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ABSTRACT 

Research from 1963 t o  1967 on e f f e c t s  of solar-wind bombardment 

of  t h e  l u n a r  su r face  is summarized. Erosion due t o  s p u t t e r i n g  by t h e  

s o l a r  wind is  now estimated t o  be 2 em i n  a 4.5 x 10 9 y r  h i s t o r y  a t  

c u r r e n t  rates. S tud ie s  on lunar  o p t i c a l  p r o p e r t i e s  i n  comparison with 

ion-bombarded powder samples imply a low d e n s i t y  s u r f a c e  of i n s u l a t i n g  

(non-meta l l ic )  p a r t i c l e s  mostly less than  0.1 mm i n  diameter.  Surveyor 

photographs are c o n s i s t e n t  with formation of  a powder l a y e r  of a t  l e a s t  

meter  t h i ckness  by m e t e o r i t i c  bombardment. Albedo c o n t r a s t  between 

rocks and powder i n  t h a t  l a y e r  is c o n s i s t e n t  wi th  darkening of  t h e  

powder by t h e  s o l a r  wind or some o t h e r  e x t e r n a l  agent  or with marked 

d i f f e r e n c e s  i n  two rock sources  c o n t r i b u t i n g  t o  t h a t  l aye r .  Cementa- 

t i o n  of  t h e  l u n a r  su r face  powder, now confirmed by Surveyor da ta ,  w a s  

suggested by cementation of  ion-bombarded powder samples i n  s imula t ion  

experiments.  The o b s e r v a b i l i t y  o f  solar-wind e ros ion  e f f e c t s  such as 

p a r t i a l  o b l i t e r a t i o n  of  s u r f a c e  pores  is es t imated  t o  be  d i f f i c u l t  due 

t o  t h e  presence of me teo r i t e  e ros ion  a t  a rate one t o  t h r e e  o rde r s  of  

magnitude faster. Luminescence on t h e  moon due t o  t h e  s o l a r  wind is  

discounted,  though au ro ra - l ike  e x c i t a t i o n  of t h e  s u r f a c e  by e l e c t r o n s  

i s  considered margina l ly  observable provided an  e f f i c i e n t  luminophor 

i s  t h e  main c o n s t i t u e n t  i n  t h e  lunar  su r face  l a y e r  i n  s p i t e  of  t h e  de- 

grad ing  e f f e c t s  of s o l a r  wind ion bombardment. 

t o  hydrogen ion  bombardment of  oxides was i n v e s t i g a t e d  and shown t o  

Formation of HZO due 
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+ 
proceed a t  about 1 H O/H2 

powders where chemical e f f e c t s  a re  not  expected are t h u s  far  inconclusive.  

on CuO powder. S t u d i e s  of  H 0 formation on 
2 2 
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IFTJESTIGATION OF SPlPTTERING EFFECTS 
ON THE: MOON'S SURFACE 

F i n a l  Report - 1967 

I. INTRODUCTION 

This  r e p o r t  summarizes our  research  on solar-wind bombardment of 

t h e  l u n a r  su r face  f o r  t h e  p a s t  four-year  per iod .  The 15 Quar t e r ly  

Reports 

t o  solar-wind effects  on t h e  moon. Below is a l i s t  of s u b j e c t s  t r e a t e d  

i n  those r e p o r t s  t o  a id  t h e  r eade r  i n  l o c a t i n g  t h e  more complete in-  

formation. 

d a t a )  i n  an  a t tempt  t o  assess our c u r r e n t  knowledge concerning i n t e r -  

a c t i o n  of  t h e  s o l a r  wind and t h e  l u n a r  sur face .  

g ive  ex tens ive  data and/or d i scuss ion  o f  data p e r t a i n i n g  
(1-15) 

Then we d i scuss  conclusions from these  d a t a  (and a few new 

Since  phys ica l  s p u t t e r i n g  y i e l d s  d i f f e r  f o r  va r ious  ma te r i a l s  by 

no t  more than  one o rde r  of magnitude, e ros ion  due t o  t h e  s o l a r  wind 

could be es t ima ted  (16) without  d e t a i l e d  knowledge of  t h e  l u n a r  s u r f a c e  

composition. We w i l l  g ive  a n  updated e s t ima te  inco rpora t ing  more re- 

c e n t  exper imenta l  r e s u l t s  on t h e  effects  of non-normal ion  incidence 

and of su r face  roughness. Comparisons between the  o p t i c a l  p r o p e r t i e s  

of  t he  moon and of  ion  bombarded l a b o r a t o r y  samples cont inue t o  be an 

important  source of information. A paper  which w a s  submit ted f o r  

p u b l i c a t i o n  t o  J o u r n a l  o f  Geophysical Research on t h i s  s u b j e c t  w i l l  

be  ou t l ined .  Op t i ca l  p r o p e r t i e s  of t h e  moon measured from e a r t h  aver- 

age over  l a r g e  areas b u t  Surveyor and O r b i t e r  d a t a  now permi t  more de- 

t a i l e d  cons ide ra t ions  of  solar-wind e f f e c t s .  I n  another  paper which 
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has  been submit ted f o r  pub l i ca t ion  t o  "Science" w e  d i scuss  a lbedo con- 

trasts i n  r e l a t i o n  t o  darkening of su r faces  by t h e  s o l a r  wind. We 

took i n t o  account a c t i v e  e ros ion  of rocks and rock fragments by i m -  

pac t ing  meteor i tes .  Other sub jec t s  we s t u d i e d  a t  least  q u a l i t a t i v e l y  

inc lude  cementation of a sur face  s o i l ,  s e a l i n g  of exposed pores,  t h e  

ques t ion  o f  widespread luminescence of t h e  l u n a r  sur face ,  and forma- 

t i o n  of  H20 due t o  hydrogen ion bombardment of  oxides .  

Summary of Previous Reports 

Report 1) A d i sh  f i l l e d  with small s tee l  b a l l s  w a s  de s p u t t e r e d  

S t rong  cementation and  weak growth of s p i r e s  were noted. by  Hg ions.  

Powders of compounds were rf spu t t e red  by Hg ions (A1203, CuO, Cu20, 

FeO, Fe203) and by Hz ions  (CuzO). Weak cementation, darkening, and 

s t r o n g  growth of s p i r e s  were noted. Sur face  appearance changes i n d i -  

c a t e d  loss of  oxygen from oxide powders (meta l  enrichment).  

temperature  w a s  shown t o  be l e s s  t han  330°C. 

Sample 

Report 2 )  X-ray a n a l y s i s  confirmed metal  enrichment i n  ion  

bombarded CuO, CuzO, Fe203; no composition change could  be  d e t e c t e d  

on s p u t t e r e d  s o l i d  basalt ,  pumice, s c o r i a .  Photometer was descr ibed.  

White l i g h t  photometry B( i , E )  r epor ted  f o r  sand, and f o r  s p u t t e r e d  and 

unsput te red  powders of Cu 0 and "basalt" ( i d e n t i f i e d  as greenstone i n  

ref. 6) .  E l e c t r i c a l  conduct iv i ty  measured on CuO and Cu20 af ter  bom- 

bardment i n  Hg or H2. 

2 

Buildup of a c r u s t  cemented toge the r  by ion  
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bombardment f o r  Hg ions on Cu 0 w a s  observed. S p u t t e r i n g  y i e l d s  were 

shown t o  depend on angle  of incidence 8 roughly as sec 0 f o r  mul t i -  

keV H2+ and H + ions i n c i d e n t  on Fe, N i ,  and Au. 

2 

3 

Report 3 )  Photometry of  I fbasal t"  as a func t ion  of exposure t o  

HZ plasma or t o  H2 ions:  darkening i n  e i t h e r  case,  b u t  much g r e a t e r  

a f t e r  ion  bombardment. Photometry of s o l i d  s c o r i a  and pumice excludes 

such su r faces  as important lunar  s u r f a c e  component. S p u t t e r i n g  y i e l d s  

were measured a t  normal incidence f o r  H2 

s t r i k i n g t h e  oxides TiOZ, Fc,,03, o r  A1 0 

+ 
and H + ions of about 7 keV 

3 

'2 3. 

Report 4 )  S p u t t e r i n g  y i e lds  measured a t  normal incidence f o r  
+ + 

oxides of Ti, Fe, o r  A1 due t o  He and H . Darkening of "basa l t "  shown 

t o  be similar and pronounced a f t e r  bombardment by ions of  H2, He ,  o r  

H,-He mixture b u t  shown t o  be s l i g h t  (moderate) a f te r  plasma exposure 

wi thout  e~ l ' o ; c td  bombardment i n  He ( H z ) .  

0 1  i ~ l  b..c;ok arid Bruderheim chondr i t i c  meteor i tes  as a func t ion  of H 

ion dose. Sumtnary of  photometry i n  white  l i g h t .  

Y 

Photometry of s o l i d  s u r f a c e s  

2 

Report 5 )  Photometry i n  r ed  and u l t r a v i o l e t  l i g h t  f o r  f i n e  powders 

of 6 rock types f o r  which a l s o  normal a lbedos i n  u l t r a v i o l e t ,  green, 

and red l i g h t  were measured f o r  ion bombarded and unbombarded samples. 

Desc r ip t ion  of po lar imeter .  

-3- 



Report 6 )  Three-color  photometry and g reen - l igh t  po lar imet ry  

for s i f t e d  0-2OPsamples of 6 rock types  sub jec t ed  t o  ion  bombardments 

of up t o  l o 5  equiv.  y r .  on the  moon. Darkening of s i f t e d  samples noted 

t o  be slower than  f o r  poured samples. Green-l ight  po lar imet ry  of 25- 

1 2 5 p F e  powder and of s o l i d  sur faces  of ion bombarded Holbrock meteo- 

r i t e ,  pumice, and s c o r i a .  Descr ip t ion  of t h e  p repa ra t ion  of I'scraped", 

"poured", and " s i f t e d "  powder samples. Summary of maximum p o l a r i z a t i o n s  

P+ and normal a lbedos A 

of paper, "Darkening of powdered ' b a s a l t '  by s imula ted  solar-wind bom- 

f o r  powder samples and l u n a r  f e a t u r e s .  Repr in t  n 

(1.7) bar dme n t 'I . 

Report 7 )  Photometry and polar imetry as above f o r  s i f t e d  samples 

of t h o l e i i t i c  basalt and g ranod io r i t e  i n  s i z e  ranges 20-44, 44-74, and 

74-30Op Polar imetry i n  u l t r a v i o l e t ,  b lue ,  green, and r e d  l i g h t  on 

s p u t t e r e d  samples of  granodior i te ,  0-20 and 20-44,. Fine s t r u c t u r e  

i n  p o l a r i z a t i o n  as a func t ion  o f  phase ang le  noted. Addi t iona l  s tudy  

o f  P+-A va lues  i n  r e l a t i o n  t o  p a r t i c l e  s i z e .  Model f o r  p o l a r i z a t i o n  

a t  small phase angles  d i scussed  ( la te r  d iscounted) .  

n 

Report 8)  Photometry and polar imet ry  as above f o r  s i f t e d  samples 

of greenstone and t e k t i t e  i n  s i z e  ranges 0-20, 20-44, 44-74, 74-300p . 
Ins t rumenta l  asymmetry i n  polar imet ry  noted. Angular f i n e  s t r u c t u r e  

i n  polar imet ry  r e l a t e d  t o  r e f l e c t i o n  from groups of f a c e t s .  Addi t iona l  

s tudy  of P+-A va lues  us ing  logar i thmic  coord ina tes .  E f f e c t  o f  p a r t i c l e  

o p a c i t y  noted on P+-A 

n 

r e l a t i o n s h i p  a t  a given p a r t i c l e  s i z e .  Tables  
n 
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of P+-A 

f e a t u r e s .  

t e r e d  l i g h t :  s lope  h of t h e  degree of p o l a r i z a t i o n  curve f o r  phase 

angles  from 20" t o  60". 

o f  Gehrels e t  a l .  (18) 

from t h e  l i t e r a t u r e .  

f o r  basalt ,  granodior i te ,  greenstone,  and t e k t i t e  p l u s  l u n a r  
n 

In t roduc t ion  of a second parameter of p o l a r i z a t i o n  of  s c a t -  

Values of h de r ived  from p o l a r i z a t i o n  d a t a  

Discussion of  a d d i t i o n a l  p o l a r i z a t i o n  d a t a  

Report 9) A t en -po in t  summary of r e s u l t s  t o  t h a t  time w a s  given. 

