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I n t r o d u c t i o n .  De te rmina t ion  of d i p o l e  moments of i n d i v i d u a l  l u n a r  s o i l  
g r a i n s  and t h e  volume p o l a r i z a t i o n  of  78501.14 s o i l  have  been  d e s c r i b e d  i n  a  
companion paper ( 1 ) .  D ipo le  s t r e n g t h s  a r e  found t o  v a r y  a s  f u n c t i o n s  of  m a s s  
and composi t ion .  For i n t e r p r e t a t i o n ,  t h e  e x p e r i m e n t a l l y  de termined d i p o l e  
s t r e n g t h s  shou ld  b e  f u r t h e r  c o r r e l a t e d  w i t h  pa rame te r s  such  as i r r a d i a t i o n  
h i s t o r y ,  impur i ty  c o n t e n t  and d e n s i t y  of s t r u c t u r a l  d i s c o n t i n u i t i e s .  Our 
g o a l  i s  t o  c l a r i f y  t h e  p r o c e s s e s  t h a t  l e a d  t o  p a r t i c l e  adhes ion  and t o  t r y  t o  
unde r s t and  t h e  long  term p e r s i s t e n c e  of  adhes ion .  W e  know t h a t  c o r p u s c u l a r  
r a d i a t i o n  damage h a s  e x t e n s i v e l y  modifed a 500-1000 A t h i c k  s u r f a c e  l a y e r  of  
t h e  exposed and e l e c t r i c a l l y  p o l a r i z e d  g r a i n s  and t h a t  t h e  d e n s i t y  of  t r a c k s  
of i o n i z i n g  heavy n u c l e i  f a l l s  o f f  e x p o n e n t i a l l y  w i t h  d e p t h  as exempl i f i ed  by 
F ig .  1 ( 2 ) .  

Agains t  t h i s  background we c o n s i d e r  i t  impor t an t  t o  d i s t i n g u i s h  between 
s u r f a c e  cha rges  and any i n t e r n a l  cha rge  accumula t ions  w i t h  p o l a r i z a b i l i t y .  
The p e r s i s t e n c e  of cha rge  s e p a r a t i o n  and t h e  d i p o l e  f i e l d s  caused  by t h i s  
appear  r e l a t e d  t o  DC-conductivi ty,  conduc t ion  mechanism invo lved ,  g r a i n  com- 
p o s i t i o n  and i m p u r i t y  d i s t r i b u t i o n  of t h e  v a r i o u s  zones ( 3 ) .  

D ipo le  moment as a f u n c t i o n  of  g r a i n  mass. The e x p e r i m e n t a l  d a t a  now a t  
hand (1)  i n d i c a t e  a p r a c t i c a l l y  l i n e a r  r e l a t i o n s h i p  between d i p o l e  moment p  
and g r a i n  mass M. Hence p  i s  p r o p o r t i o n a l  t o  1 3  where 1 i s  t h e  l i n e a r  dimen- 
s i o n  of a n  i s o m e t r i c  g r a i n .  S i n c e  p  i s  t h e  p roduc t  of cha rge  Q and 1, Q i s  
p r o p o r t i o n a l  t o  12 ,  which means t h a t  t h e  cha rge  which g i v e s  r i s e  t o  t h e  d i p o l e  
is p r o p o r t i o n a l  t o  t h e  s u r f a c e  area of t h e  g r a i n .  Th i s  i s  u n d e r s t a n d a b l e  i f  
t h e  p o l a r i z a t i o n  i s  caused  by i r r a d i a t i o n  of g r a i n  s u r f a c e s  and s p e c i f i c a l l y  
by t h e  a n i s o t r o p i c  i r r a d i a t i o n  found by Macdougall t o  b e  c h a r a c t e r i s t i c  of 
l u n a r  g r a i n s ,  F i g .  2  ( 2 ) .  Eva lua t ion  of  measurements needs  d i s c u s s i o n  of i n -  
duced d i p o l e s  a s  opposed t o  permanent d i p o l e s .  The l a t t e r  are material 
c h a r a c t e r i s t i c s  f o r  t h e  l u n a r  g r a i n s  a l r e a d y  on t h e  Moon, w h i l e  t e m p o r a r i l y  
induced d i p o l e s  observed  i n  t h e  l a b o r a t o r y  would i n d i c a t e  i n t e r a c t i o n  between 
t h e  g r a i n  material and a n  ambient  terrestrial f i e l d .  It i s  e q u a l l y  i m p o r t a n t  
t o  d i s t i n g u i s h  between t h e  e f f e c t  of p o l a r i z a t i o n  of  s u r f a c e  cha rges  and t h a t  
of t h e  e l e c t r i c  volume p o l a r i z a t i o n ,  t h e  r e s u l t a n t  v e c t o r  f o r  a s e r i e s  of 
l o c a l  d i p o l e s .  

