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I - INTRODUCTION. The exposure of l u n a r  d u s t  g r a i n s  i n  t h e  s o l a r  wind and i n  
f l u x e s  of more e n e r g e t i c  s o l a r  n u c l e i  produce u l t r a - t h i n  amorphous coa t ings  and 
nuc lea r  p a r t i c l e  t r a c k s  r e s p e c t i v e l y .  A comparison of t h e  "old" f o s s i l  t r a c k s  
and coa t ings  t o  t h e  "f resh"  ones ob ta ined  f o r  c a l i b r a t i o n  purposes dur ing  a r t i -  
f i c i a l  i r r a d i a t i o n  of s i m i l a r  g r a i n s  can g ive  i n t e r e s t i n g  informat ion concerning 
bo th  anc ien t  s o l a r  r a d i a t i o n  ( s e e  Chapter 3) and l u n a r  dynamic processes  (see  
Paper I ) .  However t h i s  comparison, u n l e s s  p roper ly  c o r r e c t e d ,  i s  meaningless i f  
"aging" p rocesses  have modified t h e  c h a r a c t e r i s t i c s  of t h e  "old" r a d i a t i o n  da- 
mage f e a t u r e s  d u r i n g  t h e  matura t ion  of t h e  l u n a r  r e g o l i t h .  I n  t h i s  paper we es-  
s e n t i a l l y  show t h a t  t h e  t r a c k s ,  b u t  not  the  amorphous c o a t i n g s ,  have been severe- 
l y  "aged" and we d i s c u s s  how t o  p roper ly  use  both  types  of r a d i a t i o n  damage fea- 
t u r e s  t o  s tudy  a n c i e n t  s o l a r  nuc lea r  p a r t i c l e  f l u x e s .  

11- AGING OF RADIATION DAMAGE FEATURES I N  THE REGOLITH. 
II .  I .  Laboratoru evidence for short-term aqing : (A) . Tracks.  I n  lunar  