Experiments on p o r o s i t y  changes of porous g l a s s  due t o  hydrogen ion  

bombardment were inconclusive.  The compounds MgO, CaO, and S i c  were 

bombarded i n  hydrogen. S i c  was the  f i rs t  substance f o r  which t h e  al- 

bedo increased  under ion  bombardment. Duoplasmatron beam f a c i l i t y  

+ 
3 descr ibed.  Darkening experiment with non-mass-analyzed beam of  H 

r evea led  much less darkening of  b a s a l t  a t  a l l  wavelengths than  from 

comparable doses of ions from hydrogen plasma. 

Report  1 0 )  X-ray ana lyses  f a i l e d  t o  show chemical changes i n  

MgO, CaO, and S i c  due t o  hydrogen ion  bombardment. Experiments r e -  

vea led  degrading of t h e  luminophors (Zn, Cd)S:Ag and uranium g l a s s  by 

hydrogen ion  bombardment and n e a r - u l t r a v i o l e t  i r r a d i a t i o n .  Po ros i ty  

changes i n  porous n i c k e l  were s tud ied  i n  argon. The r e p r e s e n t a t i o n  of 

c o l o r  d i f f e r e n c e s  i n  b lack  and white photographs w a s  s tud ied .  The 

small range of l u n a r  co lo r s  w a s  reviewed and compared t o  t h e  wide range 

of c o l o r s  observed i n  our  powder samples be fo re  or a f t e r  ion  bombardment. 

-5-  



Report 11) Discussion of r e s u l t s  ob ta ined  from Luna 9. Discussion 

o f  t h e  evidences f o r  a tenuous l u n a r  su r face  l aye r .  Addi t iona l  expe r i -  

ments on t h e  e f f e c t  of su r face  roughness on t h e  n e t  s p u t t e r i n g  y i e l d  

from a su r face .  Chemical s p u t t e r i n g  of carbon by hydrogen ions mea- 

su red ,  Descr ip t ion  of experimental  equipment t o  s t u d y  HZO formation 

i n  hydrogen bombardment of oxides. 

met r ic  d a t a  w a s  a p p l i e d  t o  our  da t a  and t o  data publ i shed  by Gehrels 

e t  a l .  

method follows Hapke ' s (20)sugges ted  f a c t o r i z a t i o n  of t h e  l u n a r  photo- 

met r ic  func t ion  i n t o  a Lommel-Seeliger func t ion  and a n  a d d i t i o n a l  func- 

t i o n  depending on phase angle  alone. 

A new method of a n a l y s i s  of photo- 

on l u n a r  f e a t u r e s  and by Rougier(19) on t h e  whole moon. The (18) 

Report  1 2 )  Experiments on p o r o s i t y  changes i n  ion-bombarded rocks 

were inconclusive.  Summary of o p t i c a l  e f f e c t s  on powders i n  s o l a r -  

wind s imula t ion  experiments i n  comparison t o  l u n a r  o p t i c a l  p rope r t i e s :  

equipment and procedure and c r i t i c i s m s  the reo f ;  dependence on composi- 

t i o n  (albedo,  c o l o r ) ;  dependence on su r face  s t r u c t u r e  ( p o l a r i z a t i o n  near  

quadrature ,  t h e  Lommel-Seeliger f a c t o r  i n  photometry, t h e  s teepness  of 

t h e  b a c k s c a t t e r  f a c t o r  i n  photometry, a color-phase r e l a t i o n s h i p ,  t h e  

oppos i t i on  e f f e c t ,  b a c k s c a t t e r  of p o l a r i z e d  l i g h t ) ;  hependenc'e on 

p a r t i c l e  s i z e  ( p o l a r i z a t i o n  as a func t ion  of a lbedo and p a r t i c l e  s i z e ) .  

Report  13) Buildup of a c r u s t  cemented by Hg ion  bombardment: 

a column o f  Cu p a r t i c l e s  with s t eep  s i d e s  obta ined  under dc bombardment; 

cha ins  of Cu p a r t i c l e s  formed under rf bombardment; a t tempts  t o  s p u t t e r  

- 6- 



i n s u l a t o r s  under dc condi t ions ;  t h e  importance o f  a r e tu rn ing  f l u x  of 

s p u t t e r e d  atoms i n  A1203 crus t ing .  S tud ie s  of  H20 formation i n  H2 

i on  bombardment of oxides ( b a s a l t ) :  procedure with co ld  t r a p ,  sur- 

p r i s i n g  r e s u l t  of a c t i v e  H2 sorp t ion ,  experimental  d i f f i c u l t y  of 

thermal  H20 desorp t ion  from sample, v o l a t i l i z a t i o n  of carbon by 

chemical s p u t t e r i n g  by  hydrogen. Carbon and heav ie r  elements i n  

t h e  s o l a r  wind: s p u t t e r i n g  con t r ibu t ion  es t imated  t o  be small r e l a -  

t i v e  t o  s p u t t e r i n g  by helium, implantat ion of 450 km/sec carbon ions 

i n  S i02  es t imated  i n  t h e  presence of a c t i v e  s p u t t e r i n g  by helium. 

Report  14)  I n t e r p r e t a t i o n  of high albedo rocks and low albedo 

powder nea r  Surveyor 1 i n  terms o f  a c t i v e  powder formation by meteori-  

t i c  e ros ion  of l u n a r  rocks and an exogenic darkening process .  The 

a l t e r n a t i v e  of a b leaching  process.  Extension t o  mare-highland albedo 

c o n t r a s t .  Discussion of powder darkening experiments of  Nash (21) and 

which ind ica t ed  evidences f o r  involvement of 
( 2 2 )  

o f  Greer and Hapke 

carbon i n  darkening of powders i n  solar-wind s imula t ion  experiments. 

We showed t h e  adequacy of t h e  carbon source for t h e i r  observed carbon. 

We argued for t h e  re levance of c a t a l y s i s  i n  darkening e f f e c t s  due t o  

carbon. Discussion of t h e  s i m i l a r i t y  t o  t h e  l u n a r  case  and t h e  open 

ques t ion  o f  darkening by carbon o r  metal enrichment. Re - in t e rp re t a -  

t i o n  of l u n a r  and l a b o r a t o r y  photometric d a t a  showing t h a t  a Lommel- 

S e e l i g e r  f a c t o r  i n  t h e  l u n a r  photometric func t ion  i s  merely an approxi- 

mation v a l i d  a t  moderate phase angles .  The l u n a r  photometric func t ion  

-7- 
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and mul t ip l e  s c a t t e r i n g :  c o l o r  dependence on phase angle a a t  moderate 

a ( red ,  gray, and b lue  powders) and a t  small a (oppos t ion  e f f e c t  f o r  

S a t u r n ' s  r i ngs ,  t h e  moon, and a s t e r o i d s ) .  

Report 15) P r e p r i n t  of paper submit ted f o r  pub l i ca t ion  i n  "Science" 

i n t e r p r e t i n g  albedo c o n t r a s t s  near Surveyor 1 as above, b u t  d e l e t i n g  

t h e  p o s s i b i l i t y  of b leaching  of rock su r faces  (no p l a u s i b l e  mechanism). 

The a l t e r n a t i v e  of two kinds of rock material near  Surveyor 1. 

-8- 



11. EROSION RATES DUE TO PHYSICAL SPUTTERING 5Y TKE S0IA.R W I N D  

Our e a r l y  es t imate(16)  of t he  e ros ion  r a t e  f o r  t h e  moon and o t h e r  

i n t e r p l a n e t a r y  o b j e c t s  not  p ro tec t ed  by an atmosphere was based on pre-  

l imina ry  d a t a  on solar-wind f luxes  and ene rg ie s  and on ske tchy  sput -  

t e r i n g  y i e l d  d a t a  a t  normal and non-normal angles  of incidence.  The 

e ros ion  rate must now be r ev i sed  down by about  an  order  of  magnitude 

because ( a )  t h e  helium/hydrogen r a t i o  i s  smaller than  was expected 

from abundance estimates, ( b )  the  q u i e t  s o l a r  wind is s l i g h t l y  l e s s  

e n e r g e t i c  than  w a s  es t imated,  ( c )  t h e  inc rease  i n  s p u t t e r i n g  by l i g h t  

i ons  inc iden t  a t  angle  8 t o  t h e  su r face  normal i s  cance l l ed  by t h e  cos 

8 decrease i n  ion  c u r r e n t  dens i ty ,  and ( d )  extreme su r face  roughness 

seems capable  of reducing n e t  s p u t t e r i n g  y i e l d s  by a l a r g e r  f a c t o r  

r e l a t i v e  t o  a smooth s u r f a c e  than  w e  es t imated.  I n  t h e  case  of  bodies 

as l a r g e  as t h e  moon, a d d i t i o n a l  cons ide ra t ion  must be g iven  t o  c o l l e c -  

t i v e  phenomena i n  t h e  s o l a r  wind which might l e a d  t o  p a r t i a l  (and 

d i f f e r e n t i a l )  d e f l e c t i o n  of t . h e  i x z  ZrGXid bile boay. 

t i o n  should be given t o  g r a v i t a t i o n a l  r e t e n t i o n  and r e d e p c s i t i o n  of 

p a r t  of t h e  s p u t t e r e d  atoms. However, no improvement i n  our  knowledge 

of  t h e s e  l a t t e r  s u b j e c t s  has  been achieved so  we assume undeviated 

flow of t h e  plasma t o  t h e  moon and t o t a l  escape of t h e  s p u t t e r e d  atoms 

A l s o  considera-  

from t h e  moon f o r  t h e  purposes of t h i s  d i scuss ion .  

A t  t h i s  time t h e  most complete a n a l y s i s  of a n  i n t e r p l a n e t a r y  plasma 

experiment is t h a t  f o r  Mariner 2 by Neugebauer and Snyder. ( '3 )  Addi- 

(24-26) and Explorer  18, (27) t i o n a l  data are a v a i l a b l e  from Pioneer 6 
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which confirm t h e  Mariner 2 values i n  a semi-quant i ta t ive  way, The 

average pro ton  d e n s i t y  i s  about 5 and the  average v e l o c i t y  i s  

about  500 km/sec (1.3 keV). 

f ie ld ,  t h e  helium ions He2+ and He 

c i t y  as protons.  

plasma ana lyzers  t h a t  s o r t  p a r t i c l e s  according t o  energy p e r  u n i t  

charge,  provided t h e  d ispers ion  i n  pro ton  v e l o c i t i e s  i s  n o t  t o o  g rea t .  

General ly ,  t h i s  l i m i t s  helium d e t e c t i o n  t o  q u i e t ,  low-veloci ty  condi- 

t i o n s .  

be compared t o  0.095 ( 5  40%) from a combination of  s o l a r  cosmic-ray 

and spec t roscopic  data .  (28) 

t h e i r  low He 

may be h ighe r  under t h e  more energe t ic ,  d i s t u r b e d  condi t ions .  Our 

p rev ious ly  adopted He 

between 0.1 and 0.2 t h a t  are der ived from cosmogenic abundance data. 

Because of t h e  i n t e r p l a n e t a r y  magnetic 
+ 

are expected t o  have the  same velo-  

They may the re fo re  be de t ec t ed  i n  t h e  e l e c t r o s t a t i c  

+ 
The Mariner 2 d a t a  give He2'/H+ 0.046 - 0.038, which is  t o  

Neugebauer and Snyder p o i n t  ou t  t h a t  

2+ + 
/H r a t i o  r ep resen t s  q u i e t  condi t ions  and t h a t  t h e  r a t i o  

2+ + 
/H r a t i o  of 0.15 w a s  a compromise between values  

Simple hydrodynamic and evaporat ive models of the  s o l a r  wind pre-  

d i c t  a s i g n i f i c a n t  decrease i n  t h e  ahiln_&.r?ce sf h~ci-~2- ~. ; t . [ r~er ics  i n  t h e  

s o l a r  wind i f  t h e  coronal  abundances a r e  t aken  t o  be t h e  photospheric  

abundances. The c l o s e  r e l a t i o n s h i p  of such models has been reviewed by 

Lemaire. 

i n d i c a t e d  enhancements of heavy elements i n  t h e  corona. Therefore  

Brandt ("I coupled t h i s  observat ion wi th  h i s  r e a l i z a t i o n  t h a t  t h e  en- 

t i r e  corona has t o  be rep len ished  i n  a s h o r t  time equal  t o  some weeks 

and suggested t h a t  t h e  abundances i n  t h e  s o l a r  wind by f l u x  should equal  

t h e  photospher ic  abundances. On t h e  o t h e r  hand, helium i s  a d i f f i c u l t  

But r ecen t  measurements of  coronal  abundances ( 30 ) have 
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case  because i t s  abundance inf luences  the temperature  r equ i r ed  f o r  t h e  

support  of t h e  corona and, i n  tu rn ,  t h e  t r a n s p o r t  condi t ions .  