Induced p o l a r i z a t i o n .  The l u n a r  s o i l  c o n s i s t s  mainly of  d i e l e c t r i c  
m a t e r i a l s  w i t h  d i e l e c t r i c  c o n s t a n t  abou t  2 .5  a t  f r e q u e n c i e s  o f  102 - 106 Hz i n  
vacuum. The DC c o n d u c t i v i t y  of  10-15 mho/m is low compared w i t h  t h a t  f o r  
t e r r e s t r i a l  m i n e r a l s  ( 3 ) .  L i t e r a t u r e  d a t a  f o r  induced d i p o l e s  i n  d i e l e c t r i c s  
of t h e  o r d e r  of 1 t o  10  Debye a r e  low compared t o  t h e  l u n a r  g r a i n  moments of 
l o 9  - 1014 D, i . e .  n e g l i g i b l e  as s i g n i f i c a n t  e r r o r  s o u r c e s .  

Dipole of g r a i n  i n t e r - .  The d i p o l e  moment de termined f o r  a l u n a r  g r a i n  
i n  u n t r e a t e d  c o n d i t i o n ,  i s  undoubtedly  a combined e l e c t r i c  moment f o r  t h e  
p o l a r i z e d  s u r f a c e  cha rges  and a n  i n t e r n a l  p o l a r i z a t i o n .  Any e x c e s s  s u r f a c e  
charge  h a s  a l s o  t o  be  cons ide red .  There i s  a  remarkable  s t r u c t u r a l  d i f f e r e n c e  
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between t h e  very s u r f a c e  l a y e r  and t h e  i n t e r i o r  p a r t  of t h e  g r a i n s  exposed t o  
s o l a r  r a d i a t i o n  on t h e  Moon. $ome of t h e  composit ional  and s t r u c t u r a l  d i f -  
f e rences  between t h e  500-1000 A s u r f a c e  l a y e r  and t h e  g r a i n  i n t e r i o r  a r e  
known from e x t e n s i v e  s t u d i e s  of f o s s i l  t r a c k s ,  s t r u c t u r a l  damage, accumulation 
of implanted atoms e t c .  

We have a t tempted t o  des ign  experiments which could d i s t i n g u i s h  between 
s u r f a c e  p o l a r i z a t i o n  and p o l a r i z a t i o n  of t h e  i n t e r i o r  g r a i n .  Dipole moments 
f o r  un t rea ted  l u n a r  g r a i n s  were compared wi th  d a t a  f o r  g r a i n  a l i q u o t s  whose 
s u r f a c e  charges were removed by two a l t e r n a t i v e  techniques:  a )  d i scharg ing  
by thermal s t i m u l a t i o n  w i t h  g r a i n s  i n  mechanical c o n t a c t  w i t h  a  hea t ing  e le-  
ment o r  exposed t o  IR r a d i a t i o n ;  b )  e l imina t ion  of charges  by removal of t h e  
s u r f a c e  l a y e r  suspected t o  be t h e  l o c a t i o n  of t h e  g r e a t  m a j o r i t y  of charge 
c a r r i e r s .  

