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The i n t e r a c t i o n  of s o l a r  p a r t i c l e  r a d i a t i o n s  wi th  lunar  s u r f a c e  mate- 
r i a l s  has  been s t u d i e d  us ing a resonan t  nuc lea r  r e a c t i o n  depth  a n a l y s i s  
technique (1 )  t o  measure the  dep th  d i  t r i b u t i o n s  of hydrogen i n  lunar  samples 
( 2 ) .  Samples y e r e  i r r a d i a t e d  w i t h  a "F i o n  beam (16-18 M ~ V )  and prompt 7- 

19 16 r a y s  from the  H (  F ,W)  0 r e a c t i o n  were counted t o  measure t h e  H con ten t  
a s  a f u n c t i o n  of depth. The b a s i c  problem i n  t h e  i n t e r p r e t a t i o n  of these  
measurements l i e s  i n  d i s t i n g u i s h i n g  t h e  component of lunar  H from t e r r e s t r i a l  
contamination,  no tab ly  adsorbed H20. Contamination h a s  been minimized f o r  
samples re tu rned  i n  a vacuum-sealed sample c o n t a i n e r  (66044,8; 68124,3; and 
68124,10) and handled e n t i r e l y  under d ry  N2 gas p r i o r  t o  our a n a l y s i s  i n  a 
c lean ,  u l t r a h i g h  vacuum s c a t t e r i n g  chamber. I n  a d d i t i o n  t o  d a t a  repor ted  
previously  ( 2 )  w e  have a l s o  analyzed f o r  comparison sur face  g l a s s  from rock  
65315 which was n o t  r e tu rned  i n  a sea led  rock box. I n  a l l  c a s e s  small  

2 amounts of s u r f a c e  absorbed H (- 2 x 1015 atoms/cm , equ iva len t  t o  one mono- 
l a y e r  of H ~ O ) ,  a r e  r o u t i n e l y  observed on i n t e r i o r  rock samples which have 
been exposed only t o  d ry  N2 gas.  The source  of t h i s  absorbed H i s  undoubt- 
ed ly  t e r r e s t r i a l  (most l i k e l y  t h e  small r e s i d u a l  Hz0 con ten t  of t h e  "dry" N2 
g a s ) 7  leading t o  the  i n e v i t a b l e  conclus ion t h a t  s i m i l a r  f e a t u r e s  observed on 
l u n a r  e x t e r i o r  s u r f a c e s  of the  same samples, inc lud ing  samples from the  
sea led  rock box, a r e  a l s o  due p r i m a r i l y  t o  t e r r e s t r i a l  contamination. This 
type of p r o f i l e  i s  i l l u s t r a t e d  f o r  t h e  68124,s g l a s s  sphere  i n  Fig.  1. A s  
noted previously  ( 2 ) ,  most l u n a r  g l a s s e s  appear t o  r e t a i n  s o l a r  wind hydrogen 
very  poorly; thus,  i t  i s  l i k e l y  t h a t  much of t h e  near s u r f a c e  ( l e s s  than 0 .1  
pm) H i n  65315 (Fig .  1 )  i s  due t o  H20 contamination from the  LM cab in  atmos- 
phere. We conclude t h a t  s t o r a g e  i n  t h e  sea led  rock  box has  given s i g n i f i c a n t  
p r o t e c t i o n  t o  68124,3 and presumably o t h e r  rock box samples a s  we l l .  