Even though helium i s  a minor c o n s t i t u e n t  i n  t h e  solar wind, spu t -  

t e r i n g  by helium i s  very  important because s p u t t e r i n g  y i e l d s  expressed 

i n  atoms eroded p e r  ion  are c h a r a c t e r i s t i c a l l y  an  o rde r  of magnitude 

l a r g e r  f o r  helium than  f o r  hydrogen. We t h e r e f o r e  must cons ider  t he  

helium f l u x  very c a r e f u l l y .  We adopt  t he  view t h a t  low helium f l u x e s  

a r e  indeed r e a l i z e d  i n  q u i e t  s o l a r  wind cond i t ions  and accept  a va lue  

of He2'/" = 0.05 as given by the  s e v e r a l  plasma experiments.  

w e  f e e l  t h a t  t h e  most conservat ive view is  t o  adopt He  

dur ing  s o l a r  storms. Fortunately,  t h e  f i n a l  e ros ion  ra te  i s  not  s e n s i -  

t i v e  t o  t h e  l a t t e r  choice because of  t he  s h o r t  du ra t ion  of  d i s tu rbed  

condi t ions .  

But 
+ 2+ /H = 0.1 

Plasma v e l o c i t i e s  from 400 t o  800 km/sec are commonly r epor t ed  

i n  t h e  i n t e r p l a n e t a r y  plasma experiments. According t o  a l a r g e  number 

of d a t a  obta ined  by us  f o r  hydrogen and helium ions inc iden t  on 19 

metals, \ILJ t h i s  range of ion  v e l o c i t i e s  is accompanied by  marked 

changes i n  s p u t t e r i n g  y i e l d s .  A similar s i t u a t i o n  should ho ld  f o r  

t h e  alumino ferromagnesian s i l i c a t e s  u sua l ly  assumed on t h e  su r faces  

of  n a t u r a l  p l a n e t a r y  ob jec t s .  But two f e a t u r e s  cooperate  t o  s i m p l i f y  

t h e  s i t u a t i o n .  Except f o r  t he  metals Cu, Ag, Au which have t h e  h i g h e s t  

s p u t t e r i n g  y i e l d s  and which achieve a maximum s p u t t e r i n g  y i e l d  i n  t h i s  

i on  v e l o c i t y  range, our  d a t a  i n d i c a t e  t h a t  most of t he  s p u t t e r i n g  y i e l d s  

inc rease  n e a r l y  l i n e a r l y  with energy i n  t h i s  v e l o c i t y  range. Second, 

I , r r \  
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(") show t h a t  proton d e n s i t y  n and plasma v e l o c i t y  t h e  Mariner 2 d a t a  

v are c o r r e l a t e d  inverse ly :  n v3 2 cons tan t .  But t he  e ros ion  rate due 

t o  s p u t t e r i n g  is  a l s o  p ropor t iona l  t o  n v3 when t h e  s p u t t e r i n g  y i e l d  

i s  p ropor t iona l  t o  ion energy, Then it  i s  s u f f i c i e n t  t o  use average 

va lues  of n and v i n  es t imat ing  e ros ion  due t o  t h e  ( n e a r l y )  q u i e t  

s o l a r  wind. The e s t ima te  s o  obtained may be a s l i g h t  overest imate  

i f  t h e  s p u t t e r i n g  y i e l d  f a l l s  below a l i n e a r  increase  with ion  energy 

a t  t h e  h igher  ion  energ ies .  

P 

P 

P 

P 

A few s p u t t e r i n g  y i e l d s  were measured f o r  oxides  bombarded by 

hydrogen and helium ions using mass-analyzed beams t o  d r i l l  ho les  

The f o i l s  were prepared by p res s ing  oxide through t h i n  f o i l s .  (3Y4) 

powders o r  by ox id iz ing  metal f o i l s  i n  a i r  a t  e l eva ted  temperatures .  

S p u t t e r i n g  y i e l d s  f o r  He+ were obta ined  a t  5, 7, and 9 keV usua l ly .  

Our b e s t  e s t ima te  of t he  y i e l d  a t  6 keV is  given i n  Table U. Sput- 

t e r i n g  y i e l d s  f o r  HZ+ and Hf were obta ined  a t  7 keV. Our experience 

wi th  var ious  metals shows t h a t  each of t he  atoms i n  a molecular hydro- 

gen ion s p u t t e r s  independent ly  ( i . e . ,  H2' s p u t t e r s  l i k e  two H' i n c i -  

den t  s e p a r a t e l y  a t  t h e  same speed).  Therefore proton s p u t t e r i n g  

y i e l d s  a t  2.3 and 3.5 keV follow from t h e  H + and H2 s p u t t e r i n g  

y i e l d s  a t  7 keV, r e spec t ive ly .  I n t e r p o l a t i n g  t o  3 keV, our  b e s t  

estimates of pro ton  s p u t t e r i n g  y i e l d s  a t  3 keV on metal oxides  a r e  

given i n  Table LA. The pro ton  s p u t t e r i n g  y i e l d s  a r e  of  t h e  o r d e r  of  

LO-' molecules/ion, where t h e  molecule i s  taken  t o  con ta in  j u s t  one 

metal atom. For helium t h e  y i e lds  on metal oxides a r e  an o rde r  of 

-+ 

+ 
3 

1 2  - 



Table I. Estimates of s p u t t e r i n g  y i e l d s  appropr i a t e  t o  s o l a - w i n d  ions  

+ + 
A. S p u t t e r i n g  y i e l d s  f o r  3 keV H o r  6 keV He a t  normal incidence 

Substance 

MgO 

A10 

S io2 

Ti02 

Feel. 5 

Fe 

1 .5  

Y (mol/ion) 
H yHe ( mol/ ion  ) 

60 10-3 

*May be overest imated by a f a c t o r  of two. Other va lues  
are probably unce r t a in  by a t  least  2076. 

+ B. S p u t t e r i n g  y i e l d s  f o r  H 
s o l a r  wind and s o l a r  storm speeds 

Ion Condit ion Energy (keV) S p u t t e r i n g  Yie ld  (atotx/ion) 

H+ q u i e t  1.25 0.0045 

and HeZ+ normally i n c i d e n t  on Fe a t  q u i e t  

- 

H+ storm 5.0 0.012 

Xe 7.+ q u i e t  5.0 0.10 

H e  2+ storm 20 0.06 

-13- 



I 
I 
I 
I 
I 
I 
8 
I 
I 

magnitude l a r g e r ,  a genera l  f e a t u r e  a l s o  e s t a b l i s h e d ( 3 2 )  f o r  8 metals 

f o r  which s u f f i c i e n t  y i e l d  data  were obtained.  

t e r i n g  theo ry  by Rol (33-36) f o r  l i g h t  ions inc iden t  on heavy-atom 

s o l i d s ,  t h e  s p u t t e r i n g  y i e l d s  f o r  3 keV €1' and 6 keV H e  may be d i -  

r e c t l y  compared without  knowing t h e  in te ra tomic  p o t e n t i a l s  i n  g r e a t  

d e t a i l .  

approximately 10. The oxide Spu t t e r ing  y i e l d s  are unce r t a in  by a t  

l e a s t  20% (compared t o  about 5% f o r  t h e  metals), b u t  t h i s  f e a t u r e  is 

appa ren t ly  t r u e  f o r  oxides  a lso.  We conclude t h a t  t h e  presence of 

oxygen does no t  change the  main f e a t u r e s  of s p u t t e r i n g  by hydrogen 

and helium ions .  We t h e r e f o r e  use s p u t t e r i n g  d a t a  on metals as a 

guide t o  s p u t t e r i n g  y i e l d  behavior on metal oxides .  

According t o  a sput -  

+ 

The r a t i o  of  s p u t t e r i n g  y i e l d s  should be 8, whereas we found 

Fur the r  evidence on metal  oxide s p u t t e r i n g  by hydrogen and 

helium is  a f fo rded  by a comparison of metal  and metal oxide y i e l d s  

f o r  a given ion  a t  t h e  same ion energy. (3 J4 )  For  A l ,  T i ,  and Fe 

t h e  corresponding metal oxide y i e l d s  a r e  lower than  t h e  meta l  y i e l d s  

by a f a c t o r  of 2 t o  3 fnr ~ L t h c r  k y & ~ g e n  o r  helium. This  sugges ts  

t h a t  t h e  presence of t h e  oxygen decreases  t h e  s p u t t e r i n g  y i e l d  by 

merely r e q u i r i n g  t h a t  an  a d d i t i o n a l  atom o r  two be d is lodged  p e r  

metal atom t h a t  i s  s p u t t e r e d  f ree .  For S i  our  d a t a  i n d i c a t e d  t h a t  

t h e  oxide y i e l d  f o r  hydrogen w a s  as l a r g e  or ,  perhaps,  twice as l a r g e  

as t h e  S i  y i e l d .  

of experimental  d i f f i c u l t i e s  w i t h  t h e  ion source t h a t  began a t  t h a t  

t ime.  No helium y i e l d s  were obtained.  Therefore  w e  are e s p e c i a l l y  

Unfortunately,  on ly  t h r e e  runs were made because 
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unce r t a in  about  t h e  spu t t e r ing  y i e l d  of  t he  important S i -S i0  system. 

We p r e f e r  YH(3 keV) 

2 

18 x 10-3 mol/ion f o r  e i t h e r  S i  o r  Si02.  

I n  view of t h e  u n c e r t a i n t i e s  i n  t h e  d a t a  of Table IA and i n  t h e  

l u n a r  su r face  composition, we believe t h e  s p u t t e r i n g  y i e l d  of Fe is  

t h e  b e s t  e s t ima te  f o r  t h e  s p u t t e r i n g  y i e l d  on t h e  mixed composition 

t h a t  must occur on t h e  l u n a r  sur face .  Therefore i n  Table I B  we g ive  

s p u t t e r i n g  y i e l d s  of Fe a t  the  ion  ene rg ie s  appropr i a t e  t o  t h e  q u i e t  

s o l a r  wind and t o  s o l a r  storms. This  procedure i s  i n  accordance wi th  

our  previous estimate, where we a l s o  presented  evidence t h a t  (16) 

similar e r o s i o n  rates occurred on Fe and var ious  rock m a t e r i a l s  when 

t h e  e roding  ion  w a s  Hg'. 

I n  Table I1 w e  summarize our former and p resen t  e s t ima tes  of  

s p u t t e r i n g  r a t e s  due t o  t h e  s o l a r  wind. Note t h a t  no co r rec t ions  

l m  
I 

I 
I 
1 
1 
I 
1 

have been incorpora ted  i n  Table I1 f o r  t h e  e f f e c t s  of non-normal 

incidence,  rough sur faces ,  day-night, e t c .  The main changes are 

i n  t h e  q u i e t  s o l a r  wind plasma v e l o c i t y  (which i n  t u r n  a l ters  t h e  

wind. S l i g h t  changes i n  the  s p u t t e r i n g  y i e l d s  have a r i s e n  from t h e  

advent  of b e t t e r  d a t a  i n  add i t ion  t o  t h e  changes a r i s i n g  from d i f -  

f e r e n t  ion  ene rg ie s .  For s o l a r  storms w e  aga in  adopt  a t e n f o l d  in-  

c r ease  i n  f l u x  f o r  1/60 of t h e  time a t  1000 km/sec. 

s i o n  r a t e  on smooth Fe normal t o  t h e  f u l l  plasma flow was 1.2 A/yr 

and is  he re  e s t ima ted  t o  be 0.25 k/yr.  

