i v i n e  basalt  porphyry. T h i s  i s  a b a s i c  rock 

-10- 
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and c o n s i s t s  p r imar i ly  of p lag ioc lase  f e l d s p a r  and pyroxene. 

The ma te r i a l  was pulverized i n  a tungsten carb ide  b a l l  m i l l  

aQd separated i n t o  d i f f e r e n t  s i z e  r'anges by s iev ing ,  s ed i -  

mentation and tube cent r i fuging .  

(1) l e s s  than  111. (2) 1-511. ( 3 )  5-1011. (4) 10-20~ (5) 20- 

3711. ( 6 )  3 7 - 7 4 ~  (7 )  71C-149~ (8) 0.5-2mm ( 9 )  f r e s h l y  broken 

sur face .  The var ious samples were sepa ra t e ly  poured on a 

glass p l a t e  and i r rad ia ted  by 2 kev hydrogen ions  f o r  a 

The s i z e  ranges used a r e :  

dose of about 90 coul/cm 2 . The o p t i c a l  p r o p e r t i e s  o f  each 

specimen were c a r e f u l l y  measured using the  photometer before  

and a f t e r  the  i r r a d i a t i o n .  Typical  curves f o r  1-51-1. and 

74-149p powders a r e  shown i n  f i g .  4 and f i g .  5. 

The manner i n  which p a r t i c l e  s i z e  e f f e c t s  t h e  var ious  

photometric c h a r a c t e r i s t i c s  of o l i v i n e  b a s a l t  w i l l  now be 

discussed.  

a .  Albedo 

Natural  rock-forming mivlerals a r e  not  p e r f e c t l y  

opaque; l i g h t  pene t r a t ing  i n t o  the i n t e r i o r  of a ga in  i s  

p a r t l y  absorbed and p a r t l y  re-emit ted w i t h  reduced i n t e n s i t y .  

More l i g h t  i s  absorbed by bigger  p a r t i c l e s  due t o  t h e  longer  

ray path,  and a lower albedo r aesu l t s .  

Before i r r a d i a t i o n ,  t he  normal albedo B decreases  

monotonically w i t h  increas ing  s i z e .  After i r r a d i a t i o n  by 

H-ions, a l l  ma te r i a l s  having p a r t i c l e  s i z e  below about l5Op. 

a r e  reduced i n  albedo, while f o r  samples wi th  p a r t i c l e s  

g r e a t e r  than  about O.5rn.m. i r r a d i a t i o n  s l i g h t l y  i n c r e a s e s  
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from 1-5p t o  20-37~ t he  albedo decileases, but  f o r  l a r g e r  

p a r t i c l e  s i z e s  t h e  albedo increases  w i t h  s i z e .  These r e -  

sults a r e  shown i n  ffg. 6. 

b .  P o l a r i z a t i o n  

The p o s i t i v e  p o l a r i z a t i o n  i s  h igher  fo?  l a r g e r  p a r t i -  

c l e s .  The nega t ive  p o l a r i z a t i o n  f o r  s i z e  g r e a t e r  than  2 0 ~  

a l s o  inc reases  with s i z e ,  but f o y  p a r t i c l e s  l e s s  than  20p, 

i t  d.ecreases with s i z e  (see f i g .  7 and f i g .  8), however, for 

p a r t i c l e s  l e a s  than  1~ t h e  p o l a r i z a t i o n  i n c r e a s e s  again.  

The inc rease  of p o s i t i v e  p o l a r i z a t i o n  wi th  s i z e  can be 

w d e r s t o o d  a s  fol lows.  A s  t h e  p a r t i c l e  s i z e  i n c r e a s e s ,  

more of t h e  r e f r a c t e d  l i g h t  is absorbed, The l i g h t  which 

i s  d i r e c t l y  r e f l e c t e d  from the  su r face  i s  p o s i t i v e l y  

po la r i zed ,  but  t h e  l i g h t  which i s  r e f r a c t e d  and s c a t t e r e d  

f r o m  t h e  i n t e r i o r  of t r ans lucen t  sxbstances i s  nega t ive ly  

polar ized;  thus as  t h e  opac: l ty  of a sxbstance i s  increased 

t h e  n e t  p o s i t i v e  polar5za t ion  i s  inc.r*eased e 

The cause of nega t ive  polar iza t ior i  a t  small phase 

ang le s  i s  not  understood. It i s  probably a r e s u l t  of 

and i n t e r i o r  r e f r a c t i o n  mul t ip l e  s c a t t e r i n g  (Ohnan 11 
) (10) 

(8 1 (Lyot ) ~ For i r r a d i a t e d  sur*faces,  the negat ive  p o l a r i -  

z a t i o n  a t  small phase angles  a l s o  become mare pronounced. 