d u s t  g r a i n s  t h e  fo l lowing  c h a r a c t e r i s t i c s  show f i r s t  t h a t  t h e  "f resh"  t r a c k s  
(FT) produced w i t h  an a r t i f i c i a l  beam of 537 MeV i r o n  n u c l e i  a t  t h e  Univers i ty  
of Manchester a r e  d i f f e r e n t  from t h e  "old" f o s s i l  t r a c k s  (OT), e s s e n t i a l l y  due 
t o  VH n u c l e i  of s o l a r  o r i g i n ,  and then s t r o n g l y  suggest  t h a t  VH t r a c k s  f r e s h l y  
r e g i s t e r e d  i n  lunar  d u s t  g r a i n s  should undergo a  very  r a p i d  shor t - term aging du- 
r i n g  t h e i r  f i r s t  near-surface  exposure on t h e  Moon : 1 .  t h e  FT u n l e s s  a r t i f i c i a l -  
l y  s t a b i l i z e d  ( s e e  Chapter 11.3) d i sappear  very  qu ick ly  by " ion iza t ion"  anneal ing 
i n  t h e  e l e c t r o n  beam of t h e  1.5 MeV e l e c t r o n  microscope. On t h e  con t ra ry  t h e  OT 
a r e  ve ry  s t a b l e  under t h e  beam ; 2. by applying our newly developed "CINT" me- 
thod ( see  Chapter 111.3) we found t h a t  t h e  l eng th  d i s t r i b u t i o n  of t h e  FT and OT 
a r e  very  d i f f e r e n t .  For example i n  f e l d s p a r  g r a i n s  from rock 15475 t h e  FT leng ths  
a r e  peaked a t  about L,Q36p w i t h  a  r e l a t i v e l y  h igh p ropor t ion  of t r a c k s  (Q 109) 
showing l eng ths  g r e a t e r  than 5 5 ~ ,  a f t e r  t h e  "nonlal" e t c h i n g  t ime, to. However, 
t h e  FT leng ths  d r a s t i c a l l y  vary  wi th  t h e  e tch ing  time and a  few tracks(Q0.lZ)beco- 
me etched t o  % 7 0 ~  a f t e r  i n c r e a s i n g  t h i s  time up t o  l o t o .  I n  c o n t r a s t  t h e  l eng th  
d i s t r i b u t i o n  of t h e  OT i n  t h e  same g r a i n s  (which a r e  c e r t a i n l y  non mature a s  
they were sh ie lded  i n s i d e  t h e  rock)  i s  narrowly peaked a t  about L0%15~ and does 
not  show any marked change wi th  the  e t c h i n g  time. The OT shor ten ing  i s . e v e n  more 
pronounced i n  f e l d s p a r s  from mature s o i l s  where Popula t ion I1 t r a c k s  have l eng ths  
$ 2 ~  (see  Chapter 11.2) ; 3 .  i n  a  g iven g r a i n  t h e  OT e t c h  a t  l e a s t  2  t imes f a s t e r  
than the  FT ; 4 .  dur ing  thermal anneal ings  conducted f o r  f e l d s p a r s  t h e  FT show 
a  s t r i k i n g  low temperature  f a d i n g  which i s  not  observed f o r  t h e  OT and which i s  
extremely marked f o r  bo th  t h e  h igh  energy (537 MeV) and low energy (23 MeV) ends 
of the  FT. I n  p a r t i c u l a r  by us ing  cond i t ions  t h a t  s imula te  a  72-hours exposure 
of t h e  FT i n  the f1 lunar  day time", t h e  l eng th  d i s t r i b u t i o n  of t h e  537 MeV FT i s  
a l r eady  d r a s t i c a l l y  modified w i t h  t h e  s h o r t e q t  t r a c k s  being almost completely 
suppressed ( f i g .  I )  and the  longes t  ones showing a  shor ten ing  of about 757.  When 
the  anneal ing i s  pursued a t  h igher  temperature ( 4 0 0 ' ~ )  t h e  l a r g e  spread i n  t h e  
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FT l e n g t h  d i s t r i b u t i o n  i s  c o n s i d e r a b l y  redilced a s  a  r e s u l t  of t h e  p r e f e r e n t i a l  
f a d i n g  of t h e  h i g h  ene rgy  p a r t  of t h e  t r a c k s  and becomes roughly  s i m i l a r  t o  
t h a t  observed f o r  t h e  OT i n  l u n a r  igneous  rocks .  F i n a l l y  b o t h  types  of t r a c k s  
d i s a p p e a r  a t  much h i g h e r  t empera tu re s  ( 5 7 0 0 " ~ )  w i t h  t h e  OT b e i n g  s l i g h t l y  more 
r e s i s t a n t  t h a n  t h e  FT ; (B). Amorphous c o a t i n g s  : t h e  t h i c k n e s s  and t h e  appea- 
r a n c e  of t h e  amorphous c o a t i n g s  a r e  n o t  a f f e c t e d  by sho r t - t e rm aging .  Indeed ,  
t h e  o l d  a s  w e l l  a s  t h e  f r e s h  c o a t i n g s  a r e  observed unmodified i n  t h e  HVEM over  
l ong  p e r i o d  of t ime ,  a t  h i g h  beam c u r r e n t .  Furthermore t h e  f r e s h  c o a t i n g s  do 
n o t  show any low t empera tu re  annea l ing  and they  on ly  d i s a p p e a r ,  a s  do t h e  o ld  
c o a t i n g s ,  a t  h i g h  t empera tu re s  ( ~ 7 5 0 ' ~  f o r  2  h o u r s ) .  