The former e ro-  
0 

Note t h a t  s p u t t e r i n g  is  now 

about  e q u a l l y  due t o  hydrogen and helium due t o  t h e  decreased helium 

f lux .  Storms account f o r  on ly  about l / 5  of  t h e  e ros ion  because 

-15- 



1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 

Table 11. Est imates  o f  s p u t t e r i n g  rates due t o  t h e  s o l a r  wind 

(16) A. Former estimate 

Ion - 
Proton 
( q u i e t  wind) 

Proton 
( s o l a r  s torm)  

a- p a r t i c l e  
( q u i e t  wind) 

a - p a r t i c l e  
( s o l a r  storm 

- Flux Ve l o c  it y Energy 

2x108/ c mz s e c 600 km/sec 1.85 keV 

1000 krnlsec 5.0 keV 
8 20x10 /cm2sec 

f o r  1/60 of time 

7.4 keV 0.3x108/cm 2 s e c  600 km/sec 

1000 km/sec 20 keV 
3x108/cm 2 sec  

f o r  1/60 of t ime 

Yie ld  (atoms/ion) 

Normal Incidence,  S p u t t e r i 2 g  Rate 
Smooth Surface  (atom/cm y r )  

f o r  

Fe 0.009 
Stone 0.009 

Fe 0.008 
Stone 0.008 

Fe 0.25 
Stone 0.29 

Fe 0.06 
Stone 0.07 

1 4  0.08~10 
0 . 0 8 ~ 1 0 ~ ~  

To ta l s  : Fe 
*Corrected f o r  a r i t hme t i c  e r r o r .  Stone 

B. P re sen t  e s t ima te  

1.25 keV Fe 0.0045 2.2x108/cm 2 see  500 km/sec Proton 
( q u i e t  wind) 

Proton 20x10 /cm see 1000 km/s ec 5.0 keV Fe 8 2  

f n r  l , ' 6 ~  GL iirne ( s o l a r  st .nrm) 

a - p a r t i c l e  0. 1lxl.O8/cm2sec 500 km/sec 5.0 keV Fe 0.10 
( q u i e t  wind) 

a - p a r t  i c  l e  2x10 /cm see  1000 km/ sec 20 keV Fe 0.06 
( s o l a r  s torm) 

8 2  

f o r  1/60 of time 
T o t a l  

14 0.31~10 

S.  i j x i u  .llL 

1 4  0 .35~10 

14 

1 4  
0.06~10 

0.85~10 
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s p u t t e r i n g  y i e l d s  a r e  f a l l i n g  below a l i n e a r  increase  a t  the  h igher  ener-  

g i e s .  

W e  performed s p e c i a l  experiments t o  i n v e s t i g a t e  t h e  e r o s i o n  ra te  of 

According smooth metal  su r f aces  due t o  ions a t  non-normal incidence.  (') 

t o  Rol (33-36) and i n  similar t h e o r i e ~ " ~ )  i n  which the  s p u t t e r i n g  y i e l d  

is p ropor t iona l  t o  t h e  p r o b a b i l i t y  t h a t  a s t r o n g  s c a t t e r i n g  event  t a k e s  

p l ace  wi th in  a c e r t a i n  d i s t ance  from t h e  su r face ,  t h e  s p u t t e r i n g  y i e l d  

i s  p ropor t iona l  t o  sec  8, where 8 i s  t h e  angle  of incidence.  On a wire  

of  c i r c u l a r  c ros s  s e c t i o n  i n  a r e c t i l i n e a r  beam of ions,  t h e  e ros ion  

r a t e  i n  the  radial  d i r e c t i o n  should then  be cons t an t  over  t h e  h a l f  of 

t h e  wire  be ing  bombarded by ions because t h e  cos 8 decrease i n  ion  cur -  

r e n t  d e n s i t y  cance ls  t h e  sec  8 increase  i n  s p u t t e r i n g  y i e l d  a t  obl ique  

incidence.  In  t h a t  case  e ros ion  should maintain a c i r c u l a r  p r o f i l e  on 

t h e  eroded sur face .  For wires  of Fe, N i ,  and Au bombarded i n  beams of  

6 t o  8 keV H2 o r  H ions,  these  expec ta t ions  were confirmed. This  

s i t u a t i o n  i s  d i f f e r e n t  f o r  heavy ions  where y i e l d s  a t  obl ique  incidence 

~~CTD'CC CiGr t :  r a p i d l y  than  sec  8. We cons ider  t h e  s i t u a t i o n  on t h e  

moon and sma l l e r  i n t e r p l a n e t a r y  bodies  t o  be completely analogous t o  

t h e  w i r e  i n  a H2 

approach t o  t h e  body. 

+ i- 

3 

+ 
beam i f  t h e  s o l a r  wind ions a r e  not  dev ia t ed  dur ing  

In case t h e  bombarded sur face  i s  rough, two a d d i t i o n a l  considera-  

t i o n s  apply.  Some por t ions  of the s u r f a c e  are shadowed a t  obl ique 

incidence;  those  t h a t  a r e  i r r a d i a t e d  t end  t o  be s loped  toward t h e  source 

of ions  r e l a t i v e  t o  t h e  l o c a l  mean su r face .  Therefore p o s i t i v e  r e l i e f  
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f e a t u r e s  t end  t o  be eroded p r e f e r e n t i a l l y  b u t  t h e  n e t  radial  e ros ion  

r a t e  i s  somewhat less than  a t  a n  area where incidence i s  normal be- 

cause sec  @ * cos g <l. 

of t h e  ion e ros ion  reg ion  where t h e  t angen t  t o  the  p r o f i l e  of t h e  wire  

assumed a f i n i t e  angle  t o  t h e  beam d i r e c t i o n  while  t heo ry  r equ i r ed  t h a t  

t h e  tangent  approach t h e  beam d i r e c t i o n  where s = 90". For t h e  moon 

we cons ider  t h i s  roughness e f f e c t  a c o r r e c t i o n  of second o rde r  as it 

a p p l i e s  only near  t h e  te rmina tor  a t  any given moment. But second, i n  

a multiply-connected su r face  l i k e  a powder o r  even i n  a su r face  having 

grooves o r  p i t s ,  atoms spu t t e red  from p o s i t i o n s  below t h e  mean su r face  

have a decreased p r o b a b i l i t y  of escaping  from t h e  mean su r face  owing 

t o  decreased open s o l i d  angle .  Many atoms s t i c k  on a nearby p ro jec t ion .  

On metals  with threaded su r faces  w e  demonstrated (16) decreases  i n  t h e  

n e t  s p u t t e r i n g  y i e l d  amounting t o  a f a c t o r  of 2. I n  experiments with 

an  assembly of sewing needles  we found a decrease as g r e a t  as a 

f a c t o r  of 3. 

seems t o  be gene ra l  on t .hp r? .cz> zziy 'ut. i e s s  than  l/3 t h e  rate of  a 

smooth rock of t h e  same substance.  We adopt  a c o r r e c t i o n  t o  t h e  n e t  

We could see  t h i s  exper imenta l ly  a t  the '  l imits  

The n e t  s p u t t e r i n g  y i e l d  on a n  underdense powder (which 

e r o s i o n  rate of l/3 i n  preference t o  the  former e s t ima te  06) of 1/2. 

F i n a l l y ,  i n  summary, we es t imate  an e r o s i o n  rate of 0.25 $yr due 

t o  t h e  f u l l  s o l a r  wind s t r i k i n g  a smooth Fe o r  s tony  su r face  and w e  

c o r r e c t  by a f a c t o r  s ec  8 f o r  increased  s p u t t e r i n g  y i e l d s  a t  obl ique 

incidence,  cos 8 f o r  decreased cu r ren t  d e n s i t y  a t  obl ique  incidence,  
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i/3 f o r  roughness of t h e  lunar  su r face ,  and i / Z  f o r  l u n a r  n igh t .  The 

n e t  e ros ion  rate is then  0.042 $yr or 0.42 cm/lO 9 y r .  I n  4 .5  x 10 9 y r  

t h e  n e t  e ros ion  i s  about  '2 em. 

some of  t h e  s o l a r  wind ions a re  d e f l e c t e d  around the  moon and i f  some 

of t h e  s p u t t e r e d  atoms a r e  r e t a i n e d  by t h e  l u n a r  g r a v i t a t i o n a l  f i e l d .  

The n e t  e r o s i o n  may be somewhat less i f  
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111. OFTICAL PROPERTIES OF THE MOON AND OF LABORATORY S,kVPLES 

I n  t h i s  s e c t i o n  w e  summarize b r i e f l y  t h e  r e s u l t s  of o p t i c a l  s t u d i e s  

we mad?! (‘-14) on unbombarded and bombarded l a b o r a t o r y  samples , mostly 

powder samples, and eva lua te  the  r e s u l t s  i n  comparison t o  r e s u l t s  ob- 

t a i n e d  from astronomical  s t u d i e s  on t h e  moon. More d e t a i l  w i l l  be  given 

i n  a paper due t o  be publ ished in  t h e  Jou rna l  of Geophysical Research on 

1-5 June 1967. Repr in ts  w i l l  be mailed t o  those  r ece iv ing  t h i s  F i n a l  Re- 

p o r t  as soon as a v a i l a b l e .  The t i t l e  and a b s t r a c t  are as follows: 

Parameters of t h e  Opt ica l  P rope r t i e s  of t h e  Lunar 

Surface  Powder in  Rela t ion  t o  Solar-Wind Eombardment 

ABSTmCT 

The o p t i c a l  p r o p e r t i e s  of the moon are q u a n t i t a t i v e l y  compared with 

t h o s e  of powder samples bombarded by ions from a hydrogen d ischarge  plasma. 

Def i c i enc ie s  i n  t h e  s imula t ion  of t h e  solar-wind hnmhnr2xrit ; ~ c i u c i e  con- 

taminants  depos i ted  on and i n j e c t e d  i n t o  t h e  sample su r face .  A l s o  an un- 

known f r a c t i o n  o f  t h e  s p u t t e r e d  atoms r e t u r n s  t o  t h e  l u n a r  su r face  af ter  

f l i g h t  i n  t h e  g r a v i t y  f i e l d .  The v a r i a b l e  a lbedo o f  t h e  powder samples due 

t o  darkening by ion  bombardment i s  s t u d i e d  i n  r e l a t i o n  t o  parameters of  

co lo r ,  photometric func t ion ,  and p o l a r i z a t i o n  while  ho ld ing  composition, 

s u r f a c e  s t r u c t u r e ,  o r  powder p a r t i c l e  s i z e  f ixed .  

wind w a s  no t  adequate t o  permit  i d e n t i f i c a t i o n  of l u n a r  compositions from 

l u n a r  co lor .  The l u n a r  photometric f u n c t i o n  r e q u i r e s  a rough macros t ruc ture ,  

Simulat ion of t h e  s o l a r  
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But a number of p r o p e r t i e s  of t h e  photometric func t ion  p lus  the  p o l a r i z a -  

t i o n  of ea r thsh ine  a r e  shown t o  be incapable  of p r e s e n t l y  proving whether 

t h e  l u n a r  su r face  i s  underdense o r  compacted. A p o l a r i z a t i o n  parameter 

i n d i c a t e s  a l u n a r  powder whose p a r t i c l e s  are mostly less than  0.1 mm i n  

s i z e .  E f f e c t s  expected from solar-wind bombardment inc lude  su r face  darken- 

ing  and decolora t ion ,  e ros ion ,  p r e f e r e n t i a l  e ros ion  of some substances,  

dus t  cementation, and a l t e r a t i o n s  of  s u r f a c e  l a y e r  composition. 

Sun l igh t  s c a t t e r e d  from the  e a r t h  and f a l l i n g  on t h e  moon is i n  

gene ra l  po la r i zed  and t h e  po r t ion  o f  t h i s  l i g h t  t h a t  is s c a t t e r e d  back 

toward t h e  e a r t h  ("ear thsh ine")  is  a l s o  polar ized ,  though t o  a l e s s e r  

e x t e n t .  The r a t i o  of outgoing t o  ingoing  p o l a r i z a t i o n  R depends upon 

t h e  normal a lbedo An and o p t i c a l  conduc t iv i ty  of t h e  s c a t t e r i n g  su r face  

b u t  very  l i t t l e  on su r face  compaction o r  p a r t i c l e  s i z e  ( i n  t h e  range w e  

have s t u d i e d ) .  

r e l a t i o n s h i p  far i n s u l a t o r s ,  RAoW6 - cons tan t .  

agreement with t h o s e  f o r  i n s u l a t i n g  powders i n  t h a t  t h e  r e tu rn ing  p o l a r i -  

z a t i o n  is  low. For  metals  and even f o r  semiconductors l i k e  S i  and G e  

t h e  r e t u r n i n g  p o l a r i z a t i o n  would be far  h ighe r  so  we concluded t h a t  t h e  

l u n a r  s u r f a c e  i s  no t  apprec iab ly  enriched i n  free metal .  Enrichment i n  

metal was a d i s t i n c t  p o s s i b i l i t y  because experiments with powders of 

t h e  oxides  of copper and i r o n  which were s p u t t e r e d  by hydrogen, argon, 

o r  mercury ions  showed t h a t  oxygen w a s  p r e f e r e n t i a l l y  removed u n t i l  t he  

The dependence nf B ~.snn~ !% ia su-uszant ia l ly  a power-law 

Lunar values  a r e  i n  good 
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su r face  was s u b s t a n t i a l l y  me ta l l i c .  I n  fact,, i n  t h e  experiments with 

argon, oxygen was p resen t  as an impuri ty  i n  t h e  argon a t  t h e  10 

b u t  t h e  r educ t ion  proceeded never the less .  