T h i s  behavior  may be due to the e t c h  p i t s  pmduced by 

s p u t t e r i n g  and to mijlt iple r e f l e c t i o n  a t  edges o f  t h e s e  

e t c h  p i t s .  
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The phase angles  of' ~ a x t m ~ ~  acd xiriirnum p o l a r i z a t i o n  

a r e  s h i f t e d  toward large aflgles fer 1%-ger p a r t i c l e s ,  and 

t h e  angle  of i nve r s ion  desreaseo ~ 5 t h  sTze f o r  less  than  

2 0 ~ .  For p a r t i c l e s  b lgger  t h a ~  2 0 ~  the minimum and inve r -  

s ion  angles  seem t o  have n~ depender_r,e cn s i z e ,  whereas t h e  

maximurn afigles a re  g r e a t e r  o r  equal t o  13@ , which i s  the  

maximum phase angle  at which the phoSme5er  can r e l i a b l y  

measure. H-ion bonibaId.ment charges t h e  value of most 

o p t i c a l  pa rame tex  , b u t  the r d . a t l . o n  between p o l a r i z a t i o n  

and s i z e  remains similar;. 

e .  I n t e n s i t y  

0 

(11) f +  0 Followir ig  Ovllova, ' r g  convenient to c l a s s i f y  t h e  

r e f l e c t i o n  laws of v a r i o u s  types c;f e-crfaces a s  fo l lows:  

(1 ) d i f f u s i n g  su r faces  

Law, appearing equal ly  b r i g h t  ir, all. d i r e c t i o n s ;  ( 2 )  specu- 

l a r l y - r e f l e c t i n g  or,es, with maxlmun In tensSty  f n  t h e  d i r e c -  

t i o n  o p p o s i t e  the inci,der,t ray ;  

w i t h  t he  maximum of" r e f l e c t i o n  i n  t,"e d i r e c t i o n  of t h e  

i n c i d e n t  ray .  It should be c l e a r  t h a t  t h e  c l a s s i f i c a t i o n s  

o f  su r f ace  propert-i.es used here a r e  not sharply-def ined 

and that a continu-oii.s gsadat ion e x i s t s  between each ca t e -  

gory.  The manner i n  which surTr,ce:; s c z t t e r  l i g h t  have been 

discussed i n  d e t a i l  by B, E%pke and H, Van HOPE; (2) it  i s  

goverfied by albedo, macrosc.opic and xicroscopic  s t r u c t u r e  

of t h e  sur face .  

whfch a p p m x i x a t e l y  s a t i s f y  Lambert s 

( 3 )  completely rough ones 
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Of t h e  su r faces  inves t iga t ed  here ,  t h e  t h r e e  smal le r  

ranges of s i z e s  a r e  conspiciously of type 3. Surfaces  

w i t h  p a r t i c l e  s i z e  of 10-20~ t o  7 4 - 1 4 9 ~  a r e  of the  second 

type; and f r e sh ly  broken sur faces  belong t o  t h e  f i r s t  type.  

H-ion i r r a d i a t i o n  has a s t rong  tendency t o  sharpen t h e  back- 

s c a t t e r  peaks of rough su r faces .  

d.  C o l o r  

Before i r r a d i a t i o n  t h e  c o l o r  i s  determined by t h e  

abso rp t ion  p r o p e r t i e s  of the  rock, but a f t e r  i r r a d i a t i o n  

t h e  dark coat ing c o n t r o l s  the c o l o r .  

ev iden t ly  absorbs  more blue l i g h t  than red  l i g h t .  The posi-  

t i v e  p o l a r i z a t i o n ,  which i s  r e l a t e d  t o  albedo, i s  h igher  f o r  

b lue  than  f o r  red.  