Severa l  of t h e  e x t e r i o r  s u r f a c e s ,  notably  68815,27 (Fig. 1 )  and some 
Apollo 11 and 15 coarse  f i n e s  have shown an  a d d i t i o n a l  broad peak w i t h  a max- 
imum H con ten t  near  0 .1  prn and w i t h  a width  of 0.2-0.3 pm. While ex tens ive  
p e n e t r a t i o n  of a t e r r e s t r i a l  contaminant cannot be r u l e d  ou t  a s  a p o s s i b l e  
o r i g i n  f o r  t h i s  H component, contamination appears  u n l i k e l y  f o r  t h e  fol lowing 
reasons:  (A) Exposure of a r t i f i c i a l l y  radiation-damaged fused s i l i c a  su r -  
f a c e s  t o  H20, even i n  l i q u i d  form, produced no pene t ra t ion  of Hz0 t o  de t h s  
g r e a t e r  than 0 . 1  pm, even f o r  s u r f a c e s  which were heav i ly  damaged wi th  P60 
i o n s  p r i o r  t o  H20 exposure. ( B )  I t  appears  doubt fu l  t h a t  t h e  e x t e r i o r  sur-  
f a c e  of 68815,27, which had never been exposed t o  atmosphere, could have 
adsorbed such l a r g e  q u a n t i t i e s  of H20 whi le  t h e  e x t e r i o r  su r faces  of o t h e r  
samples, such a s  68124,3 (Fig. 2) ,  r e tu rned  i n  t h e  same sea led  rock box, 
showed only smal l  q u a n t i t i e s  of s u r f a c e  (wi th in  0.03 pm) absorbed H. Given 
t h e  known tendency of g l a s s e s  t o  hydrate,  t h e  68124~3 g l a s s  sphere would have 
been expected t o  absorb much more H20 than  t h e  s u r f a c e  of a c r y s t a l l i n e  rock 
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sample such a s  68815. Because t h e  H con ten t  i n  68124,3 i s  much l e s s ,  we 
r e g a r d  t h i s  a s  a  s t r o n g  argument t h a t  we a r e  p r i m a r i l y  measuring s o l a r  H i n  
68815 a t  a l l  depths .  

Taking the  above a t  f a c e  value ,  t h e  bu lk  of  t h e  H con ten t  a t  dep ths  
between 0 .1  and 0.4 pm i n  a l l  samples i s  b e s t  i n t e r p r e t e d  a s  t r u e  l u n a r  H 
r a t h e r  than  t e r r e s t r i a l  contamination.  

A t  present ,  we have conf ined o u r s e l v e s  t o  t h e  d i s c u s s i o n  of t h e  type of 
p r o f i l e  e x h i b i t e d  by 68815. Although implan ta t ion  of s o l a r  wind p ro tons  i s  
t h e  most l i k e l y  source ,  t h e  observed H p r o f i l e s  a r e  s i g n i f i c a n t l y  more pene- 
t r a t i n g  than t h e  expected 0.01-0.02 pm implan ta t ion  depths,  i n  agreement w i t h  
conclus ions  based on chemical e t c h i n g  experiments f o r  implanted r a r e  gases  
(3) .  I f  s o l a r  wind H i s  the  source  of t h e  68815- type p r o f i l e ,  e x t e n s i v e  mod- 
i f i c a t i o n  by d i f f u s i o n  i s  implied.  Di f fus ion  r a t e s  f o r  H i n  t e r r e s t r i a l  s i l -  
i c a t e s  a r e  too  r a p i d  t o  account  f o r  t h e  observed concen t ra t ions ;  thus,  i t  
appears  t h a t  some s o r t  of t r app ing  has  slowed d m  t h e  d i f f u s i o n  process .  A 
hypo thes i s  i n  which implanted s o l a r  wind H d i f f u s e s  r a p i d l y  i n t o  (and ou t  o f )  
the  samples w i t h  a  smal l  remnant of t h e  implanted dose be ing  r e t a i n e d  i n  
r a d i a t i o n  damage t r a p s  seems p l a u s i b l e .  The heavy r a d i a t i o n  damage, a s  docu- 
mented by h i g h  v o l t a g e  e l e c t r o n  microscopy (4), i n  t h e  o u t e r  0.05 pm pre- 
c ludes  t h e  e x i s t e n c e  of i s o l a t e d  t r a p s  i n  t h i s  region.  Beneath t h i s  depth  
r e l a t i v e l y  i n t e n s e  r a d i a t i o n  damage ( b u t  below s a t u r a t i o n  l e v e l s )  may p e r s i s t  
t o  a  dep th  of - 0 .2  pm, corresponding c l o s e l y  t o  t h e  r a d i a t i o n  damage range 
of He ions  w i t h  v e l o c i t i e s  nea r  t h o s e  of f r equen t  h igh  v e l o c i t y  ( -  800 
krn/sec) s o l a r  wind s t reams observed by s a t e l l i t e s .  The popu la t ion  of i so -  
l a t e d  r a d i a t i o n  damage t r a p s  by d i f f u s i n g  s o l a r  wind atoms may then r e s u l t  
i n  a  hydrogen depth  p r o f i l e  which r e f l e c t s  the  d i s t r i b u t i o n  of r a d i a t i o n  
damage. A d i s c o n t i n u i t y  i n  t h e  r a d i a t i o n  damage g r a d i e n t  ( i . e . ,  a  change i n  
t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t )  near  a  depth  of 0 .2  pm may account f o r  
the  c h a r a c t e r i s t i c  f l a t t e n i n g  observed i n  t h e  measured H p r o f i l e s  below - 0 .2  
pm. I n  t h i s  region,  d i f f u s i o n  is  s t i l l  c o n t r o l l e d  by r a d i a t i o n  damage (due 
he re  t o  s o l a r  f l a r e  and suprathermal  i o n s )  bu t  t h e  g r a d i e n t  of t r a p s  i s  much 
l e s s .  