-4 l e v e l  

Sun l igh t  s c a t t e r e d  from the  moon becomes s l i g h t l y  polar ized ,  though 

far  less than  would be expected f o r  a random assemblage. Of rocks of 

cent imeter  dimension o r  l a r g e r .  The p o l a r i z a t i o n  depends upon albedo, 

o p t i c a l  conduct iv i ty ,  and, f o r  powders i n  which t h e  p a r t i c l e  diameter  

i s  less than  about a millimeter, upon p a r t i c l e  s i z e  and opac i ty  and upon 

powder compaction. The ques t ion  of m e t a l l i z i n g  is s e t t l e d  by t h e  po la r i za -  

t i o n  of  ea r thsh ine .  Photometry c i t e d  below calls f o r  minimal compaction 

i n  an ubiqui tous powder on t h e  moon, The albedo of rock powders w a s  a 

v a r i a b l e  t h a t  could be decreased a t  w i l l  by ion  bombardment i n  a hydrogen 

plasma without  a metal enrichment t h a t  would be  i n  var iance  with e a r t h -  

s h i n e  da ta .  The unce r t a in  parameters remaining were t h e  p a r t i c l e  s i z e  

and opac i ty  s o  t h e  p o s s i b i l i t y  e x i s t e d  f o r  a n  i n d i r e c t  de te rmina t ion  of 

t h e  p a r t i c l e  s i z e  i n  t h e  l u n a r  su r face  l aye r .  The r e s u l t  was t h a t  an  

l . . .yvLUa~l~ pparT;icLe s i z e  i n  t h a t  l a y e r  i s  0 .1  mm f o r  t r a n s l u c e n t  g ra ins ,  

0.05 mm f o r  opaque g ra ins .  Smaller p a r t i c l e s  make l i t t l e  c o n t r i b u t i o n  

t o  t h e  p o l a r i z a t i o n  s o  t h e  de te rmina t ion  is  h e a v i l y  weighted i n  f avor  

of t h e  l a r g e s t  p a r t i c l e s .  

~ mnn-.L - .- 3 

Regions of  t h e  moon wi th in  about 60" of t h e  subear th  p o i n t  have a 

b r i g h t n e s s  governed q u i t e  accu ra t e ly  by a r e l a t i o n  of t h e  form 

I ( i , c , a ; X )  = L(i ,E)F(a ;k)  f o r  l i g h t  of  wavelength x, where i and E 

t h e  angles  of incidence and emergence with r e s p e c t  t o  t h e  average su r face  

are 

-22- 



normal i n  a reso lved  area and a is  the  phase angle  sun-lunar  f ea tu re -  

observer .  L ( i ,  € )  is  t h e  Lommel-Seeliger func t ion  L( i , E  ) = (1 + cos E 

s e c  i)-l which arises n a t u r a l l y  f o r  cases  where l i g h t  i s  absorbed ex- 

p o n e n t i a l l y  with path length  i n  a medium. Removal of t h i s  gross  de- 

pendence on t h e  angles  of  incidence and emergence from t h e  l u n a r  photo- 

met r ic  observa t ions  permi t ted  d e t a i l e d  s tudy  of  t he  remaining dependence 

on phase ang le  and wavelength f o r  a number of l u n a r  f e a t u r e s .  The 

func t ion  F(a;),,) exh ib i t ed  l i t t l e  v a r i a t i o n  i n  11 v a r i e d  l u n a r  f e a t u r e s .  

The func t ion  F(a;h )  i n  a theory  due t o  Hapke ('O) is  separable  i n t o  

a (x)  * S(a )  B(a),  where a ( x )  is t h e  r e f l e c t i v i t y  of s c a t t e r i n g  p a r t i -  

c l e s  which have an  average s c a t t e r i n g  func t ion  S(a ) .  The func t ion  B(a) 

descr ibed  the  c o l l e c t i v e  e f f e c t s  of shadows i n  a porous assembly of 

s c a t t e r e r s .  

a = 0 ( f u l l  moon cond i t ions )  whereas F ( a ; h )  i s  exper imenta l ly  found t o  

vary  r a p i d l y  s o  shadowing e f f e c t s  descr ibed  by B(a) a r e  important on 

t h e  moon. Therefore  F(a;h)  conta ins  information on powder compaction. 

The func t ion  S(a )  v a r i e s  s lowly as a func t ion  of a near  

We gave evidence however t h a t  F(a; ),,) is not  f u l l y  desc r ibed  by  

t h e  product  func t ion  proposed by Hapke because mul t ip le  s c a t t e r i n g  w a s  

no t  taken i n t o  account.  In  p a r t i c u l a r ,  Hapke's product  func t ion  pre-  

d i c t e d  t h a t  t h e  angular  dependence o f  t h e  b r igh tness  i s  independent of 

t h e  wavelength of s c a t t e r e d  l i g h t ,  i . e . ,  t he  c o l o r  of t he  moon would 

no t  depend on t h e  time of t h e  month a t  which it i s  measured. I n  f a c t ,  

a small dependence upon phase angle of t h e  c o l o r  of t h e  s l i g h t l y  reddish  

moon and of  s i m i l a r l y  reddish  powders w a s  e s t ab l i shed .  This  angu la r  
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dependence of t h e  b r i g h t n e s s  was found t o  be independent of t h e  wave- 

l eng th  For gray  powders (a(  A) = cons tan t ) ,  even f o r  powders having very  

small p a r t i c l e s ,  s o  d i f f r a c t i o n  i s  no t  c o n t r i b u t i n g  an e x p l i c i t  wave- 

l eng th  dependence through, say, S ( a ; k ) .  Second, Hapke's product  func- 

t i o n  f a i l s  t o  p r e d i c t  a n  abrupt  change i n  t h e  angu la r  dependence of 

t h e  b r i g h t n e s s  a t  a phase angle  of about 5'. 

ence of  t he  c o l o r  is  a s s o c i a t e d  w i t h  t h i s  "oppos i t ion  e f f e c t "  i n  labora-  

t o r y  powders and i n  s c a t t e r i n g  from S a t u r n ' s  r i ngs .  We suggested t h a t  

t h e  ab rup t  change i n  t h e  s lope  of t h e  br ightness-phase angle  curve f o r  

t h e  moon i s  a second e f f e c t  due t o  mul t ip le  s c a t t e r i n g .  In  t h i s  ca se  

one of  t h e  s c a t t e r i n g s  apparent ly  involves g lanc ing  incidence and emer- 

gence from a d i e l e c t r i c  su r face  i n  a powder s t r u c t u r e .  

A marked angu la r  depend- 

Nevertheless ,  t h e  l u n a r  albedos are so low ( ~20%) t h a t  mul t ip le  

s c a t t e r i n g  must be small a t  phase angles l a r g e r  t han  about  5'. 

f o r e ,  t h e  s t eepness  of  t h e  decrease o f  F(a;  x) v i t h  inc reas ing  Q: must 

con ta in  some information on powder compaction. F i r s t ,  though, t h e  

angu la r  dependence o f  s c a t t e r i n g  from an  average p a r t i c l e  must be 

b r i e f l y  considered.  We showed t h a t  the occurrence o r  development of 

large fawtq  cr: ps;;tkl p a r z i c i e s  r e s u l t e d  i n  a l e s s  s t e e p  decrease  of  

F ( a ; l ) ,  i .e .  , t h e  s c a t t e r i n g  was more d i f f u s e .  Faceted opaque p a r t i c l e s  

have an  average phase func t ion  S(a) approaching cos  a/Z, which decreases  

less s t e e p l y  from S ( 0 )  = 1 than  t h e  phase f 'unction proposed by Hapke 

f o r  t he  va lues  f o r  rough opaque p a r t i c l e s  (see Table  31 o f  Harris 

of  t h e  phase func t ion  of a p a r t i c l e  s c a t t e r i n g  according t o  Lambert's 

There- 

( 2 0 )  

( 3 8 )  
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I1 

l a w ) .  

t h e  presence o r  absence of marked f a c e t i n g  of  t h e  l u n a r  powder p a r t i c l e s  

can be e s t ab l i shed .  We found marked f a c e t i n g  a r i s e s  i n  breaking rock 

materials i n t o  a powder and i n  s p u t t e r i n g  of powders with ions inc iden t  

from one d i r e c t i o n  only.  Whether s p u t t e r i n g  causes  f a c e t  growth when 

ions  a r e  inc iden t  from a range o f  d i r e c t i o n s  w i l l  be t h e  s u b j e c t  of 

f u t u r e  research .  On t h e  o the r  hand, poss ib ly  rough s c a t t e r e r s  a r i s e  

n a t u r a l l y  i n  s p i t e  o f  f a c e t i n g  when small ( f a c e t e d )  p a r t i c l e s  s t i c k  t o  

and c o a t  l a r g e  ( f a c e t e d )  p a r t i c l e s .  We t h e r e f o r e  f e e l  unce r t a in  about  

t h e  r o l e  of f a c e t s  on t h e  s c a t t e r i n g  func t ions  of  p a r t i c l e s  and only  

remark t h a t  f a c e t e d  p a r t i c l e s  would have t o  be l e s s  compacted than  

rough p a r t i c l e s  i n  o rde r  t o  agree  wi th  photometry o f  t h e  moon, 

Therefore  an ambiguity about powder compaction w i l l  e x i s t  un less  

For almost a l l  t h e  powders s t u d i e d  photometr ica l ly  by us, t h e  de- 

c rease  o f  F(a; 1) as a increases  w a s  less s t e e p  than  f o r  t h e  moon. 

Agreement improved when ion  bombardment caused t h e  albedo t o  be de- 

c reased  i n t o  the  range of lunar  albedos.  Agreement improved f u r t h e r  

when compaction of t h e  powder w a s  minimized. But one powder, green- 

- u u A L L ,  -+nn- - - -  wa3 r.cpurr;ea i n  t h e  paper t o  exceed t h e  moon i n  s teepness  of 

decrease of F(a;X) even i f  powder compaction w a s  no t  minimal. 

d a t a  obta ined  by r e f i n e d  photometric techniques and equipment do not  

confirm t h i s  very s t e e p  decrease f o r  greenstone b u t  do i n d i c a t e  t h a t  

agreement with t h e  moon occurs f o r  greenstone powder when t h e  albedo 

is  adequate ly  low and t h e  compaction is minimized. Adequately low 

d e n s i t i e s  r equ i r ed  p a r t i c l e s  less than  20 p i n  diameter  f o r  t h e  magnitude 

Fur ther  
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of  i n t e r p a r t i c l e  f o r c e s  experienced a t  atmospheric cond i t i cns  and f o r  

t e r res t r ia l  g r a v i t y ,  Presumably somewhat l a r g e r  p a r t i c l e s  could  be 

maintained i n  a similar underdense geometry under l u n a r  condi t ions .  

We conclude t h a t  l u n a r  photometry impl ies  a low d e n s i t y  i n  the  s u r f a c e  

powder, approaching 80% void  space (perhaps 0.6 gm/cm ). 

( 3 9 )  

3 

The range o f  l u n a r  co lo r s  i s  very  narrow d e s p i t e  a range of normal 

a lbedos from 5% t o  20% ( i n  green l i g h t ) .  

wi th  ion-bombarded t e r r e s t r i a l  powders nor  i n  o t h e r s  !4@) has ion bom- 

bardment been shown t o  r e s u l t  i n  a narrow range of  colors approximating 

t h a t  of t h e  moon, though i s o l a t e d  in s t ances  of agreement have been found. 

The narrow range of l u n a r  co lors  might impiy a narrow range of l u n a r  com- 

pos i t i ons ,  though t h i s  is un l ike ly  i f  t h e  moon w a s  eve r  s u b j e c t  t o  vol -  

can ic  a c t i v i t y  capable  of forming s t r u c t u r e s  on t h e  s c a l e  of t h e  maria.. 

We mentioned two a l t e r n a t i v e s  in  which exogenic inf luences  mask composi- 

t i o n  d i f f e r e n c e s  s u p e r f i c i a l l y  through a moon-wide homogenizst ion  pro- 

Nei ther  i n  our  experiments 

ces s .  Both atoms t h a t  are s p u t t e r e d  by t h e  solar-wind ions (I6) and 

some p a r t i c l e s  and vapor (41y42) t h a t  r e s u l t  from meteor i te  impac-t have 

v e l o c i t i e s  adequate t o  permi t  near c i rcumlunar  o r b i t e .  Such processes  

could  no t  completely o b l i t e r a t e  l o c a l  composition d i f f e r e n z e s  g iv ing  

r i se  t o  c o l o r  c o n t r a s t s  inv lv ing  sha rp  l i n e s ,  such as kave been estab- 

l i s h e d  on t h e  moon. (18j4’) 

i n  an ove r ly ing  l a y e r .  