11.2. Lunar evidence for  an add i t ionaz  long-term aging o f  t h e  t r a c k s .  
The OT s h o r t e n i n g  i s  more marked f o r  mature  t h a n  f o r  non mature  s o i l  sample 
and t h i s  i n d i c a t e s  t h a t  subsequent  t o  t h e i r  shor t - te rm ag ing  t h e  OT s u f f e r  a  
long-term ag ing  p o s s i b l y  due t o  t h e i r  r epea ted  nea r - su r f ace  exposure  on t h e  
Moon. I n  f a c t  t h e r e  a r e  a t  l e a s t  2  p o p u l a t i o n s  of t r a c k s  i n  200 mesh g r a i n s  : 
P o p u l a t i o n  I i s  c h a r a c t e r i z e d  by a  r e l a t i v e l y  low d e n s i t y  of t r a c k s  ( 1 0 ~ - 1 0 ~ .  
cm-2) g e n e r a l l y  %lop i n  l e n g t h  w i t h  a  wide range  of g r a d i e n t s  (I' = I t o  10) 
which a r e  a n i s o t r o p i c  ; P o p u l a t i o n  I1 i s  c h a r a c t e r i z e d  by much h i g h e r  d e n s i t i e s  
( 2 1 0 ~ . c m - ~ )  of  s h o r t  t r a c k s  ( L ~ 2 w )  w i t h  s i g n i f i c a n t  b u t  more sha l low ( r  = 1 t o  
3)  and g e n e r a l l y  r a t h e r  i s o t r o p i c  g r a d i e n t s .  We i n t e r p r e t  P o p u l a t i o n  I a s  b e i n g  
younger t r a c k s  formed when t h e i r  s o i l  l a y e r  was l a s t  n e a r  t h e  s u r f a c e  and Popu- 
l a t i o n  I1 a s  be ing  o l d e r  more mature  t r a c k s  which r e s u l t  from be ing  p ~ o c e s s e d  
through s e v e r a l  e j e c t a  l a y e r s  and nea r - su r f ace  gardening  p r o c e s s e s .  I n  t h e  most 

. q a t u r e  s o i l  samples we a l s o  d i scove red  a  3rd p o p u l a t i o n  of v e r y  s h o r t  t r a c k s  
(LQ0.5p) w i t h  even h i g h e r  d e n s i t i e s  (55 x  109 ~ m ' ~ )  b u t  we cannot  be c e r t a i n  

.+ t h a t  t hey  r e p r e s e n t  v e r y  mature  OT, a s  t hey  show no g r a d i e n t .  
II. 3. Nature o f  t h e  short-term aging process.  I n  non-mature l u n a r  d u s t  

g r a i n s  t h e  marked OT s h o r t e n i n g  i s  due t o  t h e  l u n a r  thermal  c y c l e  and proceeds  
v i a  t h e  r a p i d  a n n e a l i n g  of  t h e  h i g h  energy  p a r t  of t h e  t r a c k s .  Fur tQermore ,  t h e  
i m p l a n t a t i o n  of  heavy doses  of  s o l a r  wind n u c l e i  i n  l u n a r  d u s t  g r a i n s  p l a y s  
c e r t a i n l y  a  major r o l e  i n  t h e  r a p i d  s t a b i l i z a t i o n  of t h e  OT a g a i n s t  i o n i z a t i o n  
and perhaps  thermal  a n n e a l i n g s  a s  we observed t h e  l a t e n t  FT on ly  i n  g r a i n s  t h a t  
were exposed t o  heavy doses  of s imu la t ed  s o l a r  wind subsequen t ly  t o  t h e  i r o n  
beam i r r a d i a t i o n .  

RADIATION DAMAGE PARAMETERS (RDP) AMD ANCIENT SOLAR NUCLEAR PARTICLE FLUXES. 
111.1. RDP t h a t  are n o t  a f . fec ted  by aging.  The t h i c k n e s s ,  A ,  of  t h e  