The dark coa t ing  

The c o l o r  of t h e  bombarded ma te r i a l s  has a r e g u l a r  

dependence on s i z e  (see f i g .  9 ) .  The r a t i o  of BR/BG 

decreases  w i t h  s i z e  whi le  B /B inc reases  w i t h  s i z e .  I f  
B G  

0 0 0 t h e  i n t e n s i t y  a t  (i = 58 , E = 60 , $ = 2 ) i s  set  equal 

t o  u n i t y ,  it i s  found tha t  t h e  r e l a t i v e  i n t e n s i t y  a t  

(i = -30°, E = 60 , $ = 90') i s  g e n e r a l l y  propor t iona l  t o  

wavelength (i. e .  t h e  sharpness of the  b a c k s c a t t e r  peak 

decreases  as h i n c r e a s e s ) ;  p o l a r i z a t i o n  a t  @ = 90 

found t o  vary i n v e r s e l y  with wavelength. 

2 .  E f f e c t  of su r f ace  compaction 

0 

0 was 

Surfaces  of d i f f e r e n t  compaction f o r  l e s s  than  lp, 

1-5p and 5-10~ o l i v i n e  b a s a l t  porphyry powders were pre- 

pared by press ing ,  pouring and s iev ing .  The r e s u l t s ,  which 



-15- 

ar'e given i n  f i g ,  10  - f i g ,  1 2 ,  show t h a t  i nc reas ing  the 

compaction inc reases  b o t h  albedo and p o l a r i z a t i o n  for 1-10~. 

The absorp t ion  which accompanies every r e f l e c t i o n  i s  

the  reason why t h e  albedo o f ' t h e  su r face  decreases  with 

inc reas ing  po ros i ty ,  f o r  a t y p i c a l  r a y  of l i g h t  must under- 

go more r e f l e c t i o n s  i n  order  to escape f rom a complex macro- 

s t r u c t u r e ,  Reducing t h e  compaction of t h e  su r face  a l s o  

al lows more v e r t i c a l  sur faces  t o  take p a r t  i n  t h e  r e f l e c t i o n  

process;  hence, t h e  p o s i t i v e  p o l a r i z a t i o n  i s  reduced. The 

pressed su r faces  behave l i k e  d i f f u s i n g  sur faces  and g i v e  a 

Lambert-type Law, The sur face  of a poured powder i s  rough 

eflough t c  produce a backscat ter- type of curve. The s i f t e d  

su r face  can be considered as  a mixed specimen wi th  two maxima: 

one i n  t h e  d i r e c t i o n  of t he  i n c i d e n t  ray and one oppos i te  

the i n c i d e n t  ray .  T h i s  s i f t e d  su r face  i s  s u f f i c i e n t l y  

rough t o  have 'backscat ter ,  but t h e  loose  packing permits  

re fyac ted  l i g h t  to have more chance t o  go out i n  t h e  

specu la r  d i r e c t i o n .  

For. p a r t i c l e s  with s i z e  l e s s  t han  l l ~ .  t h e  sur face-  

adhesive f o r c e s  completely dominate t h e  packing p r o p e r t i e s  

of t h e  g r a i n s .  These i n t e r g r a i n  f o r c e s  s t rong ly  agglomerate 

t h e  g r a i n s  and cause them t o  form clumps o f  low dens i ty .  

Thus t h e  o p t i c a l  p rope r t i e s  of t h e s e  s i zed  p a r t i c l e s  a r e  

c o n t r o l l e d  by t h e  clumps r a t h e r  than  by ind iv idua l  g r a i n s ,  
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3. Type of r a d i a t i o n  

E f f e c t s  of t h r e e  types  of r a d i a t i o n ,  y-ray, 2 lcev H 

i ons  and 2 kev He ions ,  were inves t iga t ed  i n  t h i s  experiment. 

I r r a d i a t i o n  of a l l  s i z e s  of o l i v i n e  porphyry by y-rays f o r  
6 a dose of 1 0  roentgens produced no measurable change i n  

t h e i r  photometric p rope r t i e s .  The i r r a d i a t i o n  by H i o n s  and 

H e  i ons  d r a s i c a l l y  a f f e c t s  the o p t i c a l  p r o p e r t i e s  of rock 

powders, a s  descr ibed  above, 

similar t o  those of H i o n s  except more produced. The varia- 

t i o n  of a few o p t i c a l  parameters with d i f f e r e n t  type  of 

i r r a d i a t i o n  a r e  l i s t e d  i n  Table 1. 