? 
But t hey  would subdue ZcmpoFitiQn d i f f e r e n c e s  
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N. THE EXISTENCE OF DARKENING PROCESSES ON THE LUNAR SURFACE: 
STRATIGRAPHY OF THE LUNAR SURFACE POWDER NEAR SURVEYOR L 

A paper i n t e r p r e t i n g  albedo c o n t r a s t s  observed i n  the  Surveyor 1 

photographs has been submitted t o  "Science" and is a v a i l a b l e  i n  a 

Q u a r t e r l y  Report. (15) We o u t l i n e  it here .  

ABSTRACT 

Two hypotheses a r e  examined t o  account  f o r  an  abundant dark pow- 

de r  amidst high albedo rocks near  Surveyor 1. Meteo r i t i c  bombardment 

is es t imated  t o  have been of primary importance i n  forming t h e  powder, 

Darkening, inc luding  an  observed inc reas ing  darkening wi th  depth i n  

t h e  powder, could  have r e s u l t e d  from a n  e x t e r n a l  i n f luence ,  A l t e r -  

na t ive ly ,  t h e  powder may be l a r g e l y  der ived  from a rock spec ie s  t h a t  

i s  e a s i l y  crushed t o  a dark powder, A model of solar-wind darkening 

and m e t e o r i t i c  mixing is  discussed i n  r e l a t i o n  t o  maria, ray  c r a t e r s ,  

and highlands.  

In  Surveyor 1 photographs one sees  a f e w  o b j e c t s  which are re -  

so lvably  a n g u l a r ,  The l a r g e r  o b j e c t s  are presumably rocks and have 

markedly h ighe r  a lbedos than t h e  surrounding su r face .  The s u r f a c e  i n  

t u r n  had a h igher  a lbedo than m a t e r i a l  below t h e  su r face  which w a s  

exposed by t h e  motion of the  s p a c e c r a f t  footpads dur ing  landing.  

t han  about 9O$ of the  undis turbed s u r f a c e  c o n s i s t e d  of p a r t i c l e s  

More 

smal le r  t han  1 mm i n  diameter,  But  s i n c e  f i n e l y  d iv ided  rock m a t e r i a l  
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is  o r d i n a r i l y  of h igher  albedo than  t h e  p a r e n t  rock, t he  albedo con- 

trasts i n  t h e  photographs present  a problem un les s  ( a )  t h e r e  e x i s t s  

a darkening process  c o n s i s t e n t  with t h e  albedo c o n t r a s t s  o r  ( b )  t h e  

dark powder has a sepa ra t e  parentage.  

We argued t h a t  i f  t h e  powder were be ing  dynamically der ived  from 

t h e  v i s i b l e  (exposed) rocks and darkened whenever exposed a t  t h e  su r -  

f ace ,  then  rocks have the  f r e s h e s t  su r f aces  v i s i b l e  ( h i g h e s t  a lbedoes) ,  

t h e  undis turbed  su r face  i s  an in te rmedia te  mixture  of f r e s h  rock ch ips  

and o l d e r  ones ( in te rmedia te  a lbedo) ,  and t h e  sub-surface material i s  

mostly old rock fragments (low a lbedo) ,  

C e r t a i n l y  t h e  s i z e  d i s t r i b u t i o n  of rock fragments i n  t h e  photo- 

In  cons ider ing  graphs must be  c o n s i s t e n t  with t h e  above suggest ion.  

what s i z e  d i s t r i b u t i o n  might be expected i n  view of t h e  s i z e  d i s t r i b u -  

t i o n  i n  i n t e r p l a n e t a r y  p a r t i c l e s ,  w e  found t h a t  our  l i m i t e d  knowledge 

would permit  a second explana t ion  of t h e  albedo c o n t r a s t s .  The s i z e  

d i s t r i b u t i o n  of rock fragments from hyperve loc i ty  impacts can depend 

markedly nn_ the  s :zz  d l ; t i - i ' u u L i u I l  of p n y s i c a l l y  s t r o n g  u n i t s  ( c r y s t a l s  

o r  similar u n i t s )  a l r eady  e x i s t i n g  i n  t h e  rock. 

o f  rock a r e  p re sen t  of which t h e  abundant s p e c i e s  has  small dark c r y s t a l s  

and t h e  o t h e r  has l a r g e  high-albedo chunks, then  t h e  c o n t r a s t s  fol low.  

A s  before ,  t h e  undis turbed sur face  i s  an  in te rmedia te  mixture of ch ips  

from t h e  high albedo rocks and of  t h e  dark powder, b u t  now darkening 

with depth proceeds by d i lu t ion .  Concerning t h i s  view, however, we 

remarked t h a t  we would expect  t o  see  a f e w  dark chunks somewhere on t h e  

su r face .  None w a s  found i n  the l i m i t e d  sample. 

Therefore  i f  two types  



Applied t o  o t h e r  l una r  areas, t h e  a l t e r n a t i v e s  of s e v e r a l  com- 

p o s i t i o n s  o r  of  a s i n g l e  dominant composition be ing  s l i g h t l y  modified 

i n  a darkening process  again appear ,  The disappearance of c r a t e r  

"rays" could  be caused by mixing l i g h t  m a t e r i a l  i n t o  darker  m a t e r i a l  

o r  by darkening t h e  su r face  exogenica l ly .  

l and  a r e a s  might r e s u l t  from a dominance of high albedo rock ( i n  

powder form i n  t h e  uppermost l a y e r )  o r  from t h e  presence of a high 

albedo powder l a i d  down i n  an a n c i e n t  epoch of  minor darkening e f -  

f e c t s  and now occas iona l ly  exposed i n  t h e  c u r r e n t  e ros ion  and mixing 

processes .  

The high albedo of high- 

Chemical a n a l y s i s  of the s u r f a c e  rocks and powder would be deci-  

s i v e  i n  r e j e c t i n g  one of t h e  hypotheses f o r  a p a r t i c u l a r  l u n a r  area, 

Also, i f  t h e  dark powder were d e c i s i v e l y  proven t o  be mostly less than  

about 20 I-I i n  diameter,  then  only  a darkening process  could be  admi t ted  

because we have found no rock m a t e r i a l  having an  albedo i n  the  l u n a r  

range and having such small p a r t i c l e s .  
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V. OTHER SPUTTERING EFFECTS ON THE MOON'S SURFACE 

A. Cemmtat ion of a Surface Powder 

(11) I n  view of  a well-demonstrated tenuous s u r f a c e  l a y e r  on t h e  moon, 

mechanical p r o p e r t i e s  of the l u n a r  s u r f a c e  have been very  uncer ta in .  

Suggest ions of mechanisms involving e x t e r n a l  agents  t h a t  t end  t o  inc rease  

t h e  coherency of t h e  low dens i ty  su r face  l a y e r  have included meteor i te  

impact vapor iza t ion ,  (41) s p u t t e r i n g  by t h e  s o l a r  wind, (43_,44) and s i n -  

t e r i n g  caused by c r y s t a l  damage. (45) The e f f e c t i v e n e s s  of t h e s e  mech- 

anisms is  h i g h l y  unce r t a in  without d e t a i l e d  cons ide ra t ion  of  t h e  competing 

c rushing  a c t i o n  of meteor i te  impacts and q u a n t i t a t i v e  information on 

"cementing" r a t e s  

In  experiments conducted t o  assess cementing rates due t o  s o l a r -  

t h a t  cementat ion by s p u t t e r i n g  i s  made 
(13) 

wind s p u t t e r i n g ,  w e  found 

even more unce r t a in  by our lack of knowledge of t h e  v e l o c i t i e s  of atoms 

s p u t t e r e d  from complex s o l i d s  by  hydrogen and helium ions.  

fmn-L--- 3 /7\ 
,yrrrruyu I,I, v: Li l t :  aiurrls spuizerea  from l u n a r  powder p a r t i c l e s  escape 

from the  powder s t r u c t u r e .  

c o n t r i b u t e  t o  a d d i t i o n a l  cementation. But r e l i a b l y  known v e l o c i t i e s  

of s p u t t e r e d  atoms are confined t o  metals (46,47) and then  u s u a l l y  f o r  

bombardment by heavy ions.  

cons iderably  s lower than  those s p u t t e r e d  by more massive ions o f  com- 

pa rab le  energ ies (46)  s o  t h a t  l e s s  than  h a l f  of t h e  former atoms exceeded 

A f r a c t i o n  

If  t hey  do n o t  escape from t h e  moon, t h e y  

Copper atoms s p u t t e r e d  by helium ions  were 
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t h e  l u n a r  escape ve loc i ty .  On l i k e l y  l u n a r  m a t e r i a l s  t h e  escape of  

s p u t t e r e d  atoms ( o r  poss ib ly  molecules)  is a p t  t o  be s e l e c t i v e  by e l e -  

ment s o  t h a t  s imula t ion  of a r e t u r n i n g  flux i n  t he  absence of v e l o c i t y  

d a t a  would involve varying both magnitude of t h e  r e t u r n i n g  f l u x  and 

i t s  composition. We found t h a t  a small r e t u r n i n g  f l u x  caused a marked 

change i n  the  cementation of A1 0 be ing  bombarded by Hg ions .  With 

no r e t u r n i n g  f l u x  w e  found marked d i f f e rences  i n  t h e  s t r e n g t h  of  a 

su r face  c r u s t  on d i f f e r e n t  powder compositions.  Generally,  composi- 

t i o n s  t h a t  darkened r e a d i l y  ( b a s a l t ,  greenstone,  obs id i an )  a l s o  formed 

s t r o n g e r  c r u s t s  than  mater ia l s  t h a t  darkened b u t  l i t t l e  (Si02,  A1 0 ) 

f o r  t h e  same ion  dose. 

2 3  

2 3  

Since our cementation s tud ie s  involved ion  bombardment i n  a plasma, 

s t r o n g  de o r  rf f i e l d s  ex i s t ed  a t  t h e  sample su r face .  Conducting p a r t i -  

c l e s  permi t ted  de bombardment b u t  are of l i m i t e d  i n t e r e s t .  Conducting 

p a r t i c l e s  i n  a n  rf ion sheath were found t o  be s u b j e c t  t o  l a r g e  e l e c t r o -  

mechanical f o r c e s  (13) while  i n s u l a t i n g  p a r t i c l e s  a r e  s u b j e c t  t o  smaller 

fo rces .  The latter fn rces  ~7ex-e ~Ckqzctc t~ C l i + i  s u r i ’ a ~ t .  y ~ ~ r ~ i c i e s ,  an 

e f f e c t  t h a t  grew i n  importance i f  p a r t i c l e s  were rendered conducting by 

ion  bombardment. Since w e  considered t h a t  samples b u i l t  up from a l i g n e d  

p a r t i c l e s  would have spurious mechanical p r o p e r t i e s ,  w e  d i scont inued  

e f f o r t s  t o  produce samples b u i l t  up o f  ion-bombarded l a y e r s .  Recently,  

t h e  development of a new type o f  i on  source promises t o  permit  i n j e c t i o n  

of a n  ion  beam i n t o  a plasma such t h a t  s p u t t e r i n g  may proceed i n  low- 

f i e l d  condi t ions  while  r e tu rn ing  f l u x e s  are s imulated.  
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B. Sea l ing  of  Exposed Pores 

I n  t h e  process  of s p u t t e r i n g  a porous su r face ,  some of t h e  m a t e r i a l  

s p u t t e r e d  from t h e  s i d e s  o f  a ho le  w i l l  be t r a n s f e r r e d  deeper i n t o  t h e  

hole  and c o n t r i b u t e  t o  a decrease i n  permeabi l i ty .  We conducted perme- 

a b i l i t y  measurements t o  assess  t h e  changes i n  permeabi l i ty  t h a t  might 

r e s u l t .  In  experiments with porous n i c k e l  bombarded by  argon ions we 

found (lo) t h a t  t he  removal by s p u t t e r i n g  of a th i ckness  equal  t o  a mean 

pore s i z e  r e s u l t e d  i n  a permeabi l i ty  decrease of about 10% while  simple 

depos i t i on  of such a th ickness  caused a 20% decrease ,  In  s p u t t e r i n g  

t h e r e  i s  a competi t ion between t h e  c l o s i n g  and opening of pores  s o  t h a t  

t h e  smal le r  e f f e c t  p e r  u n i t  th ickness  due t o  s p u t t e r i n g  w a s  q u a l i t a t i v e l y  

permeabi l i ty  ( 9 , m  expected. In  experiments with hydrogen ions we found 

inc reases  which were apparent ly  t h e  consequence of  chemical c leanup of 

pores .  
0 

The r e s u l t  of our above e s t ima te  of s p u t t e r i n g  rates w a s  0.125 A/yr, 

6 
omi t t ing  t h e  c o r r e c t i o n  f o r  a rough su r face ,  o r  1 2 . 5  p/10 y r ,  We con- 

s i d e r  he re  as an  example whether p a r t i a l  o b l i t e r a t i o n  of lop pores  on 

an exposed "smooth" sur face  is a p t  t o  be observable ,  i . e . ,  whether ex- 

posure t imes of t h e  order  of 10 y r  a r e  probable before  o b l i t e r a t i o n  of  
6 

a su r face  by m e t e o r i t i c  impacts. 