An a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e  observed H p r o f i l e s  i s  the  d i r e c t  
implan ta t ion  of "suprathermal" (10-100 k e ~ )  protons.  I n  t h i s  case,  t h e  mea- 
sured H p r o f i l e s  would provide  informat ion about the  energy spectrum of t h e  
i n c i d e n t  protons.  A reasonably  good f i t  t o  t h e  i n i t i a l  s e t  of H p r o f i l e  d a t a  
f o r  68815 ( ~ i ~ .  2) can b e  obta ined us ing  t h e  energy spectrum of Frank (5), 
assuming t h a t  no pos t - implan ta t ion  d i f f u s i o n  occurs  and t a k i n g  i n t o  account 
t h e  e f f e c t s  of e r o s i o n  and of incidence from a  s o l a r  d i r e c t i o n .  A two- 

component energy spectrum i s  necessary  t o  produce the  c h a r a c t e r i s t i c  bend i n  
t h e  p r o f i l e  nea r  - 0.2  pm deep. An atomic e r o s i o n  r a t e  of 5 X 

c;&3ha been assumed, implying a  long-term f l u x  of  suprathermal protons  of - 
cm'$-l, w i t h i n  a  f a c t o r  of about  3 of t h e  ins tan taneous  f l u x  f o r  t h e  even t  
repor ted  by Frank (5 ) .  S ince  t h e  long-term f l u x  of protons  i n  t h i s  energy 

range i s  l i k e l y  t o  be a  few o r d e r s  of magnitude lower than  the  f l u x  dur ing  
such a n  event ,  i t  appears  u n l i k e l y  t h a t  t h e  average f l u x  has  been high enough 
t o  account  f o r  t h e  measured H p r o f i l e s  by d i r e c t  implanta t ion.  However, 
l i t t l e  d a t a  has  been obta ined i n  t h i s  energy range, and i t  i s  p o s s i b l e  that 
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long-term f l u x e s  may have been high enough t o  account f o r  a s i g n i f i c a n t  por- 
t i o n  of t h e  H d i s t r i b u t i o n  o r  a t  l e a s t  t o  account f o r  a s i g n i f i c a n t  r a d i a t i o n -  
damage g r a d i e n t  i n  the  0 .2  t o  0.4 pm depth region.  
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Fig. 1: H p r o f i l e  d a t a  a r e  shown f o r  Fig.  2: H p r o f i l e  d a t a  f o r  b recc ia  
samples 68815,27, 68124,3 sample 68815,27 a r e  com- 
( g l a s s  sphere) ,  and 65315,6 pared w i t h  t h e  t a i l  of a n  
( s u r f a c e  g l a s s ) .  For t h e  es t imated  s o l a r  wind pro- 
l a s t  two samples smooth ton implanta t ion d i s t r i b u -  
curves  have been drawn t i o n  ( inc lud ing  range 
through t h e  d a t a  po in t s .  s t r a g g l i n g  bu t  neg lec t ing  

d i f f u s i o n )  and wi th  a 
"suprathermal" proton 
implan ta t ion  d i s t r i b u t i o n .  
An atomic e r o s i o n  r a t e  of 
0 .5  Ljyr i s  assumed. 
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