The e f f e c t s  of He ions  a r e  

Opt ica l  
parameter Albedo 

I r a d i a t i o n \  I 

u n i  r ra  d i a  t ed 142.8 -f 1.7 

41.8 + 1.7 10 ray reogten - 

10.3 f 0.4 H-ion 
90 coul/cm 

3.8 + 1.5 
90 coul/crn- 

Pmin . Pmax S c a t t e r i n g  
(%) (%) Law 

- 
wide 

1.0 f 0.1 1.2 O . l / b a c k s c a t t e r  

1.5 f 0.2 2.7 k 0.2 backscagter  I I shar 

Table 1. E f f e c t s  of y-ray, H-ion and He-ion on t h e  
- 

o p t i c a l  p r o p e r t i e s  of o l i v i n e  b a s a l t  porphyry of  
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4. Dose of  hydrogen ion  i r r a d i a t i o n  

Increas ing  t h e  dose of r a d i a t i o n  t o  1-5i-1. o l i v i n e  b a s a l t  

porphyry by 2 kev H-ions shows tha t  t h e  photometric charac- 

t e r i s t i c s  change monotonically w i t h  dose i n  t h e  manner 

prev ious ly  noted. For g r e a t e r  dose, t h e  normal a lbedo 

decreases  and approaches a s a t u r a t i o n  va lue  around 5% 

(see f i g .  13). 

p o l a r i z a t i o n ,  and a sharpening of backsca t t e r  a l s o  r e s u l t s  

f rom prolonged i r r a d i a t i o n .  

and B /B 

i n  f i g .  1 4 .  Every parameter seems t o  have been s a t u r a t e d  

by 300 coul/cm2 except poss ib ly  t h e  p o s i t i v e  and negat ive  

p o l a r i z a t i o n  peaks. 

5. Composition 

An enhancement of nega t ive  and p o s i t i v e  

The r a t i o  %/BG decreases  

inc reases  w i t h  t he  inc reas ing  dose; t h i s  i s  shown 
R G  

( f i g  . 15 ) 

I n  o rde r  t o  determine the  e f f e c t  of varying t h e  chemi- 

c a l  composition of  t h e  samples, d i f f e r e n t  types  of igneous 

rock powders wi th  a p a r t i c l e  s i z e  less than  low, were i n -  

v e s t i g a t e d .  The rocks were obtained from Ward's Natural  

Science Establishment,  Rochester, N.  Y. The rocks used 

were nephel ine s y n i t e ,  r h y o l i t e ,  o l i v i n e  basalt porphyry 

and dun i t e .  The photometric c h a r a c t e r i s t i c s  of the  rock 

powders s tud ied  i n  t h i s  experiment a r e  shown i n  f i g u r e s  

18-23. 

General ly  speaking, i n  l a rge  p ieces  a c i d i c  rocks are 

l i g h t e r  i n  c o l o r  than  bas i c  rocks;  bu t  t h i s  i s  not  t r u e  f o r  

materials i n  which t h e  p a r t i c l e  s i z e  i s  l e s s  than  1Oi-1.. For 
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i n s t ance ,  powdered nepheline s y n i t e ,  which i s  an  a c i d i c  

rock, has an albedo o f  41%, while powdered duni te ,  a b a s i c  

rock, has a higher  a lbedo of 53%. However, a r e g u l a r  re la-  

t i o n  e x i s t s  between t h e  composition of i r r a d i a t e d  rock 

powders and t h e i r  photometric p r o p e r t i e s .  N o  mat te r  how 

high t h e  albedo of t h e  un i r r ad ia t ed  sur face ,  bas i c  powders 

have lowder a lbedo a f te r  i r r a d i a t i o n  than a c i d i c  rock pow- 

ders. The b a s i c  rocks a r e  r i c h e r  i n  ferromagnesium minerals  

and poorer i n  s i l i c a .  Pos i t i ve  and negat ive  p o l a r i z a t i o n  

a l s o  vary with composition. 