Seve ra l  l i n e s  of evidence permi t  t h e  e r o s i o n  rate on t h e  moon due 

-2 6 t o  me teo r i t e s  t o  be bracketed between 10 and 1 cm/lO y r .  By e r o s i o n  

w e  mean d is turbance  by impact c r a t e r s  o r  e j e c t a .  The h igher  l i m i t  is t o  

be p r e f e r r e d  on t h e  b a s i s  of Jaffe 's  (48y49) a s s e r t i o n  t h a t  a 5 t o  10 m 
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granu la r  l a y e r  has  r e s u l t e d  from m e t e o r i t i c  oombardment of a reg ion  

photographed by Ranger 7 which w e  may t a k e t o  be LO 9 y r  o l d  f o r  our  

purposes.  The lower l i m i t  was suggested by B a ~ t i n ' ~ ~ )  on the  b a s i s  

of a conserva t ive  estimate of t h e  a r e a  covered by primary c r a t e r s  

a lone  when me teo r i t e  f l u x  r a t e s  a t  t h e  moon are considered,  Using 

h i s  approximation t o  t h e  meteor i te  f l u x  r a t e s  and assuming c r a t e r i n g  

laws hold  f o r  p r o j e c t i l e s  smal le r  t han  a gram, he concludes small 

c r a t e r s  a r e  dominant i n  importance i n  covering a u n i t  area and t h a t  

cen t imeter  primary c r a t e r s  should cover  any area i n  about  10 y r ,  7 

Alexander and Bohn (423 considered t h a t  t h e  number of me teo r i t e s  sma l l e r  

t han  about  g f e l l  below t h e  estimate used by Bas t in  i n  o r d e r  t o  

g ive  agreement with zod-iacal l i g h t  measurements and d a t a  from Mariners 

2 and 4. But B a s t i n ' s  conclusion would no t  be a f f e c t e d  by t h i s  re- 

finement f o r  primary craters l a r g e r  t han  about  1 mm i n  diameter.  

We now make t h e  p o i n t  t h a t  any exposed s u r f a c e  on t h e  moon should 

be completely covered by 1 mm diameter p i t s  i n  about  10 y r  i f  primary 
6 

f l u x  i s  assumed. We conclude t h a t  p a r t i a l  o b l i t e r a t i o n  of l o p  pores 

by solar-wind s p u t t e r i n g  i n  10 y r  i s  a p t  t o  be d i f f i c u l t  t o  observe 6 

i n  t h e  presence of t h e  s t ronge r  e ros ion  due t o  micrometeori tes .  This  

conclusion is not  a p t  t o  be  s e n s i t i v e  t o  a change i n  t h e  time s c a l e  and 

c h a r a c t e r i s t i c  phys i ca l  dimension by t h e  same f a c t o r ,  even i f  t hey  a r e  

v a r i e d  over s e v e r a l  o rde r s  of magnitude. This conclus ion  does not  say 

t h a t  solar-wind s p u t t e r i n g  w i l l  have no v i s i b l e  man i fe s t a t ion  on t h e  

l u n a r  su r face  b u t  it does suggest t h a t  t h e  "noise"  l e v e l  w i l l  be high. 
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C.  The Ques t ion  of  Widespread Luminescenre 09 t h e  FOX - ~- 

Recent observa t ions  of t h e  s u n l i t  o r  ec l ip sed  moon i n  which lumi- 

nescence had been a l l e g e d  t o  p l a y  a r o l e  were reviewed by Ney, Woolf, 

and Co l l in s .  (51) Older observat ions,  inc luding  supposed o u t b u r s t s  on 

t h e  side of t h e  moon i l lumina ted  only  by ea r thsh ine  and o t h e r  weaker 

l i g h t  f l uxes ,  have been reviewed by Burley and Middlehurst .  

e t  al. emphasize t h e  absence o f  adequate  energy i n  p a r t i c l e  f l u x e s  and 

t h e  absence of v a r i a b i l i t y  in  adequate ly  e n e r g e t i c  photon f l u x e s  t o  

account f o r  t h e  emissions i n  terms of d i r e c t  processes  involv ing  t h e  

s o l i d  su r face .  They admit the  p o s s i b i l i t y  t h a t  thermoluminescence could  

conceivably account f o r  t h e  c i t e d  emissions b u t  t hen  t h e  emissions would 

r e p e a t  r e g u l a r l y  every month, which seems not  t o  be  so. Sun and Gonzalez 

r epor t ed  experiments on thermoluminescence of a n  e n s t a t i t e  achondr i te  mete- 

o r i t e  which had been i r r a d i a t e d  by 2 MeV e l e c t r o n s .  Thei r  i n t e r p r e t a t i o n  

i n  terms of  solar-wind bombardment dur ing  t h e  l u n a r  n igh t  fol lowed by 

warmup a t  e c l i p s e  r a t e s  leaves something t o  be des i red ,  b u t  a d d i t i o n a l  

experiments of t h i s  type  a r e  needed. Nash (54)  and Schut ten  and van Dijk 

showed t h a t  s o l a r  wind ion-induced luminescence of a s i l i c a t e  su r face  i s  

c e r t a i n l y  no t  involved because a t  t h e  appropr i a t e  i on  ene rg ie s  t h e  lumi- 

nescent  e f f i c i e n c e s  a r e  very  low, o f  t h e  order  of lomk t o  

ion,  and t h e  solar-wind energy f l u x  is  a t  most a l r e a d y  much smaller than  

t h e  energy f l u x  i n  moonlight. Middlehurst  

adequacies  o f  such energy- sources  and p r e f e r r e d  t h e  sugges t ion  by 

Kozyrev (57) of massive gas emissions.  

of t h e  dynamics of such gas emissions has  been worked out .  In  p a r t i c u l a r ,  

N e Y  
(52 )  

(53) 

(55) 

photons/ 

a l s o  recognized t h e  in- (56)  

However, no adequate d e s c r i p t i o n  
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Kopal (58) r e j e c t s  gas emission from t h e  l u n a r  i n t e r i o r  as a poss ib l e  

explana t ion  f o r  t h e  br ighten ing  which he repor ted(59)  f o r  a l a r g e  area 

of t he  moon. We w i l l  conjecture  below on a new mechanism t o  produce 

apprec iab le  luminescence of t h e  s o l i d  su r face .  

were confined t o  t h e  demonstration t h a t  ion 

bombardment i s  d e l e t e r i o u s  t o  luminescence e f f i c i e n c y ,  where near -W 

(10) Our experiments 

e x c i t a t i o n  w a s  considered 

t h e  same e f f e c t  much more 

a l s o  served  as t h e  source 

as t h e  energy source.  

completely f o r  t h e  case where ion  bombardment 

of e x c i t a t i o n .  I n  f a c t ,  luminescence w a s  re- 

Nash (54)  demonstrated 

duced by about  h a l f  an  order  of magnitude fo l lowing  a dose of on ly  

10 

on moon). 

depos i ted  by t h i s  dose was about 25 eV/atom. 

is  f a i r l y  e f f i c i e n t l y  destroyed by ion  bombardment, On t h e  o t h e r  hand, 

w e  showed (lo) t h a t  we could t r a n s f e r  t h e  luminophor uranium g l a s s  from 

one su r face  t o  another  by hydrogen ion s p u t t e r i n g  without  complete loss 

nf l1~.m!.fiacnax2. Ir, -;;C-G vf tht: g;t.uer.ai pessimism aDout t h e  involve- 

ment of t h e  s o l a r  wind i n  lunar  luminescence, we decided a g a i n s t  f u r t h e r  

luminescence experiments a t  t h a t  time. 

16 -I- 
H ions of 5 keV energy on most substances s t u d i e d  by him (1.6 y r  

Assuming pene t r a t ion  of 0.4 iJ. I i n t o  t h e  sample, t he  energy 

Therefore luminescence 

Recent ly  w e  observed a luminescence phenomenon of  appa ren t ly  high 

e f f i c i e n c y  which prompts f u r t h e r  s tudy.  While t h e  observa t ion  w a s  very 

prel iminary,  we o f f e r  t he  following d e s c r i p t i o n .  In  a t o r o i d a l  r i n g  

rf d ischarge  i n  var ious  low pressure  gases  we have observed s t r o n g  emis- 

s i o n  of r e d  l i g h t  from the  tube w a l l s .  The t o r o i d a l  tube  i n s i d e  minor 
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diameter was 1.8 cm a n  t h e  circumference was 80 cm. About 50 W of 

40 Mc/s power was coupled i n t o  t h e  gas by f i t t i n g  a copper loop (80 

cm long)  c l o s e l y  around t h e  in s ide  of t h e  t o r o i d .  In  t h i s  arrange-  

ment an  e l e c t r i c  f i e l d  l i k e  t h a t  i n  a b e t a t r o n  is  developed a long  t h e  

l eng th  of  t h e  t o r o i d .  A t  a pressure  of a f e w  mTorr o f  Ar, for example, 

a b r i g h t  plasma is formed and luminescence from t h e  walls is  n e g l i g i b l e .  

But a t  t h e  lowest  p re s su res  a t  which t h e  d ischarge  can be sus t a ined  

( 21 mTorr A r )  t h e  plasma becomes less b r i g h t  and r e d  l i g h t  of b r i g h t -  

ness  comparable t o  t h e  plasma l i g h t  i s  emi t t ed  from t h e  walls. The 

w a l l s  are cool .  "he emission i s  i n  a 260 A-wide band cen te red  on 

6230 A for walls of e i t h e r  s i l i c a  or Pyrex g l a s s  and for e i t h e r  A r  or 

H e  gas. That t h e  emission is  due t o  fast e l e c t r o n s  may be concluded 

from t h e  nondependence of gas and from t h e  a d d i t i o n a l  observa t ion  t h a t  

an  ioq  shea th  a t  t h e  w a l l  c u t s  o f f  t h e  emission. An ion  shea th  a t  t h e  

w a l l  can be induced simply by br inging  t h e  hand c l o s e  t o  t h e  tube w a l l  

owing t o  c a p a c i t i v e  coupl ing which changes the  boundary condi t ions .  

It is a gene ra l  f e a t u r e  o f  s i i r t a i n e i .  c l i s~hzy - f i -  - O  c'-'- bllL1: ~ ~ y p c  ~ i i a ~  cne 

e l e c t r o n  temperature inc reases  markedly as t h e  p re s su re  i s  decreased 

from about  2 pmin  t o  pmin, where pmin i s  t h e  minimum pres su re  at which 

t h e  d ischarge  can be sus t a ined  i n  a tube  of given cross sec t ion .  We 

may estimate t h a t  t h e  e l e c t r o n s  respons ib le  f o r  t h e  emission have an  

energy of t h e  o r d e r  of 10 eV.  We can p r e s e n t l y  est,imate t h e  e f f i c i e n c y  

o n l y  c rude ly  from t h e  v i s u a l  b r igh tness  r e l a t i v e  t o  o t h e r  l i g h t  sources .  

We estimate 5 W i n  t h e  r e d  emission and 5 W i n  o t h e r  plasma emissions i n  

t h e  v i s i b l e  reg ion  for 50 W rf power. 

0 

0 

Perhaps t h i s  estimate o f  105 
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conversion of rf ( e l e c t r o n )  power t o  l i g h t  may be ove r -op t imis t i c  b u t  

w e  f e e l  t h a t  t h e  e f f i c i e n c y  is g r e a t e r  than  1%. 