Comparison of d i p o l e  moments i n  a l i q u o t s  wi th  and wi thout  a p p l i c a t i o n  of 
charge removal techniques ,  i n d i c a t e s  t h a t  an e s s e n t i a l  f r a c t i o n  of t h e  g r a i n s  
r e t a i n s  an e l e c t r i c  d i p o l e .  This is unders tandable  a s  a n  i n t e r f a c i a l  Maxwell- 
Wagner type p o l a r i z a t i o n  t h a t  occurs  i n  heterogeneous d i e l e c t r i c s  where ad- 
j a c e n t  components have d i f f e r i n g  e l e c t r i c a l  p r o p e r t i e s .  The numerical  v a l u e  
of t h e  average e l e c t r i c  d i p o l e  moment i s  reduced i n  many g r a i n s  i n  t h e  two 
t reatments  bu t  g r a i n s  w i t h  d i p o l e  s t r e n g t h  of t h e  same order  of magnitude a s  
i n  t h e  u n t r e a t e d  m a t e r i a l ,  a r e  n o t  uncommon. Consequently lunar  s o i l  g r a i n s  
appear t o  possess  i n t e r n a l  volume p o l a r i z a t i o n .  Since  t h e  lunar  g r a i n  in- 
t e r i o r s  now have been shown t o  have d i p o l e  moments, t h e  p e r s i s t e n c e  of t h e  
adhesion between g r a i n s  can be  expla ined a s  i n t e r a c t i o n  between t h e s e  i n t e r -  
n a l  d i p o l e s .  For unders tanding t h e  ind ica ted  p o l a r i z a t i o n  of t h e  g r a i n  
i n t e r i o r s ,  we d i s c u s s  t h e  v a r i o u s  s e t s  of i n t e r f a c e s  and d i s c o n t i n u i t i e s  t h a t  
can produce charge s e p a r a t i o n s  i n  e l e c t r i c  f i e l d s  such a s  have been measured 
on t h e  Moon's s u n l i t  s u r f a c e .  

I n t e r n a l  i n t e r  f a c e s  a s  p o l a r i z a t i o n  s i t e s .  Act ive  i n t e r f a c e s  i n  t h e  
lunar  g r a i n  i n t e r i o r s  a r e  noted a s  d i f f r a c t i o n  c o n t r a s t  i n  e l e c t r o n  t r a n s -  
miss ion and a s  s a t e l l i t e s  and p a t t e r n  d i s t o r t i o n  i n  e l e c t r o n  d i f f r a c t i o n .  
These phenomena a r e  probably caused by i r r a d i a t i o n  and thermal cyc l ing  of t h e  
s o i l  and s u r f a c e  rocks .  

S t r u c t u r a l  d i s t u r b a n c e  a long t h e  path  of cosmic r a y s ,  po in t  d e f e c t s  and 
vacancies  and i n t e r s t i t i a l s  trapped i n  t h e  s t r u c t u r e ,  a s  w e l l  a s  i o n  implan- 
t a t i o n  a r e  known from t h e  f o s s i l  t r a c k  and o ther  m i c r o s t r u c t u r a l  s t u d i e s  of 
lunar  f i n e s .  Extensive  s t u d i e s  a r e  repor ted  i n  t h e  l i t e r a t u r e  where t h e  mod- 
i f i c a t i o n  of m a t e r i a l s  p r o p e r t i e s  have been s tud ied  by in t roduc ing  d e f e c t s  
under c o n t r o l l e d  c o n d i t i o n s ,  s imula t ing  those  p r e v a i l i n g  on t h e  Moon. Such 
s t u d i e s  inc lude  t h e  format ion of pn-junctions and a  charged subsurface  l a y e r  
corresponding t o  t h e  p r o j e c t i l e  mean f r e e  path i n  t h e  m a t e r i a l  ( 4 ) .  Elec- 
t r i c a l  r e s i s t i v i t y ,  d e n s i t y  and mechanical p r o p e r t i e s  a r e  d r a s t i c a l l y  changed 
i n  i r r a d i a t e d  m a t e r i a l s  (5 ) .  Condensation of po in t  d e f e c t s  by migra t ion  
r e s u l t s  i n  formation of d i s l o c a t i o n s  which i n  t u r n  a c t  a s  s i n k s  f o r  new 
vacancies .  Quenching d e f e c t s ,  25 - l O O A  dark s p o t s ,  and t h e i r  coalescence 
products such a s  s t a c k i n g  f a u l t s  a r e  w e l l  documented i n  metals  and ceramics 
a s  r e s u l t s  from a  v a r i e t y  of thermal t reatments .  The d e n s i t y  pe r  u n i t  