T e k t i t e s  (12 ) and volcanic (13) ash have been suggested 

a s  poss ib l e  m a t e r i a l s  on the  l u n a r  sur face ;  hence samples 

of  these substances have a l s o  been s tudied .  There a r e  no 

s p e c i a l  d i f f e r e n c e  between t h e  photometric p r o p e r t i e s  of  

t e k t i t e  powders and pulverized volcanic  ash and t h o s e  of 

other igneous powders. The su r faces  of these powders a f t e r  

i r r a d i a t i o n  a r e  shown i n  f i g .  16-17. 



V. APPLICATIONS TO THE MOON 

T h i s  experiment d i f f e r s  i n  one important r e spec t  from 

condi t ions  on the l u n a r  sur face  i n  t h a t  t he  l abora to ry  spec i -  

mens were bombarded from t h e  v e r t i c a l ,  whereas t h e  f lux  

of solar  wind p a r t i c l e s  impinging on t h e  l u n a r  s o i l  i s  

probably i s o t r o p i c .  T h i s  lack of i s o t r o p i c  bombardment 

causes  the  l abora to ry  sample t o  be somewhat b r i g h t e r  when 

viewed and i l lumina ted  f rom l a r g e  angles  t o  t he  su r face  

normal than  when viewed and i l lumina ted  f rom t h e  v e r t i c a l .  

It a l s o  causes t h e  p o l a r i z a t i o n  versus  phase ang le  curves 

t o  be s l i g h t l y  d i f f e r e n t  f o r  E = 0' than  f o r  E = 60'. 

However, the  i so t ropy  of the  l u n a r  r a d i a t i o n  condi t ions  

should remove t h e s e  d i s p a r i t i e s ;  and during subsequent 

experiments i n  which t h e  specimens were t i l t e d  back and 

f o r t h  during i r r a d i a t i o n  t h e  photometric p r o p e r t i e s  were 
indeed observed t o  become near ly  independent of d i r e c t i o n .  (14 1 

The parameters i nves t iga t ed  i n  t h i s  experiment a r e  

important t o  an i n t e r p r e t a t i o n  of t h e  o p t i c a l  p r o p e r t i e s  

of t h e  l u n a r  sur face .  Natural  rocks a r e  f i l l e d  w i t h  imper- 

f e c t i o n s  and impur i t i e s  which dominate t h e i r  o p t i c a l  pro- 

p e r t i e s  and hence t h e s e  p rope r t i e s  a r e  not  g r o s s l y  d i f f e r e n t  

from one igneous rock t o  another .  The q u a n t i t a t i v e  d i f -  

f e r ences  i n  o p t i c a l  p rope r t i e s  f o r  var ious  types  of rocks 

should no t  s i g n i f i c a n t l y  a f f e c t  t h e  conclusions of t h i s  

paper  which a r e  based on o l i v i n e  b a s a l t  powders. 

-19- 
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Only i r r a d i a t e d  ma te r i a l s  w i t h  p a r t i c l e  s i z e s  l e s s  

than  about l o p  a r e  capable o f  having seve ra l  o p t i c a l  pro- 

p e r t i e s  s i m i l a r  t o  those of t h e  moon. On t h e  l u n a r  su r face  

such f i n e  powder would probably r e s u l t  f rom micrometr i tes  

r epea ted ly  impacting t h e  sur face  of t h e  moon. 

Comparing t h e  backsca t t e r  peak f o r  powders of d i f f e r e n t  

compaction, t h e  moon appears t o  be covered w i t h  a g e n e r a l l y  

rough and moderately compacted su r face  s i m i l a r  t o  t ha t  which 

can be prepared by pouring a f i n e  powder i n  the  l abora to ry .  

T h e  ' f a i r l y  c a s t l e '  s t r u c t u r e  proposed by B. Hapke, (2 

i s  produced by s i f t i n g ,  has t o o  much forward s c a t t e r  f o r  

which 

i r r a d i a t e d  rock powders; i t  a l s o  seems r a t h e r  a r t i f i c i a l  

and might be hard t o  b u i l d  by  n a t u r a l  causes.  