amorphous c o a t i n g s  and t h e  p r o p o r t i o n  of coa ted  g r a i n s ,  P(A) , i n  a  g iven  s o i l  
sample seem t o  be  t h e  o n l y  RDP t h a t  a r e  n o t  modif ied  by ag ing  e f f e c t s  : ].?(A) 
i s  a  u s e f u l  " s o l a r  wind" index  t h a t  c o r r e l a t e s  w e l l  w i t h  o t h e r  i n d i c e s  of s o i l  
m a t u r i t y  ; 2. t h e  d i s t r i b u t i o n  of t h e  c o a t i n g  t h i c k n e s s ,  &(A) ,  a s  a  f u n c t i o n  
of t h e  dep th  i n  l u n a r  c o r e  tube  r e f l e c t s  t h e  v a r i a t i o n  w i t h  t ime of t h e  thermal  
p r o p e r t i e s  of  t h e  a n c i e n t  s o l a r  wind. So f a r  no s e c u l a r  t r e n d  w i t h  dep th  h a s  
been found b o t h  i n  t h e  Apollo 15 and 16 c o r e  tubes  b u t  v a r i o u s  c l e a r  s t r a t i f i -  
c a t i o n s  i n  &(A) have been  observed .  

III.2,RDP t h a t  are p o s s i b l y  a f f e c t e d  by aging.  It i s  v e r y  d i f f i c u l t  
t o  d e c i d e  whether  o r  n o t  t h e  low energy t r a c k s  which produce t h e  "supra thermal"  
and s o l a r  f l a r e  t r a c k  g r a d i e n t s  (ST and SF g r a d i e n t s )  a r e  most a f f e c t e d  by aging  

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



AGING OF RADIATION DAMAGE FEATURES 

Bastin, G. et a1 

than the tracks that are totally registered deeper within a grain. With these 
reservations, the main results of our track gradients studies are : 1.  the SF 
gradients associated to the "older" population I1 are in general much less steep 
and more isotropic than those observed for the "young" population I. Our theo- 
retical simulations (see Part I, Chapter 111.2) suggest that this maturation of 
the gradients is consistent with repeated exposures in different orientations 
and depths ; 2. non-mature soils do not contain ST gradient ; 3. the proportion 
of grains with ST gradients in mature soil samples do not seem correlated either 
withoP(A) or with the smaller proportion of grains showing large coatings (A 
800 A). This observation suggests that the ST gradients are not due to particles 
emitted in correlation with solar wind nuclei ; 4. very few layers in the Apollo 
15 core tube contain grains with ST gradients whereas all layers contain grains 
with SF gradients and this would be expected if most grains retain a thin shiel- 
ding layer of "sticky" micron-sized grains during their exposure on the top sur- 
face of the regolith. 

111.3. RDP t h a t  are severely  a f f ec t ed  b y  aging. It is quite clear that 
aging processes have drastically modified the track parameters (total etchable 
length, Lo ; etching rate, Vo ; stability against thermal and ionization annea- 
ling) that are currently used in several applications of the track method to 
lunar samples. To understand the nature of the track aging processes as well 
as to learn how to "demodulate" fossil track parameters from aging effects it is 
necessary to study the track length distribution and track etching rate, both 
for the OT and several types of FT, as functions of various environmental para- 
meters. La1 was the first in 1969 to propose a very cleaver method to measure 
Lo values in meteoritic crystals in which both individual long OT and cleavages 
were used to inject the etching solution into the OT (TINT and TINCLES method 
respectively). When we applied these techniques to the tiny 200 mesh lunar dust 
grains containing severely aged tracks and very few cleavages many difficulties 
were encountered. For example the etching behavior was highly irreproductible 
from one track-or-cleavage to the other. Therefore we decided to develop a new 
method that we call the "giant track-in track" method (GINT method) to minimize 
such difficulties. In this method which is illustrated in figure 2 an individual 
grain is irradiated with a high dose of 400 MeV argon ions (?10'~.cm-2), that 
are perpendicular to the sample and collimated with a rectangular slit with a 
very small aperture (Q2u). We thus get a "giant" argon track resulting from the 
overlapping of many individual tracks and extending to depth of about 60 microns, 
which has well defined geometrical and etching characteristics, and which can 
be used to measure in a reproducible way track length distribution from - the 
edges to the center of a grain or rock. 

Fiaure 1 " - 

not  mnenled annealed Fiaure 2 : "GINT" method 
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