A f e a t u r e  of s p e c i a l  i n t e r e s t  i n  t h e  above observa t ion  i s  t h a t  

t h e  emission was no t  markedly s e n s i t i v e  t o  composition of  t he  tube  

walls, i . e . ,  t h e  a d d i t i o n  of cons iderable  BaO and a l k a l i  oxides t o  

SiOz t o  form Pyrex g l a s s  d i d  no t  change e i t h e r  t h e  wavelength o r  t h e  

luminescence e f f i c i e n c y  markedly. 

presence o f  rf f i e l d s  is e s s e n t i a l  t o  t h e  observed luminescence b u t  

We a r e  concerned about whether t h e  

have not  had time t o  t e s t  t h i s  a spec t .  If t h e  phenomenon is indeed 

electroluminescence,  t h e  fol lowing remarks a r e  probably i r r e l e v a n t .  

A second f e a t u r e  of s p e c i a l  i n t e r e s t  i s  t h e  low e l e c t r o n  energy 

d r iv ing  the  emission (presumably by impact genera t ion  of carriers),  

This  a f f o r d s  t h e  p o s s i b i l i t y  of account ing f o r  c e r t a i n  o f  t h e  a l l e g e d  

l u n a r  luminescence events  i n  terms of  an  au ro ra - l ike  mechanism. 

S e v e r a l  events  given s p e c i a l  credence by Ney e t  a l .  (5') r e q u i r e  emis- 

2 2 0 
s i o n  of about 10 erg/cm s e e  i n  an emission band 100 A wide, o r  

0 

correspondingly more energy i f  t h e  emission band is  wider  than  100 A. 

They a l s o  d i scuss  measurements o f  fluxes o.f e l e c t r o n s  measured over  

t h e  a u r o r a l  zone i n  which e l ec t rons  of g r e a t e r  t han  a minimum energy 

z 
e x h i b i t e d  temporary energy f luxes of 10 t o  lo5 erg/cm 

energy w a s  from 1 t o  50 keV i n  t h e s e  measurements. These energy f l u x e s  

were lower limits because of the  omission of e l e c t r o n s  of lower energy. 

Therefore  t h e  p o s s i b i l i t y  a r i s e s  t h a t  a very  e f f i c i e n t  luminescent 

emission i s  d r iven  by aurora- l ike  e l e c t r o n s  impacting on t h e  s o l i d  moon. 

What remains t o  be shown is t h a t  au ro ra - l ike  mechanisms e x i s t  f o r  t h e  

i n t e r a c t i o n  of  t h e  s o l a r  wind-moon system. 

see .  The minimum 
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Auroras a r e  gene ra l ly  a s soc ia t ed  wi th  a c c e l e r a t i o n  mechanisms 

dr iven  by i n s t a b i l i t i e s  involving t h e  s o l a r  wind and t h e  l a r g e  geo- 

magnetic t a i l .  But observat ion of a d i s t u r b e d  condi t ion  of t h e  

i n t e r p l a n e t a r y  medium outs ide  t h e  geomagnetic c a v i t y  w a s  suggested 

t o  be caused by a magnetohydrodynamic wake of t h e  moon, which would 

be analogous t o  t h e  geomagnetic t a i l .  The sugges t ion  has been dis-  

p r i n c i p a l l y  because it is  n o t  c l e a r  t h a t  an o b j e c t  as puted, 

small as the  moon should r egu la r ly  have a wake. 

(60) 

( b l ?  62) 

A p o i n t  t o  no te  i s  t h a t  i f  a l u n a r  wake does e x i s t  a t  t imes,  o r  

even r egu la r ly ,  t h e  energy f lux  of  t h e  s o l a r  wind over a l a r g e  a r e a  

can occas iona l ly  be transformed i n t o  e n e r g e t i c  e l e c t r o n  f l u x e s  which 

can  propagate  a long  magnetic f i e l d  l i n e s  t i e d  t o  t h e  (conduct ing)  

moon. Thereby t h e  energy flux can  a c t u a l l y  exceed t h e  average energy 

flux i n  t he  s o l a r  wind by an  a r e a l  concent ra t ion  of t he  energy f lux ,  

though t h e  inc rease  w i l l  probably no t  exceed an o rde r  o f  magnitude. 

Therefore  temporary energy f luxes  i n  excess  of  lo3 erg/cm s e c  car -  

r i e a  t3y e l e c t r o n s  may occas iona l ly  impact on t h e  moon where t h e  whole 

s u r f a c e  may conceivably be capable of e f f i c i e n t l y  emi t t i ng  l i g h t  i n  

s e v e r a l  narrow bands a t  a r a t e  of t h e  o r d e r  of 10 erg/cm sec .  We 

emphasize aga in  t h e  n e c e s s i t y  t o  e s t a b l i s h  t h a t  luminescent e f f i c i e n -  

c i e s  a r e  adequately l a r g e  f o r  e s s e n t i a l l y  every  s i l icate  g r a i n  t h a t  

rests on t h e  l u n a r  su r face  i n  c e r t a i n  extended l u n a r  areas, 

2 

2 2 
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D. Formation of  H20 Due t o  Hydrogen Ion Bombardment of  Oxides 

Biauth and Meyer showed t h a t  atomic hydrogen can a t t a c k  a t  

l eas t  a p o r t i o n  of a monolayer of  oxygen on g l a s s  and form water  mole- 

cu le s .  S ince  s p u t t e r i n g  can revea l  f r e s h  su r faces  f o r  f u r t h e r  a t t a c k ,  

w e  were s t imu la t ed  t o  i n v e s t i g a t e  whether hydrogen s p u t t e r i n g  of  oxides 

i s  accompanied by water  molecule formation. Our philosophy then  was 

t o  s p u t t e r  u n t i l  s e v e r a l  monolayers have c e r t a i n l y  been removed and 

then  measure t h e  rate of  H20 formation i n  t h e  system which may be 

a s c r i b e d  t o  hydrogen i o n  bombardment of an  oxide sample. Since w e  

chose t o  work f i rs t  with ion  bombardment i n  a hydrogen plasma, it w a s  

obvious t h a t  an  apprec i ab le  background of  H20 formation w a s  t o  be ex- 

pec ted  from low-energy i o n  bombardment and H atom bombardment of t h e  

g l a s s  tube walls. Nevertheless,  w e  expected t h i s  background source of  

H20 t o  become small a f te r  some pe r iod  of condi t ion ing  of t h e  walls. 

A second a spec t  of ou r  philosophy w a s  t h a t  it would not  be necessary  

t o  d e t e c t  t he  H 0 molecules d i r e c t l y  be ing  emi t t ed  from the  sample under 

bombardment. We planned t o  sample a l l  t h e  H,O formed as 3 c n ? s e q l - ? o ~ e  

of  t h e  sample bombardment, whether formed d i r e c t l y  on the  sample o r  on 

a su r face  where m a t e r i a l  spu t t e red  from t h e  sample w a s  c o l l e c t e d .  This  

economy is  reasonable  as a f i r s t  approximation t o  demonstrate t h e  o rde r  

of magnitude of  t he  e f f i c i e n c y  f o r  H20 formation. 

2 

6 

involved a co ld  t r a p  a t  l i q u i d  1i2 temperature  (13) Our f irst  a t tempt  

c lose  to t h e  bombarded sample. The p l an  w a s  t o  c o l l e c t  H20 on t h e  co ld  

t r a p  and pump away gases l i k e  HZ, N2, 02, CO, CH4, and COz which w e  d i d  

n o t  expect  t o  be t rapped.  To our s u r p r i s e ,  l a r g e  masses of  H2 were 
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t r spped  wheneTrer ti hydrogen p1ssrc.a wac m:p+z:ned i n  t h e  r~z~lurlie :cJnr&ining 

+,be cold t r a p .  In fa<t , ,  t h e  ammnt 2f H, r rspped cqns t f tu+ed  m 2 q 7  p?,cn?- 

l a y e r s  on %he t r a p  su r face  and prevenfed ler,gf-l-y accunt ;a t iom :f H C 

because t h e  desorbed H, r a i s e d  +.he t o t a l  p re s su re  i n  a 2,5 i' vokume 

abolre t h e  1 inear ope ra t ing  range 3f a g.es m a  l.3 zer  i n  t h e  volume. The 

desorp t ion  of Ei wae i r r e v e r s i b l e  so t r a n s f e r  of an a c t i v e  t r app ing  sub- 

s t ance  t? trde co ld  +,rap surfare by a hydrc7gen plasma rams -~ndi?a+,ecl. We 

showed t h a t  r h e  probabie a c t f v e  subsfanyr  was ??rbon c'r %n h,rdrqgencus 

compound of hPgh carbon c m - e n t .  The probab,e u l t i m + e  EC'JU%CE' r,f t h i s  

substance vas d i f f u c i o n  pump 3:; d e s p i - , ~  "arefii~ bakP,-ut arid Tr8pp;rlga 

i r ,  hiden-,, 

- 

2 

- 

2 

We could shcw fQr CuO +klat %-bout ?. iJ2C is forqed per 2 
w h e r e  t k e  mean ion  energy w8c r;ughly 502 eV, Af7,er s p u r t e r i n g  CuC 

powder ( l a r g e  ?y 

st,%nt,:aliv mner,aLlic, ti-e H,3 ;vTe.Ld WEE a n  c r d e r  of ;nagn!+ude ~ m a l ~ c ' r - .  

Eur, on bssa 1 +  pqwdpr the d j f f i  cu! +,y \if 

& l e  measurement of a n  E: r) y k F l ? ,  though i r ~  W Y S  po_e:ible t o  con:;ude 

t h s t  the  vield was small, This was 53 be expezted t i n ? ?  physi-ai spu+,- 

t e r i n g  yieLds i n  tkfs :%se a r e  91sr, ~ m a 1 ~ . -  IC' a 

v i e l d  skould nnt, exceed +he  rat? o f  ii'cera+,im ?f I ) -a tmc Yrxn ?t-e sample 

at e~u i l !b r ;um,  

cherni c a l  sPi,+,t,erl ne: unfi 1 t h e  s2np: e s u r f m e  was sub- 

L 

2 

- L  

We tke re f3 re  modified + P ?  w:,trtx t o  perqi t ,  f:?w snaLly-,iy by i n -  

sca11 i n g  the g%s analyzer  between the d i f f u s i  >n pump 2nd a s p e c i a i  3 l v e .  

The Tralvs c '_?nsis ted of  zn Lrin d i , k  <if 7.T cm diameter  wsth 3 c m t r s i  

a p s r f u r e  2f 0.1 cm. ThG? v 8 L t r e  ~ o u l d  be a c y u d t e y  m?ignpticsL-v t,hi--iugn t h e  
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tube  walls. The va lve  decreased t h e  pumping speed when c losed  by a 

- Z  f a c t o r  of 16 and permi t ted  the  gas ana lyzer  t o  opera te  i n  i x 10 ’ 

Torr  of H2. 

n o t  apprec iab ly  a f f e c t e d  by gas s c a t t e r i n g  while  adequate p re s su re  

f o r  an rf d ischarge  w a s  obtained i n  the  main volume. 

A t  t h i s  pressure  the  r e s o l u t i o n  of t h e  gas ana lyzer  w a s  

Experiments wi th  t h e  flow system are as y e t  inconclusive due 

t o  de lays  involving breakdown o f  t h e  gas ana lyzer  equipment except  

f o r  one observa t ion .  Even a f t e r  lengthy  bakeout and s p u t t e r i n g  of 

a b a s a l t  powder sample, w e  observed t h a t  ion  bombardment fo l lowing  a 

s h o r t  bakeout of t h e  system is  mcompanied by  a g radua l ly  r i s i n g  H 0 

outp.ut. This may be t h e  consequence of  a r i s i n g  concen t r a t ion  i n  

t h e  sample of some p recu r so r  t o  H 0 o r  it may simply be due t o  gradual  

h e a t i n g  of t h e  sample followed by H20 deso rp t ion  which i s  no t  a genuine 

product  of t h e  hydrogen ion  bombardment. According t o  S teche r  and 

Williams , 
s u r e  cond i t ions  t a k e s  p lace  p r i n c i p a l l y  by chemical-exchange r eac t ions .  

Therefore  H20 r e l e a s e  should be expected t o  fol low a gradual  bu i ldup  

of OH concent ra t ion  a t  o r  near  the  s o l i d  s i l i c a t e  s u r f a c e  when bom- 

barded with hydrogen ions.  I n  t h i s  ca se  t h e  H 0 r e l e a s e  is c o n s i s t e n t  

wi th  H20 formation a t  roughly the s p u t t e r i n g  rate. If the  HZO release 

w a s  merely H 0 desorbed from the  sample, t h e  H 0 formation was much 

weaker. E f f o r t s  a r e  cont inuing  towards a b e t t e r  understanding of 

t h e s e  e f f e c t s .  

2 

2 

molecule formation on small s o l i d  g ra ins  under low pres-  (64) 

2 

2 2 
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