The so la r  wind- i r rad ia t ion  of t he  l u n a r  su r face  

appears  to be capable of accounting f o r  the  low albedo and 

high p o l a r i z a t i o n  of t h e  moon. The dose of H-ion i r rad ia-  

t i o n  necessary t o  provide l u n a r - l i k e  photometric p r o p e r t i e s  
h 

i s  about 100 coul/cm', which i s  probably equiva len t  t o  
5 around 2 x 1 0  yea r s  on the  moon. The quest ion ar ises ,  why 

t h e  moon w i t h  such a long l i f e  t ime (about 4. 5 x 1 0  9 y e a r s )  

has not  had i t s  photometric c h a r a c t e r i s t i c  s a t u r a t e d  under 

t h i s  continuous weathering process? T h i s  answer i s  probably 

t h a t  t h e  l u n a r  su r face  i s  cont inuously b a t t e r e d  by micro- 

me teo r i t e s ;  t h e s e  impac t s  have t h e  e f f e c t  of s t i r r i n g  up 

and tu rn ing  ove r  t h e  sur face  l a y e r  and cont inuously exposing 

f r e s h  m a t e r i a l s .  



By s u i t a b l e  adjustment of t h e  p a r t i c l e  s i z e  and dose 

of i r r a d i a t i o n  many kinds of rock powders can probably be 

made t o  have o p t i c a l  p rope r t i e s  s i n i l a r  t o  those  of t h e  

moon. Thus t h i s  wor*k supports t h e  hypotheses t h a t  t h e  

d i f f e r e n c e  i n  photometric p rope r t i e s  between var ious  l u n a r  

f e a t u r e s ,  such as t h e  darker mares and b r i g h t e r  highlands 

and c r a t e r s ,  i s  due t o  v a r i a t i o n s  i n  chemical composition 

o r  to d i f f e r e n t  t i m e  of exposure to t h e  solar-wind. The 

mare regions, charac te r ized  by low albedo,  high p o l a r i z a t i o n  

and narrow backsca t t e r  peak, may be covered by an absorbing, 

opaque l a y e r  of powders, having a c o n s t i t u t i o n  similar t o  

t ha t  of b a s i c  rocks.  Prolonging the t ime of i r r a d i a t i o n  

a l s o  l e a d s  t o  t h e  mare-type of pho tone t r i s  p rope r t i e s .  

On t h e  o ther  hand, one might t h ink  t h a t  t h e  a?eas on t h e  

moon which a r e  l i g h t e r  and l e s s  i n t e n s e  i n  backsca t t e r  

peak and p o l a r i z a t i o n .  cons is t  of more a c i d i c  f i n e  powders, 

o r  a l t e r n a t e l y  have a shoTtex3 t ime of exposare t o  t h e  so la r  

r a d i a t i o n s .  



The photometric ar,d polaroxetyic  p r o p e r t i e s  of rock 

powders a r e  c r i t i c a l l y  depezndent on par t5 .c le  s i z e  and H- 

i o n  i r r a d i a t f o n  dose; sur face  compactfon and chemical com- 

p o s t t i o n  have l e s s  e f f e c t .  With respec t  t o  the l u n a r  sur -  

f a c e ,  a moderately-compacted, powdered su r face  w i t h  a 

p a r t i c l e  s i z e  d i s t r S b u t i o n  which peaks between 1 and 1 0 ~  

and i r r a d i a t e d  by H - i o k  for. a dose about 90 coul/cm , 
possesses  o p t i c a l  p rope r t i e s  s i m i l a r  t o  those  of t h e  moon. 

Varying the chemical c.omposition changes t h e  o p t i c a l  curves 

s l i g h t l y ;  however, i t  a p p e a ~ s  that  b y  x i t a b l e  minor ad,just-  

ments of s i z e  d i s t r i b u t i o n  and Zose, one can ob ta in  the  

lunar- type cvlrves f r c x  nany d i f f  2:rlent types  of rock powders. 

It i s  n o t  poss ib l e  f m m  tkL-,ese espe-iments t o  decide whether 

t h e  d i f f e r e n t  photonet r ic  char2a.cter9stics of t h e  mares, 

highlacds and cra . te rs  a r e  p r i m r l l y  C.xe to d i f f e r e n c e s  i n  

chemical composition o r  t o  d i f f e r e n t  tirnes of  exposure to 

t h e  s o l a r  wind. 

2 * .  

i 
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