0 Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



ADHESION AND CLUSTERING OF DIELECTRIC PARTICLES 
2 .  E l e c t r i c  D i p o l e  Moments o f  L u n a r  S o i l  G r a i n s  

S. K. Asunmaa and G .  Arrhenius 

volume of quenching d e f e c t s  i s  i n  genera l  measured by an  increment i n  e lec -  
t r i c a l  r e s i s t i v i t y  ( 6 ) .  Since  p a r t i c l e  impacts e .  g.  cause  i n t e n s e  l o c a l  
thermal e f f e c t s  on t h e  Moon, i t  i s  reasonab le  t o  assume t h a t  quenching de- 
f e c t s ,  shock f r o n t  induced d i s c o n t i n u i t i e s  e t c .  c o n t r i b u t e  t o  reg ions  of 
d i so rder  and s t r a i n  t h a t  l e a d  t o  increments i n  e l e c t r i c a l  conduc t iv i ty  i . e .  
t o  l o c a l  l i b e r a t i o n  of charge c a r r i e r s .  S i m i l a r l y ,  i m p u r i t i e s  a r e  known 
t o  induce e x t r i n s i c  l i b e r a t i o n  of e l e c t r o n s  and h o l e s i n t e r r e s t r i a l  m a t e r i a l s .  
The same mechanisms must produce charge c a r r i e r s  a t  phase and impurity i n t e r -  
f a c e s  i n  t h e  lunar  g r a i n  i n t e r i o r ,  a s  evidenced by Figures  3 and 4 .  The DC 
conduc t iv i ty  measurements f o r  b o t h  l u n a r  s o i l  and rocks  i n d i c a t e  low va lues  
i n  t h e  range of 10-l5 mho/m. This is p a r t l y  expla ined by t h e  low water con- 
t e n t  of lunar  rocks  ( 3 )  b u t  undoubtedly d i s o r d e r  and i r r a d i a t i o n  e f f e c t s  
f u r t h e r  c o n t r i b u t e  t o  t h e  h igh  r e s i s t i v i t i e s  i n  t h e  s o i l  g r a i n s .  Impurity 
nuc lea t ion ,  nega t ive  c r y s t a l s  and t rapp ing  of implanted s o l a r  wind and f l a r e  
ions  i n  a d d i t i o n  t o  s t r a i n  f i e l d s  and d e f e c t s  induced by thermal and i r r a d i a -  
t i o n  e f f e c t s  provide excess  charges  and t r a p s  f o r  charge c a r r i e r s .  Twinning 
is common i n  pyroxene and f e l d s p a r  where twin planes  r e p r e s e n t  another  c l a s s  
of d i s c o n t i n u i t i e s .  I n d i c a t i o n s  of d e f e c t  c l u s t e r s  below t h e  r e s o l v i n g  l i m i t  
of t h e  ins t ruments  used have been i n d i c a t e d  by o b s t a c l e s  i n  d i s l o c a t i o n  move- 
ments i n  both  t e c h n i c a l  m a t e r i a l s  and i n  lunar  specimens. A l l  t h e  d e f e c t  
modes enumerated would p rov ide  e l e c t r o s t a t i c a l l y  a c t i v e  i n t e r f a c e s  a s  sites 
of p o l a r i z a b l e  space charges .  The numerous i n t e r f a c e s  of t h e  va r ious  types  
discussed above a r e  l i k e l y  t o  be l o c a t i o n s  of sp.ace charges  whose po la r iza -  
t i o n  would provide l o c a l  d i p o l e s  wi th  a r e s u l t a n t  v e c t o r  sum d i p o l e  as ob- 
served.  We propose t h a t  i t  is a  dipole-dipole  i n t e r a c t i o n  of t h i s  k ind t h a t  
r e s u l t s  i n  t h e  observed adhesion of lunar  g r a i n s .  The p e r s i s t e n c e  of t h e  
adhesion i s  unders tandable  a s  due t o  n e g l i g i b l e  charge leakage i n  t h e  h igh ly  
d i e l e c t r i c  m a t e r i a l  where a  charge t r a n s p o r t  i s  l i k e l y  t o  t a k e  p l a c e  through 
a  hopping mechanism. 

d i s t r i b u t i o n  
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